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ABSTRACT: For next-generation gas sensors, conductive polymers have strong
potential for overcoming the existing deficiencies of conventional inorganic
sensors based on metallic oxides. However, the signal of organic gas sensors is
inferior to that of inorganic metal oxide gas sensors because of organic gas
sensors’ poor charge carrier transport. Herein, the combination of an organic
transistor-type gas sensor and a zeolite with strong gas-adsorbing properties is
proposed and experimentally demonstrated. Among the various investigated
zeolites, ZSM-5 with ~5.5 A pore openings enhanced the adsorption for small
gas molecules when combined with a polymer active layer, where it provided a
pathway for gas molecules to penetrate the zeolite channels. Moreover, nitrided
ZSM-S (N-ZSM-S) enhanced the sensing performance of NO, molecules
selectively because N in the N-ZSM-$ framework strongly interacted with NO,
molecules. These results open the possibility for zeolite-modified organic gas
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sensors that selectively adsorb target gas molecules via heteroatoms substituted into the zeolite framework.
KEYWORDS: nitridation, organic transistor, ZSM-S, P3HT, gas sensor

1. INTRODUCTION

Air pollution has become a major environmental threat, and
portable gas sensors, which can be used to detect harmful
oxide gases such as NOx and SOx, have attracted attention
from researchers. ~> For next-generation gas sensors, con-
ductive polymers have strong potential for overcoming the
existing deficiencies of conventional sensors based on inorganic
metallic oxides. Organic semiconductors are expected to have
excellent utility as portable soft devices because of their
outstanding advantages, which include a low volumetric mass
density, good flexibility, and compatibility with solution-based
large-scale fabrication processes.””® Because most organic
semiconductors respond to polar gases such as NO, and SO,,
both high selectivity and good sensitivity are critical in an
organic gas sensor. Despite the vast potential of organic
semiconductors, their sensitivity and response rates, which
affect the performance and reliability of organic gas sensors, are
inadequate for them to be used in practical applications.””"*
These weaknesses are closely associated with the thick organic
active layer and intrinsically poor charge carrier characteristics
of organic field-effect transistors (OFETs)."*™"

An effective approach to improving the sensitivity and
selectivity of organic gas sensors toward target gas molecules is
to integrate organic semiconductors with functional materials
for effective gas adsorption. Among such functional materials,
zeolites are microporous aluminosilicate materials constructed
from TO, (T = Si and Al) tetrahedra inter-bridged through O
atoms. Zeolites are regarded as excellent adsorbents for
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harmful gas species because of their unique topological
properties and adjustable composition via substitution of
framework atoms, lattice O, and compensating cations.'” ™"’ In
particular, modification of zeolites by tuning parts of their
framework can expand their range of applications. Nitridation
is a promising method to substitute lattice O with framework
N, which has less electronegativity than O.*° In our previous
study, the most representative commercial zeolite, ZSM-S
(framework type MFI), showed excellent structural stability
during nitridation at 900 °C.2! In addition, a nitrided ZSM-5
(N-ZSM-5) film was explored for selective NO, adsorption
depending on the compensating cations or Si/Al ratio.””*
With respect to this, N-ZSM-$ harbors robust potential as an
outstanding analyte channel material for NOx gas sensors
when it is blended with a conductive polymer as an active
layer.

In the present study, we fabricated blend films based on a
conductive polymer, poly(3-hexylthiophene) (P3HT), and
ZSM-5 zeolites and characterized their performance as a
sensitive and selective soft active layer in a gas sensor.”* We
expected the addition of zeolite to the polymer active layer to
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improve gas adsorption because of the large specific surface
area of the zeolite, which provides pathways for gas molecules
to penetrate the channel region. In addition, we fabricated and
compared a series of N-ZSM-5, in which some part of
framework oxygen was substituted with nitrogen and the
nitrogen content varied with the nitridation temperature. We
modified N-ZSM-S zeolites with different N contents and
investigated the changes in their physicochemical properties
when incorporated into blend films. In turn, the gas sensing
properties of OFET-based sensors fabricated from P3HT/
ZSM-5 blends were systematically investigated and compared
to clarify the effects of the N content in ZSM-S on the gas-
sensing performance toward various gas molecules. OFETs can
be used in sensitive portable sensors because of their functions
with signal transducers and amplifiers.

2. EXPERIMENTAL SECTION

2.1. Nitridation of ZSM-5 Zeolites. A commercial aluminosili-
cate NH," form of ZSM-$ (SiO,/Al,0; = 23, CBV2314) used in the
present study was purchased from Zeolyst. N-ZSM-5 was prepared via
the previously reported procedures as mentioned in our report.”'
About 1.0 g of the NH,-ZSM-5 sample was located in a tubular
furnace and ramped to 500 °C with a heating rate of 2 °C min™"
under flowing N, (100 mL min™') and were kept at the equal
condition for 2 h. After the shift into a flowing pure NH; (100 mL
min~'), the temperature was increased with a heating rate of 2 °C
min~! to 500, 700, or 900 °C to facilitate the N-ZSM-5 zeolites with
diverse N amounts. After that, the furnace was maintianed at a
particular temperature for 20 h under flowing NH; (100 mL min™")
and then cooled naturally with pure N, (100 mL min~"). Here, the
three nitrided and the pristine NH,-ZSM-$ zeolites are denoted as
NZ 1 (500 °C), NZ 2 (700 °C), NZ 3 (900 °C), and OZ,
respectively.

2.2. Characterization of ZSM-5 Zeolites. A Rigaku SmartLab
X-ray diffractometer equipped with a Cu Ko radiation source was
used to record powder X-ray diffraction (XRD) patterns in the 26
range from 3 to 50° by scanning at a rate of 4° min~". N, sorption
isotherms were collected using a Micromeritics Tristar II analyzer.
Vario Micro CHNS was employed to measure the N content in the
zeolite samples. The morphological properties of powders were
determined using a Hitachi SU8010 scanning electron microscope
operated with an accelerating voltage of 15 kV. X-ray photoelectron
spectroscopy (XPS) spectra were measured on a PHI S000 Versa
Probe II equipped with an Al Ka radiation source (hv = 1486.6 eV)
using self-supporting zeolite wafers with a mass of ~20 mg and a
diameter of 1.3 cm. The **Si MAS NMR spectra were collected on a
500 MHz Avance III HD Bruker solid-state NMR spectrometer at a
spinning rate of 5 kHz, a 2Si frequency of 99.36 MHz with a 7/2 rad
pulse length of 4 us, a recycle delay of 60 s, and an acquisition of
~300 pulse transients. The Fourier transform infrared (FT-IR)
spectra in the OH stretching region were obtained on a Nicolet 6700
FT-IR spectrometer using self-supporting zeolite wafers with a mass
of ~12 mg and a diameter of 1.3 cm. Prior to the FT-IR
measurements, pretreatment of the sample was performed under
vacuum at 550 °C for 2 h inside a homemade IR cell with ZnSe
windows.

2.3. Fabrication of the OFETs and Gas Sensors. P3HT
(regioregularity = 95%, M,, = 58 kDa) was purchased from Rieke
Metals. Various amounts of zeolites (10, 30, and 50 wt %) and 10 mg
of P3HT were dissolved in 1 mL of chloroform. OFETs were
fabricated on highly n-doped Si wafers as top-contact bottom-gate
transistors. Si wafers with thermally grown 3000 A-thick SiO, were
washed sequentially in acetone and ethyl alcohol for 30 min in each
solvent and then coated with hexamethyldisilazane (HMDS) using a
spin-coating method at 2000 rpm for 30 s. The zeolite/P3HT blend
films were fabricated on HMDS by spin-coating for 60 s at 2500 rpm.
The source and drain electrodes were patterned onto the zeolite/
P3HT blend films using a shadow mask (channel width = 2000 ym,
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channel length 100 um). For ultraviolet—visible (UV—vis)
absorption analysis, the zeolite/P3HT blend films were spin-coated
onto a coverglass subjected to identical surface treatments. After the
fabrication process, the samples were kept under a high vacuum for 12
h.

2.4. Characterization of the OFETs and Gas Sensors. Optical
microscopy (Olympus BXS1) and field-emission scanning electron
microscopy (JSM-7800F, JEOL) were used to characterize the
morphologies and dispersion of zeolites in the P3HT films. The
elemental mapping images of the blended films were investigated
using the same instrument. UV—vis absorption spectra of blended
films were recorded using a UV—vis spectrophotometer (PerkinElm-
er, Lambda 365). The electrical performance of the blend films was
characterized under ambient conditions at RT (Ta‘,g = 20.8 °C and
relative humidity = 29%) using a semiconductor parametric analyzer
(Keithley 4200). The field-effect mobility (#) was determined in the
saturation regime (V, = —60 V) by plotting the I-V curves. The
responses toward SO,, CO,, and NO, analytes were investigated
using a gas sensor (Precision Sensor System, GASENTEST, Precision
Sensor System) at a fixed gate voltage V; of —10 V and a drain
voltage Vp, of —10 V. The target gas concentration was controlled by
changing the mixing ratio of the target gas and air in a total gas flow

rate of 500 mL min .

3. RESULTS AND DISCUSSION

Figure 1a shows the powder XRD patterns of the OZ and NZ
1-3 zeolites. When compared with pristine OZ, all the nitrided
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Figure 1. Representative characterization results that verify the
topological properties of the samples employed in this study: (a)
powder X-ray diffraction patterns, (b) N, sorption isotherms, and (c—
f) scanning electron microscopy images of OZ and NZ 1-3.

NZ samples presented only characteristic MFI X-ray peaks at
approximately 7.94, 8.80, 23.10, 23.42, 23.98, and 24.61°,
corresponding to the (011), (020), (051), (501), (033), and
(313) reflections, respectively.”> The small full-width at half-
maximum values of the peaks indicated that the samples were
highly crystalline even after high-temperature nitridation. As
shown in Figure 1b, all OZ and NZ samples exhibit the typical
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Figure 2. Representative characterization results verifying the substitution of N into the ZSM-5 framework during nitridation: (a—d) N 1s X-ray
photoelectron spectroscopy spectra of OZ and NZ 1-3, (e) summary of N species revealed by deconvolution of the component N 1s spectra, (f)
deconvoluted *Si MAS NMR spectra of OZ and NZ 3, (g) OH stretching region of the Fourier transform infrared spectra of OZ and NZ 3, and
(h) CHN analysis results for OZ and NZ 1-3.
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Figure 3. Scanning electron microscopy images of zeolite blend films (a) with various amounts of OZ and (b) with different types of nitrided
zeolite. The inset shows the N elemental mapping images of the blend films. (c) UV—vis absorption spectra of P3HT films with 30 wt % of
different zeolites, and the film thickness and the ratio of intensities of the (0—0) and (0—2) transitions of the P3HT films with 30 wt % of different
zeolites.

type-I N, sorption isotherms without hysteresis loops, which Emmett—Teller (BET) surface areas greater than 329 m* g~
imply the microporous materials, and the high total Brunauer— In addition, the micropore surface areas still remained, that is,
7198 https://doi.org/10.1021/acsami.2c18498
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Figure 4. Electrical characteristics of organic field-effect transistors based on P3HT films containing (a) various amounts of OZ and (b) 30 wt % of
different zeolites. (c) Charge carrier mobility and on—off ratio plots of a P3HT film and blended films. Responsivity plots of gas sensors based on
blended films (d) with various amounts of OZ and (e) with 30 wt % of different zeolites. (f) Gas-sensing properties of the gas sensors based on
P3HT/nitrided zeolite blended films. The inset shows the first cycle of the sensing curves. (g) Schematic of NO, gas adsorption of P3HT films

blended with OZ and blended with NZ 3.

0Z =292,NZ 1 =283, NZ 2 =315,and NZ 3 =307 m* g*
(Table S1). These results indicate the structural stability of
zeolite samples with microporosity even after the high-
temperature nitridation treatments at 500—900 °C. The
scanning electron microscopy (SEM) images of OZ and NZ
1-3 (Figure 1c—f) show the same coffin shape with a similar
submicron size (~570—700 nm), indicating that the
morphology of NZ 1-3 did not change during the nitridation.

Figure 2a—d shows the N 1s XPS spectra of OZ and NZ 1—
3 in the binding energy range of 393—407 eV. The bands at
binding energies of >402, 398.1—400.1, and 397.7—398.5 eV
are assigned to adsorbed NH," as a compensating cation
within the zeolite channel, terminal amido species (—NH,),
and bridging imido species (—NH-), respectively.”****” The
N 1s spectrum of the NH,* form of pristine OZ showed only
one band corresponding to the adsorbed NH," as compensat-
ing the cation electrically connected with the tetrahedral AI**
atom in the zeolite framework. However, when ZSM-S was
nitrided at different temperatures, peaks assigned to terminal
amido (—NH,—) and bridging imido (—NH-) species
intensified because of the reaction of N with silanol (=Si—
OH) groups and the substitution of N for O in the MFI
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framework, respectively (Figure 2¢).”® In particular, the XPS
spectrum of NZ 3 showed an extremely intense peak for
bridging imido (—NH—) species, indicating that the adsorbent
contains stable N sites in its framework.

N-substitution into the ZSM-S framework was further
confirmed by ?Si MAS NMR and FT-IR spectroscopies. As
shown in Figure 2f, a weak but clear band at approximately
—90 ppm was observed in the *Si MAS NMR spectrum of NZ
3 because of the existence of Si—N—T bonding.”” The Si/Al
ratios calculated from the **Si MAS NMR spectra of OZ and
NZ 3 were 10.3 and 21.1, respectively, which means that
partial dealumination occurred during the high-temperature
(900 °C) treatment. As shown in Figure 2g, we observed the
FT-IR bands corresponding to Si—NH-T and Si—NH,--Al
stretching vibrations at 3390, 3340, and 3290 em™.,*° which
were not shown in the FT-IR spectrum of OZ. In addition,
Figure 2h shows increasing N contents in NZ with increasing
nitridation temperature, as determined by elemental analysis,
consistent with the N 1s XPS results.

The surface morphology of the P3HT films with various
amounts of the OZ and NZ 1-3 zeolites was characterized
using SEM and energy-dispersive spectrometry (EDS)

https://doi.org/10.1021/acsami.2c18498
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Figure 5. Gas sensing curve based on OFET gas sensors exposed to various concentrations of (a) NO,, (c) SO,, and (e) CO,. The responsivity
plots as a function of concentrations of (b) NO,, (d) SO,, and (f) CO, (insets show the sensitivity from the slope of the linear fitted graphs). (g)
Sensitivity of gas sensors based on blended films when the sensors were exposed to various gases. (h) Calculated LOD values of fabricated gas

Sensors.

(Figures 3a,b and S1).>'~*° The SEM images confirmed that
the zeolite particles were dispersed in the P3HT thin film. The
P3HT film blended with 50 wt % of zeolite exhibited extensive
aggregation of zeolites on the film surface. The EDS mapping
images show that NZ 3, which was prepared at the highest
nitridation temperature among the investigated samples,
exhibited a higher N content in the P3HT films (Figure 3
inset). This result indicates that the nitridation temperature
can be used to control the total N content in the blend films.
We used UV—vis absorption spectra (Figure 3c) to evaluate
the thicknesses and the changes in crystallinity of the P3HT
films with various amounts of zeolite. The UV—vis spectra of
P3HT films show similar absorption bands irrespective of the
zeolite type.”* >’ The thicknesses and ratios of the (0—0) and
(0—2) transitions of the P3HT films were calculated from their
UV—vis spectra using the Beer—Lambert law. The Bee—
Lambert law presents a relationship among the absorbance,
molar extinction coefficient (&), path length (I), and
concentration (c): A = elc. The thickness values and A,_,/
A,_, intensities of the P3HT films were similar to those of a
homo-P3HT thin film. These results indicate that the zeolite
type did not affect the thickness or molecular order in the
P3HT films.

To evaluate the electrical performance of the P3HT/zeolite
composite active layers, we fabricated OFETs with bottom-
gate and top-contact devices on HMDS-treated SiO,
substrates. P3HT films blended with zeolites showed a lower
field-effect mobility value of 6.5 X 107 cm® V™! s™' compared
with that of homo-P3HT films, which are almost equivalent
values irrespective of the amounts and types of zeolites
(Figures 4a—c and S2). The field-effect mobility and the on/off
ratio were calculated from the Ip—V( transfer curves of the
OFETs.”®™* The average field-effect mobility values and on-
current levels were lower in the P3HT films with zeolite
particles because the nonconducting ZSM-S$ in the active layer
interrupted the charge carrier transport. These results are
consistent with those of previous studies involving the
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blendin§ of conjugated polymers with nonconducting materi-
als 324647

We investigated the NO, gas-sensing performances of OFET
gas sensors based on the P3HT/zeolite blend films with
different degrees of nitridation.”*™>* The gas-sensing perform-
ances were measured in the linear region, at a fixed Vp of —10
V and a fixed V; of —10 V. Figure 4d,e shows the changes in
the normalized source—drain current [I(t)/I5(0)] when the
fabricated gas sensors were repeatedly exposed to 10 ppm of
NO, for 20 s and purged with air for 200 s. The P3HT film
with 30 wt % of OZ exhibited the greatest increase in drain
current compared to the homo-P3HT film and P3HT films
with different amounts of OZ (Figures 4d and S3). The P3HT
film with 50 wt % of OZ showed poor responsivity toward
NO, gas, which indicates that the aggregation of zeolites
interrupts the efficient approach of gas molecules toward the
active layer. We blended 30 wt % of zeolites (i.e., the optimum
amount of zeolites) into P3HT films and investigated the effect
of the ZSM-5 N content on the NO, gas-sensing ability of the
corresponding OFET sensors. Figure 4e shows that the OFET
prepared using P3HT blended with NZ 3, which exhibited the
highest N content, especially much higher concentration of
stable imido (—NH-) species (Figure 2e), among the
investigated samples, demonstrated the greatest improvement
in responsivity compared with the responsivity of the device
based on homo-P3HT. On the other hand, the OFET
prepared using P3HT blended with NZ 1 and NZ 2 with
relatively small N contents, especially much lower concen-
tration of stable N species, showed the less improved
responsivity compared to that of OZ. These results can be
explained by the sensing performances of P3HT/ZSM-5 films
for the target gas improving with increasing the concentration
of stable N species in the ZSM-S as a result of the strong
interaction of the N atoms with NO, gas. In Figure 4f, the
P3HT film with NZ 3 exhibited the greatest responsivity
(defined as R = AIp/Ip,) as well as the highest response and
recovery rates (defined as AR/At). It is expected that if
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possible to increase the nitrogen content of nitrided zeolite
more, it can result in further enhanced NO, gas sensing
performance.

The gas-sensing mechanisms of the P3HT blend film are
presented in the schematic in Figure 4g. Zeolites are well-
known to function as gas adsorbents because of their
microporous structure. In the case of ZSM-S, this structure
provides a pathway for gas molecules to reach the active layer
of the P3HT/ZSM-S blend films. Moreover, NZ 3 exhibited
the highest responsivity to NO,, which confirms that N in the
zeolite framework led to strong interaction with NO,
molecules. Nitrogen in the imido groups exhibits electron-
donating character; hence, N in N-ZSM-5 strongly interacts
with NO, molecules. In addition, NO, is a strong electron
acceptor that adsorbs electrons and generates holes in the
active layer. When the P3HT/N-ZSM-S blend film is exposed
to NO, molecules, hole charge accumulation occurs, which
affects the current in OFET-based gas sensors.”

We also characterized the gas-sensing properties of P3HT/
ZSM-5 blend films for various gases at concentrations from 10
to S0 ppm (Figure S). The OFET-based gas sensors showed an
increase of the drain current with increasing the injection
concentration of the analyte gases. The P3HT/ZSM-5 films
demonstrated a stronger response toward NO, than toward
SO, or CO,. NO, gas has a strong electron-withdrawing
character and generates more hole carriers than SO, or CO, in
the P3HT film when the device is exposed to NO, gas. In
particular, the sensitivity of P3HT/NZ 3 films toward NO, was
notably higher than that toward the other gases in the order
NO, > SO, > CO, (Figure 5g)."’ Calculated LOD values of
fabricated gas sensors are summarized in Figure Sh. The LOD
value of the P3HT film blended with NZ 3 was 0.0026 ppm,
which is significantly lower than that of the homo-P3HT film
and the previously reported LOD values (Table 52).°>~>* This
result is related to the stronger interaction between N in the
nitrided zeolite and NO, molecules compared with the
interactions between N and the other gases, facilitating the
selective detection of the target gas. The results presented here
indicate that the nitridation of zeolite can be an effective
approach to fabricating selectively sensitive organic gas sensors
and that various functional groups will be useful for selectively
sensing target gases.

4. CONCLUSIONS

We examined the potential of nitrided N-ZSM-5 zeolite as an
analyte channel material inserted at the active layer in a gas
sensor. N-ZSM-5 samples were prepared using three different
nitridation temperatures to control the N content. Compared
with a P3HT film without pristine ZSM-5, the ZSM-5/P3HT
blend films showed substantially improved sensing properties,
including enhanced responsivity, response rate, and recovery
rate for various target gases. The microporous structure of the
zeolite provided a pathway for gas molecules to penetrate the
channel region. Moreover, N-ZSM-5 enhanced the sensing
performance for NO, molecules selectively because N in N-
ZSM-5 particles strongly interacted with NO, molecules. Our
study demonstrated the usefulness of zeolites as a gas analyte
channel in polymer gas-sensor applications and also demon-
strated that the surface modification of zeolite has an excellent
effect in selectively sensing target gases. We believe that the
proposed method represents a new route for fabricating
conjugated polymer/porous nanocomposite-based, high-per-
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formance gas sensors with high responsivity and good
operational reliability.
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