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a b s t r a c t
Due to high porosity and increased surface area; metal organic frameworks (MOFs) have been widely used
in gas storage applications as well as volatile organic compounds (VOCs) detection. Most of these sensors are electromechanical or electrochemical based; however there are few works in which capacitive
sensors were developed using micrometer MOFs. In the present study, for the ﬁrst time, MOF (Cu-BTC)
nanoparticles were used to develop capacitive sensor device for detecting VOCs (e.g. methanol, ethanol,
isopropanol, and acetone). The studied capacitive sensors were performed in a moderate environment
(10% relative humidity and 25 ◦ C). Capacitive sensors were fabricated in a sandwich form or parallel plate
by using copper plate as a back electrode, MOF nanoparticles layer as the dielectric, and interconnected
silver spots as the upper electrode of the capacitor. Linearity of the response versus LCR meter frequency,
reusability, reversibility, response time, and limit of detection (LOD) of the capacitive sensor were determined to evaluate the sensor performance. The results showed high ability of Cu-BTC nanoparticles
synthesized as dielectric layer of a capacitive nanosensor to determine VOCs.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Chemical gas sensors ﬁnd extensive applications in toxic and
combustible gas monitoring, automobile combustion control, medical analysis, and energy and drying operations markets. The
emerging markets include defense, consumer products, automobiles, wastewater treatment, food, beverage processing, etc. In
contrast to the conventional equipment for gas separation and
detection such as gas chromatography, ion mobility spectroscopy,
and mass spectroscopy; gas sensors are more cost effective and
have simpler instrumentational operation especially for real-time
and in situ applications [1]. Interaction of the analyte vapor with
the sensing layer of a chemical gas sensor leads to physical parameter changes such currents, electrical conductance, capacitance,
absorbance, mass or acoustic variables which are all correlated to
the analyte concentrations. Interactions between the analytes and
sensing materials are multiform, depending on the analytes and
active materials [2].
Volatile organic compounds (VOCs) are one of the most popular
gases whose detections are highly desirable. There is consequently
a surge of interest in the development of s VOCs sensors because
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they constantly risk our wellbeing as well as the environment
around us and cause chronic health threats to human beings, animals and plants. Volatile organic compounds also contribute to
climate change and destruction of the ozone layer [3,4]. The low
ﬂashpoints of VOCs makes them particularly threatening in closed
areas.
Metal organic frameworks (MOFs) constitute a new generation
mesoporous crystalline materials, which are composed of both
organic and inorganic components in a rigid periodic networked
structure [5]. MOFs are currently attracting considerable attention
as ideal candidate for sensing material because of their non-toxic
nature, tailorable nanoporosity, extraordinary regularity of their
porosity, ultrahigh surface areas, reversible sorption characteristics
and analyte speciﬁc adsorption [6,7]. In addition, MOFs are often
reversible allowing for time durable devices [8]. To date various
types of MOFs have been used as sensing materials in electromechanical devices including surface-acoustic wave (SAW) sensors
[9], quartz crystal microbalances (QCMs) [10,11], microcantilevers
[12–14], and electrochemical devices including capacitors [15] and
impedance sensor [16] mainly for VOCs and humidity. Cu-BTC (also
known as HKUST-1), with chemical formula of Cu3 (BTC)2 , is a well
investigated MOF both theoretically and experimentally. It consists
of Cu ions and benzene tricarboxylate (BTC) as a linker [17].
Gas adsorption on the materials surfaces are signiﬁcantly
affected by the temperature and relative humidity. Therefore, it
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is crucial to investigate the gas sensing performance under “realworld” conditions. There are some reports in which the surface
degradation and structural alteration of the Cu-BTC framework
were studied after being exposed to the moist air for a period of days
[18–22]. The majority of studies and simulations on Cu-BTC based
sensor occur under idealized conditions (for example, gas adsorption in dry nitrogen or Cu-BTC storage at elevated temperatures or
under nitrogen ﬂow prior to usage) which are not appropriate for
a real world application [23]. On the other hand, according to Kusgens et al. [18], the water stability of Cu-BTC might be sufﬁcient
for molecular recognition if the framework is not directly exposed
to liquid water. Hence, this shows the advantage of using Cu-BTC
as a sensing layer particularly at ambient conditions. Moreover,
the recent work by Davydovskaya et al. [23] demonstrates that
Cu-BTC based QCM sensor’s response to VOCs is different under different humidity levels, and at lower humidity levels (below 20%),
the relative order during exposure to different alcohol vapors was
unchanged in comparison with dry air. Thus, further investigations
as a function of the working environment of the sensor are required
for the signal intensities.
Generally, the capacitive type sensors are more popular because
they use less power, low cost and have the advantage of miniaturization, ease of signal treatment, simplicity of structure, high
sensitivity, good reproducibility, quick response and much better linearity. The key advantage of a capacitive-type sensor is its
selective detection of the speciﬁc gas molecules [24,25]. Since most
of MOFs are insulating materials, they can play important role as
dielectric layer of the capacitors. Although this potential is often
noted, to date there are few reports on MOFs which were used as a
key component of a capacitive sensor, in which mostly micrometer
scaled MOFs particles were used.
Recently, nanometer materials such as nano-crystalline
SnO2 /TiO2 bilayered ﬁlms, ZnO nanorods, carbon nanotube ﬁlms,
Pt/graphene nano-sheets, niobium tungsten oxide nanorods, and
carbon nanotubes have received great attention for their higher
sensitivity due to their small grain size and large surface area
[26–31]. The reduction of MOF crystal size to the nanometer scale
results in a dramatic decrease in diffusion length and an increase in
accessible active sites as compared to the bulk counterparts. These
parameters in turn lead to improvement of the adsorption as well
as more efﬁcient gas sensing performance and high sensitivity of
MOF nanoparticles [32,33].
Some common methods such as directed self-assembly, layerby-layer deposition, and drop casting were carried out in order
to fabricate the sensing material layers. The drop-casting method
is usually considered as an unsuitable choice to obtain homogeneous crystalline layers with a controlled thickness [34], and hardly
controls the uniformity of the layers on the substrate, but usually resulting in the ‘coffee-ring’ effect. Drop casting does serve a
quick, low cost and accessible method to generating thin layers
on relatively small substrates and with assistance of some proper
strategies, uniform and controllable layers can be produced by drop
casting method [35–43]. In addition, this method is not limited to
the substrate material and the thickness of the layer can be controlled by level of drop concentration and number of drop-casting
cycles [34].
In this work, the active sensing layer is made from Cu-BTC
(HKUST-1) nanoparticles which were used as dielectric layer of
parallel-plate capacitors. These capacitive sensors were fabricated
at room temperature using drop casting technique for the detection of different concentrations of VOCs (e.g., methanol, ethanol,
isopropanol, and acetone). In general, the dielectric layer used for
parallel-plate capacitance sensor should be thick enough to prevent touching or connecting of two parallel electrodes which can
result in a short-circuit. In order to have low capacitance leakage
at alternating current which can lead to the capacitors’ life-time
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decreasing, MOF layer should also be crack free and uniform. The
successful preparation of well-behaved MOF layer leads to a good
sensor property with excellent sensitivity and response time to
VOCs as reﬂected by the measured capacitances. In this work, by
using some strategies in drop casting method, a uniform, crack free
layer with sufﬁcient thickness were achieved that is appropriate
to be used as dielectric layer in a capacitance sensor. To the best
of our knowledge, this work is the ﬁrst report of using MOF in
nanoscale for fabricating a parallel plate capacitive gas sensor, and
the ﬁrst report of using Cu-BTC in nanoscale for fabricating a capacitive gas sensor device for VOCs detection at real condition (room
temperature and atmospheric humidity).
2. Experimental
2.1. Materials
Copper
plates
(2 × 2 × 0.002 cm,
>99.90%),
1,3,5Benzentricarboxylic acid (H3 BTC, 98%), cupric acetate dihydrate
(Cu(OAc)2 .H2 O), dimethylformamide (DMF), ethanol (99.9%),
methanol (100%), isopropanol (≥99.8%), acetone (≥99.8%), were
purchased from Merck company and used as received. Ag paste
was purchased from an Iranian Company (Hezareh-3 Company,
Iran) and used in fabrication of capacitors.
2.2. Apparatus
Ultrasonic synthesis of Cu-BTC was carried out by applying an
ultrasonic disruptor (TOMY UD-201). All sensing tests were done by
using a home-made sensing chamber. The characterization of MOF
layer was performed by SEM imaging (VEGA TS 5136MM), XRD
(Bruker D8 Advanced), FTIR spectroscopy (Perkin-Elmer Spectrum
RX I) and BET (PHS-1020) data, and a LCR meter (KC-605) was used
to measure the capacitance.
2.3. Preparation of Cu-BTC nanoparticles
An exact amount of 1,3,5-benzenetricarboxylic acid (H3 BTC,
0.5 mmol) was dissolved into a solvent mixture of ethanol (2 mL)
and DMF (1.0 mL), and then mixed with an aqueous solution (4 mL)
of cupric acetate dihydrate (0.5 mmol) in a sample vial and stirred
magnetically for 10 min. The vial was set to the probe of an ultrasonic generator (100 W) under the room temperature (around
25 ◦ C). After 1 min ultrasonic irradiation, the product was separated from the reaction mixture by centrifugation and washed
with ethanol (8 mL). Stable colloidal suspensions of Cu-BTC were
obtained by re-dispersing the washed product in ethanol.
2.4. Fabrication of Cu-BTC layer as dielectric material on copper
slide
In this work, a uniform layer was achieved through a modiﬁed
drop casting method, which could be used as dielectric layer in the
capacitive sensor. The solvent, its evaporating time, and the solution concentration are the key factors affecting the uniformity of
the ﬁlms as well as their physical properties [35,36]. Among different solvents that were examined, ethanol was chosen as the best for
making a stable suspension of Cu-BTC. According to the evaporating
rate of ethanol which is not so fast, a good layer could be obtained.
Further, an improvement in drop spreading over the substrate was
achieved via combination of tilted-drop casting and weak vibration of substrate during the solvent evaporation. This could result
in lower roughness of the deposited layer and more uniform ﬁlms.
Multi layers of a ﬁlm were deposited sequentially by using the same
manufacturing process. The nanoscale particles of Cu-BTC had great
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Fig. 1. Schematic of the fabricated capacitive sensor based on the nano Cu-BTC layer.

effect on achieving a homogenous suspension of Cu-BTC nanoparticles in ethanol because of their smaller particles size. This property
leads to successful adhesion of nanoparticles to the substrate which
consequently inﬂuenced in uniformity of the ﬁlm and resulted in
homogenous and crack free ﬁlm.
In order to investigate the reproducibility of the fabricated sensors, four individual sensors were prepared based on the procedure
mentioned above, and their results were compared with each other.
The results will bring in future section.
2.5. Fabrication of parallel-plate capacitance sensor
Parallel-plate capacitance sensors [44–48] consist of a metal
substrate as back electrode, followed (deposited) by a dielectric
layer as sensing material, and a second, porous layer of metal on
top of it as upper electrode. In this work, Cu-BTC sensing layers
were drop-coated on the copper back electrodes and subsequently
dried. The upper porous electrode was made by placing six interconnected drops of Ag paste (2 mm diameter) on the Cu-BTC layer
(Fig. 1).
This pattern allows an efﬁcient adsorption and diffusion of target gases in the Cu-BTC dielectric layer. The electrical contacts are
made exclusively on the bottom electrode and patterned up electrode using copper wires. Then, the whole device was backed on
an oven at 100 ◦ C for 30 min. The prepared capacitive sensors were
stored at ambient conditions (25 ◦ C and relative humidity of about
10%) and used for the evaluation of gas sensing without further
treatment.

are connected together via the intracrystalline channels [49], the
analyte molecules can diffuse to everywhere in Cu-BTC layer even
to the sandwiched part of Cu-BTC layer between dotted top electrode and down electrode plate. Adsorption of gas molecules in
Cu-BTC pores caused a change in capacitance of the sensor. Because
of the rigidity of nanoporous Cu-BTC layer, changes in capacitance
of the sensor by exposure to analytes is only related to change in
dielectric constant of the dielectric material (Cu-BTC) (Eq. (1)). The
capacitance sensor’s response represents the changes in capacitance (C) that measured by LCR meter.
In this work, some polar VOCs including methanol, ethanol,
isopropanol, and acetone were used as target gases. The main characteristics parameters of these selected analytes were shown in
Table 1. The sensing process occurred in a home-made chamber
contained a Pyrex glass chamber of 2 L volume which was carefully
sealed. The fabricated capacitive sensor (Section 2.5) was positioned on a stand in the test chamber where the VOC vapors were
produced. A micro heater was put in the chamber for providing
vapor of VOC analytes. We used a syringe to inject predetermined
volumes of VOC in liquid phase on heater surface to create concentration of 250, 500, 1000 and 1500 ppm of VOCs in the sensing
chamber. The method used for calculating VOCs’ concentrations
was explained in supporting information (Section 1). A fan was
also used to make a homogeneous concentration of vapor in the
chamber (Fig. 2). Similar sensor set up was reported with others
[50,51].
The sensing chamber was exposed to atmospheric air at the
beginning in order to have the atmospheric condition in our sensing chamber. To evaporate each analyte, the surface temperature
of the microheater was adjusted to its boiling point and we turned
it off to prevent increasing the sensing chamber temperature after
evaporation of VOCs. Therefore, humidity and temperature of the
chamber are equal to atmospheric air conditions during the sensing test (10% relative humidity and 25 ◦ C. Because our system is
batch and the sensing chamber was carefully sealed, no considerable change in humidity and temperature was observed.
The variations of the sensor capacitance were measured using
a LCR meter during a certain time range within 1 min increments.
Linearity of the response versus LCR meter frequency, reusability,
reversibility, response time, sensitivity, and limit of detection (LOD)
of the capacitive sensor were determined to evaluate the sensor
performance.

2.6. Characterization methods
Dried Cu-BTC powder was characterized by powder infrared (IR)
spectroscopy and BET. The Cu-BTC layer was characterized by Xray diffraction (XRD) and scanning electron microscopy (SEM). IR
spectra were collected by Perkin-Elmer Spectrum RX I spectrometer with an attenuated total reﬂectance unit. XRD measurements
were carried out on a Bruker D8 Advanced device. SEM micrographs
were recorded with a VEGA TS 5136MM microscope.
2.7. Sensor test setup (sensing system)
The capacitance (C) of one capacitor is expressed as:
C = ε0 .εr

A
d

(1)

Depending on the target gas concentration in the atmosphere,
one of the parameters, the distance between electrode (d), dielectric constant (εr ), or area of electrode (A), needs to be changed in
a capacitive gas sensor [22]. When the proposed capacitance sensor with nanoporous Cu-BTC dielectric layer is exposed to different
target gases, the analyte molecules are adsorbed in Cu-BTC layer
through the space between dotted top (upper) electrodes. Because
of the mesoporous nature of MOF layer and the fact that their pores

3. Results and discussion
3.1. Characterization of Cu-BTC sensing layer
3.1.1. FTIR spectroscopy
IR spectroscopy was used to characterize functional groups
in samples. The FTIR spectrum of Cu-BTC nanoparticles shows
the characteristic asymmetric stretching vibrations of carboxylate
groups in the BTC linker at 1650 cm−1 and the symmetric stretching vibrations around 1435 and 1375 cm−1 (Fig. 3). However, the
vibration band in this wavenumber range could also be resulted
from stretching vibration of the benzene ring as well as deformation vibration of water molecules. Beside bands related to COO−
groups, the band at 1435 cm−1 is ascribed to the C C vibration in
the aromatic ring. Furthermore, the peak at 1105 cm−1 is assigned
to the C O stretching vibration of primary alcohols. The presence
of water molecules is conﬁrmed by a broad band in the region
of 3800–2700 cm−1 originating from stretching vibration of OH
groups from water molecules and the peak around 730 cm−1 is
related to the bending vibration of C H. The FTIR absorption band
centered at 507 cm−1 is due to a vibrational mode involving the Cu
center. The results are in good agreement with some other reported
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Table 1
Summary of VOCs’ properties.
Analyte

Chemical formula

Methanol
Ethanol
Isopropanol
Acetone

CH3
CH3
CH3
CH3

− OH
− CH2 − OH
− CH (−OH) − CH3
− C (= O) − CH3

◦

Dielectric constant [65]

Dipole moment (D) [66]

Kinetic diameter (A ) [67,68]

Molar mass (g/mol)

33.00
24.55
18.00
21.00

1.70
1.69
1.66
2.88

3.80
4.50
4.70
4.70

32.04
46.07
60.10
58.08

Fig. 2. Schematic of experimental setup for capacitive gas sensing.

Fig. 3. FTIR spectrum of as-prepared nano Cu-BTC layer.
Fig. 4. X-ray diffraction patterns of as-prepared nano Cu-BTC layer.

FTIR spectra for Cu-BTC and conﬁrm that the samples with nanostructure are indeed the Cu-BTC product [52–55].
3.1.2. X-Ray diffraction analysis
The XRD pattern of the as-prepared Cu-BTC layer is shown in
Fig. 4. As-prepared Cu-BTC consists of a face-centered cubic (FCC)
crystal lattice, with reﬂections of (222), (400), (331), (420), (422),
(511), (440), (600), (444), (551), (731), (822), (751), (773), and (882)
planes at 2 of 11.66, 13.46, 14.3, 15.08, 16.48, 17.48, 19.06, 20.3,
23.05, 24.25, 26.1, 28.35, 29.5, 35.15, and 39.15; respectively. All
diffraction peaks match well with the data in the standard pattern,
and no obvious peaks of impurities can be detected: indicating that
the as-synthesized samples are pure phase of Cu-BTC. The peaks
are clear and sharp, which indicate that Cu-BTC sample has good
crystallinity. No characteristic reﬂections of the copper slice were
observed, suggesting a good coverage of the support by the Cu-BTC
layer [53,56,57].
3.1.3. Scanning electron microscopy (SEM)
The morphologies and particle sizes of as-prepared Cu-BTC layer
on the copper slide were investigated by SEM (Fig. 5). The SEM
images prove that the ﬁlm is defect-free, and the Cu-BTC crystals

with a size of about 100 nm are merged tightly (agglomerated) with
each other.
Agglomeration is a common phenomenon observed in the
nanoparticles. Agglomerate is a non-intergrown association of primary particles aligned where the total surface area is slightly
different from the sum of the individual surface area [58]. This
small decrease of surface area may cause only a small decrease
in accessible active sites and increase in diffusion length of analytes which consequently cause a little increase in response time
and little decrease in sensitivity of the sensor in detection. But, this
agglomeration is desirable for fabricating of thin layer of the capacitance sensor in this work. Because, agglomeration resulted in more
particle–particle interaction and consequently formation of crack
free and uniform ﬁlm which cause low capacitance leakage and
more life-time of capacitance sensors.
The cross-section image in Fig. 5c illustrates that the crystals
anchor compactly and uniformly on the copper support. It can be
estimated that the thickness of the Cu-BTC layer is about 8m.
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Table 2
Result of BET analysis for Cu-BTC nanoparticles.
Parameter

Value

BET speciﬁc surface area
LAN speciﬁc surface area
The total Hole Volume

1262.976 m2 /gr
1391.263 m2 /gr
0.467 m3 /gr

3.1.4. BET analysis
In order to study the surface area and pore size of synthesized nano Cu-BTC samples, BET test was done. The results were
shown in Table 2. It can be observed that nanoporous material with
nanometer particles was obtained with reasonable surface area
(1262.976 m2 /gr), which can lead to an increase of the interaction
between gaseous molecules and sensing material.
3.2. Sensor performance evaluation
In this study, an archetype capacitor sensor is connected to an
alternating current or AC circuit by LCR meter. This capacitor is
frequency dependent. Therefore, in order to have the optimum linear relation in our response, capacitance at different frequency of
LCR meter was measured under room temperature. We measured
the methanol capacitance response under ﬁve frequencies 800 Hz,
1 kHz, 10 kHz, 100 kHz, and 1 MHz with methanol concentration of
250, 500, and 1000 ppm (Fig. 6).
According to the calculated R2 values in Fig. 6, the best linearity
was observed at frequency 1 MHz. Similar results were obtained
for other analytes detections (the results were not shown here).
Therefore, 1 MHz was chosen as the best applied frequency in all
experiments.

Fig. 5. SEM images of (a) the surface, (b) surface in more magnify view and (c) cross
section of the as-prepared nano Cu-BTC layer on the copper slide.

3.2.1. The effect of variation of Cu-BTC nanoparticle size on the
device characteristics and detection process
The size of mesoporous materials is important since it determines the diffusion path through the nanopore space. By decreasing
the size of mesoporous materials, a substantial change in their
properties is expected [49]. Thus, in order to investigate the effect
of Cu-BTC nanoparticles size variation on the detection properties of sensors, two different sizes (S1, with nanoparticle mean
diameter = 104.9 nm, and S2, with mean diameter = 168.4 nm) of
Cu-BTC nanoparticles were synthesized for using as dielectric
layer of two different capacitance sensors. S1 and S2 samples
were synthesized according to the procedure explained in Section 2.3 and supporting information (Section 2). Additionally, they
were compared to their microsized counterparts (S3, with particle mean diameter = 2 m) which were prepared in our previous
work [51] to investigate the novel properties of nanometer CuBTC in comparison to their micronsized counterparts. Fig. 7 shows
the time-dependent capacitive responses ((C/C0 ) whereC =
(Ct − C0 ) is sensor’s capacitance changes, and C0 is sensor’s baseline
capacitance in the absence of any analyte) of sensors S1, S2, and
S3 which were exposed to 500 ppm ethanol at 25 ◦ C and relative
humidity of 10%. As expected, the reduction of Cu-BTC nanoparticle size to the nanometer (compared to micrometer) scale leads
to more efﬁcient gas sensing performance, faster response time,
and higher sensitivity due to a decrease in diffusion length and an
increase in accessible active sites.
Materials exhibit novel properties at nanometer dimension [49].
In the proposed sensor the novel properties of Cu-BTC nanoparticles had also a great effect on the increasing of the device life-time,
decreasing of the device fabricating cost, and the miniaturization of
sensor devices. Decreasing the size of Cu-BTC to nanoscale resulted
in having stable suspension of Cu-BTC nanoparticles in ethanol
for several hours, having homogenous droplet and also proper
adhesion of nanoparticles together and to the substrate. It may con-
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Fig. 6. The effect of LCR meter frequency on the capacitance changes of sensor vs methanol concentration of 250, 500 and 1000 ppm. The applied LCR meter frequency was
ﬁxed at (a) 800 Hz, (b) 1 Hz, (c) 1 kHz, (d) 100 kHz and (e) 1 MHz.

3.2.2. The effect of atmospheric humidity on sensor response
To investigate the effect of relative humidity (RH) on the
response of our system under the measurement condition, our system was exposed to atmospheric air during the days with different
humidity levels. The humidity was measured by the commercial
humidity sensor (available in our lab) in each day. In relative
humidity of 5–30%, capacitance changes were negligible and but
signiﬁcant over 30%–50% (Fig. 8). Since at RH above 50%, Cu-BTC
based capacitive sensor shows high humidity response, using of
Cu-BTC based capacitive sensor is not suggested for the detection
of VOCs above RH of 50%. Due to our limitation to control the humidity during the sensing process, we did our sensing test in the days
when the relative humidity was about 10%.

Fig. 7. The time-dependent capacitive responses of sensor with different Cu-BTC
particle size of S1, S2 and S3 to 500 ppm ethanol at 25 ◦ C and relative humidity of
10%.

sequently had effect on fabricating a uniform, dense and crack free
layer with low cost drop casting method which lead to low capacitance leakage at alternating current and ﬁnally increasing of sensor
life-time (Section 2.4). Therefore, in this work sensor S1 was chosen
in all experiments.

3.2.3. Reproducibility and reversibility measurements
As mentioned above (Section 2.4), reproducibility of the sensor
was investigated by fabricating four individual sensors. The results
were shown in Table 3. A good reproducibility was obtained for four
sensors (all standard deviation values in Table 3 were calculated for
ﬁve repetitions of experiments).
To eliminate the possible inﬂuence of the sequence of the gas
exposure as well as to verify the reliability of the recorded data,
the samples were exposed to methanol followed by ethanol, isopropanol and acetone, and again in this manner for several times,
for capacitive sensor measurements. These cycles were repeated
seven times at ambient conditions with relative humidity about
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Fig. 10. Sensor performance or the time-dependent capacitive changes responses
(C) to 500 ppm methanol during 8 months.
Fig. 8. Capacitive response of the Cu-BTC-based capacitive sensor to various relative
humidity at 25 ◦ C.

Table 3
Investigation of reproducibility of the sensor for methanol vapor at different
concentration.
Concentration (ppm)

C

250
500
1000
1500

37.7 ± 2.1
77.4 ± 3.3
160.3 ± 4.0
246.4 ± 4.3

(pf)

10%, and the amount of sensor’s capacitance changes was evaluated (Fig. 2S, Supporting information). Fig. 9 displays only two ﬁrst
cycles of these measurements for all target gases at different concentrations (250, 500, 1000 and 1500 ppm). Fig. 9 shows the device
performance does not depend on exposing to different analytes.
It means that for each target gas, the same capacitance changes
pattern is observable during seven cycles regardless of exposing to
different analytes sequentially. It indicates the precision and reliability of the device and its ability to provide reproducible results.
In addition, in all experiments, the capacitance reached a platue
while subjecting to each analyte vapors. Reversibility of the sensor
was checked by exposing the sensor onto the atmosphere without

heating. A rapid decrease of the capacitance into its original value
proved that our sensor is very reversible.
Aging of the Cu-BTC framework was also observed during 8
months. As demonstrated in literatures [19,23], device performance was decreased during this period of time. But by heating
for few minutes, we can treat this effect. Therefore, overlapping
of different data sets collected over this period of time suggested
retention of the device and its ability to provide reproducible results
(Fig. 10). In addition, we did not ﬁnd signiﬁcant changes in the XRD
patterns and IR spectra of Cu-BTC layer after exposing to analytes
(see Fig. 3S, Supporting Information). FTIR spectra did not show
any considerable changes before and after exposing to VOCs. In the
case of XRD spectra, an increase in the peak intensity (no spectral
shifts) was observed which is most likely resulted from the analytes
uptake in the Cu-BTC pores [23,59,60]. Therefore, Cu-BTC structure
showed a good stability after exposing to VOCs.
3.2.4. Response time & recovery time
Adsorption of a target vapor molecules alter the permittivity
of the Cu-BTC layer, and; thereby, changes the capacitance of the
elements in the array (Section 2.7). The sensor was exposed to each
analyte vapor until the capacitance variations of the sensor reached
a plateau in the time dependent response (steady-state response
level). Afterwards, to recover the sensor, it was exposed into the

Fig. 9. The ﬁrst two sensing-recovery cycles of the capacitive gas sensor measurements of methanol, ethanol, isopropanol, and acetone as target gases with concentration of
250, 500, 1000 and 1500 ppm at ambient condition with relative humidity below 20%.
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Fig. 11. Real-time capacitive Response of the Cu-BTC-based sensor after exposure to vapor of (a) methanol, (b) ethanol, (c) isopropanol and (d) acetone for different
concentration of 250, 500, 1000 and 1500 ppm at ambient condition with relative humidity below 20%.

atmosphere until its capacitance value reached into its baseline (C0 )
and in this step, the sensor was used again for next sensing cycle.
The exposure time to target gases and the time allowed the sensor
to recover to the baseline are various for different gases at different
concentrations.
Fig. 11 shows that the real-time evolution of the capacitance
changes after different concentration (250–1500 ppm) of analyte
exposure. It has been observed that the sensor typically response
within a second but frequently requires 2–6 min to reach equilibrium. In the sensor industries, the response time usually is
measured in terms of the time for the sensor response to change
from 10% to 90% of its projected steady-state response level upon
analyte exposure [61]. And the recovery time is usually speciﬁed as
time to fall to 10% of steady state value after the removal of the measured gas [62]. As we can see in Fig. 12, response time and recovery
time depends on the type and concentration of target gases and for
each analyte, they are increased by increasing the concentration.
3.2.5. Sensitivity
The sensitivity of the sensor for each concentration must be
characterized by the relative percentage change in the response
magnitude from baseline [63,64]. The method used for calculating
the sensitivity was explained in supporting information (Section
3). Our sensor showed different sensitivities for various vapors
in different concentrations. The most sensitivity was achieved for
methanol, followed by ethanol, isopropanol, and acetone at ambient condition (at room temperature & humidity levels about 10%).
These observations can be visually conﬁrmed by referring to Fig. 13.
The magnitude of sensitivity for each analyte variations of the sensor (Eq. (4), supporting information, Section 3). As demonstrated in
Section 2.7, because of the rigidity of nanoporous Cu-BTC ﬁlm, variations in capacitance of the sensor by exposing to analytes is only
related to the change in dielectric constant of the dielectric material not to other effective parameters of the sensor such as A and
d (Eq. (1)). Before subjecting the sensor to analytes, the nanopores
of the Cu-BTC are occupied with atmospheric air. The capacitance
value is increased after subjecting the sensor to polar analytes (with
higher dielectric constant (Table 1)), because the Cu-BTC nanopores
were occupied with analytes [51]. More adsorption of an analyte
into the Cu-BTC layer with higher dielectric constant causes more
capacitance changes and consequently more sensitivity of the sen-

Fig. 12. (a) Response time and (b) Recovery time of the capacitive sensor versus
different concentration on methanol, ethanol, isopropanol and acetone.

sor. Therefore, the magnitude of capacitance changes (C) of our
sensor for each analyte depends on a combination of different phenomenon such as the dielectric constant value of the analytes, their
concentration, and the amount of their adsorption tendency onto
the Cu-BTC layer.
There are some unsaturated metal sites in Cu-BTC structure.
According to the literature, when Cu-BTC layer was exposed to
polar or polarizable molecules such as methanol or ethanol, these
molecules preferentially coordinate to the copper ions of Cu-BTC
where van der Waals interactions with Cu-BTC are maximized [69].
On the other hand, number of adsorbed alcohol molecules depends
directly on the length of the alcohol chain (which depends on the
number of carbon atoms, C1 –C3 ), mass, and geometry as well as
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3.2.6. Linearity evaluation and limits of detection (LOD)
The response of the sensor towards different concentration of
methanol, ethanol, isopropanol and acetone show a good linear
relationship for the entire of range of the concentration shown
in Fig. 14. According to the calibration curves for our data, we
computed LOD values for ethanol, methanol, isopropanol, and acetone detection (Supporting information, section 4) [70]. In this
manner, our measurements indicate the calculated LOD values
of 61.99 ppm, 71.05 ppm, 77.80 and 100.18 ppm for methanol,
ethanol, isopropanol, and acetone, respectively. Hence, Cu-BTC
capacitive sensor provides a large dynamic range of response with
capability to measure a few ppm to much higher values with high
resolution.

Fig. 13. Sensor sensitivity for methanol, ethanol, isopropanol and acetone at different concentration of 250, 500, 1000 and 1500 ppm.

polarity and kinetic diameter of these components. As demonstrated in literatures, number of adsorbed alcohol molecules in
Cu-BTC layer is decreased by increasing chain length, mass, and size
and increased by increasing polarity in dry atmosphere. Hence, as
seen in Fig. 13, our sensor has the most sensitivity for methanol
because methanol has the most dielectric constant and consequently the most adsorption tendency occurred onto the Cu-BTC
layer due to its lowest chain length, lowest kinetic diameter, and
lowest mass. However, in general, adsorption is a complicated phenomenon which is not well understood, thus above generalizations
are not always the case. For example, isopropanol and acetone have
similar kinetic diameters though dipole moment and dielectric constant of acetone is more than the dipole moment and dielectric
constant of isopropanol. Therefore, the adsorption of isopropanol
and in turn its sensitivity is higher than acetone (Table 1). It is also
in agreement with [14], which reports about the Cu-BTC microcantilever sensor’s response exposed to the different volatile organic
compounds (VOCs) including acetone, isopropanol, methanol and
water at different concentrations. Moreover, at low humidity levels (below 20%), our result is in agreement with the recent work
by Davydovskaya et al. [23] for QCM sensor which was used for
methanol, ethanol, 1-propanol, and isopropanol detection.

3.2.7. Selectivity
To evaluate the selectivity of the sensor to polar or non-polar
analyte vapors, various concentrations of n-hexane and toluene
(250, 500, 1000, and 1500) were introduced to the sensor chamber. The characteristic responses are shown in Fig. 15. The sensing
behavior is completely opposite to the behavior of the polar analytes. N-hexane and toluene produce a decrease in capacitance
value upon exposure to the sensor surface. This decreasing in capacitance values can be related to the substitution of atmospheric
water molecules which have been already occupied in the Cu-BTC
nanopores by n-hexane and toluene molecules [51]. Because their
dielectric constant is lower than water, capacitance of the sensor
decreases by entering n-hexane and toluene molecules into the
pores.
4. Conclusions
To the best of our knowledge, the present study is the ﬁrst report
on using of Cu-BTC particles in nanoscale for fabricating capacitive
sensor for VOCs sensing. Thin ﬁlms of Cu-BTC nanoparticles were
investigated as dielectric layer of capacitive sensor for detection
of different concentrations of methanol, ethanol, isopropanol, and
acetone at ambient condition. Our results show that these analytes
can be successfully detected with high sensitivity at ppm concentration levels (250–1500 ppm). The characteristic evaluation of the
sensor peformance indicates that the sensor has good and reasonable response times, good linearity and reversible response
at different concentrations. Moreover, different sensing behavior
was observed towards methanol, ethanal, isopropanal, and acetone, depending on the dielectric constant, ambient concentration
of the VOC, and the amount of their adsorption into the Cu-BTC ﬁlm.
The minimum detectable concentrations for sensing of methanol,

Fig. 14. Calibration curves the sensors for methanol, ethanol, isopropanol and acetone at the concentration range of 250, 500, 1000 and 1500 ppm.
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Fig. 15. Real time capacitive changes (C) Cu-BTC-based capacitive sensor after
exposer to 250, 500, 1000 and 1500 ppm of (a) n-Hexane (b) toluene.

ethanol, isopropanol, and acetone by this sensor are 61.99 ppm,
71.05 ppm, 77.80, and 100.18 ppm, respectively. To study the selectivity of proposed sensor, the surface was exposed to both polar
and non-polar analytes which shows a proper selectivity for polar
analytes.
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