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Abstract
Single-walled carbon nanotubes (SWNTs) have been used extensively for sensor fabrication due
to its high surface to volume ratio, nanosized structure and interesting electronic property. Lack of
selectivity is a major limitation for SWNTs-based sensors. However, surface modification of
SWNTs with a suitable molecular recognition system can enhance the sensitivity. On the other
hand, porphyrins have been widely investigated as functional materials for chemical sensor
fabrication due to their several unique and interesting physico-chemical properties. Structural
differences between free-base and metal substituted porphyrins make them suitable for improving
selectivity of sensors. However, their poor conductivity is an impediment in fabrication of
prophyrin-based chemiresistor sensors. The present attempt is to resolve these issues by
combining freebase- and metallo-porphyrins with SWNTs to fabricate SWNTs-porphyrin hybrid
chemiresistor sensor arrays for monitoring volatile organic carbons (VOCs) in air. Differences in
sensing performance were noticed for porphyrin with different functional group and with different
central metal atom. The mechanistic study for acetone sensing was done using field-effect
transistor (FET) measurements and revealed that the sensing mechanism of ruthenium octaethyl
porphyrin hybrid device was governed by electrostatic gating effect, whereas iron tetraphenyl
porphyrin hybrid device was governed by electrostatic gating and Schottky barrier modulation in
combination. Further, the recorded electronic responses for all hybrid sensors were analyzed using
a pattern-recognition analysis tool. The pattern-recognition analysis confirmed a definite pattern in
response for different hybrid material and could efficiently differentiate analytes from one another.
This discriminating capability of the hybrid nanosensor devices open up the possibilities for
further development of highly dense nanosensor array with suitable porphyrin for E-nose
application.
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Introduction
Single-walled carbon nanotube (SWNTs) has gained attention in sensing application owing
to its unique electrical and structural properties.1,2 In particular, the property of conductance
change in SWNTs on absorption of analyte gas molecule makes it a potential material for
sensor development.3,4 Also, their high electrical mobility enables the development of low
power microelectronics. Further, SWNTs, one-dimensional structure with a nanometer range
diameter make it possible to develop a high-density nanosensor array within a limited space.
However, lack of sensor performance in terms of sensitivity and selectivity is intrinsic in
carbon chemistry and it limits the use of SWNTs as an individual sensor.5 But surface
modification of SWNTs with suitable guest molecule can enhance sensing performance. 6–8

On the other hand, porphyrins are organic macrocyclic compounds having interesting
structural and optical properties, and chemical stability.9 They are able to bind
nonspecifically with different analytes through Van der Waal forces, hydrogen bonding and
coordination interaction with the central metal ion.10,11 Further, changes in certain physical
properties upon porphyrin-analyte binding makes porphyrins as an attractive class of sensing
material. The sensing capabilities of porphyrin thin film have been demonstrated based on
optical or mass detection.12–16 Porphyrin thin-film based field-effect transistor (FET) also
has been reported as a gas sensor.15,17 Although, the transduction mechanisms of the above
mentioned device are simple, fabrication may require use of complex technology. In this
regard, chemiresistive sensor based on conductivity change could be the simplest possible
transduction mechanism, which requires simple technology for electronic application. Very
low electrical conductivity of the porphyrin structure makes it difficult to develop only
porphyrin based chemiresistive sensor.18 However, SWNTs-porphyrin hybrid, which can be
prepared by surface modification of SWNTs with porphyrin, could overcome the
conductivity issue. In SWNTs-porphyrin hybrid, the high electrical mobility of SWNTs
improves the device conductance, whereas, the binding ability of porphyrin towards
different analyte improves sensing performance of the hybrid device when used as a sensory
layer.

Porphyrin has a flat and planar structure that facilitates π-π interaction and bind to the
SWNTs surface almost without altering SWNTs electronic properties.19 Further, porphyrin
can be easily tailor-made at the synthetic level by adding different functional groups at the
outer porphyrin ring and by introducing different metal atoms at the core of the porphyrin
ring which could provide different transduction mechanism depending upon the type of
interaction between the porphyrin and analyte. The richness of porphyrin library facilitates
to develop independently SWNTs-porphyrin hybrid based sensors array. There are reports
on multi-walled carbon nanotubes (MWCNTs) based porphyrin hybrid sensor for sensing
volatile organic compound (VOCs).20 However, it requires complex sensor fabrication
techniques. Also it lacks to explain the possible sensing mechanism.

In this work, we report a nanosensor array based on porphyrins-functionalized SWNTs
hybrids operating in chemiresistive mode for a wide spectrum of VOCs. Various porphyrins
viz. octaethyl porphyrin (OEP), ruthenium OEP (RuOEP), iron OEP (FeOEP), manganese
OEP (MnOEP), tetraphenyl porphyrin (TPP), ruthenium TPP (RuTPP) and iron TPP
(FeTPP) were used for surface modification of SWNTs. Systematic study was done to
evaluate sensing performance of the hybrid devices towards a number of VOCs. Field-effect
transistor (FET) analysis was done to understand the sensing mechanism of the hybrid
device. Principle component analysis (PCA) was done using sensing data of hybrid devices
to determine the discrimination capability of the devices towards different VOCs. PCA
results revealed clear segregation of sensing response to each gas thus providing a unique
signature of responses of different devices towards various VOCs.
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Methods
Nanosensor Fabrication

SWNT solution was prepared dispersing 0.2 mg of carboxylated SWNTs [P3 SWNT-COOH
80 ~ 90% purity from Carbon Solution Inc. (Riverside, CA, USA)] in 10 ml of N,N-
dimethylformamide (DMF) (Sigma Aldrich, Spectral grade) by ultrasonication for 90
minutes followed by centrifugation at 31,000 g for another 90 minutes to separate soluble
fraction from the aggregates.

Sensor arrays were microfabricated on highly doped p-type silicon substrate by standard
lithographic patterning. First, approximately 100 nm SiO2 insulated layer was deposited on
the substrate by low-pressure chemical vapor deposition (LPCVD). Electrodes were written
on the substrate by photolithography, followed by the deposition of 20 nm Cr layer and 180
nm of Au layer by e-beam evaporation. The width of the electrode was 200 nm and
separated by a gap of 3 µm. Finally electrodes were defined by using standard lift-off
technique.

To bridge the gap between the gold electrodes, SWNTs were aligned dielectrophoretically
across the electrodes by putting 0.1 µl of SWNT suspended solution on the top of the
electrode gap while applying 3 VP-P at 4 MHz frequency by a function generator (Wavetek,
San Diego, CA, USA). Desirable resistance of the device could be achieved by varying the
alignment time. After alignment, the device was washed with nanopure water to remove the
extra SWNTs solution and dried by gently blowing dry nitrogen gas. The electrode was then
annealed at 300°C for 90 minutes under reducing environment (5% H2 in N2) to improve the
contact between the gold electrode and SWNTs by removing any DMF residues between
electrode and SWNTs.

SWNTs were functionalized with different free-base and metal substituted porphyrin by
solvent casting technique. A 0.1 mM porphyrin solution was prepared in DMF for each
porphyrin.

Gas Sensing Studies
For gas sensing studies, the sensors were wire-bonded (West Bond Inc., Anaheim, CA,
USA) to a chip holder, and each sensor was connected in series with a potentiometer. The
value of the potentiometer was adjusted to a near possible value of the initial resistance of
the sensor to optimize the resolution obtained from the measurement. A bias potential of 1 V
was applied across the sensor to study the sensing performance. The sensor was covered
with a 1.3 cm3 sealed glass dome of with gas inlet and outlet. Dry air (purity: 99.998%, Air
gas Inc., Riverside, CA, USA) was used as carrier gas. Saturated VOCs vapor was generated
by passing dry air though a bubbler filled with liquid VOCs. Different concentration of
VOCs vapor was obtained by mixing VOCs vapor stream and dry air. Two mass flow
controllers (Alicate Scientific Inc, Tucson, AZ, USA) were used to control the gas flow rate.
A Labview program was developed in-house and used to control and monitor the voltage of
the circuit using a field point analog input and outputs modules (National Instruments,
Austin, TX, USA). In all the experiments, sensors were first exposed to dry air to achieve
the baseline, then to a desired concentration of analyte vapor concentration, and then back to
air, which completed one cycle.

Characterization
The structural characterization of SWNTs-porphyrin hybrid device was done by using
scanning electron microscope (XL-30 FEG, FEI, Oregon, USA) and atomic force
microscope (Veeco Innova, Santa Barbara, CA, USA).
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Electrical characterization was done through current-voltage (IDS-VDS) measurement and
field-effect transistor (FET) measurement, to confirm surface functionalization of SWNTs
with RuOEP. FET measurements were also performed for elucidation of the sensing
mechanism by exposing the device to air or saturated vapors of acetone and DCM. The IDS-
VDS for device was measured by linear sweep voltammetry using electrochemical analyzer
(CHI model 1202A, Austin, TX, USA) and FET measurement was done by using a
semiconductor parameter analyzer (HP model # 4155A, Palo Alto, CA, USA). For FET
measurements, the gold electrodes served as drain and source while the aligned SWNTs/
aligned modified SWNTs acted as channel. Back gate potential was applied through the
highly doped Si surface. A 100 nm thick dielectric layer of SiO2 used to separate the back
gate from source-drain. The source-drain current (IDS) was measured at room temperature as
a function of applied gate voltage (VG).

Results
Verification of Porphyrin-SWNTs Hybrid Formation

The formation of porphyrins-SWNT hybrid was verified by microscopy (SEM and AFM)
and electrical (IDS-VDS and IDS-VG, FET) studies of Ru-OEP functionalized device. The Ru
peak in the energy dispersive X-ray (EDAX) spectrum [Fig. 1a] of the corresponding SEM
image [Fig. 1a, inset] confirmed the presence of Ru in Ru-OEP coated SWNTs. Similarly,
the AFM analyses revealed an increase in the average diameter of the bare SWNTs from
~3.5 nm to ~7.5 nm after functionalization with RuOEP [Fig. 1b].

The modulation of resistance/conductance, threshold gate voltage and transconductance of
the SWNTs is a facile method for verifying functionalization of SWNTs. Figure 2 shows the
IDS-VDS and IDS-VG (FET) characteristics of bare and Ru-OEP functionalized SWNTs. As
shown in the Fig. 2a, the conductance of bare SWNTs device decreased significantly upon
functionalization with RuOEP. Further, the RuOEP-coated SWNTs device had a more
negative threshold gate voltage (VTH) and lower transconductance when compared to the
bare SWNTs device. These changes are attributed to the n-doping by the electron donor
porphyrin21–23 of the p-type semiconductor SWNTs2,3 that results in lower carrier (hole)
concentration21–23 [Fig. S1(a)] and carrier mobility [Fig. S1(b)].

VOCs Sensing
In order to evaluate the potential of porphyrins-functionalized SWNTs arrays for
discriminating VOCs, room temperature responses (defined as ΔR/Ro % = (R-Ro)/Ro *100;
where R= resistance of the device exposed to analyte and Ro is the initial base line resistance
before analyte exposure) of various SWNTs-porphyrins hybrid sensors as a function of
concentration to a wide range of VOCs such as acetone, ethanol (EtOH), methanol (MeOH),
methyl ethyl ketone (MEK), and dichloromethane (DCM), and water vapor were
investigated.

Figure 3 illustrates a sample calibration plot along with the dynamic response (inset) of the
SWNTs-OEP hybrid for MEK detection. The data shows a fast responding sensor with the
response attaining 60% and 90% of the maximum in less than 1 min. and 7.2±1.9 min.,
respectively (Fig. 3, inset). Similar fast responses were observed for other porphyrin-
functionalized SWNTs devices with MEK and other VOCs tested (data not shown). Further,
OEP-functionalized SWNTs device was significantly more sensitive compared to the bare
SWNTs device. However, the improved sensitivity was not limited to SWNTs-OEP and not
all the porphyrins coatings improved SWNTs sensitivity to MEK. As shown in Fig. 4,
RuOEP-, FeOEP- and MnOEP-SWNTs hybrid sensors were less sensitive, whereas, OEP-,
TPP-, RuTPP- and FeTPP-SWNTs hybrid devices were more sensitive than bare SWNTs
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sensor for MEK. A similar non-selective response pattern was observed from porphyrins-
functionalized SWNTs hybrid sensors in the array for other VOCs tested in this work [Fig.
4]. Thus, each analyte has a somewhat distinct response pattern/signature making its
identification/detection feasible by combining with chemometric analysis. The pattern/
signature of each vapor can be attributed to the diversity of the sensing elements, i.e.
porphyrins, with different peripheral ligand and central metal. The exact role of the different
functional groups of porphyrins in generating the signature is not well understood and would
require a more systematic investigation for elucidation. It is also worth noting that both Ru-
OEP and Ru-TPP functionalized SWNT devices did not respond to water vapor, which
should be helpful for the success of sensor array in ambient environment where water vapor
is present.

Sensing Mechanism
The above sensing responses of porphyrin-SWNTs hybrid devices can be ascribed to one or
more of the following: electrostatic gating due to charge transfer, Schottky barrier
modification resulting from work function change and reduced charge mobility by the
introduced scattering sites.24 Reports in literature on porphyrin-functionalized CNTs devices
for gas sensing proposed a charge transfer mechanism for the sensor response without any
evidence.11,20 In order to shed light on the sensor mechanism, FET measurements were
carried out for SWNTs-RuOEP and SWNTs-FeTPP upon exposure to dry air or saturated
vapors of acetone. As evident from Fig. 5a, there was a positive shift of ~5V of threshold
gate voltage (VTH) with respect of air when SWNTs-RuOEP hybrid was exposed to acetone.
Acetone is an electron donating species and thus exposure to acetone causes a shift in
valence band away from the Fermi level resulting in a decrease in charge carrier (hole)
concentration25 (~3.3×1010 cm−1), thereby reduction in conductivity and negative shift in
threshold voltage (VTH) of the device. In comparison, the mobility (calculated from the
device transconductance, slope of the IDS vs. VG) of the SWNTs-RuOEP device in air, and
saturated acetone were ~3.6×10−2 and ~4.1×10−2 cm2V−1s−1, respectively.26 Thus, the
change in VTH as well as carrier concentration is significant in magnitude when compared to
mobility for acetone indicating that the sensing mechanism for SWNTs-RuOEP hybrid is
governed by electrostatic gating effect.27

Figure 5b shows the FET transfer characteristics for the FeTPP-functionalized SWNT
device. Once again, like SWNTs-RuOEP, a negative shift in of 11.4 V in the gate voltage
with respect to air was observed upon exposure to saturated vapors of acetone. This
corresponds to a carrier concentration change of ~2.8×1010 cm−1 in acetone environment
compared to air. However, unlike SWNTs-RuOEP device, there was a significant change in
the mobility of the SWNTs-FeTPP upon exposure to acetone (~4.9 cm2V−1s−1) compared to
air (1.1 cm2V−1s−1). This 4-fold change in mobility indicates a decrease in work function of
the device on absorption of analyte gas at the gold contact causing Schottky barrier
modulation.27 Thus, a threshold voltage shift and mobility change in case of SWNTs-FeTPP
hybrid device suggests that the sensing mechanism is governed by electrostatic gating and
Schottky barrier effect in combination.27

Principal Component Analysis
To evaluate the VOCs identification performance of porphyrins-SWNT hybrid sensors
array, the simple statistical chemometric technique of principal component analysis (PCA)
was used. A data matrix was constructed whose columns were the peak responses from 7
sensors (SWNTs, SWNTs-OEP, SWNTs- RuOEP, SWNTs-FeOEP, SWNTs-TPP, SWNTs-
RuTPP, and SWNTs-FeTPP) and the rows represented measurements for each gas. For each
gas, 3 measurements (corresponding to 100%, 75% and 50% saturated vapors) were
selected. Thus, the data matrix had 15-rows and 7-columns. Multivariate analysis was
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carried out performing principal component analysis (PCA). PCA is an orthogonal
projection of data from a higher dimensional space to a lower dimensional one such that the
variance of the projected data is maximized. In our case, we found that first 3 principal
components (PCs) accounted for ~88% of the variance. Visual analysis was enabled by
plotting the scores the projection of the data points in the PC space. The first principal
component (PC1) contained information about the concentration of the analyte. As shown in
Fig. 6(a), concentration of each analyte increased as the magnitude of PC1 increased and
followed a definite trend between different concentrations of analytes. Further, PCA plot of
the second (PC2) and third principal components (PC3) provided information about the
discriminatory power of the sensors. It can be observed from Fig. 6(b) that the scores
representing each gas were clustered together and there was a clear separation between the
clusters corresponding to each gas.

Conclusions
To summarize, we have fabricated single-walled carbon nanotubes-porphyrins hybrid based
chemiresistive nanosensor array for monitoring toxics in the environment. Differences in
sensing performance are observed for porphyrin with different functional group and with
different central metal atom. Freebase and metal (e.g. ruthenium and iron) substitution with
octaethyl and tetraphenyl porphyrins provide good selectivity and sensitivity to various
VOCs under test. The FET analysis revealed that the sensing mechanism of SWNTs-RuOEP
device is governed by electrostatic gating effect and for SWNTs-FeTPP, it is electrostatic
gating and Schottky barrier modulation in combination. However, Schottky barrier
modulation is dominant over electrostatic gating effect in case of SWNTs-FeTPP device.
Further, the test data generated by the hybrid nanosensor array was analyzed using PCA
technique. PCA analyses confirmed the presence of definite pattern in response data for
different hybrid material and ability to differentiate analyte from others. This discriminating
power of the hybrid devices and availability of the wide range of commercially available
synthetic porphyrin, open up an opportunity to develop a highly dense nanosensor array for
E-nose application.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Energy dispersive X-ray analysis (EDAX) spectrum and SEM image of RuOEP coated
SWNT (inset); (b) Height distribution of bare and SWNTs-RuOEP device obtained from
AFM analysis.
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Figure 2.
Electrical and FET transfer characteristics of bare and RuOEP-functionalized SWNTs
device: a) IDS- VDS curve (at VGS = 0 V) and b) IDS – VGS curve (at VDS= −1 V).
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Figure 3.
Calibration curves of MEK for bare SWNT and freebase and metal substituted porphyrin
functionalized devices and transient response of MEK for SWNTs-RuOEP device (inset).
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Figure 4.
Histogram showing comparison of responses of bare and freebase and metal substituted
functionalized devices towards acetone, methanol, ethanol, MEK and water (@100%
saturated vapors).
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Figure 5.
Transfer characteristic (IDS - VGS curves at VDS = − 1 V) of (a) SWNTs-RuOEP and (b)
SWNTs-FeTPP device in presence of air and saturated vapors of acetone.
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Figure 6.
(a) PCA plot (PC1 vs. PC2) of scores using 7 sensors (bare SWNT, SWNTs-OEP, SWNTs-
RuOEP, SWNTs-FeOEP, SWNTs-TPP, SWNTs-RuTPP, and SWNTs-FeTPP) and (b) PCA
plot (PC2 vs. PC3) of 7 sensors showing well separated clusters for 5 VOCs under test
(MeOH, EtOH, MEK and acetone).
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