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a  b  s  t  r  a  c  t

In  the  present  work,  multiwalled  carbon  nanotubes  were  decorated  with  rhodium  nanoparticles  using
a  colloidal  solution  in the  post-discharge  of  an  RF  atmospheric  plasma  of  argon  (Ar)  or  argon/oxygen
(Ar:O2).  The  properties  of  these  hybrid  materials  towards  the  room  temperature  detection  of  NO2,  C2H4,
CO, C6H6 and  moisture  were  investigated  and  discussed  in  view  of  compositional  and  morphological
studies.  It  was  found  that  the  presence  of  oxygen  in  the  plasma  treatment  is  essential  to significantly
enhance  the  gas  response  of  Rh-decorated  multiwalled  carbon  nanotubes  and  to avoid  response  satura-
tion even  at  low  gas/vapor  concentrations.  These  desirable  effects  are  attributed  to  the  presence  of  oxygen
hodium nanoparticles
olloidal solution
tmospheric plasma treatment
as sensors
oom temperature gas sensing

during  the  CNT  plasma  treatment  since  oxygenated  vacancies  act  both  as  active  adsorption  sites  for  gases
and as  anchoring  sites  for Rh  nanoparticles  (the  presence  of  Rh  nanoclusters  is nearly  doubled  in Ar:O2

treated  samples  as  compared  to  Ar  treated  samples).  The  oxygen  treatment  also  makes  easier  the  charge
transfer  between  Rh  nanoparticles  and  carbon  nanotubes  upon  gas  adsorption.  The  method  for  treating
and  decorating  multiwalled  carbon  nanotubes  used  here  is simple,  fast  and  scalable  for  producing  gas
sensitive  nanohybrid  materials  with  uniform  and  well-controlled  properties.
. Introduction

Carbon nanotubes (CNTs) have been widely studied in differ-
nt applications of nanotechnology thanks to their interesting
hysico-chemical properties [1–3]. Taking into account their chem-

cal stability and large surface area to volume ratio, CNTs have
een considered as new supports for metal catalysts [4,5]. Since
he adsorption of a small quantity of chemical species can result in

 dramatic change of their conductivity, CNTs are suited to detect
ases at low concentrations (e.g. low ppb level) [6].  Furthermore,
he possibility to operate CNT gas sensors at room temperature

akes them very interesting to integrate low power consumption
etectors [7].  A gas sensor can be built using a simple transducer
comb electrodes) to monitor the electrical resistance of a CNT-
ased film.

In recent years, numerous theoretical and experimental studies
ave been focused on the functionalization of CNT surface and/or

he decoration of their sidewalls with metal nanoclusters, in a quest
or enhancing sensitivity and ameliorating selectivity to different
oxic gases or vapors [7–13]. The modification of CNT surfaces with
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metal nanoparticles is of interest for gas sensing since metal nan-
oclusters have a broad range of diverse structures and can provide
a wide range of reactivity with different species. Indeed, the con-
cept of using CNT–metal cluster hybrids as the sensitive material
of a device where the metal cluster surfaces act as reactive sites
for the adsorption of the target molecules was theoretically intro-
duced in [11]. The first researchers that experimentally exploited
this concept were Kong et al. [8],  Kumar and Ramaprabhu [12] and
Star et al. [13], who  used Pd-decorated CNTs or Pt decorated CNTs
to detect hydrogen, and an array of single wall CNTs decorated with
different metals (Rh, Ni, Au, Pd, etc.) for detecting H2S, CH4, H2, CO
and NH3, respectively. Recently [7],  we have shown the selective
detection of low C6H6 concentrations employing an array of Rh,
Ni, Au, and Pd decorated multiwall carbon nanotube (MWCNT) gas
sensors operated at room temperature.

Among the different metals one can consider for decorat-
ing carbon nanotube sidewalls, rhodium is of interest since the
Rh-MWCNT catalyst has been reported to be effective in the hydro-
genation of aromatic rings at room temperature. In addition, the
catalyst can be reused at least six times without losing catalytic

activity for arene hydrogenation and its catalytic activity is much
higher than that from commercially available Rh nanocatalysts
[14,15]. Although there is a weak interaction between molecular
benzene and CNTs [16], the presence of Rh nanoparticles on the

dx.doi.org/10.1016/j.snb.2011.09.014
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:eduard.llobet@urv.cat
dx.doi.org/10.1016/j.snb.2011.09.014


 Actua

s
z
t

p
r
r
s
r
e
b
e
c
r
b
e

2

2

S
h
o
r
c
C
t
a
w
w
c
p
m
c
T
S
fl
m
o
t
d
p
u
i
t

d
s
(
T
f

2

m
i
a
5
(
M
s
s

R. Leghrib et al. / Sensors and

urface of MWCNTs helps enhancing the sensor signal upon ben-
ene adsorption (i.e., among the different metals studied, Rh led to
he highest benzene response) [7].

In  this paper, the effects of using two different atmospheric
lasmas (i.e., Ar or an Ar–O2 mixture) while preparing Rh deco-
ated multiwall carbon nanotubes on the sensing properties of the
esulting nanohybrid materials are studied. The performance of gas
ensors employing such materials are compared in terms of their
esponse towards NO2, CO, C2H4, C6H6 and moisture. The differ-
nces in their response are discussed in view of the data gathered
y Transmission Electronic Microscopy (TEM) and X-ray Photo-
lectron Spectroscopy (XPS) analyses. Combined, the gas sensing,
ompositional and morphological studies give insight about the
ole of oxygen species grafted to CNTs during the plasma treatment
oth for ameliorating the decoration with metal nanoparticles and
nhancing the gas response of the resulting nanohybrid material.

. Experimental

.1. Hybrid nanomaterials: synthesis and characterization

The multiwall carbon nanotubes used were provided by Nanocyl
.A. They were grown by Chemical Vapor Deposition with purity
igher than 95%. Nanotubes were up to 50 �m in length and their
uter and inner diameters ranged from 3 to 15 nm and 3 to 7 nm,
espectively. These nanotubes were decorated with Rh nanoparti-
les employing a colloid solution supplied by the Department of
hemistry from the University of California at Berkeley (USA). For
his solution the capping agent was poly(vinylpyrrolidone) (PVP)
nd the solvent was ethanol. Solution concentration was  4 mmol/L,
hich represented 0.31 g L−1 of Rh. The size of Rh nanoparticles
as 8.8 ± 1.7 nm [17]. The plasma activation and deposition pro-

esses are further explained in [18,19].  At first, the experimental
rocess required the cleaning of carbon nanotubes for 15 min  in a
ethanol solution. Surface treatment and metal decoration were

onducted using plasma post-discharge at atmospheric pressure.
he plasma was generated with a RF torch (Atomflo-250, from
urfx Technologies LLC), powered at 80 W and working for an argon
ow of 30 L/min. For some of the samples prepared, oxygen was
ixed to the argon gas at the rate of 20 mL/min. Carbon nan-

tubes, placed 10 mm away from the RF torch were exposed to
he plasma post-discharge for 2 min  to activate their surface. Then,
uring 30 s, the rhodium colloid solution was sprayed in the plasma
ost-discharge. Treated nanotubes had to be exposed 3 more min-
tes before switching off the RF torch. As a final step, they were

ntroduced for 5 min  into a methanol solution under ultrasonica-
ion.

The chemical composition and the surface morphology of the
ifferent hybrid materials employed as active layers of the sen-
ors fabricated were analyzed by X-ray photoelectron spectroscopy
XPS) and transmission electron microscopy (TEM), respectively.
he results of these chemical and morphological studies can be
ound in [18].

.2. Sensor fabrication and characterization

Sensor substrates consisted of an integrated array of four inert
icro-hotplate substrates, each one comprising a polysilicon heat-

ng resistor sandwiched between two thin silicon nitride layers and
 pair of interdigitated Pt electrodes on top (the electrode gap was
0 �m).  The membrane thickness was about 0.6 �m and the active

hot) area of 500 �m × 500 �m [20]. Plasma-treated Rh-decorated

WCNT were dispersed in dimethyl formamide (DMF) by ultra-
onication at room temperature to form uniform suspensions. The
uspensions were airbrushed onto the interdigitated electrodes.
tors B 160 (2011) 974– 980 975

After DMF  evaporated (sensors are kept on a hotplate during the air-
brushing process), a mat  of metal decorated CNTs spanned across
neighboring fingers. By carefully controlling its process parameters
(e.g., nozzle to substrate distance, substrate temperature, carrier
flow and amount of CNTs within a suspension), highly reproducible
mats of Rh-decorated CNTs are obtained. Finally, sensors were
annealed at 250 ◦C for 4 h in an air flow to completely remove the
remnant DMF  and improve the nanotube-electrode contact.

The gas sensing properties at room temperature of Rh-decorated
carbon nanotubes treated in Ar or Ar + O2 plasmas were tested in the
presence of NO2, C2H4, CO, and C6H6. Humidity response was also
investigated. To perform the measurements, the gas sensors were
placed in a 2 × 10−5 m3 volume Teflon/stainless steel test chamber.
The desired concentrations of each species were obtained using a
computer controlled measurement rig that employed mass flow
meters and calibrated gas bottles. Dry air was used as carrier gas.
R.H. in the measurement rig was  10% at 30 ◦C. The concentrations
tested were as follows: 50, 100, 200, 500 and 1000 ppb for benzene
vapors; 50, 100, 500 and 1000 ppb for NO2; 3, 7, 15 and 30 ppm
for C2H4; and 2, 5, 10 and 20 ppm for CO. Moisture responses to
changes in R.H. from 10 to 50%, 50% to 80% and 10% to 80% were
measured. Finally, to better study moisture effects on gas response,
50 and 100 ppb of NO2; 2 and 5 ppm of CO; and 50 and 100 ppb of
benzene were measured at 50% R.H. To assess the reproducibility
of results, each measurement was  replicated 4 times. An Agilent
34970A multimeter was  used for continuously monitoring the elec-
trical resistance of the sensors. DC measurements were performed
throughout this study. The measurement process was as follows
(identical for all species tested): the air flow was  set to 100 sccm
and kept constant. Data acquisition started 20 min  before injecting
a continuous flow of the desired concentration of a given species
into the measurement chamber. 20 min  after the injection, the sen-
sors were flushed with dry air and their temperature was  raised
to 150 ◦C for promoting the cleaning of their surface. 20 min  after
heating had been switched off, a new measurement was performed.

3. Results and discussion

3.1. Effect of plasma treatment conditions on the nanohybrid
materials

XPS and TEM results show that the introduction of oxygen in
the plasma used to treat the surface of CNTs induces the grafting
of a higher amount of Rh nanoparticles onto CNT sidewalls [18].
XPS confirms that adding 20 mL/min of oxygen to the Ar plasma
increases the amount of Rh from 1.2% (in wt.%) in Ar treated samples
to 2.2% (in wt.%) in Ar:O2 treated samples. Moreover, the oxidation
state of the grafted Rh remains unchanged. TEM analysis shows that
this method preserves the original size of the Rh nanoparticles from
the colloidal solution. These results can be found elsewhere [18].
Additionally Suarez-Martinez et al. showed in [21] that the inclu-
sion of oxygen in an RF plasma treatment grafts oxygen species to
the CNT surface, which helps creating nucleation/anchoring sites
for metal clusters. As a result, more Rh nanoparticles are attached
to CNT sidewalls and with more uniform distribution than on pris-
tine tubes or on tubes treated with Ar plasma only. In [18], it is
suggested that the introduction of oxygen during CNT plasma treat-
ment favors the decoration with Rh nanoparticles because these
are immobilized at oxygenated vacancies present in CNT sidewalls
and the capping agent of colloidal particles is activated, which helps
forming a bridge between C and Rh atoms. Giordano et al. [22] found

that the oxidation of the outer surface of multi-walled carbon nan-
otubes by nitric acid leads to the formation of carboxylic groups
that can be used to anchor rhodium carbonyl moieties. Thus, the
pretreatment of CNTs in oxygen plasma is very necessary to get
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ig. 1. Typical room-temperature responses of sensors employing plasma-treated R
d)  Ar plasma and carbon monoxide: (e) Ar:O2 plasma, (f) Ar plasma.

 high amount of metal particles attached onto nanotube surface
ith good homogeneity [18], which are of paramount importance

or getting high reactivity to gases of the resulting hybrid material.
he amounts of Rh grafted on CNT sidewalls are highly reproducible
rovided that the plasma parameters are kept the same. Further-
ore, the functionalization of CNT surface with oxygen species

rior to metal decoration affects the density of states of valence
ands [23] and this improves the exchange of electrons at the inter-
ace between CNTs and metal nanoparticles, which in this way
ncreases the sensitivity of the material.

.2. Gas sensing analysis

After exposing the sensors based on Rh-CNTs treated in argon
r argon/oxygen plasmas to the different gases studied, it was
ound that sensors showed different reactivities depending on the
aterial treatment and the gas detected. Fig. 1 shows the typical
esponses, at room temperature, of our hybrid materials towards
O2, C6H6 and CO. Although sensors can recover their baseline
y cleaning them with air at room temperature, heating at 150 ◦C
Ts to nitrogen dioxide: (a) Ar:O2 plasma, (b) Ar plasma; benzene: (c) Ar:O2 plasma,

speeds up sensor baseline recovery. The slow recovery of baseline
resistance at room temperature and the effect of heating at 150 ◦C
are shown in Fig. 2. This moderate temperature helps desorbing
the species adsorbed on the surface of the hybrid materials. This is
supported by the fact that their response to the different species
tested decreases if the sensors are operated at 150 ◦C. This effect is
confirmed by DFT calculations performed on defective CNTs [24].
Saturation in the response is seen for CO concentrations higher than
5 ppm (see Fig. 1e in which if CO concentration is further increased
to 10 or 20 ppm, sensor resistance variations remain below the
noise level). If response time is defined as the time needed to reach
90% of the steady state resistance value after gas concentration is
changed stepwise, in Rh-decorated CNT sensors response time is
below 10 min  for CO, C6H6 and C2H4 and near 20 min  for NO2.

The subplots in Fig. 3 show the response of the two hybrid mate-
rials (i.e., Rh-MWCNT treated in Ar or in Ar:O2 plasmas) towards

different concentrations of C2H4, CO, NO2 and C6H6. Response is
defined as (Rg  − Ra)/Ra, where Ra is the sensor resistance in clean
air (i.e. baseline resistance) and Rg is the resistance in the presence
of a given species. Considering the species measured (see Fig. 3a–d),
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for both materials and for the different concentrations tested, the
absolute value of the response is higher for NO2 followed by C2H4,
CO and finally C6H6. Rh-MWCNTs treated in argon plasma show a
clear saturation effect in their response that appears, in some cases,
even at the lowest concentrations measured. On the other hand, Rh-
MWCNTs treated in argon–oxygen plasma show good linearity in
their response to NO2 and C6H6. However, for C2H4 and CO their
response saturates at 2 and 10 ppm, respectively.

Fig. 3 shows that hybrid materials treated in Ar plasma show
lower response to the gases tested than materials treated in Ar:O2
plasma. The increase in response achieved by the treatment under
an Ar:O2 plasma is due to both the increased amount of Rh nanopar-
ticles grafted to the outer surface of CNTs and to the creation of
oxygenated vacancies, which can act as active adsorption sites for
gas molecules [25]. The early saturation in response experienced
with materials treated in argon plasma only could be due to their
lower coverage with Rh nanoparticles and lower amount of oxy-
genated defects. The fact that the saturation in response is also
observed in Ar:O2 plasma treated samples in the particular case
of ethylene could be due to the non-suitability of Rh for detecting
this species [7].

These results determine the dominant interaction mechanism
between the gases tested and the metal decorated CNTs. This mech-
anism is the charge transfer between adsorbed gas molecules and
CNTs via Rh nanoparticles. This alters the conductivity of the hybrid
material. The direction of this charge transfer depends on the oxi-
dizing or reducing nature of the gas environment [26]. Recently,
Zanolli and co-workers published a deep combined experimental
and theoretical study on the sensing properties of Au decorated
CNTs towards benzene, carbon monoxide and nitrogen dioxide
[27].
In this study, nitrogen dioxide is predicted to accept electronic
charge from the Au-CNT system, which is consistent with the elec-
tron acceptor character of that molecule. The nature of the charge
transfer between NO2 and Au-CNT indicates that holes are injected
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n the metal decorated carbon nanotube strengthening its p-type
emiconductor behavior and lowering further the Fermi level of the
ystem. This explains the decrease in resistance measured in Au-
NT sensors and also applies to the Rh-MWCNT sensors studied
ere.

On the other hand, the interactions of Au-CNTs with benzene
re so weak that no significant charge transfer could be computed,
uggesting that Au-CNTs are not suitable for detecting benzene
27]. A metal such as Rh, which shows a stronger interaction than
u with CNTs is more suitable for detecting benzene since the
etection mechanism relies on the biding of the molecule to the
anoparticle. Benzene is well-known to be an electron donor. Upon
enzene adsorption on Rh nanoparticles, electrons are injected into
he Rh-CNT system decreasing the concentration of free carriers
i.e., holes), which explains the increase in resistance measured in
h-MWCNT samples.

The adsorption of a CO molecule on Au-CNT results in a small
raction of electron charge transferred towards CO [27]. The inter-
ction between CO and Au nanoclusters is quite complex [28] since
t strongly depends on the overlap of the 5� and 2�* orbitals of
he CO with the d orbitals of the gold nanoparticle, resulting in a

echanism of electron donation/back-donation (i.e., CO donates
lectrons from its � orbitals to the d� orbitals of gold and the filled
� orbitals of Au donate electrons back into the empty � orbitals of
O). A similar mechanism could explain the decrease in resistance
bserved for Rh-MWCNT sensors in the presence of CO.

The operational principle in many ceramic humidity sensors
s physisorption of water molecules on an initially chemisorbed
ydroxyl layer. Water physisorption leads to protonic conduction
n the surface, which increases the overall conductance of the
ensor [29]. The process of physisorption onto a hydroxyl layer can-
ot explain the present results since Rh-MWCNT sensors decrease
heir conductance when humidity increases. These experimen-
al results are in agreement with those previously reported by
arghese et al. in [30], in which DC and AC measurements ruled
ut water physisorption as the operational principle in MWCNTs.
nstead, they suggested that water vapor directly interacts with
-type MWCNTs donating electrons into the valence band and
hus, decreasing the number of holes. Additionally, in a recently
ublished paper [24], Zanolli and co-workers have reported com-
utational studies on the interaction of water vapor with defective
arbon nanotubes (e.g., CNTs with oxygenated vacancies). Water
apor is predicted to mildly interact with defective tubes in which

 small charge transfer occurs between adsorbed water molecules
nd CNTs.

Similar studies should be performed to elucidate the interaction
f ethylene molecules with metal decorated CNTs.

Fig. 4 shows the response to moisture of the different sens-
ng hybrid materials. Three different cases were considered: the
esponses when relative humidity changed from 10 to 50%, from
0 to 80%, and from 50 to 80% were measured. Hybrid materi-
ls treated in Ar:O2 plasma show a significantly higher humidity
esponse than materials treated in Ar plasma only. In fact, another
ffect of introducing oxygen during the plasma treatment of CNTs
s the modification of their surface polarity resulting in increased
ydrophilicity, which enhances the response to moisture. Fig. 4
hows that there is a moderate response when relative humidity
hanges from 50 to 80%. Furthermore, a sudden 30% change in rela-
ive humidity is quite unlikely. Therefore, this fact suggests that the

aterial would suffer from moderate humidity interference pro-
ided that sensors are operated in an ambient atmosphere where
oisture remains within this range. Fig. 5 compares the response
f an Ar:O2 plasma treated Rh-MWCNT sensor to nitrogen diox-
de, carbon monoxide and benzene when relative humidity was set
ither to 10% or 50%. This study was performed for oxygen treated
ensors because these were the most responsive to the different

Fig. 5. Room-temperature response to nitrogen dioxide, carbon monoxide and
benzene of sensors employing Ar:O2 treated, Rh-CNTs when relative humidity (mea-
sured at 30 ◦C) is either 10% or 50%.
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pecies tested. Moisture levels were set to 10% and 50% because
ensors significantly responded to humidity changes in this range
see Fig. 4). The absolute values of the slopes of the curves shown in
ig. 5 decrease when humidity increases. In other words, the sensi-
ivity towards these species slightly diminishes when background

oisture is raised from 10% to 50%. These results seem to indicate
hat moisture and the different gases and vapors tested compete
or adsorption sites at the surface of CNTs and Rh clusters. The use
f a humidity sensor should be considered for compensating the
ffects of small humidity changes.

According to the number of species studied, different concen-
rations tested and number of replicate measurements performed,
very sensor characterized underwent 80 detection-recovery
ycles, which spanned for about one month. No deactivation of
h nanoparticle activity (i.e., significant response drift or response

osses) was observed.

. Conclusions

The introduction of oxygen during the plasma treatment of car-
on nanotubes leads to the creation of active sites (i.e. oxygenated
acancies) on the surface of CNTs. Additionally, reactive oxygen
ctivates the capping agent of colloidal nanoparticles. Combined,
hese two effects improve the metal nanoparticle–CNT surface
nteraction, which results in a higher amount of metal nanoparti-
les grafted to CNT sidewalls and a more homogeneous decoration
f CNTs. For example, the inclusion of oxygen in the Ar plasma
eads to nearly doubling the weight of Rh attached to CNTs and
reserves the original size of the nanoparticles from the colloidal
olution. Furthermore, oxidative treatments affect the density of
tates of valence bands and increase the work function of MWC-
Ts making it closer to that of metals such as Rh. As a result, it is
asier for electrons to travel between the metal nanoparticles and
he CNT, with the direction of charge transfer depending on the
aseous environment.

Therefore, the response of oxygen plasma treated, Rh-decorated
WCNTs to different gases and vapors (e.g. NO2, C2H4, CO or C6H6)

s substantially increased. It is worth stressing that the saturation
n the response observed with Ar plasma treated, Rh-decorated

WCNTs is solved when oxygen is included in the plasma treat-
ent. The inclusion of oxygen during the plasma treatment turns

NTs hydrophilic and this has an impact in their response to ambi-
nt moisture. However, the response of the oxygen–argon plasma
reated hybrid materials to humidity changes in the 50 to 80% R.H.
ange remains moderate.

The CNT treatment and metal decoration employed here uses an
tmospheric plasma source. It is a simple, fast and scalable method
or producing gas sensitive nanohybrid materials with uniform and
ell-controlled properties.
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