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When Nanoparticles Meet Poly(lonic Liquid)s:
Chemoresistive CO, Sensing at Room Temperature

Christoph Willa, Jiayin Yuan, Markus Niederberger, and Dorota Koziej*

Tetraalkylammonium-based poly(ionic liquid)s (PILs) are able to absorb par-
ticularly large amounts of CO,; thus are considered up-and-coming mate-
rials in applications ranging from sensing, separation, to storage of CO,. To
meet the requirements of practical usage, their chemical activity has to be
combined with other functionalities, for example, by fabricating composite
materials. Poly[(p-vinylbenzyl)trimethylammonium hexafluorophosphate] and
La,0,CO; nanoparticles—both of which are intrinsically insulating mate-
rials—are utilized as building blocks, taking full advantage of the electrostatic
interaction at their interface to boost the overall conductivity of composites
at room temperature. To rationalize this unique behavior, the charge trans-
port mechanism is studied using impedance spectroscopy. It is found find
that, for the composites with La,0,CO; content of 60-80 wt%, the interfacial
effect becomes dominant and leads to the formation of conduction chan-
nels with increased mobility of [PF¢]~ anions. These composites show further
increase of the conductivity when exposed to pulses of CO, between 150 and
2400 ppm at room temperature in a relative humidity of 50%. This work there-

oxidizing or reducing gases while operating
at room temperature (RT).'*18) Since
then, electron conductive polymer-based
sensors have attracted rapidly growing
interest.!! Particularly, the polymers with
amino groups have been reported as prom-
ising candidates for CO, sensing, but in
practice they suffer from poisoning with
carbamates and therefore failed to fill the
gap in the CO, gas sensor sector.?%1l Ag a
consequence, sensing of inert CO, gas is
still performed with infrared spectroscopy,
owing to trade-offs between the techno-
logical and economical factors, and having
limited portability. Recently, poly(ionic
liquid)s (PILs), a unique type of functional
polyelectrolytes composed of ionic liquid
repeating units chosen from structural
diversity of the cation/anion-repertoire of

fore provides a simple strategy to achieve an enhancement of the electrical
properties required for the utilization of PILs-based CO, sensors, but in the
future this concept can be easily extended to other electronic devices.

1. Introduction

Polymer—inorganic composites are fascinating materials that play
a large role in sustainable technologies for energy and environ-
mental applications spanning from batteries, catalysts, fuel cells
to gas sensors.['””] Their unique chemical reactivity and electrical
properties have revolutionized new materials and devices.[®*! In
1980s, gas sensor research embraced electron conducting poly-
mers, laying the foundation for new sensor concepts,'%!! which
previously had been completely dominated by metal-oxide based
sensors.213] Unlike conventional gas sensors, sensors based
on conductive polymer—inorganic nanoparticles are sensitive to
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ionic liquid chemistry, have been synthe-
sized.?>~24I Their physical properties can be
easily and broadly adjusted by the choice of
the anion—cation pair. For example, struc-
turally well-designed PILs are capable of
reversible CO, capture and are showing
high interfacial activity to bind various surfaces of metals, car-
bons, and to ionically interact with charged species via electro-
static repulsion or complexation.[?>-2%]

Others demonstrated the ability of resistive CO, sensing with
carbon nanotubes (CNTs) wrapped with poly[1-(p-vinylbenzyl)-
3-methyl-imidazolium tetrafluoroborate], P[VBTMA][BF,].l?%)
They show a high sensitivity to low concentrations of CO, in
oxygen-free atmospheres, but the response saturates already at
50 ppm, which is much lower than the normal CO, concen-
tration level in fresh air (250 ppm) and thus lacks of practical
application. Therefore, transforming the CO, sorption capacity
of PILs into a chemoresistive sensor operating in real condi-
tions, i.e., 21 vol% of oxygen and 50% relative humidity (rh),
in the presence of 400 ppmP*® of CO, at RT requires a new
structural model and additionally an understanding of the
intrinsic interaction between organic and inorganic building
blocks and their impact on the overall properties of such
composites. Among different candidates, poly[(p-vinylbenzyl)-
trimethylammonium hexafluorophosphate] P[VBTMA|[PF]
has an outstanding CO, adsorption capacity and high revers-
ibility. This is possible because sp-hybridized tetraalkylam-
monium rearranges to accommodate CO,.3!l Among different
inorganic nanoparticles, only lanthanide-oxycarbonates show
pronounced sensitivity to CO, but only at elevated working
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temperatures.l3>331 Moreover, it is difficult to fabricate resistive
type CO, sensors, mainly due to the fact that both PILs and
La,0,CO0; exhibit intrinsically low electrical conductivity at RT.

In this work, we design composites that render possible
the transduction of chemical reactivity of P[VBTMA][PF;] and
La,0,CO; into electrical signal at ambient conditions. Instead
of simply using highly conductive inorganic fillers, i.e., Aul*l
or CNTs,?! we engineer highly conductive channels localized
at the interface between P[VBTMA][PF;] and La,0,CO; nano-
particles. A key aspect of our approach is precise tuning of the
conductivity of the composites by taking advantage of the syn-
ergistic interaction at the interface between P[VBTMA][PF;] and
La,0,C0O; nanoparticles. The impedance spectroscopy study
presented here allows for separating the electrical contribution
of the individual components and pins down the compositions,
where the formation of the conductive channels at the interface
between P[VBTMA][PF¢] and La,0,CO; nanoparticles are the
most significant. Moreover, we show the benefits of applying
such composites for CO, sensing at RT.

2. Results and Discussion
2.1. Fabrication of Composite Films

To manufacture composite films we use a classical approach of
drop-casting shown in Figure 1la. La,0,CO; nanoparticles are
dispersed in a homogenous solution of P[VBTMA]|PF] in ace-
tonitrile with intermittent sonication steps. As-prepared disper-
sions are stable over 4 h. The dispersion volume used in coating
is optimized to maintain the thickness of films independent
of their compositions. We dry the drop-casted films at 60 °C
for 12 h to remove acetonitrile. We prepare six such compos-
ites, with La,0,CO; contents ranging from 0 to 100 wt%. The
individual components are homogeneously distributed at the
pm scale as shown in the scanning electron microscopy (SEM)
images and energy dispersive x-ray (EDX) analysis maps of La
and P in Figure 1b—d. Additionally, we find that the thickness
of the films is in the range of 430 + 50 nm. Further details are
given in the Experimental Section and Supporting Information,
Figures S1-S5.
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2.2. Conductivity Channels at the Interface between La,0,CO;
and P[VBTMA][PFg]

To understand the interaction between the polymer and nano-
particles we use electrochemical impedance spectroscopy (EIS).
We measure composites of La,0,CO; nanoparticles with con-
tents of 0, 45, 60, 70, 80, and 100 wt%. We then fit the imped-
ance spectra shown in Figure 2a with a CPE,|(R-CPE,) Debye
relaxator.>>*¢l The constant phase element CPE, represents the
dielectric bulk capacitance, whereas the conduction path con-
sists of a resistor R in series with CPE,. CPE, models charge
carrier diffusion in composite material, and thus in pure sam-
ples (0 and 100 wt% La,0,COs3;) R-CPE, reduces to a single
resistor.*®l Figure 2b illustrates the dependence of R, CPE,,
and CPE, as a function of film composition. The impedance of
a CPE is defined by Q and « as Zcpr = (Q(im)%~*. Strikingly,
R decreases by over one order of magnitude for composites of
60-80 wt% La,0,COs3, although the inorganic compound is an
isolator. Since the ammonium cations are immobilized on the
polymer chain, it is mainly the [PF¢]” anions that contribute
to ionic conductivity. The surface of metal oxycarbonate nano-
particles in ambient conditions is usually covered with nega-
tively charged species.?? Therefore, we believe that the surface
charges of the nanoparticles interact electrostatically with the
ammonium cation of the polymer resulting in increased anion
mobility near the particle surface as shown in Figure 2c. If the
concentration of both the polymeric and the inorganic phase
is precisely tuned to create the maximum interface, the for-
mation of such ionic channels is enabled, and they become a
dominant conductivity path, explaining the drop of the overall
resistance of the films. Figure 2d illustrates schematically this
behavior. A similar phenomenon has been reported recently
for SiO,-P[VBTMA|[BF,] and SiO,-Lil/3-hydroxypropionitrile
composites.®3’] CPE; remains almost unchanged as it only
depends on the sample geometry and relative permittivity of the
materials. In fact, €, is particularly large for ammonium cation
based PILsP® and can reach values larger than 10 for some
PILs.?l These values are comparable to g-values of La(OH); or
La, 03,4041 explaining the minor variations in CPE;. The term o,
varies around 0.5, indicating an infinite length Warburg element
and confirming the influence of diffusion effects. An infinite

Figure 1. a) Fabrication procedure of the composite films; SEM images of films composed of 70 wt% of La,0,CO;3 and 30 wt% of P[VBTMA][PFg], b) cross-
section view, ) top-view, d) top-view and maps of elemental distribution of lanthanum (green) and phosphorus (red). ACN stands for acetonitrile.
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Figure 2. a) Nyquist plots of composites composed of 0, 45, 60, 70,
80, and 100 wt% of La,0,CO;3 in PIVBTMA][PF4]; (inset) an equivalent
electrical circuit. Measured data (hollow symbols), fitted curve (solid
line). b) Fit parameters of R, CPE;, and CPE, as a function of La,0,CO3-
content. ¢,d) Schematic drawing illustrating the formation of the con-
ductivity channels (green) at the interface between La,0,COj; (blue) and
PIVBTMA][PF¢] (red); (not in scale). e,f) Schematic of the composites
with La,0,CO; content below 40 and above 80 wt%, respectively.

length Warburg element occurs when the layer is too thick to
be penetrated completely by the [PF¢]™ anions even at the lowest
alternating current (AC) frequency. Also, Q, increases for 60 and
70 wt% particle content owing to the increased anion-mobility at
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Figure 3. ATR IR spectra of a) La,0,CO3, b) P[VBTMA][PF¢], c) 45 wt%
La,0,CO3 in P[VBTMA][PF¢], d) washed La,0,CO; nanoparticles with
P[VBTMA][PF¢] noncovalently bonded to the surface. Inset shows all
spectra in the wavenumber region characteristic for V(PF) vibration,
which partially overlaps with the region characteristic of v,(CO;%) vibra-
tions. For the sake of comparison all spectra are rescaled that the over-
lapping vibrations at 830 cm™ are of the same height. e) A differential
spectrum of d) and a) spectra allows to eliminate the aforementioned
overlap. The spectrum shows only the species at the surface of La,0,CO3
nanoparticles.

the particle-polymer interface and decreasing the overall War-
burg coefficient.[*?] For the composites with La,0,CO; content
below 40 and above 80 wt% the intrinsic properties of individual
components surpass the interfacial effects as schematically
shown in Figures 2e and 2f for P[VBTMA|[PF¢] and La,0,CO;,
respectively. The morphology of pure La,0,CO; film is shown in
Supporting Information, Figure S5.

To verify the type of interaction between PIL and La,0,CO;,
we compare the attenuated total reflectance (ATR IR) spectrum
of the composites with the spectra of individual components
shown in Figure 3, spectra a—c. In general, the surface of metal
oxycarbonate nanoparticles in ambient conditions is covered
with intrinsically negatively charged carbonates and addition-
ally with adsorbed water, hydroxyl groups, and oxygen ions.*
The lack of new bands or shifting of the existing bands in the
spectrum of composites points to the noncovalent character of
interaction between the surface of La,0,CO; nanoparticles and
P[VBTMA][PF;]. To further estimate the strength of interaction
we check if we can fully remove the polymer from the surface
of nanoparticles by thorough, repeated washing in acetoni-
trile. For more details see the Experimental Section and Sup-
porting Information, Figures S6-S8. The bands corresponding
to the asymmetric and symmetric vibration of v(PF) at 825 and
555 cm™!, respectively, are still visible in the ATR IR spectrum
of washed particles as shown in Figure 3 and Figure 3 inset,
spectrum d. The differential spectrum e, between La,0,CO;
(spectrum a) and of the washed nanoparticles (spectrum d)
further emphasizes the v(PF) vibrations. Moreover, elemental
analysis confirms the presence of P, F, and N at the surface of
nanoparticles as shown in the Supporting Information. There-
fore, we conclude that P[VBTMA][PF4] noncovalently binds to
the surface of lanthanum oxycarbonate by strong electrostatic
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Figure 4. Sensing performance of films composed of 70 wt% La,0,CO; at 50% rh in air and at RT. a) DC resistance changes during exposure to CO,
pulses between 150 and 2400 ppm. b) Corresponding sensor signal, calculated as resistance in air divided by resistance under CO,. c) Nyquist plots
with (circles) and without (squares) 2400 ppm CO,. Measured data (symbols), fitted curve (solid line).

interaction of the ammonium cation with the negatively
charged surface of La,0,COj as illustrated in Figure 2c.

2.3. CO, Sensing at Ambient Conditions

We assess CO, sensing performance of composite layers with
70 wt% content of La,0,CO; by monitoring their direct current
(DC) resistance changes upon exposure to different pulses of
CO,, in the concentration range relevant for indoor air quality
monitoring, at RT and 50% rh as shown in Figure 4a. For
three consecutive CO, sensing experiments, each one com-
posed of five CO, pulses between 150 and 2400 ppm, we obtain
the absolute resistance changes on the order of hundreds of
megaohms. We define, similar to metal-oxide based gas sen-
sors,'l the sensor signal as the resistance of the sensor in air
(Ro) divided by the sensor resistance under exposure to CO,
(Rcop) as shown in Figure 4b. The response time is defined as
the time it takes to reach 90% of the sensor signal for a given
CO, concentration. The determination of the response and
recovery time is illustrated in Supporting Information, Figure
S9, and values for each concentration are given in Supporting
Information, Table S1. We note that the recovery time is much
slower than the response time; between the CO, pulses, the
resistance does not fully recover to the initial Ry value. There-
fore, to calculate the sensor signal we use the initial value of
Ry and not the value immediately before the individual CO,
pulses. Nevertheless, the absolute resistance under CO, (Rcoy),
for a given CO, concentration is always the same (<0.1%),
independent of the baseline resistance directly before the CO,

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pulse. This suggests that the sensor is potentially independent
of the drift of the baseline resistance, which is for instance
a main drawback of chemoresistive metal-oxide-based gas
sensors.

However, the sensing mechanism of P[VBTMA]PF]/
La,0,CO; based sensors appears to be different than semicon-
ductor-based sensors operated at elevated temperatures; thus,
in the following we will refrain from their direct comparison.
Instead we find it helpful to analyze the CO, sensing perfor-
mance of previously reported PILs/CNTs-based sensors.l? The
reported resistance changes due to exposure to even smaller
CO, concentrations are irreversible and their recovery has to
be triggered by an additional UV irradiation step. Additionally,
unlike PIL/CNTs- and polyethylenimine-based sensors,?!?% the
P[VBTMA][PF¢]/La,0,CO5 sensors show instead of an increase
a decrease of resistance upon exposure to CO,, which indi-
cates a fundamentally different reaction mechanism. To assess
the origin of this discrepancy we investigate the influence of
CO, on the impedance spectra of the composite as shown in
Figure 4c. We record the impedance data in a quasi-equilib-
rium condition; it means that the sensor signal to 2400 ppm
of CO, reached the saturation value. We fit the spectra with the
CPE;|(R-CPE,) model and find that the CO, exposure induces
indeed a decrease of resistance R assigned to the conduc-
tivity channels at the interface between P[VBTMA][PF;] and
La,0,C0O;. A plausible explanation is that the sp*-hybridized
tetraalkylammonium rearranges to accommodate CO,,3! thus
interacting less with the anion and giving rise to the increased
mobility of the [PFg]” anion and increased conductivity of the
composites.

Adv. Funct. Mater. 2015, 25, 2537-2542
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3. Conclusions

Here we present a straightforward approach to fabricate con-
ductive composite films composed of La,0,CO; and a poly(ionic
liquid), P[VBTMA][PF,]. We show that the electrostatic interac-
tion of P[VBTMA|[PF4] with negatively charged La,0,CO; ena-
bles higher mobility of [PF¢]” anions nearby the nanoparticle
surface and increases the overall conductivity of the compos-
ites. The interface phenomenon becomes dominant in the
concentration range of La,0,CO; between 60 and 80 wt% and
leads to the formation of conductivity channels. The compos-
ites with 70 wt% La,0,CO; show a decrease in resistance when
exposed to CO, at RT and in humid conditions. This behavior is
unique among previously reported polymer-based CO, sensors,
and suggests that the underlying mechanism is not related to
the formation of bicarbonate or carbamate species. Moreover,
our AC impedance studies leave no doubt that the increased
conductivity of the composites and the increase in conductivity
under CO, are related to the same mechanism. Currently our
data points toward that the rearrangement of tetraalkylammo-
nium cations in the presence of CO, leads to increased mobility
of [PF¢]” anions. This hypothesis needs further verification, for
example by a study of the non-covalent interaction between
La,0,C0O; and P[VBTMA|[PF¢] with near-edge x-ray absorption
fine-structure spectroscopy!*}! or mapping of the surface poten-
tial distribution by Kelvin probe force microscopy.*¥ The results
from this study will then trigger innovation in engineering
materials based on PIL-inorganic nanoparticles ranging from
sensing, separation to storage of CO,.*]

4. Experimental Section

Chemicals: La(O'Pr); (Strem Chemicals, 99%), acetophenone (Fluka,
>99%), acetone (Sigma-Aldrich, >99.9%), acetylacetone (Fluka, >99.5%),
1-hexanol (Acros, 98%), 2-propanol (Fluka, >99.8%), hydroxypropyl
cellulose with M,, = 80 000 (Aldrich, 99%), acetonitrile (Sigma-Aldrich,
>99.5%), 4-vinylbenzyl chloride (Sigma-Aldrich, 90%), 2,6-di-tert-butyl-
4-methylphenol (Sigma-Aldrich, 99%), trimethylamine (Sigma-Aldrich,
31-35 wt% in ethanol), ethanol (VWR, analytical grade), diethyl ether
(VWR, analytical grade), potassium hexafluorophosphate (Sigma-
Aldrich, 98%) dimethylformamide (VWR, analytical grade), 2,2’-azobis (2-
methylpropionitril) (Sigma-Aldrich, 98%), and methanol (VWR, analytical
grade) were used as received without further purification.

La,0,CO3Nanoparticles: To fabricate La(OH); nanoparticles we
adapted a previously reported synthesis.’3 In a typical synthesis
0.5 mm(158.1 mg) of La(O'Pr); were dissolved in 40 mm (4.67 mL) of
acetophenone, mixed under Ar atmosphere in a 10 mL pressure vial
and stirred for 10 min. The ocher, transparent solution was sealed and
heated in a CEM Explorer microwave at 200 °C for 20 min. Subsequently,
the precipitate was extracted by centrifugation and washed three
times with acetone. The nanoparticles were dried in a lab furnace at
60 °C overnight. We obtained 11 nm large La,0,CO; nanoparticles via
calcination of La(OH); nanoparticles at 400 °C for 2 h. The detailed
characterization of the nanoparticles is given in Supporting Information,
Figures S1-S4.

Synthesis of p-Vinylbenzyltrimethylammonium Chloride: I1n a 250 mL
flask, 4-vinylbenzyl chloride (31.0 g, 0.20 m) and inhibitor 2,6-di-tert-
butyl-4-methylphenol (50 mg) were loaded. The mixture was cooled
by ice water under nitrogen atmosphere. 71.6 g of trimethylamine
(23.6 g, 0.40 m) solution in ethanol was then added. The mixture was
stirred at RT for 24 h. Afterwards the mixture was concentrated by
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rotary evaporator and precipitated in 1 L diethyl ether. A white powder
was obtained and dried under vacuum at RT till constant weight. Yield:
25.8 g, 60%. 'H NMR (D,0, 400 MHz, ppm): & = 8.7 (1H), 7.5 (2H),
7.4 (2H), 7.3 (2H), 6.6 (1H), 5.8 (1H), 5.3 (3H), 4.1 (2H), 1.8 (2H),
1.2 (2H), 0.8 (3H).

Synthesis of p-Vinylbenzyltrimethylammonium Hexafluorophosphate:
p-vinylbenzyltrimethylammonium chloride (25.40 g, 0.12 m), potassium
hexafluorophosphate (KPFg) (24.30 g, 0.13 wm), and DMF (150 mL) were
mixed and stirred for 24 h at RT The solid white precipitate was filtered
off. The filtrate was concentrated by rotary evaporation under vacuum
at 70 °C to 80 mL. The newly appearing powder was filtered off again.
The filtrate was dropped into IL diethyl ether. The white precipitate was
collected and dried under vacuum till constant weight at RT (29.5 g,
80%). 'H NMR (DMSO-dg, 400 MHz, ppm) &= 3.0 (3Hs), 4.5 (2H), 5.3
(1H), 6.0 (1Hd), 4.3 (2H), 7.4 (2H), 9.5 (1H).

Synthesis of Poly[(p-vinylbenzyl)trimethylammonium
Hexafluorophosphate], P[VBTMAJ[PFg: In a typical run, 3.0 g of
[VBTMA|[PFg], 66 mg of 2,2"-azobis(2-methylpropionitril) (AIBN), and
7 mL of DMF were charged into a Schlenk flask. The flask was degassed
and backfilled with argon 3 times. At the end, the flask was refilled with
argon and immersed in an oil bath at 85 °C for 24 h. The solution was
then cooled down and poured into methanol to precipitate out the
polymer. After drying under vacuum at 80 °C, 2.5 g of polymer was
obtained. Yield: 83%. "H NMR (DMSO-dg, 400 MHz, ppm) 1.45 (2H),
2.85 (9H), 4.30 (2H), 6.41 (2H), 7.05(2H).

Sensor Fabrication: Synthesized La,0,CO; particles were added
to a 25 mL centrifugation tube. After addition of the same amount of
P[VBTMA][PF¢] and 20 mL acetonitrile, the dispersion was sonicated
for T h. The tube was left to rest for another hour and 18 mL of the
opaque dispersion were transferred to a second tube. Subsequently,
PIL-functionalized particles were washed three times to remove buoyant
PIL and dried in a 60 °C oven overnight. For different composition,
particles were mixed with P[VBTMA][PF¢] in the desired ratio and
acetonitrile is added to finally obtain a 50 mg mL™" dispersion. Sensors
are then manufactured by drop casting 7.5 mL on the alumina substrate
equipped with interdigitated Pt electrodes. The pure La,0,CO3; sample
was calcined at 400 °C for 2 h to remove all organics from the surface.
The morphology of La,0,CO; is shown in Supporting Information,
Figure S5.

Materials Characterization: X-ray powder diffraction (XRD) patterns
were measured on a PANalytical Empyrean powder diffractometer
in reflection mode using Cu Ko radiation and operating at 45 kV and
40 mA. SEM images were taken on a LEO 1530 Gemini microscope
operated at an acceleration voltage of 3 kV. The PlL-containing samples
were coated with a 5 nm layer of sputtered Pt for the SEM imaging.
EDX spectroscopy is performed on a Hitachi SU-70 operated at 20 kV
acceleration voltage. An X-Max detector (semiconductor-type, Oxford
Instruments) was used. For the transmission electron microscope
(TEM) imaging, the samples were dispersed in acetone by sonication
and a drop of the suspension was air-dried onto a carbon-coated copper
grid.

Sensing Performance: Sensitivity toward CO, in humid air was tested
in a continuous-flow chamber. A computer-controlled gas mixing
system equipped with Bronkhorst mass flow controllers adjusts the
gas concentrations at the constant flow of 200 mL min~" in synthetic
air as a carrier gas. To monitor changes of the DC resistance or of the
AC impedance of the sensor during exposure to the target gases, the
electrodes of the sensor were connected to a Keithley 617 electrometer
or Zahner IM6 electrochemical workstation, respectively. AC impedance
data were acquired in the frequency range from 0.79 Hz to 1 MHz;
working conditions were RT and 50% rh.

Supporting Information

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