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MXene-Polymer Hybrid for High-Performance Gas Sensor
Prepared by Microwave-Assisted In-Situ Intercalation

Jin Zhou, Seyed Hossein Hosseini Shokouh, Hannu-Pekka Komsa, Lassi Rieppo,
Linfan Cui, Zhong-Peng Lv,* and Krisztian Kordas*

2D transition-metal carbides (Ti;C,T, MXene) intercalated with organic molecules
have been widely used in batteries and supercapacitors, but are quite rarely reported
for gas sensing. Since Ti;C,T, is sensitive to oxygen, most methods for preparing
the intercalated Ti;C,T, involve stirring the reactants with Ti;C,T, for several hours
under nitrogen protection. Herein, a method to prepare a hybrid of Ti;C,T, and
intercalated polysquaraine through microwave-assisted in situ polymerization that
takes only a few minutes without the need of using a protective atmosphere is dem-
onstrated. Owing to the increased interlayer space of the Ti;C,T, after the polym-
erization, the gas sensors based on the hybrid exhibit a good sensing performance
for NH; detection, being able to detect at least 500 ppb NH; with a 2.2% ppm™ of
sensitivity. This study provides a facile preparation method for developing interca-
lated MXenes, which are expected to be useful for a wide range of applications.

1. Introduction

MXenes are members of the family of 2D materials, which are
typically formed by selectively etching the intermediate A layers
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from the MAX phase as first reported in
2011.1M MXenes generally have the formula
of M, X, T,, where M is an early transi-
tion metal, X is carbon or nitrogen, and
T, represents surface terminating func-
tional groups such as —F, -0, and —~OH.[!
Owing to its fascinating surface properties,
metallic conductivity, and hydrophilicity,
MXenes have been proposed for applica-
tions in energy storage*3 catalysis,!*’
electromagnetic interference shielding,®”]
and sensing.® ' Recently, MXenes and
their derivatives have been noted to be
useful for gas sensing, e.g., NH; and vola-
tile organic compounds (VOCs).1012-14
However, the response of pristine MXene-
based gas sensors is typically low (e.g., 0.62% for 10 ppm
NH;)! and their limit of detection is high as compared to
metal oxide and organic semiconductor-based devices, which
limit their practical applications. [121415]

Hybridizing MXenes with other sensitive materials is one
strategy to overcome or at least minimize these challenges.
Intercalation of molecules between MXene sheets in the com-
posites/hybrids can provide a large interlayer spacing and
facilitate rapid ion transport,!®l as has been exploited in novel
ion batteries and supercapacitors.'®21l The presence of mul-
tiple interfaces between materials having different electronic
band structures may significantly alter the electrical transport
as well as the surface adsorption energy and the density of
active sites.?>?%l Intercalation was also found to improve the
selectivity of gas sensors,3% and to influence the dynamics of
interlayer water of MXene with an important role in the sensing
process.?132l Among these hybrids/composites, sensors made
of MXenes and organic composites, such as polyaniline,!?*33]
polyacrylamide,’? PEDOT: PSS,1? and polyethyleneimine,?’!
exhibit rather a good sensing performance.

Interestingly, most of the efforts in gas sensor applications
of MXene-based composites were obtained by simple physical
blending, while only very few studies have considered intercala-
tation.[*¥ Different preparation recipes proposed for intercalation
of MXenes with organic materials, often suffer from long reac-
tion times at elevated temperatures, which is energy demanding,
and eventually may accelerate oxidation.’] For example, Boota
et al. intercalated polymers of various polarities into MXene
layers by stirring the mixture of reactants and MXenes for 16 h
at 80 °C under nitrogen atmosphere.’5 Also, they intercalated
MXenes with polypyrrole through the self-polymerization of
pyrrole at room temperature under 12 h stirring.?% Overbury
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Figure 1. a) Schematic illustration of polymerization of squaric acid (SA) and 1,4-diamino-2,5-dichlorobenzene between Ti;C,T, layers. b) The chemire-
sistive NH; sensor device based on a Ti;C,T,/PDDS hybrid film after drop-coat on the electrodes.

et al. stirred MXene and urea solution for 15 h at 60 °C to
prepare the corresponding intercalated product.¢!

Herein, we demonstrate a novel, fast and highly efficient
microwave-assisted synthetic route for preparing intercalated
Ti;C,T,/polymer hybrids. The excellent microwave absorption
of Ti;C,T, can largely accelerate the polymerization process.* 3l
Under only 5 min microwave radiation, a new conjugated poly-
squaraine, poly-(1,4-diamino-2,5-dichlorobenzene-squarine)
(PDDS) with a backbone containing ionic-state moieties,
formed in-situ and intercalated between the layers of Ti;C,T,
with a controlled ratio. Polysquaraine was first developed by
Xiao et al. for gas sensing by refluxing and stirring squaric acid
with an aromatic amine at 125 °C for 12 h.*¥l Due to the zwit-
terionic resonance (N* and O7) structure of the squaric ring
and an arylamine, squaraines can form hydrogen bonds and/
or participate in ion-dipole interactions upon exposure to target
gases.3%* However, their typically poor conductivity may limit
practical applications. The use of metallic Ti;C,T, in our hybrids
also led to significantly enhanced conductivity, therefore cir-
cumventing this problem. Our sensors based on Ti;C,T,/PDDS
hybrid provided superior response compared to pristine Ti;C,T,
and simple physical mixture of Ti3;C,T, and PDDS, detecting
NH; with a sensitivity of 2.2% ppm™ at 500 ppb and exhibiting
good selectivity and repeatability.

2. Results and Discussion

To prepare the Ti;C,T,/PDDS hybrid material (Figure 1), a
colloidal aqueous Ti;C,T, was stirred with squaric acid (SA)
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in three different mass ratios (Ti;C,T: SA = 1:1, 1:2, and 1:5).
Then, the Ti;C,T,/SA hybrid was washed with deionized water
and reacted with 1,4-diamino-2,5-dichlorobenzene in n-butanol
for 5 min under microwave exposure (see experimental details).
After washing with water and acetone, the product was dried
and finally suspended in ethanol to allow for drop-cast deposi-
tion on the substrate with the interdigital electrodes (see Exper-
imental Section). To quantify the PDDS in the Ti;C,T,/PDDS
hybrid, we conducted thermogravimetric analyses (TGA) of
the hybrids, pristine Ti;C,T, and PDDS (Figure S1, Supporting
Information). The amount of the PDDS in the hybrids increases
with the amount of SA used, and the mass ratio of PDDS in the
Ti;C,T,/SA (L:1), (1:2), and (1:5) samples is calculated to be 4%,
30% and 35%, respectively. We, therefore, denoted the three
samples as MP 4%, MP 30%, and MP 35% in our study.

Upon drop-casting the Ti;C,T,/PDDS hybrid (MP 30%) on
the substrate, nanosheet structures (of about 2.5 um in length
and width) that percolate and bridge the adjacent electrodes are
visible by scanning electron microscopy imaging (Figure 2a).
Transmission electron microscopy (TEM) shows the PDDS
(bright layers) is confined between Ti;C,T, layers (dark layers),
leading to the increase of their interlayer distance (Figure 2b).
Energy-dispersive X-ray spectroscopy (EDS) mapping in Figure S2
(Supporting Information) confirms the uniform distribu-
tion of PDDS in the hybrid. In particular, the nitrogen ele-
ment distributes homogeneously over the surface of Ti;C,T;
layers, suggesting a uniform distribution of PDDS throughout
the hybrid, which agrees with TEM results. Powder X-ray dif-
fraction (XRD) pattern (Figure 2c) of the pristine Ti;C,T, and
the Ti;C,T,/PDDS hybrid exhibits a clear shift of the (002)

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 2. a) SEM image of the sensor device fabricated from MP 30%; inset: a magnified image of the flakes. b) TEM image of MP 30%, PDDS (bright
layers) is intercalated between the TisC,T, layers (darker layers); c) XRD pattern of Ti;C,T,/PDDS hybrids and pristine Ti;C,T,. The interlayer spacings

deduced from the (002) peak position are also indicated.

reflection from 796° to 6.26°, 6.26°, and 6.24° as the amount
of SA is increased, further indicating an expansion of the d
space between Ti;C,T, layers from 11.1 to 14.2 A. The Ti;,C,T,
interlayer distance expansion can be attributed to the presence
of the polymer between the Ti;C,T, layers. The interlayer dis-
tance of Ti;C,T,/SA hybrid (Figure S3a, Supporting Informa-
tion) is 12.0 A, i.e., falling between those of the pure Ti;C,T,
and the Ti;C,T,/PDDS hybrid, and thus indicates successful
polymerization of the intercalated SA. It is worth noting that
benefiting from the ion-in-conjugated structure of PDDS
(Figure S4, Supporting Information), the large polarity of the
polymer promotes strong the interaction between polymer and
Ti;C,T,, which is in agreement with the report of Boota and co-
workers.32 The stronger the interaction between the polymer
and Ti3C,T,, the more polymer could be retained between
Ti;C, T, flakes after washing, which results in an increased inter-
layer distance for Ti;C,T,. Interestingly, when the polymer is in
excess, a shoulder at the (002) reflection is visible, which cannot
be a direct peak of the polymer (Figure S3b, Supporting Infor-
mation). It may originate from the secondary layered product.
Moreover, the Ti;C,T, layers could work as a template or a sub-
strate for the synthesis due to the H-binding between Ti;C,T;
and the monomers or PDDS oligomers and thus facilitate

The Fourier transform infrared (FTIR) spectrum of MP 30%
(Figure 3a) exhibits clear characteristic peaks of PDDS super-
posed on the spectrum of Ti;C,T,. Compared to the pristine
Ti;C,T,, the spectrum of Ti;C,T,/PDDS hybrid shows peaks
originating from the zwitterionic structure of cyclobutenedi-
ylium-1,3-diolate and C=C stretching of the four-membered ring
of PDDS at 1627 and 1508 cm™, respectively.**] Similar spectra
can also be found in the case of MP 4% and MP 35% as shown
in Figure S5a (Supporting Information). The Raman spectrum
of Ti;C,T,/PDDS (Figure 3b) further corroborates the forma-
tion of PDDS. The peaks at 1238, 1362, 1523, and 1790 cm™! are
from the intercalated PDDS. Specifically, the peaks at 1523 and
1790 cm™ can be assigned to the Ph C-C and C=C stretching
of the four-membered ring combinations and symmetrical C-O
combinations in PDDS.*! The Raman bands observed at 126,
202, 601 and 723 cm™ are associated with the resonance peak,
Ay (Ti, O, C), M—T,, and A;4(C) peaks in Ti;C,T,, respectively.*’
Moreover, the lack of peaks related to TiO, in the spectrum indi-
cates that Ti;C,T; is not oxidized during the fast polymerization
process nor after it, likely due to the protection by PDDS.[ The
Raman spectrum of MP 35% hybrid shows very similar features
(Figure S5b, Supporting Information), whereas MP 4% hybrid
appears close to pristine Ti;C,T,, consistent with its very small

layered polymerization.[2043] PDDS mass content of 4% estimated from TGA. It is important
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Figure 3. a) FTIR spectra and b) Raman spectra of Ti;C,T, (black curve), PDDS (blue curve), and Ti;C,T,/PDDS hybrid (MP 30%) (red curve).
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to note that the shifts of the FTIR and Raman peaks indicate
noticable interaction between PDDS and Ti;C,T,,[** which plays
a crucial role in the polymerization of PDDS on the surface of
Ti;C,T,. To further verify the presence of interaction between
Ti;C,T, and PDDS prepared by in-situ polymerization, we
measured the FTIR and Raman spectra of a simple mixture
of PDDS and Ti;C,T, with a mass ratio of 1:1 (Figure S5, Sup-
porting Information). Since the IR absorption of PDDS is sig-
nificantly stronger than that of Ti;C,T,, the FTIR spectrum of
the mixture resembles that of PDDS with identical vibrational
mode frequencies. The Raman spectrum of the mixture merely
shows a simple combination of PDDS and Ti;C,T, spectra,
where the widened peak of the polymer might be caused by the
polymer carbonization under the laser. Moreover, we observe
the separation of phases in the aqueous mixture of Ti;C,T, and
PDDS after standing, whereas Ti;C,T,/PDDS hybrid remains
evenly dispersed in water, which further proves the presence of
the interaction (Figure S6, Supporting Information).

From these results, we can conclude that our Ti;C,T,/PDDS
hybrids indeed consist of Ti;C,T, and PDDS, which are bound
together strongly and intermixed at the atomic scale. Finally,
X-ray photoelectron spectra (XPS) of Ti;C,T, and MP 30% are
shown in Figure S7 (Supporting Information). The new N1s peak
in the case of MP 30% corresponds to the -NH-8 and ~HN*=*
of PDDS (Figure S7b, Supporting Information). Furthermore,
the spectrum of C 1s reveals aromatic C, C-O, C-N, and C—ClI
peaks in the Ti;C,T,/PDDS hybrid after polymerization.?>3%
These results suggest that SA and 1,4-diamino-2,5-dichloroben-
zene are successfully polycondensed in contact with Ti;C,T, by
microwave irradiation without long term refluxing.

www.advmattechnol.de

To evaluate the sensing performance of our Ti;C,T,/PDDS
hybrids, we prepared sensor devices by drop-casting the hybrid
on the silicon substrate with patterned gold interdigitated elec-
trodes. Changes in the electrical resistance were investigated
under exposures to different gases, such as H,, CO, CH,, H,S,
NH;, and NO, at room temperature (25 °C). The sensor based
on the MP 30% shows high selectivity toward NH; (Figure 4a;
Figure S8, Supporting Information). The sensitivity of the
device to NHj is 2.2% ppm™ at 500 ppb. Although this value
is inferior compared to metal oxide (including commercial sen-
sors, Figaro TGS 826 and Winsen MQ 137) and some conduc-
tive polymer-based devices, it is surpassing previously reported
MXene-based sensing materials. In terms of the practical detec-
tion limit, our sensor outperforms other MXene based devices,
and even without the need of heating, it competes with metal
oxide sensors (including commercial ones) (Table 1). Compared
to the interference gases introduced in large concentrations,
except for the NO, which we will discuss later in the text,
the response of the sensor to 1 ppm NHj is at least sixfold
(Figure 4a and Figure S8, Supporting Information). The sensor
based on the MP 4% and MP 35% showed qualitatively sim-
ilar performance, as demonstrated in Figure S9 (Supporting
Information), but with lower sensitivities of 1.0% ppm™ and
1.1% ppm™ at 500 ppb NHj3, respectively.

The real-time sensing response curve (Figure 4b) shows
how the resistance of the device is changing when exposed to
NH; pulses from 500 ppb to 10 ppm. The resistance increases
rapidly when the sensor is exposed to the analyte and then
gradually recovers upon flushing with dry air. Figure 4c dis-
plays the concentration-dependent sensing response calculated
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Figure 4. Sensing performances of MP 30%. a) The selectivity of the sensor; b) the real-time resistance of the sensor versus time curve; c) response
at NH; concentrations from 0.5 to 10 ppm, AR/Ry and AR*/Ry* indicates the uncalibirated and calibrated response respectively; d) repeatability of the
sensor at 500 ppb NH;_ The effect of e) temperature and f) humidity on the sensing performance for 10 ppm NHs.
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Table 1. Comparison of ammonia sensing performances of the gas sensors based on the MXene and the related composites/hybrids.

Material Sensitivity [% ppm™] LOD? [ppm] Work temperature Reference
Ti;C,T, 0.0062 10 RT® [15]
Ti;C,T, 0.008 0.1 RT [12]
TiyC,T, 0.0021 10 RT n3]
TisC,T,/rGO 0.13 10 RT 127]
PEDOT:PSS@ Ti;C,T, 0.96 10 RT [34]
Ti3C,T,/NaCl 0.012 10 RT [51]
Ti;C,T,/CuO 0.068 1 RT [52]
TiO,/TisC,T, 0.31 0.5 RT [26]
BG/Ti;CN 0.0013 10 RT [53]
Ti;C,T,/SnO, 0.8 0.5 RT [54]
TiO,/Ti,CT, 3 0.1 RT [55]
ZnO/Graphene -7.6 1 RT [56]
CeO,~CuBr 2000 0.02 RT [57]
Polypyrrole nanotubes 40000 0.00005 RT [58]
PANI/Mo0S,/Sn0O, 10 0.2 RT [59]
Commercial NH; sensor (Winsen MQ-137) -0.4 5 250 °C [60]
Commercial NH; sensor (Figaro TGS 826) 55 30 RT [67]
Ti;C,T,/PDDS 2.2 0.5 RT This work

3Limit of detection; Y Room temperature.

from the measurements of every single concentration with
(AR*/Ry*) and without (AR/Ry) calibration of the baseline drift
(Figures S10 and S1la, Supporting Information). The sensor
response tends to saturate at 3.3% as the NH; concentration
increases to 20 ppm, suggesting a Langmuir type adsorption of
the gas on the surface (Figure S11b, Supporting Information).
To investigate the stability of the sensor after long exposure,
experiments with an extended exposure time of 1 h were
conducted (Figure S12, Supporting Information). A reduced
response (from 2.6% to 2.2%) can be observed after a long
time of NH3 exposure, which might be ascribed to the incom-
plete recovery of the active sites after previous gas pulses and
purging. The Ti;C,T,/PDDS based sensor shows an acceptable
level of repeatability to sequential exposure of 500 ppb NH; gas.
For three successive cycles as shown in Figure 4d, the sensor
response is similar with minimal variation (standard deviation
= 0.15%). Figure S13 (Supporting Information) shows sim-
ilar repeatability curves to sequential exposure of NH; gas at
500 ppb, 5 ppm and 10 ppm. To demonstrate the time-stability
of the device, we stored the sensor in a normal indoor environ-
ment for a period of 14 days, and the repeated measurements
showed nearly identical responses (Figure S14. Supporting
Information).

To study the effect of working temperature on the sensing
performance, we investigated the sensing response for 10 ppm
NH; at 50, 70, 100, and 150 °C (Figure 4e). The sensor response
decayed at higher working temperatures, which can be attrib-
uted to the reduced adsorption and enhanced desorption of the
analyte at the active sites. Interestingly, with the temperature
increased further, the sensor response increased from 1.3% at
70 °C to 1.5% at 100 °C, which might be caused by the oxida-
tion of Ti;C,T,.’l Furthermore, increased humidity of the air

Adv. Mater. Technol. 2022, 7, 2101565 2101565 (5 of 8)

carrier gas seems to decrease the sensor response to ammonia
(Figure 4f) possibly due to the consumption of the analyte
through the formation of NH,OH.[6263]

While pristine Ti;C,T, has excellent electrical conductivity,
its resistance remains almost constant when exposed to NH;
(Figure S15, Supporting Information). On the other hand, the
sensory response of pristine polymer could not be measured
due to its poor electrical conductivity. Accordingly, the good
sensing performance achieved by the intercalation of PDDS
between Ti;C,T, layers clearly demonstrates the synergistic
effect present for the hybrid material.

The good NH; sensing performance of the hybrid material
can be ascribed to several reasons. First, Ti;C,T, was reported
to possess the largest charge transfer and adsorption energy
when exposed to NH; due to the rich surface functional groups
(-O, —F and —OH).*Yl Second, PDDS introduces additional
active sites for adsorption owing to its zwitterionic resonance
(N* and O") structure that enables H-bond formation as well
as ion-dipole interaction with NH;3%% and thereby may also
contribute to the sensor response.3># Third, the enlarged
interlayer spacing enables easier access to the adsorption sites
between the layers for the analyte, thus making the sensor
more sensitive to analytes.? To verify our assumptions on
the positive influence of intercalation, we carried out a con-
trol experiment with a physical mixture of PDDS and Ti;C,T,,
which exhibited a sensor response of only 0.25% at 10 ppm
NH; (Figure S16, Supporting Information).

Furthermore, as noted earlier, the exposure of the Ti;C,T,/
PDDS hybrid to NO results in a good sensory response, which
is consistent with previous reports and can be explained by the
relatively large adsorption energy and charge transfer between
NO and Ti;C,T, as well as PDDS.[1>404] The real-time sensing

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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curves show increased response with the concentration of
applied NO gas pulses (Figure S17, Supporting Information),
although it is not linear.

3. Conclusion

In conclusion, we have demonstrated a facile and efficient
strategy for the in situ polymerization of squaric acid and
1,4-diamino-2,5-dichlorobenzene between the layeres of Ti;C,T,
by microwave irradiation. FTIR and Raman measurements
confirmed the polymerization of squaric acid and 1,4-diamino-
2,5-dichlorobenzene, and the XRD and TEM results proved the
polymer intercalated into the Ti;C,T, layers, resulting in enlarged
interlayer spacing. Furthermore, as the microwaves cause only
a very short local temperature rise in the reaction mixture, one
may avoid the oxidation of Ti;C,T, without applying any protec-
tive gas atmosphere during polymerization. The sensors based
on Ti;C,T,/PDDS hybrid showed good gas-sensing performance
with a sensitivity of 2.2% ppm™ to NH3, which is superior to
that of pristine Ti;C,T, and most of the reported MXene-based
gas sensors. Accordingly, we believe that our strategy of using
microwave-assisted polymerization and simultaneous intercala-
tion will motivate further research on Ti;C,T,/polymer hybrids
with potential gas sensing and energy-related applications.

4. Experimental Section

Materials and Characterization: All the chemicals were ordered from
Sigma Aldrich. X-ray photoelectron spectroscopy (XPS) measurements
were performed with a Thermo Fisher Scientific Escalab 250 XI system
with an Al Ko source. Raman spectra was performed by Thermo
Scientific DXR2xi Raman imaging microscope (excitation wavelength,
A =785 nm). The microstructure of synthesized material was studied
by field-emission scanning electron microscopy (FESEM, Zeiss ULTRA
plus and equipped with EDX) and transmission electron microscopy
(TEM, JEOL JEM-2200FS EFTEM/STEM 200 kV). Fourier transform
infrared spectroscopy (FTIR) of MXene-polymer hybrid was performed
on a Spectrum Two FT-IR spectrometer with ATR model (PerkinElmer,
UK). The X-ray diffraction (XRD) was carried out by Rigaku Smart Lab
9 kW, Cu Kerradiation with a 0.02 degree of step width. The thermal
gravimetric analysis (TGA, Setaram Labsys) was carried out with
10 °C min~' from room temperature to 800 °C under carrier gas of air.

Synthesis of Ti;C,T,: Aqueous dispersion of Ti;C,T, was synthesized
using the MILD method with minor modification.’®l In a typical
synthesis, 2 g Ti;AlC, (325 mesh, Carbon-Ukraine) was added gradually
to a stirring mixture of 40 mL 9 M HCl and 2 g LiF at 35 °C. After 24 h, the
product was separated by centrifuge and washed with deionized water
until pH > 5. Forty milliliters of water was then added to the sediment
and vortex for 30 min. The supernatant contained few and multiple
layered Ti3C,T, was obtained by centrifuging the mixture at 3500 rpm
for 15 min and then stored at 4 °C before use. The concentration was
measured by weighing a vacuum dried self-standing film of a certain
volume of the Ti;C,T, dispersion.

Ti3C,T,/PDDS Hybrid Preparation: To prepare the Ti;C,T,/PDDS
hybrid, 50 mL aqueous dispersion of Ti;C,T, (1 mg mL™) was initially
bath sonicated with squaric acid (it is water soluble) for 30 min under N,
protection. After 2 h of stirring at room temperature, the Ti;C,T,/squaric
acid mixture was washed by adding deionized water and centrifugation
for 10 min at 3500 rpm three times and then washed with n-butanol
once with the same condition. After transferring the Ti;C,T,/SA mixture
(a paste, containing certain parts of water and n-butanol) into 30 mL
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n-butanol with excessive 1,4-diamino-2,5-dichlorobenzene and bubbling
by N, for 10 min, the solution was reacted under a 350-watt microwave
for 5 min. Finally, the Ti;C,T,/PDDS hybrid was washed with acetone
and deionized water while vacuum filtering to ensure there was no free
SA or 14-diamino-2,5-dichlorobenzene, and the hybrid was collected
after vacuum drying at 60 °C for 8 h.

The hybrid with three mass ratios of Ti3C,T,: SA 1:1, 1:2, and 1:5 were
synthesized by changing the SA content (e.g., when the mass ratios of
Ti3C,T,: SA is 1:2, the amount of absorbed SA in the mixture is around
5.4% (Figure S1b, Supporting Information)) in the Ti;C,T, /SA mixture.
PDDS was synthesized in the same method, by dissolving 20 mg SA
and 30 mg 1,4-diamino-2,5-dichlorobenzene into 30 mL n-butanol and
reacting for 5 min in the 350-watt microwave. The product, a red powder,
was collected by vacuum filtering and drying. The FTIR and Raman
spectra of the PDDS, SA and 1,4-diamino-2,5-dichlorobenzene were
shown in Figure S18 (Supporting Information).

Fabrication and Test of Gas Sensor: The sensor devices were fabricated
by drop-casting 2 puL ethanol dispersion (5 mg mL™) of the hybrid
on the Si/SiO, substrate (4 mm x 6 mm x 0.5 mm), with 25 pairs of
Au-Ti interdigitated electrodes (electrode distance and width were
both 20 um), to form a sensitive film and dried at room temperature
(Figure S19, Supporting Information). The sensing performance of
materials was studied in a Linkam THMS600 heating and freezing
stage connected to an Agilent 3458A multimeter at 5 V of constant
bias. Different concentrations of NH;, NO, H,S, CH,, CO, and H, were
obtained by Lab view driven mass flow controllers. Dry synthetic air was
used as the carrier gas to dilute these gases to the desired concentrations
while the operating temperature was maintained at room temperature
(25 °C). The total gas flow rate was kept constant at 500 mL min~' in
all experiments. The gas response was calculated by ARX100%/R,,
where Ry is the initial sensor resistance before NH; exposure and AR
is the difference between Ry and the resistance of the sensor exposed to
NHjs. To add water vapor to the test gas, additional airflow was bubbled
through a water-containing flask and then mixed with the analyte before
introducing it into the test chamber. The relative humidity was adjusted
by the carrier gas flow rates. The ultimate humidity of the test gas was
calibrated via a commercial humidity sensor.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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