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Herein we report the deployment of kag-MOF as a sensing layer on
a capacitive IDE sensor for detecting H,S at room temperature.
Compared to other gases such as nitrogen dioxide, ammonia,
carbon dioxide, and carbon monoxide, kag-MOF exhibited a unique
and selective response to H,S, making it a promising candidate for
H,S sensing applications. In particular, the kag-MOF layer demon-
strated a particularly good response and selectivity to H,S in
stimulated human breath and could detect concentrations as low
as 500 ppb, even under humid conditions. These results clearly
demonstrate that kag-MOF has immense potential as a candidate
for H,S sensing, and its sensing behaviour opens possibilities for
developing gas/vapor sensors that could potentially diagnose ure-
mia at an early stage by monitoring HS levels in the breath, giving it
a potential application in the field of healthcare.

Introduction

Uremia is a medical condition that occurs when the kidneys are
unable to efficiently filter out metabolic waste products from
the bloodstream. The buildup of toxins in the body can cause
serious health complications if not detected and treated early.
This condition can be caused by a variety of factors, including
viral infections, kidney damage, or certain medications.'™
When left untreated, uremia can cause fatigue, nausea, confu-
sion, changes in urine properties, and in severe cases, the
condition can lead to coma or even death.’” As such, early
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detection of uremia is crucial for the effective management and
prevention of further complications.

Fortunately, there are several methods available to detect
uremia at an early stage. Medical tests such as blood, urine, and
imaging tests, besides physical examination, can all be used to
detect the presence of uremia. Interestingly, recent studies have
shown that elevated levels of hydrogen sulfide (H,S) in the
breath may be an indicator of uremia.®*° The presence of any
low concentration of H,S (as low as 100 ppb)'" in human breath
means that there is a degree of malfunction of the kidneys,
which indicates a degree of uremia. When kidneys fail to filter
waste products from the blood, the levels of H,S build up in the
body as certain sulfur-containing compounds are broken down.
This leads to a condition called halitosis of uremic origin, or
“uremic breath”.">™"*

Monitoring H,S levels in breath using gas/vapor sensors is a
non-invasive technique that could help in the early diagnosis of
uremia. These sensors detect physical changes caused by the
diffusion of various gases in the sensing layer.”>™*° The inter-
digitated electrode (IDE) technology has emerged as a promis-
ing method for gas/vapor detection due to its high sensitivity,
low cost, small size, and simplicity.?°>* Sensors are prepared
by depositing a sensing layer over the electrode surface, and
this layer is a critical component of any chemical sensor as it
captures analyte gases.”>*> Among these electrodes, capacitive
IDEs are particularly suitable for gas sensing because they
consume less power.2*3°

Porous materials like metal-organic frameworks (MOFs)
and covalent organic frameworks (COFs) have garnered con-
siderable attention in recent years for their potential applica-
tions in many fields like separation, catalysis and gas
sensing.*’” The development of MOF-based gas sensors has
several advantages over traditional sensors due to their high
selectivity, sensitivity, stability, and ability to detect low con-
centrations of gases.*®*° In addition, MOFs are easily tunable,
allowing for the optimization of their properties for specific
applications.”'™ Therefore, the use of MOFs in gas sensing
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applications, such as the detection of H,S in human breath, has
the potential to revolutionize the field of chemical sensing.

One of the good MOF candidates is kag-MOF-1 which is
constructed by a single metal ion building block approach. It is
formed by connecting Zn*> metal ions with a tetrazole organic
linker forming a 2-D structure with one dimensional channel
and a small pore size. The presence of the tetrazole linker forms
a high localized charge density, which affords access to a
unique multifunctional MOF adsorbent suitable and ideal for
the removal of acid gases (CO, and H,S), dehydration, and BTX
sieving. This MOF has emerged as a promising candidate for
H,S sensing, owing to its ability to uptake H,S at low concen-
tration and ambient pressure.*!

In this study, we developed a sensing device for detecting
low levels of H,S in human breath using kag-MOF as the
sensitive layer on the capacitive IDE.

Experimental section
Interdigitated electrode fabrication

The IDEs were fabricated using standard complementary metal
oxide semiconductor (CMOS) processes. Firstly, a highly doped
n-type silicon wafer underwent thermal growth of a thick
(2 micrometers) SiO, layer. The Si/SiO, substrate was then
patterned by spin-coating AZ5214 photoresist onto its surface.
Afterward, the coated substrate was prebaked at a temperature
of 110 °C for 2 minutes. The photoresist was subsequently
exposed to UV light with a dose of 80 mJ cm™? using a mask
plate. Following the exposure, the photoresist was developed
using AZ 726 developer for 1 minute before being cleaned in
deionized (DI) water. Ti/Au electrodes were then sputtered, with
thicknesses of 10 nm and 100 nm, respectively. The substrate
underwent cleaning in an ultrasonic bath with acetone, fol-
lowed by rinsing with isopropyl alcohol (IPA) and DI water.
kag-MOF synthesis

The kag-MOF was prepared according to our previous report
with a modified procedure to get a nano-sheet morphology
structure.** In general, tetrazole-5-ethylester (328 mg, 2 mmol)
and 20 mL of H,O were heated in a Teflon-lined autoclave to
120 °C for 24 h. After cooling to room temperature, a solution of
Zn(NO3);-6H,0 (297 mg, 1 mmol) in 20 mL water was added to
the previous solution. The mixture was shaken for several minutes
and held for 24 hours to get a white milk-like solution. The
particles were centrifuged and washed with water and methanol.

To fabricate the sensing device, an ink was prepared by
suspending 8 mg of kag-MOF in 8 ml of DMF and sonicated for
30 minutes. The resulting ink was then deposited on the IDE at
65 °C to allow for particle rearrangement. After the preparation,
the electrode was found to be loaded with approximately 1 mg
of the MOF material.

Activating MOF films is crucial to obtain a guest-free film
prior to sensing signal measurements.*®*® To achieve this, the
MOF adsorbent was fully reactivated by heating it at 150 °C in
an oven for 12 hours to remove any residual solvent or water
present in the pores.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Material characterization

Powder X-ray diffraction (PXRD) measurements were carried out
using a Bruker D8 ADVANCE X-ray diffractometer with Cu K,
radiation (/ = 1.54178 A). TGA measurements were performed with
TA Instruments Q500 apparatus; the samples were heated under
an air atmosphere (flow, 25 cm® min~'; heating rate, 5 °C min ™).
Low-pressure gas adsorption measurements were performed at
relative pressures of up to 1 atm with a fully automated 3Flex high-
resolution gas adsorption analyzer (Micromeritics). The bath
temperature for the CO, adsorption measurements was controlled
with an ethylene glycol/H,O recirculating bath. Field emission
scanning electron microscope (FE-SEM) images were taken on a
Quattro Dual Beam microscope at an acceleration voltage of 10 kv.

Sensing experiment

The sensing experiment utilized a custom cell with IDE-loaded
material connected to a KEYSIGHT E4980AL LCR meter. The cell
was sealed, and gas flow (regulated by an Alicat mass flow controller)
was set to 200 SCCM. The schematic of the overall sensing system
setup is shown elsewhere.>! System temperature was maintained at
24 °C with a Julabo EH-F33 water chiller. The experiment began by
introducing dry compressed air to establish the reference capaci-
tance (C,) until stabilization (material activation). Subsequently, the
tested gas was introduced until capacitance saturation. After each
experiment, the IDE was heated to 120 °C to fully recover the H,S
molecules and to ensure the complete activation of the sensing layer
before the next gas sensing trial. All the measurements were
performed in dry air and at 24 °C except when mentioned otherwise.

Testing gas preparation

The tested gases, purchased with specific concentrations (H,S:
100 ppm, NH;: 100 ppm, NO,: 100 ppm, CO: 1000 ppm, CO,:
1000 ppm), were dry and balanced with N,. Gas concentrations
were regulated by mixing them with dry air using a mass flow
controller set at a fixed total flow rate of 200 SCCM. For relative
humidity measurement, compressed air was introduced into a
water bubbler with temperature control via a water chiller, then
mixed with dry air to adjust the relative humidity ratio.

Results and discussion

The coating layer exhibited a homogenous coverage and strong
adhesion to the substrate. The MOF film’s purity and crystallinity
were validated by comparing its powder X-ray diffraction (PXRD)
pattern with the simulated pattern (Fig. 1B).** The film displayed
excellent crystalline quality, featuring miniature two-dimensional
sheets approximately 150 nm in size and well-mixed microcrystals
with slight gaps in between, producing a consistent and dense
MOF coating (Fig. 1C). The successful deposition of the MOF thin
film onto the IDE substrate enabled us to use it for sensing
permittivity alterations triggered by gas/vapor sorption.

Gas sensing application in dry conditions

We examined the sensing properties of the kag-MOF film on
capacitive IDEs for a range of gases, including H,S, NH3, NO,,

Mater. Adv., 2024, 5, 8432-8438 | 8433
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Fig. 1

(A) Simplified schematic representation of the kag-MOF showing the channel pore nature and the overall kag topology from the supercell. (B)

PXRD of the kag-MOF film compared with the calculated PXRD from the CIF file. (C) The SEM image of the kag-MOF film.

CO,, and CO. Gas sensing experiments were conducted using
a fully automated measurement system with LabVIEW.>" The
coated sensor was placed inside a custom-built detection
chamber and connected to an LCR meter to measure changes
in capacitance.

To prepare for each cycle of analyte exposure, the sensor was
heated up to 120 °C using an in situ heating system in a
homemade gas chamber. The temperature of the heater output
was calibrated using a Micro radiometric thermal imaging
microscope, which measures and displays the temperature
distribution over the surface of small devices.*” This calibration
is crucial to maintain the integrity of the MOF thin film and
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Fig. 2 (A) Capacitive sensor
concentrations.
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ensure that we have a guest-free activated kag-MOF before
conducting sensing experiments.** The sensing performance
and characteristics of kag-MOF were evaluated at various H,S
concentrations in both dry and humid conditions to assess the
potential application of the newly developed sensor.

The sensor shows different responses across a wide range of
H,S concentrations (from 0.5 to 100 ppm), it was observed that at
higher concentration, the device reveals a linear response while
at low concentration (<1 ppm) its slope changes. The capaci-
tance can be determined using the standard capacitance
equation.”® The change in capacitance is attributed to the
dielectric constant dependency of the IDE’s capacitive properties
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response for kag-MOF in the presence of different concentration of H,S. (B) The response of the sensor for different H,S
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on the concentration of H,S. This is because H,S interaction
with kag-MOF affects the local dielectric properties of the film.
Therefore, exposure of the sensor to varying dry H,S concentra-
tions results in an increase in capacitance. As depicted in Fig. 2,
the sensor exhibits a good response at a low concentration of
H,S (0.5 ppm), which makes it a suitable candidate for trace-level
H,S detection. The sensor’s response was assessed in both N,
and air atmospheres, revealing comparable responses in both
environments (within the measurement’s error range). This
suggests that the sensor’s reaction to various gases in the air
mixture is negligible. Furthermore, the material demonstrates
notable stability under both air and humid conditions.**

As the stability and repeatability of a sensing device are
crucial for its effectiveness. The stability of the device was
assessed by exposing it to 100 ppm of H,S for 7 consecutive
cycles. The device was activated in situ by heating it to 120 °C for
five minutes and then allowing it to cool down under an air
environment for 20 minutes. The detection levels were shown
to be stable and uniform across all cycles. To assess the long-
term stability of the sensor, cyclic exposure to 100 ppm of H,S
was performed at room temperature every 24 hours for a period
of 14 days. As depicted in Fig. 3, the results revealed that the
sensor response remained consistent over time, indicating its
long-term stability. The crystallinity of the sensing layer was
further confirmed by comparing the PXRD patterns before and
after the sensing experiment [Fig. SI, ESIt]. The results showed
that the MOF retained its crystallinity, which confirms the
stability of the film under the sensing conditions.

Based on our sensing data and IDE stability analysis, we
conducted further investigations to determine the selectivity of
the sensor for H,S. To assess the sensor’s selectivity, we
evaluated its response to other gases at different concentra-
tions. The results showed that the kag-MOF sensor had excep-
tional selectivity for H,S compared to other tested gases.
Although the sensor displayed some response to gases such
as ammonia (NH;), nitrogen dioxide (NO,), carbon dioxide
(CO,), and carbon monoxide (CO), the signals produced were
minor. Notably, NH; and NO, generated the most significant
signals, whereas CO, and CO produced nearly negligible
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signals, as illustrated in Fig. 4. Furthermore, the H,S signal
was approximately nine times higher than that of NHj;, indicat-
ing the sensor’s high selectivity for H,S over other tested gases
with distinct physical and chemical properties.

Sensing mechanisms

The gas sensing response is driven by dipole interaction
between physiosorbed gas and the MOF. Material characteriza-
tion revealed a strong affinity of the MOF for H,S.** DFT
calculations were employed to understand the sensing mecha-
nism and gas response disparity between H,S and NH;. Both
gases were found to be adsorbed on the tetrazole ring in the
pore, with calculated adsorption energy of 50 k] mol™" for H,S
and 40 kJ mol ' for NH;. Charge analysis showed a partial
negative charge on S and N in H,S and NH3, respectively. The
discrepancy in adsorption energy is attributed to a partial
positive charge on the adsorbed MOF region, with charges of
—2.4e and —1.3e on S and N, respectively. As system
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capacitance is charge-dependent, it varies with different gases,
affecting the gas response. The greater affinity of kag-MOF for
H,S, indicated by the difference in binding energy, explains the
difference in response. This sensing mechanism is generalized
for various tested gases physiosorbed on the framework.

Relative humidity response

Environmental moisture can significantly affect the gas sensor
response, as capacitive sensor technology is based on the film’s
dielectric changes caused by gas/vapor sorption, it is often
criticized for being sensitive to humidity.*® In practice, water
vapor and condensable vapours can significantly affect IDE-
based sensors since water has a much larger dielectric constant
(¢ = 80) than H,S (e, = 5.8), which can interfere with the IDE
sensory signal of H,S."”*® Consequently, the presence of
moisture can hinder the qualitative identification and quanti-
fication of H,S.

We therefore investigated the concentration-dependent
response of the IDE device coated with kag-MOF under humid
conditions (Fig. 5). Our findings revealed that the presence of
moisture had a substantial impact on the kag-MOF coated IDE
sensors. In order to gain a better understanding of the sensing
performance of water vapor adsorption, a detailed analysis of
the response toward H,O was conducted as a function of
relative humidity (RH), ranging from 5% to 90% RH. The
sensor was activated at 120 °C and then exposed to varying
levels of RH using dry compressed air as a carrier gas.
The RH level was adjusted by changing the carrier flow
(0-200 mL min~ ") through water bubbling. The kag-MOF
coated IDE sensor demonstrated a good response to humidity
levels in a nonlinear fashion, as shown in Fig. 5A. These results
are consistent with the dehydration ability of kag-MOF, which
has a high affinity for water molecules due to its contracted
pore system and localized high charge density and supported
by its hydrolytic stability.**

Effect of humidity on H,S sensing

To evaluate the influence of humidity on the sensor’s response
toward H,S, we conducted a test to measure the sensor’s
response to H,S in a humid environment with a different
relative humidity (5-90%). The introduction of H,S gas resulted

View Article Online
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in a reduction in the sensor’s capacitance. However, the sen-
sor’s response for H,S was improved by a factor of 10, as shown
in Fig. 5B. The decrease in capacitance suggests that kag-MOF
experiences a partial desorption of non-coordinated water
molecules due to their competition with H,S molecules.***

The impact of relative humidity (RH) on the kag-MOF
sensor’s performance was investigated. The sensor was acti-
vated at 120 °C and exposed to varying RH levels using dry
compressed air as a carrier gas. The RH was adjusted by
modifying the carrier flow (0-200 mL min ") through water
bubbling. The chamber’s humidity was set to the desired level
(from dry air up to 90% RH), and the capacitance response was
considered as the new baseline (Fig. S9, ESIt). At each RH level,
a capacitance change was recorded in the presence of 50 ppm
H,S (Fig. 5C). It was observed that the response is nearly similar
to that for dry H,S up to 30% RH (Fig. 2B). Then, an increase in
the sensor response with an increase in RH up to 50% RH is
attributed to the dissolution of H,S molecules into the physio-
sorbed water on the kag-MOF layer. This is due to the fact that
kag-MOF is known based on water sorption studies to become
saturated with water above 30% RH.**

H,S response in simulated human exhale

Based on the previous results, we proposed that the kag-MOF
has potential for detecting H,S in human exhaled breath based
on our studies. Since the humidity level in human breath falls
within the range of 5% to 6.3%, we conducted tests to evaluate
the sensor’s response to human breath by exposing the IDE
electrode to a gas mixture of 78% N, 13% O,, and 4% CO, with
a humidity of 5% to mimic the conditions of human
exhalation.”® Subsequently, various concentrations of H,S
(10-40 ppm) were introduced, and the outcomes are presented
in Fig. 6. The capacitance of the electrode increased non-
linearly with increasing H,S concentration, indicating good
response to H,S in human breath. The sensor’s response to
H,S in air was found to be comparable to its response in
simulated human breath due to the low water concentration,
and the negligible response to CO, and O, with respect to H,S.

Volatile organic compounds (VOCs) such as formaldehyde
usually coexist with other gases in human breath in the case of
uremia. The selectivity of the sensor to formaldehyde (as one of
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Fig. 5 (A) Response of the kag-MOF to different relative humidity ratios. (B) Response of the sensor to H,S in the presence of different RH. (C) Response

of the sensor to 50 ppm H,S at different relative humidity (RH).
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the VOCs) is studied. Human exhaled air contains formalde-
hyde in concentrations ranging from 0.001 to 0.01 mg m~,
with an average value of about 0.005 mg m*, equivalent to
approximately 0.00774017 ppm.>'™* However, due to system
limitations, we could not achieve this concentration in our
experiment. Therefore, we tested the sensor at a 1 ppm concen-
tration of formaldehyde (FA) under different humid conditions,
as human breath is humid. Additionally, we tested 1 ppm FA at
5% RH with varying concentrations of H,S. The results (Fig. S10
and S11, ESIt) show that the sensor material has almost no
sensitivity to FA in both tests. Therefore, there is no cross-
sensitivity that could affect the sensor’s performance.

Conclusion

In conclusion, this study showed the successful deployment of
kag-MOF as a sensing layer on a capacitive IDE sensor for H,S
detection at room temperature. The MOF layer could detect H,S
concentrations as low as 500 ppb, even under humid condi-
tions. The MOF sensor demonstrated good response and
selectivity to H,S in human breath, and its stability was con-
firmed by various methods, demonstrating its greater chemical
stability. Moreover, kag-MOF exhibited a unique and selective
response to H,S compared to other gases such as nitrogen
dioxide, ammonia, carbon dioxide, and carbon monoxide. This
sensing behaviour of kag-MOF opens possibilities for develop-
ing gas/vapor sensors for the early detection of uremia. By
monitoring H,S levels in the breath, healthcare professionals
could potentially diagnose uremia at an early stage, which is
crucial for the effective management and prevention of com-
plications. However, it is essential to note that while gas/vapor
sensors are a promising tool, they should not be used in
isolation and should be used in conjunction with other diag-
nostic tests, such as blood and urine tests, to ensure accurate
diagnosis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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