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ABSTRACT: Single-walled carbon nanotubes (SWCNTs) are recognized as versatile materials for the formation of
chemiresistive sensors. However, imparting high sensitivity and selectivity to SWCNTSs remains a major challenge. Herein,
we report a new sensory system that interfaces SWCNTSs and catalytic metal nanoparticles (NPs) in a film of a porous ion
exchange polymer to produce sensitive and selective sensors. The porous polymer films are based on imidazolium-
functionalized triptycene polyether sulfone and the environment created by this polymer results in the formation of ultra-
small (< 5 nm) Au NPs. The polymer serves to suppress the growth of Au NPs while maintaining gas transport. The size
control promotes strong interactions between Au NPs and carbon monoxide (CO) and this composition produces a robust,
sensitive, and selective CO chemiresistive sensor. We further demonstrate that modulation of a gate voltage in chemical
field-effect transistor sensing devices enhances the performance by promoting the activity of Au NPs. Sensors display an
increase of CO sensitivity at room temperature in air under the negative gate voltage. Our results demonstrate that the
combination of porous ion exchange matrix, nanoparticles, and gate voltage modulated chemiresistors can be
synergistically tuned to create sensitive and selective sensors for target analytes.

combination of SWCNTs and metal nanoparticles (NPs)

INTRODUCTION has been previously recognized as presenting

Chemical sensors can be used to protect human beings
from toxic and explosive chemicals,' to monitor air and
food quality,> and to provide an early diagnosis of disease.3
Chemiresistors are particularly attractive as a result of their
electrical transduction signals and facile integration with
other electronic devices.# Although metal oxide-based
chemiresistors are commercially available, their low
selectivity and high operating temperatures limit their
utility.5>¢ Chemiresistors that operate at ambient
temperatures are attractive as a result of their low power
requirements and ability to differentiate chemicals based
on inherent reactivity and molecular recognition. Single-
walled carbon nanotubes (SWCNTSs) are one of the more
attractive chemiresistive sensor elements because they can
be chemically functionalized to incorporate catalysts or
selectors, operate at ambient temperature, and have
tunable semiconducting electrical properties.” The

opportunities for gas sensing,®*° by leveraging the catalytic
properties of metal NPs that are a few nanometers in
size.™> However, despite successful demonstrations of
metal NPs-functionalized SWCNT chemiresistors, the
uniform fabrication of ultra-small metal NPs on SWCNTs
has been achieved by electrochemical deposition and
physical vapor deposition methods, which can complicate
the fabrication process.34 A pressing problem with
existing schemes is that van der Waals attraction causes
aggregation of ultra-small metal NPs,* which degrades
their activity. As a result, we have targeted methods that
prevent NP aggregation/fusion and allow for facile
fabrication.

We report herein the facile and uniform decoration of
ultra-small metal NPs on SWCNTs via ion exchange
through a porous ion exchange polymer matrix.
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Figure 1. Schematic illustration of the preparation of P4VP-SWCNT/Au@ITPES.

The introduction of the porous ion exchange polymer
matrix with SWCNTs-based sensors facilitates a uniform
formation of ultra-small Au NPs onto the sensing layer.
Specifically, the ion conducting and porous polymer film
allows the transport of ionic metal precursors with
complementary charge, while maintaining high gas
diffusion within the sensing layer.7*® The rigid nano-
porous polymer structure additionally suppresses Oswald
ripening of metal NPs during the activation of metal
precursors,” creating well-dispersed metal NPs of only a
few nanometers in dimension. In this investigation, we
synthesized ultra-small (~ 4.6 nm) Au NPs that interact
with SWCNTSs in a porous anion exchange polymer matrix.
Au NPs are well-known room temperature catalysts for the
oxidation of CO that is activated by coordination to Au
NPs.2>22 [nspired by this exceptional high CO activation by
Au NPs, we have developed highly sensitive and selective
CO detectors by using a porous ion exchange matrix to
create Au NPs functionalized SWCNT conductive
networks. The unique material characteristics and sensing
properties were verified by experimental demonstrations
and theoretical calculations. In addition, we report that a
chemical field-effect transistor (Chem-FET) sensing
scheme delivers enhanced CO sensing characteristics at
room temperature in air, by electrical tuning of Au
catalysis.

RESULTS AND DISCUSSION

Figure 1 illustrates the fabrication of Au NPs-
functionalized SWCNT-based chemiresistors using a
porous ion exchange polymer matrix. Spray-coating of
poly(4-vinylpyridine) (P4VP) wrapped SWCNT (P4VP-
SWCNT) composites onto alkyl halide functional glass
surfaces with Au electrode arrays results in covalent
anchoring via quaternization reactions (Details in
Supporting Information). This covalent linking of P4VP-
SWCNT composites has proved very effective to produce
high stability SWCNT-based sensors.? After the deposition
of P4VP-SWCNT, imidazolium-functionalized triptycene
polyether sulfone (ITPES) ion exchange material is drop-
cast as an overcoat. ITPES was synthesized by the
chloromethylation of triptycene polyether sulfone (TPES)v
and subsequent quaternization reaction (Figure Si, see
details in the Supporting Information). The structures of

the synthetic intermediates and ITPES were confirmed by
the 'H-NMR analysis (Figure Sz and S3). ITPES derives its
porosity from the free volume promoting properties of
triptycene,** and NP anion precursors are readily
incorporated as a result of the positively charged
imidazolium groups.” The P4VP-SWCNT films before and
after ITPES deposition showed similar morphologies
(Figure Sy4), and the thickness of ITPES film was verified
to be ca. 170 nm by the surface profilometer analysis
(Figure Ss5). An aqueous solution (5.0 pl, 2.94 mM) of
HAuCl, is then deposited over a total area of ~ 10 mm? and
AuCl,” ions are incorporated. The acidity of the solution
promotes protonation of the pyridine groups of P4VP-
SWCNT network and facilitates intimate contact with the
NP precursor. The AuCl, ions are converted to Au NPs by
sodium borohydride (NaBH,) reduction and we expect that
the pyridine groups continue to promote proximate
localization of the NPs via coordination. The growth of Au
NPs is suppressed by the porous ITPES matrix and the Au
NPs are limited to a few nanometers in size within P4VP-
SWCNT sensing matrix.

We confirmed the size and distribution of the Au NPs
via transmission electron microscopy (TEM) analysis. The
Au NPs are well-dispersed on ITPES-coated P4VP-SWCNT
(P4VP-SWCNT/ITPES) (Figure 2a), with the average size
of 4.64 + 0.82 nm (N = 147) (Figure 2b). Hereafter, Au NP
decorated P4VP-SWCNT/ITPES is denoted as P4VP-
SWCNT/Au@ITPES. The high-resolution TEM (HRTEM)
image further revealed that ultra-small Au NPs were
attached to SWCNT bundles (Figure 2c). Control samples
prepared without the ITPES overcoat reveal that larger (>
20 nm) Au NPs were agglomerates on the surface of P4VP-
SWCNT (Figure S6). In addition, energy dispersive X-ray
spectroscopy (EDS) elemental mapping analysis using
scanning electron microscopy (SEM) confirmed C, N, S,
and Au in P4VP-SWCNT/Au@ITPES (Figure S7). Hence,
we conclude that the combination of ITPES and P4VP-
SWCNT produces Au NP functionalized SWCNTs.

To further verify the penetration of the solution of Au
precursors through the porous ion exchange polymer and
the decoration of Au NPs on P4VP-SWCNT, we performed
attenuated total reflection-Fourier-transform infrared
spectroscopy (ATR-FTIR) analysis. The ATR-FTIR spectra
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Figure 2. Characterization of the Au NPs in P4VP-SWCNT/ITPES. (a) TEM image of P4VP-SWCNT/Au@ITPES, (b) Size
distribution of Au NPs, (c) HR-TEM image of P4VP-SWCNT/Au@ITPES, (d) ATR-FTIR spectra of the samples, and (e) UV-Vis

spectra of the samples.

of P4VP-SWCNT/Au@ITPES exhibit the shift of C=N
stretching band (from 1598 to 1603 cm™) for the pyridine in
P4VP (Figure 2d). This peak shift to higher wavenumber
is consistent with coordination bonding between
transition metal NPs and pyridine group.? This shift was
also observed in the ATR-FTIR spectra of the control
sample fabricated without ITPES (P4VP-SWCNT/Au)
(Figure S8). In addition, ultraviolet-visible (UV-Vis)
spectra also display the features expected for the Au NPs in
the composite films (Figure 2e). Specifically, the UV-Vis
spectrum of pristine P4VP-SWCNT film show a distinct
absorbance pattern of unbundled SWCNTs.> After the
deposition of ITPES, there is no significant difference for
P4VP-SWCNT/IPTES as a result of its thinness (~ 170 nm)
and lack of absorption transitions in the visible range. In
contrast, the  UV-Vis  spectrum  of  P4VP-
SWCNT/Au@ITPES exhibit an intense localized surface
plasmon resonance (LSPR) associated with Au NPs from
500-650 nm.>* The LSPR absorption spectrum is
significantly reduced for P4VP-SWCNT/Au prepared
without ITPES layer as a result of the larger particle sizes.
In addition, although matrix materials typically cause a
red shift of LSPR peak by increasing the dielectric constant
of Au surrounding,>>*7 the LSPR peak expected for the Au
NPs is blue-shifted from 579 nm for P4VP-SWCNT/Au to
568 nm for P4VP-SWCNT/Au@ITPES. The blue shift in the
LSPR of Au is an indication of the size control,2>2® and the
free volume (porosity) of the ITPES matrix.

We also performed X-ray photoelectron spectroscopy
(XPS) analysis to further confirm the nature of the Au NPs
in P4VP-SWCNT/Au@ITPES composition (Figure 3 and
Figure Sg). The high-resolution spectra of the samples in
the vicinity of C 1s are deconvoluted into three peaks at
284.5, 285.5, and 286.5 eV (Figure 3a), which are

corresponded to C-C, C-N, and C-O bondings.?® The C-C
bonding peak originates from SWCNT, P4VP, and ITPES;
the C-N bonding is related to the N in P4VP and
imidazolium; and, the C-O peak is ascribed to the O in
ITPES. The N 1s peaks in XPS analysis show the
characteristic peaks of pyridine N at 398.2 eV, imidazole N
at 399.5 eV, and imidazole N* at 4o1.0 eV.293° The XPS
spectra of S 2p exhibit the sulfone groups in ITPES with the
specific peaks at 168.5 eV for 2p,,, and 169.7 eV for 2p,;, 3!
Therefore, the XPS spectra of C 1s, N 1s, and S 2p confirm
the that P4VP-SWCNT and ITPES are intact as expected,
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Figure 3. XPS spectra of P4VP-SWCNT/Au@ITPES. High-
resolution spectra in the vicinity of (a) C 1s, (b) N 1s, (c) S 2p,
and (d) Au 4f, respectively.
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Figure 4. Sensing characteristics of P4VP-SWCNT, P4VP-SWCNT/ITPES, P4VP-SWCNT/Au, and P4VP-SWCNT/Au@ITPES at
room temperature in N, atmospheres (N 2 4 sensors). (a) Conductance traces and (b) responses of the sensors to 2 min exposure
to 200 ppm of CO. The shaded area indicates the standard deviation. (c) Responses vs. CO concentrations for P4VP-
SWCNT/Au@ITPES based sensors. (d) Responses of P4VP-SWCNT/Au@ITPES to 200 ppm of other interfering gases (NH;, CO,,

0,, and SO,) in N.,.

in the samples. In addition, the high-resolution XPS
spectra of Au 4f exhibit two major peaks at 84.4 eV for 4f,,
and 88.0 eV for 4f,,,. Interestingly, the binding energy for
Au 4f,, is shifted to higher energy (+0.4 eV) compared with
that of bulk Au (84.0 eV). This shift to higher binding
energy is characteristic of small Au NPs wherein the
electrons are more strongly bound to the Au nuclei as a
result of quantum confinement.3>33 In contrast, the control
sample without ITPES (P4VP-SWCNT/Au) exhibits the
split of Au 4f,;, peak into Au clusters and Au bulk peaks
(Figure S10), indicating the agglomeration of Au NPs. The
XPS results demonstrate the critical role of the porous ion
exchange polymer (ITPES) to stabilize ultra-small discrete
Au NPs on P4VP-SWCNT.

In developing CO sensors using P4VP-
SWCNT/Au@ITPES, we considered that Au NPs, in
addition to their role in transduction, could also provide
an impediment to gas diffusion in ITPES. As a result, we
varied the Au NPs loading in P4VP-SWCNT/ITPES by
changing the concentration of Au precursors (Figure Su1).
To optimize the conditions, we investigated the CO
sensing properties of P4VP-SWCNT/Au@ITPES, as well as
control samples; without porous polymer/Au (P4VP-
SWCNT), without Au (P4VP-SWCNT/ITPES), and without
porous polymer (P4VP-SWCNT/Au). The sensing tests
were initially carried out at room temperature in N,, and as
shown in Figure 4a. The P4VP-SWCNT/Au@ITPES
exhibits a significant increase in net conductance of 12.72%
with a 2 min exposure to 200 ppm CO, whereas the other
control samples showed negligible responses under the

same conditions. In contrast, P4VP-SWCNT/Au displays a
small decrease in conductance. It is also noted that P4VP-
SWCNT/Au sensors showed irreversible dosimetric
responses to CO, consistent with the formation of a strong
static complex with the larger Au NPs. Dosimetric sensors
offer a different type of information than recoverable
sensors, especially for total exposure rather than
instantaneous per event. Similar effects have also been
observed in other studies on SWCNT-based CO sensors.?34
The recovery of CNT-based sensors can be improved by
applying high temperature or UV light,®35 but these
procedures will complicate the overall sensing devices as
compared to room temperature operating sensors. The
P4VP-SWCNT/Au@ITPES shows 15.7-fold higher response
(AG/G, = 12.72%) when compared to P4VP-SWCNT/Au
(JAG/G,| = 0.81%) (Figure 4b) upon exposure to 200 ppm
CO for 2 min in N,, demonstrating the critical effect of the
ITPES-assisted size control/stabilization of the Au NPs on
CO sensing. The P4VP-SWCNT/Au@ITPES also showed a
noticeable response (0.17%) to 50 ppm of CO (Figure 4¢
and Figure S12a). This is significantly below Occupational
Safety and Health Administration (OSHA) ceiling (5 min)
CO exposure limit 200 ppm.3* In addition, the sensor
signals were remained relatively constant for 30 min after
the initial exposures (Figure Sizb). Furthermore, the
sensors exhibit a relatively fast response time (57 sec to 200
ppm of CO) (Figure Si2c), and high CO response
compared to the response to other generally more reactive
interfering gases (NH,, CO,, O,, and SO,) at the same
concentrations in N, (Figure 4d).
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SWCNT/Au@ITPES as a channel layer, and the sensing mechanism of the Chem-FET sensors. (b-d) Sensing characteristics of the
Chem-FET sensors to 2 min exposure to CO at room temperature in air (N 2 4 sensors). The shaded area indicates the standard
deviation. (b) Chemiresistive traces at + 2, 0, and - 2 Vpg to 200 ppm of CO, (c) responses to 200 ppm of CO as a function of the

gate voltage, (d) responses to 50-200 ppm of CO under -2 Vjpg.

To support our hypothesis that ultra-small Au NPs
derived from porous polymer matrix enhance CO sensing
properties of SWCNTs, we carried out ex-situ UV-Vis
analysis. It has been previously reported that the
unsaturated coordination sites on the surface of Au NPs
can facilitate CO adsorption373® The adsorbed CO
molecules on these sites strongly interact with the Au
atoms with sigma donation (oco = da.) and back-donation

(dau = mco).3839 This results in a shift of the Au NP LSPR
peaks with CO adsorption.4 Specifically, we observed a
LSPR shift from 568 nm to 559 nm in P4VP-
SWCNT/Au@ITPES after the exposure of CO 200 ppm for
5 min while that of P4VP-SWCNT/Au optical spectra
remained unchanged after CO exposure (Figure 5a). This
result confirms that more CO molecules adsorb and
change the electronic states of the Au NPs in P4VP-
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SWCNT/Au@ITPES. The blue shift of the LSPR peak also
is consistent with increase of free electrons in Au NPs,* as
predicted by the Bylhoder model+ wherein oo electron
donation to d,, dominates the interaction.

Density functional theory (DFT) was employed to
investigate the origin of the selectivity of the sensors. To
simplify the DFT calculations, we used cuboctahedral Au,,
as an adsorbent in the calculations, which is the smallest
Au cluster with a face-centered cubic structure.# Pristine
P4VP-SWCNT exhibits no response to CO, and as a result
the P4VP wrapping of the SWCNT doesn’t appear to have
a direct effect on the CO sensitivity and therefore was not
taken into account in the DFT calculations. The calculated
binding energy (-1.25 eV) of CO on Au, is the strongest
among the adsorbates considered (CO, NH;, CO,, O,, and
SO,) (Figure 5b), which again suggests that the Au NPs are
responsible for the high CO selectivity in these SWCNTs-
based sensors. We attributed the opposing trend in the
calculated binding energy and the chemiresistive CO,
sensing response (Figure 4d) to the effect of imidazolium
groups in ITPES. Imidazolium groups have an affinity to
bind with CO, by forming carbonates.#s The calculated
optimum geometry of Au,-CO shows that the negative
potential on the carbon (C%) of CO strongly interacts with
Au,, (Figure 5¢). This sensing mechanism is also confirmed
by the sensing measurements in the ambient atmosphere.
In this case oxygen molecules in air can also adsorb on the
Au NPs, and thereby block the active sites. The competitive
adsorption of CO and O, on Au NPs decreases the amount
of adsorbed CO molecules on Au NPs. Therefore, the
sensors exhibit lower CO responses in air as compared to
N, atmosphere (Figure S13).

To improve the sensing properties in air, we have created
Chem-FET based CO  sensors with  P4VP-
SWCNT/Au@ITPES as a channel layer. The sensing
materials were fabricated on the FET substrates having a
heavily p-doped Si (p*-Si) back gate by using the same
process as the chemiresistor fabrication (Figure 6a and
experimental details in Supporting Information). The
electrical properties of the channel layer can then be tuned
by applying a back gate voltage (Vig),% which facilitates
the CO adsorption on Au NPs in air atmosphere. In brief,
because the Fermi level (E;) of the channel is decreased
when negative Vg is applied, the sensing layer becomes
electron-deficient. Therefore, the adsorption of the
strongly donating (C%) CO is enhanced to the more
electron-deficient Au (Au?*).4546 We have also confirmed
that the semiconducting nature of P4VP-SWCNT is not
responsible for the voltage-activated sensitivity (Figure
S14). The Chem-FET sensors exhibit improved CO sensing
properties from 0.66% at o V to 7.83% in ambient air under
an applied negative Vpg (-2 V) (Figure 6b and 6c). The
Chem-FET sensors also showed dosimetric sensing
behaviors. Although the Chem-FET sensors was not
recovered after CO exposure, they showed conductance
changes even to repeated exposure to 200 ppm CO (Figure
S15a). The standard deviation of the sensors was increased
as repeating CO exposures, which is one of limitations of
CNT-based chemiresistors because CNT mixture is
composed of diverse CNTs having different lengths,
diameters, and electrical properties. The Chem-FET

sensors have a noticeable response (1.10%) to the 50 ppm
OSHA transitional time weighted average (TWA, 8 h)
exposure limit for CO (Figure 6d and Figure Sisb).3°
Additionally, the Chem-FET sensors exhibited a
comparable response (7.05%) at 200 ppm CO in high
humidity atmospheres (85% RH at 22 °C) (Figure S16). The
response (5.48% to 200 ppm CO) of the Chem-FET sensors
was also slightly decreased but still high when measured
again after 2 weeks from initial sensing tests (Figure S17).
From these results, we demonstrate that the tuning of the
electronic structure of Au NPs by using a gate voltage, in
order to promote the catalysis of Au NPs for CO
adsorption, leads to the improvement of CO sensing
properties of SWCNT chemiresistors. The recent studies
on CNT-based CO sensors are summarized in Table S1. The
responses of P4VP-SWCNT/Au@ITPES are not superior,
however, they are able to stably operate even in humid air
and meet the safety standards of OSHA in terms of sensing
speed and detection limit, whereas other papers are not.
Therefore, these results demonstrate that P4VP-
SWCNT/Au@ITPES represents a viable CO sensor.

CONCLUSION

In conclusion, we developed SWCNT-based selective CO
sensors with voltage-activated sensitivity by using the
porous ion exchange polymer to produce composites with
small Au NPs. We demonstrated the important role of
ITPES, i) suppressing the growth of Au NPs and creating a
uniform localization of ultra-small (< 5 nm) Au NPs on the
P4VP-SWCNT and ii) maintaining high gas accessibility
within the SWCNT sensing layer. The strong CO
adsorption on Au NPs enables sensitive detection of this
toxic gas. We further demonstrated that the application of
a negative gate voltage in Chem-FET sensors fabricated
with P4VP-SWCNT/Au@ITPES as a channel layer
promotes the CO adsorption on Au NPs and an improved
sensitivity to CO at room temperature in air. The concept
of using porous ion exchange polymers for the synthesis of
nanoscale metal catalysts-doped SWCNTs can be extended
to other kinds of metal NPs.
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