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Abstract 

In this paper, we present a new, simple, robust and efficient technique to decorate multi-wall carbon nanotubes 
(MWCNT) with metal nanoparticles. As case studies, Au, Pt and Rh nanoparticles are grafted onto MWCNTs by spraying 
a colloidal solution into the post-discharge of an atmospheric argon or argon/oxygen RF plasma. The method that we 
introduce here is different from those usually described in the literature, since the treatment is operated at atmospheric 
pressure, allowing the realization in only one step of the surface activation and the deposition processes. We 
demonstrate experimentally that the addition of oxygen gas in the plasma increases significantly the amount of grafted 
metal nanoparticles. Moreover, TEM pictures clearly show that the grafted nanoparticles are well controlled in size. 

I. Introduction 
 
Thanks to their unique electrical properties, high chemical stability 
and high surface-to-volume ratios, multi-wall carbon nanotubes 
(MWCNTs) have been proposed as ideal metal supports for 
catalytic and sensing applications. Therefore, many different 
methods have been developed to activate and decorate carbon 
nanotubes with metal nanoparticles. It is well accepted that the 
activation of a carbon surface is based on the formation of surface 
defects and/or the adsorption of reactive species, such as oxygen-
containing groups. In most of the studies, this activation is carried 
out via wet chemistry techniques, requiring the use of hot nitric 
acid solutions [1]. In some others, the activation and deposition 
processes are based on vacuum techniques requiring ion guns, low 
pressure plasma and/or thermal evaporators [2]. 
In this work, we have successfully transposed a technique recently 
used for the deposition of Au nanoparticles onto HOPG (highly 
oriented pyrolytic graphite) [3] to the deposition of metal 
nanoparticles (Au [4], Pt and Rh) onto MWCNTs. Besides the 
advantage of working at atmospheric pressure, this technique 
guarantees the cleaning and the activation of the substrate surface 
in only one step [5]. Moreover, it allows the deposition of uniform, 
and well controlled in size, metal nanoparticles. 
Another successful method that has been recently reported to 
decorate MWCNTs with gold, Rh and Pt nanoparticles is based on 
a thermal evaporation process [6-8]. Although the density of the 
grafted nanoparticles is higher than those we obtained, such a 
technique requires us to work at (ultra) high vacuum pressure. 
Moreover, the yield of this process is much lower than the one 
obtained when using the sprayed nanoparticles. 

 

II. Materials & Experimental setup 
 
MWCNTs were provided by Nanocyl S.A. (ref 3100). They were 
grown by chemical vapour deposition (CVD) with a purity higher 
than 95%. Their length was as high as 50 μm and their outer and 
inner diameters ranged respectively from 15 to 3 nm and 7 to 2 
nm. 
 
The metal nanoparticles to graft onto these MWCNTs stemmed 
from colloidal solutions. The gold colloidal solution was 
synthesized by the citrate thermal reduction method [3]. The 
colloidal solutions of platinum and rhodium were supplied by the 
Department of Chemistry (University of California) in Berkeley; 
their synthesis conditions are described in [9] and [10]. These 
suspensions resulted in stable dispersions of metal nanoparticles 
with an average diameter of 10 nm, 8 nm and 4 nm, respectively, 
for gold, rhodium and platinum. 
 
Before starting any deposition, MWCNTs were soaked in a 
methanol solution for up to 15 min. Then, their surface was 
activated by exposure to the post-discharge of an atmospheric 
plasma during 2 min. This plasma was generated with an RF torch 
(Atomflo™-250 from Surfx Technologies LLC [11]) using argon as 
the vector gas. The decoration of the carbon nanotubes surface 
was performed by spraying the colloidal solution into the post-
discharge (during 30 s). The resulting surface was then exposed to 
the post-discharge for 3 min. Once this step was achieved, the 
treated MWCNTs were introduced into a methanol solution for up 
to 5 min and subjected to ultrasonication. Their surface 
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composition was finally analyzed by X-ray photoelectron 
spectroscopy (XPS) and their surface morphology (dispersion and 
shape of the metal nanoclusters) was characterized by 
transmission electron microscopy (TEM). 
 
To evaluate the chemical composition of the MWCNTs’ surface, 
XPS analyses were performed by using two instruments. The HP 
5950 A instrument from the LISE team (Facultés Universitaires 
Notre-Dame de la Paix, Namur, Belgium) was dedicated to the 
characterization of the Au/MWCNTs samples. The ThermoVG 
Microlab 350 instrument from the SAM team (CRPGL, 
Luxembourg) was used to analyze the Pt/MWCNT and Rh/MWCNT 
samples. In both cases, the RX source was a monochromatized Al 
Kα line (hv = 1486.6 eV). The samples were pressed onto a Cu tape 
on a holder and introduced into the spectrometer. The base 
pressure in the analytical chamber was ≈ 10−9 mbar. Survey scans 
were used to determine the chemical elements present at the 
MWCNT surface. Narrow-region electron spectra were used for 
the chemical study of the C 1s, Au 4f, Pt 4f and Rh 3d peaks. The 
elemental composition was calculated after removal of a Shirley 
background line and using relative sensitivity factors from [12]. 
The obtained compositions must be taken as indicative and are 
used only for comparison between the different plasma 
treatments (with/without O2) and the different deposited 
nanoparticles. They do not reflect the absolute surface 
composition. In our case, the multiply analyzed regions on the 
same sample always lead to the same relative compositions. 
 
In order to determine the size and the distribution of the metal 
nanoclusters and to evaluate the effect of the plasma treatment 
on the MWCNTs, transmission electron microscopy (TEM) 
measurements were carried out on a Philips Tecnai 10 microscope 
operating at 80 kV from the LISE team for the characterization of 
the Au/MWCNT samples and on a LEO 922 OMEGA operating at 
200 kV with a point-to-point resolution of 0.29 nm (TEM) from the 
SAM team for the characterization of the Pt/MWCNT and 
Rh/MWCNT samples. For this study, the MWCNT powder was 
dispersed in ethanol with ultrasonication for 5 min, and a drop was 
deposited onto a honeycomb carbon film supported by a copper 
grid. As a TEM image only gives local information, each sample was 
observed at different regions, so that each image presented in this 
paper is representative of the mean global observation. 

III. Results & Discussion 
 
As already mentioned in the experimental procedure, the 
decoration step was preceded by the exposure of the MWCNT 
surface to the post-discharge. During this plasma activation step, 
the sidewall structure of the carbon nanotubes can be modified. 
Figure 1 shows the XPS O 1s and C 1s core levels in three cases: no 
plasma activation, plasma activation (argon flow rate: 30 L.min−1) 
and plasma activation using both argon and oxygen (with the 
respective flow rates: 30 L.min−1 and 20 mL.min−1). The carbon 
composition is 96.6% when no activation is performed. For the 
pure argon activation, this value decreases to 91.4% since the 
oxygen from the air was sufficient to create local oxygen vacancies. 
Then, for the Ar/O2 plasma activation, the C 1s peak indicates a 

relative composition of only 88.1%, thus suggesting the significant 
impact of the oxygen during the plasma activation. 
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Figure 1. XPS spectra core levels of O 1s and C 1s of MWCNTs: not 
activated, plasma-activated with an argon flow rate of 30 L.min−1 and 
plasma-activated with an argon flow rate of 30 L.min−1 and oxygen flow 
rate of 20 mL.min−1. The RF plasma power was 80 W. 

 
TEM pictures were acquired to evaluate the impact of this Ar/O2 
plasma activation (figure 2(b)) with respect to the reference case 
where no plasma activation was performed (figure 2(a)). The 
comparison shows no significant damage on the external sidewalls 
that could be attributed to the plasma activation. In this sense, the 
HRTEM picture of the plasma-treated MWCNTs (figure 2(c)) shows 
their integrated layer structure, their smooth surface and the 
parallel graphene layers. Contrary to other studies where the 
carbon nanotubes are treated inside low pressure plasma, our 
MWNTs are exposed to the post-discharge of an atmospheric 
plasma. The ion-induced damage is thus strongly reduced [13]. 
 

 
Figure 2. TEM pictures of (a) pure MWCNTs and (b) MWCNTs plasma-
activated with Ar and O2. (c) is an HRTEM picture of case (b). 

 
After an argon plasma treatment with nanoparticles at 
atmospheric pressure, the XPS analysis highlighted the presence 
of metal on the MWCNTs’ surface. The survey spectra (figure 3) 
indicated Au at. = 0.5%, Pt at. = 0.7% and Rh at. = 1.2%, 
respectively, for the Au/MWCNT, Pt/MWCNT and Rh/MWCNT 
samples. This surface composition was calculated with the usual 
formula, assuming therefore a homogeneous distribution of the 
elements in the sample (which is obviously not the case) and no 
matrix effects. With or without the ultrasonication step, the 
amount of metal detected was unchanged, thus suggesting a 
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strong adhesion of the metal nanoparticles onto the MWCNTs. 
Note that the nitrogen detected on the carbon nanotubes 
decorated with Pt or Rh originates from the colloidal solution, and 
more specifically from its capping agent (polyvinylpyrrolidone). As 
according to the spectra of figure 3 the surface composition was 
approximately the same in any case, it is clear that gold, platinum 
and rhodium present a similarity of behavior This same surface 
composition also indicates a strong reproducibility of the plasma 
treatment for the metal cluster deposition. 

 
Figure 3. Survey XPS spectra recorded on (a) Au/MWCNTs, (b) 
Pt/MWCNTs and (c) Rh/MWCNTs after atmospheric Ar plasma 
treatment. 

 
In figure 4, we show the fitted core levels of the Au 4f, Pt 4f, Rh 3d 
and C 1s peaks. The fitted Au 4f (Au 4f5/2-Au 4f7/2 spin-orbit 
doublets with a fixed 0.75:1 intensity ratio and 3.7 eV energy 
separation) [14], Pt 4f (Pt 4f5/2-Pt 4f7/2 spin-orbit doublets with a 
fixed 0.78:1 intensity ratio and 3.3 eV energy separation) [14] and 

Rh 3d (Rh 3d3/2-Rh 3d5/2 spin-orbit doublets with a fixed 0.64:1 
intensity ratio and 4.75 eV energy separation) [14] spectra can be 
unambiguously assigned in the majority to the metallic state [15]. 
 

 
Figure 4. Fitted core levels for (a) Au 4f, (b) Pt 4f, (c) Rh 3d and (d) C 1s 
peaks after the atmospheric argon plasma treatment. Note that the 
presented fitted C 1s level corresponds to Au/MWCNT sample 
characterization. The fitted C 1s level is similar for the Pt/MWCNT and 
Rh/MWCNT samples. 

 
As already observed on an HOPG surface [3], the high-resolution C 
1s spectra highlighted the presence of carbon-oxygen species. In 
the present case, illustrated in figure 4(d), the C 1s spectra can be 
fitted to five lines with binding energies at 284.9, 286.2, 287.4, 
288.8 and 290.9 eV, with a constant FWHM of 1.3 eV [16]. These 
peaks correspond respectively to (sp2 C=C)/(sp3 C–C), C–O, C=O, 
COOH and π–π∗ contributions [4]. As the process does not operate 
in a closed system but in an open environment, the presence of 
the carbon-oxygen species can reasonably be attributed to the fact 
that the MWCNTs’ surface was exposed to an oxidizing 
atmosphere during the plasma treatment. Indeed, optical 
emission spectrometry of the post-discharge (not shown) reveals 
the presence of atomic oxygen lines at 777 and 852 nm. Therefore, 
traces of oxygen and/or water cannot be avoided because of the 
humidity of the air. The solvent from the colloidal solutions (which 
is water) can also enhance the formation of these carbon-oxygen 
species. 
 
The role played by these carbon-oxygen species is quite important 
on the amount of metal nanoparticles grafted onto the MWCNTs’ 
surface. Theoretical calculations predicted that the surface must 
be in an appropriate energetic state to allow the condensation of 
metals on it. In the case of a decoration with gold nanoparticles, it 
has been calculated that the nucleation would preferably take 
place on defect sites, especially on oxygenated vacancies (VO2) 
which would act as trapping sites for gold atoms [4].  
 
To verify experimentally these predictions, we replaced the 
previous argon plasma treatment by a new one in which an oxygen 
flow rate of 20 mL.min−1 is added to the argon flow rate (30 
L.min−1). This new plasma treatment clearly modifies the surface 
composition of the MWCNTs, as illustrated by the XPS survey 
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spectra in figure 5. The first spectrum (figure 5(a)) highlights about 
4 at.% of gold deposited on the MWCNT surface instead of the 0.5 
at.% detected without oxygen in the plasma gas (figure 3(a)). The 
potassium detected in the Au/MWCNT sample originates from the 
colloidal solution (potassium citrate was used in the synthesis 
process). In the case of platinum deposition (figure 5(b)), the 
absolute number of grafted nanoparticles has considerably 
increased since the Pt 4f peak is much stronger than in figure 5(b). 
Finally, in figure 5(c) the relative surface composition of Rh is 
almost twice as high (2.2 at.% versus 1.2 at.%) when the post-
discharge is enriched in oxygen. All these results are consistent and 
clearly show the benefit of mixing oxygen with argon, particularly 
in the case of gold deposition. 
 

 

 

 

Figure 5. Survey XPS spectra recorded on (a) Au/MWCNTs, (b) 
Pt/MWCNTs and (c) Rh/MWCNTs after the argon-oxygen plasma 
treatment. The flow rates were 30 L.min−1 for argon and 20 mL.min−1 for 
oxygen. 

 
In agreement with the previous XPS spectra (figure 5), we 
observed on the TEM images (figure 6) a higher number of gold 
nanoparticles grafted onto the MWCNT surface when oxygen is 
mixed with argon.  
 

 
Figure 6. TEM images of MWCNT samples covered with gold metallic 
nanoclusters (10 nm) deposited by the atmospheric plasma treatment 
using (a) Ar and (b) Ar/O2 mixture. Flow rates were 30 L.min−1 for Ar and 
20 mL.min−1 for O2. 
 

 
Figure 7. TEM images of MWCNT samples covered with platinum metallic 
nanoclusters (4 nm in diameter) deposited by the atmospheric plasma 
treatment using (a) Ar and (b) Ar/O2 mixture. Flow rates were 30 L.min−1 
for Ar and 20mL.min−1 for O2. 
 

 
Figure 8. TEM images of MWCNT samples covered with rhodium metallic 
nanoclusters (8 nm in diameter) deposited by the atmospheric plasma 
treatment using (a) Ar and (b) Ar/O2 mixture. Flow rates were 30 L.min−1 
for Ar and 20mL.min−1 for O2. 
 
TEM images of MWCNTs decorated with platinum or rhodium 
nanoparticles are respectively presented in figures 7 and 8. In both 
cases, we obtained a similar increase in the number of metal 
nanoparticles grafted when operating under an argon-oxygen 
plasma treatment. This behavior could be attributed to the 
increase of oxygen-containing groups and/or of structural defects 
on the MWCNTs’ surface, under the assumption of a metal binding 
at a C–O or defect site [4]. TEM images (figures 6-8) show that most 
of the MWCNTs are isolated and that almost no agglomeration of 
carbon nanoparticles has occurred. Note that the diameters of 
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spherical Au, Pt and Rh nanoclusters (respectively 10 nm, 4 nm and 
8 nm) are like those of the preformed particles in the colloidal 
solution. Similar results have been obtained on HOPG substrates 
[3]. Finally, independent of their nature (Au, Pt or Rh), the 
dispersion of the nanoparticles was always better when an oxygen 
flow rate of 20 mL.min−1 was mixed with the argon gas; and the 
grafted platinum nanoparticles were particularly homogeneously 
distributed (figure 7). 

IV. Conclusion 
 
We have successfully achieved the deposition of gold, platinum 
and rhodium nanoparticles on MWCNTs by using an atmospheric 
plasma source. We have demonstrated the major role of oxygen 
during the plasma treatment. By adding an oxygen flow rate as low 
as 20 mL.min−1 to the argon gas of the plasma torch, we managed 
to increase subsequently the amount of metal nanoparticles 
grafted onto MWCNTs (up to 4% in the case of gold), while 
preserving the original size of the nanoparticles from the colloidal 
solution. Our results point out a very interesting new and simple 
method which allows the deposition of metal nanoparticles with a 
desired uniform and well-controlled size. 
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