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A B S T R A C T

Combining the chemical-specific adsorption properties of metal-organic framework (MOF) materials with the
dielectric sensitivity of a novel open-ended hollow coaxial cable resonator (OE-HCCR), a mechanically-robust
and portable gas sensor device (OE-HCCR-MOF) with high chemical selectivity and sensitivity is proposed and
experimentally demonstrated. The operating principle of the device is based on changes in the dielectric
property of the host MOF layer in response to variations in the types and concentrations of guest molecules. The
changes in the dielectric property of the MOF layer modify the phase-matching condition of the microwave
resonator, causing shifts in the resonance frequency of the device. By monitoring the resonance frequency shift,
the adsorptions of guest molecules can be monitored in real-time and accurately quantified. In proof-of-concept
demonstrations, a 200-μm layer of MOF (HKUST-1) was placed within an OE-HCCR to develop a prototype OE-
HCCR-MOF sensor. The novel sensor showed high sensitivity to variations in the concentrations of carbon di-
oxide with good reversibility. The chemical selectivity of the prototype sensor for carbon dioxide compared to
methane was also investigated.

1. Introduction

Sensing common gases and volatile organic compounds (VOCs) with
high sensitivity and selectivity is of significant importance for mon-
itoring environmental pollutants, controlling greenhouse gas emissions,
and homeland security needs (e.g., detection of harmful or dangerous
target analytes at airport check-points) [1]. Gas chromatography-mass
spectroscopy (GC–MS) is an effective tool for separating, identifying,
and quantifying complex mixtures of gas analytes. However, the utili-
zation of GC–MS methods involves cumbersome instrumentation,
troublesome sample condensation, and sophisticated method develop-
ment [2]. Therefore, innovations that advance reliable, portable, and
cost-effective sensors for in situ and real-time monitoring of gaseous
targets are highly desirable. Nanoporous material-assisted portable
sensing devices have gained broad research interest in the past decade.
These devices operate based on measurements of changes in the phy-
sical/chemical properties of the nanoporous material due to selective
chemical interactions or physical adsorption of the target analyte. The
high surface-to-volume ratio and high porosity of nanoporous materials
enable efficient inclusion of gaseous target analytes inside host mate-
rials and thereby drastically improve the measurement sensitivity and
facilitates the detection of target analytes down to lower limits [3–6].
One of the most popular and well-established nanoporous materials
that have been continuously explored for this application is the zeolite

family, a microporous aluminosilicate crystalline material with nan-
ometer-scale or angstrom-scale pore systems [7,8], which is chemically
and thermally stable in harsh-environments. However, zeolite materials
present a rather limited variety of chemical functionalities tailored for
adsorption of chemical species due to the challenges of fine-tuning
specific pore sizes and chiral channels [9].

Metal-organic frameworks (MOFs) are a newer category of crystal-
line nanoporous materials that have been extensively investigated re-
cently in the areas of storage of greenhouse gases, gas separation, cat-
alysis, and removal of impurities in natural gas [10–12]. MOFs are
formed by the coordination of metal cations and organic linkers. The
variety of metal ions, organic linkers, and how the metal ions are joined
with the organic linkers provide MOFs with unparalleled design fea-
tures compared to other classes of nanoporous materials. These design
features include a high degree of tunability, structural diversity, and
tailorable chemical and physical properties. The possibilities of em-
ploying MOFs for sensing applications were only explored recently [1].
Particularly, the tailorable chemical selectivity, as well as high me-
chanical, thermal, and chemical stability make MOFs appealing to re-
searchers in the fields of chemical sensing and instrumentation.

Optical fibers and coaxial cables are the two most widely used
transmission lines in telecommunications for transmitting signals over
long distances. Apart from communication applications, the two wa-
veguides have also been investigated as platforms for various sensing
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purposes, i.e., fiber-optic sensors and coaxial-cable sensors. The surge in
popularity of these sensor devices came about because they offer unique
features such as high sensitivity, harsh-environment survivability, re-
mote operation, and capability for multiplexing [13–16]. Examples
include refractometers for measurements of the dielectric property of
an analyte, i.e., fiber-optic refractometers and coaxial-cable devices for
dielectric spectroscopy [17–20].

Recent studies revealed that the dielectric properties of MOFs are
dependent on the types, amounts, and the states of the molecular guests
loaded in the pores of the MOF crystals [21,22]. Loading and unloading
guest molecules in host MOF crystals result in changes in permittivity of
the host MOF. Therefore, combining the chemical selectivity of MOFs
and the high sensitivity of waveguide-based dielectric spectroscopy
might provide a solution for in-situ, reliable, low-cost, and rapid de-
tection of target chemicals. However, there is currently limited litera-
ture on this topic [23–32]. The majority of existing reports focused on
developing optical fiber-based MOF sensors, where thin films of MOF
were coated on the cleaved end facet of a telecommunication optical
fiber [27,28] or the cylindrical outer surface of a microstructured op-
tical fiber [23–26,29–31]. These novel devices are diminutive in size
and present prominent sensing performances such as rapid response
time (∼10 s), low detection limit (∼ppm level), and excellent stability
and reversibility. The concerning issues of fiber-optic MOF devices in-
clude the bonding strength between the MOF thin films and the silica
fiber surface, the precise control of the MOF film thickness, the uni-
formity of the thin films, and the mechanical robustness of the whole
sensor head, making mass production and real-world applications of
these devices challenging. On the other hand, coaxial-cable sensors, in
general, offer much higher mechanical strength and ease of fabrication
and thereby provide high potential for mass production
[14–16,19,20,33–36]. Open-ended coaxial probes have been ex-
tensively investigated, standardized, and commercialized for dielectric
spectroscopy at microwave frequencies (i.e., 300 MHz∼300 GHz) over
the past five decades [18,37–40]. A dielectric material positioned at the
open end of a coaxial transmission line perturbs the fringing electric
field and thereby modifies the amplitude and phase of the electro-
magnetic signals reflected by the open end. Consequently, the permit-
tivity of the unknown dielectric material can be resolved by analyzing
the complex reflection coefficient that characterizes the open end.
However, traditional open-ended coaxial cable probes suffer from low
measurement sensitivity and resolution and require complicated data
analysis. Therefore, a new sensing scheme is desirable to enhance
measurement sensitivity. A new scheme should facilitate the combi-
nation of MOFs and coaxial-cable sensors for the development of
highly-sensitive portable and powerful analytical devices for chemical
sensing.

In this work, we propose and demonstrate a porous metal plate-
backed open-ended hollow coaxial cable resonator (OE-HCCR) com-
bined with, for the first time, a crystalline MOF dielectric material (OE-
HCCR-MOF) for selective gas sensing with high sensitivity. The porous
metal plate serves two purposes: (1) It greatly improves the dependence
of the fringing electric field on the dielectric material (e.g., MOF) in
front of the open end (i.e., it enhances the measurement sensitivity of
dielectric spectroscopy by concentrating the fringing electric field);
and, (2) It creates a convenient chamber at the open end of the re-
sonator for containing the dielectric MOF layer. The MOF layer not only
enables the chemical selectivity of the device but also serves as an
analyte concentrator, due to the high surface-to-volume ratio, which
enhances the measurement sensitivity of the OE-HCCR-MOF device.
The paper continues by deriving a mathematical model of the novel
microwave sensing technique and discusses the sensitivity enhance-
ment capability of the device. Experimental results are then presented,
based on a prototype chemically-selective OE-HCCR-MOF device, for
quantitative measurements of carbon dioxide (CO2). Finally, the che-
mical selectivity of the prototype device is further demonstrated by
investigating the device’s temporal responses to the competitive

adsorption of methane (CH4) and CO2.

2. Methods and materials

2.1. Working principle of OE-HCCR for dielectric measurement

We start by discussing the working principle of the device, the OE-
HCCR, for dielectric measurements with high sensitivity. An overview
of the OE-HCCR is presented in Fig. 1. The (sensor) resonator output
response is plotted in Fig. 1 as a typical frequency-domain reflection
spectrum over a 6 GHz bandwidth. The inset in Fig. 1 shows a schematic
of the cross-section of the OE-HCCR. Importantly, a conductive metal
plate is included in the OE-HCCR as an electric field concentrator and
termination plane; the gap between the open end of the coaxial cable
and the metal plate is filled with a dielectric layer. The OE-HCCR is
designed based on a homemade hollow coaxial cable with air as the
dielectric layer for the transmission line. Hollow coaxial cables with air
dielectrics have operational advantages at elevated temperatures where
conventional dielectrics (e.g., PTFE, PE) are not mechanically and
chemically stable for sensing applications in harsh environments. The
coaxial cable resonator is formed between two microwave reflectors. A
metal post welded within the RF input end shorts the inner conductor
and the outer conductor, inducing a large impedance mismatch and
serves as the first reflector of the resonator; the open end together with
the conductive metal plate-backed dielectric layer serves as the second
reflector. Detailed studies of the OE-HCCR can be found in our recent
work [41]. Multiple resonance dips can be observed in the resonator
output within the observation frequency bandwidth spanning from
10MHz to 6 GHz, including the fundamental resonance (∼0.636 GHz)
and higher-order harmonics (i.e., 2nd, 3rd, and 4th harmonics at
2.100 GHz, 3.767 GHz, and 5.519 GHz, respectively). The fundamental
resonance dip provides the highest signal-to-noise ratio and is em-
ployed as the reference signal for sensing applications. The resonance
frequencies (fres) of the OE-HCCR are given by:
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where c is the speed of light in vacuum; m is a non-negative integer

Fig. 1. An overview of the OE-HCCR design and signal output. The graph shows
a plot of the calculated reflection spectrum of the OE-HCCR. The inset shows a
schematic of the cross-section of the OE-HCCR. The OE-HCCR is terminated by
a metal plate-backed dielectric layer. The dielectric layer has a thickness of d
and a relative permittivity of εr. The diameters of the inner and outer con-
ductors are denoted as 2a and 2b, respectively. For the numerical calculations,
the physical parameters of the OE-HCCR were set to the same parameters used
to fabricate the prototype device: a =3.0mm; b =7.0mm; L =75mm (the
distance between the metal post and the open end of the coaxial cable); and, D
=3.0mm (diameter of the metal post). The thickness and the relative permit-
tivity of the dielectric layer were set to 0.2mm and 1, respectively.
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denoting the resonance order; L is the physical distance between the
metal post and the open end; ϕ1 and ϕ2 are the phases of the reflection
coefficients of the first reflector (i.e., the metal post) and the second
reflector (the open end combined with the conductive metal plate-
backed dielectric layer), respectively. The fundamental basis for che-
mical sensing by the OE-HCCR is based on correlating the dielectric
property of the layer under test to the resonance frequency (e.g., fun-
damental resonance frequency). Specifically, the change in permittivity
of the dielectric layer modifies the phase reflection coefficient of the
open end (ϕ2), resulting in a change in the resonance frequency of the
microwave resonator according to Eq. (1). By monitoring shifts of the
fundamental resonance frequency, variations of the permittivity of the
dielectric layer can be determined. The conductive metal plate further
enhances the dependence of the phase reflection coefficient (ϕ2) on the
permittivity of the dielectric layer, as discussed below. We will focus on
deriving the mathematical model for ϕ2; ϕ1 can be determined using a
full-wave simulation.

In our previous work [41], the phase reflection coefficient of the
open end was derived as:

= fZ C2 tan (2 )2
1

0 (2)

where f is the frequency of the microwave signal; Z0 is the characteristic
impedance of the coaxial cable; and, C is the static capacitance at the
open end that contains the fringing electric field. C is given by [42]:
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where ρ and ρ´ denote the radial direction, and ϕ´ denotes the azimuthal
direction; a and b are the radii of the inner and outer conductors of the
coaxial cable; ε0 is the permittivity of vacuum; εr is the relative per-
mittivity of the material in the gap; and, d is the gap distance between
the open end of the coaxial cable and the porous metal plate. We de-
monstrated that for a given dielectric material, e.g., air (εr = 1), the
static capacitance increases exponentially as the thickness of the air
dielectric layer d decreases, resulting in the resonance frequency of the
OE-HCCR decreasing exponentially [41]. Examining Eq. (3), one rea-
lizes that for a given thickness d, the static capacitance C is linearly
proportional to the relative permittivity of the dielectric layer. There-
fore, Eq. (3) can be simplified as:

=C d( ) r (4)

where ѱ(d) corresponds to the part of the equation inside the braces in
Eq. (3), indicating a linear relationship between the static capacitance
and the relative permittivity of the dielectric layer. As discussed above,
ѱ(d) increases exponentially as the thickness d decreases. As the
thickness of the dielectric layer d decreases, the static capacitance C is
expected to have a greater dependence on the relative permittivity of
the layer. Therefore, the resonance frequency will have a greater de-
pendence on the relative permittivity of the layer. Hence, a decrease in
the thickness of the dielectric layer can enhance the sensitivity of the
OE-HCCR to variations of the dielectric properties of the layer in front
of the open end, revealing a novel sensitivity enhancement mechanism
of the OE-HCCR for chemical sensing applications. Fig. 2 presents the
results of numerical investigations of the sensitivity enhancement me-
chanism. Fig. 2(a) shows the calculated relative shift in the funda-
mental resonance frequency (i.e., the shift in resonance frequency/in-
itial resonance frequency, Δf/f) of the OE-HCCR as a function of the
relative permittivity of the dielectric layer for five different settings of
the thickness of the dielectric layer, d. As the thickness d decreased
from 2mm to 0.2mm, larger negative shifts in the resonance frequency
were obtained as the relative permittivity of the layer increased from 1

to 5. Nonlinear relationships were revealed as shown in Fig. 2(a).
Fig. 2(b) shows the calculated dielectric measurement sensitivity of the
OE-HCCR, i.e., relative frequency shift/change in relative permittivity
(changing from 1 to 1.5), as a function of the thickness of the dielectric
layer. The dielectric measurement sensitivity increased as the thickness
of the dielectric layer decreased, as expected. Fig. 2(b) predicts the
potential for developing a highly-sensitive chemical sensor based on the
OE-HCCR. A proof of concept for the dielectric sensitivity enhancement
can be found in our recent work [43]. The limit of detection of the
prototype OE-HCCR with respect to a change in relative permittivity of
the dielectric layer in the gap is estimated to be approximately 4 ppm
given that a change in the resonance frequency can be resolved to 1 kHz
by a state-of-the-art RF interrogator.

2.2. OE-HCCR-MOF sensor design

Based on the OE-HCCR platform, a highly-sensitive gas sensor was
invented, the OE-HCCR-MOF probe. An overview of the OE-HCCR-MOF
probe is presented in Fig. 3, including a schematic and a photograph of
a prototype probe. Fig. 3(a) shows a schematic of the proposed gas
sensor based on an OE-HCCR and a thin layer of metal-organic frame-
work (MOF) placed within the gap volume. The thin layer of MOF
powder (∼200 μm thickness, commercial HKUST-1) filled the gap be-
tween the microporous metal plate and the open end of the coaxial
cable. Note that the thickness of the MOF is defined by the thickness of
the circular spacer (i.e., a gasket) and can be varied by using spacers
with different thicknesses. In the sensor design, the thickness of the
dielectric layer (MOF) was designed to be 0.2 mm because this setting
offers a relatively high measurement sensitivity (see Fig. 2). Over a
small dynamic range (e.g., ∼0.2 change in permittivity), the relation-
ship between the frequency shift and variations in permittivity of the
dielectric layer can be considered a linear function. Fig. 3(b) shows a
photograph of a prototype device. The center part of the porous metal
plate was made of PM-35 permeable steel with pore sizes of
25 ± 15 μm. The OE-HCCR was used to interrogate changes in the
relative permittivity of the MOF layer due to the adsorption of guest
molecules from the surrounding environment. Specifically, since the
MOF has a large surface-to-volume ratio and most of the MOF’s volume
consists of open pores, adsorption of guest molecules from the sur-
rounding environment into these open pores will increase the relative
permittivity of the guest-loaded MOF layer. Consequently, the re-
sponses from all of the empty or filled pores are summed to produce
permittivity changes by the entire guest-loaded MOF layer. The change
in the relative permittivity of the MOF layer results in the variation of
the total capacitance at the open end, leading to a change in the phase
reflection coefficient associated with the open end. The change in the
phase reflection coefficient at the open end will change the phase-
matching condition of the microwave cavity resonator and thereby shift
the resonance frequency. Therefore, by tracking the shift of the re-
sonance frequency, the overall change in the relative permittivity of the
MOF layer can be monitored in real-time. In other words, the changes in
the overall relative permittivity of the MOF layer, induced by the
loading and unloading of guest molecules within the porous structure
can, in turn, be employed to measure the temporal process of guest
adsorption and desorption. Furthermore, it is possible to determine the
concentration of the guests in the host (after sensor calibration) at any
time by simply tracking the resonance frequency shift of the microwave
cavity resonator.

2.3. Material

The MOF used in the prototype device was HKUST-1, purchased
from ACS Material LLC (Pasadena CA, USA). The MOF was prepared by
a hydrothermal method and yielded particles ranging in size from 10 to
20 μm. The MOF pore size was approximately 0.6 nm. The tapped
density of the MOF powder was ∼0.45 g/mL. Fig. 4 contains
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characterization information of the MOF powder obtained from ACS
Material LLC [44], including an SEM image and X-Ray diffraction
(XRD) analysis results. Discrete intensive diffraction peaks at 200, 220,
222, 400, etc., were observed in the XRD spectra. The XRD spectra were
measured with Cu Kα radiation. HKUST-1 was chosen for our proof-of-
concept demonstration because it has well-known physical and che-
mical properties (e.g., CO2 selectivity), and is commercially available. It
is also a well-behaved dielectric material such that variations of the
dielectric property due to loading and unloading of guest molecules can
be interrogated using the microwave probe.

2.4. Experimental setup

The experimental setup for demonstrating the gas sensing capability

of the prototype OE-HCCR-MOF device is illustrated in Fig. 5. The OE-
HCCR-MOF sensor was connected to a vector network analyzer (VNA,
Agilent 8753ES) via a communication coaxial cable through the va-
cuum tubing as shown in Fig. 5. The sensor was placed in a vacuum
drying box where the ambient atmosphere (0.1–1.0,± 0.1 atm) and the
temperature (290–500,± 3 K) could be controlled by built-in heating
and cooling accessories. A vacuum pressure gauge was also connected
to the vacuum drying box to measure the pressure. The exit port of the
vacuum drying box was connected to a home-built manifold, through
which the box could be evacuated using a vacuum pump (EasyVac-7,
ACROSS INTERNATIONAL) and gases of interest (e.g., CO2 and CH4)
could be injected into the box for adsorption studies.

Fig. 2. Numerical investigations of the OE-
HCCR for chemical sensing with enhanced
sensitivity. (a) The relative shift in the re-
sonance frequency of the OE-HCCR as a func-
tion of the relative permittivity of the dielectric
layer for five different values of the layer
thickness (2, 1.5, 1, 0.5, and 0.2mm). (b) The
dielectric measurement sensitivity of the OE-
HCCR as a function of the thickness of the di-
electric layer. The measurement sensitivity is
obtained by differentiating the relative fre-
quency shift with respect to the change in the
relative permittivity of the dielectric layer
(increment of 0.5, increasing from 1 to 1.5).

Fig. 3. The OE-HCCR-MOF gas sensor. (a) A
schematic of the probe. The thickness of the
MOF layer is defined by the thickness of the
circular spacer (i.e., a gasket), which can be
varied by using spacers with different thick-
nesses. A porous metal plate was used to back
the MOF layer and allow the gas analyte to
enter into the MOF layer. (b) A photograph of a
prototype probe. The prototype OE-HCCR-
MOF probe was fabricated using a homemade
hollow coaxial cable made of stainless steel,
which can be connected to a commercial 50-Ω
coaxial cable using an SMA to N-type con-
nector.

Fig. 4. Characterization of HKUST-1 MOF powder sourced from ACS Material LLC. (a) An SEM image of the commercial HKUST-1. (b) XRD spectra of the commercial
HKUST-1 [44].
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3. Results

A series of reflection spectra near the fundamental resonance fre-
quency for the prototype sensor device is shown in Fig. 6. The red-
dashed curve represents the reflection spectrum of the prototype device
before the gap between the open end and the metal plate was filled with
the MOF layer, i.e., the gap was filled with a layer of air dielectric; the
solid blue and yellow curves correspond to the reflection spectra of the
prototype OE-HCCR-MOF device before and after thermal activation
(TA) of the MOF layer, respectively. After the air gap between the open
end and the metal plate was filled with a MOF layer, the resonance
frequency (i.e., the dip in the reflection spectrum) of the device shifted
to the lower frequency region, as expected, since the MOF has a larger
relative permittivity (εr ∼2) compared to air (εr ∼1) in the interroga-
tion frequency regime. After thermal activation of the MOF, the re-
sonance frequency of the device shifted to a higher frequency. This
observation is reasonable because the evacuation of the adsorbed

molecules (e.g., H2O, CO2) in the interior MOF volume during TA re-
sulted in a decrease in the relative permittivity of the MOF layer. The
quality-factor (Q-factor) of the reflection spectrum decreased greatly as
the gap between the open end and the metal plate was filled with the
MOF layer (before TA). After TA, the Q-factor increased, indicating that
the MOF became less lossy to the microwave signal since the polariz-
able water molecules were evacuated. The inset in Fig. 6 shows the
continuously-monitored evolution of the resonance frequency of the
OE-HCCR-MOF device during the overnight TA process; an expanded
view of the first hour of the TA process is also shown. The resonance
frequency of the OE-HCCR-MOF sensor device stabilized at approxi-
mately 592MHz after TA. The resonance frequency of the OE-HCCR
with air filling the gap between the open end and the metal plate was
found to be 624MHz, which differed from the calculated frequency of
636MHz. This discrepancy is primarily due to the Teflon seal in the
prototype device, which was not considered in the calculation. After
TA, the OE-HCCR-MOF resonated at 592MHz, indicating that a de-
crease of 32MHz in resonance frequency was observed as the dielectric
changed from air to the MOF. According to numerical calculations, the
effective relative permittivity of the dehydrated HKUST-1 layer was
estimated to be ∼1.29 at ∼590MHz. The effective relative permittivity
of the hydrated HKUST-1 layer (i.e., the MOF layer before TA) was
estimated to be ∼1.76 at ∼550MHz.

The detection of CO2 gas using the OE-HCCR-MOF sensor was first
demonstrated at room temperature (∼23 °C). In the experiment, the
box was first evacuated until the reflection spectrum of the sensor
stabilized, indicating that the MOF layer was fully activated. Then the
box was backfilled with pure CO2 gas to reach the desired pressure
inside the vacuum box for the adsorption test. The reflection spectrum
was monitored in situ and data processing was performed to determine
the response of the OE-HCCR-MOF sensor (i.e., resonance frequency
shift) in real-time. Each measurement took approximately 3 s for the
interrogation and data-processing. After the sensor stabilized (no fre-
quency shift), the box was evacuated again and another volume of CO2
was allowed to flow into the box (i.e., at another pressure setting),
followed by a re-measurement. The experimental results for the CO2
adsorption tests are presented in Fig. 7. Fig. 7(a) shows the absolute
value of the measured resonance frequency shift (Δf) as a function of
time for five different settings of CO2 pressure inside the hermetically-
sealed vacuum drying box. The evolution of the resonance frequency
revealed a strong dependence of the relative permittivity of the MOF
layer on the concentration of CO2 in the surrounding atmosphere. After
approximately four minutes, the resonance frequency of the sensor no
longer shifted, revealing an equilibrium state of the guest/host system
(CO2@MOF). Fig. 7(b) shows the shift in the resonance frequency (Δf)
as a function of CO2 pressure at steady-state conditions. Higher pres-
sures of CO2 (i.e., higher concentrations) in the vacuum drying box
resulted in larger frequency shifts, consistent with larger increases in
the relative permittivity of the MOF layer due to the adsorption of CO2.

Fig. 5. Schematic of the experimental setup employed for gas adsorption tests using the OE-HCCR-MOF sensor. The OE-HCCR-MOF sensor was tested in a vacuum
drying box where the composition of the gas atmosphere and the temperature was controlled.

Fig. 6. Reflection spectra in the region of the fundamental resonance frequency
for the prototype OE-HCCR-MOF sensor device under different conditions of the
MOF layer dielectric. The red-dashed curve represents the reflection spectrum
of the prototype device before the MOF layer was filled in the gap between the
open end and the metal plate, i.e., the gap was filled with a layer of air di-
electric. The solid blue and yellow curves represent the reflection spectra of the
prototype device with a layer of MOF filled in the gap before and after the
thermal activation (TA) process, respectively. The inset shows the evolution of
the resonance frequency of the OE-HCCR-MOF sensor during the overnight TA
process; an expanded view of the first hour of the TA process is also shown. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

C. Zhu, et al. Sensors & Actuators: B. Chemical 321 (2020) 128608

5



Given the probe resonated at ∼592MHz, the averaged sensitivity, i.e.,
relative resonance frequency shift vs. change in pressure, was de-
termined to be approximately -0.003/atm. The effective relative per-
mittivity of the MOF layer after adsorption of CO2 at a pressure setting
of 1 atm increased by approximately 0.012. Note that the response
curve of the OE-HCCR (i.e., without the MOF layer in the gap between
the open end and the metal plate) was also included as a control ex-
periment in Fig. 7(b) for comparison. The resonance frequency shifted
by approximately 0.050MHz as the pressure of CO2 increased from 0 to
1.0 atm, which only accounted for 3% of the response of the OE-HCCR-
MOF device (the case where the MOF layer was included). Therefore,
the use of the MOF layer improved the gas sensing sensitivity of the OE-
HCCR for CO2. The experimental results demonstrated that the proto-
type OE-HCCR-MOF device could be employed for highly-sensitive and
quantitative detection of CO2 after proper calibration. Note that the
measurement sensitivity of the OE-HCCR-MOF sensor also relies on the
adsorption capacity of the MOF material, the higher the adsorption
capacity, the larger the sensitivity [32]. The CO2 sensitivity of the
prototype OE-HCCR-MOF sensor was comparable to the CO2 sensitivity
reported in [32] where a microwave active-resonator and MOF-199-M2
were used.

The reproducibility of the OE-HCCR-MOF sensor was demonstrated
by repeating the evacuation/backfill process using CO2 gas. CO2 gas
was injected into the vacuum drying box until the pressure reached
1.0 atm, followed by evacuation after an equilibrium state was reached.
Fig. 8 shows the resonance frequency shift (Δf) as a function of time
during the test. The OE-HCCR-MOF device exhibited completely re-
versible and fast response times for adsorption/desorption of CO2. The
resonance frequency of the sensor decreased as CO2 was injected into
the vacuum drying box and plateaued after approximately four min-
utes, indicating that equilibrium was reached in the system. The re-
sonance frequency increased as the vacuum drying box was evacuated
due to the removal of the CO2 adsorbed in the pores of the MOF. After
the vacuum drying box was evacuated for approximately ten minutes,
the resonance frequency returned to the initial value, indicating that all
of the adsorped CO2 was removed from the pores. The four-cycle eva-
cuation/backfill test demonstrated good signal reproducibility by the
prototype OE-HCCR-MOF sensor device. Note that the response time of
the probe device for CO2 adsorption is expected to be faster than the
time shown in Fig. 8 (∼a few minutes) because the volume of the va-
cuum drying box used in the experiment was large and additional time
was required for the CO2 pressure to reach 1.0 atm in the box.

Further experiments were performed to demonstrate the selectivity
of the prototype OE-HCCR-MOF probe when utilized for gas sensing.

Since it was previously reported that HKUST-1 has a differential CO2/
CH4 selectivity, with a greater adsorption propensity for CO2 [45], both
gases were employed as the guest molecules to demonstrate the cap-
ability of the prototype OE-HCCR-MOF gas sensor for competitive
chemical selectivity. In a competitive gas adsorption experiment, the
vacuum drying box was first evacuated to avoid interferences caused by
other vapors (e.g., humidified air) and then continuous flows of pure
CH4 and pure CO2 gases were alternately directed into the box. The vent
port was kept open to maintain the pressure in the box at 1.0 atm. For
each gas (CH4 or CO2), the equilibrium state of the guest-loaded MOF
was reached before switching to the flow of the other gas. Fig. 9 shows
the recorded temporal evolution of the resonance frequency shift (Δf)
during the competitive gas adsorption demonstration test. When CH4
gas first directed into the box, the resonance frequency of the device
decreased due to the adsorption of CH4 molecules in the pores of the
MOF and then plateaued, as expected. The injection of CO2 gas resulted
in further decreases in the resonance frequency. The decreasing trend of
the resonance frequency was reasonable since the HKUST-1 layer has a
larger adsorption propensity for CO2 compared to CH4 and CO2 gas
adsorption by the MOF layer causes a larger frequency shift. An

Fig. 7. Adsorption tests of CO2 by HKUST-1
using the OE-HCCR-MOF sensor at room tem-
perature (23 °C). (a) The evolution of the re-
sonance frequency of the sensor for different
CO2 pressures in the vacuum drying box. (b)
The resonance frequency shift (Δf) of the OE-
HCCR-MOF sensor at steady-state conditions as
a function of the CO2 pressure in the box (blue
solid squares). The frequency decreased by
∼1.74MHz overall for the pressure range 0-
1.0 atm of the CO2 gas atmosphere. The re-
sponses of the OE-HCCR (without the MOF
layer in the gap between the metal plate and
the open end) were also included as a control
experiment, showing a frequency shift of ap-
proximately 0.050MHz as the CO2 pressure
increased from 0 to 1.0 atm (black solid cir-
cles). The blue-dashed curve is fitted using an
exponential model and included to guide the
eye. (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article).

Fig. 8. Signal reproducibility test of the OE-HCCR-MOF sensor for adsorption of
CO2 by HKUST-1. CO2 gas was injected into the vacuum drying box until the
pressure reached 1.0 atm, followed by the evacuation of the gas after an equi-
librium state was reached. The OE-HCCR-MOF device exhibited completely
reversible and fast response times for the adsorption/desorption of CO2 by the
MOF throughout the four-cycle evacuation/backfill test.
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increase in the density of diamagnetic guests and the consequent
change in the relative permittivity of the MOF layer were expected to
occur when CO2 replaced CH4. After the sensor stabilized in a 100 %
CO2 environment, the input gas was switched to CH4. As CH4 replaced
CO2 in the pores of the MOF layer (due to the large excess of CH4 in the
vacuum drying box), the relative permittivity of the MOF layer de-
creased due to the smaller adsorption propensity by the MOF for CH4,
increasing the resonance frequency. We found that less than 10min
were required for CO2 to replace CH4 in the pores of the MOF layer;
conversely, approximately 50min were required for CH4 to replace CO2
in the MOF pores. The time response verified that the MOF powder
(HKUST-1) in the OE−HCCR-MOF sensor had a larger adsorption
propensity for CO2, which matched well with previous studies [45].

4. Discussions

The present work demonstrated a novel chemical sensor platform,
the open-ended coaxial cable resonator (OE-HCCR). With the coupling
of the OE-HCCR to a microporous MOF-crystal layer, a new gas sensor
probe, the OE-HCCR-MOF, was formed. The MOF-crystal layer used in
the demonstration was the commercially available HKUST-1 MOF. The
OE-HCCR-MOF probe is a sensitive, low-cost, easy-to-fabricate, user-
configurable, robust, and portable chemical sensor with quantitative
chemical selectivity and real-time monitoring capability. Different di-
electric MOFs targeting specific analytes can be easily integrated into
the sensor platform, offering a universal strategy for chemical sensing
applications. Currently, the interrogator unit for the device used in the
demonstration is a benchtop VNA. However, there are various portable
VNAs (e.g., Anritsu MS46121B) that also offer good performance.
Alternatively, a positive feedback system can be built to interrogate the
OE-HCCR-MOF probe to further decrease the size and the system cost of
the interrogation unit [46]. The proposed OE-HCCR is essentially a
scientific advancement of the well-known open-ended coaxial probes.
By fabricating a resonating structure from an all-metal hollow coaxial
cable, the resultant OE-HCCR provides additional advantages, including
ease of signal processing, improved dielectric sensitivity, and enhanced
mechanical robustness. The proposed OE-HCCR provides a novel route
for developing a new generation of coaxial cable-based gas sensors.
Compared to other microwave gas sensors, e.g., planar ring resonators
[47], cavity resonators [48], and capacitive resonators [49], the OE-

HCCR is featured in a ruggedized all-metal structure, which makes it a
portable device and suitable for sensing applications in elevated-tem-
perature harsh environments. Note that the prototype OE-HCCR shown
in this work is relatively bulky. The size dimensions of the hollow
coaxial cable (i.e., the diameters of the inner and outer conductors) can
be further reduced based on transmission line theory. The distance
between the metal post and the open end of the coaxial cable (L) can be
reduced to the mm-scale. The reduction in the size dimensions of the
OE-HCCR will increase the operating frequency. On the other hand, the
operating frequency can also be tuned by adjusting the initial gap dis-
tance between the open end of the coaxial cable and the porous metal
plate [41].

It is well known that some MOFs, e.g., HKUST-1, can strongly ad-
sorb water molecules from the ambient environment and that the ad-
sorbed water molecules will block the specific affinity of the MOFs for
CO2 molecules [50]. The presence of N2, O2, or dry air will not interfere
with the detection of the analyte of interest, e.g., CO2. The porous
structure of HKUST-1 could change irreversibly, i.e., collapse, due to
water absorption, degrading the performance of the MOF-based sensor
probe. In fact, in our investigations, an OE-HCCR-MOF prototype device
with HKUST-1 as the MOF layer was exposed to open-air conditions for
nine months. The sensing performance was then tested by investigating
the sensor response to CO2. The device exhibited an approximately
1MHz shift in the resonance frequency as the CO2 pressure increased
from 0 to 1.0 atm. The measured frequency shift, i.e., 1 MHz, was ∼ 57
% of the frequency shift for the device shown in Fig. 7, where a fresh
MOF layer dielectric was employed. The decrease in the magnitude of
the frequency shift indicated reduced adsorption of CO2. We postulate
that the main reason for the diminished change in the frequency shift
upon CO2 adsorption was due to the collapse or other modifications of
the porous structure in the MOF because of water adsorption from the
ambient environment. Therefore, additional protection of the sensor
probe should be considered in order to prevent humidity from inter-
fering and degrading the probe’s sensing capability. For instance, a
layer of regenerable desiccant can be coated on the outside surface of
the porous metal plate so that the water molecules could be adsorbed by
the desiccant layer [51] and the water-free gaseous analyte could then
enter the MOF layer. Furthermore, the temperature crosstalk should be
investigated since the OE-HCCR-MOF device essentially functions based
on the principles of dielectric spectroscopy, and temperature variations
could change the dielectric property of the MOF layer. We envision that
a differential method can be employed by using a reference resonator
for temperature compensation [52]. Further studies and optimizations
of the OE-HCCR-MOF device are underway.

5. Conclusion

We have invented and demonstrated a novel probe that combines a
dielectric composed of a MOF layer (HKUST-1) with tailored chemical
properties and a novel open ended-hollow coaxial cable resonator (OE-
HCCR) for sensitive and selective chemical sensing applications. We
demonstrated that the adsorption and desorption of guest molecules in
the MOF host system resulted in changes to the dielectric property of
the MOF layer. The variations of the dielectric property of the MOF
layer can be accurately determined by monitoring shifts of the re-
sonance frequency of the microwave resonator in real-time. In addition
to a layer made of MOF powders, a MOF single-crystal can also be in-
tegrated within the active volume of the OE-HCCR. The resultant OE-
HCCR-single-crystal-MOF device may provide a potential route to probe
the weighted positions and orientations of guest molecules in the pores
of MOF using different electric field polarizations for interrogation. The
proposed OE-HCCR-MOF is essentially a new portable chemical sensor
platform, and its capability for dielectric measurements could find po-
tential applications in various chemical fields due to its high sensitivity,
chemical selectivity, robustness, ease of fabrication, user-configur-
ability, and ease of signal interrogation. The proposed OE-HCCR-MOF

Fig. 9. A demonstration test of the competitive gas adsorption between CH4
and CO2 in HKUST-1. The evolution of the resonance frequency of the OE-
HCCR-MOF sensor when CH4 and CO2 were alternately directed into the va-
cuum drying box, bathing the MOF dielectric. For each gas, the equilibrium
state (plateau) was reached before switching to the other gas. Both the mag-
nitudes of the frequency shifts and the time responses demonstrated that the
MOF layer exhibited a larger adsorption propensity for CO2 compared to CH4.
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structure paves the way for developing a new generation of low-cost,
real-time, portable, and powerful in situ devices for chemical analyses.
A promising application of the OE-HCCR-MOF device is the detection of
VOCs for diagnosis of chronic diseases in medical applications; the OE-
HCCR would virtually function as an electronic nose [53].
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