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ABSTRACT: In this study, porous silica (SiO2) film is reinforced with carbon
nanotubes (CNTs), which gets homogeneously dispersed in porous SiO2 gel by
ultrasonic stirring. The size of SiO2 molecules is the same as that of nanotubes,
so a fine CNTs/SiO2 network is formed. Nanoindenters used to test the mechanical
properties of the resulting specimens show a marked enhancement in the properties
as a function of filler content. Interfacial bonding and the distribution of CNTs
also strongly affected the mechanical performance. Although a high concentration
of CNTs improves the mechanical characteristics of the matrix, it also causes
agglomeration such that the mechanical performance at the surface was dispropor-
tionate. Fourier transform infrared spectroscopy (FTIR) analysis indicates that there
is little chemical reaction occurring between CNTs and SiO2. The results suggest that
CNTs are ineffective reinforcements.

KEY WORDS: porous SiO2, carbon nanotubes (CNTs), nanocomposites,
mechanical properties.

INTRODUCTION

P
OROUS SILICA (SiO2) of various types have great potential in applications such as
integration circuit processes, microelectronic technology, environmental technology,
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sensors, membranes, and insulators [1–4]. The conventional porous SiO2 was mesoporous
in nature when it was first discovered in 1992 [5,6]. It is formed using surfactant
micelles and liquid crystal as a template. Mesoporous SiO2 is easily fabricated, and
the pore diameters are in the range of 10–50 nm. However, the use of a high-porosity and
low-polarity material and formation of inorganic material with uniform pores of arbitrary
size, shape, and orientation, to improve the electrical and dielectrical properties, remains
a challenge. Porous SiO2 is of loose structure, with low mechanical strength, making
further process fabrication difficult. Hence, significant interest exists in the development
of methods using reinforced filler, to obtain favorable mechanical characteristics of
porous SiO2 material.

Since the first discovery of carbon nanotubes (CNTs) in 1991 [7], a new and powerful
method to overcome the mechanical disadvantages of traditional materials has been
developed. The CNTs are regarded as suitable composite fillers because they have excellent
mechanical properties, such as high Young’s modulus, excellent flexibility, low density,
and high thermal conductivity.

Two main issues must be addressed to improve the mechanical properties of the
composite material. They are the interfacial bonding and proper dispersion of fillers
in the matrix [8,9]. According to the report, if only 1% of carbon atoms are combined
with the matrix material, then the interfacial shear stress will be effectively transferred to
the CNTs [10,11]. The dispersion of CNTs in the matrix is another problem to be solved.
The CNT is a nanoscale material that has a giant surface area (more than 1000m2/g). The
surface area is so enormous that van der Waal’s force between any two carbon nanotubes
is very strong. This force causes them to aggregate easily, which causes difficulty in
dispersing CNTs in the matrix material. The homogeneous dispersion of CNTs or an
exfoliation of the agglomerates and good wetting of the matrix material are considered to
solve the problem of dispersion [12].

In this study, CNTs are employed as reinforcements that increase the mechanical
strength of porous SiO2 film. The solgel process is used to disperse CNTs homogeneously
in a porous SiO2 matrix. The mechanical properties, such as Young’s modulus and
hardness were evaluated.

EXPERIMENTAL

Multiwalled carbon nanotubes (MWCNTs), which grew from the cobalt catalyst,
were synthesized from natural gas by catalytic chemical vapor deposition (CVD), with
an average length of several microns, and a diameter of 10–50nm (measured by transmission
electron microscope, TEM), shown in Figure 1. The MWCNTs samples were treated by
immersing them in nitric acid solution for 6 h to reduce the van der Waal’s force, remove the
impurities, and eliminate the metallic characteristics of the catalyst. Subsequently, samples
were washed with deionized water on a filtration membrane until the acidic solution became
neutral. Finally, the MWCNTs were dried in a vacuum oven at 80�C for 36 h.

The porous SiO2 solution was prepared using Tween80 (polyoxyethylene (20) sorbitan
monooleate), deionized water, ethanol (95%), hydrochloric acid (70%), and TEOS
(tetraethylorthosilicate). Hydrochloric acid was used as an activating agent. Deionized
water and ethanol were used as solvents. The TEOS is the precursor of SiO2 and Tween80
is a surface-activating agent. The mixing ratio (by weight) of Tween80: deionized
water: ethanol: hydrochloric acid: TEOS was 2.7 : 1 : 6 : 0.3 : 3.4. The CNTs, dispersed
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in ethanol as a suspension, were added to the porous SiO2 solution with weight
fractions from 0 to 5%. The mixed CNTs/porous SiO2 solution was stirred for 3 h at
room temperature to make the solution more homogeneous. Then, the solution was spin-
coated on glasses and silicon wafers. The coated samples were then soft-baked at 106�C
for 1 h to solidify the mixture. Then, the film was calcined at 400�C in a furnace for 30min
to burn out the template molecules and solidify the pores. Finally, the surface was
hydrophobically treated by immersing the samples in hexamethyldisilazane (HMDS)
solution.

Samples from extruded composite strips were characterized using a scanning electron
microscope (SEM), a transmission electron microscope (TEM), and an atomic force
microscope (AFM), which yielded micrographs and surface roughness after dispersing
CNTs. The nanotubes, embedded in the matrix, are invisible from the surface of the film,
so the film is fractured by mechanical force or chemical etching. The fractured surface is
then scanned to elucidate the microstructure. Chemical effects, such as functional groups
and specific bonding characteristics were examined by FTIR analyses. The hardness and
Young’s modulus were measured using a nanoindenter system from nano-instruments,
operated at a constant displacement rate. The stiffness was continuously measured at
a small penetration depth.

RESULTS AND DISCUSSION

Figure 2 shows the AFM image of the films. It shows that the average surface roughness
of the films increase from 0.34 to 1.8 nm as the weight fraction of CNT content increases
from 0 to 5%. Figure 3 is the 3D magnified image of the film, with 1% CNTs, where CNTs
lie on the surface. A bed-like structure of CNTs had the expected height and increased at
the end point. Many researchers have found a relation between film surface morphology
and electrical conductivity [13]. It is said that the nodular structure has been associated

20 nm

Figure 1. TEM image of CNTs.
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with high-doped conducting film in which the nodules represent doping rich and highly
conductive areas.

Figure 4(a) displays the SEM micrographs of cross sections of randomly oriented CNTs
embedded in the porous silica matrix. Figure 4(b) presents the etching fracture surface
on which some CNTs are observed. The diameter of the tubes is approximately 25 nm.
Some CNTs were vertically drawn out by an extensive polishing force and integrated,
as shown in Figure 4(c). Interfacial bonding between CNTs and porous SiO2 matrix was
important for the loading test. A load transfer, from the matrix to CNTs, will be effective,
if the interfacial bonding is strong. The effective reinforcing modulus also strongly
depends on the geometry of the filler and the combination ratio of CNTs to porous SiO2.
A bent nanotube reduces the stiffness of the composite. The constraint of the surrounding
matrix on the straightening of the wavy nanotube may be significant. The geometry of
wavy CNTs reduces the effective reinforcing modulus and unbent nanotubes correspond
to stronger reinforcement.

(c) 5%, RMS = 1.80 nm

(a) 0%, RMS = 0.34 nm

(b) 1%, RMS = 0.45 nm
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Figure 2. AFM image of CNTs/silica film: (a) without CNT content; (b) with 1% CNTs; and (c) with 5% CNTs.
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Figure 3. Three-dimensional magnified AFM image of CNTs in porous silica matrix.
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Figure 4. SEM micrographs of CNTs/SiO2 composites: (a) cross section image of the CNTs/SiO2 composite;
(b) etching surface of CNTs/SiO2 composite; (c) integrated image of CNTs; and (d) aggregate image of CNTs.
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The importance of a homogeneous dispersion was determined from the image
of the fractured structure. The nanotubes were dispersed by sonicating them in
ethanol; by mixing the suspension with porous silica resin, and evaporating the
solvent. Figure 4(b) and (c) shows that some CNTs in the porous silica matrix were
randomly distributed but some were agglomerated together, as presented in Figure 4(d).
The agglomerate degrades the mechanical properties of the film. As reported in literatures,
the agglomerate of CNTs depends on the uniformity of dispersion and size of the
CNTs [14].

Figure 5 displays the results of the FTIR analysis. The FTIR spectroscopic analysis is a
typical method for characterizing functional groups of CNTs/porous SiO2 composite.
The most intense absorption peak is that of SiO (1060 cm�1) in the main skeleton of SiO2.
This peak, centered at around 1100 cm�1, was a shoulder at the high-frequency end
of the peak at 1060 cm�1, because the transverse optical vibration mode corresponded to
the asymmetric optical stretching of the oxygen atoms in the Si-O-Si linkage [15–17]. The
broad peak between 3300 and 3600 cm�1 is related to the stretching of –OH. The
hydrophobic trimethylsilyl peaks were present at 1277 and 2975 cm�1, and are considered
as SiC and CH3. These alkyl-like groups can protect the film from attracted moisture.
The mechanical performance of nanocomposite depends on the interfacial reaction
between CNTs and porous silica. The atoms of Si and O are present in a strong network
that is connected at short distances [18]; a loose pore structure would have a poor
mechanical strength. The interfacial strength between the porous silica and the CNTs was
very strong. Some C¼O groups (1700�1750 cm�1), which may be carboxyl, ester, ketone,
and aldehyde were found on the surface of the material. These groups take part in the
polymeric reaction and enable the linkage of CNTs to the matrix, perhaps because of the
mixed motion of CH2 and COC, with deformation in inorganic silicide solution,
where CH2 is the � carbon of the matrix material and COC belongs to the CNTs. Jia et al.
[19] also suggested that the � bond of CNTs may be opened and interact with the
matrix. The oxidation of CNTs are responsible for reducing the amount of impurities,
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Figure 5. FTIR spectra of porous SiO2 film with contents of CNTs.
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the factor which may also contribute to the interaction between the CNTs and the silica
matrix. However, C¼O groups may also be regarded as an oxidation product of ethanol
which is used as a solvent. The presence of C¼O resulted in a polar surface and caused a
chemical change.

The mechanical properties, such as hardness and Young’s modulus, were tested
using a nanoindenter system. They were obtained from load–displacement data, with
penetration depths of 1/10 of the thickness of the film, to avoid surface and substrate
damage [20–23]. Figure 6 plots the typical load–displacement curve obtained from
the nanoindenter system. The indenter is a triangular pyramid-shaped diamond with a
shape angle of 115�. Every sample was tested 10 times at different locations of the surface.
The Young’s modulus and hardness were average values. Equation (1) yields the
indentation depth, with the given pyramidal geometry, from the diagonal length of the
indentation (lp).

hp ¼
lp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3� tan2 �=2ð Þ

p

3 tan �=2ð Þ
ð1Þ

where � is the edge angle of the indenter, lp is the diagonal length of the indentation, and hp
is the penetration depth. The surface area must be determined to measure the surface
hardness, which equals the mean pressure under the indenter. The length of the diagonal of
the indentation must be measured to determine the surface area.

Sp ¼
9h2 tan �=2ð Þ

3� tan2 �=2ð Þ
: ð2Þ

Equation (2) yields the surface area (Sp) for a given pyramidal geometry. The plastic
depth can be determined from the penetration depth using heff as the plastic depth, which is
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Figure 6. Typical load vs displacement curve obtained from the nanoindenter system.
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associated with the point of intersection between the sloping line of the maximum load
point and the x-axis, and is measured by the method of least squares [24]. The hfin is the
position where the indenter was detached from the surface of the sample. The hmax is
the position at which the indenter touches the sample’s maximum depth. Figure 6 presents
the values of the aforementioned parameters.

Figure 7 plots the maximum loading force versus CNT content of the samples. The
maximum loading force increased with CNT content, reaching 168mN at a CNT
weight fraction of up to 5%. The load force, without the CNT sample, was only about
116mN. It cannot be regarded as an elastic or plastic modulus when the part of the curve
from which the average gradient was determined involves both elastic and plastic
deformation. However, the maximum load corresponded to a combination of the
resistance of the material to the deformation before and after yielding. This value is also
related to the yield strength of the material, because this value marks the transition
between the maximum values of the load during the penetration depth experiment. This is
a measure of the capacity of the material to absorb energy before breaking [25,26]. The
result also indicated that this property is related to the wear resistance of a class of porous
SiO2, including fillers. Figure 7 clearly shows that the addition of CNTs changed the
mechanical characteristics of porous SiO2.

Figure 8 presents the relationship between load and hardness. All of the samples
considered herein were prepared under the same conditions, except for the CNT content.
Hence, the hardness curve is assumed to be caused by the change in CNT content.
The hardness increased with the penetration load. When the nanoindenter test is
performed with a small load, the area of the sphere at the tip of the indenter is not
negligible. The hardness of the composite was also shown to be a function of the filler
content. The hardness curves at CNT contents of 1–3% are similar and the curves at
CNT contents between 4 and 5% are also similar. Accordingly, a step-region threshold
concentration of the filler may be considered to exist. When the filler content exceeded
this threshold concentration, the mechanical performance of the matrix was
substantially higher. The higher CNT content in porous silica film corresponds to
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Figure 7. Maximum loading of different CNT contents on the CNTs/SiO2 composite.
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greater hardness, because more CNT interacts with SiO2 molecules, strengthening the
transfer of loading.

The contact stiffness must be obtained from the gradient of the unload curve to find the
effective Young’s modulus [27]. The effective Young’s modulus is related to the stiffness
and given by Equation (3).

S ¼
dP

dh
¼ CAE

�
ffiffiffiffiffi
Ar

p
ð3Þ

where

1

E�
¼

1� �21
E1

þ
1� �2s
Es

where E* is the reduced modulus; CA equals 2=
ffiffiffi
�

p
, and Ar is the projected real contact

area between indenter and surface. E1 and �1 are the Young’s modulus and the Poisson’s
ratio of the indenter. Es and �s are the corresponding parameters of the test sample. S
represents the contact stiffness. When the nanoindentation test is undertaken with the
triangular pyramidal indenter with a shape angle of �¼ 115�, the constant (CA) must
be 2=

ffiffiffi
�

p
.

When the indenter tip penetrated the composites, the loading force was significantly
dispersed by the large quantity of CNTs. Figure 9 plots Young’s modulus versus
displacement. The modulus increases with the displacement. The gradient of Young’s
modulus declines at shallow depths, until a contact depth of 320 nm is reached. The curve
suggests that the sample with CNT fillers is stiffer than that without fillers. If the surface
layer, without CNTs fillers, undergoes elastic deformation, then plastic deformation will
occur. The similar plot of hardness versus displacement (Figure 10) shows analogous
behavior as in Figure 9.
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Figure 8. Hardness vs loading curve of CNTs with different weight contents on the CNTs/SiO2 composite.
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The effective modulus of the CNTs/porous SiO2 composite is related to the weight
fraction of CNTs. Figure 11 plots the hardness and Young’s modulus of the composites
as functions of the weight fraction of CNTs from 1 to 5%. At a CNT content of 1%, the
Young’s modulus was about four times larger than that of the unreinforced sample,
and increased with CNT content. The dependence of Young’s modulus on the nanotube
weight fraction is associated with the effect of load transfer from the matrix to CNTs,
which have a large aspect ratio and excellent mechanical properties. The effective
distribution of CNTs in the surrounding matrix at low content also contributes to this
dependence. If CNTs are dispersed uniformly in the matrix, the effective load transfer
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Figure 9. Modulus vs displacement curve of CNTs with different weight contents on the CNTs/SiO2

composite.
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from the matrix to CNTs is very enormous. Load sharing between the CNTs and matrix
enhances the mechanical properties of the composite. The results also demonstrate that
CNT-reinforced polymer or alumina composite are stronger than other fillers [28,29].
However, higher CNT contents of over 10% resulted in the agglomeration of CNTs in
the surrounding matrix, and suppressed densification. A high fraction of nanotubes
also caused the deflection of cracks and continuous crack propagation [30]. It also
degraded the mechanical properties. Additionally, sintering impurities may promote the
crystallization of SiO2 by heterogeneous nucleation [31].

CONCLUSION

Different weight fractions of CNTs and porous SiO2 films were produced. The
CNTs were homogeneously dispersed into porous silica solgel using a sonication method.
A functional nanotube which does not interact chemically with porous SiO2 expresses itself
in the presence of agglomerates. The hardness and Young’s modulus of CNTs/porous SiO2

composites were enhanced with the increase of CNT content. It was due to the load
transfer between the CNTs and porous silica from interfacial bonding. However, higher
CNT content made CNTs agglomerate together and degraded the mechanical
performance. The method presented in this study provides a means for parametrically
exploring the reinforcement–matrix relationships. Further improvement should optimize
the process of procedure to enhance the reinforcing role of CNTs.
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