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a b s t r a c t

This paper compares the selectivity and discusses the response mechanisms of various surface-modified,
single-walled carbon nanotube (SWCNT)-coated sensor arrays for the detection of volatile organic
compounds (VOCs). Two types of sensor platforms, chemiresistor and quartz crystal microbalance
(QCM), were used to probe the resistance changes and absorption masses during vapor sensing. Four
sensing materials were used in this comparison study: pristine, acidified, esterified, and surfactant
(sodium dodecyl sulfate, SDS)-coated SWCNTs. SWCNT-coated QCMs reached the response equilibrium
faster than the chemiresistors did, which revealed a delay diffusion behavior at the inter-tube junction.
In addition, the calibration lines for QCMs were all linear, but the chemiresistors showed curvature
calibration lines which indicated less effectiveness of swelling at high concentrations. While the sorption
of vapor molecules caused an increase in the resistance for most SWCNTs due to the swelling, the
acidified SWCNTs showed no responses to nonpolar vapors and a negative response to hydrogen bond
acceptors. This discovery provided insight into the inter-tube interlocks and conductivity modulation of
acidified SWCNTs via a hydrogen bond. The results in this study provide a stepping-stone for further
understanding of the mechanisms behind the vapor selectivity of surface-modified SWCNT sensor
arrays.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Volatile organic compounds (VOCs) represent a special cate-
gory of hazardous substances that pose adverse effects to both the
environment and human health [1]. Due to the diversity in
chemical structures, the analyses of VOCs are usually performed
using field sampling methods (i.e., canisters or adsorbent tubes)
followed by in-lab analysis using a gas chromatograph–mass
spectrometer (GC–MS) [2]. Although these analytical methods
provide accurate assessments of VOC concentrations, they are
often too expensive for continuous use and/or real-time analyses.
On the other hand, chemical sensor arrays with cross sensitivity to
VOCs can provide sufficient selectivity and detection limits for
applications where immediate attention or continuous monitoring
is called for [3].

Over the past few decades, several types of chemical sensors
have been developed for the purpose of volatile compound or
scent detection [4]. These sensor applications include metal oxide
sensors [4], acoustic wave sensors (i.e., QCM and SAW) [5,6],
optical sensors [7–9], and chemiresistors [10–12]. Recent research
effort has been focused on improving the performance of these
sensors by either employing nano structures to conventional
materials such as metal oxide [13], or by applying newly devel-
oped nano materials such as metal nanoparticles [8–12] and nano
carbon materials [14–16].

Among these newly developed nano materials for chemical
sensing applications, carbon nanotubes have drawn much attention
due to their highly adsorptive surfaces and their susceptible con-
ductivity to environmental changes. Both single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs)
have been demonstrated as highly sensitive materials for gas and
vapor detection [14,17]. The earliest gas sensor employing SWCNTs
was a field effect transistor device that measured the conductivity
changes of a single carbon nano-tube [18]. Several recent studies
have shown that measuring the film of randomly stacked CNTs on an
interdigit electrode can also achieve a highly sensitive chemiresistor
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[17,19]. Aside from measuring the conductivity changes, CNTs have
also been tested on QCM, SAW and optical fiber sensor platforms
[20–24]. The efficacy of using CNT-based sensors for VOCs in the
environment, for detecting explosives, and for breath analysis has
been recently reviewed [25–27].

In addition to the application of pristine CNTs as a sensing
material, both covalent and non-covalent surface modifications of
CNTs have been attempted in order to create a diversified
selectivity for CNT-based sensors [28]. Non-covalent modifications
can be achieved via either a polymer composite [24,28–31] or
surface adsorption with π–π stacking attractions [32]. The swelling
mechanism that is particularly important for polymer-coated CNT
sensors was explored by Feller et al. [33]. Covalent modification
requires a few more steps in the chemical synthesis. Functional
groups that provide specific chemical forces can be grown on the
surface of CNTs [34]. Several recent studies have demonstrated
surface modifications using porphyrin or other metal complexes
on CNTs for highly selective detection [21,35–38].

In the present study, we investigated a series of surface-
modified SWCNTs coated on both chemiresistors and QCMs. Both
covalent and non-covalent modified SWCNTs were tested. By
simultaneously observing both sorption mass and conductivity
changes, we were able to investigate the mechanism behind
selectivity changes as well as the progression of surface modifica-
tions. Different response behaviors for both sensor platforms were
used to interpret how surface-modified SWCNTs react to incoming
vapors as well as the role of the interactions among nanotubes in a
film. The experiment design in this work enabled the observation
of different aspects of surface-modified SWCNTs during vapor
sensing.

2. Experimental

2.1. Materials

High purity (490%) single walled carbon nanotubes were pur-
chased from Sigma-Aldrich and used as obtained. Chemicals for
surface modification synthesis such as nitric acid, thionyl chloride,
octanol and sodium dodecyl sulfate (SDS) were purchased from J. T.
Baker. Organic solvents for both the synthesis process and test vapor
generation were obtained from either Fluka (Japan) or Alfa Aesar (UK)
with a purity of 98% or higher.

2.2. Surface modification of SWCNTs

Four different SWCNTs were tested in this study: pristine,
acidic surface, ether surface, and SDS-coated (Fig. 1a). The non-
covalent modification of SDS surface adsorption was prepared by
suspending SWCNTs in a SDS/toluene solution. The molar ratio of
SDS to the carbon atoms of SWCNTs was 1:10. The mixture
solution was stirred and then ultrasonically resonated for
30 min. The SWCNT in the SDS solution was then filtered, rinsed
with excess amount of toluene and dried in an oven for later use.
The covalent modification of SWCNTs started with acidification to
form a carboxylic acid group at the surface. SWCNTs were
suspended in a mixed-acid solution containing H2SO4:HNO3¼3:1.
The suspended solution was stirred and ultrasonically resonated
and then refluxed for 3 h. The acidified SWCNTs (i.e., SWCNT-
COOH) were filtered, washed with an excess amount of deionized
water and then dried in an oven.

Esterification was carried out by mixing 0.2 g of dried SWCNT-
COOH with excess thionyl chloride (SOCl2) in dimethylformamide
(DMF) with refluxing under nitrogen at 70 1C for 24 h. The
SWCNT-COOHs were converted to SWCNT-COCls in this step. After
allowed to cool to room temperature, the SWCNT-COCls were

rinsed with a large amount of dehydrated tetrahydrofuran (THF)
and dried in a vacuum oven. Dried SWCNT-COCl was then mixed
with 1 mL pyridine and 80 mL octanol and then refluxed at 117 1C
for 4 days. After reflux, the solution was cooled to room tempera-
ture. The excess octanol was removed by a filtering of the solid
SWCNT-COOC8H17 (i.e., labeled as SWCNT-ESTER for later discus-
sions) and the final product was washed repeatedly with ethanol
and THF. In terms of interacting with analytes, the polar attraction
was more important than the weak dispersion from the interac-
tion with an aliphatic chain in this SWCNT-ESTER structure.

2.3. Sensor devices

10-MHz, AT-cut, gold-electrode QCM devices were purchased
from Taitein electronics, CO., Taiwan. The 10-MHz driving circuitry
was constructed in-house. A screen-printed interdigit electrode (IDE)
was obtained from Ghitron Technology Co., Ltd (Taiwan). There were
5 pairs of carbon electrodes with lengths of 4 mm and widths of
0.25 mm that were spaced 0.15 mm apart. The SWCNTs were
dissolved in THF and spray-coated on both QCM and IDE. The
spray-coat procedure was performed using a small airbrush with
regulated-pressure nitrogen gas from a cylinder. The electrodes were
buried under the SWCNT film. The resistance of the chemiresistor
was measured through a bridge circuit. The thickness of the films
was examined by cross-section SEM images (i.e., see Supporting
information). The thickness of the SWCNTs on IDE was �17 μm. The
thickness of the SWCNTs on QCM was �33 μm. We intentionally
added more mass to the QCM to enhance the sensitivity for this
device. Fig. 1b shows the photos of both sensors as one unit. The
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Fig. 1. (a) Chemical structures of surface modified SWCNTs (b) Photo of QCM and
chemiresistor sensor platforms.
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frequency shift and voltage signal was recorded via a data acquisition
interface card (DAQ-Pad 6015, National Instruments, USA). The soft-
ware for continuous acquisition of frequency and voltage changes
was written in-house using LabVIEW.

2.4. Instruments and apparatus

The infrared spectra of SWCNTs during the synthetic process
were measured by FTIR (Spectrum RX-1, Perkin Elmer). A field
emission scanning electron microscope (FE-SEM, S4800, Hitachi,
Japan) was used to observe the image of the SWCNT film. A
frequency counter (HP-5313A, Agilent, USA) and a resistance
meter (model 6487, Keithley, USA) were used to monitor the
oscillating frequency of QCM and resistance changes of chemir-
esistor during the spray coating of SWCNTs.

2.5. Vapor testing system

Test vapor was generated by a dynamic dilution system con-
sisting of three mass flow controllers, stainless steel or Teflon
manifolds, adsorbent traps, and a solvent evaporator. Clean back-
ground air was generated by passing compressed air through the
tandem traps of a molecular sieve, charcoal, and a highly efficient
particle filter (HEPA) to remove moisture, VOCs, and fine particles,
respectively. The temperature was maintained at 2571 1C and
relative humidity was kept below the lowest readable level (o1%)
for a humidity meter (DO9861T-R1, Delta Ohm, Padua, Italy). The
organic vapor concentration was generated by passing the back-
ground air through a bubbler to produce a saturated vapor
concentration, and was diluted with different ratios of background
air, and both were controlled using mass flow controllers (5850i,
Brooks Instrument, PA). Two solenoid 3-way valves were con-
nected to the front of the test cell and vent that allowed computer-
controlled switching between the background air and the test
vapor concentration. The generated vapor concentration was
confirmed by GC-FID (HP5890, Agilent). The test cell that was
used to house both the sensor arrays had an internal volume of
�250 mL. The volumetric flow rates were maintained at 5 L/min
to ensure that the switching between test atmosphere and back-
ground air could be achieved in a few seconds.

3. Results and discussion

3.1. Characterization of surface modified SWCNTs

Fig. 2 shows the FTIR spectrums of pristine SWCNT, SWCNT-COOH,
SWCNT-ESTER, and SWCNT-SDS. The pristine SWCNTs showed two
small absorbance bands located at 1570 cm�1 that represented C¼C
stretching. Another small absorbance at 3410 cm�1 indicated a small
fraction of oxidization on the surface of “as-purchased” SWCNT. After
the acidification to SWCNT-COOH, narrower and sharper bands
appeared at 1580–1750 cm�1 which indicated the absorbance of the
C¼O and COO� functional groups. Another huge and broad absor-
bance band at 3000–3600 cm�1 was the contribution of –OH on the
carboxylic acid group. When the SWCNT-COOH was further converted
to a SWCNT-ESTER, the broad absorbance band at 3000–3600 cm�1

disappeared. Instead, a group of sharp absorbance peaks was seen at
2800–3000 cm�1, which indicated the replacement of –OH by the
long alkane chain (–CH2–, sp3) of an ester group (i.e., from –COOH to –

COOR). The FTIR spectrum of the SWCNT-SDS showed both the similar
signature of sp3 band form the long alkane chain of SDS and the
absorbance signals of pristine SWCNT. These FTIR spectrums con-
firmed the changes in chemical structure as we progressively modified
the SWCNT.

Fig. 2b shows an example SEM image of a spray-coated SWCNT-
ESTER film. The morphologies of all four SWCNT sensing films
were very similar regardless of surface modification. The randomly
stacked nanotubes created a naturally porous film. The pores
among these randomly stacked nanotubes were ranged from
submicron to several microns and were beneficial for rapid gas
diffusion into the film. The gas response times of such a porous
sensing film were expected to be short. A different study demon-
strated by Feller et al. using polymer-coated CNTs as sensing film
showed a faster rate of response equilibrium while significantly
reducing the film thickness [33]. This showed how the diffusion
through the polymer matrix contributed significantly to the
response time. Unlike the film created by dense polymer coatings
where gas diffusion time through sensing film contributes
significantly to sensor response time, the small difference in the
thickness of SWCNT film was expected to have a minor effect on
the response time due to its porous structure.

3.2. Response time differences between QCMs and chemiresistors

Fig. 3 shows examples for the response signals of a chemiresistor
(CR) and that of a QCM sensor. The chemiresistor circuitry was
configured in such a way that the increases in resistance caused the
increases in output voltage. The frequency shift of the QCM during
vapor adsorption was always negative. The response signals of the
QCMwere reversed and overlapped with the chemiresistor signal in

Tr
an

sm
itt

an
ce

Wavenumber (cm1)
4000 3500 3000 2500 2000 1500

Fig. 2. (a) Infrared spectra of SWCNTs with and without surface modifications
(b) SEM image of spray-coated SWCNT film.
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order to compare the times required for reaching equilibrium for
both sensors. Fig. 3a shows the response signals of SWCNT-SDS-
coated QCM and CR to 3000 ppm butanol. Fig. 3b shows the signals
of SWCNT-ESTER-coated QCM and CR to 3500 ppm butyl acetate. In
both cases, the responses of the QCM reached equilibrium faster
than the chemiresistor did. Similar results were observed in all
cases of pristine SWCNT, SWCNT-SDS and SWCNT-ESTER. This was
particularly noteworthy because both sensors were coated with the
same material at a similar thickness. As shown in the SEM image
(Fig. 2b), the porous nature of randomly stacked SWCNT films was
expected to enable a fast equilibrium between the gas phase and
the surface adsorption. However, the increases in resistance require
vapor molecules to intercalate between the junctions of two
nanotubes. A proposed response mechanism is illustrated in
Fig. 4. With the onset of vapor concentration, the vapor molecules
diffused rapidly into the porous SWCNT films and were readily
adsorbed onto the non-overlapped surfaces of SWCNTs. This was
the adsorption-mass-increase stage, and a frequency shift of the
QCM occurred. The remaining kinetic energy of adsorbed vapor
molecules allowed the molecules to move into the overlapped
regions between the nanotubes. The overlapped regions provided
van der Waal attraction from both sides of the nanotube wall, which
was better stabilized by the adsorbates. Thus, the adsorbed mole-
cules had a greater tendency to stay within the overlapped regions.
The swelling between carbon nanotubes needed to overcome the
attractions between nanotube surfaces and a slight displacement of
these nanotubes. Therefore, even though it was thermodynamically
favorable for adsorbed molecules to partition into the overlapped
regions between SWCNTs, a certain amount of reaction time was
still required to complete the displacement of SWCNTs during the
swelling. The response behavior of SWCNT-COOHs differed from
that of the other three sensing materials, which will be addressed in
the following sections.

3.3. Response signals of surface modified SWCNTs

Fig. 5 shows examples of the response signals for both a non-
polar vapor (i.e., octane) and a highly polar vapor (i.e., butanol) for
the four SWCNTs coated on both CR and QCM. As both Fig. 5a and b
show, the coating of SDS on SWCNTs can significantly enhance the
response for QCM sensors, which means an increase in vapor
partition. When SDS was coated on the SWCNTs, the static charge
of the –SO3

�Naþ terminal was attracted to the surface of the
SWCNTs due to the highly polarizable conjugating electrons on
the surface of the SWCNTs. After we had rinsed the SWCNT-SDS
with toluene, the excessive SDS was eliminated leaving only the
strongly adsorbed SDS that bind to the surface via a static charge-
induced dipole attraction. The long alkane chain of the SDS layer
provided an additional “stationary phase” for the partition of
hydrophobic compounds. Hydrophilic compounds are more likely
to be attracted by the –SO3

�Naþ group of SDS. When octane was
absorbed by SWCNT-SDS, octane could partition into the over-
lapped alkane chain “spacer” and caused swelling between the
nanotubes. As a result, the increased absorption of octane on
SWCNT-SDS QCM showed an equivalent increase in the responses
on the SWCNT-SDS chemiresistor. In the case of butanol, the
SWCNT-SDS chemiresistor did not show sensitivity enhancement
that matched the increase in absorption mass. This was because the
overlapped regions of SWCNT-SDSs were spaced by non-polar
alkane chains. Butanol was greatly attracted to the –SO3

�Naþ site
near the SWCNT surface. An increase in mass adsorption can be
seen in the QCM responses (Fig. 4b). The effectiveness of increasing
the distances between SWCNT-SDS nanotubes by butanol adsorp-
tion was reduced because it did not contribute to the swelling of the
non-polar end of the SDS shell. Also, the static charge of the –

SO3
�Naþ site hindered the hydrogen bond formation of n-butanol

directly to the surface of the SWCNTs. The possibility of reducing
conductivity by scattering points [39,40] created from n-butanol
adsorption was reduced; therefore, the resistance change exerted
by n-butanol adsorption was less sensitive.
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SWCNT-COOHs showed a sensing behavior that was more
distinct than that of the other three materials. Judging from the
response of the SWCNT-COOH-coated QCM, there was only a
relatively small but detectable amount of octane adsorption on
the SWCNT-COOH. However, the SWCNT-COOH-coated chemire-
sistor showed absolutely no response to octane even at very high
concentrations. On the other hand, SWCNT-COOHs showed a
higher adsorption mass for butanol than that of either pristine
SWCNTs or SWCNT-ESTERs, but lower than that of SWCNT-SDSs.
Surprisingly, a huge reverse response (i.e., resistance decrease)
was seen with the SWCNT-COOH chemiresistor (Fig. 5d). It should
be noted that the scale of the second y-axis on the right of Fig. 5d
for SWCNT-COOH is 20 times larger than the scale of the first
y-axis for the other three chemiresistors.

Unlike the NH3 or NO2 that were used as target gases for
SWCNT sensors in earlier studies [25,41], nonpolar VOCs, such as
octane, lack the ability to change the electron density of SWCNT.
Therefore, the chemiresistor responses of octane on SWCNT,
SWCNT-ESTER and SWCNT-SDS are mainly due to the swelling
between the carbon nanotubes that increases the resistance of
electron-hopping at the junctions of nanotubes. SWCNT-COOH has
very strong hydrogen bonding terminals. The massive hydrogen
bonds at the junction regions held SWCNT-COOH nanotubes
tightly together. The adsorbed octane on the surface was not
capable of breaking the hydrogen bond “interlocks” between the
SWCNT-COOH nanotubes (Fig. 6). Therefore, SWCNT-COOH-coated
chemiresistors showed no response to octane.

Butanol is neither a strong electron donor nor an acceptor by
comparison with either NH3 or NO2. The increases in resistance
indicate that the swelling remains to be the dominant mechanism
for pristine SWCNT, SWCNT-SDS and SWCNT-ESTER chemiresis-
tors. However, a huge decrease in resistance was observed when
butanol was adsorbed onto SWCNT-COOH. Although the hydroxyl
group (–OH) of butanol can act as a hydrogen bond donor or
acceptor, its acidity is much lower than that of the carboxyl group

(–COOH). Therefore, we believe that hydroxyl groups accept
protons from carboxyl groups when hydrogen bonds are formed,
which allows the conjugating electrons of carboxylic groups to
increase the electron density on carbon nanotubes and the con-
ductivity of SWCNT-COOH film to increase. This reverse response
is also know as Negative Vapour Coefficient (NVC) and is some-
times observed with Poly aniline (PANI) or other Intrinsically
Conducting Polymers (ICP) [42,43].
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3.4. Calibration lines of SWCNTs coated QCMs and chemiresistors

Fig. 7 shows the calibration lines of toluene for both QCM and
chemiresistor arrays. The y-axis units for the QCM arrays were Δfv/
Δfs, which stands for the vapor response frequency shift (Δfv)
normalized to the frequency shift induced by the coating thickness
(Δfs) of SWCNT film. The output signal of the chemiresistor was
voltage, which was converted to the change in resistance (ΔR) using
Ohm’s law. The y-axis units for the chemiresistor calibrations were
expressed as ΔR/R0, which represented a change in the resistance
normalized to the film resistance (R0) in clean air. The units on the y-
axis of Fig. 7a and b are changes in parts per million (ppm). The
calibration lines of QCM for all SWCNTs (Fig. 7a) were linear over a
wide range of vapor concentrations. On the contrary, the calibration
lines of chemiresistors were all curved for pristine SWCNTs, SWCNT-
ESTERs, and SWCNT-SDSs. There was no calibration data for toluene
from the SWCNT-COOH-coated chemiresistor, because it did not
respond to toluene. Due to the high signal-to-noise ratios of chemir-
esistors, the responses of this array can be measured at lower
concentrations. The inset of Fig. 7b shows the calibration lines of a
chemiresistor array at a lower concentration range. The chemiresistor
responses appeared to be closer to linear at low concentrations and
gradually leveled off at high concentrations.

The linear calibrations of the QCM sensors indicated that the
partition coefficients for surface adsorption over the tested con-
centration range were constant. The surface adsorption mass was

always in a linear proportion to the concentration in the test
atmosphere. However, increases in adsorbed molecules at high
concentrations did not seem to swell the nanotube films as
effective as they had at lower concentrations. As illustrated in
Fig. 4, vapor molecules were first adsorbed onto the non-
overlapped surface of SWCNTs. Some kinetic energy remained on
the adsorbed molecules, which allowed them to move along the
SWCNT surface, and some of them were stabilized at the junction
point of the nanotubes. In general, the overlapped regions
provided better stabilization by offering the conjugating π-
electrons for dispersion attractions from both sides of two adja-
cent SWCNT walls. A partition equilibrium exists between the
non-overlapped surface and the overlapped regions. The concen-
tration inside the overlapped region could be higher than that on
the non-overlapped surface due to stabilization. At low concentra-
tion, adsorbed molecules were rapidly diffused into the over-
lapped region and effectively increased the resistance at the
junction point. When vapor concentrations were high, these small
overlapped regions approached saturation. When a second or third
layer of adsorption occurred inside the overlapped region, the
stability from both SWCNT walls was reduced due to the increased
separation between SWCNT walls. The partition into the over-
lapped region became less favorable than it was at low concentra-
tion. Therefore, the calibration lines of swelling-dependent
SWCNT chemiresistors appeared to be nonlinear over a large
concentration range. This adsorption/diffusion behavior was
previously fitted to an LHC (i.e., Langmuir Henry Clustering)
model. Details regarding the use of this model can be found
elsewhere [33,44].

In addition to the discrepancy in the linearity between the QCM
and chemiresistor calibrations, the relative sensitivities of these
SWCNTs were also different on two platforms. The sensitivity
trend for toluene on the QCM array was SWCNT-SDS4
SWCNT¼SWCNT-COOH4SWCNT-ESTER. The sensitivity order of
toluene on the chemiresistor array was SWCNT-SDS4SWCNT-
ESTER4SWCNTcSWCNT-COOH (i.e., no response). As indicated
earlier, the responses of the QCM revealed the partition coeffi-
cients between the air and the SWCNT film. The responses of the
chemiresistors were affected by at least three factors: the partition
between the air and the SWCNT surfaces, the partition between
non-overlapped and overlapped surfaces, and the effectiveness of
the swelling. The effectiveness of the swelling is mainly deter-
mined two factors: the free volume associated with the absorbed
organic molecules, and the attractions between the nanotubes.
Both factors could be affected by the surface modification of the
SWCNTs. For example, the strong hydrogen bonds between the
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carboxylic acid groups on adjacent SWCNT-COOHs inhibited the
swelling completely and resulted in the lack of a response to
nonpolar compounds in chemiresistor (Fig. 6).

Fig. 8 shows the calibration curves of several polar organic vapors
that were tested using a SWCNT-COOH chemiresistor. Similar to
toluene or octane, chlorobenzene showed only a barely detectable
response on a SWCNT-COOH chemiresistor. The remaining com-
pounds in Fig. 8 were able to either accept or partially stabilize the
positive charge (i.e., proton) from carboxylic terminals. The responses
of these compounds were all “negative,”which equated to a reduction
in film resistance. In addition, unlike the other three swelling-

dependent chemiresistors, the negative calibration curves of SWCNT-
COOHwere all linear, which indicated clear differences in the response
mechanism. Salehi-Khojin et al. recently proved that modulation of
the conductivity of carbon nanotubes itself plays an important role in
highly defected SWCNTs [45]. In the present study, the reactions of
covalent modifications (i.e., acidification) created a highly defective
SWCNT. All these polar organics in Fig. 8 were basic related to
carboxylic acid. With the mechanism that we proposed in Fig. 6, these
molecules attracted protons via hydrogen bonds accepting and
releasing some of the electron density back to the carbon nanotubes,
thus, the conductivity of the chemiresistor was increased. We have
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CR-butanol

×103

CR-butanone

×102
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QCM-toluene
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QCM-butanone
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Fig. 9. Response patterns of five VOCs obtained from SWCNT-coated QCM and chemiresistor arrays. Coatings (from left to right): SWCNT, SWCNT-ESTER, SWCNT-SDS,
SWCNT-COOH.
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also tested several nonpolar organic vapors such as xylene and
trichloroethylene, and none of these compounds showed measurable
responses on the SWCNT-COOH chemiresistor.

3.5. QCM and chemiresistor response patterns

Response patterns are usually plotted as either a bar chart or a
radar chart that shows the relative sensitivity of a sensor array to a
target analyte. The most common approach is to normalize the
sensitivity (i.e., calibration slope) with respect to the highest
sensitivity in the sensor array. In the present study we plotted
the response pattern of a QCM array in a conventional manner for
five tested vapors, as shown in Fig. 9a–e. The extraction of
response patterns from chemiresistor calibrations is somewhat
difficult because the calibrations of swelling-dependent chemir-
esistors are nonlinear over the tested concentration range. We
used the first portion of a calibration curve at low concentration
range that could be approximated as a straight line, and then used
the slope of this section to draw the response patterns (Fig. 9f–j).

The response patterns of the QCM arrays indicated that the
surface modifications with SDS coating significantly increased the
amount of absorption mass for most compounds. The covalent
modification of a SWCNT into a COOH or ester group can alter the
preferences to different functional groups to some degree. The
response patterns of the chemiresistors were dramatically differ-
ent from those of the QCM arrays. Despite the unique sensing
behavior of the SWCNT-COOH chemiresistor, the relative sensitiv-
ities of the other three chemiresistors were also highly distin-
guishable. The additional mechanisms that were involved in the
resistive changes led to the differences between chemiresistor and
QCM patterns. It is noteworthy that the same set of SWCNTs can
express different response patterns on two different sensor plat-
forms. The versatile properties of sensing materials and the choice
of proper sensing platforms are essential for constructing a hybrid
array [46]. This discrepancy between QCMs and chemiresistors can
be used to create a hybrid array that can potentially improve the
recognition rate for vapors.

In the present study, the covalent surface modification started with
converting a pristine SWCNT to a SWCNT-COOH. Dramatic changes in
chemiresistor selectivity were observed: insensitive to nonpolar
compounds and an increase in conductivity versus polar compounds.
When the carboxyl acid groups further reacted to esters, these
characteristics disappeared and the behavior of SWCNT-ESTER che-
miresistors returned to swelling-dependent. This result indicated that
the proton of a carboxyl acid plays an essential role in the unique
response selectivity of a SWCNT-COOH chemiresistor.

4. Conclusion

In the present study, QCM and chemiresistor platforms were
used to investigate the selectivity mechanisms of one pristine and
three surface-modified SWCNTs. The results of the QCM provided
a direct indication of the VOC partition selectivity of SWCNT
surfaces. The chemiresistors responded to either swelling or
charge modulation depending on the type of SWCNT. Surface-
acidified SWCNT-COOHs showed a unique H-bond interlock that
prohibited the swelling mechanism. However, the resistance of
SWCNT-COOHs could be modulated via H-bond formation. The
response time, linearity and relative sensitivities were all different
between QCM and chemiresistor arrays coated with the same set
of SWCNTs. The signal transduction mechanisms behind SWCNT-
coated QCMs and chemiresistors were quite different, which
implies that the diversified properties of surface-modified
SWCNTs can be used to create a highly selective hybrid array.
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