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ABSTRACT

Polymers of Intrinsic Microporosity (PIMs) are a class of polymers characterized by a native microporous network resulting in

a high surface area. PIMs also display a highly tunable and efficient gas permeability, attracting a lot of attention in several

electrochemical applications. In this work. PIM-1 was combined with a deep eutectic solvent (DES) for the production of a

potentiometric sensor for CO,. This study reports the synthesis of both components, the fabrication of composite membranes

via solvent casting and impregnation, and their evaluation as CO, responsive materials together with a comprehensive

characterization. The PIM-1/DES materials demonstrated efficient CO, capture and release behavior with open-circuit voltage

responses recorded under controlled CO, exposure and adsorption-desorption cycling with full recovery. The membrane exhibited

a response of 29 s in pure CO, with a recovery time of 240 s. The sensors followed a logarithmic correlation between CO,
concentration and voltage variation and it showed a sensitivity of up to 9.6 mV/%CO,. These findings indicate that the developed
sensor offers high reproducibility, fast response, and reliable detection of variable CO, levels, underscoring its strong potential for
practical implementation in environmental and industrial monitoring applications.

1 | Introduction

During the last decades, Deep Eutectic Solvents (DESs) have
gained significant attention due to their unique physicochemical
properties suitable for a wide range of applications including
electrochemical sensor technology [1-3]. DESs are composed of
two strongly interacting components forming a eutectic mixture
[4, 5], and their synthesis are generally recognized as based on
green and simple methodology that typically employs non-toxic
components without generating secondary products [6, 7]. While
the individual components are solid below 100°C, their mixture
remains liquid. Since their introduction by Abbott et al. [8] in
2001, DES have emerged as promising and versatile alternatives

to ionic liquids (IL), finding applications across various fields
especially the electrochemical one [9].

Fuchs et al. [10]. highlighted the electrochemical behavior of
graphene in choline chloride/ethylene glycol-based DES (12CE)
demonstrating good stability and high value of electron transfer
in 12CE. Gavello et al. [11] showed how a choline chloride/glycerol
DES displayed superior performance with respect to ILs for
hydrogen loading in a metallic electrode. Arab et al. [12]. devel-
oped a high-sensitivity electrochemical sensor for the detection of
paracetamol and 4-aminophenol utilizing a multiwalled carbon
nanotubes/DES modified glassy carbon electrode highlighting
the role of DES in enhancing sensor performance. An interesting
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FIGURE 1 | Reaction pathways of Cholm synthesis.

advancement in the production of sensors beyond traditional
electrode materials [13-20] is the utilization of polymer-based
and nanomaterials active species [13-28]. Shahrbabaki et al. [29].
developed an amine-functionalized copolymer able to act as
chemiresistive, low-cost, flexible, and reversible CO, sensor with
a response time of 6 min and a detection range of 1-0.01% of
residual pressure.

Polymer membrane based CO, sensors can exploit a high and
selective gas transport together with mechanical flexibility and
merging with flexible and wearable platforms speeding their
use as resistive electrochemical sensors CO,. The great func-
tionalizability of polymeric membranes has allowed to tailor the
adsorption and transport CO, through acid-base interactions or
fixed carrier sites improving the selectivity toward N,, O, reduc-
ing the cross-sensitivity [30]. Furthermore, polymer membrane
sensors can operate at room temperature contrary to plenty of
metal-oxide resistive sensors [31]. Additionally, metal oxide based
resistive sensors for CO, detection can show baseline drift and
great susceptibility to humidity and other gaseous interferents
limiting long-term stability and increase maintenance burdens
even if their performances are greater in for response time.
Alternatively, optical CO, sensors can be used to achieves high
accuracy and stability but their assembling is far too complex than
electrochemical sensors and they can not be easily integrated in
flexible systems or miniaturized [32-35].

Accordingly, great effort has been dedicated to improve the
polymer based sensors toward the current state of the art.
Mohamed et al. [36]. reported an interesting approach based
on the use of polyhedral silsesquioxane oligomeric microporous
systems able to promote at the same time the CO, uptake and
metal sensing. As discussed by Topuz et al. [37]., polymers of
intrinsic microporosity (PIMs) represent a solid alternative and a
new promising approach for CO, sensing through electrochem-
ical methods due to their unique properties of gas adsorption,
permeability and chemical features [38-40]. Goodwin et al. [41].
produced a PIM based material containing graphene flakes with
the ability of sensing plenty of gases including NO,, NH;, NO,
CH, and CO, in the range from 1 to up to 50 ppm. Zhou et al. [42].
prepared a resistive PIM-1 sensor with a fast response up to 60 s
at room temperature with a resistance increase of high resistance
up to 107 after 5 min.

In this work, a PIM-1 containing DES (PIM-1_Cholm) was
produced using Choline chloride and imidazolium (ChoIm) and
was used as a potentiometric electrochemical sensor for CO,
detection. PIM-1_Cholm was deeply investigated in order to eval-

20 min, 90°C 1L_/_ ______ cr

uate comprehensively both physicochemical and morphological
properties to establish a solid base for the enhancement in sensing
properties.

2 | Materials and Methods
2.1 | Materials

All solvents and reagents were used as received without further
purification. 2,3,5,6-Tetrafluoroterephtalonitrile was purchased
from FluoroChem (Hadfield, UK). Choline chloride (> 98%)
and imidazolium (purity > 99%) and all the other reagents and
solvents were purchased from Merck-Sigma-Aldrich (St. Louis,
MO, USA).

2.2 | Methods
2.21 | Synthesis of PIM-1

PIM-1 was synthesized following a previously reported pro-
cedure [43]. Briefly, a mixture of anhydrous K,CO; (5.53 g,
0.04 mol, FW =138.205), 3,3,3',3'-Tetramethyl-1,1’-spirobiindane-
5,5,6,6'-tetraol (3 g, 0.008813 mol, FW = 340.41) and 2,3,5,6-
Tetrafluoroterephthalonitrile (1.76 g, 0.008813 mol, FW = 200.096)
in dry DMF (60 mL) was stirred at 65°C for 72 h under N,
atmosphere. The crude was then poured in 400 mL of DI water,
and the precipitate was washed by centrifugation several times
in water and methanol. After drying under vacuum overnight, a
bright yellow solid was obtained in a quantitative yield [44].

2.2.2 | Synthesis of Cholm

Choline chloride and imidazolium were combined in a molar
ratio of 3:7 with 2% w/w water. The mixture was heated to 90°C
and stirred for 20 min [45] (Figure 1). ChoIm was outgassed under
vacuum at 80°C overnight until constant [46] (Figure 1).

2.23 | PIM-1_ChoIm Based Membrane Preparation

A bare PIM-1 membrane was prepared using a solvent-casting
method. PIM-1 was dissolved in CHCI, to a total concentration
of 5 wt.% and stirred at 40°C for 15 min. The solution was then
cast onto a leveled aluminum substrate at room temperature.
The resultant membrane was dried under vacuum at 40°C for at
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TABLE 1 | Membrane measured thicknesses and corresponding den-
sities.

Membrane Thickness (um) Density (g cm™)
PIM-1 149 +1.5 1.06 + 0.01
PIM-1_ ChoIm 18.6 +£10.0 1.35+0.01

least 16 h to ensure the removal of any remaining solvent traces.
To impregnate the membrane, the dried PIM-1 membrane was
wetted with ChoIlm. The membrane underwent three cycles of
vacuum and ambient pressure to facilitate thorough impregna-
tion. Following this, the membrane was stored in Cholm under
vacuum at room temperature for 1 h. Finally, the membrane was
transferred onto filter paper to remove any excess Cholm and
named PIM-1_Cholm as reported by Molino et al. [21].

2.2.4 | PIM-1_ChoIm Based Membrane

To calculate the density of the membranes, predefined areas
were cut, weighed, and their volumes were calculated based on
the measured thickness. Membrane thicknesses were measured
using a micrometer thickness gauge, averaging the measurements
from five randomly selected points on each membrane (Table 1).
The measured thicknesses of the membranes are lower than
20 um. The densities of the membranes were found to be between
0.558 and 1.272 g/cm’.

2.3 | Characterization of ChoIm and PIM-1_
ChoIm Based Membrane

Conductivity measurements were carried out using a standard
glass conductivity cell from AMEL, with two symmetric platinum
electrodes (cell constant provided by the producer K = 1).
Performing an impedance spectroscopy measurement on the
sample and evaluating the value of the Re(Z) when Im(Z) = 0 Q,
it is possible to determine the conductivity, which in this case is
25,27 mS cm™.

To determine the electrochemical stability window (ESW), a stan-
dard T-cell from Swagelok exploiting 12 mm diameter electrodes
was used. The separator was the glass fiber of grade D (GF/D)
from Whatman, rinsed with 400 uL of electrolyte, the working
electrode was platinum disk, while counter electrode and refer-
ence were both activated carbons. The choice is motivated by the
good stability of the materials with Cl~ ions and water presence.
Linear sweep voltammetry at 5 mV s~ was used to determine
anodic and cathodic stability limit. Fresh DES was used for each
measurement.

Furtheremore, a device with 2 commercial gas diffusion elec-
trodes (Sigracet 22 BB), divided by Whatmann glass fiber grade
C, soaked with 200 pL of DES was assembled, and the cell
was subjected to cyclic voltammetry, gradually increasing the
maximum applied voltage from 0.5 Vup to 1 V. In details the tested
voltage ranges were: 0-0.5V, -0.5-0.5V, 0-0.7V, -0.7-0.7 V, 0-1V,
-1-1 V. The measurements were carried out using a PAT-cell setup
from EL-cell Gmbh.

Attenuated total reflection infrared spectroscopy (ATR-IR) was
employed to analyze the membranes. The measurements were
performed with a Bruker Tensor II Fourier transform spectrom-
eter. Spectra were obtained by averaging 64 scans (including
64 background scans) within the 4000-600 cm~' range at a

resolution of 2 cm™.

Thermogravimetric analysis coupled with infrared absorption
(TGA-IR) was conducted using a NETZSCH TG 209 F1
thermogravimetric analyzer connected to a Bruker TENSOR II
infrared spectrometer via a transfer line maintained at 230°C.
The IR gas cell of the spectrometer was heated to 200°C.
Approximately 3 mg of samples were placed in alumina pans
and heated from 30°C to 800°C at a rate of 20 K/min under a
nitrogen flow of 40 mL/min. The FTIR spectra were recorded
in absorbance mode over the range of 4400-600 cm™'. The
first derivative of the weight profile (DTG) was computed using
Netzsch Proteus Analysis software to enhance the resolution of
the primary thermal decomposition stages.

DSC was carried out by means of a Netzsch DSC 204 F1 Phoenix in
the temperature range from —70°C to 110°C at a heating/cooling
rate of 20°C min~' under N, flux. A heat-cool- heat procedure
was performed, and the glass transition temperature (T,) was
taken at the inflection point of the glass transition step in the third
heating cycle. The data obtained were processed with Netzsch
Proteus Analysis software.

Field emission scanning electron microscopy (FESEM) was
carried out using a Zeiss Supra 25 (Oberkochen, Germany).
Membrane thickness was determined using a Digimatic Indicator
(IDC-112B-5) with a precision of 1 pm. Thickness values were
reported as averages derived from at least 25 measurements taken
at different points across the membrane.

Atomic force microscopy measurements were carried out in
ambient conditions using a Bruker Innova microscope in tapping
mode, with commercial silicon tips having a nominal resonance
frequency of 300 kHz (TAP300Al-G). Image analysis and post-
processing were performed using Gwyddion software [47].

Viscosity measurement was conducted with Anton Paar MCR
702e rheometer quipped with a parallel-plate geometry, with
the temperature maintained at 25°C. The sample was loaded
between the plates with a gap of 0.30 mm. It was then allowed
to equilibrate under quiescent conditions (shear rate = 0 s™!) to
eliminate any shear history. pH measurement was carried out
with a bench XS pH 8 PRO

2.4 | CO, Absorption Tests

CO, absorption measurements were performed by first subjecting
the sample to a nitrogen flow of 20 mL/min at 40°C for 1 min
to remove any pre-absorbed gases. The sample was then cooled
to 25°C and maintained under a nitrogen flow for 120 min to
stabilize the initial mass, recorded at minute 180. At 25°C, the
gas flow was switched to a mixture of N, and CO, (12 mL/min
of N, and 8 mL/min of CO,) for a duration of 10 h to monitor the
absorption process, with the final mass measured at minute 780.
Subsequently, the gas flow was reverted to pure nitrogen, allowing
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SCHEME 1 | Scheme of electrochemical measurement for testing PIM-1_ Cholm based membrane.

desorption to be observed over an additional 8 h, and the mass
was recorded again at minute 1260. The CO, absorption (Abs%)
and desorption (Des%) values were calculated using the following
equations:

(final weight — initial weight)
A o) = 1 1
bs (%) = 100 (initial weight) ®

(desorbed weight — initial weight)
D 0) =1 2
es (%) = 100 (initial weight) @

All values are reported with three significant figures.

2.5 | Electrochemical Measurements

Electrochemical measurements were carried out using a VMP-3
system (Biologic), equipped with potentiostat/galvanostat mod-
ules and frequency response analyzers for performing electro-
chemical impedance spectroscopy (EIS). The EIS tests were
conducted across a frequency range of 10°-10~2 Hz, with ten
points recorded per frequency decade and a signal amplitude
of 5 mV. Open circuit voltage (OCV) measurements were also
performed to assess the electrochemical cell’s response during gas
absorption, with a voltage resolution of 1 mV. All experiments
were conducted in a commercially available ECC-Air test cell
(El Cell GmbH), designed to facilitate electrochemical measure-
ments while allowing a gas stream to be introduced into the
sample chamber as summarized in Scheme 1.

The response time (T90) is defined as the time required to reach
90% of the total voltage variation upon CO, exposure, while the
recovery time corresponds to the time required to return to 10%

of the baseline signal under N, flow. The reported response and
recovery times represent the average of at least three independent
cycles, with an estimated variability below +5%. The gas flow rate
during sensing tests was fixed at 20 mL min~! unless otherwise
specified. All electrochemical measurements were performed at
controlled room temperature (25 + 1°C).

3 | Results

3.1 | Physico-Chemical Properties of ChoIm and
PIM-1_ ChoIm Based Membrane

The DES was first characterized as a pure component prior to
further analysis. The pH of a 0.01 M aqueous solution prepared
in deionized water was 9.2, consistent with the presence of
imidazole and its intrinsic basicity. The density of the DES in this
formulation was 1.1025 g cm~ and a viscosity of up to 900 mPa s.

As shown in Figure 2, it is possible to determine the anodic
and cathodic limiting potentials by arbitrarily imposing a cutoff
current density over which the sample starts to deteriorate. In this
case the maximum current rate was set at 0.1 mA cm~ finding a
ESW comprised between —0.6 and 0.8 V [48].

As shown in CV reported in Figure 3, it is evident that once
the anodic potential exceeds 4+0.5 V, an irreversible degradation
peak starts to appear. This phenomenon becomes particularly
pronounced when the cell is polarized up to +1 V.

FT-IR (ATR mode) spectroscopy was performed on blended PIM-
1 membranes to prove the successful introduction of Cholm
within the PIM-1 based films. As reported in Figure 4, the PIM-
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FIGURE 2 | Linear sweep voltammetry of Cholm at 5mV s~! ona Pt
electrode.
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FIGURE 3 | Cyclic voltammetry of Cholm at 5 mV s™! in device
configuration with 2 commercial gas diffusion electrodes.

1 spectrum (black line) displays the typical peaks of the polymer
[49-52, 21]. In the high-frequency region, the absorption band at
3055 cm™! is indicative of aromatic v_y vibrations, characteristic
of substituted aromatic rings [53-55]. In the aliphatic region,
three main peaks are detected at 2956, 2926, and 2866 cm™,
corresponding to the v¢y; and vey, groups, along with a §q_y; at
1453 cm~!. A sharp and distinct signal at 2240 cm™! is attributed
to the vy of nitrile functionalities, a diagnostic signal of PIM-
1 [53-56]. The aromatic ring v._ . was associated to the peak
at 1608 cm~!, while additional absorptions at 1212, 876, and 754
cm™! correspond to in-plane and out-of-plane &._y; deformations
of substituted aromatics [53]. Furthermore, absorption bands
appear at 1312, 1292, 1267, and 1109 cm™! which are characteristic
of ether linkages v-_o_c formed through the SNAr polymerization
process [53, 54].

As shown in Figure 4 (blue line), ChoIM showed a broad band
in the 3220-3026 cm™ range due to the presence of hydroxylic

-~
g [PIM+DES_IMP_POST_CO,
-
2
E ot
<
~  [PIM+DES_IMP
>
e
‘%
=
%]
£ [DES+2%H20
e
A .
PIM1

T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavelenght (cm™)

FIGURE 4 | ATR-FTIR of PIM-1 (black line), ChoIm (red line) and
PIM-1_ Cholm prior (blue line) and after CO, exposure (green line) in the
range from 500 up to 4000cm™~".

functionalities and amine ones entangled into a hydrogen bond
network while ncy peak centered at 2963 cm™ and the ncg
centered at around 1084 cm™! were the choline cations and a
broad bad centered 1639 cm™! due to the adsorbed CO, [57]. Other
diagnostic bands were detectable in the range between 1200 and
880 cm™! due to both C—0 and C—N bond vibrations, py; at 1481
cm~!and v o.c [58].

The presence of imidazole was confirmed by the vy of at 3407
cm™ [59], the peaks in the region between 3000—3250 cm™
region due to unsaturated vy of the imidazole ring [60], of
the imidazole ring and the imidazole ring breathing vibrations
ranging from 1500 to 1620 cm™ range [61].

As shown in Figure 2 (blue line), the incorporation of the ChoIm
into the PIM-1_Cholm blend is evidenced by the appearance
of a broad absorption band in the 3690-3092 cm™! region. This
feature arose from hydrogen-bonding interactions involving the
imidazole nitrogen atoms as well as the ~-OH groups of choline
chloride. This band was clearly observed in the neat Cholm
spectrum but was absent in PIM-1 confirming the presence of
Cholm within the polymer matrix. In the aromatic region, the
characteristic aromatic v._ at 1607 cm~! was detectable after
DES introduction together with a broader contribution due to
imidazole cantered at 1639 cm~! and a band at 1730 cm~! due
to the formation of a carbamate species between the imidazole
moiety of Cholm in presence of CO, [62]. The absence of
carbamate related band in the neat Cholm suggested that ChoIm
may be more reactive or less stable when confined within the
PIM-1 matrix. Following blending, an additional DES-related
band at 1530 cm™! became appreciable and it was due to the
symmetric deformation of NH;* groups supporting successful
incorporation of the DES component. Moreover, characteristic
ChoIm bands at 1603 and at 1089 cm™!, associated with v_o
and v_y stretching modes also appeared in the blend and were
entirely absent in pure PIM-1 further supporting the integration
of the ChoIm within the polymer network. The band centred
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FIGURE 5 | Summary of (a) TGA (b) derivative weight loss curves and (c) DSC curves of PIM-1 (black line), ChoIm (blue line) and PIM-1_ChoIm

(red membrane).

FIGURE 6 | FESEM images of PIM-1 membrane pre and post CO, exposure (a,b respectively) compared with PIM-1_Cholm pre and post CO,

exposure (c,d).

at 1730 cm™! rising after CO, exposure strongly supports the
formation of carbamate species through the interaction between
CO, and imidazole groups accordingly with previously reported
imidazole-based systems [63].

TGA was performed on the materials to assess both the degrada-
tion pattern and thermal properties of the fabricated membranes
and Cholm [64] as shown in Figure 5.

In Figure 5a,b, the TGA curve showed that the pure PIM-1
membrane (black line) underwent a single thermal degradation
event at approximately 525°C [65].

The ChoIm (Figure 5a,b, red line) degraded in a single step
with decomposition and evaporation of the IL with a maximum
degradation rate at almost 300°C.

PIM-1_ Cholm (Figure 5a,b, blue line) showed two distinct
degradation stages, one between 200°C and 425°C and another
between 510-520°C, corresponding to the degradation of ChoIlm
and PIM-1, respectively. A minor weight loss observed below
100°C was attributed to the loss of CO, absorbed from the
atmosphere as shown by FT-IR spectra. As shown in Figure 5c,
PIM-1 and PIM-1_Choll did not show any significant phase or
kinetic transition [44] while Cholm showed two endothermic
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FIGURE 7 | AFM images of the PIM-1 membrane before CO, exposure (a,b), and of the PIM-1_Cholm membrane both before (c,d) and after (e,f)
CO, exposure. Panels (a,c,e) are the topography maps, panels (b,d,f) are the phase contrast images. Insets to each panel display selected areas under

high magnification.

phase changes at 56°C and 82°C. The first one could be associated
to the melting of DES while the second one is related the melting
of release imidazole while the pure one shows a melting point at
around 87°C-90°C [66].

The morphology of the PIM-1_CholIm prior and after CO, expo-
sure was evaluated though FESEM analysis as shown in Figure 6.

PIM-1 membranes (Figure 6a,b) showed smooth surfaces before
and after CO, exposure, while PIM-1_CholIm after CO, exposure
(Figure 6d) showed the presence of rough surfaces due to the
incorporation of CO, into Cholm with a volume shrinkage
compered to neat one (Figure 6c).

The FESEM results were further corroborated by means of the
AFM investigation summarized in Figure 7.

The topography of the pure PIM-1 membrane (Figure 7a) shows
a flat surface with sub-nanometric corrugation (background rms
roughness ~0.7 nm) and no preferential orientation, over which
globular particles (thickness 8-60 nm; lateral size 80-200 nm)
are randomly scattered. Despite the flatness of the background,
the phase image (Figure 5b) displays an observable contrast,
indicating a texturing of the surface mechanical properties of the
membrane likely arising from its microporosity.

DES impregnation markedly alters the membrane nanostructure.
The topography map of the PIM-1_ChoIm membrane before CO,
exposure (Figure 7b) displays a clear granular structure (grain
thickness 10-15 nm; grain lateral size 20-60 nm) that was orga-
nized in a long-range striped pattern which strongly increases
the surface corrugation (background rms roughness ~14 nm).

M(180) M(780) M(1260)
1 ! 1
| | |
-14 ! 1 !
| | |
1 1
-2- | . |
S } —— Empty crucible | |
£ 3 1 ——PIM-1 I I
— I ——Cholm I :
a 4. | ——PIM-1_Cholm | ,
_.—? | | |
Esf| | :
(4 | | 1
; -6 4 | | |
1
. : .
7 .

0 200 400 600 800 1000 1200
t (min)

FIGURE 8 | Qualitative CO, absorption and weight loss patterns
across the different membrane compositions: pure PIM-1, PIM-1_ Cholm,
and Cholm highlighting the efficiency and reversibility of CO, capture for
each sample.

The corresponding phase image (Figure 7c) is dominated by the
grain boundaries, which are extremely well-defined and clearly
separate each individual grain.

The impact of CO, exposure is more subtle than that of DES
impregnation. In the topography map of the PIM-1_ChoIm
membrane after CO, exposure (Figure 7e), the same granular
structure can be observed in the background, albeit with a
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TABLE 2 | Datasummary of CO, absorption and desorption data for pure PIM-1, PIM-1_Cholm and pure Cholm. Weight changes and the efficiency

of CO, capture and release.

Mass (mg) Abs Des
Sample Initial min ? Final Desorbed © (%) (%)
PIM1 25.8746 26.3355 25.8662 1.78128 —1.78201
PIM-1_Cholm 10.0632 10.14911 10.10471 0.8537 —0.43748
Cholm 23.7958 23.3491 23.2631 —1.87722 —0.36832

#Initial: Mass of the sample measured after purging with N, to eliminate moisture, CO,, and any other adsorbed gases prior to testing.

bFinal: Mass of the sample recorded following CO, adsorption.

“Desorbed: Mass of the sample obtained after removing the adsorbed CO, by purging again with N,.).

slight reduction in the grain thickness (grain thickness 5-12 nm;
grain lateral size 20-70 nm); the striped pattern also becomes
more observable (corresponding to a slight increase in the rms
roughness ~15 nm). Interestingly, the phase contrast image
(Figure 7f) is still dominated by the grain boundaries, which are
however less well-defined than before CO, exposure, suggesting
a partial merging between the grains. Both observations are
consistent with volume shrinkage induced by CO, absorption, as
also observed in FESEM.

Additionally, large agglomerates (thickness 40-100 nm; lateral
size 300-700 nm) can be observed in the topography maps of both
the PIM-1_Cholm membranes before and after CO, exposure.
The absence of phase contrast between these agglomerates
and the background suggested that they likely originate from
membrane extrusion and not from phase separation or surface
contamination.

PIM-1, Cholm and PIM-1_ChoIM were tested in order to verify
their ability to sample adsorbed CO, as reported in Figure 8.

As shown in Figure 8 and summarized in Table 2, N, was
used as purging gas to eliminate water, CO,, and other gases
adsorbed on the sample prior to testing. The samples initial
mass (column: Initial) was recorded before the purging process.
Next, CO, adsorption was carried out, and the final mass after
adsorption (column: Final) was measured. Following this, the
mass after desorption (column: Desorbed) was recorded after
using the purging gas to remove the adsorbed CO,. The pure PIM-
1 membrane demonstrated excellent CO, absorption and almost
complete desorption, returning to a mass very close to its initial
value. This performance underscores the efficiency of PIM-1 in
reversibly adsorbing and releasing CO,.

In contrast, the PIM-1_Cholm sample exhibited relatively low
CO, uptake and a pronounced weight loss upon desorption. This
behavior is likely associated with the partial volatilization of
the ionic liquid, which decomposes into choline and imidazole,
suggesting weak interactions between the polymer matrix and the
deep eutectic solvent (DES).

A comparable trend was observed for the PIM-1_Cholm blend;
however, in this case, a higher CO, uptake accompanied by a
smaller weight loss was recorded. These results indicate that
increasing the DES content enhances CO, sorption capacity,
although some degree of instability persists.

The impregnated PIM-1_Cholm sample, on the other hand,
displayed excellent CO, uptake comparable to that of pristine
PIM-1, along with improved reversibility during the adsorption—
desorption cycles. This behavior points to a stronger interaction
between the polymer and the ionic liquid when the latter is
introduced through impregnation.

Finally, the pure ChoIm exhibited remarkably high CO, adsorp-
tion, which continuously increased over time without reaching a
saturation plateau, followed by negligible weight loss during des-
orption. Such behavior can be attributed to diffusion constraints
within the DES droplets; unlike thin membranes, the droplet’s
considerable thickness, combined with its surface tension and
high viscosity, hinders uniform CO, release, leading to slow and
inefficient desorption [67].

The negative absorption values observed for the pure Cholm
sample are attributed to mass loss phenomena occurring dur-
ing the experiment, likely related to partial volatilization and
structural rearrangement of the DES under gas flow conditions.
This behavior is consistent with its physicochemical properties
including both high viscosity and dynamic hydrogen-bonding
network and does not indicate calculation errors.

3.2 | Electrochemical Characterization of
PIM1-Based Membranes

The membranes impedance has been analyzed, and the EIS plot
displays characteristics typical of an ionic conductive membrane.
Specifically, it shows a semicircle in the high frequency region
and a bent line in the low frequency region (Figure 9 a black
dots). The data was fitted using the equivalent circuit reported
in the figure (see Figure S1) with the resulting curve (see Figure
S2, red curve) with R1 that describes the ESR, R2 represents the
surface film resistance, while the charge-transfer resistance is R3.
A Warburg element is included to represent diffusion behavior
at low frequencies, while the Constant Phase Elements (CPE)
reflects non-ideal capacitive behavior [68]. Evaluating the high
frequency resistance (obtained from the Nyquist plot at the phase
angle 0) it is possible to compute the membrane’s conductivity by
using Equation (3)

o= L k =96,97uS - cm™! ?3)
Rhf
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FIGURE 9 | Comparison between (a) EIS of PIM-1_Cholm (green dots) and the one of wetted PIM-1 (black dots) NYQUIST and (b) of wetted
membrane without any gas interaction (black) and membrane post CO, interaction (red).

where k is the cell constant (d/A). Although this equation is
commonly used to evaluate membrane conductivity, it is worth
noting that it is an approximation, as the Rjvalue includes the
membrane resistance, electronic cell resistance, and interfacial
contact resistance [69].

As shown in Figure 9b, PIM- samples were analyzed under
CO, gas flow to evaluate the membrane’s eventual sensibilities
to CO, adsorption. We found that only the wetted sample
showed a remarkable impedance spectra variation both in real
and imaginary part variations, as reported in Figure 9b. In this
system, carbon dioxide has been chemisorbed by the Cholm
presents in the membrane altering the electrochemical behavior
of the sample. This change is quite evident by monitoring
EIS measurements during CO, exposure. However, this change
cannot be reversed, as the initial spectroscopy cannot be restored
either by using nitrogen or temperature as regenerative methods
(see Figure S2). Hence, EIS monitoring is not suitable for the CO,
detection with the present system.

Accordingly, the CO, sensing using PIM-1_Cholm was evaluated
through OCV measurements as reported in Figure 8. Here it is
depicted the impact of a 20 mL min~' flow of CO, on the OCV,
showcasing an approximate variation of 20 mV. In particular,
when the CO, interacted with soaked membrane, the device
voltage initially underwent to a slight increment, followed by a
significant drop. This OCV shift can be completely reversed by
introducing a nitrogen flow of 100 mL min~! for 5 min which
restored the voltage to its baseline. Furthermore, all the voltage
fluctuations were attributable to the interaction between the
sample and the gas stream. As shown in Figure 10, the behavior
of the voltage response was highly reproducible, maintaining
a steady and predictable cycle for over 100 repetitions without
significant deviations.

The discrepancy between the irreversible behavior observed
during EIS measurements and the fully reversible OCV response
can be explained by the different physical processes probed
by the two techniques [70]. EIS reflects bulk ionic transport
and interfacial charge transfer which are strongly affected by
the formation of carbamate/bicarbonate species within the DES
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) ] m“l "fﬂ' H“ "‘"“J';Jim'un\' “J'lmnil'tu..lmunh1

”I'IH‘I i nll “
11”‘n'u i

20-i -

1

Voltage(mV)

40

1

* T T = T * T ¥ T
0 100 200 300 400 500
t (min)

FIGURE 10 | Repeatable voltage swing of the OCV during the
alternate flushing of CO, and N, at 25°C.

phase leading to persistent modifications of the conduction
pathways. OCV measurements probe near-equilibrium surface
processes where adsorption/desorption equilibria are rapidly
restored under nitrogen flow.

After those first experiments, we decided to perform deeper
analysis on the membrane behavior under different working
conditions. Results are reported in Figure 11. In these tests, the
main interest was to understand how the system reacts when
subjected to different CO2 concentrations in an incoming gas flow
over an extended duration.

As reported in picture 11 a, a voltage variation is clearly induced
by the incoming gas stream and the peak-to-peak change is
correlated with the carbon dioxide content in the flow. For this
system, the detection limit was empirically determined as 2% CO,,
as this is the lowest concentration which produces an appreciable
change in the OCV of the membrane. By increasing the amount
of carbon dioxide in the incoming stream, overall AV changes
according to a logarithmic trend, as reported in Figure 9b. In
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FIGURE 11 | OCV measurements of repeated CO, adsorption/desorption tests at 25°C with different CO, concentrations (a,b) sensitivity curve.
TABLE 3 | Main electrochemical performances of PIM-1_Chol for Most meaningful parameters of PIM-1_Cholm based sensor

CO, detection.

CO, (%) Response time (s) Recovery time (s)
100 29 240
80 34 236
50 34 236
20 40 232
10 43 228
4 40 221
51 214

Earth’s atmosphere, carbon dioxide is present at approximately

420 ppm [71], and it becomes toxic at concentrations above 5%
[72]. The proposed sensor is suitable for monitoring environments
and detecting CO, concentrations that could pose a risk to human
health. The sensor sensitivity was determined by fitting the
experimental data with the equation AV = 9.6 - log (CO,%)
— 0.09 The sensitivity is defined as the multiplicative factor of
the log function, which in this case is 9.6 mV dec(%CO,)™! as
summarized in Table 3.

The activity of PIM-1_Chol toward CO, sensing can be due to
a first interaction with choline chloride and imidazole anions
through CO, aligns preferentially with the 7 rich area of imi-
dazole ring and with the dipolar fields created by the choline
head and tail group [73] increasing CO, concentration near the
electrode interface.

As CO, diffuses into the imidazole-rich microdomains, the
nitrogen atom of the imidazole ring can attack the electrophilic
carbon of CO, forming a zwitterionic intermediate that led to the
formation imidazolyl carbamate species as proved by IR reported
in Figure 4 (green line). In the presence of trace water, a compet-
ing pathway generates bicarbonate through hydration of CO, with
the proton transfer to imidazole forming imidazolium [74]. These
equilibria can create a dynamic balance between free dissolved
CO,, carbamate and bicarbonate species while the hydrogen
bond network of the DES reorganizes around these species with
imidazole and chloride adjusting their interactions to stabilize the
intermediates and modulate the local diffusivity Figure 12.

and those of other literature reported sensors are reported and
compared in Table 4. Compared to other reported sensors, this
work has the fastest response time (90s) and works properly
in the range where carbon dioxide becomes lethal for human
health. It was flexible and able to work at room temperature
and provides good reversibility. Altogether, the fabricated sensor
offered superior features that overcome the challenges that
existed in current CO, sensing devices.

In Table 4, sensitivity parameter has been included and a
compared with polymer-based and PIM-based CO, sensors has
been expanded.

4 | Conclusions

This work reported the successful design and assessment of an
innovative potentiometric CO, sensor based on PIM-1 mem-
branes incorporating ChoIm. By combining the intrinsic micro-
porosity of PIM-1 with the remarkable CO, absorption capability
of the imidazolate-based deep eutectic solvent, a highly effi-
cient sensing platform has been achieved, exhibiting improved
sensitivity and selectivity toward carbon dioxide. The findings
highlight the promising applicability of this hybrid material
system in a broad range of gas sensing technologies.

The PIM-1_ChoIm membranes exhibited excellent robustness
and stability, effectively mitigating the issue of ionic liquid leak-
age that often affects conventional gas sensors. This enhanced
stability, together with the high efficiency in CO, adsorption
and desorption, underscores their potential for long-term deploy-
ment in environmental and industrial monitoring applications.
Moreover, TGA and FTIR analyses verified that the membranes
preserve both their structural integrity and functional properties
over prolonged operation, even when exposed to fluctuating CO,
concentrations.

Furthermore, the versatility of the PIM-1_ Cholm imidazolate
membranes broadens their potential applications to diverse con-
texts such as air quality management and industrial process mon-
itoring. The sensors exhibited remarkable performance in detect-
ing CO, across a wide range of concentrations, underscoring
their capability to contribute meaningfully to environmental sus-
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FIGURE 12 | Hypothetical interaction mechanism of CO, on PIM-1_Chol during sensing.

TABLE 4 | Sensor performance under different gas conditions.

Sensing material

Detection range Response time Recovery time Operating temperature Reversible Flexible

(ppm) (s (s) ()

This work 2 x 10*-10° 29 240 25 Yes Yes
PEI- CNTs [75] 200-1000 600 600 rt Yes Yes
PEDOTY/PSS, graphene 400-4200 NA NA 50 and 60 No Yes
[76]

PEI-PANI [77] 50-5000 440 + 313 601 + 292 rt Yes No
SPES/e-MWCNTs [78] 500-5000 480-840 1620 rt Yes No
PEI/PEG [79] 200-25 x 10* 251 300 rt Yes No
SPEEK-5/d-MWCNTSs 500-5000 250-665 1322-1622 rt Yes No

[80]

tainability and safety. Their efficient CO, adsorption-desorption
behavior makes these membranes particularly well suited for
real-time monitoring systems that demand rapid response and
high sensitivity.

This study also paves the way for future research, suggesting that
the exploration of deep eutectic solvents or polymer matrices
could further enhance the selectivity and sensitivity of gas sensors
toward different analytes. Such efforts may ultimately lead to the
development of a new generation of advanced, sustainable, and
high-performance gas sensors designed for specific industrial and
environmental applications.

In summary, the PIM-1_ChoIm membranes represent a signifi-
cant advancement in gas sensing technology, offering a reliable
and effective platform for CO, detection. They contribute to the
broader goal of developing sustainable materials and technologies

for environmental monitoring. The role of PIM-1 is not limited
to mechanical support but is fundamental in enhancing gas
transport. Its intrinsic microporosity provides interconnected free
volume elements that facilitate CO, diffusion toward the active
DES phase. This confinement effect improves both adsorption
kinetics and desorption efficiency compared to bulk DES systems
in which transport limitations are dominant.

The outcomes of this work establish a strong foundation for
the continued innovation of polymer—ionic liquid composite
sensors, highlighting their critical role in enhancing gas sensing
performance and addressing pressing environmental challenges.
The combination of intrinsic microporosity and reactive DES
chemistry enables a unique sensing mechanism, in which fast gas
transport and reversible chemical interaction coexist, resulting in
a synergistic improvement of both response time and reversibility
compared to conventional systems.
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