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Homogeneous and stable inorganic coating of SiO2, Al2O3 and TiO2 was obtained on the surface
of multiwall carbon nanotubes (MWNTs) by mechanically mixing them with precursor compounds
in a planetary ball mill and by subsequent hydrolysis. Detailed studies by means of transmission
and scanning electron microscopy revealed that the milling time as well as the number of balls
significantly affects the homogeneity of the layer formed. Our results demonstrate that planetary
ball milling can be an effective and low-cost process for the production of homogenous coating of
oxides on MWNTs in a large-scale.
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1. INTRODUCTION
Carbon nanotube (CNT) based composite materials are
currently one of the most promising applications of CNTs
and have been investigated by many research groups.
Due to the outstanding combinations of high-aspect ratio,
low density, exceptional electrical, thermal and mechanical
properties, CNTs have been considered as the ideal addi-
tive to advanced composite materials,1–4 such as polymer
composites, photocatalysts5–7 or chemical sensors.8�9

In the last few years attachment of various inorganic
compounds onto single-wall and multiple-wall CNTs has
been achieved by several groups. For example, oxide
nanoparticles such as silica,10–13 tin oxide,14 alumina,15�16

zinc oxide17 and titania18�19 have been successfully
deposited onto the surface of CNTs by impregnation
technique, chemical solution route or hetero-coagulation
method. The experiments performed by a sol–gel method
using classical alkoxides as Ti(OEt)4 and Ti(OPri)4 and by
hydrothermal hydrolysis of TiOSO4 resulted in different
TiO2 morphologies.20 With this technique nanotubes were
coated either with a continuous TiO2 thin film when the
precursor was Ti(OEt)4, or with TiO2 nanoparticles when
the precursor was Ti(OPri)4. By hydrothermal treatment,
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more compact and crystalline nanocomposites could be
obtained. Zhang et al. used TiCl4 as starting material and
presented a method for coating single walled CNTs by
amine-terminated TiO2 nanoparticles.21

The poor solubility of individual single-wall CNTs in
solutions required for processing and the lack of specificity
of titania formation exclusively at the surface of the single-
wall CNTs called for further studies. It was demonstrated
that a multifunctional peptide could suspend single-wall
CNTs as individuals and precipitate silica or titania from
water-soluble precursors at the surface of the nanotubes
without covalent functionalization of the carbon nanotubes
under mild conditions.22 Chen et al. successfully applied
the electroless deposition method for the coating of mul-
tiwall CNTs (MWNTs), which were shortened prior com-
posite preparation by long-time mechanical grinding.23

Ball milling, also called mechanical alloying, is a sim-
ple and favorable technique for generation of equilib-
rium and non-equilibrium materials. It has been applied
to CNTs for curving,24 shortening,25�26 to convert them
into nanoparticles or nanoporous carbon27�28 or to obtain a
better distribution.29 It has also been reported that hydro-
gen adsorption properties30 as well as lithium intercalation
properties31 of CNTs can be improved. We used the plan-
etary ball milling technique to produce a stable inorganic
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layer on the surface of MWNTs. Our results indicate that
ball milling can be a simple and highly effective homoge-
nizing method in order to obtain homogeneously covered
MWNTs in large quantities and in a controllable way. This
hybrid material can be used for further processing in var-
ious application fields such as (photo)catalysis, sensing,
polymer reinforcement, etc.
The aim of the present work to produce homogeneously

covered CNT without separated inorganic particles using
a simple, cheap, one step method in a planetary ball mill.
These multi-walled carbon nanotube-based composites are
promising candidates as thick film gas sensors or catalysts.

2. EXPERIMENTAL DETAILS
2.1. Materials
—MWNTs were prepared by the decomposition of acety-
lene (CVD method) in a rotary oven at 720 �C using Fe,
Co/CaCO3 catalyst.32 SEM image of the purified MWNT
sample is shown in Figure 1.
—Titanium (IV) ethoxide (TEOTi)
—Tetraethyl orthosilicate (TEOS)
—Aluminium isopropoxide (AlIP)
—Distilled water.

All chemicals were purchased from Sigma-Aldrich Co.

2.2. Planetary Ball Mill
A Pulverisette 6 type planetary ball mill, equipped with a
250 ml grinding bowl and stainless steel balls of 10 mm
size was used for homogenization. The rotational speed
was varied from 100 to 400 rpm. The respective treatment
times of planetary ball milling were 10 to 120 minutes.

2.3. Sample Preparation
Purified MWNTs were dried in an oven at 100 �C for
60 min. Approx. 0.1 g was weighed for further experi-
ments. The amount of precursor material was estimated
as follows: specific surface area of MWNT is approx.
400 m2g−1 so the surface of our sample to be covered

Figure 1. SEM image of the purified MWNT sample produced by CVD
method.39

is about 50 m2.33 From the radii of metal atoms of pre-
cursor materials, the estimated volume of metal oxide
can be calculated. From these data—possessing parame-
ters of compounds—the approximate amount of precur-
sor required can be determined. Taking into account some
unavoidable hydrolysis and loss on the walls, this calcu-
lated value was increased by 20%. Thus for 0.1 g MWNT
1.5 mL liquid precursor (TEOTi and TEOS) or 2.0 g AlIP
was added which was homogenized in the ball mill under
conditions described hereafter. Since the equipment is not
suitable for providing an inert atmosphere, the latter step
was done as quickly as possible then the grinding bowl
was closed. Hereby hydrolysis caused by humidity could
be minimized.
In this study the effect of milling time, number of balls

and rotation per minute on the quality were investigated.
The milling time was varied mostly in the range of 10 to
120 minutes. During preliminary measurements, however,
lower milling times were also applied. While the number
of balls was 10, 20 or 30, the rotation per minute was
changed from 100 to 400. The experiments were carried
out in a planetary ball mill and we want to emphasize here
that the main goal of this work was homogenization and
not real grinding.
After homogenization a few drops of distilled water

were added in order to hydrolyze precursor molecules
and to form their oxides/hydroxides.12 Then samples were
dried at 100 �C for 45 minutes.

2.4. Electron Microscopy
For qualitative characterization, products were investi-
gated by transmission electron microscopy (TEM, Philips
CM10), in particular, to verify the formation of inor-
ganic coverage on the surface of MWNT. In order to
observe representative portions, for normal resolution the
TEM sample preparation involved grinding the mate-
rial mechanically and gluing the ground powder on a
Cu TEM-grid. High resolution transmission electronmi-
croscopy (HRTEM) characterization was carried out using
a Philips CM300 FEG microscope operating at 300 kV.
For HRTEM sample preparation, samples were dispersed
in isopropanol and sonicated for 5 min. A droplet of sus-
pension was put on a Cu TEM grid with a holey C film.
(It is important to mention here that with this method a
slight possibility of the sedimentation of thickly covered
nanotubes occurs).
The observation of inorganic layer by normal resolution

TEM is not always obvious, especially if the sample is
homogeneous. During investigation the following direct or
indirect proofs were searched: bare ends of MWNT peep-
ing out from below the layer (generally marked with arrow
in the figures); the contrast of the inner core of MWNT is
significantly lower when covered; the surface of compos-
ite material is less smooth. High resolution investigation
provided further evidence.
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Scanning electron microscopy (SEM) was done on a
Hitachi S-4700 Type II FE-SEM operating in the 5–15 kV
range using a cold field emission gun. The samples were
mounted on conductive carbon tape and sputter coated by
a 5 nm thick Au/Pd layer in Ar atmosphere prior to the
measurement.

3. RESULTS AND DISCUSSION
3.1. Effect of Ball Milling to Carbon Nanotubes
As already reported in the literature, ball milling can cause
severe structural damages, in particular when high-impact
milling and long milling time are applied.34 Low-impact
milling has revealed that the nanotubes length and their
entanglement can be reduced in particular with increasing
milling time, but the carbon nanotubes (CNTs) wall struc-
ture remained intact.35 Planetary ball mill has the advan-
tage that it generates tangential mechanical strain as the
result of the ball rolling over the walls of the grinding con-
tainer. Thus, only a small amount of mechanical energy
is directly transferred to CNTs compared to for instance
vibrating apparatus. Consequently, the milling procedure
can be tuned to very soft, low-impact conditions. As the
aim of our study was to produce a stable inorganic layer
on the surface of MWNT, at first the optimum grinding
parameters had to be found so that homogeneous distri-
bution as well as effective interaction with the precursors
can be obtained without any structural collapse of carbon
nanotubes. Therefore, we studied at first multiwall car-
bon nanotubes without any precursor material after ball
milling at different conditions. As previously reported by
Kim et al.26 carbon nanotubes milled for less than 5 hours
(under comparable milling conditions) rather disentangle
than undergo a structural transition. Raman scattering con-
firmed that there is a small increase in the defect density,
but overall, there is no big difference in the microstruc-
ture for the milled samples. This is in agreement with our
observation: ball milling even for several hours kept the

(A) (B)

Figure 2. Composite material prepared from TEOTi with grinding parameters of 16 min, 10 balls, 100 min−1: Images of (A) normal and (B) high
resolution.

Figure 3. Representative TEM image of composite material prepared
from AlIP: Al2O3/MWNT (240 min, 10 balls, 100 min−1�.

carbon nanotubes structure unchanged in the case of well-
chosen conditions. For testing the stability of the original
sample, we loaded MWNT without Ti-compound and used
the most drastic condition set: highest milling time, high-
est rpm and the maximum number of balls. After that we
checked the quality by TEM. Based on TEM observations
we assume that the generated defects are mainly located
on the surface of carbon nanotubes and will promote the
direct chemical bonding with the precursor molecules.
However, as an increased milling time can result in cleav-
age or structural collapse,36 the milling time was strictly
limited to maximum 120 minutes.

3.2. Effect of Ball Milling with Different Precursors
Grinding with precursor compounds such as Tetraethyl
orthosilicate (TEOS), aluminium isopropoxide (AlIP) and
titanium (IV) ethoxide (TEOTi) showed that ball-milling
times below 10 minutes generally did not result in
homogenous coverage. TEM studies indicated that the
samples typically contained uncovered MWNTs and sep-
arated large inorganic particles. Figure 2 presents the
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BA

Figure 4. TEM images of composite material prepared from TEOS with different grinding parameters (A) 30 min, 10 balls, 100 min−1 (B) 120 min,
20 balls, 100 min−1.

sample grinded with TEOTi precursor, where the car-
bon nanotubes are predominantly uncovered and sepa-
rated from large titania particles even after 16 minutes of
milling. When preparing alumina layers from AlIP pre-
cursor, rudimental coverage could be observed already
after ten minutes of ball milling. Figure 3 shows sample
prepared by milling AlIP precursor with MWNTs using
240 min milling time, 10 balls, and 100 min−1 rpm. How-
ever, segregated inorganic particles can be observed, TEM
images proved that MWCNTs are also thickly covered.

A B

C D

500 nm 200 nm

Figure 5. TEM images of composite material prepared from TEOTi with different milling times (A) 60 min, 10 balls, 100 min−1 (B) 120 min,
10 balls, 100 min−1 (C) 240 min, 10 balls, 100 min−1 (HRTEM) (D) SEM image.

Results obtained with AlIP precursor also illustrate that
increasing both the number of balls and milling time give
rise to increased coverage of the sample whereas chang-
ing the speed of the rotation did not lead to a significant
change in the characteristics of the product.
The observations with TEOS precursor were similar,

however, at least 30 minutes were necessary for the for-
mation of a coating. Increasing the number of balls and
the milling time were again both favorable for the cover-
age of the final product. Besides bare carbon nanotubes,
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(A) (B)

Figure 6. TEM images of composite material prepared from TEOTi with different milling times (A) 120 min, 20 balls, 100 min−1 (B) 120 min,
30 balls, 100 min−1.

a few coated MWNT were found after 30 minutes by TEM
investigation as it can be seen in Figure 4(A). The arrow
in the image indicates one of the nanotubes coated with
silica. The major part of carbon nanotubes was homoge-
neously covered with the inorganic material (see Fig. 4(B))
after 120 minutes of milling.

During the ball milling process, MWNTs and precur-
sor material are periodically trapped between colliding
balls and the container walls. In the case of AlIP, the
precursor is solid in contrast to the other liquid precur-
sors. Ahn et al. reported that dry-milling is more efficient
and results in a more rapid collapse of CNTs compared
to wet-milling.36 They also demonstrated the difference
in structural changes caused by both milling techniques:
carbon nanotubes after dry and wet ball-milling were

(A) (B)

(C)

Figure 7. SEM images of TiO2/MWNT samples prepared by various precursor-nanotubes ratio. (A) 1.5 mL TEOTi-100 mg MWNT; (B) 1.0 mL
TEOTi-100 mg MWNT; (C) 0.5 mL TEOTi-100 mg MWNT.

impregnated in a SnCl2 dissolved HCl solution. SnO2

nanoparticles formed after heating to 600 �C were cov-
ering the CNT surface for the dry-milled CNTs whereas
the wet milled CNTs contained the particles inside the
CNT hollow core. This result proves that dry-milling is
more efficient in generating structural defects on the CNT
surface and leads to a high defect density due to the
higher number of impact. In addition, while milling with
AlIP, the small particles produced during ball milling can
be considered as many tiny balls, which cause additional
high frequency impact as well as direct friction on the
nanotubes. Therefore the required minimum milling time
to obtain a coverage on CNTs is significantly lower for
AlIP compared with the liquid precursors TEOTi and
TEOS.
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3.3. Effect of Milling Time
Our preliminary investigations revealed that milling
parameters might have a significant effect on the cover-
ing process. Therefore, all precursor materials have been
investigated as a function of the milling time. As the gen-
eral trend—longer milling time leads to better coverage—
is very similar for all precursors, so we only present the
results of TEOTi. Figures 5(A) and (B) show represen-
tative TEM images of composite materials obtained after
60 and 120 minutes of milling while keeping the number
of balls and rotation speed constant. Whereas only rudi-
ments of coverage can be observed after 60 minutes, the
majority of the carbon nanotubes appear well-coated after
120 minutes. High resolution TEM investigations revealed
that after 240 minutes MWNTs are homogeneously cov-
ered by an amorphous layer of titania (Fig. 5(C)). Imaging
with SEM confirms that the homogeneous coverage was
obtained on the macroscopic scale: Figure 5(D) shows a
SEM image of perfectly covered carbon. Increasing the
number of balls also increased the efficiency of the layer
formation, whereas the speed of rotation did not have a sig-
nificant effect on the process. Our preliminary results also
indicate that the layer thickness increases with increasing
number of balls (Figs. 6(A and B)).
Typically, when using the solvent-free method for

the preparation of CNTs based composite materials, the
amount of separated inorganic particles not reacting with
CNTs cannot be controlled.37 Consequently, the major part
of the sample is contaminated with significant amount of
various oxide side-products. By ball-milling, these supple-
mentary particles can be avoided by adjusting the ration
between the CNTs and the amount of added precursor. As
described in the Experimental section, the quantity of the
required precursor in order to cover the surface of car-
bon nanotubes was roughly estimated in a primitive cal-
culation. SEM images presented in Figure 7 illustrate the
samples prepared using 240 minutes milling time, 10 balls
and 100 min−1 rotation speed and by adding 1.5, 1.0
and 0.5 mL of TEOTi, respectively. From these images it
obvious that the amount of segregated titania particles is
decreasing in the series until finally the sample with the
lowest ratio contains almost no separated material. While
the sample prepared with high TEOTi/MWNT ratio con-
tains a significant amount of segregated titania particles,
the composite material with the lowest TEOTi/MWNT
ratio features a high density of homogeneously covered
MWNTs in the macroscopic scale.

3.4. Investigation of the Stability of
Composite Materials

For further potential applications, it is a key indicator
whether the as-prepared samples are stable enough for
future manipulation. In order to get information about the
stability of well-covered composite material, a representa-
tive sample prepared by ball milling (240 min, 10 balls,

Figure 8. TEM image of a TiO2/MWNT sample after intense grinding
in a mortar.

100 min−1� was exposed to an intense grinding in an
achat mortar for 15 minutes. Repeated TEM investigations
revealed that the inorganic layer suffered no observable
damage at all (Fig. 8). CNT prepared via CVD tech-
nique always contains surface OH groups which are able
to seed layer formation.12 In case of reactive ball milling
their amount can be even higher.34 Former investigations
revealed that similar nanocomposites with CNT contain
very strong covalent bond38 thus provide proper stability
of such nanocomposites, independently of the chemical
nature of the coverage.

4. CONCLUSION
In this paper we presented a novel, successful and cheap
method for the preparation of MWNT-based inorganic
composite materials. The planetary ball mill is a rather
efficient tool not only for batchwise fine grinding down
to colloidal fineness of hard to soft materials, dry or in
suspension, but for the mixing and homogenization of
emulsions and pastes, as well. Previous studies,19 however,
drew our attention to the possible damaging of MWNTs
during ball-milling. According to our findings this prob-
lem can be avoided by the application of good qual-
ity CVD carbon nanotube samples. All three precursors
(titanium (IV) ethoxide, tetraethyl orthosilicate, aluminium
isopropoxide) tested in our investigations were suitable
under certain milling conditions for the formation of a
homogeneous coating (titania, silica, alumina) on the sur-
face of MWNTs. For further application either on the field
of catalysis or sensing, the suitability of as-produced com-
posite material is of great importance. A stability assay
proved that our samples are ready for further manipula-
tion. This strength could originate both from the clean
surface of MWNTs and from the character of CVD sam-
ples containing significant amount of defect sites, which
may play a role in the firm binding of the layer. The
optimization of precursor to MWNT ratio has been also
done in order to avoid additional undesirable inorganic
particles.
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