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Nanoporous MIL-101(Cr) as a sensing layer coated
on a quartz crystal microbalance (QCM)
nanosensor to detect volatile organic compounds
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The application of metal—organic frameworks (MOFs) as a sensing layer has been attracting great interest over
the last decade, due to their high porosity and tunability, which provides a large surface area and active sites
for trapping or binding target molecules. MIL-101(Cr) is selected as a good candidate from the MOFs family to
fabricate a quartz crystal microbalance (QCM) nanosensor for the detection of volatile organic compound
(VOC) vapors. The structural and chemical properties of synthesized MIL-101(Cr) are investigated by X-ray
diffraction (XRD), Fourier-transfer infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) and
so on. A stable and uniform layer of MOF is coated onto the surface of a QCM sensor by the drop casting
method. The frequency of the QCM crystal is changed during exposure to different concentrations of target
gas molecules. Here, the sensor response to some VOCs with different functional groups and polarities, such
as methanol, ethanol, isopropanol, n-hexane, acetone, dichloromethane, chloroform, tetrahydrofuran (THF),
and pyridine under N, atmosphere at ambient conditions is studied. Sensing properties such as sensitivity,
reversibility, stability, response time, recovery time, and limit of detection (LOD) of the sensor are investigated.
The best sensor response is observed for pyridine detection with sensitivity of 2.793 Hz ppm™. The sensor
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1. Introduction

Volatile organic compounds (VOCs) are the most important groups
of air pollutants and are health hazards which contain aromatics,
aldehydes, ketones, alkanes, alcohols etc. Due to their low boiling
point and high volatility, they can be easily released into the
environment. Many VOCs are carcinogens depending on exposure
period and concentration that can cause cancers such as lymphatic
and hematopoietic types. They can also cause serious harm to the
liver and kidneys as well as the immune, nervous, reproductive
systems, if they are ingested by drinking or eating, inhaled, or
absorbed through the skin."? Therefore, due to all these mentioned
harmful effects, there is urgent need to fabricate sensitive, selec-
tive, stable and reliable detection devices for monitoring toxic gas
species in the atmosphere. Although gas chromatography and
mass spectrometry are reliable systems with high accuracy for
detecting VOCs, they are expensive, time consuming, require
trained operators, have large device size and cannot be used for
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t Electronic supplementary information (ESI) available: The real-time response of
sensor to other analytes in different concentrations (Fig. S1-S7); response/recovery
curves for other analytes (Fig. S8-S14). Calibration curves for other VOC vapors
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attributed to the physisorption of the gases into the MOF pores and high stability of the device.

online real time monitoring.®* In order to overcome these chal-
lenges, chemical gas sensors have been developed including elec-
trochemical,* metal oxide semiconductor (MOS)," quartz crystal
microbalances (QCM),** surface acoustic wave (SAW) sensors,"
optical-fiber sensors," fluorescent sensors,"> micro-capacitors,™
resistors™ and so on. Chemical sensors are composed of sensitive
layer and transducing element parts. Upon the chemical or phys-
ical interaction between gas and sensing materials, their properties
such as resistance, capacitance, work function, ion mobility, mass,
absorbance, or luminescence will change. The transducing
element converts these changes to observable physical quantities
such as resistance, capacitance, frequency or absorbance.’®
However, most of these sensors have disadvantages such as low
sensitivity, low selectivity, large detection limit, and high opera-
tional temperature (especially in MOS sensors).

To obtain high sensitive, rapid and easy gas sensors at room
temperature, QCM sensors based on the piezoelectric effect of
the quartz crystal has been a promising candidate. QCM is the
simplest and most commercialized type of thickness shear
mode (TSM) acoustic wave devices and mostly applied for
microgravimetering (it can determine even nanogram level
mass changes) monitoring. It comprises of a slice of quartz with
two electrodes deposited on its faces. When an AC voltage is
applied to the electrodes of the piezoelectric quartz, it starts to

This journal is © The Royal Society of Chemistry 2019
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vibrate and propagate a shear wave with a certain frequency
known as the resonance frequency. When a mass loads onto the
surface of the quartz crystal, its resonance frequency will
change. The frequency shifts of crystal considered as sensor
signal depends on mass loading.

The relationship between the mass loading and frequency
shift is described by Sauerbrey eqn (1.1).*” For an AT-cut quartz
crystal is defined as:

Af = -2.26 x 1057 (A—m) (1.1)

A
where Af is the change in frequency and f, is the resonance
frequency of crystal both measured in Hz, Am is mass loading
in g, and A is the active surface area of the circular electrode in
cm?. Integration of nanoporous materials as sensing layers with
QCMs can result robust sensing platforms such as higher
selectivity and sensitivity. One of the parameters by which the
stability of oscillating systems is expressed is quality factor (Q
factor). AT-cut QCMs have high Q factors, low temperature
dependency and low frequency of operation, hence their oscil-
lator circuits are extremely robust and simple and provide high
precisions for measuring frequency changes.'® Although by
depositing appropriate sensing coatings we make QCM sensors
more sensitive and selective, it should be considered that
resonant frequency of such oscillating systems may damp after
mass loading of material. Hence, fabrication of thin and
uniform films with sufficient mechanical adhesion to the
surface is necessary.” For different target analytes, various
sensing materials such as polymers,'® metal oxides," zeolites,*
Ceo,”* some functional materials,”® nanostructured hybrid
materials,* metal-organic frameworks (MOFs),>**** and carbon
nanotubes (CNTs)** have been introduced to modify QCM
sensors. QCMs have been used for biosensing® and humidity
and oxygen sensing”*?® as well.

There are many methods to coat a sensing layer onto the
surface of QCM electrode such as drop casting,* electrospinning
or electrospraying,* spin coating,** electrochemical deposition,*
thermal evaporation,* dip coating,** chemical or physical vapor
deposition,* spray gun (airbrush),*® plasma enhanced chemical
vapor deposition,” Langmuir-Blodgett (LB) film,* liquid phase
epitaxy (LPE), and so on. Each method has advantages
depending on the molecular weight, density, viscosity, chemical
and physical nature of solution or nanomaterial.

MOFs as new hybrid crystalline porous materials have been
attracting attention, due to their high porosity and tunability,
which provides a large surface area and active sites for trapping
or binding a target analyte.”® MOFs are made of metal ions and
organic ligands which have high mechanical, thermal, and
chemical stabilities. High porosity and regularity and unifor-
mity of their pore size make them show high rates of molecular
transport.” They are used in wide range of applications,
including gas storage,’” membrane separation,” molecular
sieves,* heterogeneous catalyst,* desiccants,** encapsulation,*
ion exchangers,*® drug delivery,*” photocatalysis,*® electronics,*
etc. The reversible sorption behavior of MOFs makes them
suitable for gas sensing purposes.**>* MOFs have been used to
detect various gases such as H,0, O,, H,S, and many VOCs.>*>¢
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The use of QCM sensors for detection of VOCs at room
temperature are the best choice, because other chemical
sensors at room temperature are not usually possible. In most
of them an electronic property of sensitive materials such as
conductivity, capacitance, and so on, should be altered through
chemical reactions between analyte molecules and the sensitive
material. Therefore, this requires high activation energy or high
operating temperatures that cannot be performed at room
temperature, especially when VOCs are less reactive and more
stable, and electrons may not easily transfer at room tempera-
ture. However, QCM is a gravimetric sensor, and it is not
important whether electron exchanging or chemical reaction
occurs between analyte and the sensing layer. What matters is
the adsorption of analytes onto the sensing layer in order to
detect VOCs at room temperature.

In this work MIL-101(Cr) was selected as a good sensing
material among thousands of MOFs due to its high porosity,
huge surface area to fabricate gravimetric mass sensor based on
QCM for detection of VOCs. The synthesis of MIL-101(Cr) was
reported by Férey et al.*” for the first time. It is built up from
trimers of Cr octahedral with terminal ligands (H,O, F, or OH)
linked by rigid carboxylate ligands, and has a giant pore volume,
large surface area, numerous unsaturated Cr metal sites, and
two types of mesoporous cages (29 and 34 A in diameter) with
microporous windows (12 and 16 A in diameter).’® Drop casting
as a simple inexpensive available coating method was chosen
for deposition of MIL-101(Cr) onto the electrodes of QCM
crystal. Nine types of VOCs with various functional groups and
polarities (i.e., methanol, ethanol, 2-propanol, n-hexane,
dichloromethane, chloroform, acetone, tetrahydrofuran (THF),
and pyridine) were tested as targets. During the adsorption of
VOC molecules in the pores of MOF, the mass on the surface of
quartz crystal and consequently the frequency would change.
The frequency variations as the sensor response were followed
vs. VOCs concentrations. Sensing properties such as sensitivity,
reversibility, stability, response time, recovery time, and limit of
detection (LOD) of the sensor in the presence of all mentioned
analytes were investigated. All sensing measurements were
carried out at atmospheric pressure and room temperature
under N, condition.

2. Experimental

2.1. Materials and methods

2.1.1. Chemicals. Terephthalic acid (H,BDC) (99% purity),
chromium nitrate nonahydrate [Cr(NOj3);-9H,0, 99%], hydro-
fluoric acid (40% w/w) and N,N-dimethylformamide (DMF) to
prepare MIL-101(Cr) were purchased from Merck company,
Germany. Methanol, ethanol, 2-propanol, acetone, dichloro-
methane, chloroform, n-hexane, tetrahydrofuran and pyridine
(>95%) used as target analytes were prepared from Merck
company, Germany. High purity nitrogen (99.99%) was used as
the purge gas. All chemicals were used without further
purification.

2.1.2. Apparatus. The synthesized MIL-101(Cr) crystalline
structure was characterized by Bruker D8 advance X-ray
diffractometer with copper radiation (Cu K, A = 0.15418 nm

RSC Adv., 2019, 9, 24460-24470 | 24461
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emission, 40 kV/40 mA current and 3° min ' scanning rate).
SEM images were taken by TESCAN VEGA3 microscope at an
accelerating voltage of 30 kv and sample was coated by DSR
nanostructure coater. Fourier-Transformed Infrared (FTIR)
spectra were collected using a BRUKER-Tensor II infrared
spectrophotometer.

MIL-101(Cr) texture properties were investigated with N,
adsorption/desorption by BET technique (Micromeritics ASAP
2020). Before measurement of pore properties, sample was
activated by degassing under vacuum at 150 °C for 3 h to remove
all water molecules that occupied in the sample pores.

MIL-101(Cr) thermal stability was evaluated by thermogra-
vimetric analyzer (BAHR, STA503, Iran). Weight loss percent-
ages of 8.4 mg of MIL-101(Cr) in temperature range, 25-750 °C,
with 10 °C min ' temperature rate and continuous nitrogen
flow (0.4 L h™') was applied.

2.2. Synthesis of MIL-101(Cr)

2 g of chromium nitrate was dissolved in 12 ml deionized
distilled water. Then 0.83 g terephthalic acid was dissolved in
12 ml deionized distilled water in separate vessel. Because of
low solubility of terephthalic acid in water, mixture should be
sonicated for 20 min to achieve a homogenous suspension and
then was added to the first solution. Then, 0.1 ml HF (40% w/w)
was added to above mixture and stirred for 15 min and finally
was loaded into a Teflon lined autoclave and placed in an oven
at 493 K for 8 h.* After cooling to room temperature, the MOF
precipitates were separated from water by centrifugation
(5800 rpm, 20 min). MOF precipitate was washed with distilled
water (thrice) and dimethylformamide (twice). Finally, washed
MOF precipitate was dried in oven at 343 K for 24 h and stored
in dry place. The synthesized MOF should be characterized to
identify size, shape, structure, crystallinity, surface area and
thermal stability. Therefore, SEM, FTIR, XRD, BET, and TGA
techniques were used.

2.3. Fabrication of MIL-101(Cr) based QCM gas sensor

An AT-cut QCM crystals and its oscillator circuit were purchased
from international crystal manufacturing (ICM) company. The
quartz crystals had blank diameters of 0.5 in. with a resonant
frequency of 10.000 MHz. Both top and bottom surfaces were
coated with Au electrodes of 0.2 in. diameter (Fig. 1a). At first

a | b

Fig. 1

(a) Bare QCM; (b) MIL-101(Cr) based QCM gas sensor.
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the crystal was rinsed with deionized water and then with
ethanol and dried in ambient condition for about 20 minutes
after that it was put in QCM circuit, the frequency meter showed
10.01055 MHz as resonance frequency of crystal. It was stored in
desiccator in order not to adsorb moisture and other particles in
the air until film fabrication. 10 mg of synthesized MOF powder
was mixed vigorously with 5 ml of ethanol to make a suspension
(0.2% w/v) then it was put in ultrasonic bath to disperse parti-
cles uniformly. This suspension was drop-casted at the center of
crystal electrode using a 100 pl micropipette. Six, 20 ul, drops
were dropped onto the electrode by time increments of seven
minutes to ensure evaporation of solvent before next dropping,
in order to make a good adhesion to the surface and avoiding
agglomeration. The crystal was then put inside an oven at
150 °C for 17 hours. Fig. 1b shows the final coated crystal. The
prepared QCM sensor was stored in vacuum desiccator to make
it reusable; however, the film might be removed by mechanical
force. The frequency shift caused by film deposition was
calculated by subtracting the resonance frequency before
coating from the frequency after the film had been dried. The
frequency change of coating was about 42 kHz. The structure,
morphology and thickness of the film were analyzed by FTIR
and SEM.

2.4. Experimental setup

Scheme 1 is the schematic diagram of a measurement setup
which was designed and fabricated in our lab for VOCs detec-
tion, under N, condition. The MIL-101(Cr) based QCM sensor
was installed in an oscillator circuit loop whose output
frequency was measured by frequency meter (Dagatron 8037,
3.7 GHz) and recorded by a computer via RS232 interface which
data were logged by a software written in C sharp. The coated
QCM was placed in a sealed Teflon chamber with 3.7 liter in
volume at room temperature. As many parameters may affect
the resonance frequency of the crystal such as temperature
fluctuations, pressure variations and moisture, to reduce these
effects on the real sensor responses to VOC molecules, a modi-
fied setup was designed to control these parameters as much as
possible. First of all, we turned on the fan and heater in the
chamber subsequently opened all valves (the sequence of
opening valves was: outlet, inlet and flowmeter valves respec-
tively to avoid pressurizing) to purge nitrogen gas inside the
chamber until a stable frequency line was obtained. In each gas
exposure, the total flow rate was kept constant at 3 L min ',
using a flowmeter. By purging nitrogen, the moisture would be
washed through the chamber and frequency changes would be
related to only added analytes not anymore species. During
above steps, heater and fan were kept on to ensure achieving
uniform chamber temperature and analytes concentration.
Afterwards, all valves should be closed (the sequence of closing
valves was: flowmeter, inlet and outlet valves, respectively) and
analytes in liquid form with known volume were injected inside
the testing chamber by a micro-syringe on a micro-heater to
make them vapor. The chamber temperature during measure-
ments remained around 30 £+ 1 °C. After evaporation, the
molecules of analyte were trapped into MOF pores, therefore,

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Schematic diagram of the VOCs sensor measurement setup.

the mass on the crystal was increased which led to decrease in
its frequency. After the frequency reached plateau, all valves
were opened in sequence mentioned above and N, was purged
again to remove adsorbed analyte molecules until the frequency
came back to its initial value.

2.5. Concentration determination

The concentration of injected analytes were calculated accord-
ing to the following equation:*

 24xTxpxvxl10®
N 273 x My, x V

2.1)

c: concentration of analyte in ppm; p: density of analyte in g
ml™; 22.4: volume of one mole of airat P=1 atm & T=273 K in
liter; T: operational temperature (K); »: volume of analyte should
be injected by micro-syringe (ul); M,,: molar mass of analyte (g
mol™'); V: volume of chamber (L).

3. Results and discussion

3.1. MOF powder and MOF film characterization

3.1.1. SEM. The SEM images of the powder and film
samples of MIL-101(Cr) was taken and shown in Fig. 2. Octa-
hedral crystals of synthesized MOF with mean diameter around
250-400 nm can be shown (Fig. 2a and b). Proper morphology
and shapes of prepared MIL-101(Cr) prove a successful MOF
synthesis procedure. The Fig. 2b depicts formation of uniform
film, contained octahedral morphology, and fully covered the
substrate. The cross-sectional image (Fig. 2c) shows a uniform
and continuous thin film with the thickness about 3 pm. The
full coverage, homogeneous morphology, and uniform thick-
ness of the film are important characteristics required for
acoustic wave transducers to propagate with low attenuation.

This journal is © The Royal Society of Chemistry 2019

Testing chamber

3.1.2. XRD. Fig. 3 shows XRD pattern of MIL-101(Cr). Six
main peaks at 20 = 1.64°,2.7°,3.2°, 3.88°,5.04° and 8.94° can be
observed. There is a good agreement between reported XRD
pattern for MIL-101(Cr)** and the one obtained here. According
to Fig. 3, it can be claimed that a highly crystalline structure was
obtained for synthesized MIL-101(Cr). Intensive peaks appear-
ing at small angles (26) in the XRD pattern, indicate that this
porous material possesses abundant pores in the structure.®

3.1.3. FTIR. The FTIR patterns of powder and coated film of
MIL-101(Cr) are shown in Fig. 4. FTIR characterization was used
to identity MIL-101(Cr) functional groups and bonds formed.
The band at 586 cm ™" demonstrates the connection of organic
linker and metal node of MOF framework. The band at
1627 cm ! indicates the bending vibrations due to the adsorbed
water on the surface of MIL-101(Cr) particles. The band at
1398 cm™ " corresponds to the symmetric (O-C-O) vibrations of

Fig. 2 SEM image of synthesized MIL-101(Cr); (a) powder sample (b)
surface and (c) cross section of coated film.

RSC Adv., 2019, 9, 24460-24470 | 24463
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Fig. 3 XRD pattern of MIL-101(Cr).
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Fig. 4 FTIR pattern of MIL-101(Cr) powder and coated film.

dicarboxylate, implying the presence of terephthalic linker
within the MIL-101(Cr) framework. The other bands between
600 and 1600 cm ™" are attributed to benzene ring, including the
stretching vibration (C=C) at 1510 cm ™" and vibration (C-H) at
1168, 1018, 885, and 747 cm ™ .

3.1.4. BET. In order to investigate the porous structure of
synthesized MOF sample, Brunauer-Emmett-Teller (BET)
analysis method was carried out. Fig. 5 shows the N,
adsorption/desorption isotherm of the dehydrated MIL-101(Cr).
An adsorption isotherm is obtained by measuring the amount
of adsorbed gas (liquid N, at 77 K) across a wide range of relative
pressures at a constant temperature. The BET and Langmuir
specific surface area of MIL-101(Cr) are about 2612 and 3648 m>
g7, respectively. These values are close to the reported values
for MIL-101(Cr).** The average pore size and the total pore
volume of MIL-101(Cr) are estimated to be 19.37 A and 1.26 cm®
g ! at a relative pressure of P/P, = 0.97.

3.1.5. TGA. Thermogravimetric analysis (TGA) and differ-
ential thermal analysis (DTA) of MIL-101(Cr) were done to
investigate its thermal stability (Fig. 6). Guest water molecules
in the large cages (~34 A), which constitute 5% of MIL-101(Cr)

24464 | RSC Adv., 2019, 9, 24460-24470
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Fig. 5 BET analysis of N, adsorption/desorption in MIL-101(Cr).

weight, were evaporated at 298 to 473 K at first step. At 473 to
650 K, water molecules in the small cages (~29 A) were removed
which was led to reduce 25% of MIL-101(Cr) weight at second
step. Finally, at 650 to 813 K, elimination of OH/F groups was
occurred which led to decomposition of the framework at third
step and loss of 35% of MIL-101(Cr) weight.®*

3.2. Sensing properties and responses of MIL-101(Cr) based
QCM sensor

There are various important factors, need to be considered, for
design of gas sensors. Generally, they contain sensitivity,
selectivity, repeatability and reversibility, stability, response and
recovery time, reproducibility of fabrication of sensing film,
linear range, and limit of detection.

The set-up shown in Scheme 1 was employed to measure the
sensor responses at room temperature to different VOCs
concentrations ethanol, 2-propanol,
acetone, THF, dichloromethane, chloroform, n-hexane, and
pyridine. Chemical properties and threshold limit values (TLV)
of mentioned VOCs are given in Table 1.

including methanol,

110

Weight Loss (%)

20 I 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700

Temperature (°C)

Fig. 6 TGA and DTA of MIL-101(Cr).
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Table 1 Chemical properties of analytes

Vapor pressure Dielectric constant
Analyte Type p (g ml™") M, (g mol™") Boiling point (°C) (kPa) @ 20 °C (20 to 25 °C) Polarity TLV (ppm)
Methanol Alcohol 0.79 32.04 64.70 12.98 33.1 Polar protic 200
Ethanol 0.79 46.07 78.24 £ 0.09 5.83 24.3 1000
2-Propanol 0.79 60.10 82.60 4.24 18.3 200
Acetone Ketone 0.78 58.08 56.05 24.57 20.7 Polar aprotic 500
Chloroform Halomethane 1.49 119.38 61.15 21.09 4.8 Non polar 10
Dichloromethane 1.33 84.39 39.60 57.30 9.1 Polar 25
n-Hexane Alkane 0.66 86.18 68.50 to 69.10 16.18 1.89 Non polar 50
Pyridine Heterocyclic aromatic 0.98 79.10 115.20 2.13 12.3 Polar 1
THF Heterocyclic aliphatic 0.89 72.11 66.00 17.60 7.85 Polar 50

Fig. 7a and b shows typical real-time response curves of the
sensor to pyridine and 2-propanol vapors with increasing
concentrations from 5 to 700 ppm. By injection of a certain
volume of VOC in the chamber, frequency decreased very
rapidly till reaching the steady state value. Then, sensor was
exposed to the N, with a flow rate of 3 L min~" for several
seconds for recovering baseline value of the frequency signal.
The frequency difference between baseline value and equilib-
rium value after sorption of vapor was taken as the sensor
response. It is defined as:

N (3.1)
where; f is the sensor frequency when exposed to VOC vapors
and the equilibrium has been reached; and the f, is the sensor
frequency in dry N,.

When the test chamber was purged with N,, frequency of
sensor returned to the original values each time with negligible
baseline drift indicating the complete desorption of analyte
vapors from the sensing film. Sometimes a small change in
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Fig. 7 Real-time sensor responses to (a) pyridine; and (b) 2-propanol.
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baseline value occurs during the repeated frequency measure-
ment by the exposure of the analytes. This is expected since
when VOC molecules are absorbed by the film, there may be
changes in its viscoelastic properties® or maybe analytes are not
completely flushed out of the sensor when using N, to recover
the sensor.

When the concentration increases, the sensor response
increases accordingly since higher concentrations make the
sensing film adsorb more molecules.

The real-time response of sensor to other analytes in
different concentrations was also investigated (Fig. S1-S71) and
an overall view of them is shown in Fig. 8 by bar diagrams.
Among these compounds, the sensor response is the highest for
pyridine vapors in all concentration ranges.

3.3. Reversibility, repeatability and response/recovery time
of the QCM sensor

To evaluate the gas sensing performances, the MIL-101(Cr)
coated QCM sensor was repeatedly exposed to a constant
concentration of analyte for three times. The dynamic sensor
responses versus time at different concentrations (5-700 ppm)
for pyridine and 2-propanol vapors were plotted in Fig. 9a and b.
The higher the concentration the higher signal-to-noise ratio
and the smoother curves are obtained. Similar response/
recovery curves were obtained for other analytes (Fig. S8-
S147). For three successive cycles, the response curves were
similar under the same exposure, almost with no significant
changes in sensor response. The response time to reach 90% of
the final equilibrium value when exposed to VOC vapor in
different concentrations was between 8 to 24 s for pyridine and
7 to 14 s for 2-propanol during three cycles. The recovery time
required to return to 10% of the equilibrium baseline value
following the dry N, purge was between 61 to 118 s for pyridine
and 30 to 86 s for 2-propanol during three cycles. Table S1t
depicts the sensor mean response, response and recovery time
for all analytes in different concentrations with standard devi-
ation (n = 3). These results demonstrate the excellent revers-
ibility and repeatability of MIL-101(Cr) based QCM sensor and
consequently shows good sensing properties of sensing film
due to its high surface area, uniformity, rigidity, stiffness and
thin layer which leads to better stability of sensor. The revers-
ible response suggests that the analytes adsorption on the
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Fig. 8 Sensor responses to different VOCs concentration.

sensing film is rarely weak, such as hydrogen bonding and van
der Waals force. Moreover, the rapid vapor sorption and
desorption curves indicate that fast mass equilibrium occurred
on the MIL-101(Cr) sensing film. The nanopores provide a route
for fast mass transport, explaining why the response times are
significantly short.

3.4. Calibration curves for MIL-101(Cr) based QCM sensor

To realize sensitivity and linear detection range of the fabricated
QCM sensor to the analytes, calibration curves were fitted by the
linear regression model. The relation between frequency shift
(») and vapor concentration (x) is shown in Fig. 10a and b for
pyridine and 2-propanol respectively. It can be seen that Af is
linear to pyridine and 2-propanol in the concentration range of
5-50 ppm and 5-100 ppm as the Sauerbrey equation described.
The slope of regression equation is considered as sensitivity.
When concentration is more than 50 or 100 ppm, the response
does not increase linearly as before and the saturation of the
sensor is observed. Calibration curves fitted by linear regression
model are plotted in Fig. S15-S217 for other VOC vapors. The
sensor has the highest sensitivity towards pyridine vapors and
the lowest for acetone vapors. The sensitivity, linear range and
correlation coefficient of VOCs vapors are listed in Table 2.
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3.5. Limit of detection (LOD)

One of the other statistical criteria for evaluation of the sensor
performance is limit of detection (LOD). LOD can be calculated
using calibration curves in the linear range by the following
equation.*®

(3.2)

LOD =

(3.3)

3><SB
S

Sg is the standard deviation of blank sample; y; is the sensor
response to a special concentration of analyte; y; is the deter-
mined frequency shift from calibration linear equation at the
same concentration; n is the number of concentrations for
witch a linear calibration curve is obtained; S is the slope of the
calibration equation (sensitivity).

According to this equation, calculated LOD values for pyri-
dine and 2-propanol were obtained as 1.603 and 3.056 ppm
respectively. The detection limits of other analytes were also
calculated in the same way (Table 2).

3.6. Selectivity

To investigate the selectivity of the sensor to studied VOCs, all
sensitivity values were plotted as a function of VOCs types
(Fig. 11). Fig. 11 shows MIL-101(Cr) based QCM sensor was
performed more efficient in the presence of pyridine.

3.7. Long term stability

The long term stability is a function of the phenomena leading
to random walk (e.g., temperature variations or component
aging).”® For applicable chemical gas sensors, stability is a very
important factor. To investigate the life-time of MIL-101(Cr), the
response of the sensor to 50 ppm of all analytes was tested after
two months. During this time, the sensor was stored in
a vacuum desiccator at room temperature. As shown in Fig. 12,

b
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Fig. 9 Reversibility and repeatability of sensor response versus time to (a) pyridine; and (b) 2-propanol.
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response of the sensor to the same concentrations of VOCs
remained almost constant after a period of time, indicating an
acceptable stability for proposed sensor. This good stability is
an evidence for maintenance of the sensor properties and no
aging process.

3.8. Sensing mechanism

In general, it is considered that gas adsorption occurs by three
steps: adsorption, diffusion, and desorption process. When the
sensor is exposed to VOC molecules, the frequency decreases
sharply with time which results from surface adsorption effect.
Then, the frequency decreases slowly, mainly resulting from
bulk diffusion effect. After reaching equilibrium, the frequency
attains a stable value. The recovery also shows a rapid increase
followed by a slow increase of frequency when the vapors are
desorbed, which is also due to surface effect and bulk effect.**

The magnitude of the sensor response is dependent on two
main factors: molar adsorption potential and molecular weight
of analytes. Molar adsorption potential is considered as the
polarizability of the gas to provide van der Waals interactions
with the sensing film and the compatibility of the kinetic
diameter of the gas with the aperture size of MOF pores. So both
of factors together determine the magnitude of sensor
response.**

The frequency shifts and also the sensitivity of the MIL-
101(Cr) coated QCM sensor for the alcoholic polar protic
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organics are in the following order: 2-propanol > ethanol >
methanol. This result indicates that a larger molecular weight
has a higher sensitivity, which is in good agreement with the
previous works.*>*” It is reasonable to assume that if the
number of adsorbed molecules on the sensing film is identical
for various analytes, a greater molecular weight of analyte will
actually lead to a larger sensor response. The frequency shifts
and sensitivity of sensor for the halomethanes are in the
following order: chloroform > dichloromethane. It may expect
that dichloromethane induces a higher Af as compared to
chloroform, due to its higher polarity (dielectric constant). But,
higher sensitivity is observable for chloroform which is due to
its higher molecular weight.

Two various polar organic molecules for example 2-propanol
and acetone were compared here. Since 2-propanol is a protic
compound due to the presence of -OH group, it can form strong
hydrogen bonds with the sensing material; consequently, more
molecules were adsorbed and provide enhanced sensitivity;
however, acetone is an aprotic compound and there is no
hydrogen bond formation.

As a final consequence, the highest sensitivity was observed
for pyridine among all analytes. This can due to having the
lowest vapor pressure and large molecular weight. Also, it is the
only analyte with aromatic ring which can have strong m-m
stacking interaction with aromatic rings in the linker of MOF.
These accumulative factors may lead to highest sensitivity for
pyridine.

Table 2 Summary of sensing properties of MIL-101(Cr) based QCM sensor

Sensitivity Linear detection
Analyte (Hz ppm ™) R? range (ppm) Sg (Hz) LOD (ppm)
Methanol 0.306 0.999 25-200 1.072 10.511
Ethanol 0.429 0.998 10-200 1.268 8.862
2-Propanol 0.648 0.999 5-100 0.660 3.056
Acetone 0.114 0.996 25-200 0.655 17.186
Chloroform 0.524 1.000 5-200 0.802 4.593
Dichloromethane 0.155 0.997 25-200 0.731 14.170
n-Hexane 0.164 0.995 25-200 1.075 19.664
Pyridine 2.793 0.999 5-50 1.492 1.603
THF 0.205 0.996 25-200 1.259 18.398

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Stability of MIL-101(Cr) based QCM sensor to 50 ppm of all
analytes.

4. Conclusion

A highly sensitive, stable and low-cost gas sensor based on MIL-
101(Cr) coated onto QCM was developed using a facile
approach. MIL-101(Cr) was selected from MOFs family since its
3D octahedral nanoporous architecture supplies high diffusion
paths for VOC molecules sorption and its huge surface area
uploads more sensing agents. Other benefits of MOFs are
mechanical, chemical and thermal stability and they are very
good candidate for VOCs sensing application at room
temperature.

MIL-101(Cr) was successfully synthesized and deposited
onto the Au electrode of the QCM sensor by using drop casting
method. Structural and morphological characterizations of the
fabricated samples were performed by using FTIR, SEM and
other characterization methods mentioned before. Gas sensing
measurements of the fabricated film were done at room
temperature for VOCs detection such as methanol, ethanol, 2-
propanol, acetone, n-hexane, THF, chloroform, dichloro-
methane, and pyridine. The response of sensor to different
concentrations of VOCs was investigated and the detection limit
for detection of all analytes was calculated. Good sensitivity,
reversibility, repeatability and long term stability were obtained
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at room temperature for all analytes. Linear calibration curves
were obtained between the frequency shift and the concentra-
tion of all the analytes in range of 5-200 ppm. Sensor showed
sensitivity in the range of 0.114-2.793 Hz ppm " to the VOCs.
The sensing film afforded selective adsorption towards specific
VOCs based on the different driving forces including polarity,
compatibility of pore size of sensing film with size of analyte
molecules, molecular weight of analytes and type of interaction
between analytes and sensing film. The highest sensitivity (3 to
24 times more than other analytes) was observed for pyridine
vapors due to m-m interaction with MOFs linker moieties. It
shows that the proposed sensor can operate more selective to
pyridine among all applied analytes and consequently the
lowest LOD value was obtained for pyridine. The physical
adsorption of analytes onto the film surface and their fast mass
transferring through the open windows and mesoporous cages
of MIL-101(Cr) can be claimed because of fast response/recovery
time and reversible response. The sensor was reusable after
complete removal of analyte by N, purging into the sensor test
chamber. Therefore, the reversible and stable response of the
film indicated that MOF film can be successfully used for
sensing applications.
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