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Determining accurately CO, levels is highly relevant when monitoring indoor air quality. Nondispersive in-
frared (NDIR) sensors are the most often used sensors for measuring carbon dioxide concentration. How-
ever, the complexity of the device, power consumption and scalability are the main drawbacks associated
with the state-of-the-art devices. In this work, we discuss the application of metal-organic frameworks for
sensing of CO, molecules using electrochemical impedance spectroscopy. Impedance CO, sensors were
fabricated using two metal-organic frameworks known for their selective CO, adsorption capability as well
as their high proton conductivity, namely Zn-MOF-74 and NdMo-MOF. Both sensors showed a significant
change in impedance when changing the CO, concentration and the relative humidity. Notably, the Zn-
MOF-74 impedance sensor showed fast response when changing the humidity and CO, concentration.
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State-of-the-art nondispersive infrared CO, sensors are selective and have fast response times but their main drawbacks are related to the device complexity,
power consumption and scalability. To overcome these challenges, we propose the use of metal-organic frameworks (MOFs) as effective sensing layers for
effective CO, level monitoring which can be processed and integrated easily into inexpensive impedance sensors. This work shows that MOFs showing se-
lective CO, adsorption and high proton conductivity are suitable sensing materials for integration into electronic sensors with fast and accurate CO,

Open Access Article. Published on 24 April 2020. Downloaded on 3/3/2026 8:18:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

response.

Introduction

Excessive CO, emissions and global warming require tremen-
dous efforts to address these challenges. Fossil fuels (coal,
oil, and natural gas) do substantially more harm than renew-
able energy sources and they are the main cause of increased
emission of CO,." This is a major environmental concern
and therefore, it requires careful monitoring. There are two
major types of commercial CO, sensors: nondispersive infra-
red (NDIR) and chemical CO, sensors.>® The principle of
NDIR sensors is based on the absorption of infrared light at
a wavelength characteristic of CO,. NDIR sensors are selective
and have fast response times. They are more stable because
they do not suffer from poisoning effects.*” By using selec-
tive IR sources or IR filters, the NDIR sensors are very selec-
tive, even under a variety of humidity conditions. However,
their main disadvantages are their size and power consump-
tion. Cost used to be a drawback as well, but significant prog-
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ress has been made. Commercial sensors with good selectiv-
ity are currently available for <$50 and are expected to
become cheaper in the future.> Polymer-based sensors for
chemical CO, detection have been described in the literature.
Nevertheless, they have poor selectivity as well as short and
long-term sensor drift, leading to inaccurate measurements
over time.*” A cost effective alternative would be commercial
metal-oxide-based VOC sensors, but they suffer from cross-
sensitivity to many components and baseline drift as well as
high power consumption because inorganic oxides require
high temperatures, e.g. 250-350 °C.*

Metal-organic frameworks (MOFs) form a class of porous
3D molecular materials.”® Their high surface area to volume
ratio is especially beneficial for sensing applications as it
enhances the chance of interaction between the sensing
materials and analytes, which leads to high sensitivity."* In
addition, smaller amounts of material are needed to absorb
gases as compared to low surface area materials, thereby
allowing for the miniaturisation of the sensing layer.'*"?
MOFs are well studied for their potential in CO, capture and
storage and various MOF structures can be designed to
achieve high selectivity towards CO,."* However, much less is
known about the potential of MOFs for CO, sensing and only
very few studies were reported.'*'® Van Duyne et al'®
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fabricated a localized surface plasmon resonance (LSPR) sen-
sor with HKUST-1 and demonstrated the detection of CO,
levels down to 10% under ambient conditions. Wang et al."”
designed a near-IR optical fibre coated with HKUST-1 that
showed a limit of detection of 20 ppm for CO,. Chocarro-
Ruiz et al.'® reported an optical CO, sensor by integrating a
thin transparent film of ZIF-8 onto a bimodal optical
waveguide.

Conductive polymers are associated with low cost and
room temperature operation'®?® and are therefore preferred
for the development of low-power gas sensors. As for CO,
sensing applications, the interaction of CO, with conducting
polymers is based on either the chemical reactivity or physi-
cal adsorption of the target gas.”" In this respect, MOFs are
attractive candidates for CO, sensing but studies focusing on
the potential integration of MOFs into electronic CO, sensing
devices are still scarce. Very recently, Kaskel et al>® have
shown that MIL-53(Al)/carbon composites can be used for
CO, sensing at high temperature whilst Dinci et al.>* have
demonstrated the sensing of ambient CO, using an imino-
based 2D framework. Both studies show that MOFs can pro-
vide a powerful platform for chemiresistive sensing of CO,.

This work demonstrates the potential of MOFs for CO,
sensing using impedance measurements. It assesses the CO,
sensing performance of two MOF materials which are known
to display significant CO, adsorption and have high proton
conductivity, namely [Zn,(dobdc)(H,O),]-nsolvent (known as
Zn-MOF-74, where H,dobdc = 2,5-dihydroxy-1,4-benzenedi-
carboxylic acid) and [Nd(mpca),Nd(H,0)sMo(CN)g]-nH,O
(where Hmpca = 5-methyl-2-pyrazinecarboxylic acid), here ab-
breviated as NdMo-MOF. We discuss the methodology used
for their processing as thin-films as well as their performance
in CO, sensing under ambient conditions.

Results and discussion

In order to use MOFs as sensing layers in a CO, sensor,
MOFs should be able to selectively adsorb and interact with
CO, and show a significant change of physical properties
upon adsorption and interaction. Because CO, is a linear
molecule that has a permanent quadrupole moment, this
property can be used to selectively adsorb CO, from gas mix-
tures by incorporating open metal sites. The open metal site
acts as an attractive site for the CO, molecule. Once a CO,
molecule is adsorbed on the open metal centre, the adsorbed
CO, molecule acts as an attractive site for other CO, mole-
cules, causing a cascade of attractive interactions for the CO,
molecules. Additionally, CO, can react with water molecules
to give carbonic acid. This means that if there is lattice water
in the MOFs' structure, the change in pH might also be used
as a signal for CO, sensing. We have selected Zn-MOF-74 (ref.
22 and 23) and NdMo-MOF>* as representative materials for
CO, sensing due to their porous 3D structures with open 1D
channels (Fig. 1) and metal open sites. In order to be used as
a detection layer in an electronic CO, sensing device, a MOF
needs to possess some electrical conductivity. Conducting®
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Fig. 1 View of the molecular structures of Zn-MOF-74 (left) and
NdMo-MOF (right) showing hydrophilic 1D channels.

and semiconducting®® MOFs as well as those displaying high
proton conductivity*”*® are suitable for integration into
electronic devices. Both Zn-MOF-74 (ref. 29 and 30) and
NdMo-MOF***' are known for their very high proton
conductivity.

Zn-MOF-74 shows a very high CO, uptake due to the pres-
ence of three different CO, adsorption sites.****** As for
NdMo-MOF, CO, adsorption studies show that this frame-
work is very flexible and a hysteresis loop is observed in the
CO, adsorption-desorption isotherm.** Therefore, we have
hypothesised that their CO, adsorption behaviour and intrin-
sic proton conductivity would enable them to be used as
sensing layers with a short response time for selective CO,
detection.

7Zn-MOF-74 is also known to have two structural isomers,
namely UTSA-74 (ref. 34) and HIMS-74.>> Although Zn-UTSA-
74 has the same number of open metal sites per secondary
building unit (SBU) as Zn-MOF-74, a smaller CO, uptake is
observed for UTSA-74 as compared to MOF-74.** The avail-
able open sites in HIMS-74 indicate that there are two ad-
sorption sites per SBU, similar to those in UTSA-74, and
therefore they show similar CO, uptakes. Studying their CO,
sensing behaviour would have allowed us to make correla-
tions between the type of SBU and the response time of the
sensing layer. However, we could not integrate these two ma-
terials in a homogeneous sensing layer.

Two MOF-based sensors were prepared using Zn-MOF-74
and NdMo-MOF as sensing layers on a platinum surface
using the drop casting method. The main challenges in fabri-
cating thin film MOF-based polymer composites are the ag-
gregation of the MOF nanocrystals and the organic-inorganic
incompatibility.  Therefore, we have chosen poly-
vinylpyrrolidone (PVP) as the support for the MOFs due its ex-
cellent hydrophilic and surface modification agent properties
which facilitate the dispersion of nanoparticles.>® Moreover,
PVP is a nontoxic polymer and its CH,, CO and C-N func-
tional groups have been widely used to control the shape and
nanocrystal size via their selective attachment on the specific
facets of nanocrystals.*”

During sensor preparation, NdMo-MOF gave a thin sus-
pension with a high residual content, whereas the sensor
with Zn-MOF-74 gave a suspension with a low residual con-
tent. The resulting NdMo-MOF sensor had a low MOF

This journal is © The Royal Society of Chemistry 2020
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content with a poor particle distribution, whereas the Zn-
MOF-74 sensor had a high MOF content with a relatively
good particle distribution (see Fig. 2).

CO, sensing studies

Prior to the impedance measurements, a frequency sweep
was carried out to determine the suitable frequency that gives
the optimal signal output. At 10 Hz and 100 Hz, the output
signals contain mostly a large amount of noise. At 10 kHz
and 100 kHz, the signal is unstable as both impedances
showed a high sensor drift. In addition, high frequency also
resulted in a low amplitude of the output signals. Thus, we
notice that there is a trade-off between the signal noise and
the amplitude of the signal.

The assessment of the CO, sensing performance of both
MOFs was carried out using N, as a diluting gas due to its
ready availability. The sensing performance of the NdMo-
MOF sensor is shown in Fig. 3. Initially, the sensor takes a
long time (40 minutes) to reach equilibrium. Impedance
changes towards humidity were only observed in the imagi-
nary part, when the relative humidity (RH) was decreased
from 60% to 40% after 6 and 15 hours, whereas no clear
change in impedance was observed when the RH was
changed from 40 to 50% and 50-60%. An impedance change
is observed after 4 and 16 hours, when the concentration of
CO, changes from 0 to 2000 ppm at 60% RH and 40% RH. In
addition, the sensor shows a high drift in both the imaginary
and real parts of the impedance.

Fig. 4 shows the sensing performance of the Zn-MOF-74-
based sensor. Similar to the NdMo-MOF-based sensor, the
sensor takes a long time to reach equilibrium during the first
cycle (0-3 h). The sensor showed a significant and medium
rate of CO, adsorption (ca. 15 minutes), with slow desorption
(>2 h) at all measured RH values. At all measured RH values,
changes in both the imaginary and real parts of the imped-
ance are observed upon changing the CO, concentration,
whereas changing the relative humidity led to an insignifi-
cant change in the impedance. This indicates that the Zn-
MOF-74-based sensor showed low cross sensitivity.

Additional measurements were carried out with the Zn-
MOF-74 sensor at 50% RH, at different CO, concentrations
(Fig. 5). The sensor showed fast response to CO,, which is
characterised by the increase of the real part of the imped-

Fig. 2 Sensors prepared for CO, sensing, from left to right: pristine
sensor, NdMo-MOF-based sensor and Zn-MOF-74 sensor.
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Fig. 3 Performance of the NdMo-MOF-based sensor, by varying the
relative humidity and CO, concentration.

ance and the decrease of the imaginary part of the imped-
ance. However, the height of the impedance does not show a
clear correlation with the CO, concentration. In addition,
Fig. 5 shows that the desorption of CO, is slow, and the
change in impedance is still observable after 6 hours (¢ = 24-
30 h). After finishing the first cycle, the sensor was re-
exposed to 500 ppm and 1000 ppm CO,, which showed a
slightly different impedance change compared to the first cy-
cle. This might be due to the stability of the signal levels.

The following experiments were carried out using syn-
thetic air. During the initial measurement, the sensor is ex-
posed to a CO, concentration that alternates between 0 and
1000 ppm every 10 minutes. Then, after 22 hours, the sensor
is exposed to synthetic air (80% N,, 20% O,), which leads to
deactivation of the sensor (Fig. 6, top). To investigate whether
the deactivation is permanent, the sensor is exposed again to
N,, and the CO, concentration is alternated between 0 and
1000 ppm every 10 minutes. Fig. 6 (bottom) shows that the
deactivation of the Zn-MOF-74 sensor is reversible, but it
takes more than 1 hour for the sensor to show a response.

Both sensors show fast uptake (10-15 minutes), with a
long desorption time (over 2 hours). Hypothetically, the fast
uptake of CO, might be related to the long desorption time.
The stronger the interaction between the metal and CO,, the
harder the release of CO, will be from the metal-CO, interac-
tion. There should be a trade-off between the fast and selec-
tive adsorption and the desorption of CO,. Therefore, future
research will focus on tuning the adsorption and desorption
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Fig. 4 Performance of the Zn-MOF-74-based sensor, by varying the
relative humidity and CO, concentration.
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Fig. 5 Performance of the Zn-MOF-74-based sensor at different CO,
concentrations at 50% RH.

of CO,, e.g. through post-synthetic modification or different
strategies involving the choice of metal and linker.***° Alter-
natively, the CO, desorption can be solved through the addi-
tion of a heating element to the sensor, allowing for a faster
gas release from the MOF's pores.

Both NdMo-MOF and Zn-MOF-74 CO, sensors were tested
in parallel and no clear indication of the effect of PVP can be
deduced from the measurements. PVP is a polymer
containing C—=O0 functional groups which might react with
water molecules to form dihydroxy groups. However, the po-
tential effect on the impedance is not understood and needs
further investigation. This could for example be done by com-
paring the impedance change of a sensor coated with a PVP
layer with that of a pristine sensor. In further studies, the use
of organic binders without hydrophilic groups such as poly-

Switch-

o Switch
oo N, — synth. air

Switch
synth. air > N

Fig. 6 The effect of diluting gas on the impedance of Zn-MOF-74
measured in N, and synthetic air by exposure to CO, concentration
that alternates between 0 and 1000 ppm every 10 minutes (top) and
the reversibility of the deactivation of the Zn-MOF-74-based sensor
upon exposure to oxygen in synthetic air (bottom).
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tetrafluoroethylene and polyethylene should further be
explored.*!

Fig. 6 shows the quenching behaviour of oxygen as a dilut-
ing gas on the impedance of Zn-MOF-74. The affinity of Pt to-
wards gases such as O, (or H,) is well known,** while CO, is
usually very inert towards metal surfaces. In this regard, the
response towards O, is to be expected. However, it is notice-
able that the Pt, even though it is still conductive, does not
pick up the signal from the MOF anymore. At this stage, we
have no insight into what is happening at the molecular
level. More knowledge will be gained in subsequent research
which aims at studying other electrode surfaces, such as gold
or non-metallic surfaces.

Our subsequent studies will also aim at investigating the
CO, sensing properties of the materials in relation to the
method used for preparing thin-film MOFs. Typically, thin-
film MOFs are fabricated through solvothermal methods,
which involve deposition, by dip coating of MOFs on a sub-
strate using the mother solution.*” Alternatively, thin-film
MOFs can be obtained through spray coating of a colloidal
solution.”* For electronic sensing devices, combining MOFs
and microfabrication techniques is a key technological ad-
vantage because a limited amount of MOF is needed, porta-
bility is required, and an integrated multifunctional system is
desired. Among various techniques used, the layer-by-layer
MOF growth deposition technique leads to high quality
SURMOF (surface-mounted metal-organic framework) thin
films.*> The key patterning is the preparation of self-
assembled monolayers (SAMs) using liquid-phase epitaxial
(LPE) techniques.*® Currently, we are developing this method-
ology for the fabrication of NdMo-MOF thin-layers and the re-
sults will be published in a subsequent study.

Experimental
Materials and instrumentation

Starting materials, including metal salts, organic linkers and
solvents, were purchased from Aldrich and all manipulations
were performed using the materials as received. Zn-MOF-74
and NdMo-MOF were synthesised using slightly modified
reported procedures.>**” Impedance spectroscopy (EIS) mea-
surements were performed using an SP-300 by Bio-Logic Sci-
ence Instruments (freq. 1.077 kHz, amp. 25 mV, CO, 0-2000
ppm, relative humidity (RH) 40-60%). Powder X-ray diffrac-
tion (PXRD) measurements were carried out on a Rigaku
Miniflex X-ray diffractometer. The measurements were
conducted in the 5-50° range using a Cu-Ka source. The mor-
phology of the samples with sputtered gold was studied by
using a field emission scanning electron microscope (FESEM,
FEI Verios 460 scanning electron microscope) operated at 5
kv. N, sorption isotherms were measured at 77 K on a
Thermo Scientific Surfer. CO, adsorption measurements at
273 K were performed on an isothermal Setaram Calvert 80
micro-calorimeter, connected to a home-built manometric ap-
paratus. Zn-MOF-74 was activated by stepwise vacuum
heating from RT-100-150-200-270 °C, with a heating rate of

This journal is © The Royal Society of Chemistry 2020
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4-2-4-2° min"" and a holding time of 1 h or 12 h for the fi-
nal step. NdMo-MOF was activated by vacuum heating from
RT to 200 °C with a holding time of 2 h.

Synthesis procedures

Zn-MOF-74. 2,5-Dihydroxyterephthalic acid (2.42 mmol,
0.480 g) and Zn(NOj3),-6H,O (8.67 mmol, 2.579 g) were
dissolved in a mixed solvent of DMF: ethanol :water (1:1:1,
v/V/v%, 200 mL) solution. The suspension was stirred for 10
minutes at room temperature to obtain a clear solution,
which was then placed in an oven at 100 °C for 24 h. After
cooling to room temperature, the supernatant was separated
from the precipitate through filtration with paper. The
precipitate was washed three times with methanol and
immersed in 50 mL methanol, which was replenished four
times in two days. The solvents were removed through
filtration and dried in an oven at 80 °C overnight, after which
rod-like crystals were obtained.

NdMo-MOF. Nd(NO;);-6H,0 (2.00 mmol, 0.876 g) and
5-methylpyrazine-2-carboxylic acid (4.00 mmol, 0.552 g) were
dissolved in 12 mL demineralized water. In a separate
beaker, K,[Mo(CN)g]-2H,O (2.00 mmol, 0.992 g) was dissolved
in 12 mL demineralized water. The solutions were combined
and stirred for five minutes. Then 2 mL of the combined so-
lution was added to eight tubes containing 6 mL methanol
each, so that all the tubes had a total volume of 8§ mL. The
tubes were wrapped in aluminium foil and placed in the dark
for four days at room temperature. The solids were isolated
through paper filtration, and washed three times with 30 mL
methanol and three times with 30 mL demineralized water.
The solids were collected and dried in the dark under a N, at-
mosphere at 35 °C.

Fabrication of the impedance sensor. 25 mg of finely pow-
dered MOF (Zn-MOF-74 and NdMo-MOF) were suspended in
500 mg deionized water. The mixture was sonicated for 20
minutes. 15 pL of 1% polyvinylpyrrolidone (PVP) solution
was deposited onto the sensor surface (provided by IMEC). 15
pL of MOF suspension was added and mixed by stirring with
an Eppendorf tip. The sensors were placed in an oven and
dried at 80 °C overnight.

Conclusions

This work demonstrates the potential of MOFs for gas sens-
ing applications using impedance measurements. These
MOFs offer significant advantages as compared with state-of-
the-art MOFs for CO, sensing, which is based on chemical re-
sistance studies. Chemiresistive sensing requires conductive
MOFs which are difficult to synthesise whilst measuring im-
pedance changes requires only a small current change, e.g.
easily achieved with proton conductive MOFs. Using this ap-
proach, two MOF sensors (NdMo-MOF and Zn-MOF-74) were
prepared through drop casting of the MOF suspension on a
platinum surface and their CO, sensing properties were eval-
uated based on impedance measurements. Both sensors
showed drift, which increases over time. Upon exposure to
changing CO, concentration and relative humidity, both

This journal is © The Royal Society of Chemistry 2020
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MOF-based sensors showed changes in impedance. The Zn-
MOF-74-based sensor showed fast response towards a change
in the relative humidity and CO, concentration. Increasing
the CO, concentration leads to an increase of the impedance
(both real and imaginary). Further analysis of the diluting
gas showed the quenching effect of O, on the change in im-
pedance. CO, adsorption, storage and detection are of signifi-
cant interest for many industrial processes and climate re-
lated topics. With the expanding library of the MOF
literature, MOFs for CO, sensing could benefit from this ex-
pansion. There are only a few studies reporting on the use of
MOFs for CO, sensing. Most of these studies reported sen-
sors which often required large equipment to detect CO,. Im-
pedance sensors, similar to those discussed by us, have the
advantage that they can be integrated into compact and por-
table devices. Therefore, we foresee that more studies will be
focused on evaluating the potential of MOFs for portable sen-
sors with different signal transduction pathways.
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