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Abstract

Printed room temperature gas sensors based on 2D hybrid pristine, NH, and N, tunctionalized multi-wall carbon nanotubcs
(MWCNT;s)/PEDOT:PSS conductive polymer were fabricated by inkjet printing technique. The electronic inks prepared from
MWCNT:s dispersion in PEDOT:PSS were printed over interdigitated silver electrodes on flexible and transparent substrates.
Surface morphology and functionalization of fabricated sensors were characterized by scanning electron microscopy (SEM)
and Fourier transform infrared spectroscopy (FTTR). The sensing properties of hybrid printed films were exposed to various
volatile organic compounds and gases including formaldehyde, ethanol, methanol, ammonia, nitrogen dioxide and hydro-
gen sulfide at room temperature. The results show that PEDOT:PSS/MWCNTSs-N, sensor exhibits the highest sensitivity
and selectivity to formaldehyde in concentration range of 10-200 ppm at room temperature. The sensing mechanism of the
fabricated sensors can be explained based on charge transfer process and the interaction between functional groups of CNTS
and formaldehyde molecules. The theoretical calculation based on self-consistent charge density functional tight-binding
(SCC-DFTB) was employed and confirmed the proposed sensing mechanism. Moreover, a real-world food application of
a [abricated sensor array was demonstrated through identification of formalin contamination in squids based on electronic
nose and principal component analysis (PCA) method. The PCA shows the perfect classification between pure and formalin
contaminated squid samples as well as different percentages of contaminations.

1 Introduction

Addition of formalin to seafood due to spoilage prevention
is onc of crucial problems for the food industry in Thailand
and many countries. Assessment of formaldehyde (gas phase
of formalin) has become a quick method instead of a typical
chemical process for identification of formalin contamina-
tion in scafood. Formaldchydc is a colorless, flammablc and
reactive gas that causes damage to human health includ-
ing high rate of cancer, respiratory illness, immune sys-
tem disorder, central nervous system damage and children
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abnormalities etc. [ 1-5]. World Health Organization (WHO)
and International Agency for Research on Cancer have also
classified forrnaldehyde as a human carcinogen [6, 7]. There-
fore, it is very necessary (o accurately monitor formalde-
hyde for the safety and quality of seafood. Nowadays, several
researcher groups have developed the systems and gas sen-
sors to detect formaldehyde contamination in food. However,
most cmployed gas sensors for formaldchydce detection were
commercial metal oxide gas sensors that need high operating
temperatures (200400 °C) [8—10] and they always exhibit
cross sensitivity problems.

Recent decades, nanomaterials based gas sensors have
been extensively investigated for formaldehyde detection
[4, 5, 11-15]. Carbon nanotubes (CNTs) are considered
as one of the best sensing materials for gas sensors due (o
their unique properties including ultrahigh surface area,
high electron mobility, good electronic properties, surface
modification and functionalization etc. [ [6=20]. CNTs have
been successfully used to detect various gases such as NO,
[21, 22],NH, [23, 24] and O, [25]. For formaldehyde detec-
tion, CNTs were found to be low sensitivity and selectiv-
ity to formaldehyde because of weak physical adsorption
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(van der Waals force) between CNTs and formaldehyde
molecules [12, 26]. To enhance the sensitivity of CNTs for
formaldehyde adsorption, CNTs were functionalized with
Ag-LaFeO; [12] and amino groups [ 1].

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfon
ate) (PEDOT:PSS) is a conductive polymer that widely
used for printed electronics due to its good conductivity,
reproducibility, high transparency, and processability [27,
28]. However, PEDOT:PSS has limited structural and
chemical properties that still remain as major obstacles for
its practical sensing applications. To compare the sensing
performances with other 2D thin-layered nanomaterials
such as MoS, [29] black phosphorus [30] SnSe, [31] etc.
[32], pure PEDOT:PSS gave a low sensitivity towards gases
and volatile organic compounds (VOCs). Combination of
PEDOT:PSS with novel carbon nanostructures is a potential
solution to enhance the sensitivity and selectivity of such
sensors [33].

In this work, we have investigated the sensing capabili-
ties of hybrid CNTs/poly(3,4-cthylenedioxythiophene):pol
y(styrenesulfonate) (PEDOT:PSS) with respect to formal-
dehyde at room temperature. The nanocomposites between
CNTs and PEDOT:PSS are expected to provide good perfor-
mance of gas sensing response due to rich of charge carriers.
Three different gas sensors including PEDOT:PSS/pristine
MWCNTs, PEDOT:PSS/MWCNTs-NH, and PEDOT:PSS/
MWCNTs-N, were fabricated via a low-cost inkjet print-
ing method. It should be noted that advantages of these 2D
hybrid films for sensors include flexibility, room temperature
(abrications, simplicity, low cost, and good stability. The
sensing mechanism of the fabricated sensors and effects of
NH, and N, functionalization were investigated by self-con-
sistent charge density functional tight-binding (SCC-DFTB)
mcthod. The real-world application of the room-tempera-
ture gas sensors was demonstrated through identification of
formalin contamination in squids based on electronic nose
technique.

2 Experimental procedures
2.1 Sample preparation

Fresh squids were purchased from a local market in Bang-
kok, Thailand. They were immediately packed in commer-
cial food grade plastic bags and stored in a container at
4.0 °C without cleaning. Formalin contamination of samples
was obtained by dipping squid samples (weight of 20-30 g)
in formalin (2.5 W%, 1 wi%, and 0.125 wt%) mixed with DI
water solution of 200 ml. It should be noted that the smell
of this selected formalin concentrations in DI water cannot
be detected by human nose. Each sample was dipped in the
formalin solutions for 1 h at room temperature. Then, the

@ Springer

squids were washed with clean water and kept in the sample
glass bottles for further measurements.

2.2 Preparation of electronicink

MWCNTs (outer diameter =20-30 nm, length= 10-30 pm,
purity > 95 wt%), MWCNTs-NH, (outer diame-
ter=13-18 nm, length=3-30 um, purity > 99 wt% and
functional content=7.0% + 1.5%) and MWCNTs-N, (outer
diameter = 13—18 nm, length =3-30 pm, purity > 99 wt%
and (unctional content=7.0% + 1.5%) were purchased [rom
Cheap Tubes Inc. It should be noted that this dimension
difference did not cause any significant effects on sensing
performance of the final printed sensors as displayed in Fig.
St in the Supplementary Information.

PEDOT:PSS aqueous solution (Clevios™ P VP AT 4083,
solid content 1.3-1.7%, weight ratio 1:6) was obtained from
Heraeus Deutschland GmbH & Co., KG. N,N-Dimethyl-
formamidc (DMF), dimcthyl sulfoxide (DMSQ), cthylene
glycol (EG) and triton X-100 were purchased from Sigma-
Aldrich and used without any further purification. Firstly,
200 mg of each MWCNTSs sample was dispersed in 20 ml
of DMF solution and sonicated for 20 min in order to obtain
good dispersion of MWCNTSs in DMF solution. Then, the
suspensions were centrifuged for 15 min at 3000 rpm to
remove large particle aggregates. The concentrations of sus-
pensions were approximately 10 mg/ml. Next, PEDOT:PSS
of 90% weight concentration was dissolved in a mixture
solvent containing 5 wt% of DMSO, 2.5 wt% of EG and
2.5 wi% of triton X-100. DMSO was used for enhancing the
cohesion and electrical conductivity of PEDOT:PSS elec-
tronic ink while EG and TX-100 were added for improve-
ment of viscosity and surface tension to avoid a rapid drying
and clogging in the printer head. The final viscosity and sur-
face tension of formulated inks measured by Brookfiel Vis-
cometer and Kurss Tensiometer were in the range of 1012
cPs and 4045 mN/m respectively. Homogeneous solution
of PEDOT:PSS with the mixturc solvent was obtained by
magnetically stirring for 20 min at room temperature. In
preparation of conductive sensing ink, each suspension was
mixed with homogeneous PEDOT:PSS solution with a sus-
pension to PEDOT:PSS solution volume ratio of 2:3. Finally,
the obtained electronic ink was magnetically stirred for 1 h
at room temperature.

2.3 Fabrication of gas sensors by inkjet printing

The silver conductive paste was deposited on a transpar-
ent and (lexible substrate by screen printing to form inter-
digitated electrodes with 1 mm interdigited spacing and
rectangular area of 1.5x2.5 cm? (see Fig. 1a). The inkjet
printer cartridge (HP 61 black ink cartridge) was rinsed with
DI water by ultrasonication and dried in air. The prepared
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Fig.1 Schematic diagram of
gas sensor fabrication

Silver electrode

Gap size: 1 mm

(a) Preparation of interdigitated electrodes

sensing ink was filled into the cleaned cartridge and then
directly printed over silver electrodes on the substrate using
HP deskjet 2000 j210 printer in single mode with resolu-
tion of 1200 % 1200 dpi, as shown in Fig. 1b. After each
printing, the printed sensing ink on the substrate was dried
by an air blower at room temperature for 10 min. It should
be noted that the printed sensing layer did not totally dried
at this stage but the rigidity of the printed layer was good
enough for the next printed layers. The thickness of printed
sensing films could be controlled by overwriting of sensing
ink on the substrate. The scnsing films were obtained by
six times overwriting. The final thicknesses of the printed
PEDOT:PSS/MWCNTs, PEDOT:PSS/MWCNTs-N, and
PEDOT:PSS/MWCNTs-NH, are ~249 nm~ 255 nm and
~252 nm, respectively.

2.4 Gas sensing measurement

The gas sensing properties of the fabricated gas sensors were
measured towards different test gases including formalde-
hyde, ethanol, methanol, ammonia, nitrogen dioxide and
hydrogen sulfide at room temperature. The test gas sources
at different flow rate ratios were mixed with a constant flux
of synthetic air to obtain desired concentrations using mass
flow controllers. The total flow rate was fixed at 2 I/min.
Each test gas was delivered (o the sensors in a test chamber
for 2 min. After gas exposure, the sensors were cleaned with

Flexible and transparent substrate

| )

l Screen printing

HP Deskjet 2000

Cartridge

Sensing ink

T

MWCNTs

(b) Inkjet printing of sensing ink

the cleaned air for 2 min. All experiments were performed at
room temperature (25+ 2 °C) in dry air. The changes in sen-
sor resistances were recorded every second using LabVIEW
with NI USB DAQ 6008. The sensor responses can be cal-
culated as S(%) = [(Ry;; — Rya) /Ry ] X 100, where R, and
R_,. are sensor resistance values in air (baseline resistance)

gas
and gas exposure, respectively.

2.5 Measurement of formalin contamination
in squids

To identify formalin contamination in squids, the fabricated
gas sensors (PEDOT:PSS/MWCNTs, PEDOT:PSS/MWC-
NTs-NH, and PEDOT:PSS/MWCNTs-N,) were installed in
a Teflon chamber in our lab-made electronic nose (E-nose)
system. Figure 2 shows schematic diagram of our E-nose
system. To start a measurement, air was pumped passing
an activated carbon bhottle into a mass flow controller at a
flow rate of 2 I/min. Clean air from the reference bottle was
carried into the sensor chamber for 2 min in order to obtain
baseline resistances of sensors. After 2 min, valves 1 and
2 were closed and valves 3 and 4 were opened at the same
time. Air flow path was switched to the sample bottle. Vola-
tile organic compounds generated from headspace of squid
samples were carried into the sensor chamber for 2 min. The
change in sensor resistances was recorded every second as

@ Springer
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Fig.2 Our lab-made E-nose
system for measurement of for-
malin contamination in squids

ir

Air pump

l

Activated
carbon

Mass flow
controller

a function of time. All devices in the E-nose system were
controlled via our LabVIEW programming.

2.6 Principal component analysis (PCA)

PCA is a well-known statistical method that has been widcely
used for data classification in various applications as well
as food quality control [34-40]. The purpose of PCA is to
reduce dimensionality of numerical data sets with retaining
the most of information [35, 38, 41—43]. Tt converts a data
set of correlated variables into a set of uncorrelated vari-
ables using an orthogonal transformation. Each data set of
uncorrelated variables is called principal components (PCs).
The first principal component (PC1) contains the largest per-
centage of total variance. The second largest percentage is
on the second principal component (PC2), and so on. The
obtained new dala sets are plotted and classiflied on two or
three dimensions to visually estimate the similarities and

@ Springer
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Computer
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board
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differences between samples [44]. The PCA result can be
calculated as the [ollowing cquation [34, 35, 38]:

o T
PCA = ((COV(XMxN))max»min ® Norm(XMXN)) M

where Cov (Xyyn) 18 covariance matrix and T is transpose.
M and N represent the different repetitions of measurement
and a number of independent sensors, respectively. Norm is
normalization of data matrix.

2.7 Self-consistent charge density functional
tight-binding (SCC-DFTB) method

The theoretical studies of adsorption behaviors of formal-
dchydc molccules (HCHO) on pristinc and functionalized
carbon nanotubes were performed using the SCC-DFTB
method. It should be noted that the SCC-DFTB method was
derived from density functional theory (DFT) based on a
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sccond-order expansion of the DFT total cnergy expression
[45—48]. Both pristine and functionalized CNTs with length
of 20 A and diameter of 7.15 A were selected. Carbon atoms
at the tube ends were saturated with hydrogen atoms to
reduce boundary cficcts [47]. Adsorption distances between
pristine and functionalized SWCNTs and HCHO molecules
were varied. The adsorption energy (E, ) is defined as:

E,, = E,(CNTs + HCHO) — E , (CNTs) — E,, (HCHO)

(2
where E (CNTs+HCHO), E (CNTs) and E,,, (HCHO)
are the total energies of CNTs with HCHO molecules sys-
tem, individual CNTs models, and individual HCHO mol-
ecule, respectively.

3 Results and discussion
3.1 Characterization of sensing films

The surface morphology and microscopic structure of
the printed sensing films were characterized by scanning
electron microscope (SEM). Figure 3a shows a portion of
interdigitated silver clectrodes with 1 mm interdigited spac-
ing. The SEM images of pure PEDOT:PSS, PEDOT:PSS/
MWCNTs, PEDOT:PSS/MWCNTSs-N, and PEDOT:PSS/
MWCNTs-NH, sensing film surfaces are illustrated in
Fig. 3b—e, respectively. Tt can be seen that the printed pure
PEDOT:PSS sensing film is quite smooth with very low

1 mm

defect. Tt rcfers to obtain high homogenous sensing films
based on our electronic ink formula with low-cost inkjet
printing method. In case of hybrid PEDOT:PSS/CNTs,
both pristine and functionalized MWCNTSs are in the form
of bundles in PEDOT:PSS matrix. No significant surfacc
morphological differences can be observed among the dif-
ferent functional groups and pristine one. It indicates that
functionalization of CNTs did not provide a surface area
enhancement but functional groups may help to increase the
interactions to targeted gas molecules.

To confirm the existence of N, and NH, functional groups
in the printed sensing (ilms, Fourier transform infrared
spectroscopy (FTIR) was performed to analyze the bonds
between MWCNTSs and functional groups. Figure 4 dem-
onstrates FTIR spectra of printed PEDOT:PSS/MWCNTs,
PEDOT:PSS/MWCNTs-N, and PEDOT:PSS/MWCNTs-
NH, sensing films. When MWCNTSs are well embedded in
PEDOT:PSS matrix, PEDOT:PSS polymer chains can thus
adsorb to the surface of the MWCNTSs. Main peaks of these
composite sensing maltcrials contribute from PEDOT:PSS
[33]. The vibrational bands at 1650, 2910 and 3383 cm™"' are
assigned to C=0 stretching, C—H stretching and O—H in the
carboxyl group stretching vibrational modes [11, 33, 49-51],
respectively. The spectra of PEDOT:PSS/MWCNTs-N, and
PEDOT:PSS/MWCNTs-NH, sensing films similarly contain
vibrational bands of C-N (graphitic) at 1018 cm™" and N-H
(pyrrolic) at 917 and 921 cm™ for PEDOT:PSS/MWCNTs-
N, and PEDOT:PSS/MWCNTs-NH, [50-53], respectively.
In the case of PEDOT:PSS/MWCNTs spectrum, there is no

PEDOT:PSS/MWCNTS-N

500 A

Fig.3 SEM images of a interdigitated silver electrode and printed b pure PEDOT:PSS, ¢ PEDOT:PSS/MWCNTs, d PEDOT:PSS/MWCNTs-N,,

and e PEDOT:PSS/MWCNTSs-NH, sensing films on silver electrodes
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PEDOT:PSS/MWCNTs-N,

: PEDOT:PSS/MWCNTs-NH,

{ PEDOT.PSS/MWCNTs

Transmittance (a.u.)

800 1200 1600 2000 2400 2800 3200 3600 4000

Wavenumber (cm)

Fig.4 FTIR spectra of PEDOT:PSS/MWCNTSs, PEDOT:PSS/MWC-
NTs-N, and PEDOT:PSS/MWCNTs-NH, scnsing films

70
B PEDOT-PSSMWCNTS
1 PEDOT:PSSMWCNTSs-NH,
60
BN PEDOT.PSSMWCNTs-N,

50

40

Response (%)

30 4

10 25 50 100 200

Concentration (ppm)

Fig.5 The responses of three printed gas sensors to formaldehyde
gas with different concentrations at room temperature

appcarance of C-N and N-H vibrational bands. The pres-
ence of C-N and N-H vibrational bands in the spectra of
PEDOT:PSS/MWCNTs-N, and PEDOT:PSS/MWCNTs-
NH, sensing films confirms the existence of N, and NH,
molecules on MWCNTs surfaces after printing by our low-
cost inkjet printing method.

3.2 Gas sensing properties
Figure 5 depicts the response of three printed gas sensors
to formaldehyde gas with different concentrations of 10,

25, 50, 100 and 200 ppm at room temperature. It can be
clearly seen that the PEDOT:PSS/MWCNTSs-N, gas sensor

@ Springer

cxhibits the highest responsc to formaldchyde at room tem-
perature. Especially for 10 ppm formaldehyde concentration,
the responses of PEDOT:PSS/MWCNTs-N,, PEDOT:PSS/
MWCNTs-NH, and PEDOT:PSS/MWCNTs gas sensors
arc 30.5%, 9.7% and 3.4%, rcspectively. The response of
PEDOT:PSS/MWCNTs-N, to formaldehyde gas is about
three times that of PEDOT:PSS/MWCNTs-NH, and ten
times that of PEDOT:PSS/MWCNTs at room temperature.
In addition, the response of the three gas sensors increases
with increasing formaldehyde concentrations. It is seen that
the functionalization of N, molecules on MWCNTs surfaces
improves better response to formaldehyde gas. The average
resistances of PEDOT:PSS/MWCNTs, PEDOT:PSS/ MWC-
NTs-N, and PEDOT:PSS/MWCNTSs-NH, sensors in pure air
are ~6.46 kQ, ~ 35.12kQ, and ~40.27 kQ, respectively (see
Fig. §2 in the Supplementary Information). The response
and recovery times of the printed sensors are defined as the
time required for the sensor resistance to reach 90% of the
final equilibrium value upon gas injection and air recovery,
respectively. The responsce times of PEDOT:PSS/MWCNTS-
N,, PEDOT:PSS/MWCNTs-NH, and PEDOT:PSS/MWC-
NTs gas sensors are estimated to be 45 s, 48 s and 55 s,
respectively while all sensors exhibit the similar recovery
times (~7 s). Dynamic response of PEDOT:PSS/tfunction-
alized MWCNTs sensors is better than PEDOT:PSS/pure
MWCNTSs sensor and other sensing materials for formalde-
hyde detection at room temperature [11, 54, 55]. The limit
of detection of the PEDOT:PSS/MWCNTSs-N, gas sensor is
found to be 1 ppm at room temperature while the detection
limits for PEDOT:PSS/MWCNTs and PEDOT:PSS/MWC-
NTs-NH, sensors are 10 ppm and 5 ppm, respectively. The
printed sensor based on PEDOT:PSS/MWCNTs-N, exhibits
much lower formaldehyde detection limit also. The sensing
mechanism and functionalization effect of the three gas sen-
sors will be discussed in the next section.

To investigate the selectivity of three printed gas sensors,
they were exposed to 200 ppm concentrations of ethanol,
methanol, ammonia, nitrogen dioxide and hydrogen sulfide
al room (cmperaturc as shown in Fig. 6. It is found that the
response of PEDOT:PSS/MWCNTs without functionaliza-
tion exhibits very low response of 8.5%, 7.5%, 5.8%, 5.3%,
3.21% and 1.78% to formaldehyde, ammonia, methanol,
cthanol, nitrogen dioxide and hydrogen sulfide, respectively.
For functionalization, the PEDOT:PSS/MWCNTs-N, and
PEDOT:PSS/MWCNTs-NH, sensors show a significant
improvement of sensor responses to formaldehyde and
ammonia. One can be scen that PEDOT:PSS/MWCNTs-N,
sensor owns a high sensitivity and selectivity to formal-
dehyde at room temperature over other gases. This results
from higher percentage of N molecules in sensing film cor-
responding to a previous publication [11]. They can help to
increase donor—acceptor interactions and charge transfers of
formaldehyde adsorption on the host material. In addition,
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Fig.6 The selectivity of three 70
printed gas sensors (o various

gases at 200 ppm concentration 60

50 -

40

Response (%)

30+
20

10 4

PEDOT:PSS
/MWCNTSs-N,

PEDOT:PSS/MWCNTSs-N, sensor also exhibits a good
repeatability. The resistance of the sensor decreases upon
exposure to formaldehyde and return to the initial value upon
the removal of formaldehyde in air upon 5 cycles with SD
of sensor responses ~0.89% as displayed in Fig. S3 in the
Supplementary Information.

3.3 Sensing mechanism of fabricated sensors

All printed gas sensors decrease in the sensor resistances
with exposure of formaldehyde at room temperature as
shown in Fig. S2 in the Supplementary Information. For-
maldehyde is electron donating gas [56]. When formalde-
hyde molecules are adsorbed on PEDOT:PSS/CNTs surface,
electrons are transferred to the composites. In our case, the
hybrid PEDOT:PSS/CNTs gas sensors behave as n-type
nanomaterials in which the carrier concentration increases
upon the introduction of electron donating gases. To inves-
tigate the different sensing properties of three printed gas
sensors, SCC-DFTB method was employed for theoretical
study of formaldchydc adsorption on pristine, N, and NH,
functionalized CNTs. It should be noted that PEDOT:PSS
did not included in simulations because it acts as a host
material for all sensors. To simplify the model, only different
CNTs were used to study the interactions with formaldehyde
molecule. To find the most favorable adsorption configura-
tion, a formaldehyde molecule was placed at different dis-
tances (d) above the nanotubes as displayed in Fig. 7a. The
adsorption energy was calculated and plotted as a function
of the distances as shown in Fig. 7b. The highest adsorption
energies of CNT, CNT-NH, and CNT-N, are —0.0520 eV,
—0.0995 eV and —0.1266 eV, respectively, at the similar dis-
tance of 3.0 A. Before formaldehyde adsorption, the Fermi

B Ethanol

B Methanol

B Ammonia

B Formaldehyde
I Hydrogen sulfide
B Nitrogen dioxide

PEDOT:PSS
IMWCNTs-NH,

PEDOT:PSS
/MWCNTs

energy levels relative to the vacuum level of CNT, CNT-NH,
and CNT-N, arc —4.382 ¢V, —4.327 ¢V and —4.248 ¢V,
respectively, while the energy gaps of CNT, CNT-NH, and
CNT-N, are 0.4402 eV, 0.2295 eV and 0.2003 eV respec-
tively. It should be noted that the energy gaps were estimated
from difference in energy between the lowest unoccupied
molecular orbital (LUMO) and the highest occupied molecu-
lar orbital (HOMO). After adsorption, the corresponding
Fermi energy levels are shifted to —4.391 eV, —4.370 eV
and —4.304 eV, respectively, while the energy gaps reduce
t0 0.4401 eV, 0.2201 eV and 0.1952 eV, respectively. These
results indicate that the Fermi energy levels shift downward
after formaldehyde adsorption and CNT-N, exhibits the larg-
est shift in Fermi energy level and energy gap reduction.
The SCC-DFTB results show a good agreement with exper-
imental results. The N, functionalization enhances better
responsc (o formaldchyde gas over pristine and NH, (unc-
tionalized carbon nanotubes. In addition, electron charge
transfer was found to be from the formaldehyde molecule
to the CNT-N, (0.079¢) at the optimum adsorption site of
3.0 A. The CNT-N, intcracts with the clectron-donating for-
maldehyde resulting to increase in charge carriers of CNT-
N,. It causes the decrease in resistance of sensing film in
present of formaldehyde.

3.4 ldentification of formalin contamination
in squids based on PCA analysis

To apply the fabricated room-temperature gas sensors in
real-world application, three sensors (PEDOT:PSS/MWC-
NTs-N,, PEDOT:PSS/MWCNTs-NH, and PEDOT:PSS/
MWCNTs gas sensors) were installed in the E-nose and
used for identification of formalin contamination in squids.

@ Springer
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Fig.7 aModel of interaction between CNT-N; and a formaldehyde molecule and b adsorption energy as a function of adsorption distance

180 sensor responscs (Xgg,3) were introduced into the PCA
analysis. Figure 8 presents 2D PCA plot of four different
squid samples at room temperature. The PC1 contributes
96.85% of the total variance and the PC2 contains 2.07%
of the total variance. The cumulative of the PC1 and PC2
represents 98.92% of data variance which provides high
enough information to describe the odor difference of pure
and (ormaldehyde contaminated squid samples. From Fig. 8,
it can be clearly seen that the PCA result shows a perfect
classification of four sample groups corresponding to the

Fig.8 PCA plot for classifica- 2.0

percentages of formalin contamination (pure, 0.125 wt%,
1 wt% and 2.5 wt%). Moving along the PC1 axis from left to
right, the sample groups with higher formalin contamination
distribute further from the pure sample group. This suggests
the obvious difference in odors of squid samples contami-
nated with different concentrations of formalin contamina-
tion. In addition, the difference of squid samples dipped in
formalin mixed DI water solution cannot be detected from
physical observation as shown in inset of Fig. 8. The PCA
result confirms that our inkjet-printed gas sensor array has

tion of squid samples 1
1.6 4

1.2 ]
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high potential in identification of the formaldchyde contami-
nated squid samples at room temperature.

4 Conclusion

In conclusion, 2D-hybrid PEDOT:PSS/MWCNTs,
PEDOT:PSS/MWCNTs-NH, and PEDOT:PSS/MWCNTs-
N, gas sensors were successfully fabricated by low-cost
inkjet printing technique. The SEM shows no significant
difference in surface morphology. FTIR characterization
confirms the presence of N, and NH, functional groups
of CNTs in PEDOT:PSS polymer matrix after printing on
interdigitated silver electrodes. From gas sensing results,
PEDOT:PSS/MWCNTSs-N, scnsor cxhibits the highest
response and selectivity to formaldehyde gas compared with
ethanol, methanol, ammonia, nitrogen dioxide and hydrogen
sulfide at room temperature. The sensing mechanism of the
three fabricated sensors was proposced based on dircct charge
transfer process. The SCC-DFTB calculation shows a good
agreement with experimental results in which CNTs-N,
exhibits the highest interaction to formaldehyde molecule
and changing of electronics properties. For E-nose meas-
urement, response values of the three fabricated sensors to
odors of pure and formaldehyde contaminated squid samples
were analyzed by PCA method. The PCA result confirms
that the three printed sensors can detect and classify the pure
and contaminated squids with varying the formalin contami-
nations. According to the results, the proposed technique for
fabrication ol formaldehyde gas sensors to identily formalin
concentrations in squids offers several advantages over the
current typical chemical methods including fast, room tem-
perature operation, simple, no chemical waste, low cost and
nondcstructive measurcment.
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