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Stable Ag nanoparticles supported on multi-walled carbon nanotubes (MWCNTSs) have been successfully
synthesized by calcinations of the complexes of Ag cation and acid-treated MWCNTSs under sparging N.
The nanocomposites are characterized in detail by X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and UV-visible absorption spectroscopy. The results
indicate that Ag nanoparticles are relatively homogeneously dispersed on the surface of MWCNTs. The
bactericidal properties of Ag/MWCNT nanocomposites are investigated with disk diffusion assay on the
suspension samples inoculated with Escherichia coli. The results show that Ag/MWCNTs-500 nanocom-
posites possess excellent bactericidal property because of their suitable particle size (15 nm). Moreover,
Ag nanoparticles supported on MWCNTSs are very stable for half a year. What is more, the bactericidal
effect was enhanced obviously under solar irradiation. This is because MWCNTSs can absorb near-infrared
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light to kill parts of bacteria. A possible formation mechanism is also proposed in this article.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Agnanoparticles have been extensively investigated in the fields
of optical and electro-optical devices, catalyst, surface-enhanced
Raman spectroscopy substrate, and bactericidal [1-8]. It is well-
known that the high surface energy of the Ag nanoparticles makes
them reactive and apts to be oxidized under air, could easily aggre-
gate to big particles and lose their characteristics. Therefore, the
stability is one of the most important factors for their practical
applications in nanoscience and nanotechnology [9,10]. In general,
there are two types of methods for stabilizing Ag nanoparticles.
One is to employ organic molecules to prevent the aggregation
and oxidation of the Ag nanoparticles [11-13]. In this system, the
small water-soluble organic molecules can be used to protect Ag
nanoparticles in aqueous solution conveniently but only with low
yields and low stability. The other is to deposit Ag nanoparticles on
host materials for fabricating nanocomposites. These hybrid mate-
rials have many advantages over conductivity, catalytic activity as
well as in biochemistry for the potential application such as chemi-
cal sensors [14,15]. Moreover, the assembly of metal nanoparticles
on the support could enhance their stability and easy separation
from the reaction medium for recycle. The usually used host mate-
rials are SiO,, zeolite, and carbon materials [16-18]. Among them,
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carbon materials have been considered to be the excellent support-
ers because of their predominant properties and biocompatibility.

Carbon nanotubes (CNTs) with unique nanostructures have
attracted much attention due to their remarkable electronic and
mechanical properties, thermal stability and high aspect ratio [19].
However, owing to the high aspect ratio and the strong van der
Waals attraction between the CNTs, the raw CNTs tend to aggre-
gate into a dense and robust network of ropes, resulting in poor
solubility [20]. In order to extend their potential applications
in biomedicine and biotechnology, extensive research has been
focused on the surface modification of CNTs mainly to enhance
their chemical compatibility and dispersibility [21-24]. Multi-
walled carbon nanotubes (MWCNTSs) are more commonly used
because of their low cost compared with single-walled carbon
nanotubes (SWCNTs) [25]. Moreover, MWCNTs are made of con-
centric cylinders placed around a common central hollow, with
spacing between the layers close to that of the interlayer distance in
graphite (0.34nm) [26]. Therefore, MWCNTs would be more com-
plicated than that of SWCNTs, to some extent. The raw MWCNTs
are usually long, tangled together and have closed ends, which
will increase the bulk viscosity of CNT-based materials. This phe-
nomenon will limit the application of MWCNTSs. Therefore, in order
to solve these problems, it is very important to obtain the short and
functionalized MWCNTSs. Functionalization of the pristine MWCNTSs
in nitric acid will result in the presence of carboxylic acid groups
(-COOH) on the surface of MWCNTSs, where the raw MWCNTSs were
shortened and debundled simultaneously [27-29]. Furthermore,
the short and functionalized MWCNTSs resulted in the increase of
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defects and surface area, which makes it possible to couple other
materials on the MWCNTSs [30-33]. Defects are therefore a promis-
ing starting point for further application of MWCNTs.

On the basis of the above consideration, in this article, uti-
lizing the acid-treated MWCNTSs as the supporter, we prepared
Ag/MWCNTs nanocomposites with favorable stability. The acid-
treated MWCNTs possess abundant functional groups such as
—COOH and can form complexes with Ag ions in diluted solutions.
Experimental results showed that Ag/MWCNT nanocomposites
were successfully synthesized after calcination under sparging N».
Ag nanoparticles were relatively homogeneously dispersed on the
surface of MWCNTSs. The bactericidal properties of Ag/MWCNTs
nanocomposites were examined with disk diffusion assay on the
suspension samples inoculated with Escherichia coli, which usu-
ally existed in fecal pollution waters and could cause a typical
infection to human body, and the results showed that the com-
posites possessed excellent bactericidal properties. Furthermore,
Ag nanoparticles were very stable even after several months. The
simple, environmental friendly and cost-effective nanocomposites
may have more promising applications in nanoscience and nan-
otechnology.

2. Materials and methods
2.1. Materials

All chemical reagents were obtained from commercial source as
guarantee-graded reagents and used without further purification.
MWCNTs and E. coli were purchased from Shenzhen Nanotech. Port.
Co. and Fisher Company, respectively.

2.2. Acid treatment of MWCNTs

In a typical procedure [34], 1 g raw MWCNTSs were suspended in
40 mL concentrated nitric acid and sonicated for 0.5 h. The mixture
was refluxed at 140 °C for 14 h under vigorous stirring. And then, the
MWCNTs were collected on filter paper and washed with deionized
water until pH="7. Finally, the functionalized MWCNTs were dried
under vacuum at 50°C overnight.

2.3. Preparation of Ag/MWCNTs nanocomposites

Typically, 20 mg MWCNTs were added to 10 ml aqueous solution
(0.1 M) of the AgNOs, and then sonicated for 1h, aged overnight
to obtain Ag*/MWCNTs complexes. The Ag*/MWCNTs complexes
were then washed by deionized water followed by vacuum dry-
ing at 50°C for 24 h. Subsequently, the complexes were placed
in a quartz boat and heated to a final temperature (400, 500,
600, and 800°C) for 1h under sparging N, at a rate of 5°Cmin~!
in a horizontal tube furnace. After cooling to room temperature,
black products were obtained. The corresponding samples were
denoted as Ag/MWCNTs-400, Ag/MWCNTs-500, Ag/MWCNTs-600,
Ag/MWCNTs-800, respectively.

2.4. Characterization

X-ray diffraction (XRD) patterns were obtained by a Rigaku
D/max-IIIB diffractometer using Cu Ko radiation (A=1.5406A).
Scanning electron microscopy (SEM) micrographs were taken using
a Hitachi S-4300 instrument equipped with an Energy Dispersive
X-ray (EDX) detector operating at 20kV. Transmission electron
microscopy (TEM) experiment was performed on a JEM-3010 elec-
tron microscope (JEOL, Japan) with an acceleration voltage of
300 kV. Carbon-coated copper grids were used as the sample hold-
ers. UV-visible absorption spectra were obtained using UV-visible
spectrophotometer (UV-5520). Fourier transform infrared (FT-IR)
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Fig. 1. FT-IR spectra of raw MWCNTs (A) and acid-treated MWCNTSs (B).

spectra were recorded on a PerkinElmer Spectrum One spectrom-
eter using KBr pellets. X-ray photoelectron spectroscopy (XPS)
measures were performed with AXIS UL TRA DLD.

2.5. Evaluation of bactericidal activity

Bactericidal activity of Ag/MWCNT nanocomposites were tested
on E. coli by the standard disk diffusion assay on LB agar medium:
a solid form of medium used to create plates for streaking out
bacterial colonies. All glassware and materials were sterilized in
autoclave at 120°C for 0.5 h before experiments. The disk diffusion
assay was performed by placing a 10 mm filter paper treated with
20 p.Lof Ag/MWCNT nanocomposites aqueous slurry (100 pg wL—1)
onto an agar plate seeded with approximately 107 colony forming
units (CFU) of E. coli. After incubation at 37 °C one day, the diame-
ters of the inhibition zones were observed and measured. Control
experiments (absence of Ag/MWCNT nanocomposites) were made
to check for the growth of the E. coli. Minimum bactericidal con-
centration (MBC) of commonly used antibiotics (Streptomycin) was
determined to compare the effect ion of the Ag/MWCNTs nanocom-
posites. Meanwhile, samples with solar irradiation from 10 a.m. to
4 p.m. (temperature range 36 + 1 °C) for 6 h were also performed to
investigate the effect of solar light.

3. Results and discussion
3.1. FT-IR and XPS analysis

The presence of carboxylic acid groups on the surface of MWC-
NTs can offer opportunity to form complexes with different metal
cations. Therefore, in order to obtain Ag/MWCNTs nanocompos-
ites, we should confirm the presence of -COOH on MWCNTSs firstly.
The FT-IR spectra of the raw MWCNTs and acid-treated MWCNT
are shown in Fig. 1A and B, respectively. As shown in Fig. 1A, the
raw MWCNTs clearly present a FT-IR peak centered at 1570cm™1,
which can be assigned to the C=C stretching of carbon nanotube
backbones [35,36]. As for acid-treated MWCNTs (Fig. 1B), the char-
acteristic absorption peaks indexed as C=0 and C-O stretching
bands are clearly visible at 1706 and 1178 cm~!, respectively, which
are the typical bands of carboxylic acid groups [36-38]. FT-IR results
demonstrate that the MWCNTSs have been successfully decorated
with carboxylic acid groups. Carboxylic acid groups on the side-
walls are very important for the MWCNTs because these groups
can act as anchor groups to couple with other materials.

In order to further confirm the existence of these carboxylic acid
groups, surface characterization of XPS was made. Fig. 2 shows the
XPS plots of the C 1s core levels of raw MWCNTSs and acid-treated
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Fig. 2. XPS plots of the C 1s core levels of raw MWCNTSs (A) and acid-treated MWCNTs (B).

MWCNTs. The C 1s spectral region of raw MWCNTs shows two
binding energy (BE) peaks. The C 1s peak at BE=284.4eV is due
to the underlying MWCNTSs graphene sheets (Fig. 2A), which did
not undergo being functionalized with carboxylic acid groups [39].
Moreover, the C 1s peak at BE=291 eV could be attributed to alkyl
carbons on the graphene sheet [39]. It is very interesting to note
that the C 1s spectral region of the acid-treated MWCNTs (Fig. 2B)
shows two main oxidation states at 285.9 and 288.4 eV, denoting
-C-0- and -COOH tethered to the MWCNTSs, respectively [39-41].
These results illustrated that certain amounts of carboxylic acid
groups indeed existed on the surface of acid-treated MWCNTSs. This
is consistent with the FT-IR result.

3.2. XRD analysis

The structure and chemical composition of the resultant
Ag/MWCNTs nanocomposites synthesized in this study were con-
firmed by XRD and the results are shown in Fig. 3. From Fig. 3b-e,
four high-intensity diffraction peaks at 260=37.7, 44.0, 64.2, and
79° can be observed, which can be indexed as(111),(200),(220),
and (311) diffraction for Ag (JCPDS (Joint Committee on Powder
Diffraction Standards) No. 04-0783), respectively. At the same time,
all samples feature one Bragg diffraction peak at about 26° (26),
which is the characteristic of carbon nanotubes (Fig. 3) [42]. The
XRD results showed that the composites were composed of Ag and
MW(CNTs. Furthermore, the effect of calcination temperature on the
final structure was also investigated and found that the crystalline
size increased obviously with the increase of calcination tempera-
ture. The crystalline size of Ag nanoparticles was determined from
Scherrer equation using the (11 1) diffraction peak of the samples
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Fig. 3. XRD patterns of MWCNTs (a), Ag/MWCNTs-400 (b), Ag/MWCNTs-500 (c),
Ag/MWCNTs-600 (d), and Ag/MWCNTs-800 nanocomposites (e).

calcined at 400, 500, 600 and 800°C, the average crystalline size
was found to be 12, 15, 19 and 23 nm, respectively. A similar result
was also found for the (2 00) diffraction peak.

3.3. UV-vis absorption

UV-vis absorption spectroscopy has been proved to be a suit-
able and effective method for evaluating the aggregation of Ag
nanoparticles. The UV-vis spectra of Ag/MWCNT nanocomposites
are shown in Fig. 4. We can clearly see that only one absorption
band is observed in the range between 300 and 900 nm for these
four samples. A maximum absorption peak (Amax) at 410 nm of
Ag/MWCNTs-400 was presented, which was the characteristic of
Ag nanoparticles [43-45]. With the increase of calcination temper-
ature, the position of absorption peak was gradually red-shifted.
The Amax of Ag/MWCNTs-800 nanocomposites was 431 nm, which
was a 21 nm red-shift compared with Ag/MWCNTs-400 nanocom-
posites. The red-shift of the Anmax is mainly because the Ag particles
grow larger as the calcination temperature increased [46]. On the
other hand, we can also see that the absorption band was broad,
which may be resulted from the plasmon-plasmon interaction
between the adjacent Ag nanoparticles [47].

3.4. SEM-EDX analysis

The morphology of Ag/MWCNTs nanocomposites was per-
formed by SEM. The typical SEM image of Ag/MWCNTs-500
nanocomposites is shown in Fig. 5A. We can clearly see that Ag
nanoparticles with uniform diameter were covered on the sur-
face of MWCNTSs relatively homogeneously. Fig. 5B shows the EDX

410 nm
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Fig. 4. UV-vis spectra of Ag/MWCNTs-400 (a), Ag/MWCNTSs-500 (b), Ag/MWCNTs-
600 (¢), and Ag/MWCNTs-800 nanocomposites (d), respectively.
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Fig. 5. The SEM image of Ag/MWCNTSs-500 nanocomposites (A) and its corresponding EDX spectrum (B).

spectrum of the defined area of Ag/MWCNTSs nanocomposites. The
characteristic peaks of Agand MWCNTs were clearly observed, indi-
cating the existence of Ag and MWCNTs. This is in agreement very
well with XRD results. The content of Ag element was over 90% in
quality, suggesting that Ag nanoparticles were indeed existed in
the composite.

3.5. Morphology observation

The typical TEM image of Ag/MWCNTs-500 nanocomposites is
shown in Fig. 6. Obviously, Ag nanoparticles (marked with arrows)
with the main diameter around 15nm were well dispersed on
the surface of MWCNTs. This confirms the fact that Ag/MWCNT
nanocomposites were formed and Ag nanoparticles were relatively
homogeneously dispersed on the surface of MWCNTSs. On one hand,
MWOCNTs acted as supporters for Ag nanoparticles. On the other
hand, MWCNTs were excellent disperser which inhibited the aggre-
gation of Ag nanoparticles. Therefore, MWCNTs were one of the
best choices for supporting and stabilizing Ag nanoparticles. The
TEM observation was consistent very well with the SEM results.

Fig. 6. The TEM image of Ag/MWCNTs-500 nanocomposites.

3.6. Formation mechanism

The above experimental results demonstrate that Ag/MWCNTs
nanocomposites have been successfully synthesized through
attachment of Ag nanoparticles onto the surface of acid-treated
MWCNTSs. Schematic depiction of the reasonable formation mech-
anism of Ag/MWCNT nanocomposites is shown in Scheme 1. It is
well-known that the raw MWCNTSs tend to aggregate into a dense
and robust network of ropes because of their high aspect ratio
and the strong van der Waals attraction between the MWCNTs,
resulting in their poor solubility in most solvents [20]. Therefore,
the practical application is limited greatly. In order to extend their
application, the treatment of concentrated HNOs is adopted. After
refluxing in concentrated HNO3, —COOH is present on the surface
of MWCNTs, mainly located on the defects of MWCNTSs. Then acid-
treated MWCNTs are added to the aqueous solution of AgNOs3. After
sonication, MWCNTSs are homogeneously dispersed in the solution.
Meanwhile, Ag cation with positive charge can interact with —-COOH
of MWCNTSs which has negative charge through electrostatic inter-
action. After calcination under N, protection, Ag nanoparticles are
attached on the surface of MWCNTSs firmly. Ag/MWCNTs nanocom-
posites are formed ultimately.

3.7. Bactericidal property

Ag nanoparticles have proved to have strong inhibitory and
bactericidal effect [3,48]. Many Ag composites have been used as
bactericidal materials [49-51]. However, they were not widely
applied in practical applications because of their low stability
and high cost. In this article, bactericidal activities of Ag/MWCNT
nanocomposites against E. coli were evaluated by determining the
presence of inhibition zones. At first, the amount of Ag supported on
the surface of MWCNT was investigated by changing the mass ratio
of Ag and MWCNT. We controlled the mass ratio of Ag and MWCNT
for 1:1, 3:1, 5:1, 7:1 and 10:1, respectively. As for the mass ratio
of 1:1, the amount Ag on the surface of MWCNTSs was little, so the
bactericidal performance was poor. However, if we increased the
mass ratio of Ag and MWCNTSs up to 10:1, many Ag nanoparticles
aggregated into big particles, because acid-treated MWCNT could
not offer so much —COOH sites. Therefore, the bactericidal perfor-
mance was poor as well. Based on these above facts, the mass ratio
of 5:1 was the best choice for better bactericidal effect. Fig. 7 shows
the bactericidal effects in the form of inhibition zones, which was
assessed by the disk diffusion assay of the Ag/MWCNTs nanocom-
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Scheme 1. Schematic depiction of the reasonable formation mechanism of Ag/MWCNTs nanocomposites.

Table 1
The inhibitory effect for different samples.

Samples Inhibition zone Inhibition zone
(fresh?) (mm) (old®) (mm)

Blank 0 -
Ag/MWCNTs-400 25.9 25.2
Ag/MWCNTs-500 26.8 26.3
Ag/MWCNTs-600 241 23.8
Ag/MWCNTs-800 23.8 23.1
Streptomycin 26.7 -

2 The inhibition zone of the fresh obtained samples.
b The inhibition zone of the obtained samples after storing for half a year at room
temperature.

posites for the mass ratio of 5:1. As a control, experiment of pure
water without any Ag/MWCNT nanocomposites was made (Fig. 6A).
The picture of inhibition zones was not observed, and it implied
that the effect of water could be ignored. We can clearly see that
Ag/MWCNTs nanocomposites possessed bactericidal activity from
Fig. 7B-E. The details of experimental data of bactericidal effect for
different samples are listed in Table 1. The diameters of inhibition
zone for Ag/MWCNTs-400, Ag/MWCNTs-500, Ag/MWCNTs-600,
and Ag/MWCNTs-800 nanocomposites were 25.9, 26.8, 24.1, and
23.8 mm, respectively. Among them, Ag/MWCNTs-500 nanocom-
posites possessed the best bactericidal activity. Moreover, in this

study, Streptomycin was selected as the standard bactericidal
material and the inhibition zone was up to 26.7 mm (Fig. 7F).
Compared with Streptomycin, Ag/MWCNTs-500 nanocomposites
had similar excellent bactericidal effect. It is very interesting to
note that the bactericidal activities of Ag/MWCNT nanocomposites
increased first, and then decreased with the increase of calcination
temperature. With the increase of temperature, the Ag nanoparti-
cles gradually grew into bigger nanoparticles. At the temperature
of 500 °C, the size of Ag nanoparticles (15 nm) was best for bacte-
ricidal property. The Ag nanoparticles were gradually aggregated
into big particles and thus decreased the efficient surface area with
further increase in the temperature. Therefore, the bactericidal
activities decreased when the calcination temperature was higher
than 500°C. In case of the above results, we can confirm that the
difference of the bactericidal properties for different samples was
due to the size (as shown in the part of XRD analysis) variety of Ag
nanoparticles.

Stability is an important factor for Ag nanocomposites in
practical applications. In our study, the stability of Ag/MWCNTs
nanocomposites was also investigated. In order to testify the com-
position of Ag/MWCNTSs nanocomposites after storing for halfa year
at room temperature, XRD measurements were performed (data
shown in Supplementary Data, Fig. S1,). The XRD patterns of all
samples were almost the same compared with the fresh samples
shown in Fig. 3. This confirmed that the structure and composition

Fig. 7. Comparison of the inhibition zone test among the control used pure water (A), Ag/MWCNTs-400 (B), Ag/MWCNTs-500 (C), Ag/MWCNTs-600 (D), Ag/MWCNTs-800

nanocomposites (E) and Streptomycin (F).
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Fig. 8. The inhibition zone of the fresh obtained samples with and without solar
irradiation for one day. (1: Ag/MWCNTs-400, 2: Ag/MWCNTs-500, 3: Ag/MWCNTs-
600, 4: Ag/MWCNTs-800 and 5: Streptomycin).

of Ag/MWCNTs nanocomposites was not changed, that was to say,
the nanocomposites were very stable. In addition, the bacterici-
dal activity of all samples was evaluated once again. The inhibition
zones of the samples stored for half a year are shown in Table 1.
We can clearly see that inhibition zones of all samples were almost
invariably with that of fresh samples. The XRD and bactericidal
study indicated that Ag nanoparticles supported on MWCNTs were
very stable and they did not change obviously even after half a year.
The high stability of Ag/MWCNTs nanocomposites maybe due to
the interaction between Ag nanoparticles and MWCNTSs, and the
passivate effect of MWCNTs for Ag nanoparticles.

Solar energy is clean, huge and convenient. Therefore, if it can be
used to sterilize under certain conditions, it will have more poten-
tial applications in the future. In order to investigate the effect of
solar irradiation, the samples were irradiated under solar for one
day (36 +1°C). The inhibition zone of the fresh obtained samples
with and without solar irradiation is shown in Fig. 8. It is very
interesting to note that bactericidal effect for different samples is
enhanced obviously under solar irradiation. However, the bacterici-
dal effect of Streptomycin is nearly the same with and without solar
irradiation. This is because MWCNTSs possess the characteristics of
the absorption of near-infrared [52-54]. Under solar irradiation,
the energy that MWCNTs absorbed and stored near-infrared light
may be Kkill parts of bacteria. Therefore, under solar irradiation, the
bactericidal effect was enhanced. Moreover, visible light from the
solar irradiation could lead to plasmon resonance of Ag nanopar-
ticles, which is confirmed as a visible light photocatalyst [55]. And
this visible light photocatalyst could kill parts of bacteria as well.
Therefore, the enhanced bactericidal activity could be ascribed to
the synergistic effect of two factors mentioned above. Therefore,
this facile and economical method utilizing the solar energy would
have good potential in bactericidal applications.

4. Conclusions

In summary, Ag/MWCNT nanocomposites have been success-
fully synthesized by a simple method. The results confirmed
that Ag nanoparticles supported on the surface of MWCNTSs rel-
atively homogeneously. The bactericidal activities showed that
Ag/MWCNTs-500 nanocomposites possessed the most excellent
bactericidal properties compared with other samples, which had
suitable particle size (15 nm). Ag nanoparticles in this sample were
very stable for half a year because of the interaction between

Ag nanoparticles and MWCNTs and the passivate effect of MWC-
NTs for Ag nanoparticles. Furthermore, the bactericidal effect was
enhanced obviously under solar irradiation due to the synergistic
effect of MWCNTs possess the absorption performance of near-
infrared and Ag nanoparticles possess visible light photocatalytic
activity. This facile and green approach can be extended to syn-
thesize other composite materials and may have more promising
applications in nanoscience.
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