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Abstract: Multiwall carbon nanotubes (MWCNTs) were easily and efficiently decorated 

with Pd nanoparticles through a vapor-phase impregnation-decomposition method starting 

from palladium acetylacetonates. The sensor device consisted on a film of sensitive 

material (MWCNTs-Pd) deposited by drop coating on platinum interdigitated electrodes on 

a SiO2 substrate. The sensor exhibited a resistance change to ozone (O3) with a response time 

of 60 s at different temperatures and the capability of detecting concentrations up to  

20 ppb. The sensor shows the best response when exposed to O3 at 120 °C. The device 

shows a very reproducible sensor performance, with high repeatability, full recovery and 

efficient response. 
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1. Introduction 

Currently, gas sensors with optimized features such as low cost, fast response, high gas selectivity 

and sensitivity, good stability and small size are required. Carbon nanotubes (CNTs), nanowires and 

graphene have been recently used for this purpose with good results [1–5]. In particular, CNTs exhibit 

unique properties for their application as gas sensors. Beside their high surface to volume ratio, which 

means a large area for gas interaction [6]; CNTs present an extreme sensitivity to charge transfer and 

chemical doping effects by the interaction with various molecules [7,8]. Electrical properties of p-type 

carbon nanotubes are modified when oxidizing or reducing gas molecules that adsorb and interact with 

them. Adsorbant molecules change the density of main charge carriers in nanotubes, altering their 

conductance [8,9]. Finally, CNT-based gas sensors are able to work at room temperature with low 

power consumption. This characteristic is useful in hazardous applications when continuous 

monitoring of gases is necessary [10]. 

In order to increase the reactivity of CNTs, metal nanoparticles (NPs) are frequently incorporated 

along their structures, acting as active sites during the interaction between target analytes and CNTs’ 

walls [10–12]. The interest of using metal NPs is due to their high catalytic activity, adsorption 

capacity and efficient charge transfer [13]. Metal NPs are highly sensitive to changes in their 

environment, providing a wide range of reactivity towards different gases. The selectivity and 

sensitivity of sensors can be tuned using several types of NPs because their reactivity depends on the 

element constituting the NPs. The key concept in CNTs decorated with nanoparticles (CNTs-NP) is that 

upon adsorption of a target molecule, a significant amount of charge is donated or accepted by the NPs, 

and as a result the electron transport in the CNTs is affected and this change is easily measureable [10]. 

Ozone is a principal cause of photochemical smog and atmospheric contamination. It is harmful to 

human health; breathing ozone-containing air reduces lung function, aggravating asthma and other 

respiratory conditions [14]. Furthermore, high ozone levels can also harm sensitive vegetation in forested 

ecosystems [14]. The standard method for ozone detection is based on a UV adsorption method [15]. 

Accuracy and high sensitivity are reported for this method, however, it presents drawbacks such as 

complexity of the apparatus with high cost and large detector size. Due to their compact size, 

adsorption capacity, wide range of reactivity of several gases, simplicity in fabrication, operation in 

harsh environmental and at high temperatures sensors base CNT-nanoparticles are an alternative to 

replace the conventional method for detection of ozone. 

Few works have reported the detection of ozone gas molecules with CNTs used as the sensitive 

material [15–18]. Park et al. [15] showed the response of a sensor using single wall CNT (SWCNT) 

networks; their sensor was sensitive to ozone down to 50 ppb with a rapid response as well as a fast 

recovery. Wongwiriyapan et al. [16] reported ozone sensitivity when using SWCNT networks directly 

grown on a conventional sensor substrate. Ozone was detected down to 6 ppb at room temperature 

while operating with a fast response. Ghaddab et al. [17] compared the gas sensing properties between 

three types of materials: SWCNT, SnO2 and SWCNT/SnO2 hybrid materials. Among these, the latter 

were significantly more responsive to ozone and ammonia than pure SnO2 or SWCNTs. The detection 

limit at room temperature was evaluated to be lower than 20 ppb. 

To the best of our knowledge, although Pd decorated CNTs have been used for hydrogen  

detection [19,20], it has not been used for ozone sensing before. A key step for the production of 
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CNTs-Pd is the NP attachment to the CNTs. Different strategies have been employed to promote  

the incorporation of metal nanoparticles on CNT walls such as precipitation from a metal salt 

solution [21], chemical attachment of preformed clusters [22], electron beam evaporation [2,10], 

sputtering coating [23,24], chemical functionalization [18], thermal evaporation [20], electrochemical 

functionalization [19] drop-coating [25] and vapor phase impregnation decomposition process  

(VPID) [26]. The last one has been tested as a good method for incorporation of metallic particles. It 

showed successful incorporation of nanoparticles on the surface of titania nanoparticles and CNTs [26] 

with homogeneously decoration and narrow particle size distribution. 

In this work, MWCNT were decorated by VPIDM with Pd NPs and the MWCNT-Pd sensitive 

material was used to detect ozone at concentrations ranging from 20 ppb to 300 ppb, in a temperature 

interval from room temperature to 200 °C. 

2. Experimental Section 

2.1. Synthesis and Purification of MWCNTs 

MWCNT were produced by chemical vapor deposition (CVD) as previously reported [27] whereby 

microdroplets of a ferrocene/toluene solution at 3.5/9.6 wt% were supplied by an ultrasonic atomizer 

device (pyrosol 7901, RBI, Meylan, France) connected to a quartz tube reactor. Ar (99.99% purity) 

was used as the carrier gas with a flow rate of 2.5 L/min. After 40 min. of CVD reactor at 850 °C the 

system was allowed to cool down to room temperature for about 120 min. 

Morphological characteristics of the as-obtained nanotubes were determined by high resolution 

transmission electron microscopy (HRTEM) in a Tecnai G2 F30 instrument (FEI Company, Hillsboro, 

OR, US); Raman spectra were obtained by a LabRAM HR800 Raman spectometer (Horiba Jobin 

Yvon, Villeneuve d’Ascq, France) with an excitation wavelength of 633 nm. 

Generally, the as-prepared CNTs contain impurities like metal catalysts and amorphous carbon, 

which could make it difficult to understand and monitor the intrinsic properties of the  

nanotubes [28,29], and could affect the behavior of any device that is based on them [30]. The 

purification process is a fundamental step to eliminate such impurities. In this study, the sample of 

CNTs was stirred in a 1:3 solution of sulphuric and nitric acid for 5 h at 70 °C. After this treatment, the 

resulting product was washed with distilled water several times, followed by filtration. Finally, the 

sample was dried at 60 °C for 6 h [26]. 

2.2. Pd Decoration of MWCNTs 

As mentioned before, palladium NPs were incorporated on the surfaces of the CNT’s by the VPID 

method [26]. For the preparation, CNTs and Pd(acac)2 were mechanically mixed for 15 min until the 

mixture was homogenous. Then they were kept at a constant temperature of 180 °C for 10 min under 

66.6 kPa pressure, inside a horizontal quartz-tube reactor with argon gas (3 × 10
−6

 m
3
/s). Next, the 

product was moved to a raised temperature zone (400 °C) in order to induce the precursor 

decomposition. By this procedure CNTs were functionalized or decorated with 3 wt% of Pd NPs. 
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2.3. Sensor Assembly 

The sensor consists of two interdigitated platinum electrodes, obtained by standard pulverization 

method on silicon dioxide in a resistor configuration (Figure 1a). MWCNTs-Pd was dispersed in 

glycerol by ultrasonication for 1 h at room temperature [10]. The drop coating method was used to 

deposit the glycerol solution on the device. The deposited drop was dried at 200 °C for 2 h to eliminate 

the glycerol (Figure 1b). 

Figure 1. Images of the device: (a) two interdigitated platinum electrodes on silicon 

dioxide; (b) device with Pd deposited by drop coating. 

 

(a) (b) 

2.4. Gas Response Measurements 

The gas sensing properties of MWCNTs-Pd film were investigated in a sealed stainless test cell in 

order to control the different temperatures. The sensor was exposed to air with different concentrations 

of ozone (20, 50, 100, 200 and 300 ppb) during 60 s and finally exposed to a clean air flow for 

recovery. The gas mixtures were generated by an InDevR (2B Technologies, Boulder, CO, USA) 

calibrated commercial ozone generator. This generator is designed to provide accurate, precise and 

constant amounts of O3 produced by UV irradiation of an air flow and electrical measurements 

(electrical resistance versus time) were monitored by a KEITHLEY 6430 digital multimeter (Keithley, 

Panama City, FL, USA) connected to the personal computer. 

3. Results and Discussion 

3.1. Transmission Electron Microscopy (TEM) Characterization 

Figure 2a,b presents TEM images of pristine as prepared MWCNTs at low and high magnification. 

The MWCNTs reveal “nanofiber” features. The average diameter of the MWCNTs was found to be  

52.7 nm and they were several hundred microns long. Figure 2b presents the HRTEM of tubes walls at 

low magnification, revealing their multiwalled nature. The inset of Figure 2b shows the graphitic 

layers with wall spacings of 0.34 nm between them. 



Sensors 2014, 14 6810 

 

 

Figure 2c,d shows the TEM micrographs of acid treated MCWNTs. After purification most of the 

impurities are removed, and MWCNTs present damage on their walls with alteration of the external 

morphology. Figure 2c shows wall distorted MWCNTs attributed to a higher concentration of defects 

which leaves functionalized holes with oxygenated functional groups such as carboxylic acid, ketone, 

alcohol, and ester groups; all of them facilitating the oxidation [31]. Oxidants breach the carbon shell 

and then oxidize the metal catalysts to the corresponding metal oxide or hydroxide, when the metal is 

oxidized, the volume increases and the metal oxides crack open the carbon coating [28]. Figure 2b 

presents a sample of as-fabricated nanotubes and is clearly observed that the number of walls is 

different in comparison with the sample after purification (Figure 2d); the walls were altered until they 

achieve an amorphous morphology. 

Figure 2. TEM images of MWCNT at different magnifications; (a) as-prepared nanotubes 

(pristine); (b) HRTEM of the graphitic layer of the CNT walls; (c) acid treated CNTs and 

(d) damage produced by purification at the walls of CNTs. 

 

TEM images of Pd decorated CNTs are shown in Figure 3. Heterogeneous nanotubular morphology 

with the tubular structure is partially destroyed by the aggressive acid treatment is shown in Figure 3a. 

Pd NPs were found on the outside walls and the tips of MWCNTs. No agglomeration is observed after 

the decoration process. Defects serve as anchor by attachment of functional groups and NPs. The 
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HRTEM image in Figure 3b shows individual MWCNTs with incorporation of NPs with average size 

of about 10.8 nm. Figure 3d shows a HRTEM image of a Pd nanoparticle on the damaged nanotube wall. 

The lattice interspacing measurement was 0.224 nm, corresponding to FCC crystal of Pd (JCPD-0681). 

Figure 3. TEM images. (a) MWCNT-Pd; (b,c) individual MWCNT decorated with Pd 

nanoparticles; and (d) HRTEM image of a Pd nanoparticles. The lattice spacing is 

measured as 0.224 nm, corresponding to the (111) plane of Pd with FCC crystal structure. 

 

3.2. Raman Characterization 

Figure 4 shows the Raman spectra of pristine and acid treated MWCNTs. Both sample spectra 

present four characteristic bands: mode D (1,333 cm
−1

), mode G (1,576 cm
−1

), mode G’ (2,662 cm
−1

), 

and mode G+D (2,919 cm
−1

) [32–34], respectively. By comparing the spectra in Figure 4a,b it seems 

that purification leads to an increase in defects. 

The increasing intensity of the D band in the acid treated MWCNTs (Figure 4b) is due to the 

presence of a high density of defects (vacancies and heptagon-pentagon pairs) on the tube walls [32–34]. 

The D and G mode intensities have usually been employed as an indication of chemical modification 

of CNT [35] or degree of “graphitization”. The relative intensities between G and D modes, (IG/ID), are 

IG/ID = 1.57 and IG/ID = 0.79. The intensity ratio of the D to G-band decreases in the case of the 
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purified samples. This could be attributed to the destruction of graphitic integrity and the subsequent 

formation of small graphitic fragments [36]. 

Figure 4. Raman spectrum of CNTs using a laser excitation of 633 nm, (a) pristine sample; 

and (b) acid treated. 

 

3.3. CNT-Pd Sensor Response 

The detection response of our devices is measured using the electric resistance response, normalized 

by S(%) = Rg − R0/R0 × 100, where Rg represents the ozone+air mixture resistance interaction with the 

sensitive material, and R0 stands for the air resistance [18,19]. 

Figure 5a shows the response to O3 for the pristine MWCNT-based sensor. Comparing the sensor 

responses of the different materials, pristine MWCNTs present lower responsiveness (0.44% to 300 ppb 

and 0.34% to 50 ppb at 120 °C). This behavior is due to the presence of impurities having negative 

effects on the inherent properties of CNTs [29,37,38]. It has been reported that impurities can change 

the electronic and electrochemical behavior of nanotubes [39]. A study of a pristine CNT-based sensor 

reports slow and incomplete recovery [1,40]. Kong et al. [1] developed a field effect transistor (FET) 

with SWCNTs with an extended recovery time of 12 h, at room temperature after gas exposure to NO2 

and NH3. Similarly, SWCNT-based sensors used to detect organic vapors at room temperature were 

manufactured by Li et al. [40]; the recovery time was on the order of 10 h. Additionally, the 

hydrophobicity and chemical inertness of pristine CNT causes low selectivity and in some cases null 

sensitivity to many types of molecules. This behavior is due to a strong sp
2
 C-C bonding, in 

comparison with the weak interaction between CNT walls and gas molecules [2,8,41–44]. All these 

disadvantages limit the applicability for sensing purpose of pristine CNTs. 

The measurements for the detection behavior of sensors made of purified detection MWCNT 

(without NPs) and MWCNTs-Pd are compared in Table 1. The purified MWCNT-based sensor shows 

a higher responsiveness at both tested temperatures. However, the sensor response dramatically 

decreases when the sensor is exposed to a second cycle of O3. This behavior is probably due to 

saturation of adsorption sites by the occupation of all initially free adsorption sites [45]. In the case of 

the MWCNT-Pd based sensor, the response was independent of the number of exposure cycles or the 

time lapse between the sensor fabrication and its use. Due to this, we continued our experiments using 

only the MWCNTs-Pd-based sensor, which sensor resistance response is shown in Figure 5. 
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Figure 5. Electrical resistance change of sensors in the presence of O3, (a) pristine 

MWCNT tested at 50 °C with different concentrations; (b) MWCNT-Pd evaluation at 

different concentrations in the range 20 to 300 ppb; (c) repeatability of response sensor 

MWCNT-Pd at 100 ppb; and (d) comparison of the calibration curves at different 

MWCNT-Pd sensor temperatures. 

 

Table 1. Responsiveness of the purified MWCNT and MWCNT-Pd. 

 Sensor Response (%) to O3 

Material 
Sensor Operated at 120 °C Sensor Operated at 200 °C 

300 ppb 200 ppb 100 ppb 50 ppb 300 ppb 200 ppb 100 ppb 50 ppb 

Purified MWCNTs 4.06 3.43 2.32 1.13 5.0 4.20 3.34 2.19 

MWCNTs-Pd 0.76 1.14 1.47 1.76 1.1 0.86 0.57 0.4 

The MWCNT-Pd based sensor electrical response evaluated at 120 °C at different concentrations is 

summarized in Figure 5b. The sample showed sensitivity to ozone from a low concentration (20 ppb), 

and the resistance showed an increase when the concentration of gas increases. These results provide 

evidence that the MWCNTs-Pd sensor has satisfactory sensitivity to O3 detection under the test 

conditions. The reproducibility response of the sensor at 100 ppb is observed in Figure 5c. The 

resistance increases when the sensor is exposed to ozone gas (injection started), and the resistance 
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decreases in contact with the air flow (injection stopped). The sample presents a response time of less 

than 1 min and a recovery time of about 20 min. Figure 5d shows the calibration curves of the 

MWCNTs-Pd film exposed to ozone at different temperatures. The best response was found at 120 °C. 

This sensor presents a decrease of the resistance in the presence of an oxidizing gas, indicating a  

p-like behavior, a result that is in good agreement with previous studies [15,17]. Park et al. [15] and 

Ghaddab et al. [17] using SWCNT and hybrid tin dioxide/CNT as O3 sensors reported the mechanisms 

for the change in the behavior resistance when interacting with an oxidizing gas such as ozone. They 

mentioned that during gas adsorption, there is an electron charge transfer whereby O3 accepts electrons 

from CNT and the concentration of conducting holes increases experimentally leading a decrement of 

the signal resistance. 

Our MWCNTs-Pd sensor response can be attributed to the following factors: (1) the high surface to 

volume ratio of the sensitive material (MWCNTs). Wang et al. [37] identified four sites of adsorption 

in SWCNTs: the surface (external surface of the nanotube), channels (interstitial holes formed between 

the outside of adjacent tubes), pores (inside the nanotubes) and grooves (holes formed between threes 

of adjacent tubes); (2) Chemical modification caused by the purification processes. Chemical 

modification can improve solubility, processability, enhance the reactivity and selectivity of CNT 

surfaces and the selectivity to specific gases [2,10,24,46]. This behavior is attributed to the presence of 

defect sites generated by the damage to the nanotube framework, which leaves holes functionalized 

with oxygenated functional groups [31,43]. The functional groups can act as anchor in the formation 

and deposition of NPs [12]; (3) Charge transfer between gas molecules and CNT and Schottky barrier 

modulation. Battie et al. [37,47] have demonstrated that the sensing mechanism depends on the density 

and film thickness of SWCNT i.e., a high density of nanotubes can promote a decrease in the influence 

of the Schottky barrier between the metal electrode and the SWCNTs contact. Moreover, when the 

inter-electrodes distance is lower than 10 µm, there is a probability to obtain metallic nanotubes chains 

between the two electrodes, that which is why our sensor has an inter-electrode spacing of 50 µm, 

which reduces the probability of finding CNTs bridging the electrodes. The same author claimed that 

below the percolation threshold of metallic nanotubes, the transport properties are dominated by 

Schottky barrier modulation at the interface between the electrodes and semiconducting-nanotubes [47] 

and (4) the agglomeration of the Pd NPs. The behavior of our MWCNTs-Pd sensor is different from 

that reported by several previous studies [10,18,24]. These studies mention that the incorporation of 

NPs increases the selectivity and sensitivity. In our case, MWCNTs-Pd showed moderate sensitivity to 

ozone. This behavior is probably due to the agglomeration of the metal on the CNT surfaces. In our 

study, the size of Pd NPs deposited on MWCNTs was about 11 nm in contrast with other studies using 

the same method of decoration with NPs for CNTs and titania nanotubes, which reported NP diameters 

about 3.2 and 2.1 nm, respectively [26]. Liang et al. [48] deposited Pd NPs on carbon nanofibers 

(CNFs), obtaining NPs with diameters ranging from 2 to 4 nm. Nanoparticles of noble metals such as 

Pt, Au and Pd are highly mobile and they migrate to the surface and agglomerate into larger particles 

due to weak interactions between metal and support [49]. Although it is known that functional groups 

help to avoid agglomeration of NPs, in our case, agglomeration was possible because the functional 

groups form bonds with CNTs through weak interaction. The metal particle size plays an important 

role: generally, small Pd particles with a uniform size distribution are favorable for the activity and 

selectivity of different reactions [48]. 
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In previous works on O3 sensing with CNTs, mainly SWCNTs have been used [15–17].  

The response of a SWCNT sensor to 50 ppb was 11.1% and reached a maximum of 14.1% to 1 ppm 

with a response time of 100 s. Both results of the SWCNT sensor were reported after thermal  

treatment [15–17]. The sensor was saturated nearly 200 s after being exposed to the first concentration. 

The responsiveness of SWCNT sensor directly grown on a conventional substrate, detected down  

to 6 ppb at room temperature [16]. The detection efficiency of a hybrid SnO2/SWCNT sensor was 

reported to be ozone detection at <21.5 ppb (~3% sensor response) and its maximum at 290 ppb 

(~13% sensor response) at room temperature with a response time of 2,400 s [17]. In [50], plasma 

enhanced CVD grown MWCNTs showed a resistance change to the presence of O3 at concentrations 

ranging from injection of 25 to 175 ppb, but the sensor response was not sufficiently fast to recover the 

base line (12,000 s). 

4. Conclusions 

The vapor impregnation-decomposition method was successfully used for incorporation of Pd 

nanoparticles on the walls of acid treated CNTs. The acid method for CNTs functionalization is 

efficient, but this process causes damage in the walls of the nanotubes. The MWCNT-Pd sensor was 

sensitive to O3 with high repeatability and sensitive to different concentrations. The best response was 

found when operated at 120 °C. Our ozone sensor showed an efficient response 60 s after exposure to 

O3, while other works report between 100 to 1,200 s are needed to detect ozone. 

Acknowledgments 

The authors would like to express their thanks to the Dirección de Investigación y Posgrado del 

Instituto Mexicano del Petróleo and CONACyT for their financial support. The authors are grateful to 

S. Mendoza Acevedo, Centro de Investigación en Computación (CIC-IPN), for fruitful discussions. 

FCS and JMS are grateful for the financial support from the Physicis and Mathematics Department and 

from the Direction of Research at Universidad Iberoamericana. 

Author Contributions 

This paper was performed in collaboration between the authors. Selene Capula was responsible for 

the following steps in the project: experimental work, analyze characterization results and prepared the 

manuscript writing and argumentation of the paper. Khalifa Aguir provided advice for the design of 

sensors by varying the concentration of nanotubes and the choice of deposition conditions, participated 

in the characterization of the sensors and did the proofreading of the paper. Luis Villa provided useful 

suggestion and helped analyze the interpretation of the sensor response. José Moncayo was involved in 

the synthesis of the CNTs. Felipe Cervantes was involved in the writing and argumentation of the 

paper. Vicente Garibay is the advisor of Selene Capula and was responsible of the revision of the 

experimental work. All authors discussed and approved the final manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 



Sensors 2014, 14 6816 

 

 

References 

1. Kong, J.; Franklin, N.R.; Zhou, C.; Chapline, M.G.; Peng, S.; Cho, K.; Dai, H.  

Nanotube molecular wires as chemical sensors. Sci. Mag. 2000, 287, 622–625. 

2. Kong, J.; Chapline, M.G.; Dai, H. Functionalized carbon nanotubes for molecular hydrogen 

sensor. Adv. Mater. 2001, 13, 1384–1386. 

3. Schedin, F.; Geim, A.K.; Morozov, S.V.; Hill, E.W.; Blake, P.; Katsnelson, M.I.; Novoselov, S. 

Detection of individual gas molecules adsorbed on graphene. Nat. Mater. 2007, 6, 652–655. 

4. Collins, P.G.; Bradley, B.; Ishigami, M.; Zettl, A. Extreme oxygen sensitivity of electronic 

properties of carbon nanotubes. Science 2000, 287, 1801–1804. 

5. Comini, E.; Faglia, G.; Sberyerglieri, G.; Pan, A.; Wang, Z.L. Stable and highly sensitive gas 

sensor based on semiconducting oxide nanobelts. Appl. Phys. Lett. 2002, 81, 1869–1871. 

6. Chopra, A.; McGuire, K.; Gothard, N.; Rao, A.M.; Pham, A. Selective gas detection using a 

carbon nanotube sensor. Appl. Phys. Lett. 2003, 83, 2280–2282. 

7. Dai, H. Carbon nanotubes: Synthesis, integration and properties. Acc. Chem. Res. 2002, 35, 1035–1044. 

8. Zhang, T.; Mubeen, S.; Myung, N.V.; Deshusses, M.A. Recent progress in carbon nanotubes 

based gas sensors. Nanotechnology 2008, 19, 1–14. 

9. Trans, S.J.; Devoret, M.H.; Dai, H.; Thess, A.; Smalley, R.E.; Geerlings, L.J.; Dekker, C. 

Individual single wall cabon nanotubes as quantum wires. Nature 1997, 386, 474–477. 

10. Espinosa, E.H.; Ionescu, R.; Bittencourt, C.; Felten, A.; Erni, R.; Tandeloo, G.V.; Pireaux, J.J.; 

Llobet, E. Metal decorated multiwall carbon nanotubes for low temperature gas sensing.  

Thin Solid Films 2007, 515, 8322–8327. 

11. Wildgoose, G.G.; Banks, C.E.; Compton, R.G. Metal nanoparticles and related materials 

supported on carbon nanotubes, methods and applications. Small 2006, 2, 182–193. 

12. Kumar, M.K.; Ramaprabhu, S. Nanosructured Pt functionalized multiwalled carbon nanotube 

based hydrogen sensor. J. Phys. Chem. B 2006, 110, 11291–11298. 

13. Star, A.; Joshi, V.; Skarupo, S.; Thomas, D.; Gabriel, J.C.P. Gas sensor array based on  

metal-decorated carbon nanotubes. J. Phys. Chem. B 2006, 110, 21014–21020. 

14. United State Environmental Protection Agency (EPA). Available online: http: //www.epa.gov/ 

ozonedesignations/ (accessed on 8 November 2013). 

15. Park, Y.; Dong, K.Y.; Lee, J.; Choi, J.; Bae, G.M.; Ju, B.K. Development of an ozone gas sensor 

using single walled carbon nanotubes. Sens. Actuators B 2009, 140, 407–411. 

16. Wongwiriyapan, W.; Honda, S.; Konishi, H.; Mizuta, T.; kuno, T.; Ito, T.; Maekawa, T.; Suzuki, K.; 

Ishikawa, H.; Murakami, T.; et al. Ultrasensitive ozone detection using single walled carbon 

nanotube networks. Jpn. J. Appl. Phys. 2006, 45, 3669–3671. 

17. Ghaddab, B.; Sanchez, J.B.; Mavon, C.; Paillet, M.; Parret, R.; Zahab, A.A.; Bantignies, J.L.; 

Flaud, V.; Beche, E.; Berger, F. Detection of O3 and NH3 using hybrid tin dioxide/carbon 

nanotubes sensors: Influence of materials and processing on sensor’s sensitivity. Sens. Actuators 

B Chem. 2012, 170, 67–74. 

18. Sayago, I.; Terrado, E.; Aleixandre, M.; Horrillo, M.C.; Fernandez, M.J.; Lozano, J.; Lafuente, E.; 

Maser, W.K.; Benito, A.M.; Martinez, M.T.; et al. Novel selective sensors based on carbon 

nanotube films for hydrogen detection. Sens. Actuators B 2007, 122, 75–80. 

http://www.epa.gov/ozonedesignations/
http://www.epa.gov/ozonedesignations/


Sensors 2014, 14 6817 

 

 

19. Mubeen, S.; Zhang, T.; Yoo, B.; Deshusses, M.A.; Myung, N.V. Palladium nanoparticles 

decorated single walled carbon nanotube hydrogen sensor. J. Phys. Chem. C 2007, 11, 6321–6327. 

20. Oakley, J.S.; Wang, H.T.; Kang, B.S.; Wu, Z.; Ren, F.; Rinzler, A.G.; Pearton, S.J. Carbon 

nanotube films for room temperature hydrogen sensing. Nanotechnology 2005, 16, 2218–2221. 

21. Choi, H.C.; Shim, M.; Bangsaruntip, S.; Dai, H. Spontaneous reduction of metal ions on the 

sidewalls of carbon nanotubes. J. Am. Chem. Soc. 2002, 124, 9058–9059. 

22. Jiang, K.; Eitan, A.; Schadler, L.S.; Ajayan, P.M.; Siegel, R.W. Selective attachment of gold 

nanoparticles to nitrogen doped carbon nanotubes. Nano Lett. 2003, 3, 275–277. 

23. Lu, Y.; Li, J.; Han, J.; Ng, H.T.; Binder, C.; Partridge, C.; Meyyappan, M. Room temperature 

methane detection using palladium loaded single walled arbon nanotube sensors. Chem. Phys. 

Lett. 2004, 391, 344–348. 

24. Penza, M.; Cassano, G.; Rossi, R.; Alvisi, M.; Rizzo, A.; Signore, M.A.; Dikonimos, Th.; Serra, E.; 

Giorgi, R. Enhancement of sensitivity in gas chemiresistors based on carbon nanotube surface 

functionalized with noble metal (Au, Pt) nanoclusters. Appl. Phys. Lett. 2007, 90, 171231–171233. 

25. Young, P.; Lu, Y.; Terril, R.; Jing, L. High sensitivity NO2 detection with carbon nanotube gold 

nanoparticles composite films. J. Nanosci. Nanotechnol. 2005, 5, 1509–1513. 

26. Capula, C.S.; Aguir, K.; Cervantes, S.F.; Villa, V.L.A.; Garibay, F.V. Carbon nanotubes 

functionalized by nanoparticles of platinum. Mater. Sci. Forum 2014, approved. 

27. Andrews, R.; Jacque, D.; Rao, A.M.; Derbyshire, F.; Qian, D.; Fan, X.; Dickey, E.C.; Chen, J. 

Continuous production of aligned carbon nanotubes: A step closer to commercial realization. 

Chem. Phys. Lett. 1999, 303, 467–474. 

28. Park, T.J.; Banerjee, S.; Benny, T.H.; Wong, S.S. Purification strategies and purity visualization 

techniques for single walled carbon nanotubes. J. Mater. Chem. 2006, 16, 141–154. 

29. Hou, P.; Liu, C.; Tong, Y.; Xu, S.; Liu, M.; Cheng, H. Purification of single walled carbon 

nanotubes synthesized by the hydrogen arc-discharge method. J. Mater. Res. 2001, 16, 2526–2529. 

30. Su, S.H.; Chiang, W.T.; Lin, C.C.; Yokoyama, M. Multiwall carbon nanotubes: Purification, 

morphology and field emission performance. Phys. E 2008, 40, 2322–2326. 

31. Banerjee, S., Hemraj, T.H. Covalent surface chemistry of single walled carbon nanotubes.  

Adv. Mater. 2005, 17, 17–29. 

32. Dresselhaus, M.S.; Dresselhaus, G.; Jorio, A.; Souza, A.G.; Saito, R. Raman spectroscopy on 

isolated single wall carbon nanotubes. Carbon 2002, 40, 2043–2061. 

33. Dresselhaus, M.S.; Jorio, A.; Souza, A.G.; Dresselhaus, G.; Saito, R. Raman spectroscopy on one 

isolated carbon nanotube. Phys. B 2002, 323, 15–20. 

34. Domingo, C.; Santoro, G. Espectroscopía Raman de nanotubes de carbon. Opt. Pura Apl. 2007, 

40, 175–186. 

35. Abdula, D.; Nguyen, K.T.; Shim, M. Raman spectral evolution in individual metallic single wall 

carbon nanotubes upon covalent sidewall functionalization. J. Phys. Chem. C 2007, 111,  

17755–17760. 

36. Datsyuk, V.; Kalyva, M.; Papagelis, K.; Parthenios, J.; Tasis, D.; Siokou, A.; Kallitsis, I.; Galiotis, C. 

Chemical oxidation of multiwalled carbon nanotubes. Carbon 2008, 46, 833–840. 

37. Wang, Y.; Yeow, J.T.W. A review of carbon nanotubes-based gas sensors. J. Sens. 2009, 2009, 

doi: org/10.1155/2009/493904. 



Sensors 2014, 14 6818 

 

 

38. Porro, S.; Vinante, M.; Vanzetti, L.; Anderle, M.; Trotta, F.; Tagliaferro, A. Purification of carbon 

nanotubes grown by termal CVD. Phys. E 2007, 37, 58–61. 

39. Rosolen, J.M.; Montoro, L.A.; Matsubar, E.Y.; Marchesin, M.S.; Nascimento, L.F.; Tronto, S. 

Step by step chemical purification of carbon nanotubes analyzed by high resolution electron 

microscopy. Carbon 2006, 44, 3239–3301. 

40. Li, J.; Lu, Y.; Ye, Q.; Cinke, M.; Han, J.; Meyyappan, M. Carbon nanotubes sensors for gas and 

organic vapor detection. Nano Lett. 2003, 79, 929–933. 

41. Valentini, L.; Mecuri, F.; Armentano, I.; Cantalini, C.; Picozzi, S.; Lozzi, L.; Santucci, L.; 

Sgamellotti, A.; Kenny, J.M. Role of detects on the gas sensing properties of carbon nanotubes 

thin films: Experiment and theory. Chem. Phys. Lett. 2004, 387, 356–361. 

42. Kuzmany, H.; Kukovecz, A.; Simon, F.; Holzweber, M.; Kramberger, Ch.; Pichler, T. 

Functionalization of carbon nanotubes. Synth. Met. 2004, 141, 113–122. 

43. Wepasnick, K.A.; Smith, B.A.; Bitter, J.L.; Howard, D.F. Chemical and structural 

characterization of carbon nanotubes surfaces. Anal. Bioanal. Chem. 2010, 396, 1003–1014. 

44. Tasis, D.; Tagmatarchis, N.; Georgakilas, V.; Prato, M. Solube carbon nanotubes. Chem. Eur. J. 

2003, 9, 4000–4008. 

45. Battie, Y.; Gorintin, L.; Ducloux, O.; Thobois, P.; Bondavalli, P.; Feugnet, G.; Loiseau, A. 

Thickness dependent sensing mechanism in sorted semi-conducting single walled nanotube based 

sensor. Analyst 2012, 137, 2151–2157. 

46. Zhang, J.; Zou, H.; Qing, Q.; Yang, Y.; Li, Q.; Liu, Z.; Guo, X.; Du, Z. Effect of chemical 

oxidation on the structure of single walled carbon nanotubes. J. Phys. Chem. B 2003, 107, 3712–3718. 

47. Battie, Y.; Ducloux, O.; Thobois, P.; Dorval, N.; Laurent, J.S.; Attal, B.T.; Loiseau, A.  

Gas sensors based on thick films of semi-conducting single walled carbon nanotube.  

Carbon 2011, 49, 3544–3552. 

48. Liang, C.; Xia, W.; van den, M.B.; Wang, Y.; Soltani, H.A.; Shluter, O.; Fisher, R.A.; Muher, M. 

Synthesis and catalytic performance of Pd nanoparticles/functionalized CNF composites by a two 

step chemical vapor deposition of Pd (allyl)(Cp) precursor. Chem. Mater. 2009, 21, 2360–2366. 

49. Hayek, K.; Kramer, R.; Paál, Z. Metal support boundary sites in catalysis. Appl. Catal. A Gen. 

1997, 162, 1–15. 

50. Picozzi, S.; Santucci, S.; Lozzi, L. Ozone adsorption on carbon nanotubes: The role of stone-wales 

defects. J. Chem. Phys. 2004, 120, 7147–7152. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


