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An effective process via Fenton reaction combined with
acid treatment was firstly used to cut carbon nanotubes
(CNTs) into shorter ones.

Since the discovery of carbon nanotubes (CNTs), they have
attracted much attention because of their unique electronic and
mechanical properties. However, cutting process is a big chal-
lenge before these properties can be applied to materials science
and engineering because they are in micrometer lengths and
bound into macroscopic entangled ropes.1

Mechanical,2–4 physical,5 and chemical1,6–10 methods have
been developed to cut CNTs. Lithographical cutting employed
by Lustig et al.5 was controllable, and chemical functional
groups were produced at the ends of single-walled carbon nano-
tubes (SWCNTs). However, its special equipments are not avail-
able to all. Chen et al.4 reported that multiwalled carbon nano-
tubes (MWCNTs) could be cut short efficiently by a two-roll ball
milling with addition of poly(methyl methacrylate). Being oxi-
dized in strong oxidant solutions such as the mixture of H2SO4

and H2O2,
1 the mixture of HNO3, H2SO4,

11 and KMnO4,
12

CNTs could be easliy tailored by the reaction time. Although
the equipments for ball milling and wet-chemical oxidizing are
much easier to get, the processes consume much energy. There-
fore, an economical as well as effecive process is necessary to be
developed to cut CNTs.

Fenton and Fenton-like reactions based on the formation of
reactive oxidizing species, hydroxyl radicals (HO.), are known
to be very effective in the destruction of many aromatic pollu-
tants in water owing to the high oxidizing potential (2.80 eV)
of HO..13 Wang et al.14 developed a novel purification method
for SWCNTs assisted with Fenton reaction. Their results inspire
the idea that HO. generated from Fenton reaction attacks the
defects on the CNTs and makes CNTs broken. In this paper,
we firstly applied Fenton-like reaction in cutting CNTs, which
is effective and economical.

The experimental procedure is described as following. Pris-
tine MWCNTs (CVD method, 95wt% purity) ultrasonicated in
a mixed acid (98wt% H2SO4:63wt% HNO3 = 3:1 v/v) at
30 �C for 5 h were noted as acid-MWCNTs. SWCNTs (CVD
method, 40wt% purity) refluxed in 2.6M HNO3 and 63wt%
HNO3 at 140 �C for 24 h were noted as SWCNTs-A and
SWCNTs-B, respectively. SWCNTs ultrasonicated in the mixed
acid at 30 �C for 5 h were noted as SWCNTs-C. The acid-treated
CNTs were ultrasonicated in Fe(NO)3 solution for 5–10min, and
the mixture was left still in a water bath at 50 �C for 36 h. Then,
they were filtered, dried, and calcinated in the air at 200 �C for
4 h to get Fe2O3/CNTs nanocomposites. Fenton reaction was
carried out with 10mg of Fe2O3/CNTs and 100mL of 0.1 g/L
phenol solution. As the overall reaction efficiency is determined
by the concentration of Fe3þ, H2O2, and contaminant together in

the Fenton reaction, phenol solution rather than pure water is
used to control the balance of HO. production and consumption.
The temperature was kept at 80 �C and pH value was adjusted to
about 3.5. 0.5mL of 30wt% H2O2 was added into the mixture
while stirring. The sample was collected through filtering
after 6 h.

The morphologies of the samples from each step were
observed by a transmission electron microscope (TEM,
Model 200CX, JEOL Tokyo, Japan) equipped with an energy
Dispersive spectrometer (EDS). X-ray diffraction (XRD) was
used to characterize the sample by using a Rigaku D/max
2550V diffractometer with CuK� radiation (� ¼ 1:5406 Å).

XRD patterns of Fe2O3/CNTs nanocomposites are shown
in Figure 1a. From the diffractive peaks, It was concluded that
Fe2O3 formed after calcination. EDS data shown in Figure 1b
indicates the presence of Fe and O in the nanocomposites.

Figures 2a and 2b show that the length of both pristine
MWCNTs and acid-MWCNTs ranges from several to ten micro-
meters. Most MWCNTs are coated with Fe2O3 nanoparticles
with size less than 10 nm as displayed in Figure 2c. After Fenton
reaction, we find that MWCNTs are homogeneously cut to 100–
500-nm long with a narrow length distribution, which is verified
from the TEM image shown in Figure 2d. From Figures 2e and
2f of higher magnification, it can be seen that shortened
MWCNTs have open ends; several nearly broken sites indicated
by arrows could be observed which are supposed to be broken
with the prolongation of reaction.

For SWCNTs-A shown in Figure 3a, they are very long and
most of them are curved and entangled. Impurities are still pres-
ent after 2.6M HNO3 refluxing. Fenton reaction is not very ef-
fective in cutting SWCNTs-A displayed in Figure 3b. They are
in the same length scale as the pristine ones. By reflux in
concentrated HNO3, the impurities such as amorphous carbon
and metal catalyst are removed in SWCNTs-B as shown in
Figure 3c, which is consistent with the previous result15 that
SWCNTs can be purified by concentrated HNO3. Figure 3d
shows that SWCNTs-B have been cut into 0.5–2mm effectively
after Fenton reaction; they are straight and some are in very
thin bundles. Sample SWCNTs-C (Figure 3e) can be cut into
length scale of 0.2–1.5mm as shown in Figure 3f. Compared

Figure 1. (a) XRD patterns of Fe2O3/CNTs and (b) EDS spec-
trum of Fe2O3/CNTs.
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to Figure 3d, more shortened ones less than 0.5mm exist in
SWCNTs-C. Since the distribution of Fe2O3 on SWCNTs is
not uniform, length distributions of cut SWCNTs are broad
and random. Raman data confirm that no further defects are
caused by Fenton reaction.16

The possible mechanism has been proposed to explain the
cutting process via Fenton reaction. The carboxyl groups pro-
duced by acid refluxing act as functional groups as well as defect
sites. Fe3þ will adsorb onto these negatively charged groups
owing to the electrostatic attractions. By calcination, Fe2O3 will
form and attach on the sidewall of CNTs. HO. will generate
when Fe3þ reacts with H2O2 in the Fenton reaction as shown
in eqs 1–4. These radicals are capable of attacking the defects
on the CNTs because of their high oxidizing potential and thus
cutting CNTs into shorter ones.

Fe3þ þ H2O2 ! Fe(OOH)2þ þ Hþ ð1Þ

Fe(OOH)2þ ! Fe2þ þ HO2� ð2Þ

Fe2þ þ H2O2 ! Fe3þ þ HO� þ HO� ð3Þ

Fe3þ þ HO2� ! Fe2þ þ Hþ þ O2 ð4Þ
In the whole process, the defects on CNTs play a critical role

in shortening. Sample SWCNTs-A refluxed in dilute HNO3 do
not possess enough defects on the sidewalls. As a result, almost
no cutting occurs. For Sample SWCNTs-B and SWCNTs-C,
both concentrated HNO3 and mixed acid treatments cause
damage and produce a number of defects on the nanotubes
where HO. attacks, and consequently CNTs are broken at these
sites.

In conclusion, by combining acid-treated process and
Fenton reaction, CNTs can be cut into short length effectively.
For MWCNTs, they are homogeneously cut to 100–500-nm long
with a narrow length distribution. SWCNTs refluxed in 63wt%
HNO3 can be cut into 0.5–2mm. The population of defects on the
CNTs is supposed to be the decisive factor to the final length.
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Figure 2. TEM images of (a) pristine MWCNTs, (b) acid-
MWCNTs, (c) Fe2O3/MWCNTs, and (d)–(f) acid-MWCNTs
after Fenton reaction. Inset of (d) is the length distribution
diagram of (d).

Figure 3. TEM images of (a) SWCNTs-A, (b) SWCNTs-A
after Fenton reaction, (c) SWCNTs-B, (d) SWCNTs-B after
Fenton reaction, (e) SWCNTs-C, and (f) SWCNTs-C after
Fenton reaction. Insets of (d) and (f) are the length distribution
diagrams of (d) and (f), respectively.
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