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Ag cluster catalyst-based oxidation of CO to CO, is an important way to remove CO at low temperatures.
However, the instability of silver clusters seriously limits the catalytic application. Herein, sub-nanosized
EMT zeolite nanoparticles served as Ag cluster carriers with high selectivity, low coordination, and
unsaturated atom active sites. The silver clusters with sub-nanometer size can be controlled with
different charge states and loading rates. A detection film with 500 nm was further prepared by
assembling the Ag-EMT composites with a small amount of Nalco as an adhesive. For CO detection,
a completely enclosed gas sensing device based on in situ infrared spectroscopy was employed without
air interference. CO was accurately introduced into the detection chamber and catalysed into CO, by
silver loaded EMT zeolite films, and the whole process was accurately recorded by infrared
spectroscopy. CO with a detection range of 2—-50 ppm was realized, showing great application potential
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Introduction

Carbon monoxide, as a colorless, tasteless, and highly flam-
mable gas, is one of the key pollutants in the natural atmo-
sphere and indoor environment. In addition, even at a low
concentration of 30 ppm, CO can be highly compatible with
human hemoglobin, causing dizziness, vomiting, shock, and
other related toxic symptoms.' The data from World Health
Organization showed that one can tolerate 9 pL, L' CO within
8 h and 26 uL L' within 1 h. Unfortunately, in addition to this,
the gas can threaten human life. Based on this situation, there
are various CO gas sensors to monitor CO. However, because of
the high-risk index of combustible gas detected by conventional
catalysts at high temperatures, it is necessary to prepare a highly
sensitive sensor for real-time CO monitoring at room temper-
ature.*® Catalytic oxidation of CO to CO, at low temperatures is
a common way of removing CO for purification and is also
important for CO detection.*” The noble metal catalysts con-
taining Au and Pt have been widely used in the catalytic
oxidation of CO to CO, with good performance. Compared to
the expensive Au and Pt noble metal,®*® supported Ag catalysts
which, however, are relatively cheap, show excellent low-
temperature activities for CO oxidation." The supports for Ag
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catalysts have two categories: inert supports, such as silica™*?
and Al,O; (ref. 14 and 15) and active supports, such as CeO,,"**®
FeO,,"*' C00,** and TiO,.”* As alternatives to oxide supports,
graphite* and carbon nanotubes* have also been employed.
Generally, in such systems, silver particles should be dispersed
finely with a high surface/volume ratio for efficient use.
However, due to the very high reactivity, the above-mentioned
supports and preparation methods always show bad control
for the dispersion of silver particles with a small size, especially
the sub-nanometer. Note that recent theoretical and experi-
mental results demonstrated that sub-nanometer clusters have
better catalytic activity and/or selectivity than nanometer-sized
particles**** because of low co-ordination, unsaturated atoms
often function as active sites, and, therefore, downsizing the
silver to sub-nanometer particles or clusters is highly desirable
for the applications.

Zeolites are perfectly suited to accommodate oligoatomic
metal clusters due to their molecularly sized cages and chan-
nels, and silver nanoparticles (NPs) can normally be embedded
with ship-in-a-bottle confinement strategies.*** In addition,
besides the matrix function, the versatile microporous molec-
ular sieves and especially zeolite with respect to pore structure,
surface area, catalytic activity, particle dimensions, and
morphology are of particular interest for chemical sensor and
membrane applications.

In the case of catalytic oxidation and chemical sensors
toward CO at room temperature (RT), a number of investiga-
tions on interactions of silver zeolites with carbon monoxide
have also appeared in the literature since 1990s. G. Caizaferri
et al.* found the fast and stable co-ordination of CO on Ag™A
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zeolite together with the potential to oxidize CO to CO,
completely by adding an optimized amount of water, which
could be used for the purification of gases. Water plays a key
function in this process. It was also found that Ag* on Ag-NaY
catalyst was very important for the enhancement of CO
oxygen activity at low temperatures in the range of 55-70 °C,*
while the exact oxidation process is still a matter of debate. A
detailed understanding of this involved process is significant
since such small and stabilized Ag clusters, especially when
confined in zeolite hosts with excellent stability, having inter-
esting, but so far not well understood, catalytic property.

The motivation for the present work rests on the controlled
synthesis of silver cluster loaded nanosized EMT zeolites with
different charge states and loading amounts and further
assembly in thin films for the detection of carbon monoxide at
room temperature (RT). In the preparation process, a small
amount of Nalco was employed as a binder, which also can
provide the hydroxy groups and play a similar role as water in G.
Caizaferri's work.* Based on the catalytic oxidation property of
the Ag-loaded EMT zeolite films, the low concentrations of CO
can be detected by monitoring the amount of CO, by in situ IR
spectroscopy.

Experimental section
Synthesis of silver-EMT zeolites

A template-free Na,0-Al,0;-Si0,-H,O precursor system was
employed for the preparation of the nanosized EMT-type zeolite
as follows: solution A was prepared by dissolving 9.074 g of
sodium aluminate (Strem Chemicals, 56.2% Al,03, 39.5% Na,O)
and 1.61 g of sodium hydroxide (Prolabo, 97%) in 100 g of
distilled water followed by mixing with 44.00 g of sodium
hydroxide to give a clear suspension; solution B was prepared by
adding 57.692 g of sodium silicate (Prolabo, 27% SiO,, 8%
Na,O) and 20.00 g of sodium hydroxide in a 250 ml bottle
containing 80 g of distilled water, followed by stirring until the
solution became completely transparent. Both solutions were
cooled in an ice bath (277 K). Then, solution A was poured
slowly into solution B under vigorous stirring. A suspension was
formed with the following molar composition: 18.45Na,O:
1Al,0;: 5.15Si0, : 240H,0. The suspension was continuously
stirred for 5 min, and then kept at 35 °C for 36 h. The zeolite
samples were collected and purified to pH 8.

The EMT zeolite formed stable colloidal suspensions and the
silver ion exchange was performed in an aqueous medium to
avoid agglomeration. The ion-exchange process was performed
as follows: 20 ml silver perchlorate solutions with a concentra-
tion of 0.05 M were added to three dispersed EMT zeolite
suspensions (7.5 wt%, 12 ml) and kept for 2 h and 6 h. The ion-
exchanged samples were purified three times via high-speed
centrifugation and redispersed in water. The reduction of
silver cations to nanoparticles (Ag NPs) in the EMT zeolite
suspensions (2 wt%, 7 ml) was obtained under microwave
reduction (120 °C, 10 min, 1000 W, Anton Paar Synthos 3000) in
the presence of triethylamine as reducing agent (N(C,Hs)s,
0.5 ml, 2 ml, and 4 ml). The reduced suspensions were again
purified three times and finally dispersed in water. For clarity,
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the samples with different ion exchange times can be divided as
Ag"-EMT-1 (ion exchange time: 2 h) and Ag'-EMT-2 (ion
exchange time: 6 h). After reduction with an increasing amount
of reducing agent (N(C,Hs)s, 0.5 ml, 2 ml, and 4 ml), the
samples can be abbreviated as Ag-EMT-1a (0.5 ml N(C,Hs);), Ag-
EMT-1b (2 ml N(C,Hs);), Ag-EMT-1c (4 ml N(C,Hs);), Ag-EMT-2a
(0.5 ml N(C,Hs)3), Ag-EMT-2b (2 ml N(C,H5);), and Ag-EMT-2¢
(4 ml N(C,H5)3).

Synthesis of silver-EMT films

The Ag-EMT suspensions were assembled in thin films with the
binder of Nalco on silicon wafers by the spin-coating method. 2
drops of Nalco (2326, silica as SiO,: 15%) served as a binder and
were added into 1.6 ml Ag-EMT suspension with a solid content
of 0.3 wt% under sonic.

The silicon wafers (100) were precleaned with ethanol and
acetone prior deposition of the films. To ensure the preparation
of smooth and homogeneous films, the Ag-EMT coating
suspensions were filtrated through syringe filters (450 nm), and
the spin coating procedure (acceleration: 5000 rpm s ',
5000 rpm for 180 s) was repeated 5 times (each coating step uses
three drops of suspension, after which the films were dried at
90 °C for 30 min). The final films have a thickness of 500 nm
and cover entirely the silicon wafers with a dimension of 10 x
10 mm?,

Characterisation of samples

The size and confinement arrangements of Ag within the zeolite
nanocrystals were determined by transmission electron
microscopy (TEM) using a FEI Titan 80-300 operating at 300 kV.
The presence of silver in zeolite was confirmed by the energy-
dispersive X-ray spectrometry-transmission electron micros-
copy (EDX-TEM). The size of Ag-EMT crystals in the coating
suspensions was also determined with dynamic light scattering
(DLS) using a Malvern Zetasizer-Nano instrument equipped
with a 4 mW He-Ne laser (633 nm). The chemical composition
of the samples was measured on a Varian Vista AX CCD
inductively coupled plasma atomic emission spectrometer (ICP-
AES). UV-vis absorption spectra of the silver loaded zeolite
suspensions were recorded using a Varian Cary 4000 spectro-
photometer. The Ag-EMT type films were characterized by
scanning electron microscopy (SEM) using a Philips XL30 FEG.
The feature of the films was measured by atomic force micro-
scope (AFM, Innova, Briiker) and analyzed in tapping mode at
ambient conditions with a 512 pixels lateral resolution. SNL tips
(k ~0.24 N m™", tip radius ~2 nm; Briiker) with a resonant
frequency of 54.7 kHz were used, and a slight decrease in set-
point of about 0.5 V was necessary for image stability and low
streaking. A scan frequency of 0.5 Hz was used.

In situ IR detection of carbon monoxide with Ag-EMT zeolite
films

The molecular detection with Ag-containing zeolite films is
followed by in situ IR spectroscopy, and the experimental setup
is shown in (Fig. 1). It is composed of a sample compartment (IR
reactor cell) and a gas flow system. The IR reactor cell consists of
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Fig. 1
detection of CO with Ag-containing zeolite films.

a modified diffuse IR cell (diffuse reflectance accessory, Pike)
and an environmental chamber for the study of supported films
under controlled flow and temperature. The IR reactor cell is
equipped with a heating system working at temperatures up to
300 °C, while an air-cooling system is used to protect both the
KBr windows and the Viton o-rings. All experiments were
carried out at atmospheric pressure. The gases were introduced
via a saturator using the corresponding Antoine's coefficients to
calculate the correct flow and temperature values.

The two gases (mixed gas of Ar and CO and pure Ar) were
sent independently to the IR reactor cell. The gas compositions
used for the experiments are as follows: activation flow, Ar with
a total flow of 25 cm® min™"; reaction flow, CO with a concen-
tration of 2-50 ppm, diluted in Ar with a total flow of 20
cm® min~*. The ZnO/SnSe, sensor developed by Wang et al.**
had the maximum response in the CO concentration range of
10-1000 ppm, with a maximum response of 200 ppm CO. In situ
IR molecular detections of a single gas or mixtures were carried
out at 25 °C. The IR spectra were collected in a continuous mode
(64 scans per spectrum) with a Tensor*” spectrometer (Bruker)
equipped with a DTGS detector.

Results and discussion
General characterization of Ag-EMT samples

The particle size and shape of the Ag-containing nanosized
crystals in the coating suspensions prior to film deposition are
studied by TEM, as shown in (Fig. 2). The TEM images of Ag-
EMT-1b and Ag-EMT-2b coating suspensions reveal that the
size of the individual crystalline particles is about 20 nm, and
the crystalline fringe characteristics for the EMT type of struc-
ture are visible (Fig. 2a and b). While in the samples Ag-EMT-2b
(Fig. 2b), with long-time ion exchange, the amount of silver is
considerably increased, which leads to partial leaking from the
zeolite matrix to form bigger Ag NPs with a size of 2-5 nm, and
in all cases, they are strongly attached and accessible.

3936 | Nanoscale Adv., 2023, 5, 3934-3941

(a) The experimental setup for CO sensing with a gas flow system and in situ IR reactor cell. (b) Scheme of the in situ IR system for

The different amounts of loaded silver can also be proved by
the TG measurements. The weight loss curve of TG results
before 250 °C corresponds to the water inside the supercages,
which stabilizes the silver ions. It can be seen that the water
content of pure EMT and silver containing EMT samples also
decrease with the increase in silver amount (Fig. 2c).

Sub-nanometer sized silver clusters in Ag-EMT zeolite can be
recorded by TEM measurement on the cupper grid. From the
enlarged images of the sample, extremely small spots having
a higher contrast than the zeolite, possibly related to the pres-
ence of confined silver clusters, are exclusively detected inside
the sodalite cages of the EMT nanocrystals (Fig. 2d). To inves-
tigate the position of the silver clusters, the schematic diagram
of EMT framework structure was overlapped with the TEM
images, and the results show a good match and the silver
clusters (black dots) stay separately in the sodalite cages.

The XPS results of the synthesized nanozeolite are shown in
Table 1. From the surface analysis, the Si/Al, Ag/Al, and Na/Al
ratios are similar between the reduced and unreduced
samples. It means the microwave reduction did not cause the
silver loss in the crystal growth process.

The particle size and stability of the Ag-containing nanosized
crystals in the coating suspensions prior to film deposition are
studied by DLS. The sizes of the Ag-EMT nanoparticles (NPs)
with different silver concentrations were measured to be about
50 + 5 nm, as shown in Fig. 3a and b. The result is slightly
bigger than that determined with TEM, which could be
explained by the dynamic interactions between the zeolite
nanoparticles, their surface structure, concentration, and ions
present in the dispersion medium. The ¢ potential value using
the Huckel equation for all the samples is about —40 mV, which
corresponds to stable colloidal suspensions. Irreversible
agglomeration of the crystalline Ag-EMT nanoparticles in the
suspensions was not observed for a period of 24 months; i.e., no
change of { potential value was found for this period. The
previously reported pd-modified WSe, (Pd-WSe,) nanosheet

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM images of (a) Ag-EMT 1b and (b) Ag-EMT 2b and (insets) corresponding EDX analysis. (c) TG curves of pure EMT, Ag®-EMT 1b, and
Ag®-EMT 2b samples. (d) Enlarged TEM images of Ag-EMT zeolite and the schematic diagram of EMT framework structure.

Table 1 XPS results of AgT-EMT and Ag®-EMT samples

Sample Si/Al Ag/Al Na/Al
Ag'-EMT-1 1.24 0.22 0.56
Ag’-EMT-1b 1.25 0.24 0.62
Ag'-EMT-2 1.25 0.63 0.24
Ag’-EMT-2b 1.16 0.64 0.21

sensors and ZnO/SnSe, composite film sensors developed by
Wang et al.** were exposed to different concentrations of CO gas
with no significant change in the percentage response over 30
days, which also confirms its good long-term stability. Though
naked silver clusters are not stable in the solution, they can be
well protected with the zeolite channels. To further prove the
great colloidal stability of Ag-EMT NPs, the colloidal solution
(before and after reduction) was placed in an oven, and then the
zeolites became aligned wires during the water evaporation
process, indicating that the zeolite nanocrystals have always
been in a colloidal state and slowly aligned as wires with
evaporation (Fig. S17).

The stable Ag-EMT suspensions were spin-coated on thin
films on the silicon wafers. The samples have the same thick-
ness since they pass the same spin-coating procedure. Side and

© 2023 The Author(s). Published by the Royal Society of Chemistry

top views of Ag>-EMT-1b (Fig. 3c) and Ag’-EMT-2b (Fig. 3d) by
SEM and AFM measurements are selected as examples. The
zeolite crystals are well-packed and form dense and homoge-
neous films with an ultimate thickness of about 500 nm. The
surface feature from AFM measurements confirms the flat
morphology of the films. The size of the embedded particles is
estimated to be 20-30 nm, in good agreement with TEM
measurements.

In situ IR detection of carbon monoxide with Ag-EMT films

The as-prepared Ag-EMT films on silicon wafers (500 nm in
thickness) are exposed to the mixture of CO and Ar. The gas
mixtures are sent independently to the IR reactor cell contain-
ing the films, and the spectra are collected continuously. The
same experiments were carried out on the pure EMT, Ag'-EMT,
and Ag-EMT samples. During the measurements, a constant
water concentration of 100 ppm in the cell was measured
coming from the carrier gas (argon). The entire process,
including the activation of samples (removal of adsorbed water
and contaminants) and controlled adsorption and desorption
of analytes, was carried out in the IR reactor cell (Fig. 1).

The spectra for the detection of CO on Ag’-EMT-2b film are
shown in (Fig. 4a). As can be seen, adding CO to the Ag-EMT
sample leads instantaneously to the appearance of a gas

Nanoscale Adv., 2023, 5, 3934-3941 | 3937
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Fig. 3 Particle size distribution curves of the (a) Ag-EMT 1 and (b) Ag-EMT 2 samples. The average size of the nanoparticles is 50 + 5 nm. The
insets are coating suspensions of Ag-EMT 1b and Ag-EMT 2b, respectively. (c) and (d) are the SEM images of Ag-EMT films of Ag-EMT 1b and Ag-
EMT 2b, and the thickness is 500 nm. The scale bar is 2 um. (e) and (f) are the AFM images of the Ag-EMT films of Ag-EMT 1b and Ag-EMT 2b.

phase CO, band centered at 2236 and 2210 cm™'. Meanwhile,
the characteristic bands of adsorbed carbon monoxide on the
Ag and Al cations in zeolite appear from 2200 to 2275 cm™ .
Increasing the CO concentration from 2 to 50 ppm at room
temperature (RT) resulted in an increased intensity of CO,. The
intensities of CO, dependent on the amount of CO were plotted
(Fig. 4b). As can be seen, the intensity of the CO, band increases
in both silver containing films, but no CO, signal was observed
for the pure EMT films. In Ag’-EMT-2b film, a liner trend

dependent on the CO concentration can be found before
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Fig. 4

35 ppm and then the saturation is reached. However, for Ag-
EMT-1b film, no saturation appears in the range of 2-50 ppm,
but the intensity is lower than that with a higher amount of
silver. In the case of CO sensing, it is very important for the
detection in this range since human health can be harmed by
CO with more than 30 ppm.*”

Considering that the optical path in the IR machine was
filled with nitrogen, the detected CO, should be in the cell and
comes from the transformation of oxidized CO. Note that the
size of the individual zeolite nanocrystals and the thickness of

CO Concentration (ppm)

(a) In situ IR spectra Ag-EMT-2b film by increasing the CO concentration from 2 to 50 ppm at RT. (b) The IR absorption intensities of CO,

dependent on the amount of CO with pure EMT, Ag-EMT-1b, and Ag-EMT-2b films in the range of 2-50 ppm.
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the films are comparable, while the silver contents in samples
are 0 wt%, 9 wt%, and 18 wt% from ICP analysis, respectively,
which is also in good accordance with the changes of the CO,
intensity. Therefore, the silver inside the zeolite plays a key role
in the catalytic oxidation of CO.

Since there is no oxygen gas in the system, some oxygen
species should exist in the film. Normally, water can be involved
in the oxidation of CO to CO, from the results of G. Caizaferri
et al.®® In this work, we suppose that the binder Nalco plays
a similar role to water since it has much more hydroxyl groups
besides the function of crosslinker. It is also confirmed by the
same experiment with the film of Ag-zeolite without Nalco
binder, which shows no CO, signal (Fig. S21). Considering the
reaction in the results of G. Caizaferri et al,*® we propose
a possible reaction with the following equation: 6Si-OH + CO +
2Ag" — 2Ag° + CO, + 3Si-O-Si + 2H;"0, which is catalyzed by
silver clusters in the zeolite. [EMT]-Ag"-[CO(OH)]™ radical can
be supposed as a hypothetical intermediate in the reaction.*

To elucidate further on this point, the CO, intensities
dependent on CO with Ag'™-EMT and Ag-EMT samples were
carried out, as shown in (Fig. 5a and b). In both cases, only weak
bands of CO, were found in high concentrations of CO for
unreduced Ag'-EMT samples. As the reducing agent increases,

0.20
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more and more silver cations are reduced to silver NPs, while
the CO, intensity dependent on CO shows an opposite trend in
both cases. Among Ag-EMT-2a, 2b, and 2c samples (Fig. 5¢ and
d), the CO, intensity increases with the increase of the silver
metal amount, which indicates that more silver metal promoted
the catalytic oxidation of CO. While in the sample of Ag-EMT 1a,
1b and 1c, increasing the reducing agent causes a much slower
reaction. Considering the above supposed reaction, these
results further confirm that both silver cations and silver NPs
are involved in the catalytic oxidation, and serve as reactant and
catalyst, respectively. The total amount of silver in EMT zeolite
is certain after the ion exchange. Therefore, in Ag-EMT 1a, b, ¢
samples, the reaction speed depends very much on the amount
of silver cations, which will be less and less in the reducing
environment. While in the sample Ag-EMT 2a, b, ¢, there are
enough silver cations in the EMT zeolite due to the long-time
ion exchange even with high amounts of reducing agent.
Therefore, more amount of silver metal can serve as a catalyst
and control the oxidation behavior.

Comparing the two Ag'-EMT samples, both of them show no
reaction activity as the CO concentration is low. As the CO
amount increases, Ag'-EMT-2 shows a little more reactivity
relative to Ag'-EMT-1, while it is still much lower relative to the

Ag’-EMT 1a
——Ag’-EMT 1b
! ——Ag-EMT 1c
\ ——Ag-EMT 1
0003 + l —— Pure EMT

0.002 4
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Fig. 5 (a) The CO, intensities dependent on CO with unreduced Ag*-EMT 1 sample and reduced Ag-EMT 1a, 1b, and 1c samples with different
amounts of reducing agent and (b) the corresponding in situ IR spectra measured. (c) The CO, intensities dependent on CO with unreduced Ag*-
EMT 2 sample and reduced Ag-EMT 2a, 2b, and 2c samples and (d) the corresponding in situ IR spectra measured.
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reduced samples. On the other hand, the weak signal from Ag'-
EMT-1 and Ag'-EMT-2 can also suggest that a small amount of
silver NPs existed inside the zeolites, which should have formed
in the film preparation (spin-coating) process since evaporation
of the solvent can also cause the reduction of a small amount of
silver. The phenomenon of evaporation of Ag-EMT suspensions
in glass bottles can further prove this, as shown in (Fig. S27).
The above results indicate that the condition for the reaction is
that Ag cations and Ag NPs are available simultaneously.

The Ag NPs with the sub-nanometer size or clusters are
saturated in the sodalite cages, which is proved by the TEM
measurements. The hard template effect of zeolite makes the Ag
NPs very stable as well as accessible due to the molecular sieve
property. Though CO cannot enter the sodalite cage because of
its size, catalytic oxidation still happens inside the zeolite in the
presence of OH groups and silver cations.

Conclusions

The preparation of Ag-EMT nanosized zeolite particles by
microwave reduction in colloidal suspensions is reported. The
current approach permits the preparation of Ag NPs with sub-
nanometer size and confined within the sodalite cages of EMT
zeolite without agglomeration. The exact position of the metal
in zeolite is not easy to confirm, while in this case, EMT nano-
zeolites were prepared via a template-free method at low
temperature and therefore a large loading amount of silver was
achieved and monitored by TEM measurements. The stable Ag-
containing EMT zeolite suspensions were deposited in thin
films with a thickness of 500 nm and further used for the
detection of low concentrations of carbon monoxide (2-50
ppm). The detection of CO was carried out with an in situ IR
system by monitoring the amount of CO, due to the catalytic
oxidation by Ag-EMT at RT. Besides the presence of Ag cations
and NPs, Nalco also plays a key role in the reaction. Ag-EMT
zeolite film owns the potential to oxidize CO to CO,
completely and could be used for the fast detection of CO,
especially on a scale that concerns human health.
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