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A humidity-resistant and room temperature carbon
soot@ZIF-67 composite sensor for acetone vapour
detectiony

Lesego Malepe,® Tantoh Derek Ndinteh,? Patrick Ndungu®
and Messai Adenew Mamo (& *?

Zeolitic imidazolate framework-67 (ZIF-67), carbon nanoparticles (CNPs), and the CNPs@ZIF-67 composite
were prepared and used to fabricate sensors for the detection of acetone vapour. The prepared materials
were characterized using transmission electron microscopy, powder X-ray diffraction, X-ray photoelectron
spectroscopy, Raman spectroscopy and Fourier-transform infrared spectroscopy. The sensors were tested
using an LCR meter under the resistance parameter. It was found that the ZIF-67 sensor did not respond at
room temperature, the CNP sensor had a non-linear response to all analytes, and the CNPs/ZIF-67 sensor
had an excellent linear response to acetone vapour and was less sensitive to 3-pentanone, 4-methyl-1-
hexene, toluene and cyclohexane vapours. However, it was found that ZIF-67 improves carbon soot
sensor sensitivity by 155 times, wherein the sensitivity of the carbon soot sensor and carbon soot@ZIF-
67 sensor on acetone vapour was found to be 0.0004 and 0.062 respectively. In addition, the sensor
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1. Introduction

Acetone (CH3;COCH3;) is an organic compound that can easily
evaporate at lower temperatures due to its high vapour pressure
and low boiling point, 56 °C. It is widely utilised in paints,
plastics, cosmetics, and detergents." Severe inhalation of
acetone vapour can cause bronchitis, eye inflammation and
dizziness.? In certain environments, the detection of acetone
vapour is very important for human health and safety, because
high concentrations of acetone can affect organs such as the
kidneys and liver.> Recently, the development of acetone gas
sensors has received great interest in healthcare research, as it
has become a new non-invasive method for the diagnosis of
diabetes.> Clinical data have shown that the acetone concen-
tration in exhaled breath of healthy individuals is approxi-
mately 0.3-0.9 ppm, while a concentration above 1.78 ppm may
indicate a diabetic condition.>** Hence, there is a need to
design inexpensive, reproducible, fast-response, low-
temperature working, highly selective and sensitive acetone
gas sensors for biomedical applications,® or in various sectors
such as the food industry, chemical processing, cosmetics, and
human health safety within allied industries.
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was found to be insensitive to humidity and the limit of detection was 484 ppb at room temperature.

Over the years, semiconductor metal oxide (SMO) solid-state
gas sensors have been widely investigated for the detection of
volatile organic compounds (VOCs) and flammable toxic gases.
The SMOs that have been widely applied as solid-state gas
sensors include titanium dioxide, zinc oxide, tin dioxide, and
tungsten trioxide.” These have been mainly used due to their
good thermal stability, fast gas response-recovery times, low
cost, and high sensitivity towards the gas of interest. Unfortu-
nately, such sensors suffer from low selectivity toward the gas of
interest when used with gas mixtures and typically have low
sensitivity, especially at ppm to ppb concentration levels. In
addition, their high operating temperature (about 240 to 400 °
C) decreases the durability of the sensor and increases energy
consumption.” Improving gas sensing characteristics of SMOs
was carried out by introducing precious metals such as Pd, Pt,
Ag, and Au.*® However, the high working temperature remains
a challenge. But the use of carbon nanomaterials such as gra-
phene oxide,' carbon soot" or carbon nanotubes' can reduce
the working temperatures of SMO-based gas sensors; however,
they still suffer from poor gas selectivity and sensitivity.

Besides research on precious metals and carbon materials,
other interesting research studies have focused on the use of
zeolitic imidazolate frameworks (ZIFs), which have been used in
gas sensing to improve selectivity due to porosity tunability, and
their hydrophobic nature allows them to work at high humidity
levels.”® ZIF structures are made up of a central metal ion and
imidazolate linkers arranged in a tetrahedral geometry similar
to that found in zeolites." ZIFs possess tremendous surface
area and crystallinity and ZIF sensors are reported to have good

© 2023 The Author(s). Published by the Royal Society of Chemistry
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selectivity, sensitivity and fast response recovery time; however,
they operate at temperatures from 140 to 350 °C.** ZIF-67 is
made up of cobalt (Co®") ions and 2-methylimidazolate, pos-
sessing cubic crystal symmetry.'® ZIF-67 based sensor shows
unresponsive behaviour towards VOCs at room temperature
due to its high energy band gap and has been integrated with
conducting materials to reduce the high working temperature.”
In this study, ZIF-67 and carbon soot are used as a composite to
detect acetone vapour at room temperature. Carbon soot is
commonly known as carbon nanoparticles (CNPs) and
possesses good conductivity, a high surface-to-volume ratio,
and surface oxygen species that enhance gas sensing proper-
ties."> The CNPs/ZIF-67 composite solid-state gas sensor works
at room temperature and relatively high humidity, has a low
limit of detection and is highly sensitive toward acetone.

2. Experimental

2.1. Chemicals and reagents

Cobalt nitrate hexahydrate [Co(NOj),-6H,0], 2-methyl-
imidazole (99%), N, N-dimethylformamide (DMF, 99.5%),
ethanol (EtOH, 98%), acetone (CH3;COCH3, 99.5%), cyclohexane
(CeHis, 99%), 4-methyl-1-hexene (C;Hy4, 99.5%), 3-pentanone
(CsH100, 99%), and toluene (C,Hg, 99.8%), were purchased
from Merck (South Africa). Lighthouse candles were purchased
at a local supermarket in Johannesburg, South Africa.

2.2. Synthetic methods

2.2.1 Preparation of carbon soot. Carbon soot was
prepared using a pyrolysis method that was previously reported
by Olifant et. al.** The carbon nanoparticles were collected using
a ceramic cup placed above a burning candle. The distance
between the candle flame and the ceramic cup was approxi-
mately 1 cm. The collected black carbon soot was left to cool at
room temperature for 30 minutes and scrapped off the ceramic
cup using a spatula and then kept in a glass vial until ready for
further use. The carbon nanoparticles were used without
purification.

2.2.2 Synthesis of ZIF-67. ZIF-67 was synthesised using
a method reported by Garg et. al."” First, 0.45 g cobalt nitrate
hexahydrate [Co(NOj;),-6H,0] and 5.5 g 2-methylimidazole
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Fig. 1 Gas sensing setup.
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[C4HgN,] were added into 3 and 20 mL deionised water
respectively. The two solutions were then mixed together and
stirred for two hours at room temperature to allow the forma-
tion of purple-coloured precipitates. The precipitates were then
collected and washed several times through centrifugation with
water and ethanol interchangeably to remove the presence of
impurities. ZIF-67 precipitates were dried at 80 °C for 24 h in
a vacuum oven.

2.2.3 Sensor fabrication. Three sensors were prepared for
the detection of selected VOCs (acetone, 3-pentanone, cyclo-
hexane, 4-methyl-1-hexene, and toluene). In separate vessels,
15 mg of ZIF-7 and 15 mg of CNPs were dispersed in 6 mL of
DMF and stirred for 24 h to prepare sensor 1 and sensor 2
respectively. Sensor 3 was prepared by mixing 15 mg of CNPs
and 15 mg of ZIF-67 and dispersing in 6 mL DMF (1:1 mass
ratio of CNPs@ZIF-67). Our sensors are fabricated using gold-
plated-interdigitated electrodes designed to have 18 paired
lines of 7.9 mm long made up of gold, and the lines have
a spacing of 0.1 mm. An aliquot of 7 uL was used from each
prepared solution and drop coated on its respective interdigi-
tated gold electrode and allowed to dry at room temperature.
The dried film on the electrode was kept in a vacuum desiccator
for over 72 hours to remove any remaining solvent.

2.2.4 Gas sensing setup. All the prepared solid-state gas
sensors were investigated in the same setup (see Fig. 1). The
prepared gas sensor was placed inside a 20 L round bottom flask
and connected to an E4980A Keysight LCR meter. The round
bottom flask had a pipe connected to a vacuum pump and
another pipe introducing atmospheric air during the removal of
any gas. An LCR meter was connected to a display monitor. In
five trials, 1, 2, 3, 4, and 5 pL of VOCs were injected into the
round bottom flask with a contact time of 10 min for each
injection. Between each trial, the exposed vapour was flushed
out using a vacuum pump (2 minutes of pump time) and then
a rest period of 3 minutes was allowed before the next trial.
During the injection of the liquid analyte, the VOCs quickly
evaporate due to the high vapour pressure of the analyte liquid.
The following formula (eqn (1)) was used to calculate the vapour
concentration of the VOCs:

24TV,

= Sy X 1000, (1)

Syringe

Air out

Pressure pump

L
Sensor
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where C is the vapour concentration (ppm), p is the density of
the liquid analyte (g cm™"), T is the temperature (K), V; is the
volume injected into the 20 L volumetric flask (uL), M, is the
molar mass of the liquid analyte and V is the volume of the
volumetric flask (L).*®

2.2.5 Sensor's response and recovery tests. The gas sensor's
response time was defined as the time needed for the sensor to
reach a 90% maximum response before it reaches the saturated
(plateau) state, while recovery time was defined as the 90% time
needed for the sensor to reach its baseline during the removal of
the gas exposed from its plateau.

2.2.6 In situ FTIR-online LCR meter measurement. The in
situ FTIR-LCR meter set-up was followed as reported.™ IR
spectra were recorded using an FTIR instrument (PerkinElmer
Spectrum 100) with a resolution of 4 cm™" and 16 scans. A gas
cell is a cylindrical cell (approx. 110 mL volume) fitted with two
KBr windows at both ends. The vessel with two inlets for the
sample injection and sensor electrical connection was placed at
the centre with a sensor positioned on the upper wall of the cell
in such a way that the IR beam passes through the windows
without being blocked. The sensor was connected to the LCR
meter through two electrically insulated wires. During the
measurement, the sensor was exposed to about 375 ppm of the
analyte vapour and the vessel was kept closed throughout the
experiment. FTIR spectra were recorded every 1 min, while the
resistance measurements were taken continuously for each
sensor for a total maximum time of 22 min.

2.2.7 Humidity tests. Humidity tests were performed using
a modified setup of Fig. 1 at room temperature, wherein
a humidity sensor and the gas sensor were both placed inside
the sensing chamber. The humidity of the chamber was varied
by carefully controlling the volume of water vapour from boiling
water into the chamber. Thus, the sensor detected acetone
vapour under various relative humidity conditions.

2.2.8 Selectivity test. A mixture of analytes was prepared by
adding 1 millilitre of acetone, toluene, cyclohexane, 4-methyl-
hexene and 3-pentanone to make 5 mL and mixing well using
a shaker. 5 uL was taken from the mixture and injected into a 3-
necked round bottom flask in the presence of the CNPs/ZIF-67
sensor to study the selectivity of acetone vapour.
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Fig. 2 XRD pattern of (a) carbon soot and (b) CNPs@ZIF-67.
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2.2.9 Characterization techniques. The morphology of ZIF-
67, CNPs and CNPs/ZIF-67 were investigated using high-
resolution transmission electron microscopy (HRTEM) at an
acceleration voltage of 200 kV, on a JEOL-TEM 2010 (Japan)
using Gatan software wherein samples were loaded onto copper
grids. Powder X-ray diffraction (PXRD) was performed using
a Bruker D2 Phaser using a LynxEye detector with CuKa radia-
tion at a wavelength of 0.154 nm. A Bruker Senterra laser Raman
spectrometer fitted with a frequency-doubled Nd-YAG laser with
a wavelength of 532 nm was used for Raman analysis. Fourier
transform infrared spectroscopy (FTIR, Bruker-Alpha, Germany)
was used to identify chemical functionalities on the materials.

3. Results and discussion

3.1. Materials characterization

Structural analysis of CNPs and CNPs/ZIF-67 was performed
using PXRD (see Fig. 2). In the case of CNPs, two broad bands
were observed at 26 = 25 and 44° which are indexed to (002) and
(101) crystal faces for graphitic carbon (ICDD: 04-018-7559) and
characteristic of CNPs. Fig. 2b presents the PXRD pattern of
CNPs/ZIF-67 showing diffraction peaks at 26 = 7°, 10°, 13°, 15°,
17°, 18°, 22°, 25°, 27°, 30°, 31 and 32°, which were indexed to
the crystal planes (011), (002), (012), (022), (013), (222), (014),
(233), (134), (044), (244) and (235) respectively, the reflections of
rhombic dodecahedron phase of ZIF-67." Unfortunately, the
two broad peaks from CNPs are not observed on the CNPs/ZIF-
67PXRD diffraction pattern because the high-intensity peaks
from crystalline ZIF-67 suppress the amorphous CNP peaks.
The HRTEM and TEM-EDS results for CNPs, ZIF-67 and the
CNPs/ZIF-67 composite are presented in Fig. 3. CNPs appear to
be spherical with an average diameter between 20 and 30 nm
and are highly agglomerated (see Fig. 3a). TEM-EDS shows that
the CNPs are composed of carbon and oxygen only (see Fig. 3b).
Fig. 3c shows that ZIF-67 possesses a hexagonal shape, the
average crystal size is 100-160 nm, and the corresponding EDS
spectrum has carbon and nitrogen peaks from 2-methyl-
imidazole, cobalt peaks from the metal precursor, and oxygen
likely from oxides on the material surface which agrees with the
FTIR results. The EDS spectrum of the CNPs/ZIF-67 samples
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Fig. 3 TEM images of (a) CNPs, (c) ZIF-67 (e) CNPs/ZIF-67 and their respective EDS spectra, (b), (d) and (f).

possesses similar peaks to those found in the spectra of ZIF-67
and the CNPs as expected (Fig. 3f). The TEM image of the CNPs/
ZIF-67 composite revealed that the CNP soot covers the surface
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of ZIF-67 (Fig. 3e), which likely plays a crucial role in improving
the electrical conductivity of the nanocomposite and facilitated
the gas sensing process.
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Fig. 4 The Raman patterns of (@) CNPs, (b) ZIF-67 and (c) CNPs@ZIF-67. The FTIR spectra of (d) CNPs, (e) ZIF-67 and (f) CNPs@ZIF-67.
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Fig. 5 XPS spectra and XPs survey of (a) CNTs, (b) ZIF-67 and (c) ZIF-67/CNPs and (d) O 1s of CNPs and (e) O 1s of ZIF-67.

Table1 XPS O 1s oxygen species percentages

Materials Og O,

CNPs 48.7% 51.7%
ZIF-67 58.8% 41.2%
CNPs@ZIF-67 74.4% 25.6%

Fig. 4a presents the CNP Raman spectra, which exhibited two

broad peaks positioned at 1350 and 1555 cm ™ * and are assigned
to the characteristic D and G bands, for carbon nanomaterials.
The D band represents defects within the graphene sheets that
make up the CNPs, and the G band is due to the graphitic
nature of the carbon nanoparticles."”® Raman spectroscopy is
often deployed to study carbon nanomaterials, typically by

1960 | Nanoscale Adv., 2023, 5, 1956-1969

calculating the integrated intensity ratio between the D and G
bands (Ip/Ig). Perumbilavil et al. showed that the Ip/I; ratio
increases from graphite (0.70) to graphene oxide (1.03), due to
the oxygen species present in the graphene oxide, and reduced
graphene oxide had an Ip/I ratio of 0.93 indicating that there
was a removal of oxygen species from graphene oxide.>* The I,/
I of our CNPs was 1.08 and that of the I,/I; ZIFs-67/CNPs was
1.00, indicative of the disordered nature of the CNPs and the
probable presence of oxygen species on the CNPs. As shown in
Fig. 4b, the ZIF-67 spectra exhibited five Raman peaks, 198, 477,
524, 616 and 684 cm ™' which are characteristic of cobalt-ZIF.
The Raman peaks at 477 and 684 cm ™ are typically observed
with ZIF-67, whereby 477 cm ™ is attributed to the Co-N bond
and the vibration mode at 684 cm ™' is assigned to the 2-
methylimidazolate ligand.”* The Raman signals positioned at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS spectra, (a) O 1s of ZIF-67/CNPs, (b) Co 2p of ZIF-67, (c) Co 2p of ZIF-67/CNPs and (d) N 1s of ZIF-67.

198, 524 and 616 cm ' are all assigned to F,, and the signal at
477 em™ " and the strongest signal at 684 cm™ " are assigned to
A; and E, mode respectively.”»** FTIR spectra presented in
Fig. 4d-f show that the CNPs (Fig. 4d) had a broad peak at
3555 cm ' representing O-H stretching, 3233 cm ' and
3129 cm ™" for the C-H and the peak occurring at 1374 cm ™" is
for C-O-C bonding character. The ZIF-67 FTIR spectrum
(Fig. 4e) showed N-H stretching peaks at 3404 cm ™', peaks at
3128 cm ' and 2907 cm " for C-H stretching from the methyl
group on the imidazole ring, a C=N peak at 1572 cm ", peaks
from 1428-667 cm™ ' due to the stretching of the imidazole ring,
and a peak at 414 cm ™' due to Co-N stretching, confirming the
bond between cobalt and the linker. The presence of two broad
peaks positioned at 3233 ecm™" and 3129 cm™' confirms the
presence of CNPs within the CNPs/ZIF-67 composite (Fig. 4f),
and complements the Raman spectra results.

The availability of oxygen species on the surface of the
sensing material plays a crucial role in facilitating the effec-
tiveness of the sensor.> Thus, XPS analysis was performed to
study the oxygen species on the materials. XPS survey spectra of
CNTs, ZIF-67 and CNPs:ZIF-67 revealed the presence of carbon
(C), nitrogen (N), oxygen (O) and cobalt (Co) (see Fig. 5a-c). The
deconvoluted spectra as aligned for the O 1s XPS spectra of
CNPs, ZIF-67 and the CNPs:ZIF-67 composite exhibit oxygen
species Og and O, occurring at approximately 531.9 and
533.2 eV respectively (see Fig. 5d and e). The Og shows the

© 2023 The Author(s). Published by the Royal Society of Chemistry

presence of adsorbed oxygen species and O, represents the
adsorbed species on the sample.* Interestingly, the percentage
of Og species of the composite has increased from about 59% to
74% and that of the O, decreased from 41% to about 26% (See
Table 1). The changes in the concentration of reactive oxygen
species particularly, the Og, are the ones involved in the sensing
mechanism during the total decomposition of organic
compounds. After deconvoluting the Co 2p peaks, four char-
acteristic peaks were observed; peaks at 781.2 and 786.2 eV are
attributed to Co 2p3/, while, 7997.1 and 802.1 eV are assigned to
Co 2p,, spin-orbital splittings (see Fig. 6b and c).***” Thus the
existence of the main and the satellite peaks Co 2p,;; and Co
2p1, indicates the existence of Co®" and Co®" within ZIF-67 and
CNPs:ZIF-67 (see Fig. 6b).>**° The peak at 398.8 eV was assigned
to the pyridinic N while 399.0 eV was the pyrrolic N and 400.8 eV
was the quaternary N (see Fig. 6d).>**°

3.2. Sensing studies

3.2.1 Gas response and sensitivity. The change in the
electrical response was investigated during the interaction
between all prepared solid-state gas sensors and the gaseous
analytes (see Fig. S1f for the set-up) by injecting the analyte
liquid in a glass chamber. All the tests were performed at room
temperature and the change in the electrical response was
recorded in terms of relative resistance AR. The sensitivity of the

Nanoscale Adv., 2023, 5, 1956-1969 | 1961
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a capacitance transient response of sensor 2 towards acetone vapour,
(c) relative resistance response curve of sensor 3 towards acetone
vapour, (d) a calibration curve of sensor 3 towards acetone vapour, (e)
a capacitance transient response of sensor 3 towards acetone vapour,
(f) a resistance transient response of sensor 3 towards acetone vapour,
(g) transient response—recovery graph and (h) relative response—
recovery graph and (i) sensitivity in the bar graph.

. . . AR .
sensors is calculated using the equation, S = AC where S is the

sensitivity in Q ppm™', AR is the change in electrical resistance
in Q and AC is the change in concentration of the analytes
in ppm.
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Sensor 1 made up of only ZIF-67 showed no meaningful
response towards all the analyte vapours, only a high noise-to-
signal ratio; this might be because ZIF-based sensors respond
only at higher temperatures.”>*> Sensor 2 (based on only the
CNPs) showed a response to all exposed analytes (acetone, 3-
pentanone, 4-methyl-1-hexene, toluene and cyclohexane) and
after exposure, the sensor returned to its baseline after the
removal of an exposed analyte. Unfortunately, there is no linear
relationship between the increases in the concentration of the
analyte vapour and relative resistance response and a capaci-
tance transient response (Fig. 7a and b) and the sensor dis-
played low sensitivity towards all the analyte vapours. Sensor 3
(CNPs/ZIF-67), however, performed well with a linear increase
in the relative response as the concentrations increased (Fig. 7¢
and d). The sensor showed an increase in relative resistance
responses during its contact with analyte vapour and recovers
back to its baseline when the analyte vapour is removed. On the
other hand, the capacitance and the resistance transient
response of sensor 3, as shown in Fig. 7e and f, towards acetone
vapour showed signal drift due to the chemical and physical
environment around the sensors.*>** Although sensor signal
drift quite commonly occurs in gas sensors it can be compen-
sated by using mathematical models.** The introduction of
CNPs into ZIF-67 (sensor 3) improved the sensitivity of the
sensor (>155x) when compared to sensor 2. Sensor 3 responds
strongly toward acetone and responded poorly toward other
analytes (3-pentanone, 4-methyl-1-hexene, toluene and
cyclohexane).

The comparative sensitivity of all analytes was studied
(Fig. 7i). Sensor 3 showed high sensitivity towards acetone
vapour at 0.062 Q ppm ', followed by 4-methyl-1-hexene at
0.024 Q ppm ', 3-pentanone at 0.023 Q ppm *, toluene 0.009 Q
ppm ' and no response value with cyclohexane vapour. Sensor
3 showed 2.7 times more sensitivity for acetone vapour when
compared to 4-methyl-1-hexane vapour (Fig. 7i). In terms of
response and recovery time, sensor 3 responded to the acetone
vapour in 53 seconds and recovered back to its baseline in 43
seconds (Fig. 7g). The response time of the fabricated sensor is
longer than the recovery time. This mainly depends on two
factors, the diffusion process and reaction limited process on
the surface of the electrodes. In most cases, the diffusion
process of the analyte gases is much slower compared to the
reaction kinetics; therefore the time required for the sensing
process depends only on gas diffusion through the sensing
layer.**>° On the other hand, the total number of the analyte
molecules immobilized at the active sites is directly propor-
tional to the concentration of the analyte molecules in the
chamber, which depends only on the time required for the
analyte molecules to diffuse through and the effective diffusion
constant of the analyte molecules. In the case of diffusion,
which is instantaneous compared to adsorption kinetics, the
concentration of the analyte molecules at any point becomes
independent of time and the response at a particular time
depends only on the number of adsorbed molecules on the
active sites, which is again directly proportional to the analyte
molecule concentration. Therefore, the reason why our sensor
was relatively slow to respond is due to that the analyte

© 2023 The Author(s). Published by the Royal Society of Chemistry
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molecules are slower to diffuse through the sensing material.
The reason why the recovery time is faster than the response
time is that the concentration of the analyte was dropped to
a lower level due to the air being flashed through the chamber.

3.2.2 Sensor reproducibility and its humidity test. The
stability (reproducibility) of sensor 3 (CNPs/ZIF-67) was studied
for the detection of acetone vapour (Fig. 8a and b). The sensor

© 2023 The Author(s). Published by the Royal Society of Chemistry

showed almost the same responses for 5 cycles at 33.3 ppm,
which proves good stability and repeatability. Furthermore, the
sensor maintained its stability without losing its response-
recovery ability and sensitivity (Fig. 8a). However, the capaci-
tance transient response showed a signal drift as shown in
Fig. 8c. This is due to, as explained earlier, the chemical and
physical changes around the sensing materials. The inset of
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Fig. 8c shows that the sensor responded apart from the
response drifting away from the baseline.

It has been widely reported that changes in humidity can
tremendously affect the performance of gas sensors.’” Under
higher humidity conditions, water molecules usually get trap-
ped in sensing materials and this leads to the drifting of the
response of the sensor. Trapped water molecules in the active
sites of sensing materials delay any interactions between the gas
analyte and sensing material, and thus the response of the
targeted analyte might be insignificant.®®

Therefore, the effect of humidity on the detection of acetone
vapour using the CNPs/ZIF-67 sensor was investigated. The
sensor was exposed to acetone vapour (at 16.65 ppm) in three
trials at different relative humidities, 28%, 40%, and 60%
(Fig. 8d). The maximum response of acetone vapour at these
respective RH was 1.6, 1.5, and 1.3 Q, respectively (Fig. 8d-e).
According to the results, there is a slight change in the response
of about 0.3 Q as RH increased from 28% to 60%. Interestingly,
the sensor maintained the shape of the response curve and
response-recovery characteristics, and this demonstrates that
the presence of water molecules had a small effect on the CNPs/
ZIF-67 sensor (Fig. 8d). The presence of water vapour in the
system affected the response and recovery times, with the
response time being delayed over twice and the recovery time
being less than halved as the humidity increased. The delay in
response time at high humidity implies that the presence of
water vapour in the system might create competition between

View Article Online

Paper

Table 3 Response and recovery times of sensor 3 at different
humidities

Relative humidity Response time Recovery time

(RH) (s) (s)

28% 33 98
40% 54 49
60% 76 42

the acetone and water molecules for the active sites of the
sensor. The quicker recovery time may indicate that the inter-
action of the water vapour with the sensing materials is weak
and not a strong or permanent bond (Fig. 9 and Table 3).

The response-recovery time of the CNPs/ZIF-67 sensor at
room temperature is fast when compared to those of previously
reported work (Table 2), for example, the SnO,-reduced gra-
phene oxide and V,05 nanoneedle-based sensors.

3.2.3 Acetone sensing mechanism. The CNPs/ZIF-67
composite sensor is controlled by surface interaction based
on the change in resistance that is believed to be more similar to
that in n-type semiconductor metal oxides."* Thus, CNPs/ZIF-67
uses adsorption-desorption sensing mechanism. First, the
surface of the CNPs/ZIF-67 sensor chemisorbs the oxygen
molecules when exposed to atmospheric conditions, capturing
the electrons from the conduction band of ZIF-67 and ionising
them into highly reactive oxygen species (O,, O,>~ and 0*").*3
Consequently, the electron depletion layer formation causes the
band to bend and results in the formation of a potential barrier
and the sensing material turns out to have high resistance.”
During the sensing process, acetone vapour interacts with the
reactive oxygen species on the surface of CNPs/ZIF-67 and forms
carbon dioxide and water vapour as by-products. Subsequently,
the electrons are released back into the conduction band of the
sensing material and the bent band returns to its original
state.** The width of the electron depletion layer and the resis-
tance of the material decrease; this behaviour is typical of p-type
semiconductors. The CNP sensor responded to all analytes due
to the presence of molecular oxygen species on CNPs formed
during the synthesis of the carbon nanomaterial. These adsor-
bed molecular oxygens are highly reactive and similar findings
were reported on carbon black at 300 K.** Raman analysis
revealed that CNPs are highly disordered (see Fig. 4a) and have
high charge activity transfer that promotes the chemisorption
of the acetone vapour and increases the gas responses of the
sensors.**® The presence and characteristics of the oxygen

Table 2 Sensing materials and their sensing performances towards acetone vapour

Materials Res/rec time LOD Working temp. Response Ref.
ZnFe,04 microspheres 7.5/200 s 1 ppm 215 6.5 at 10 ppm 39

3.0 wt% Cu-doped a-Fe,O; porous 55/18 s 100 ppb 164 12 at 5 ppm 40
nanotubes

In,0;-CuO 13/20 s 50 ppm 370 5 at 0.5 ppm 41

V,0; nanoneedles 73/88 s 1.7 ppm Room temp 2.37 for 140 ppm 42
ZnO@ZIF-71(Co) 71/53 s 50 ppb 250 5.7 at 0.5 ppm 43
CNPs@ZIF-67 53 /43 s 484 ppb Room temp 2 at 16.7 ppm This work
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species on CNPs were confirmed using XPS characterisation
(Fig. 5d and Table 1). These reactive oxygen species on the
sensor catalyse the decomposition of acetone into carbon
dioxide and water. The synergistic effect of the CNPs and ZIF-67
in the CNPs/ZIF-67 material results in room temperature oper-
ations of the sensor. This synergistic effect is first due to the
increase of Og species of the composite which increased from
about 59% to 74% (See Table 1). It is known that the type of
oxygen adsorbed on the sensor determines whether the sensing
mechanism will undergo total oxidation or oxidative
dehydrogenation.***

Furthermore, to understand the sensing mechanism of the
prepared sensor we set up an in situ FTIR-coupled with LCR
meter online measurement (See Fig. 10). While the sensor was
exposed to the analyte vapours both the response and the FTIR
spectra were recorded. The FTIR spectra were recorded every
1 min for 22 min. In this measurement, we focused on specific
CO, IR bands that can give us evidence of the sensing
mechanism.

The in situ FTIR-LCR meter results indicate that new distinct
IR bands have emerged during the exposure of the sensor to the
analyte. The IR band in the region of 2377 to 2349 cm™ " is due to
CO, asymmetric stretching (Fig. 10a inset) and a band at
668 cm ' was assigned to the CO, bending mode.*** This
particular band doesn't overlap with other bands and is
important since it can give us information about the reaction on
the surface. It is possible to see the CO, bending mode (at
668 cm ") intensity increase as the analyte molecules’ exposure
time increases (see Fig. 10a inset). The intensity of the band at
668 cm ™' before the analyte molecule was injected was flat and
as time passed the intensity increased. The increase in the
intensity of the CO, IR band is the result of increasing the
concentration of CO, in the gas cell and also this can be related
to the deep oxidation of the acetone on the surface of the
sensing materials and then the desorption of carbon dioxide
gas molecules from the surface of the sensors. Similarly, the
sensor response also increases as the exposure time increases
(Fig. 10c).

1966 | Nanoscale Adv, 2023, 5, 1956-1969

View Article Online

Paper

Moreover, the CO, IR intensities were fitted with Gaussian
curves and the areas under the curves were calculated and
plotted against the exposure time (Fig. 10b). The result shows
that indeed the concentration of CO, increases as the exposure
increases.

Therefore based on the result from the coupled in situ FTIR-
LCR meter, the following sensing mechanism between oxygen
reactive species and acetone vapour was proposed (2)-(5):

0, (gas) — O, (ads) (2)
0, (gas) + ¢~ — 0, (ads) (3)
0O, (ads) + e — 20~ (ads) (4)
Acetone vapour
C3HgO (gas) + 90 — 3CO, + 3H,0 + 9¢™ (5)

3.2.4 Limit of detection. The relationship between the
electrical response and acetone vapour concentration from
16.65 to 83.25 ppm was approximately linear (Fig. 7d) and the
correlation coefficient (R*) and slope of the linear fit were 0.99
and 0.062 Q ppm ™" respectively. The LOD was approximated to
be 484 ppb and was calculated using the formula LOD = 3 x
RMS/slope,*®*® where RMS was the standard deviation and the
RMS was found to be 0.001.

3.2.5 Selectivity studies. The selectivity of the CNPs/ZIF-67
sensor (sensor 3) in the detection of acetone vapour in the
presence of 3-pentanone, 4-methyl-1-hexene, toluene and
cyclohexene vapours was investigated (see Fig. 11). All five
analytes (acetone, toluene, cyclohexane, 3-pentanone and 4-
methyl-1-hexene) were mixed together and the analyte mixture
was detected. The response of the analyte mixture vapour was
compared to the response of the targeted acetone vapour. The
maximum response of the acetone vapour is 2.41 Q, while the
maximum response of the analyte mixture is 3.29 Q, and the
other analytes with poor responses are cyclohexane (0.31 Q), 4-
methyl-1-hexene (1.42 Q), 3-pentanone (1.50 Q), and toluene
(0.65 Q). The volume of the tested mixture was 5 pL (see prep-
aration methods), while the volume of the tested targeted
acetone was 1 pL, and then the mixture response did not over-
shoot and the response is almost the same in magnitude as that
of acetone vapour. The mixture's response is slightly higher due
to the interferences possessed by the vapour interaction from
the other vapours. The response time of acetone is 53 s.
Meanwhile, the response time of the mixture is 63 s. The delay
in response from the mixture could be due to that the untar-
geted analytes (toluene, cyclohexane, 4-methyl-hexene and 3-
pentanone vapours) are blocking some active sites on the sensor
which results in a delay in response from our targeted acetone
vapour.

4. Conclusions

In summary, carbon soot (CNPs) was prepared from pyrolysis of
household wax, ZIF-67 was prepared from the sol-gel method

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and the CNPs/ZIF-67 composite was prepared from physical
mixing. All the prepared materials were characterized using
TEM, FTIR, XPS, Raman spectroscopy and XRD. All sensors were
tested at room temperature. The CNPs/ZIF-67 sensor improved
the sensitivity of the CNP sensor by 155 times during the
detection of acetone vapour while the ZIF-67 sensor did not
respond to any analyte. And the CNPs/ZIF-67 sensor was found
to be highly sensitive to acetone vapour and less sensitive to
cyclohexane, 3-pentanone, 4-methyl-1-hexene, and toluene
vapours. In addition, the sensor was found to be humidity
insensitive and had fast response-recovery times and the LOD
was found to be 484 ppb on the detection of acetone vapour.
Thus the CNPs/ZIF-67 sensor is a promising candidate for a fast,
portable, non-invasive, and inexpensive diabetes diagnosis
method and to maintain good health in high acetone vapour
environments.
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