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CO,; sensors are very important; however, their performance is limited
by stability and selectivity. This study unveils a capacitive CO, sensor
with a dielectric layer comprised of amine-functionalized cellulose
nanofibril (CNF) foam, significantly enhanced by the addition of 1,8-
diazabicyclo[5.4.0lundec-7-ene (DBU). The core innovation of this
research lies in the strategic use of CNF-based foam, which leads to
a substantial increase in sensor capacitance, setting a new standard in
CO, monitoring technologies. The sensor showcases exceptional
performance under ambient conditions, with marked improvements
in sensitivity towards CO,. The advancements are attributed to the
chemisorption properties of the aminated CNFs combined with the
DBU enhancement, facilitating more effective CO, capture. By inte-
grating these materials, we present a sensor that opens new avenues
for environmental monitoring, healthcare diagnostics, and industrial
safety, establishing a new benchmark for capacitive CO, sensors in
efficiency and environmental sustainability.

Introduction

Our world is confronting an environmental challenge, accen-
tuated by the escalating level of CO, concentration in the
atmosphere.' As a crucial type of greenhouse gases,> CO, plays
a pivotal role in driving climate change.? This alarming situation
necessitates the need of efficient, sensitive, and selective CO,
sensing technologies.*® Such sensors are essential in applica-
tions ranging from environmental monitoring,” to healthcare
diagnostics.®

The current CO, sensor technologies,” such as metal oxide
semiconductors,"® non-dispersive infrared,"'> and electro-
chemical ones, and recent works,*** have made notable advance-
ments. However, they often face limitations in terms of sensitivity,
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selectivity, and/or vulnerability to environmental variables like
humidity, as well as issues of long-term stability."> These chal-
lenges underscore the urgency for innovative developments in
CO, sensing materials and design concepts."®

To address these limitations, this research introduces a
groundbreaking capacitive CO, sensor,'”'® primarily based
on chemical sensing principles, and employs aminated cellu-
lose nanofibrils (CNFs) foams as the core sensing component.
Indeed, in recent years, CNFs have emerged as a highly versatile
material for a broad spectrum of sensing applications, as evi-
denced by their increasing presence in the literature.®*° They are
also distinguished by their exceptional characteristics, such as
high surface area, renewable nature, and biodegradability.”’ >

Experimental section

Materials

TEMPO-oxidized cellulose nanofibrils (CNFs) were obtained from
Nippon Paper Industries (Tokyo, Japan). 3-Aminopropyldie-
thoxymethylsilane (APDEMS) (97%), 1,8-diazabicyclo[5.4.0Jundec-
7-ene (98%), glycerol (> 99%), and Sun Tropic conductive graphite
ink were obtained from Sigma-Aldrich. Aluminum foil (280 mm x
120 m x 15 pm) was obtained from VWR. High-purity CO, gas
(>99.9%) was provided by Strandmdéllen AB. A capacitance meter
was acquired from RS Sweden. All materials were used as received.

Synthesis and processing

Fabrication of the FD-APDEMS-CNFs. The FD-APDEMS-
CNFs hydrogel was prepared from a 0.75 wt% aqueous disper-
sion of CNFs with the subsequent addition of an APDEMS
solution in a 5:1 mass ratio. After stirring the APDEMS-CNFs
mixture at 300 rpm for 24 hours, the mixture was freeze-dried
for at least 48 hours to obtain the final product. The rheological
analysis of FD-APDEMS-CNFs, as illustrated in Fig. S1 (ESIT),
reveals a constant storage modulus (G') of 3 Pa and a constant
loss modulus (G”) of 1 Pa, indicating a predominance of elastic
behavior over viscous properties.
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Fabrication of the capacitive CO, sensor

Dielectric layer formation. In the preparation of the dielectric
layer, glycerol was added to the APDEMS-CNFs mixture to
enhance its flexibility. This addition was in a 1:1 dry weight
ratio, and the mixture was stirred vigorously for 1 minute to
ensure homogeneity. Subsequently, 6 g of this mixture were
transferred to a polypropylene beaker of 5.5 cm in diameter
and 7.0 cm in height. The content in the beaker was then
freeze-dried for 3 days. Following the freeze-drying process,
the resultant foam was compressed under a 2 kg load for
30 seconds. This treatment resulted in the formation of the
final dielectric layer, designated as A-CNFs@DE. In an alter-
native formulation, DBU was introduced alongside glycerol in
equal proportions (1:1 ratio). The subsequent processing steps
remained the same, leading to the formation of a different
version of the dielectric layer, termed A-CNFs-DBU@DE.

Capacitive CO, sensor. A graphite ink coating was applied to
a standard aluminum foil to enable the photothermal conver-
sion of infrared light into heat. The dielectric layer comprises
3 foams of 3 x 3 cm? area each with a thickness of ca. 400 pm
was then enclosed between two such aluminum foils. To ensure
structural integrity and prevent delamination, the entire assem-
bly was securely sealed along the edges with tape. The area of
the electrode was 8 x 2.5 cm?® with a thickness of 15 pm.

Characterization

Sample morphology was examined via scanning electron micro-
scopy (SEM) on a JEOL JSM-7000F instrument. Elemental
composition was determined through combustion analysis.
Attenuated total reflectance Fourier transform infrared spectro-
scopy (ATR-FTIR) spectra were acquired using a Varian 610-IR
FT-IR spectrometer, set at 4 cm™ " resolution over 32 scans.
Zeta-potential measurements were conducted at 298 K using a
Malvern Zetasizer Nano instrument. Thermogravimetric Analy-
sis (TGA) was performed under an N, atmosphere using a TA
Instruments. Discovery thermobalance, monitoring mass loss
from 30 to 800 °C at a rate of 10 °C min~". N, sorption and CO,
sorption isotherms were conducted on a Micromeritics
ASAP2020 at 77 K and 273.15 K, respectively. Prior to these
measurements, all the samples were rigorously degassed for 10
hours at 80 °C under vacuum. The Brunauer-Emmett-Teller (BET)
method was used for surface area determination. The capacitance
measurement was detected using a capacitance meter.
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Results and discussion

The functionalization step introduces a primary amine
3-aminopropyl(diethoxy)methylsilane (APDEMS) onto the
CNFs, which significantly improves their CO, capture capacity
of CNFs through chemisorption.** The functionalized CNFs
demonstrate a CO, uptake capacity of up to 3.2 mmol g~ at
273.15 K, with an amine efficiency of 43.6%. This performance
is outstanding compared to previously reported materials, as
detailed in Table S1 (ESIf).

The capacitive CO, sensor stands out from existing technol-
ogies by effectively operating under ambient conditions and
showing minimal humidity interference,> offering superior
CO, selectivity.?® It relies on the principle of detecting changes
in the capacitance of the CNF material in response to CO,
exposure, which alters their electrical properties.>” This change
in capacitance, quantitatively indicative of the CO, levels, can
then be converted into a readable electrical signal. The sensor’s
design also integrates photothermal graphite ink-coated alumi-
nium electrodes, potentially contributing to enhanced energy
efficiency.”® All these aforementioned features enable the sensor
designed here suitable for a variety of applications, including in
smart buildings,”® environmental monitoring,*® and industrial
safety.>* Our study, centered on the chemisorption mechanism
of CO, by aminated cellulose nanofibrils, skips the direct
selectivity tests due to the well-established specificity of the
chemisorption process towards CO,, supported by extensive
literature.>*>* Its high sensitivity and specificity render it parti-
cularly qualified for critical scenarios such as indoor air quality
assessment,”* and ventilation control,®® largely contributing to
environmental sustainability and public health.

As a starting material, commercial 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO)-oxidized CNFs were used and functio-
nalized with 3-aminopropyl(diethoxy)methylsilane (APDEMS)
in an aqueous medium, to graft primary amine groups onto
their surface, as depicted in Scheme 1.

This modification occurs through the hydrolysis of APDEMS
to form reactive silanol groups,*® which next can undergo
condensation reaction either with themselves through the
silanol groups (-Si-O-H) or with the hydroxyl groups present
on the CNFs surface.>” The former results in the connection of
APDEMS molecules, while the latter leads to the grafting of
primary amine groups onto the CNFs. Such functionalization
significantly enhances the CNFs’ capability for CO, chemi-
sorption, primarily through the formation of carbamate species

NH,

NH,

R =-OH or -OEt

Scheme 1 Schematic of the grafting of APDEMS onto cellulose nanofibrils via sequential hydrolysis and condensation reactions in an aqueous

environment.
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(a) FTIR spectra for CNFs, APDEMS, and APDEMS-CNFs hydrogel, revealing their chemical structures and functional groups. (b) Cross-sectional

SEM image of FD-APDEMS-CNFs. (c) N, sorption isotherm of FD-APDEMS-CNFs, depicting its adsorption—desorption behavior and pore size
distribution. (d) TGA results for FD-APDEMS-CNFs, indicating its thermal stability.

or derivatives. This chemical modification is subsequently
analysed through rheological studies, as presented in Fig. S1
(ESIY).

FTIR analysis, shown in Fig. 1a, supported the successful
grafting of APDEMS onto CNFs. Key spectral features in APDEMS-
CNFs include the -CH stretching vibrations at 2917 cm™ ' and
2877 cm™ ', -CH, bending at 1446 cm ™, and bands at 1256 cm ™"
(sic) as well as in the 1180 to 700 cm ™' range, indicating -Si-O-
based linkages. Additionally, characteristic cellulose bands, e.g., the
-OH stretching at 3345 cm ™', -CH stretching at 2900 cm™ ", and
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Fig. 2

-COO-stretching at 1600 cm™ " were also present, showcasing the
integrity of the cellulose structure after post-functionalization.
The atomic force microscopy (AFM) analysis of the CNFs prior
to APDEMS functionalization revealed a homogenous nanofibril
structure with an average thickness of 2.6 + 0.5 nm (Fig. S2, ESIT).
Upon amination, the produced APDEMS-CNFs show a similar
morphology in AFM analysis.

Following the surface functionalization, the CNF-based reac-
tion mixture was directly freeze-dried from their aqueous solution,
forming a dried foam structure named FD-APDEMS-CNFs.

(b) so
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(a) CO; sorption isotherm of FD-APDEMS-CNFs measured at 273.15 K. (b) Evaluation of the photothermal performance of graphite ink-coated

aluminum foil under two IR irradiation intensities (10° W m~2 and 2 x 10° W m~2), assessed over two minutes, followed by a one-minute temperature

decrease recording.
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Table1l Comparative analysis of BET surface area, nitrogen composition, amine loading, and amine efficiency between FD-CNFs and FD-APDMS-CNFs

samples

Sample BET %N CO, uptake
FD-CNFs 29.6 £+3.1m*g ! 0.00 + 0.01 0.1 + 0.1 mmol g *
FD-APDEMS-CNFs 173 £36m>g " 10.29 =+ 0.01 3.2+ 0.2mmolg !

The dry foam was characterized using scanning electron micro-
scopy (SEM), revealing a network of interconnected pores, aver-
aging 31.1 um in pore diameter (Fig. 1b). Additionally, nitrogen
(N,) sorption isotherms conducted on the foam revealed a low
specific surface area of 17.3 m? g~ ' via the Brunauer-Emmett-
Teller (BET) equation (Fig. 1c), showing its macroporous nature, in
accordance with the SEM image analysis in Fig. 1b. Furthermore,
thermogravimetric analysis (TGA) of FD-APDEMS-CNFs, shown in
Fig. 1d, indicated its thermal stability up to 205 °C, with a slight
decrease step in mass around 100-130 °C primarily due to
desorption of chemisorbed CO,.

The CO, uptake capacity of FD-APDEMS-CNFs was evaluated
through comprehensive CO, gas sorption measurements at
273.15 K, as depicted in Fig. 2a. The isotherm demonstrates
significant CO, sorption, achieving up to 3.2 mmol g"*, and is
particularly effective in the low partial pressure range below
Plpo < 0.1. This enhanced sorption efficiency in the low pressure
range is attributed to the chemisorption process, wherein CO,
molecules form strong chemical bonds with the primary amine
sites of the aminated CNFs. This interaction is highly efficient
even at rather low CO, concentrations, highlighting the potential
of functionalized CNFs for effective CO, capture in environments
of diluted CO, steams. Such a feature makes these CNFs a
promising absorber for applications in real-world ambient sce-
narios. The characterization of FD-APDEMS-CNFs, including
elemental analysis, is detailed in Table 1, and is compared with
freeze-dried pristine cellulose nanofibrils, termed FD-CNFs,
which serves as the control sample.

A capacitive CO, sensor detects CO, concentrations by
measuring changes in the capacitance of a sensing material.
Here, this sensor comprises two graphite ink-coated aluminum
foil electrodes and a CO,-sensitive dielectric layer (DE) derived
from FD-APDEMS-CNFs foams. The graphite ink coating on the
electrodes enhances CO, desorption efficiency through photo-
thermal conversion where infrared light (IR) can be absorbed

by the graphite ink to heat the electrodes (Fig. 2b). The
absorption of infrared (IR) for heating is confirmed through
an additional IR test. Utilizing 1000 W m~> and 2000 W m >
radiation levels, varied practical heating scenarios are simu-
lated, demonstrating the sensor’s efficacy across different
environmental conditions. This highlights the sensor’s capacity
to attain the optimal temperature for efficient CO, desorption.
The comparative approach offers a comprehensive reference for
the sensor’s performance under diverse conditions.

In this work, two distinct versions of the CO,-sensitive DE
were developed: A-CNFs@DE, which serves as the reference, is a
mixture of FD-APDEMS-CNFs and glycerol (mass ratio = 1:1),
with glycerol as additive to enhance the foam plasticity; and
A-CNFs-DBU@DE, which further incorporates a strong base
DBU molecule (an equal mass to glycerol).

It is hypothesized that upon exposure to CO,, the sensor’s
DE absorbs the gas molecules mainly though the chemi-
sorption mechanism through the CNFs’ primary amine func-
tionality to form carbamate-based ion pairs. This process
results in the immediate polarization of the DE, increasing
the dielectric constant (k) and, consequently, the sensor’s
capacitance (eqn (1)).

KegA

c=" (1)

The capacitance of a plate capacitor. This equation describes
the capacitance of a plate capacitor, where C is the capacitance,
k the dielectric constant, ¢, the vacuum permittivity, A the plate
area, and d the plate separation.

In the A-CNFs-DBU@DE sample, DBU, a strong base, is
added to play a pivotal role. Its addition is theorized to promote
the formation of mobile protonated DBU cationic species. Note
that the addition of glycerol to FD-APDEMS-CNFs facilitates the
formation of ammonium carbamate in A-CNFs@DE, where
both cation and anion are immobilized on the CNF surface;
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Fig. 3

Illustration depicting capacitance changes in A-CNFs-DBU@DE sensors, triggered by CO, exposure and further amplified by the alignment of

protonated DBU cations within an electric field as well as the assumed scheme of the ions.
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Fig. 4 Dynamic capacitance profiles of A-CNFs@DE and A-CNFs-
DBU@DE CO, sensors under controlled conditions (400 ppm CO,, 35%
RH, and 21.0 °C). Each data in the profile is the average value obtained in
three sequential sorption curves.

by the addition of DBU into A-CNFs-DBU@DE that has a higher
pK, (12.0) than the alkyl amine unit (~10.7), DBU will accept the
proton to form the much mobile protonated DBU cation that is
not covalently bonded to the CNF. When these species align in
an electric field, they significantly enhance the sensor’s capaci-
tance by drastically increasing « (Fig. 3), where the effect is much
stronger for A-CNFs-DBU@DE due to its mobile protonated DBU
cations than the A-CNFs@DE without mobile ions.

After a one-hour CO, desorption phase at 90 °C, we observed
the capacitance changes in both sensors, A-CNFs@DE and A-
CNFs-DBU@DE, under a two-hour, 400 ppm CO, exposure. The
A-CNFs@DE sensor showed a notable increase in capacitance
from 41 pF to 262 pF, by 539%, whereas the A-CNFs-DBU@DE
sensor exhibited a more significant rise from 500 pF to 5600 pF,
an increase by 1020%, primarily due to the integration of the
protonated DBU. The as-prepared sensors exhibited the cap-
ability to recover to their initial state post CO, exposure in a 3-
sequential CO, sorption-desorption cycles (Fig. 4 and Fig. S3,
S4, ESIY).
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Additionally, the dynamics of capacitance change (AC) was
assessed in a pure CO, environment (Fig. 5a). There, A-CNFs@DE
sensor showed a rapid initial response thanks to its higher CO,
sorption capacity of 2.4 mmol g ' at 1 bar CO,, whereas the A-
CNFs-DBU@DE variant, with a lower capacity of 0.55 mmol g~*
(Fig. 5b and Movie S1, ESIt), had a more gradual response.

Those experiments conducted in both ambient and pure
CO, atmospheres, revealed that high CO, affinity by chemi-
sorption leads to rapid initial shifts in capacitance. Over time,
however, the role of mobile cations becomes increasingly
significant in determining the capacitance, leading to larger
and more sustained changes in capacitance.

Conclusion

The chemical functionalization of cellulose nanofibrils with
APDEMS to attach primary amine groups onto CNFs surface
markedly enhanced their CO, sorption capacity, reaching up to
3.2 mmol g~ . By incorporating these aminated CNFs into the
dielectric layer of a capacitive sensor, complemented by photo-
thermal graphite ink-coated aluminum electrodes, has led to the
creation of a highly sensitive CO, sensor. Notably, the DBU-
integrated one, A-CNFs-DBU@DE, demonstrates significant capa-
citance increases in response to CO, exposure, showcasing its
exceptional potential for precise CO, detection. Its high sensitivity
renders it particularly suitable for critical CO, monitoring applica-
tions. Future research efforts aim to optimize the sensor design,
enhancing sensitivity, reducing response times and improving
long-term stability. These efforts bridge the gap between basic
materials research and practical CO,-sensing applications. The
promising results of this study establish a strong foundation for
advancing CO, sensing technology, representing a conductive
step towards effective environmental monitoring.
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