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Abstract

Single-walled carbon nanotubes (SWCNTSs) were treated with sulfuric acid at 300 °C to synthesize sulfonated SWCNTs (s-SWCNTSs),
which were characterized by electron microscopy, infrared, Raman and X-ray photoelectron spectroscopy, and thermo analysis.
Compared with activated carbon, more sulfonic acid groups can be introduced onto the surfaces of SWCNTs. The high degree
(~20wt%) of surface sulfonation led to hydrophilic sidewalls that allows the SWCNTSs to be uniformly dispersed in water and organic
solvents. The high surface acidity of s-SWCNTs was demonstrated by NH; temperature-programmed desorption technique and tested by
an acetic acid esterification reaction catalyzed by s-SWCNTs. The results show that the water-dispersive s-SWCNTs are an excellent solid
acid catalyst and demonstrate the potential of SWCNTs in catalysis applications.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Since the report of carbon nanotubes (CNTs) by Ilijima
in 1991 [1], many efforts (see recent review articles [2-4])
have been devoted to the functionalization of CNTs due to
the requirement from various applications, including CNT-
enhanced composites [5—7], biocompatible materials [8,9],
sensors [10—12], optical [13] and catalytic [14,15] materials.
Hitherto, a rich variety of methods to modify CNTs have
been established, including covalent or noncovalent che-
mical routes, microwave method [16,17], ionic liquids
[18-20], and so on.

The typical functionalization of CNTs is by oxidation
[21,22], which introduces oxygen-containing groups, €.g.
carboxyl on CNTs, leading to acidic surfaces of CNTs. It has
been known that carbon materials are excellent candidates
to form solid acid composites [23]. Due to the huge specific
surface area of single-walled CNTs (SWCNTs) and their
unique surface chemistry, it can be expected that SWCNTs
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could be used as an effective precursor to synthesize solid
acids. The covalent functionalization of CNTs with sulfonic
groups provides stability, considerable solubility [16] and
strong surface acidity [24]. The sulfonated CNTs are useful
for various applications, particularly as solid acid catalysts
[24] and excellent catalyst support for highly dispersed metal
nanoparticles [25]. So far, the sulfonation of SWCNTs
has been achieved by the hydrothermal method [26],
microwave-enhanced chemical modification [16] and indirect
chemical modification with phenylated SWCNTs [27,28].
The microwave modification is one of the most effective
methods to functionalize SWCNTs with carboxylic and
sulfonic groups with a ratio about 3:1 [16]. Taking into
account the low acidity of carboxylic groups, however,
the sulfonation of SWCNTs with high content of sulfonic
groups is expected for solid acid applications.

Herein, we report that the functionalization of SWCNTs
by concentrated H,SO, at elevated temperatures results in
the sulfonation for SWCNTSs and tunes the SWCNTSs into
a hydrophilic material with high acidity. The performance
of sulfonated SWCNTSs was examined with an esterifica-
tion reaction as probing reaction and compared with other
typical solid acid materials.
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2. Experimental
2.1. Sulfonation of SWCNTs

SWCNTs used in this work were provided by Tsinghua
University [29]. The SWCNTs were first sonicated for 1h,
and then heated at 80°C for 4h in the mixture of 1:1
concentrated HNO; (65%) and HCIl (37%) to remove
catalyst particles. These steps also introduced oxygen-
containing groups, mainly carboxyl groups on the
SWCNTs [21,22,30]. We denoted them as p-SWCNT in
the following text. The p-SWCNTs were filtered and
washed for times, then dried at 120 °C overnight. Then
50 ml concentrated H,SO4 (98%) and 100 mg p-SWCNTs
were mixed in a dry flask and then sonicated for 30 min,
followed by heating to 250300 °C (the sulfuric acid boils at
335.5°C [31]) in an electrothermal heater under dinitrogen
atmosphere for 18h. After the treatment, the suspension
was diluted by water and filtered. The solids were washed
to remove excess acid and dried at 120°C to obtain
sulfonated SWCNTs (s-SWCNTs). The p-SWCNTs and
s-SWCNTs were redispersed in water, ethanol and N,N-
dimethylformamide (DMF) by adding the functionalized
SWCNTs into these solvents and then sonicating for 1 h to
form 0.5mg/ml dispersions. For comparison, the sulfo-
nated MWCNTs (s-MWCNTs) and activated carbon
(s-AC) were prepared by the same procedure.

2.2. Sample characterizations

The samples were characterized by microscopic and
spectroscopic methods, including scanning electron micro-
scopy, transmission electron microscopy, energy dispersive
spectrometer (EDS), FTIR, Raman spectroscopy, thermal
gravimetric analysis (TGA), and X-ray photoelectron
spectroscopy (XPS). SEM images were taken in a LEO
1530VP Microscope equipped with an INCA300 EDS
by immobilizing the sample with conductive glue. TEM
micrographs were recorded with a JEOL JEM-2010
microscope operated with an acceleration voltage of
200kV. The samples for TEM were prepared by dispersing
CNT samples in anhydrous ethanol to form suspension,
then drops of the suspension were loaded on copper grids.
The FTIR spectra were recorded with a Bruker 550
spectrometer. The Raman spectra were recorded with a
Renishaw RM2000 spectrometer excitated at 785nm.
TGA measurements were performed in a TA Instru-
ment STA449C (Netzsch). XPS spectra were recorded
with a Quantum-2000 Scanning ESCA Microprobe with
AlKo radiation, calibrated internally by carbon deposit
Cy,. The surface acidities of functionalized SWCNTs were
determined by the ammonia temperature-programmed
adsorption—desorption technique (NH3-TPD) on a
TP5000 instrument (Tianjing XianQuan Company). For
the NH;-TPD test, about 20 mg modified SWCNTs were
pre-heated at 120°C to remove adsorbed water. The
adsorption was conducted at 35°C with pulsed NHj;

inputs, and the NH; consumption per pulse was detected
by a TCD detector.

2.3. Esterification reaction

The acid-catalyzed esterification of acetic acid was
employed to evaluate the catalytic activity of modified
SWCNTs. The esterification of acetic acid was conducted
in liquid phase. For comparison, the experimental condi-
tions were kept the same as that of Ref [32]. In brief, 0.20 g
s-SWCNTs were added to a mixture of 0.1 mol acetic acid
and 1.0mol ethanol, and the reaction was carried out at
70 °C in N, protection. The liquid products were analyzed
by an Agilent 6820 Gas Chromatographer (GC) equipped
with capillary columns.

3. Results and discussion
3.1. Microscopic characterizations
The microscopic characterizations by SEM and TEM

are shown in Fig. 1. Compared with the pristine SWCNTs,
the s-SWCNTs were covered by a layer of foreign matter,
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Fig. 1. SEM (a, b) and TEM (c) images of SWCNTs before (a) and after
(b, ¢) the H,SO, treatment. The EDS (d) analysis detected oxygen, sulfur,
and iron from residual catalyst. A layer of functional groups on SWCNTs
is marked by white arrows in (c).
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resulting in thickened SWCNT bundles and a denser
network of nanotubes. A microsection element analysis
with EDS showed considerable oxygen and sulfur elements,
implying the oxygen and sulfur-containing groups. Coating
clumps can be observed in the HRTEM of an individual
SWCNT exfoliated from a bundle, as marked by the white
arrows in Fig. 1(c). These coating materials concentrated in
the gaps among nanotubes or their bundles. Taking into
account the dramatic morphological change caused by
functionalization, it was concluded that the functionaliza-
tion at high temperature degraded some SWCNTs from the
defect sites of p-SWCNTs. The resulting fragments and
amorphous carbon attached on the SWCNT scaffold to
form a composite structure [33]. The sulfonation can occur
on the scaffold as well as the fragments.

3.2. Spectroscopic characterizations

FTIR spectroscopy was employed to investigate the
nature of these surface groups. As shown in Fig. 2, the
FTIR spectra of p-SWCNTs and s-SWCNTs are compared
for the chemical groups on the SWCNTSs. FTIR spectrum
of p-SWCNTs shows a medium line at 1715cm™", which
could be assigned to the C=O stretching mode of the
—COOH groups. This is a typical feature of oxidized
SWCNTs as observed by many groups [16,30,34]. The
broad line centered at 3440 cm ™' is the contribution from
the —OH stretching mode of the -COOH groups. Because
the HNOj; oxidation process introduces not only carboxylic
acid, but also alcohol or ketone species, a line at 1170cm ™"
from the C-O stretching mode in alcohol species (where the
carbon atom is from SWCNT) can be observed. The line at
1630cm™" was assigned to the C=C stretching mode of
SWCNT graphic layers near the modified sites. This mode
is weak in perfect SWCNTs due to the symmetry of dipole
moment, and will be intensified by defects or holes on
graphic layer. The line at 1560 cm ™' can be identified with a
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Fig. 2. FTIR spectra of p-SWCNTs and s-SWCNTs.

fundamental mode of SWCNTs [30]. After the H,SOy4
treatment, the spectrum of s-SWCNTSs gave a number of
lines. One of the most obvious changes was the enhanced
line at 1630cm™', which became the strongest line and
indicated the extensive functionalization of side walls of
SWCNTSs. Except for the carboxylic groups (1720cm™"),
the —SO,OH groups can be identified with the lines at 1317
and 1179cm™', representing the SO, asymmetric and
symmetric stretching modes. When tracer water combines
with the sulfonic acid group, these modes shift to 1120 and
1040cm™". In low frequency range, the line at 520 cm™"
was assigned to C-S stretching mode, suggesting the
existence of covalent sulfonic acid groups. The line at
684cm~! also indicated the S=O stretching mode of
—SO;H. The triplet at ~2900 cm ™', responsible for the C-H
stretching mode might be resulted from hydrocarbon
contamination in spectrometer [30]. It is evident that the
H,SO, treatment at high temperature enables the intensive
covalent sulfonation of SWCNTs.

The covalent functionalization was also demonstrated by
Raman scattering spectroscopy. Fig. 3 shows the Raman
spectra of SWCNTs before and after the modifications. All
of the Raman spectra were normalized to the G* peaks.
Compared with the pristine SWCNTs, the D lines of
p-SWCNTs and s-SWCNTs significantly increased, indi-
cating the strong damage to the side walls of SWCNTs or
the formation of fragments caused by the functionaliza-
tion. Furthermore, the G line has shifted by ~10cm™"
from 1585 to 1593cm™" and 1595cm™". This is a typical
feature of the chemical charge-transfer on oxidized
SWCNTs [16,30,35,36]. The existence of radial breathing
modes (RBM) in Raman spectra indicated that SWCNTs
remained their tubular structure after the functionalization,
although some SWCNTSs were probably degraded by the
strong oxidation. The charge-transfer on the modified
SWCNTs also influenced the RBMs. The RBM of raw
SWCNTs comprises two major modes, centering at 229
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Fig. 3. Raman scattering spectra (excitated at 785nm and averaged by
spectra of three random selected 1pm spots) of raw SWOCNTs,
p-SWCNTs, and s-SWCNTs. The intensities have been normalized to
the G* peaks.
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and 264cm™!, respectively. The line at 264cm™' was

completely quenched in p-SWCNTs, and the one at
229cm™' was damped in s-SWCNTs. These results are
consistent with extensive observations in oxidized
SWCNTs, and have been explained by the loss of resonant
response due to the shift of Fermi level [37-39]. Above
combined spectroscopic characterizations demonstrated
that the s-SWCNTs displayed the feature of covalent
sulfonation.

XPS was employed to investigate the chemical valences
of the surface groups, as shown in Fig. 4. The C,, spectrum
can be deconvoluted into three peaks, centered at 284.5,
285.1, and 288.8 eV, respectively. The main peak centered
at 284.5eV originates in sp>-hybridized graphite carbon.
The peak at 285.1eV is contributed from sp*-hybridized
carbon atoms [40] induced by the strong oxidation of
H,SO,. The peak at 288.8¢V can be assigned as carbon
atoms bound with oxygen or sulfur in functionalized
groups, e.g. carboxylic or sulfonic groups [40]. The
existence of S was demonstrated by the doublet of S,,
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Fig. 4. Cy, Oy, and S,, XPS spectra of s-SWCNTs.

peak. The binding energies of S,,;» at 169.9eV and S,,3,
at 168.5eV can be assigned as sulfuric acid or —-SO,OH
group [26]. The O, spectra can be deconvoluted into two
peaks. Taking into account the chemical state of oxygen in
H,SO,4 and —-SO,0H, the two components in O, can be
assigned as oxygen atoms in S—O and S-OH for the
peaks at 533.0 and 531.6¢V, respectively.

3.3. Thermal analysis of s-SWCNTs

The surface groups on SWCNTs were quantitatively
investigated by thermogravimetric analysis. The samples
were heated from 30 to 900 °C at a ramp rate of 10 °C/min
in nitrogen atmosphere. Only 4.2% weight loss was
detected for the p-SWCNTs, as shown in Fig. 5. However,
distinct weight loss was detected for s-SWCNTs in the
range of 200-500 °C. The weight loss over 30% indicated
that a large amount of groups were cleaved and decom-
posed from nanotubes. A parameter study demonstrated
that the high temperature is essential for the functionaliza-
tion. When the SWCNTs were treated at 80 °C, the popular
condition for protonation [35,36], a weight loss less than
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Fig. 5. TG (a) of p-SWCNTs and s-SWCNTs, and DTG (b) of s-SWCNTs.
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2% was detected by TG after thorough water-washing.
Moreover, the s-SWCNTs treated at 250 °C have weight
loss of 19% at 800 °C, indicating that high temperature
favors the formation of surface functionality. These results
demonstrated that the reaction between SWCNTs and
H>SO, behave the different mechanisms at high and low
temperatures. To covalently functionalize the relative
stable graphitized surface of SWCNTSs, high energy has
to be provided to overcome the energy barrier for the
formation of C-S bond. It should be noted that these
groups comprise two components with different thermal
stability, as shown in Fig. 5(b). One component decom-
poses at 280 °C, and the other at 450 °C. We speculated
that this was resulted from the intercalation of H,SO,
molecular into the groove of SWCNT bundles. They
decomposed above 400°C. As a rough estimation, the
weight loss before 400°C can be attributed to the
contribution from cleaving —SO,OH groups, therefore
covalent —SO,OH groups on the SWCNTs reached
20 wt%, which is equivalent to one covalent -SO,OH per
24 carbon atoms. It can be reasonably predicted that such a
high degree of surface functionalization would bring to
SWCNTs hydrophilicity and acidity as solid acids.

3.4. Hydrophilicity and acidity of s-SWCNTs

The compatibility of the functionalized SWCNTs with
various solvents was demonstrated by evaluating the
dispersibility in water, ethanol, and DMF. The optical
photographs of 0.5 mg/ml dispersions of p-SWCNTs and s-
SWCNTs are shown in Fig. 6. Although the p-SWCNTs
exhibited hydrophilicity to some extent, they precipitated
from water and ethanol after standing for days, as shown
in the upper panel of Fig. 6. In DMF, a typical polar amide
solvent, the p-SWCNTs showed good dispersibility [41,42].
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Fig. 6. Optical photographs of dispersions of p-SWCNTs and s-SWCNTs
in H,O, EtOH, and DMF at 0.5 mg/ml.

Table 1
Comparison of surface areas, TG weight losses and acidities of p-SWCNTs,
s-SWCNTs, ssMWCNTs and s-AC

Sample Surface area TG weight Acid density®
(m?/g) loss® (%) (mmol/g)

s-SWCNTs 500 35.6 0.67

p-SWCNTs 500 3.9 0.12

s-MWCNTs® 180 154 1.90

s-Activated 1200 8.0 0.06

carbon

TG weight loss in N, at 800 °C.

®The acidic site density was defined by the amount of adsorbed NH; on
the sample.

°From Ref. [24].

9The TG weight loss of s-AC was calculated by the difference between s-
AC and pristine AC, since the strong adsorption of microporous materials
led to a significant weight loss of 13.3% on pristine AC.

The dispersibility of SWCNTSs was significantly enhanced
by sulfonation. The s-SWCNTs dispersed well and formed
uniform dispersion in water and ethanol. The solubilities of
s-SWCNTs in water, ethanol and DMF were measured as
1.0, 1.3 and 3.0 mg/ml, respectively. These dispersions are
stable for even 1 year (the optical photographs in the lower
panel of Fig. 6 were taken after 1 year of preparation).
Thus, the sulfonation process can be used as an effective
method to obtain water-dispersive SWCNTs for a variety
of applications, e.g. composites and catalyst supports.
Furthermore, the highly sulfonated surfaces of SWCNTs
act as a proton carrier; therefore, they can be used as a
proton conductor.

The acidity of functionalized SWCNTs has been
determined by the NHj; adsorption technique and shown
in Table 1. The sulfonation process endows SWCNTs a
high acid density of 0.7 mmol/g. This acid density is about
sixfold of p-SWCNTSs, which agrees with the TG results
and suggests that the s-SWCNTs are a stronger solid acid
than p-SWCNTs. It should be noted that, differing from
the sulfonated MWCNTs [24], the acidities of functiona-
lized SWCNTs deviated the TG weight losses. We
speculated that this deviation was caused by the diffusion
limitation in the NH3-TPD examination, which hindered
the detection of acid sites in the grooves of SWCNT
bundles and resulted in the underestimation of the acid site
density. Nevertheless, the relative rank of acid densities on
various samples would not be changed. Compared with the
activated carbon (AC), a popular carbon material,
SWCNTs exhibited a stronger capability, over 15-fold of
sulfonated AC, for acid sites. This result indicates that
SWCNTs possess a quite unique surface property to
introduce a large amount of —-SO,OH groups. These acid
sites make s-SWCNTSs act as an effective protonic acid.

3.5. Activity of s-SWCNTs as solid acid

The performance of functionalized SWCNTs, MWCNTs
and AC was tested by the esterification of acetic acid and
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Fig. 7. Catalytic activities of s-SWCNTs, ssMWCNTs, p-SWCNTs, s-AC,
and various protonic acids.

compared with some typical solid acid catalysts reported in
literatures, as shown in Fig. 7. Five solid protonic acids,
including CHg35003550.14 [23], phenylene-sulfonic acid
modified mesoporous ethenylene-silica (Ph-SO;H HME),
protonated Nafion resin, sulfonated polystyrene resin
(Amberlyst-15), and niobic acid [32], were selected to make
the comparison. The s-SWCNTs showed the higher specific
catalytic activity for the esterification reaction to form
ethyl acetate than twofold of that of p-SWCNTs and
sulfonated AC. This is consistent well with the rank of
acidity of these materials and demonstrates the excellent
performance of s-SWCNTs as solid acid. Although the
intercalation of sulfuric acid reduced the measured value
of acid density of s-SWCNTs, s-SWCNTs showed
higher activity than s-MWCNTs as expected, due to their
large specific surface area. Even compared with one
of the best carbon materials as solid acid in literatures
[23], s-SWCNTs offered a parallel specific activity. The
s-SWCNTs also obviously excelled some typical protonic
acid catalysts [32]. Above results demonstrated that the
s-SWCNTs created by the high-temperature H,SO,4 process
are highly active as solid acid. The improved activity
can be explained by the strong acidity of sulfonic group
and, in particular, the ability of SWCNTs to support
functional groups. Another reason responsible for the
enhanced catalytic performance is the excellent dispersi-
bility in solvents, including ethanol, which minimizes the
mass transfer resistance in the heterogenous liquid—solids
reaction.

4. Conclusions

Sulfonated SWCNTs were prepared by a high-tempera-
ture H,SO4 process. By treating the SWCNTs with
concentrated sulfuric acid at 300 °C, covalent —SO,OH
groups were created on the surface of SWCNTs. In this
process, about 20 wt% —SO,OH groups are supported on
SWCNTs, which transforms the hydrophobic surface of
pristine SWCNTs to a hydrophilic surface. Resulting
functionalized SWCNTSs can be stably dispersed in water.

Compared with activated carbon and MWCNTs, more
sulfonic acid groups can be introduced onto the surfaces of
SWCNTs. Due to the strong acidity of surface sulfonic acid
groups, the functionalized SWCNTs provide an excellent
performance as solid acid catalyst. Thus, the method in this
paper provides a novel and potential nanomaterials as an
efficient solid acid catalyst, and demonstrates the potential
of SWCNTs in the catalysis field.
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