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a b s t r a c t
We demonstrated the preparation of high-performance toluene (C7 H8 ) gas sensor, by using the Ptmultiwalled carbon nanotubes (MWCNTs) composite materials. We optimized the size of the Pt
nanoparticles by controlling the predeposited Pt thickness, for obtaining the highest sensing performances. We have obtained the sensor responses of 3.91 and 5.06, at concentrations of 1 and 5 ppm of C7 H8
gas, respectively, at 150 ◦ C. We discussed the associated sensing mechanisms and proposed the reasons
why the Pt-functionalization drastically enhanced the sensing behaviors of the Pt-MWCNTs composite
sensors selectively to C7 H8 gas.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Carbon nanotubes (CNTs) have attracted considerable attention owing to their outstanding properties resulting from unusual
structural, electrical, optical, mechanical and thermal characteristics [1,2]. Since Kong et al. demonstrated chemical sensors based on
individual single-walled carbon nanotubes (SWCNTs) [3], numerous studies have been reported on CNT sensors. The great interest
in CNT sensors is due to their small size, large surface area,
hollow geometry, and highly sensitive electrical properties [4,5].
CNTs are highly conductive materials, enabling the detection of an
inﬁnitesimal change in the electrical properties due to the adsorption/desorption of target molecules [6]. It is noteworthy that CNT
sensors can function effectively at room temperature [7]. In spite of
their potential to attain a high sensitivity to various gases, several
practical problems should be overcome to realize highly sensitive
CNT sensors; for example, pristine CNTs usually are not able to
efﬁciently differentiate between different gas molecules [8].
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Accordingly, up to the present, an enhancement of sensing
capabilities has been pursued by a variety of techniques, including polymer coatings [9] or metal functionalization [10,11]. For
example, Kong et al. fabricated an efﬁcient H2 gas sensor by using
Pd-functionalized CNTs [11]. Also, various metals including platinum (Pt) are known to play a signiﬁcant role in enhancing the
sensing behaviors of various gas sensors. For example, in regard to
H2 gas, Pt is known to be a very suitable material for gas sensing of
H2 gas due to the excellent ability of Pt to dissociate H2 molecules
into H atoms [6]; this is presumably due to their high solubility and
diffusivity, along with its high corrosion resistance [12].
In the present work, we ﬁrst investigated the sensing capabilities of pristine MWCNTs with respect to toluene (C7 H8 ) gas.
C7 H8 is an important aromatic organic compound in the chemical processing industries. Sensing of C7 H8 gas has been performed
with a variety of materials, including diamond [13], (Sr,Ni)Al2 O4
[14], carbon black/amino-functional copolymer composites [15],
and WO3 [16]. To enhance the sensing capabilities with respect to
the C7 H8 gas, various nanostructures, such as TiO2 nanopores [17],
SnO2 nanoparticles [18], NiO–SnO2 composite nanoﬁbers [19], and
␣-Fe2 O3 nanoshuttles [20], have been investigated.
In MWCNTs, the major electrical conduction occurs in the outmost shell, whereas the nanotube core mechanically supports the
outermost shell [12]. Accordingly, with their advantage of easy
production, MWCNTs can be regarded as large diameter SWCNTs,
promising an equivalent sensing behavior [12]. Although there is a
report on the C7 H8 sensing behavior of composite materials with
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MWCNTs-polyethylene oxide ﬁlms [21], no sensing data have been
obtained by means of using pure MWCNTs.
In order to signiﬁcantly enhance the sensing capabilities with
respect to C7 H8 gas, we have attached Pt nanoparticles to the outer
surface of the MWCNTs and studied the effects of this functionalization on the sensing properties, in terms of sensor response,
response time, and recovery time. In addition, for comparison,
we studied the sensing behavior of C7 H8 with respect to other
gases, including C2 H5 OH, CO, H2 , and C6 H6 . We reveal that the Ptfunctionalized MWCNT sensors have a very high sensor selectivity
of C7 H8 gas in comparison to other gases. The Pt-functionalization
was particularly efﬁcient in enhancing the sensor response of CNTs
to C7 H8 gas.
In the present work, we proved that the CNTs can attain the sensor responses of 3.91 and 5.06, at concentrations of 1 and 5 ppm,
respectively, even at a relatively low temperature of 150 ◦ C. Up
to the present, most previous works have presented the C7 H8 sensing data at concentrations higher than 10 ppm. Accordingly,
the present work provides the possibility of obtaining the C7 H8
gas sensor with reasonably high sensor performances at the low
concentration below 10 ppm. In addition, we have carried out the
rigorous and thorough analyses in regard to the unusually high sensor response of Pt-functionalized CNT sensors. It has been reported
that the sensor responses of the C7 H8 sensor are relatively low for
various carbon materials, including carbon black/amino-functional
copolymer composites (0.04 at 200 ppm [15]) and MWCNTspolyethylene oxide ﬁlms (1.005 at 108 ppm [21]).

2. Experimental
The experimental processes for the preparation of Ptfunctionalized MWCNTs are schematically outlined in Fig. 1 the
MWCNT colloid consisted of MWCNT powder and ethanol. After
the MWCNT colloid was sonicated for 30–60 min, the ﬁlms were
prepared by spraying the as-prepared MWCNT colloid onto the
alumina substrates, which were located on a hot-plate at about
70–90 ◦ C. Next, the products were kept in a vacuum oven to dry at
90 ◦ C for 5 h.
A turbo sputter coater with a Pt target (Emitech K575X, Emitech
Ltd., Ashford, Kent, UK) was employed [22] for coating the asprepared MWCNTs [22]. In the sputtering process using Ar plasma,
the temperature, deposition time, and DC sputter current were set
to 1–3 min, 25 ◦ C, and 10 mA, respectively. The thickness of Pt ﬁlms
was set to 3, 6, and 9 nm, respectively. Next, the samples were
annealed for 1 h at 800 ◦ C under ﬂowing Ar gas.
The samples were analyzed by using X-ray diffraction (XRD,
D/MAX Rint 2000 diffractometer model, Rigaku, Tokyo, Japan,
Cu K␣ radiation), ﬁeld-emission scanning electron microscopy
(FESEM, JSM-6700, JEOL Ltd., Tokyo, Japan), and transmission
electron microscopy (TEM, JEOL JEM-2010 transmission electron
microscope, JEOL Ltd., Tokyo, Japan, 200 kV).
In the sensing experiments, Ti/Ni/Au triple-layer electrodes
were sequentially sputtered onto the specimens by using an interdigital electrode mask. The thicknesses of the Ti, Ni and Au layer
were 50, 200 and 500 nm, respectively. A schematic diagram of the
sensor is shown in Fig. S4. We have used various sensing gases,
including C2 H5 OH, CO, H2 , C6 H6 , and C7 H8 . The sensor was inserted
into a vacuum chamber equipped with a system, measuring current and voltage with changing air and reducing gas environments.
The base pressure of the sensor-residing vacuum chamber was
kept at ∼5 × 10−2 Torr. Previously, a similar experimental setup
was reported [23–26]. At 150 ◦ C, the sensor response was determined via the following formula: S = Rg /Ra , where Ra and Rg are
the resistance of air and reducing gas, respectively. The operating
temperature was determined by a series of preliminary sensing

Fig. 1. Summary of experimental processes for the preparation of Pt-functionalized
MWCNTs.

measurements. Response and recovery times were calculated by
the time taken to reach a 90% change in the resistance upon the
supply or removal of the target gas, respectively [27]. In order to
investigate the effect of humidity in sensing test, we compared
the sensing behaviors of the Pt-functionalized MWCNTs in dry and
humid air (RH 20% @ 150 ◦ C). In addition, in order to study the stability in humid environment, we kept the sensors in the laboratory
with the humid environment (RH 60% @ 25 ◦ C) for 6 months and
compared the sensing behaviors of the preserved sample with the
original one.
3. Results and discussion
3.1. Materials characterization
Fig. 2a shows a SEM image of as-prepared MWCNT ﬁlms,
whereas Fig. 2b–d shows SEM images of Pt nanoparticle-decorated
MWCNT ﬁlms with a pre-deposited Pt layer of 3, 6, and 9 nm,
respectively. SEM images coincidentally indicated that the MWCNTs clearly exhibit a curved-line morphology, whether the Pt
nanoparticles are deposited or not. Upper right insets show the
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Fig. 2. SEM images of (a) as-prepared MWCNT ﬁlms and (b–d) Pt-functionalized MWCNT ﬁlms fabricated by using the predeposited layers with thicknesses of (b) 3, (c) 6,
and (d) 9 nm, respectively (upper-right insets: enlarged SEM images).

enlarged SEM images. The insets of Fig. 2b–d clearly show that the
particles are decorating the MWCNTs. The diameter of particles fabricated from the Pt thicknesses of 3, 6, and 9 nm are in the range
of 1.5–42, 2–110, and 2–260 nm, respectively, indicating that the
size of the Pt particles increases with increasing thickness of the
pre-deposited Pt layer.
Fig. S1a shows the XRD pattern of as-prepared MWCNT ﬁlms,
exhibiting the diffraction lines of rhombohedral Al2 O3 with lattice constants of a = 4.7587 Å and c = 12.9929 Å (JCPDS card: No.
46-1212). These peaks originated from the Al2 O3 substrate. Also,
it is expected that there exists a (002) diffraction line of hexagonal
carbon (graphite) with lattice constants of a = 2.47 Å and c = 6.79 Å
(JCPDS card: No. 75-1621), which has been overlapped by the (012)
diffraction line of rhombohedral Al2 O3 . In Fig. S1b–d, we clearly
observe a weak peak, corresponding to the (002) diffraction line of
hexagonal carbon (graphite). In addition, in Fig. S1b–d, we observe
the (111) and (200) peaks of cubic Pt with a lattice constant of
a = 3.9231 Å (JCPDS card: No. 04-0802). From Fig. S1b–d, it is found
that the intensity of Pt diffraction peaks increases with increasing
the thickness of the pre-deposited Pt layer.
We have shown the results of TEM analyses in Fig. 3. Fig. 3a,
d, and g exhibits low-magniﬁcation TEM images, clearly indicating
that dark particles are decorated on the MWCNTs. The diameter of
particles fabricated from the Pt thicknesses of 3, 6, and 9 nm are in
the range of 1.5–35, 2–70, and 2–140 nm, respectively. Fig. 3b, e,
and h are the corresponding SAED patterns, exhibiting ring patterns corresponding to (111), (200), and (220) planes of cubic
Pt, as well as graphite ring patterns. The existence of diffraction
rings suggests that the particle-like structures are poly-crystalline.
Fig. 3c, f, and i conﬁrms that the dark particles correspond to
a cubic Pt structure. The spacing distances between neighboring
fringes were measured to be 0.196 and 0.226 nm, which are close
to those of the (200) and (111) lattice spacing in a primitive cubic Pt
lattice.

3.2. Sensing tests
MWCNTs generally possess p-type characteristics under ambient conditions [28]. The C7 H8 gas donates electrons to the CNT
surface, decreasing positive holes in the CNT, and thus increasing
the p-type resistivity. Fig. 4a–d shows the dynamic response curves
for the various sensors, at a sensing temperature of 150 ◦ C.
The concentration of C7 H8 gas was set to 1, 2, and 5 ppm. Resistance increased and decreased upon introducing and removing the
C7 H8 gas, respectively, exhibiting p-type behavior. From the resistance values, we estimated the sensor responses of the sensors. In
the present scheme with the p-type CNT and the reducing gas, we
deﬁne the sensor response as: S = Rg /Ra , where Ra and Rg are the
resistance of air and reducing gas, respectively. From the dynamic
response curves, we extracted the sensor responses by means of
using the above formula (Table S1). For example, we presented the
sensor responses of various sensors for 5 ppm C7 H8 gas (Fig. 4e).
In the dynamic resistance curves, the peak is sharp for the MWCNTs, but the peak is saturated for the Pt-functionalized MWCNTs.
In fact, the sharpness increases by decreasing the thickness of the
predeposited Pt layer. From the shapes of the dynamic resistance
curves and the deﬁnitions of response/recovery times, it can be veriﬁed that the sharper the peak in the curves, the longer the response
time and recovery time.
Fig. 5a shows that the sensor responses of as-prepared MWCNTs
at C7 H8 concentrations of 1, 2, and 5 ppm are about 1.16, 1.22, and
1.23, respectively. Since the sensor responses of Pt-functionalized
MWCNTs (9 nm-Pt) at concentrations of 1, 2, and 5 ppm are
about 1.25, 1.26, and 1.29, respectively, the sensor responses were
increased by 7.8, 3.3, and 4.9%, respectively. However, with a Pt
thickness of 3 nm, the sensor responses of Pt-functionalized MWCNTs at concentrations of 1, 2, and 5 ppm are about 3.91, 4.22, and
5.06, respectively, increasing the sensor responses by 237.1, 245.9,
and 311.4%, respectively. This is in sharp contrast to the case of
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Fig. 3. TEM analyses of Pt-functionalized MWCNT ﬁlms fabricated by using the predeposited layers with thicknesses of (a–c) 3, (d–f) 6, and (g–i) 9 nm. (a, d, g) Lowmagniﬁcation TEM images. (b, e, f) SAED patterns. (c, f, i) Lattice-resolved TEM images.

room-temperature sensing, in which the sensor responses were
measured to be 1.00059, 1.00071, and 1.00088, respectively, at 1,
2, and 5 ppm (Fig. S2).
Accordingly, we observe that the sensor responses of MWCNTs were signiﬁcantly increased by the Pt-functionalization, for
the 3 nm-thick Pt layer. Fig. 5b shows that the response times
of as-prepared MWCNTs at C7 H8 concentrations of 1, 2, and
5 ppm are about 650, 680, and 705 s, respectively (see Table S1).
Since the response times of Pt-functionalized MWCNTs (9 nmPt) at concentrations of 1, 2, and 5 ppm are about 420, 450,
and 460 s, respectively, the sensor responses decreased by Ptfunctionalization. Furthermore, with a Pt thickness of 3 nm, the
responses times of Pt-functionalized MWCNTs at concentrations of
1, 2, and 5 ppm are about 55, 75, and 80 s, respectively. Accordingly,
we observe that the responses times of MWCNTs were signiﬁcantly
decreased by the Pt-functionalization for a 3 nm-thick Pt layer.
Fig. 5c shows that the recovery times of as-prepared MWCNTs at
C7 H8 concentrations of 1, 2, and 5 ppm are about 955, 960, and
970 s, respectively (see Table S1). Since the response times of Ptfunctionalized MWCNTs (9 nm-Pt) at concentrations of 1, 2, and

5 ppm are about 485, 510, and 520 s, respectively, it is revealed
that the recovery times were decreased by Pt functionalization.
Furthermore, with a Pt thickness of 3 nm, the recovery times of
Pt-functionalized MWCNTs at concentrations of 1, 2, and 5 ppm
are about 70, 85, and 90 s, respectively. Accordingly, we observe
that the recovery times of MWCNTs were signiﬁcantly decreased
by the Pt-functionalization for a 3 nm-thick Pt layer. Based on
these results, we conclude that the sensor capabilities are greatly
enhanced by the Pt-functionalization, and they strongly depend
on the thickness of the pre-deposited Pt layer, as discussed below.
The response time can be enhanced if the sensor provides the high
adsorption ability, fast and efﬁcient reactions and sufﬁciently high
desorption behavior. On the contrary, the recovery time will be
shortened by the sufﬁciently high desorption behavior. The distribution and proportion of Pt catalytic particles will inﬂuence the
response time. Since the Pt catalyst exerts the spillover effect, it
plays a signiﬁcant role in the adsorption of the target gas molecules.
If sufﬁcient amount of Pt nanoparticles are uniformly distributed on
the CNT surface, the response time can be signiﬁcantly shortened.
Also, the surface properties of CNT will affect the recovery time.
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Fig. 4. Dynamic response curves of sensor fabricated from (a) as-prepared MWCNTs and Pt-functionalized MWCNT ﬁlms fabricated by using the predeposited layers with
thicknesses of (b) 3, (c) 6, and (d) 9 nm. The C7 H8 concentration was set to 1, 2, and 5 ppm. (e) Change of sensor responses with varying the time for sensors fabricated from
as-prepared MWCNTs and Pt-functionalized MWCNT ﬁlms fabricated by using the predeposited layers with thicknesses of 3, 6, and 9 nm.

The CNTs have various surface functional groups and hydrophobic
surfaces. By the adequate functionalization, the desorption behavior will be sufﬁciently enhanced without deteriorating the sensor
reactions on the CNT surfaces.
Also, we have investigated the linearity and stability of the sensor, for the Pt-functionalized MWCNT ﬁlms fabricated by using the
predeposited layers with thicknesses of 3 nm. In Fig. 5a, we observe
that the gas response increases almost linearly, depending on the
C7 H8 concentration, revealing its linearity. After 10 months, the
sensor response was changed from 3.91 to 3.95, revealing no change
in the error range (±5%).
TEM images (Fig. 3) indicate that the size of the Pt particles
decreases with decreasing thickness of the pre-deposited Pt layer.
Sun et al. carried out the sensing test of H2 S gas by using SnO2
nanowires functionalized by CuO nanoparticles [29]. They deﬁned
the surface fraction as the ratio of the average surface area of the

nanoparticles to the unit surface area of the SnO2 nanowires. It
was found that the sensor response is dependent on the surface
fraction. Based on Sun et al.’s mechanism, in the Pt-functionalized
sensor with the 3 nm-Pt, the Pt nanoparticles are well dispersed on
the MWCNT surface, and there is sufﬁcient sensor surface area (i.e.
exposed CNT surface), exhibiting a signiﬁcant enhancement in the
C7 H8 -sensing capability. However, a further increase in the surface
fraction by using the thicker Pt layer deteriorated the sensor performance. Although there are more Pt catalysts on the CNT surface, the
spillover zone for the actual detection becomes smaller. Furthermore, a considerable amount of large Pt particles can be connected
on the CNT surface. This will considerably block the hole current
ﬂow through the CNT surface, contributing to the decrease in the
sensitivity.
Fig. 6a–e show dynamic response curves of sensors fabricated
from as-prepared and Pt-functionalized MWCNTs, with respect to
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Fig. 5. (a) Sensor responses, (b) recovery times, and (c) response times at C7 H8 concentrations of 1, 2, and 5 ppm, for the sensors fabricated from as-prepared MWCNTs and
Pt-functionalized MWCNT ﬁlms fabricated by using the predeposited layers with thicknesses of 3, 6, 9 nm.

C2 H5 OH, CO, H2 , C6 H6 , and C7 H8 gases, respectively, at 150 ◦ C.
The concentration was set to 1, 2, and 5 ppm. Fig. 6f shows the
summary of sensor responses for the sensors fabricated from asprepared MWCNTs and Pt-functionalized MWCNT ﬁlms prepared
by using the pre-deposited layers with thicknesses of 3 nm. The
concentration was set to 1, 2, and 5 ppm. Table S2 shows the associated data. We observed that the sensor responses were enhanced
by the Pt-functionalization for every gas. However, the amount of
enhancement is dependent on the kind of gas. In order to investigate the selectivity of the sensors to the C7 H8 gas, we compared
the sensor responses of C7 H8 gas to those of other gases, such as
C2 H5 OH, CO, H2 , and C6 H6 .
For example, for 1 ppm, the sensor responses of C2 H5 OH, CO, H2 ,
C6 H6 , and C7 H8 gases were increased by 2.3, 30.6, 45.8, 17.3, and
237.1%, by means of the Pt-functionalization. Apparently, the sensor responses of C7 H8 gas were enhanced by the functionalization.
Accordingly, we note that the Pt-functionalization of MWCNTs is
most effective with respect to C7 H8 gas at a concentration of 1 ppm,
but they exhibit a similar trend in the cases of 2 and 5 ppm.
3.3. Previous results on the C7 H8 sensors and the novelty of the
present work
In supplementary materials (Table S3), we presented the previous results on the C7 H8 sensors. Some sensors, being comprised
of (Sr,Ni)Al2 O4 composites, C-doped WO3 , and Pd-loaded SnO2
nanoparticles, exhibited a very high sensor response, however, the
gas concentration was relatively high (i.e. >50 ppm). There have
been few reports on the development of C7 H8 detector at low concentrations. Deng et al. reported that WO3 exhibited the sensor
response of 2.0 at 1 ppm of C7 H8 , whereas C-doped WO3 exhibited
3.7, at a sensing temperature of 320 ◦ C [16]. S. Wang et al. revealed
that porous ␣-Fe2 O3 nanoshuttles exhibited the sensor response
of 1.6 at 10 ppm of C7 H8 , at a sensing temperature of 440 ◦ C [20].
Wang et al. developed the Au-functionalized ZnO nanowire C7 H8
sensor, exhibiting the sensor response of 6.2 at concentration and
temperature of 10 ppm and 340 ◦ C, respectively [30].
Furthermore, in spite of its great potential as a highperformance sensor, the CNT-based sensor has been rarely studied.

Recently, Zhou fabricated the C7 H8 sensor based on MWCNTspolyethylene oxide ﬁlms, demonstrating the room-temperature
sensor response of 1.003 (i.e. sensitivity = 0.003) at 108 ppm [21].
Hafaiedh et al. reported the C7 H8 sensing behavior of the MWCNTs, indicating that the sensor responses of as-prepared MWCNTs
at C7 H8 concentrations of 1.8, 3.57, 5.32, and 5.75 ppm, are 1.004,
1.018, 1.060, and 1.071, respectively [31]. On the other hand, in the
present work, we obtained the sensor responses of 3.91 and 5.06,
at concentrations of 1 and 5 ppm, respectively, by means of using
the Pt-functionalized CNTs.
3.4. Sensing mechanisms
No previous work has been reported on the sensing mechanism
of CNTs in regard to C7 H8 gas. In general, there have been several mechanisms for the sensing of the gas molecules by using the
MWCNTs, which are the modulation of the resistance on a MWCNT,
the modulation of Schottky barriers at the contacts between the
MWCNTs and their metal electrodes [32], and the presence of
CNT–CNT junctions [32]. Based on the above mechanisms, we outlined the schematics of the sensing mechanisms of the C7 H8 gas
by using the MWCNTs (Fig. S4). There are several ways for modulation of the resistance on a MWCNT. Since CNTs have highly
porous and hollow structures, large speciﬁc surface area, surface
functional groups and hydrophobic surfaces, they have a strong
adsorption afﬁnity toward a variety of materials [33]. Actually, the
adsorption of various gases including C7 H8 [33,34] has been intensively studied. The adsorption between the C7 H8 and CNTs mainly
results from the weak – interaction, coinciding with physisorption [32,35]. When the C7 H8 gas is introduced, the methyl group
(CH3 ) will donate electrons to the MWCNTs, which is a p-type
semiconductor [36], increasing the resistivity. Another possibility
is that C7 H8 gas molecules will react with the adsorbed oxygen as
follows: C7 H8 + 18O− → 7CO2 + 4H2 O + 18e− [37]. This reaction will
also donate electrons to the MWCNTs.
Fig. 6 reveals that the sensor responses of a variety of gases,
including C2 H5 OH, CO, H2 , C6 H6 , and C7 H8 , range from 1.14 to
2.29. We expect that the operating mechanism for sensing those
gases will be similar, being based on modulation of the resistance
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Fig. 6. Dynamic response curves with respect to (a) C2 H5 OH, (b) CO, (c) H2 , (d) C6 H6 , and (e) C7 H8 gases. The concentration was set to 1, 2, and 5 ppm. (f) Sensor responses
for the sensors fabricated from as-prepared MWCNTs and Pt-functionalized MWCNT ﬁlms prepared by using the predeposited layers with thicknesses of 3 nm, with respect
to C2 H5 OH, CO, H2 , C6 H6 , and C7 H8 gases. The concentration was set to 1, 2, and 5 ppm.

on a MWCNT, the modulation of Schottky barriers at the contacts
between the MWCNTs and their metal electrodes, and the presence
of CNT-CNT junctions. On the other hand, the sensor responses of
MWCNTs to C2 H5 OH, CO, H2 , C6 H6 , and C7 H8 gases, respectively,
were increased by 46.6, 50.0, 87.1, 29.7, and 311.4%, by the Pt functionalization. It is noteworthy that the Pt functionalization played a
strikingly efﬁcient role in enhancing the sensing behavior of MWCNTs to C7 H8 gases.
The enhancement of sensing behavior by adding the Pt nanoparticles will be dominated by a variety of factors (Fig. 7). Among
the CNT sensing mechanisms, the modulation of Schottky barriers
and the presence of CNT–CNT junctions will have no signiﬁcant relationship with the Pt-enhanced sensing behavior. Instead,
the modulation of the resistance on a MWCNT, by the adsorption/desorption of gas molecules, will play a signiﬁcant role. To
realize this, the Pt/MWCNTs interfaces will generate a potential

barrier to the ﬂow of holes (Fig. 7a). The work functions of CNTs
and Pt are reported to be about 4.6–5.0 [38] and 5.7–7.0 eV [39],
respectively. In order to equate the Fermi level, electrons will be
transferred from CNTs to Pt, whereas holes from Pt to CNTs. Resulting from the charge transfer, the potential barrier will be formed at
heterojunctions, with the bending of the vacuum energy level and
the energy band (Fig. 7a). In the present case, in which the work
function of the Pt is larger than that of the MWCNTs, the ohmic
contact will be generated, becoming a non-rectifying barrier to the
ﬂow of electrons/holes. In spite of the non-rectifying nature, the
established potential barrier will affect the sensing behavior. Upon
the introduction of C7 H8 gas, the surface reaction will donate electrons to the MWCNTs, decreasing the surface hole density, which is
a main carrier of MWCNTs (Fig. 7b). The generated hole-depletion
region on the MWCNT surface will decrease the conduction volume
and thus increasing the resistivity [40]. From the formula S = Rg /Ra ,
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Fig. 7. Schematic outlines of several mechanisms for the enhancement of sensing behavior by adding the Pt nanoparticles. (a) Generation of potential barrier at the Pt/MWCNTs
interfaces. (b) Upon the introduction of C7 H8 gas, hole-depletion region is generated on the MWCNT surface and thus the resistance is increased. (c) Spillover effect by the
Pt nanoparticles.

the Rg will increase, resulting in a higher sensitivity. As a second
possibility, since MWCNTs becomes more p-type than the original state by the hole accumulation during the alignment of Fermi
level, the energy barrier between the gas and MWCNTs will be further reduced, more efﬁciently accepting electrons from the C7 H8
gas. Furthermore, by the spillover effect, the target gas molecules
will be efﬁciently adsorbed on Pt surface (Fig. 7c). They can be easily transported to the adjacent MWCNT surface. Also, the relevant
reactions will take place easily. As a possibility, the spillover effect
of Pt will dissociate the gas molecules into molecular fragments
[41]. It is expected that the C7 H8 , C2 H5 OH, and C6 H6 gases will be
dissociated to form H2 molecules. There have been several studies
on the hydrogen spillover on the Pt surfaces. The H2 gas molecules
will dissociatively adsorb on the Pt surface, generating hydrogen

radicals [42] or atomic hydrogen [43], due to the low energy barrier of dissociation on Pt surface. In the case of CO gas, it has been
reported that the adsorbed CO plays a role in reducing oxygen on
Pt, subsequently generating CO2 [44].
At this moment, it is still unclear why the Pt nanoparticles are
more effective in enhancing the sensing behavior of the CNTs with
respect to C7 H8 gas than other gases. As a ﬁrst mechanism to explain
the Pt-induced enhancement of sensing behavior, we surmise that
the sensor enhancement is due to H2 molecules being dissociated
from C7 H8 gas, as the Pt catalyst may dissociate the C7 H8 gas more
effectively than other gases. In particular, it is known that it is
imperative to functionalize the CNTs with a metal, such as Pt and Pd,
to attain an excellent sensitivity of CNT with respect to H2 gas, due
to the very weak binding energy between a H2 molecule and the
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outer surface of the CNTs [36,45]. Since 3, 0, 1, 3, and 4 H2 molecules
can be generated from C2 H5 OH, CO, H2 , C6 H6 , and C7 H8 molecules,
respectively, it is evident that C7 H8 gas will provide a greater
amount of H2 molecules. Accordingly, the Pt-functionalization
will be most effective in enhancing the sensing capability toward
C7 H8 gas. However, the sensor response to CO gas was increased
by 50.0%, whereas those to C2 H5 OH and H2 , were by 46.6 and
29.7%, by the Pt functionalization. Accordingly, the possible role
of H2 molecules will not play a decisive role in enhancing the
sensing behavior of the CNTs with respect to C7 H8 gas than other
gases.
Second, it is possible that the sensor enhancement is due to the
methyl group of C7 H8 gas. Since C7 H8 has an ability to adsorb via
its methyl group ( CH3 ), it is probable that this group will play an
important role in enhancing the sensing behavior [46]. In order
to ﬁgure out the effects of the methyl group on the adsorption
onto the Pt surface, we need to consider electronic effects and
the steric effects [47]. In terms of steric effects, it is possible that
it is harder for C7 H8 to adsorb onto the Pt surface due to steric
repulsion between the methyl group and the Pt surface [47]. On
the other hand, in terms of electronic effects, it is very likely that
adsorption of C7 H8 will be greatly enhanced on the Pt surface. In
this case, it is expected that the barrier to the adsorption of C7 H8
will become lower, not only by the easier donation of electrons
from the CH3 level to the Fermi level, but also by the easier backdonation from the Fermi level to the CH3∗ level [47]. It is known
that the amount of available surface for strongly bonded retained
species will increase by the presence of the methyl substituent in
the ring of aromatic compounds [46]. Accordingly, we surmise that
the electronic effects overcome the steric effects, resulting in an
increase in the adsorption values of C7 H8 gas, and a corresponding
enhancement in sensing behavior. The above theory can explain
the reason why the C7 H8 will have superior adsorption properties, mainly based on the activity of the methyl group. By the way,
the sensor response to C6 H6 gas, which is also comprised of the
methyl group, was increased only by 29.7%, by the Pt functionalization. Accordingly, we need more explanations on the unexpectedly
low sensor enhancement to C6 H6 gas by the Pt-functionalization.
In order for C6 H6 gas to be active in terms of sensing reactions,
the C6 H6 needs to be dehydrogenated, in which the ﬁrst step in
the decomposition of C6 H6 on the Pt and Pd surfaces is the breakage of C H bond and the generation of the C6 Hx species [48]. DFT
calculations revealed that the dehydrogenation of C6 H6 was not
thermodynamically and/or kinetically possible on Pt(111) surface
[49]. Experimentally, it was observed that C6 H6 completely desorbs
from the Pt surfaces at 227 ◦ C [50]. C7 H8 becomes more strongly
bonded than C6 H6 on Pt(111) even at the low temperature of 300 K
[51].
In case of SWCNTs, the diameter is correlated with the chirality.
The chirality will be changed by varying the tube diameter, affecting
the conductivity of the nanotubes, and thus changing the sensing
behavior [52–54]. It is possible that the conduction type affects the
adsorption of gas molecules [55]. In case of semiconducting oxide
nanowires, the diameter of the NWs will surely affect the sensing
behavior, by controlling the volume (cross-section) of the conducting channel. Smaller conducting channel will result in the higher
sensor response, by the same resistance modulation. By the way,
in case of MWCNTs, the sensing behavior will be mostly associated with the outmost layer. Accordingly, the diameter itself of
the MWCNTs will not signiﬁcantly change the sensing behavior.
Instead, the properties of outmost layer will mainly control the
sensing response. However, in contrast to the SWCNTs, in which
the conducting properties of the surface will be determined by their
diameter, the surface properties of outmost layer of MWNTs cannot be clearly determined by the tube diameter. Further deep and
systematic study will be necessary.
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Fig. 8. Stability of the Pt-functionalized MWCNTs (predeposited layers with thicknesses of 3 nm) in humid environment (RH 60% @ 25 ◦ C) for 6 months. Comparison
of the sensing response curve of the sensor, which was preserved in the humid
environment for 6 months, with that of the original sensor.

3.5. Humidity effects
First, we investigated the stability of the Pt-functionalized
MWCNTs in humid environment. In Fig. 8, we compared the sensing
response curve of the sensor, which were preserved in the humid
environment (RH 60% @ 25 ◦ C) for 6 months, with that of the original sensor. After 6 months, the sensor response was changed from
3.91 to 3.86 (i.e. decreased by 1.3%), revealing no change in the error
range (±5%). However, both response time (∼945%) and recovery
time (∼317%) were signiﬁcantly increased by keeping the sample
in the humid environment. It is possible that the water adsorption
in the humid environment will degrade the sensing capabilities.
It is expected that a large amount of water molecules have been
adsorbed on the CNT surfaces. Reduction of surface area that is
responsible for the sensor response leads to less chemisorption of
oxygen species as well as C7 H8 molecules on the CNT surface [56].
Since the C7 H8 gas molecules can provide electrons to the CNTs not
only by direct contacting with CH3 groups [36] but also by reacting
with the adsorbed oxygen [37], the adsorption of water molecules
will reduce the amount of electrons being donated to CNTs. This
will prevent the sensors from operating efﬁciently, resulting in the
longer response time and recovery time.
Second, we investigated the effect of humidity in sensing test
on the sensing behaviors of the Pt-functionalized MWCNTs. Fig. 9
compares the response curves of the Pt-functionalized MWCNTs in
humid air (RH 20% @ 150 ◦ C) with those in dry air (RH 0% @ 150 ◦ C).
The sensor responses of the Pt-functionalized CNT sensors to C7 H8
gas at concentrations of 1, 2, and 5 ppm, in humid air are decreased
by 0.28, 0.76, and 1.55%, in comparison to those in dry air, respectively. Also, the response times in humid air are increased by 19.2,
19.8, and 36.2%, in comparison to those in dry air, at C7 H8 gas at concentrations of 1, 2, and 5 ppm, respectively. Also, the recovery times
in humid air are decreased by 16.1, 30.3, and 33.2%, in comparison
to those in dry air, at C7 H8 gas at concentrations of 1, 2, and 5 ppm,
respectively. It is possible that the water adsorption in the humid
environment will lower the sensitivity (i.e. sensor response) of the
sensors. The reaction between the surface oxygen and the water
molecules results in a decrease in baseline resistance of the gas
sensor and thus decrease the sensitivity [57]. Also, the adsorption
of water molecules leads to less chemisorption of oxygen species
and/or C7 H8 gas molecules on the CNT surface due to the decrease of
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sensing test play a signiﬁcant role in facilitating the desorption of
the C7 H8 species. Further detailed study in progress.
In order to investigate the reproducibility, we carried out the
sensing tests for 1 ppm of C7 H8 gas, at the sensing temperature of
150 ◦ C, for three cycles (Fig. S5). The Pt-functionalized CNT sensors with the predeposited Pt thickness of 3 nm were used for
test device. In dry air environment (RH 0%), in comparison to
the ﬁrst cycle, the sensor responses of second and third cycles
are increased by 0.4% and decreased by 0.2%, respectively. On the
other hand, in humid environment (RH 20%), in comparison to the
ﬁrst cycle, the sensor responses of second and third cycles are
decreased by 0.4% and increased by 1.9%, respectively. From our
experiences on numerous sensing tests, the variation of the sensor response values (−0.4 to 1.9%) can be considered to be in the
error range (±5%). Accordingly, we suggest that the sensor response
of Pt-functionalized CNT sensor in the present work is stable and
reproducible at least up to three cycles and the humidity environment (RH 20%) does not noticeably degrade the reproducibility.
4. Conclusion
We have fabricated Pt-functionalized CNTs sensors, due to the
outstanding characteristics of CNTs, including their small size, large
surface area, hollow geometry, and highly sensitive electrical properties. The sensing capabilities of MWCNTs with regard to C7 H8
gases were signiﬁcantly enhanced by adding Pt nanoparticles. The
sizes of the Pt nanoparticles were controlled and optimized because
the sensor behavior was dependent on the size. When exposed
to 1 ppm C7 H8 gas, the sensor response was increased by 237.1%,
and response time and recovery time were decreased by 89.2 and
92.7%, respectively, when the optimum Pt functionalization was
employed. This work provided the C7 H8 gas sensor with reasonably
high sensor performances at the low concentration below 10 ppm.
The optimized Pt-functionalized CNTs sensors exhibited the exceptionally high sensor response of 3.91 and 5.06, at concentrations of
1 and 5 ppm, respectively, showing the selective detection of C7 H8
gas in comparison to other gases, including C2 H5 OH, CO, H2 , and
C6 H6 . Not only the present sensor is stable for several months in
humid environment, but also its sensing capabilities were not signiﬁcantly degraded by the humid air during the sensor operation.
We further discuss the possible sensing mechanisms of MWCNTs
to C7 H8 gas. In addition, we explained the possible reason why Ptfunctionalization enhanced the sensing capabilities of MWCNTs for
C7 H8 gas as compared with other gases.
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Fig. 9. Effect of humidity in sensing test on the sensing behaviors of the
Pt-functionalized MWCNTs (predeposited layers with thicknesses of 3 nm). Comparison of the response curves of the Pt-functionalized MWCNTs in humid air (RH
20% @ 150 ◦ C) with those in dry air (RH 0% @ 150 ◦ C). The C7 H8 concentrations were
set to (a) 1, (b) 2, and (c) 5 ppm.

the surface area that is responsible for the sensor response. Accordingly, the incoming C7 H8 gas has difﬁculty in donating sufﬁcient
amount of electrons to CNTs. Therefore, it will take a longer time to
attain the highest value of the given sensor response values, resulting in a longer response time. By the way, it is noteworthy that
the recovery times in humid environment are shorter than those
in dry air ambient. It means that the C7 H8 species become more
desorbed in humid environment than in dry air. It is possible that
the water molecules in air ambient being introduced during the

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2015.12.024.
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Fig. S1. XRD patterns of (a) as-prepared MWCNT films and (b-d) Pt-functionalized
MWCNT films fabricated by using the predeposited layers with thicknesses of (b) 3, (c)
6, and (c) 9 nm, respectively (Upper-right insets: enlarged SEM images).

Fig. S2. Room temperature sensor responses for the sensors fabricated from Ptfunctionalized MWCNT films prepared by using the predeposited layers with
thicknesses of 3 nm, with respect to C7H8 gas. The concentration was set to 1, 2, and 5
ppm.

Fig. S3. Sensor responses for the sensors fabricated from as-prepared MWCNTs and Ptfunctionalized MWCNT films prepared by using the predeposited layers with
thicknesses of 3 nm, with respect to C2H5OH, CO, H2, C6H6, and C7H8 gases. The
concentration was set to 1, 2, and 5 ppm.

Fig. S4. Schematic outlines of several mechanisms for the sensing of the C7H8 gas by
using the MWCNTs.

Fig. S5. Dynamic response curves of Pt-functionalized CNT sensors with the
predeposited Pt thickness of 3 nm for 1 ppm of C7H8 gas, at the sensing temperature of
150°C, for three cycles. Sensor measurements were carried out (a) in dry air (RH 0%)
and (b) in humid air (RH 20%).

Table S1. Sensor response, response time, and recovery time for the sensing of the
C7H8 gas by using as-prepared MWCNTs and Pt-functionalized MWCNT films.

Table S2. Sensor response of as-prepared MWCNTs and Pt-functionalized MWCNT
films, with respect to C2H5OH, CO, H2, C6H6, and C7H8 gases.

Nanostructure type

Response
Gas concentration Temperature
o
(Ra/Rg or Rg/Ra)
(ppm)
( C)

Reponse/recovery Reference
times

Diamond films

1-10 Torr

50-200

-

13

Sol-gel derived (Sr,Ni)Al2O4
composites

100-5000

30-200

42

Carbon black/aminofunctional copolymer composites

50-550

30

1.04

C-doped WO3

0.1-50

190-370

91
3.7

370/50
320/1

16

Commercial WO3

0.1-1

190-370

2.0

320/1

16

Pd/TiO2 nanoporous films

50-200

25

2.8

25/200

17

Pd-loaded SnO2 nanoparticles

50

250-350

~3,000

250/50

18

SnO2 nanoparticles

50

250-300

~1,000

300/50

18

NiO-SnO2 composite nanofibers

50-5000

330

11.2

330/50

330

~108

330/5000

150/1000

14
15

30/250

4s/4s

19
19

Porous α-Fe2O3 nanoshuttles

10-500

440

1.6
3.0

440/10
440/500

3-8s/2-4s

Au-functionalized ZnO
nanowires

1-500

340

6.2
9.0

340/10
340/500

ZnO-SnO2 nanofiber web

10-25,000

330-390

9.5

360/100

S1

MWCNTs-polyethlene oxide
films

70-120

25

1.003

25/108

21

MWCNTs

1.8-5.75

25

1.004

25/1.8

31

Pt-decorated CNTs

1-5

150

3.91
5.06

150/1
150/5

20

30

50s/35s

80s/90s

Present work

Table S3. Gas sensing abilities of the C7H8 gas sensors consisting of a variety of
materials [The references 13-31 are listed in the manucscript text].
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