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Multiwalled carbon nanotubes (MWCNTs) grown by spray pyrolysis have been decorated with silver nanoparticles prepared via the
silver mirror reaction. Good dispersion of silver nanostructures was obtained on the surface of MWCNTs, resulting in an efficient
and simple wet chemistry method for increasing the reactivity of the carbon nanotubes surfaces. High-resolution transmission
electron microscopy showed the orientations of the crystallography planes of the anchored silver nanoparticles and revealed their
size distribution. Raman spectroscopy results confirm that the compositematerial preserves the integrity of theMWCNTs. Scanning
electron microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy were also employed for sample characterization.

1. Introduction

During the last decades, extensive research has led to the
development of versatile methods for modifying carbon
nanotubes (CNTs) and to obtain derivatives with more
attractive features [1–8]. To this end, CNTs decorated with
metal nanoparticles (NPs), which exhibit outstanding chem-
ical activity due to their large active surface area and
crystallographic surface structure, have been examined for
potentials applications in nanoelectronics and heterogeneous
catalysis as well as chemical and biochemical sensors [9–
15]. Because nanoparticles are notably different from their
bulk materials with respect to their electronic, optical, and
catalytic properties originating from their small dimensions
[16], one can alter and/or enhance their intrinsic properties
by controlling the size and shape as well as the distribution of
metal nanoparticles on carbon nanotubes.

Several methodologies have been developed to obtain
silver nanoparticle-CNT composites, such as solid-state reac-
tion, thermal evaporation, surface chemical reduction of the
metal salt, and wet chemical routes [10–14, 17–20] promoting
either covalent or noncovalent functionalization between
NPs and CNTs. For sensing applications, functionalization of
CNTs sidewalls can improve the excellent potential of carbon
nanotubes as sensitivematerial for detecting very low levels of

chemical or biological molecules, enhancing the interaction
between a specific chemical species and the nanotubes, as
well as the selectivity of the adsorption process [21–23]. Silver
nanoparticles can be prepared via a simple and inexpensive
technique (i.e., the silver mirror reaction) [24]. Herein,
multiwalled carbon nanotubes (MWCNTs) synthesized by
the spray pyrolysis method using toluene and ferrocene
precursors were decoratedwith silver nanoparticles following
a similar chemical route. A detailed investigation is pre-
sented. High-resolution transmission electron microscopy
(HRTEM) revealed the orientations of the crystallography
planes of the anchored silver nanoparticles. This information
can be important for modeling the process of nucleation
and growth of the nanoparticles on the nanotubes surfaces.
Raman spectroscopy, scanning electron microscopy (SEM),
X-ray diffraction (XRD), and X-ray photoelectron spec-
troscopy (XPS) were also employed for sample characteriza-
tion.

2. Materials and Methods

2.1. Synthesis of the Composites. The multiwalled carbon
nanotubes were synthesized using the spray pyrolysismethod
as previously reported elsewhere [26]. This method has the
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Figure 1: (a) SEM image of a pure MWCNTs sample. (b) SEM image of MWCNTs decorated with silver nanoparticles [(Ag/C)
0
= 0.88].

Figure 2: TEM image of pristineMWCNTs.The arrows indicate the
position of iron catalyst nanoparticles.

advantage of producing high yields of relatively clean nan-
otubes via the atomization of a solution released from a liquid
reservoir through a preheated quartz tube. A solution of
ferrocene (Fe(C

5
H
5
)
2
) in toluene (C

7
H
8
) at a concentration

of 2.3 wt% was used as the precursor liquid.This solution was
pyrolyzed at 850∘Cand the obtainedMWCNTs are asmuch as
to tens of micrometers long with external diameters between
30 and 60 nm.

For the decoration process, a stable homogenous MWC-
NTs suspension was obtained by dispersing 25mg of pristine
MWCNTs into 1.0 wt% of sodium dodecyl sulfate (SDS)
aqueous solution and sonicated for one hour combining a tip
sonicator with an ultrasonic bath. The resulting MWCNTs
suspension was introduced into Tollen’s reagent formed
by drop wise addition of 5% of ammonia to a silver
nitrate (AgNO

3
) aqueous solution under stirring until the

brown precipitate just dissolved. Formaldehyde (0.5mL) was
dropped into the system and the system was maintaining
stirring at 60∘C for 45min. The final silver-functionalized
MWCNTs were collected by centrifugation and washed with
water and ethanol several times. The obtained black powder

was dried at room temperature for 24 h. Three different
concentrations of silver nitrate solutions were prepared such
that the initial silver to carbon stoichiometry was fixed to
(Ag/C)

0
= 0.88, (Ag/C)

0
= 0.44, or (Ag/C)

0
= 0.22.

2.2. Characterization. The samples were dispersed in iso-
propanol, and a few droplets of the suspension were trans-
ferred onto a holey carbon grid for TEM and HREM obser-
vation and analysis. High-resolution transmission electron
microscopy was performed using a JEOL TEM JEM-3010
equipped with a LaB

6
filament and a high-resolution pole

piece (Cs = 0.5mm). The microscope operated at 300 kV
for high-resolution imaging (0.17 nm) (HREM). Scanning
electronmicroscopy was performed using a JEOL JSM-6701F
field emission scanning electron microscope.

X-ray diffraction (XRD) measurements were performed
on a D8 ADVANCE X-ray diffractometer using Cu K

𝛼
radia-

tion (𝜆 = 1.54 Å) while the X-ray photoelectron spectroscopy
(XPS) was performed using a spectrometer equipped with
a commercial hemispherical electron energy analyzer Alpha
110 with Al K

𝛼
radiation (ℎ] = 1486.58 eV). The XPS spectra

were collected at a fixed analyzer pass energy of 20 eV
and the data were processed using the CasaXPS software.
The quantitative Ag/C atomic ratios of the samples were
determined using the peak area ratio of the corresponding
XPS core levels and the sensitivity factor of each element in
XPS.

Raman spectroscopy analysis was performed using a
micro-Raman spectrometer (NT-MDT, NTEGRA SPEC-
TRA) equipped with a CCD detector and an excitation solid
state laser with wavelength of 473 nm.

3. Results and Discussion

MWCNTs were decorated by nanoparticles using the silver
mirror reaction. Different concentrations of solutions were
prepared such that the initial Ag to C atomic ratio (Ag/C)

0

can be varied. The pure multiwalled carbon nanotubes
obtained by decomposition of a solution containing 2.3 wt%
ferrocene in toluene are shown in Figure 1(a). The typical
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Figure 3: (a) TEM image of representative coated tubes with Ag nanoparticles. (b) HRTEM image showing Ag nanoparticles attached to
the tube wall. (c) Ag nanoparticles size distribution obtained from TEM images. (d) FFT of the image obtained from the region shown
in (b) containing the larger nanoparticle and the outer layers of the MWCNT. The image shows the graphitic planes (0.34 nm interplanar
distance) and silver planes (0.23 nm interplanar distances) perpendicular to each other [25]. Sample prepared with initial Ag to C atomic
ratio, (Ag/C)

0
= 0.44.

length of the tubes is in the range of 5–6𝜇m,while the average
external diameters range from 30 to 60 nm.

Pristine multiwalled CNTs image obtained by TEM was
show in Figure 2.MWCNTs tend tomaintain their crystalline
structure, despite the damage induced by high energy beam
used for the analysis. The catalyst iron nanoparticles were
clearly showed inside the tubes and indicated by arrows.

Subsequently, these nanotubes were decorated with sil-
ver nanoparticles. The silver nanoparticles were formed by
addition of the solution containing nanotubes to the Tollen’s
reagent [24]. The resulting material is shown in Figure 1(b)
in a representative SEM image of the decorated tubes.
The silver nanoparticles are the bright spots on the CNT
surfaces. The image indicates that the nanoparticles are fairly
homogeneously distributed on the CNTs surface.

Representative TEM images and HRTEM images of the
nanocomposite are shown in Figure 3. The samples were
dispersed in isopropanol, and a fewdroplets of the suspension
were transferred onto a holey carbon grid for transmission
electron microscopy observation and analysis. TEM image
shown in Figure 3(a) exhibits silver particles with sizes
ranging from 20 to 80 nm attached on their outer layer.
Almost no free particles were observed in the background
of the TEM images, which confirms that most of the formed
nanoparticles were firmly anchored to the nanotubes.

HRTEM was used to determine how silver nanoparticles
were attached to the surface of the nanotubes. The shape
and crystallographic structure of the silver nanoparticles with
respect to the graphite planes in the tubes are visible in the
HRTEM images presented in Figure 3(b). The nanocrystals
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growing on the tube surface apparently did not damage the
nanotube wall structures. In fact, the images clearly show
that the parallel layers maintain the 0.34 nm interplanar
distances of the MWCNT. In fact, in Figure 3(d) the fast
Fourier transform (FFT) of the phase contrast image at the
interface between the tube and nanoparticle is presented [25].
It reveals (0002) graphitic planes (0.34 nm interplanar dis-
tance) and (111) silver planes (0.23 nm interplanar distances)
perpendicular to each other. In Figure 3(c), we show the
nanoparticles size distribution obtained from several TEM
images taken from different regions of the same sample. This
is a broad distribution centered at around 30 nm. The larger
particles (sizes > 100 nm) probably are aggregation of smaller
ones. It is important to call the attention to the fact that
pristine MWCNTs when decorated with metallic nanoparti-
cles usually presented a broad distribution when compared
with the one obtained for nitrogen-doped MWCNTs. It was
observed before for nickel particles [26] and confirmed for
Ag nanoparticles [27]. However, the results reported in [25]
do not agree with ours, since they claimed that only N-doped
MWCNTs exhibit a uniform coverage with Ag nanoparticles
while using pristine MWCNTs results in an inhomogeneous
coverage of Ag clusters that tend to agglomerate with other
Ag particles. Our TEM results show that this agglomeration
occurs; probably it is responsible for the larger sizes observed
in the distribution shown in Figure 3(c) but also indicates
that the nanoparticles are homogeneously distributed on the
CNTs surface.

The XRD pattern of the composite sample prepared
using the initial stoichiometry (Ag/C)

0
= 0.44 is shown in

Figure 4. The diffraction peak at 2𝜃 = 26.2∘ is assigned
to the (002) plane of the MWCNTs. The position of the
other characteristic peaks in Figure 4 corresponds to a silver
face centered cubic structure. The diffraction angles at 2𝜃 =
38.2
∘ and 44.5∘ can be assigned to the (111) and (200)

planes of the Ag crystal lattices, respectively. In XRD, the
size of coherently diffracting domains is measured and it
does not necessarily agree with the crystalline grain size.
The average crystallite size of the silver nanoparticles, which
was calculated using the Debye-Scherer formula [28], was
determined to be approximately 30 nm, which is consistent
with the size of the silver nanostructures observed by electron
microscopy. No significant dependence on the concentra-
tion of the silver nitrate aqueous solution, (Ag/C)

0
, was

observed.
XPS analysis was performed to elucidate the surface state

composition of the Ag-MWCNTs nanocomposite. The full
spectrum showed in Figure 5(a) reveals the dominance of
silver and carbon,with small amounts of sodiumand sulfur in
the sample. The presence of Na and S originates from the use
of sodiumdodecyl sulfate (SDS) for theMWCNTsdispersion.
The oxygen content increases compared to a pure MWCNTs
sample.However, there is no evident relationship between the
oxygen and the silver contents because the O/Carbon atomic
rate did not change significantly between the different silver
concentrations.

The spectrum of the Ag 3d core level of the Ag-decorated
MWCNTs, which is shown in Figure 5(b), clearly confirms
the presence of metallic silver because the 3d

5/2
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Figure 4: X-ray diffraction pattern taken of the composite sample
prepared with initial Ag to C atomic ratio, (Ag/C)

0
, of 0.44.

occurs at a binding energy of 368.3 eV, which is characteristic
of the metallic Ag (0) oxidation state.

Because the photoelectron’s free mean path on the mate-
rial is smaller than the mean nanotube radius and larger
than the mean silver particles diameter, the calculated Ag/C
atomic ratio obtained fromXPS spectrum is an upper bound.
In Figure 6, we have shown theXPS spectra ofAg 3d core level
obtained from different samples. The decoration efficiency
can be defined as [(Ag/C)XPS/(Ag/C)0] as a function of the
initial silver stoichiometry (Ag/C)

0
. The calculated efficien-

cies are 2% for the (Ag/C)
0
= 0.88, 4% for the (Ag/C)

0
= 0.44,

and 2% for the (Ag/C)
0
= 0.22 samples.

Themain features in theRaman spectra shown in Figure 7
are the 𝐷 band at around 1350 cm−1 and the 𝐺 band at
1580 cm−1. A second order band at 2750 cm−1 was also
observed. Raman spectroscopy is frequently employed to
probe the quality of carbon nanotubes. The ratio between
the intensities of the 𝐷 and 𝐺 bands, 𝐼

𝐷
/𝐼
𝐺
, is a parameter

commonly used for this purpose [29]. In Figure 7, we show
the Raman spectrum obtained from pure MWCNTs. This
spectrum has a low 𝐼

𝐷
/𝐼
𝐺
value, (i.e., 0.23), which is typical of

good quality nanotubes. In the same figure, we show Raman
spectra of MWCNTs decorated with silver nanoparticles.
The positions of the bands are essentially the same, while
the 𝐼
𝐷
/𝐼
𝐺

slightly increased upon the increase of silver
nanoparticles attached to the nanotubes surfaces. However,
the low 𝐼

𝐷
/𝐼
𝐺
values indicate that the adopted procedure

preserved the integrity of the MWCNTs, confirming the
HRTEM results.

A wet-chemical route to obtained silver nanoparticles-
CNT composites was already published [17]. Despite some
differences in the experimental route to prepare the com-
posite, in particular the way used to disperse the MWCNTs,
our results are in general agreement with the previous one.
However, in the present work we present an accurate analysis
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Figure 5: (a) XPS spectrum of the silver nanoparticles/MWCNTs composite prepared with initial Ag to C atomic ratio, (Ag/C)
0
, of 0.44. (b)

XPS spectrum of Ag 3d core level of same sample. The spectrum was fitted taking into account the Shirley background.
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Figure 6: XPS spectra of Ag 3d core level of composite samples
prepared with different initial Ag to C atomic ratio (Ag/C)
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of TEM results showing the crystallographic orientation of
the particles with respect theMWCNTs surface, as well as the
nanoparticles size distribution.

Other simple routes were also used to decorateMWCNTs
with silver nanoparticles [18, 30]. The photochemical depo-
sition of Ag nanoparticles on MWCNTS produces particles
with average size at around 21 nm and the authors claimed
that using this technique they can control the average size
of the particles [18], while another simple chemical route
produces Ag-MWCNTs composite with particles with an
average size of 18 nm [30].
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Figure 7: Raman spectra of Ag nanoparticle-MWCNTs composites
prepared with different initial (Ag/C)

0
ratios.

4. Conclusions

In this work, we studied the decoration of MWCNTs syn-
thesized via spray pyrolysis with silver nanoparticles through
a simple wet chemistry route that was based on the silver
mirror reaction. A multitechnique approach was adopted for
the samples characterization. The nanoparticles were found
to be spatially well dispersed on the carbon nanotubes.
HRTEM revealed the orientations of the crystallography
planes of the anchored silver nanoparticles and indicated
that the (111) plane of silver face centered cubic structure is
perpendicular to the (0002) graphitic planes of the MWC-
NTs. This information can be important for modeling the
process of nucleation and growth of the nanoparticles on the
nanotubes surfaces.
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The Raman results indicate that when the initial Ag to C
atomic ratio (Ag/C)

0
increases, the nanotube integrity was

preserved. We also studied the silver content as a function
of the initial (Ag/C) atomic ratio by means of photoelectron
spectroscopy. These results showed that the efficiency of
the composite formation process is, within experimental
uncertainties, nearly independent of (Ag/C)

0
. The metallic

character of the silver nanoparticles is independent of the
different initial (Ag/C) atomic ratio, as demonstrated by XPS
analysis.

Silver-MWCNTs composite with particle size distribu-
tion centered at around 20–30 nm is suitable for several
applications as catalysts or sensing materials because of the
appropriate surface to volume ratio of the particles [4, 10, 11,
14]. The procedure discussed in this work permits a simple
way to obtain this composite controlling the number of
particles by changing the initial Ag to C atomic ratio.
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