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Abstract

Multivariate analysis is carried out for single-walled carbon nanotubes (SWNTs)
functionalized with a cobalt octaethyl porphyrin (CoOEP) chemiresistive sensor device for
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selective and simultaneous detection of multiple analytes. The chemiresistor was prepared on
Si/SiO, substrate with photolithographically patterned gold microelectrodes having a 3-pm
gap. SWNTs were aligned dielectrophoretically and functionalized with CoOEP by drop-
casting. The aligned and CoOEP-functionalized SWNTs were characterized with electrical (I—
Vmethod), structural, spectroscopic, and morphological techniques, and sensor performance
was investigated in a chemiresistive sensing modality. The fabricated sensor shows response
towards acetone, dichloromethane, methyl ethyl ketone, ethanol, and methanol, with a lower
detection limit of 5 ppm, which is far below the OSHA permissible exposure limit for each
analyte, and demonstrates fast response and recovery. The multivariate analysis viz. principal
component analysis and linear discrimination analysis reveals high discriminating capability
of SWNTs functionalized with the COOEP chemiresistive sensor towards these analytes, which
could be used as an intelligent electronic nose (E-nose). This type of intelligent E-nose can
address the crucial need for monitoring environmental pollution in industries, homes,

buildings, etc.
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Introduction

Industrialization, urbanization, and deforestation have significantly increased environmental
pollution levels, causing deterioration of soil, air, and water resources. Among all, air
pollutants and volatile organic compounds (VOCs) have immensely threatened the
environment and health of the living world due to their facile spreading. When looking back
on history, many accidents have happened because of gas leaks: the Bhopal gas tragedy (1984)
and the Vishakapattnam gas leak (May 2020) in India, the Beijing gas leak (December 2008)
in China, and the gas leak in a Chinese mine (Nov 2011). To prevent these types of accidents
and preserve the environment, gas detectors with an intelligent system, i.e. electronic nose
(E-nose), with multivariate analysis can play a crucial role. An E-nose is a device that can
sense odors or flavors much like mammals can. Intelligent E-noses are able to detect and
differentiate based on the type of odor and can show the concentration of target gases using

chemical gas sensor arrays.

Fabrication of E-noses is possible with good sensing materials. To date, various materials have

been explored for gas sensors in different sensing modalities, including conducting
polymers,12 metal nanoparticles,? metal oxides,“ carbon nanotubes,? graphene,® and

porphyrins.’ Each of these materials has certain issues such as selectivity, sensitivity,
response and recovery time, facile operation, and cost-effective device fabrication. Single-

walled carbon nanotubes (SWNT's) are a rolled single layer of a graphene sheet, which can be

conducting or semiconducting based on its chirality and diameter.® SWNTs possess high a
surface-to-volume ratio, hollow geometry, and ballistic charge conduction, and the effect of

gas adsorption on conductivity makes them effective for microelectronic devices? for chemical

gas sensing applications with high sensitivity and stability, but selectivity and lower recovery
are crucial issues.1911,12 To tackle these issues, composite and functionalized SWNTSs with
active species like conducting polymers,!3 metal nanoparticles,' metal oxides,'> nafion,' and

porphyrins!’ 18 have been explored, but these issues remain largely unresolved.
On the other hand, porphyrins are an interesting family of compounds due to their optical and

structural properties and chemical stability.l? The basic structure of porphyrins is formed by

four pyrrolic rings linked with methynic bonds.2% When in the free base, the porphyrin ring's
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two hydrogen atoms replace with transition metal atoms, and are known as
metalloporphyrins. Porphyrins have a wide range of interaction mechanisms for analyte
binding, such as = bonds, weak Van der Waals forces for hydrogen bonding, and coordination

with a central metal ion; these make porphyrins sensitive and selective for sensor
applications.Z! Various porphyrins (free base and metal-centered) have been explored for gas-
sensing applications in optical,2%23 mass detection,2* chemiresistive,2 and chemical-
sensitive field-effect transistor (chemFET)26 sensing modalities. However, the lower electrical

charge conduction of porphyrins restricts the use of conductance-based sensing modalities.2’

To overcome these issues, we have fabricated a microelectronic sensor device by aligning
SWNTs on gold microelectrodes, and further functionalization of SWNTs with cobalt octaethyl
porphyrin (CoOEP). Here, the one-dimensional (1D) nanostructure of SWNTs provides fast
charge conduction and stable device performance with high sensitivity, while
functionalization with CoOEP improves the selectivity of the sensor device to a specific group
of analytes with high recovery since the analyte does not come into direct contact with
SWNTs, which restricts trapping of analyte molecules inside the honeycomb structure of
SWNTSs.28 CoOEP possesses cobalt as a central metal ion surrounded by organic ligands. The
sensor device performance was evaluated by chemiresistive sensing modality and shows
sensor response towards acetone, dichloromethane (DCM), methyl ethyl ketone (MEK),
ethanol, and methanol at a low limit of detection (LOD) of 5 ppm with high sensitivity.
Further, the data was analyzed with pattern recognition tools like principal component
analysis (PCA) and linear discrimination analysis (LDA). The data exhibited the
discriminating capability of the CoOOEP-functionalized SWNT chemiresistive sensor towards
these analytes. These exciting results show the fabricated sensor would be useful as an E-nose

for these gas analytes without the need for an array of sensors.

Experimental

Materials and Chemicals

COOH-SWNT's having an average diameter of 1-2 nm, length of 3—8 um, and specific surface

area of 350—450 m?/g were purchased from Nanoshel, USA. N,N-dimethylformamide (DMF)
and cobalt octaethyl porphyrin (CoOEP) were procured from Sigma Aldrich. Acetone and
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isopropyl alcohol were purchase from Molychem, India. AZ 5214e image reversal photoresist,
AZ 400 K developer, and AZ 100 remover were purchased from Microchemicals, Germany. All

the testing gas calibrated mixtures were purchased from Space Cryogases Pvt. Ltd., India.

Substrate Preparation and Device Fabrication

Gold electrodes (3-pm gap) were prepared on silicon (Si)/silicon dioxide (SiO,) wafer by the
photolithography method. Firstly, Si/SiO, wafer was washed with acetone followed by
isopropyl alcohol then dried using N flow and kept at 120°C for 2 min. AZ 5214e image
reversal photoresist was spin-coated on Si/SiO, wafer followed by pre-bake at 100°C. The
photoresist-coated Si/SiO, wafer was exposed to ultraviolet (UV) light through a mask aligner.
Then the exposed wafer was developed in AZ 400 K developer solution and washed with
deionized (DI) water and baked at 120°C. Chromium (20 nm) and gold (180 nm) were
deposited on the developed Si/SiO, wafer via E-beam and thermal coating method,
respectively. The lift-off technique was used to develop the desired pattern using the AZ 100
remover solution.

The SWNT suspension was prepared in 10 ml of DMF by dispersing 0.2 mg of COOH-
functionalized SWNT's by 90 min of ultrasonication (VWR, ultrasonicator) followed by
centrifugation at 14,000 rpm to remove agglomerates, if any. The gap between two gold
electrodes was bridged by aligning SWNTSs dielectrophoretically as reported earlier.2? The 0.1-
ul drop of SWNT suspension was drop-cast between two gold electrodes followed by applying
4-MHz frequency of 1V;,_, signals using a function generator. After applying a drop of DI
water, the electrodes were washed to remove unaligned SWNT's and dried using N gas flow
gently. The prepared device was annealed in a reducing atmosphere (5% H; + 95% Ar) at
300°C for 1 h to reduce the contact resistance and solvent molecules.

The solution of COOEP was prepared in 0.1 mM DMF by ultrasonication for 30 min. The
functionalization of aligned COOH-SWNT's was carried out by drop-casting a 0.1-ul drop of
CoOEP in DMF. The electrodes were dried at room temperature and used as a device;a
schematic is shown in Fig. 1. The fabricated sensor device was soldered to a printed circuit
board (PCB) using wedge wire bonder (WESTBOND, USA) and used for further electrical
measurements.
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Fig.1

SWNTs/CoOEP
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Cross Sectional view

SWNT's/CoOEP sensor device prepared on a Si/SiO, wafer.

Characterizations

Fourier transform infrared (FTIR) spectroscopy of the CoOEP-functionalized COOH-SWNT's
was carried out on a Bruker Alpha FTIR with an attenuated total reflection (ATR) attachment
in the 500—4000-cm™! range. UV—visible spectroscopy of the samples was done using a Jasco
V-750 spectrometer. Raman spectroscopy of the device was performed on an Xplora Plus
Raman spectrometer (Horiba, France) at a 532-nm excitation wavelength with a x50
objective. X-ray micro-diffraction measurements were performed on a Bruker D8 Advance
instrument with a CuKa radiation source (1 = 1.544 A). Morphological characterization was
carried out using a JEOL scanning electron microscope. Electrical characterizations (I-V) and
chemiresistive sensing experiments were performed on a Keithley 4200A semiconductor
analyzer at room temperature (27°C) in an in-house designed and developed dynamic gas
sensing system. The gas chamber was specially designed from glass of 8-cc volume with inlet
and outlet gas ports. Tedlar bags were filled with calibrated gases, maintaining a total flow
rate of 200 sccm, and the concentration of gases was adjusted and controlled by computer-
programmed Alicat mass flow controllers (MFCs) using dry air as carrier gas for the sensing
experiment. The effect of relative humidity (RH) was measured on the same system only in
place of the analyte, MFCs were connected to dry air and the output was introduced into a
water bubbler, and saturated vapors were introduced. Humidity was measured by the
calibrated humidity sensor and controlled by adjusting the flow rate of MFCs.
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Results and Discussion

X-ray Diffraction

Figure 2 shows the x-ray diffraction (XRD) pattern of COOH-SWNTs, CoOEP, and aligned

SWNTs functionalized with CoOEP (SWNTs/CoOEP). SWNTs29 shows a (002) hkl plane at 26°
and a (001) plane at around 43°, while SWNT's functionalized with CoOEP show both SWNT
and CoOEP diffraction peaks, which confirms successful coating of the SWNT's with CoOEP.

Fig.2
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X-ray diffraction pattern of COOH-SWNTs, CoOEP, and SWNTs/CoOEP.

7 of 25 18-06-2024, 16:30



Multivariate Analysis of a Cobalt Octaethyl Porphyrin-Functionalized... https://link.springer.com/article/10.1007/s11664-021-09111-3

Fourier Transform Infrared Spectroscopy

SWNTs, CoOEP, and SWNTs/CoOEP were characterized by FTIR spectroscopy as shown in Fig.
3. SWNTs show a peak at 1730 cm ! attributed to the C=0 bond of attached -COOH functional
group and a peak at 1580 cm~! assigned to C=C bond stretching mode of the nanotubes with a
sidewall defect site.31 COOEP shows some characteristic peaks, one at 742 cm ™! assigned to C—
H out-of-plane bending in the benzene ring, and a peak at 1135 cm ™! assigned to C—N
stretching mode in porphyrin.32 In SWNTs functionalized with COOEP (SWNTs/CoOEP),

porphyrin shows the presence of these characteristic peaks, which confirms successful
functionalization of the SWNTs.

Fig.3
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FTIR spectra of COOH-SWNTSs, CoOEP, and SWNTs/CoOEP.
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UV-Visible Spectroscopy
UV-visible spectra of SWNTs, CoOEP, and SWNTs/CoOEP are shown in Fig. 4. SWNT's show

absorption peaks at around 300 nm and 260 nm?33 which are assigned to plasmon absorption

of SWNTSs.24 CoOEP shows electronic transition absorption at 390 nm, which can be assigned
to the soret band; the peak at 550 nm with a shoulder at 520 nm corresponds to a- and g-
bands in Q-band vibrations.2> SWNTs functionalized with CoOOEP show extra electronic
absorption peaks at 415 nm with a shoulder at 390 nm assigned to the soret band. The
absorption peak observed for pristine COOEP at 550 nm with a shoulder at 520 nm is also
observed for COOEP-functionalized SWNTs and is similarly assigned to the Q band of CoOEP,
which confirms the successful functionalization of SWNTs with CoOEPs.

Fig. 4
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UV-visible spectra of COOH-SWNTSs, CoOEP, and SWNTs/CoOEP.
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Raman Spectroscopy
Raman spectra of SWNTs, CoOEP, and CoOEP-functionalized SWNTSs are shown in Fig. 5. The
G-band and D-band, which are the main characteristic peaks for the confirmation of SWNT's,

are seen in the Raman spectra of aligned pristine SWNTs3¢ and CoOEP-functionalized SWNTSs
on the microelectrode device. The Raman spectra of pristine CoOOEP and CoOEP-functionalized

SWNTSs show Raman shift at 1000 cm™1, 1580 cm™1, and 1600 cm ™1, assigned to v(CC)
aromatic ring chain vibrations, a peak shift at 1610—1680 cm™! corresponding to v(c=N), and a

peak at 1380 cm! corresponding to §(CH3) vibrations present in the CoOEP chain.

Fig.5
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Raman spectra of COOH-SWNTs, CoOEP, and SWNTs/CoOEP.
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Scanning Electron Microscopy (SEM)

SEM images (Fig. 6) confirm the aligned bare SWNTs (inset) matrix between two gold
electrodes successfully. Also, COOEP-functionalized SWNTs show the uniform coating of
SWNT's with COOEP with an increase in diameter (c.a. 15—-20 nm).

Fig. 6

TR T W TR T T

SEM images of CoOOEP-functionalized SWNTs and aligned bare SWNTSs (inset).

|-V Characterization

Figure 7 shows electrical characterization (I-V measurement) of bare SWNTs and SWNTs
after functionalization with CoOEP (SWNT's/CoOEP). It shows (solid line) an increase in
electrical resistance of aligned SWNT's after functionalization with COOEP (SWNTs/CoOEP).
This is due to the formation of a charge-transfer complex between SWNTs and CoOEP with n—

n interaction.2”? Used SWNTSs show p-type nature when the device has formed since the I-V
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graph shows S-shape curves and possesses a p-type nature.2” CoOEP has an electron donor
property, and when SWNTs are functionalized with CoOEP, it donates electrons to SWNTSs, and
the electron—hole combination leads to a decrease in charge carrier (hole) concentration in

SWNTs.2737,38

Fig.7
8
1 == SWNTs/CoOEP
641 ——SWNTs

-1.00 -0.75 -050 -025 000 025 050 0.75 1.00
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[-V characterization of bare COOH-SWNTs and SWNTs/CoOEP.

Sensor Performance

The chemiresistive sensing performance of the SWNTs/CoOEP device is shown in Fig. 8a. The

fabricated sensor shows response towards acetone, DCM, MEK, ethanol, and methanol vapors
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up to 5 ppm of concentration below the permissible exposure limits (PELS) of these analytes,
as shown in Table L. This shows the fabricated sensor device can be used as an E-nose. The
device shows sensing response as a change in the resistance in the presence of gaseous
analytes, and the change in resistance (R) is shown in Fig. 8a. In the CoOEP-functionalized
SWNT chemiresistor sensor, COOEP interacts with HOOC-SWNTs, which forms a charge-
transfer complex due to n—n stacking. Metalloporphyns are well-known electron donors, and
SWNTs are a p-type material; therefore, after coating metalloporphyns on SWNTSs,
metalloporphyns will modulate the conductivity of SWNTs. When gaseous molecules come in
contact with the SWNTs/CoOEP, the gas analyte molecules interact with the metalloporphyrin
(i.e. CoOEP), and the electron-donating capability of metalloporphyns is modulated, thereby
modulating the conductivity of SWNTs underneath, which is directly proportional to the
concentration of the gaseous analyte molecules. The fabricated sensor device has a very high
reversible sensing response towards each concentration with a response and recovery time of
17 and 6 s, respectively. Further, Fig. 8b shows the calibration plot of the fabricated sensor
device towards the VOC analytes and shows the highest sensitivity towards ethanol gas. The
sensitivity of the device was calculated by the slope of the linear fit of the calibration plot with
a very good fitting factor [adj. R-square (R2)], as shown in Fig. 7b. The prepared
chemiresistive sensor device shows reversible sensing perforce with excellent recovery (up to
>90%) for each analyte. The histogram (Fig. 9a) of the fabricated chemiresistive sensor device
shows an excellent response towards each analyte (acetone, DCM, MEK, ethanol, and
methanol) at various concentrations. Also, the device was tested with various humidity (RH)
levels from 5% to 100% RH (Fig. 9b), and it shows negligible change in resistance as
compared to the response towards gaseous analytes.

Fig. 8
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(a) CoOEP-functionalized SWNT chemiresistor sensor device response towards VOCs at a
concentration of 5 ppm, 10 ppm, and 20 ppm. (b) Calibration plot of the sensor device towards VOCs
(acetone, DCM, MEK, ethanol, and methanol).

Table | Chemiresistive sensor response towards each analyte (ppm) w.r.t. OSHA PEL (ppm)
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(a) Histogram of COOEP-functionalized SWNT (SWNTs/CoOEP) chemiresistor sensor device response
towards VOCs (acetone, DCM, MEK, ethanol, and methanol) at a concentration of 5 ppm, 10 ppm, and
20 ppm. (b) Response towards various humidity (RH) levels from 5% to 100% RH.

Multivariate Analysis [Principal Component Analysis (PCA) and
Linear Discriminant Analysis (LDA)]

Statistical tools were used to discern the response towards the different analyte gases.
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Multivariate analysis was performed using principal component analysis (PCA) and linear

discriminant analysis (LDA) as shown in Fig. 10a and b.

Fig.10
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(a) Principal component analysis (PCA) of the SWNTs/CoOEP sensor device. (b) Linear discrimination
analysis (LDA) of the sensor device towards VOCs (acetone, DCM, MEK, ethanol, and methanol).

PCA focuses on analysis for linear dimension reduction and is used to obtain the key data
characteristics. The decision of dimension reduction depends on the data itself. A set of vectors
that can convey the original data are sought, and the occlusion of projections takes place from
high-dimensional to low-dimensional space. This is unsupervised, whereas LDA is
supervised. With the dimension reduction method, the data are projected in a low dimension.
The projection points of each data type are hoped to be as near as possible and as wide as
possible amongst the data type centers of various types. The group can be calculated by
classifying a new sample based on the location of the previous sample projection point. The
following is a summary of this particular algorithm.

Principal Component Analysis

PCA can reduce the dimensions and convey the preliminary assessments of similarity between
classes. PCA is a projection method that makes it easy to display all the information contained
in a data set.
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Figure 10a shows the classification of VOCs (acetone, DCM, MEK, ethanol, and methanol) by
PCA in the case of steady-state response and mean value. In the steady-state case, the
variance contribution rate of PCA1 was 99.97%, and PCA2 was 0.03%, and the total
contribution rate of the first two PCs was 99%. In a two-dimensional graph, the distribution
of sample points of DCM, acetone, ethanol, methanol, MEK can be seen. Therefore, the
classification effect of PCA in the steady-state response is relatively poor. The five types of

sample points have vast interclass distances in Fig. 9a.

Linear Discriminant Analysis
Figure 10b presents the classification results of the VOCs (acetone, DCM, MEK, ethanol, and

methanol) by LDA which are different in the case of steady-state response and mean value.
The variance contribution rate of LDA1 is 86.42%, and LDA2 is 13.36%; the total contribution
rate of the first two LDASs is 86.42%. Table II shows accuracy comparison of PCA and PDA.

Thus, PCA classification is observed to be more efficient than LDA.

Table Il The overall recognition accuracy of gases

These results show the fabricated SWNTs/CoOEP chemirestive sensor could be used as an
intelligent E-nose for selective and sensitive detection of acetone, DCM, MEK, ethanol, and

methanol gases.

Conclusions

In summary, a high-performance chemiresistive sensor device has been fabricated using
single-walled carbon nanotubes (SWNTs) functionalized with cobalt octaethyl porphyrin
(CoOEP) on the microelectrodes prepared on Si/SiO, substrate. The chemiresistor sensor
shows excellent response towards various VOCs viz. acetone, DCM, MEK, ethanol, and
methanol below the OSHA PEL limit with 17 s and 6 s of response and recovery time,
respectively. Multivariate analysis carried out by PCA and LDA exhibits excellent

discriminating capabilities of the SWNTs/CoOEP-based chemiresistor sensor for detection of
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multiple analytes (viz. acetone, DCM, MEK, ethanol, and methanol), which could be used as
an electronic nose (E-nose). The materials and the microsensor device were characterized
rigorously using XRD, FTIR, UV—visible spectroscopy, Raman spectroscopy, and current—

voltage (I-V) characteristics.
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