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ARTICLE INFO ABSTRACT

Keywords: The Solid-state chemiresistive gas sensing devices are the desirable recruit to detect toxic gases and volatile
Sensitivity organic compounds; however, the growth of real-life applications of these sensors is poor due to their drawbacks,
;;iu;l“e including high working temperature, showing poor responses during moderate to high humidity, and poor

selectivity towards the gas of interest. In this work, we synthesised zeolitic imidazolate framework (ZIF-71),
carbon soot (CNPs) and CNPs@ZIF-71 composite and were successfully characterised using scanning electron
microscopy (SEM), transmission electron microscopy (TEM), powder X-ray diffraction (PXRD), Raman spec-
troscopy, Fourier-transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). The ZIF-
71, CNPs and CNPs@ZIF-71 composites are used to fabricate the sensors to detect toluene, ethanol, mesitylene,
diethyl ether and acetonitrile vapours at room temperature. The ZIF-71 did not respond to any of the tested VOCs
at room temperature; however, the CNPs sensor showed some little response to the tested VOCs. However, the
linear response was not observed as the analyte concentration increased. However, the CNPS@ZIF-71 showed
excellent response and sensitivity towards the toluene vapour and less sensitivity towards mesitylene, diethyl
ether, acetonitrile and ethanol vapours. ZIF-71 synergistically improves CNPs sensing performances on toluene
vapour detection. The CNPS@ZIF-71 sensor was found to be highly resistive during the detection of toluene
vapour. The calculated limit for the detection of toluene vapour on the CNPs@ZIF-71 composite sensor was 518
ppb. In situ, FTIR coupled with LCR meter online analysis was done to study the sensing mechanism, and it was
found that toluene vapour detection on sensor 3 undergoes total deep oxidation to form H,0 and CO; as by-
products.

Gas sensors
Room temperature

1. Introduction laboratories [3,4]. A severe inhalation of toluene vapour may result in

human dizziness, drowsiness, and respiratory tract irritation [5]. Human

There is a worldwide growth of environmental air pollution due to
industrialisation, mainly in the chemical and mining industries. These
industries use toxic chemicals daily end in releasing various toxic va-
pours into the atmosphere. Consumer goods have increased significantly
due to an exponential increase in the global population [1,2]. Some
companies release volatile organic compounds (VOCs) while producing
food, electricity, and other basic needs. The VOCs may include benzene,
toluene, acetone, mesitylene, methanol, carbon monoxide, ammonia,
hydrogen sulfide, nitrogen dioxide and many more. Toluene is an
organic compound that effortlessly evaporates at room temperature
because of its high vapour pressure. Toluene liquids are commonly used
as solvents in petrochemical, agricultural processes, and other industrial
applications, including adhesives, inks, pharmaceuticals, and

* Corresponding authors.

inhalation of toluene vapour has a threshold for eye and nose irritation
as low as 53.07 ppm, and as low as 265.37 ppm, which can make a
person dizzy [6]. In the past, the accurate detection of gases and VOCs
involved using analytical instruments such as gas chromatography [71,
optoacoustic [8], and spectrophotometer [9], unfortunately, these
analytical instruments possess some drawbacks that lead them not being
widely available due to their expensiveness, requiring high mainte-
nance, trained personnel, not portable, and long time for analysis. Over
the years, semiconductor metal oxide (SMO) chemo-resistive gas sensors
gained a lot of attention from researchers and engineers to deploy them
to detect harmful gases and VOCs due to their low cost in fabrication,
portability, high sensitivity, high response-recovery time and fast anal-
ysis time [10]. Basically, chemiresistive gas sensors are the sensors that
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measure a change in electrical resistance once the material (previously
SMOs) used to fabricate the sensor interacts with gases or volatile
organic compounds [11]. Chemiresistive gas sensors are built by making
a thin film of sensing materials on the interdigitated gold electrodes.
Electrodes are commonly plated with gold (Au) or platinum (Pt) because
of their excellent conductivity and corrosive resistivity. However, the
previously reported SMOs gas sensors lack selectivity towards the aimed
gas to detect in the presence of other gases [12], possess poor gas
response in high humidity conditions, and operate at extremely high
temperatures of 240-400 °C [10,13]. It is not ideal to wuse
high-temperature working sensors because of their high energy con-
sumption, which is unsuitable for the energy economy.

Interestingly, carbon materials such as carbon fibres [14], carbon
nanoparticles [15], graphene oxide [16] and carbon nanotubes [17] are
commonly used to allow the sensors to work at room temperatures. The
significance of this work is to fill the gap posed by the previously re-
ported materials, wherein the limitations include failure to maintain
similar sensing responses as the humidity changes, poor selectivity to-
wards a gas of interest, high working temperatures [10,13,18] and also a
lack of proving the sensing mechanism. To address the poor response at
high humidity levels and selectivity on the targeted gases or VOCs
possessed by SMO and carbon-based gas sensors. Zeolitic imidazolate
frameworks (ZIFs) are used as sensing material to allow the sensor to
resist humidity during gas detection. ZIFs are promising materials to be
deployed in gas sensing applications because of their easy synthesis,
hydrophobic nature, and porosity tunability [11]. ZIFs are a subset of
metal-organic frameworks (MOFs) composed of a central metal ion and
imidazole linker [19-21]. A rarely reported material, ZIF-71, is made up
of 4,5-dichloroimidazole and a Zn?* possessing tetrahedral geometry.
However, deploying ZIFs only as sensing materials in gas sensors still
possesses a disadvantage: not operating at room temperature but at
elevated temperatures 140 to 350 °C [19,20]. Recently, using carbon
soot (commonly known as carbon nanoparticles [CNPs]) hybridised
with other materials become a focused area of research due to their
ability to work at room temperature and fast response-recovery times.
The CNPs are inexpensive and easy to prepare. In this work, we use
ZIF-71, CNPs, and ZIF-71 @CNPs composite as sensing material to detect
VOCs at room temperature. Furthermore, the mass of CNPs in
CNPs@ZIF-71 composite sensors was varied, while the mass of ZIF-71
was kept constant to investigate the sensitivity of the VOCs.

2. Experimental
2.1. Chemicals and reagents

Zinc acetate dihydrate [Zn(CH3COO),-2H50], 4,5-dichlorolimida-
zole [dclm] (99%), N, N-dimethylformamide (DMF, 99.5%), ethanol
[EtOH], mesitylene (commonly known as 1,3,5—trimethylbenzene),
acetonitrile, diethyl ether, (98%), and toluene (C;Hg, 99.8%), were
purchased from Sigma Aldrich (South Africa). Lighthouse candles were
purchased at a local supermarket in Johannesburg, South Africa.

2.2. Synthetic methods

2.2.1. preparation of carbon nanoparticles (CNPs)

The pyrolysis method is the method opted to prepare CNPs, as re-
ported by the referenced work [15]. A ceramic cup was placed about 2
cm above the flame of the burning candle that produces smoke for the
collection of CNPs. The ceramic cup with the CNPs was cooled at room
temperature, and a spatula was used to scrape the accumulated CNPs
from the ceramic cup’s internal walls. The scraped CNPs were washed
with ethanol three times and dried in the oven at 60 °C for 12 h. The
washed CNPs were stored in a vial at room temperature until used.

2.2.2. Synthesis of ZIF-71 and CNPs@ZIF-71
The synthesis of ZIF-71. Firstly, 110 mg Zn(CH3COO)3).2H20 and
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160 mg of dclm were separately dissolved in 5 mL DMF and 5 mL
methanol, respectively. The two solutions were stirred until the homo-
geneous mixtures were obtained and then the zinc-containing solution
was transferred into the dclm linker solution to form ZIF-71. The ZIF-71
solution was stirred for 30 min, and after the reaction completion, the
ZIE-71 was extracted by centrifuging the solution for 1 hour. The pink
product was dried using an oven at 60 °C for 12 h [22]. A mechanical
mixing method was used to prepare CNPs@ZIF-71 composite, wherein a
1:1 mass ratio of CNPs and ZIF-71 were dissolved in DMF. The black
solution was dissolved and stirred at room temperature for 18 h. After
the time elapsed, the solution was dried at 80 °C for 24 h [23].

2.2.3. Sensor fabrication

CNPs, ZIF-71 and CNPs@ZIF-71 are the sensing materials utilised in
fabricating the sensors to detect VOCs at room temperature. 10 mg ZIF-
71 and 10 mg CNPs were singlely dissolved in 5 mL DMF to prepare
sensors 1 and 2. To prepare sensor 3, 10 mg ZIF-71 and 10 mg CNPs were
both dissolved in a 5 mL DMF contained in a glass vial and to prepare
sensor 4 and sensor 5, the mass of CNPs were varied within the com-
posite while the mass of CNPs were kept constant (see Table 1). All the
mixtures were ultrasonicated and stirred at room temperature for 12 h to
obtain a homogeneous mixture. 7uL of mixtures of each composite were
taken from and drop coated on a gold plated-interdigitated electrode to
prepare the sensors and allowed to dry at room temperature. All the
prepared sensors were placed in a vacuum desiccator for three days to
dry the DMF, following a similar reported work [24].

2.2.4. gas sensing set-up

The same set-up (Fig. 1) was used to investigate all prepared solid-
state gas sensors. An E4980A keysight LCR meter was connected to
the prepared gas sensor, which was then put inside a 20 L round bottom
flask with four inlets. The two inlets of the round-bottom flask were
connected to a vacuum pump, and the other introduced ambient air
while any gas was being removed. The third inlet was to introduce the
sensing device and the final one was for the relative humidity sensor. At
a contact time of 10 min per injection, a total of five trials, 1, 2, 3, 4, and
5 pL of volatile organic compounds, were introduced into the round-
bottom flask. Each trial was followed by a 3-minute rest period before
the next one, during which the exposed vapour was flushed out with the
help of a vacuum pump at atmospheric pressure. The analyte liquid has a
high vapour pressure, which causes the volatile organic compounds
(VOCs) to evaporate quickly during injection. We computed the vapour
concentration of the volatile organic compounds (VOCs) using Eq. (1):

22,4 TV,

_224PTVs 3000, 1
273 My~ 1000 M

Where C is the vapour concentration (ppm), p is the density of the liquid
analyte (g.cm’l), 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) [15].

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 90% maximum response before it reaches the saturated
(plateau) state, while recovery time was defined as 90% time required
for the sensor to get its baseline during the removal of the gas exposed

Table 1
The prepared sensors and their respective mass ratios.

Sensor name Sensing material Mass (mg), CNPs:ZIF-71

Sensor 1 ZIF-71 0:10
Sensor 2 CNPs 10:0
Sensor 3 CNPs@ZIF-71 10:10
Sensor 4 CNPs@ZIF-71 20:10
Sensor 5 CNPs@ZIF-71 30:10
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Fig. 1. Gas sensing set-up.

from its plateau.

2.2.6. An in situ FTIR-online LCR meter measurement

The in-situ FTIR -LCR meter set-up was followed as reported [24]. IR
spectra were recorded using the FTIR instrument (PerkinElmer Spec-
trum 100) with a resolution of 4 cm™! and 16 scans. A gas cell is a cy-
lindrical cell (approximately 110 mL volume) fitted with two KBr
windows at both ends. The vessel with two inlets for the sample injection
and the sensors’ electrical connection was placed at the centre, with the
device positioned on the upper wall of the cell so that the IR beam passes
through the windows without blocking. The sensor was connected to the
LCR meter through two electrically insulated wires. During the mea-
surement, the sensor was exposed to about 382 ppm of the analyte
vapour and the vessel was kept closed throughout the experiment. FTIR
spectra were taken every 1 min, while the impedance measurements
were taken continuously for each sensor to a total maximum time of 22
min.

2.2.7. Humidity tests

Relative Humidity (RH) tests were done at room temperature (23
°C), wherein a humidity sensor and the gas sensor were both placed
inside the sensing chamber. The chamber’s humidity was varied by
carefully controlling the volume of water vapour from boiling water into
the chamber. Thus, the sensor detected toulene vapour at various rela-
tive humidity conditions [24].

2.2.8. Characterisation techniques

The morphology of ZIF-71, CNPs and CNPs@ZIF-71 were investi-
gated using high-resolution transmission electron microscopy (HRTEM)
at an acceleration voltage of 200 kV, JEOL-TEM 2010 (Japan) using
Gatan software wherein samples were loaded onto copper grids. Powder
X-ray diffraction (PXRD) was done using a Bruker D2 Phaser using
LynxEye detector with radiation of a CuKa 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 characterisations

The surface morphology of the synthesised materials was investi-
gated using SEM. The CNPs are found to be perfectly rounded particles

and the spherical particles are bound to each other to form large irreg-
ular structures (see Fig. 2a). The SEM image reveals that the ZIF-71 are
well-perfected hexagonal shapes of different diameter sizes ranging
between 120 - 350 nm (see Fig. 2¢). The SEM image of the CNPs@ZIF-71
composite as shown in Fig. 2e, wherein it revealed that the carbon
nanoparticles covered the surface of hexagonal ZIF-71. The CNPs@ZIF-
71 has resulted in a rough surface due to agglomerated CNPs (see
Fig. 2e). The SEM-EDX was also conducted to investigate the elements in
the samples. The SEM-EDX displayed in Fig. 2b showed CNPs are
composed of carbon (C) and oxygen (O) only, ZIF-71 and CNPs@ZIF-71
are composed of zinc (Zn), carbon (C), chlorine (Cl), and oxygen (O).
Nitrogen from the imidazole ring is omitted because it does not have a K-
shell level, and the EDX detects elements with K-shell levels (see Fig. 2d
and f). Furthermore, the HR-TEM analysis was carried out to study the
internal morphology of CNPs, ZIF-71, and CNPs@ZIF-71. The spherical
CNPs appeared to be stacked on top of each other, forming chain-like
structures (see Fig. 3a and b); the average diameter of the CNPs is 35
nm (see Fig. 3e). The TEM images agree well with SEM images that the
structures of ZIF-71 are hexagonal (see Fig. 3c). Fig. 3d clearly shows
that the carbon nanoparticles are fused on the surface of the hexagonal
ZIFs, similar findings were reported [25,26].

The phase purity and crystallinity analysis of CNPs, ZIF-71, and
CNPs@ZIF-71 were investigated using powder X-ray diffraction (PXRD).
The CNPs exhibit two broad peaks assigned for amorphous nature (20 =
24.5°) and graphitic character (20 = 43.7°), as shown in Fig. 4a [23].
The XRD pattern of ZIF-71, as displayed in Fig. 4b, matches the earlier
report [27]. The XRD peaks positioned at 20 = 4.4°, 6.2°, and 20 = 7.6°,
which are assigned for (001), (002), and (112) crystal planes, indicate a
successful synthesis of ZIF-71 [28]. Due to the high crystallinity of
ZIE-71, the two broad peaks of amorphous CNPs in CNPs@ZIF-71 XRD
patterns are suppressed.

The chemical bonding and functional group analysis of CNPs, ZIF-71,
and CNPs@ZIF-71 were studied using FTIR. The broad peak occurring at
3555 cm ™! on the CNPs FTIR spectrum is assigned for O—H stretching
[25]. The two peaks occurring at 3232 cm™! and 2906 cm ™! represent
C—H stretchings. In addition, peaks positioned at 1645 cm ™', 1388
em " and 1105 cm™! are for H—O-H and C = O stretching, C—OH
stretching, and C—O bend stretchings (see Fig. 5) [22]. The ZIF-71 FTIR
peaks at 2917 cm_l, 1517 cm_l, and 540! are assigned for C—H, C =
N, and Zn-N, respectively [28,29]. The IR bands between 1193 and 1226
cm ! are ascribed to the presence of 4,5-dichloroimidazole ligand [28].
The peaks on CNPs are also in the ZIF-71, thus, it is challenging to
outline a few peaks to prove the formation of CNPs and ZIF-71 com-
posite (see Fig. 5).

Figs. 6 and 7 show XPS spectra plotted for CNPs, ZIF-71, and



L. Malepe et al.

ok

loraratatalbaronatataboronanan

E

D 5

3

Materials Research Bulletin 181 (2025) 113076

B spectrum 14
Wt% o

e 916 0.1

(o] 84 0.1

L L R T T T T T O T O O O T I S |

Spectrum 1

g

10
Full Scale 714 cts Cursor: 0.000

Spectrum 1

10

Full Scale 3742 cts Cursor: 0.000

Fig. 2. SEM image of (a) CNPS, (b) ZIF-71, (c) CNPs@ZIF-71, and EDX spectra of (d) CNPs, (e) ZIF-71, and (f) CNPs@ZIF-71.

CNPs@ZIF-71 to reveal the oxidation of zinc, elemental composition,
and the type of oxidation species present within the synthesised mate-
rials. The XPS survey spectrum of CNPs revealed the presence of C 1 s
and O 1 s peaks assigned for carbon (C) and oxygen (O). The XPS survey
spectrum of ZIF-71 and CNPs@ZIF-71 showed C1 2p,C1s,N1s,01s,
and Zn 2p, proving the presence of chlorine (Cl), carbon (C), nitrogen
(N), oxygen (O) and zinc (Zn), respectively (see Fig. 6a-c). Fig. 7a
presents two pronounced peaks at 1045.6 eV and 1022.6 eV due to Zn 2p
1,2 and Zn 2p g3, respectively. The separated binding energy between
Zn 2p1 5 and Zn 2p 9,3 is 23 eV [30], indicating the existence of Zn®" in
both ZIF-71 and CNPs@ZIF-71. The C 1 s scan of CNPs is deconvoluted
into peaks at 283.8 eV, 284.6 eV, 286 eV, 287.8 eV, 288.8 eV assigned
for C—C sp2, C—C sp°, hydroxyl group (C—O0), carbonyl group (C = 0),
and carboxyl group (O—C = 0), respectively [31] (see Fig. 5b). XPS
analysis agrees well with XRD analysis (refer to Fig. 4) by proving the
existence of the graphitic nature of the CNPs by showing a sp? hybri-
dised peak on XPS. The fitted sp? and sp®> XPS peaks were used to
calculate their ratio, wherein the sp?/sp® ratio was found to be 1.65.
Using a ratio value of 2 as a reference, and since our sp2/sp° ratio is less
than 2, the CNPs are highly amorphous [31,32]. The C 1 s scan is fitted
with two peaks at 284.6 eV and 286.6 eV for C = C and C = N/C—N from
the imidazole ring of the ZIF-71 (see Fig. 5¢). The XPS O 1 s spectra of

CNPs, ZIF-71, and CNPs@ZIF-71 are fitted with peaks at 531.9 eV, and
533.2 eV assigned for Oy and O,, respectively. The beta oxygen (Op)
represents the oxygen species adsorbed on the surface of the materials,
while the gamma oxygen (O,) represents the OH species adsorbed on the
surface of the materials [32] (see Fig. 7d-f).

The O 1 s graphs are deconvoluted into oxygen species named Op and
0,. The curves are fitted with Gaussian to obtain the area under the
curve for CNPs, ZIF-71 and CNPs@ZIF-71 composite with the mass ratio
1:1; the areas obtained were expressed in percentages as summarised in
Table 2. All the tested sensing materials had both oxygen species, Og and
0,. The Oy content in CNPs@ZIF-71 composite improved from 18.8% to
50% with the material composition, and the higher amounts in Op
content play a crucial role in sensing.

3.2. Gas sensing performances

3.2.1. Sensing performance, sensitivity, and response-recovery times

The change in relative electrical resistances was recorded during the
chemisorption interaction between the surface of the sensing materials
(i.e. sensor 1 is composed of ZIF-71 only, sensor 2 is made up of CNPs,
sensor 3 is made up of CNPs@ZIF-71 with the mass ratio 1:1, sensor 4 is
made up of CNPs@ZIF-71 with the mass ratio 1:2, and sensor 5 is made
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Fig. 3. TEM image of (a, b) CNPs, (c) ZIF-71, (d) CNPs@ZIF-71, and (e) particle size distribution of CNPs.

up of CNPs@ZIF-71 with the mass ratio 1:3) and the analytes (i.e.
ethanol, toluene, mesitylene, diethyl ether and acetonitrile). The gas
sensors’ performances were tested at room temperature with an average
relative humidity of 44%. Sensor 1 (ZIF-71) did not respond to any of the
analytes at room temperature [19,20], while sensor 2 (CNPs) showed
some interactions with the analytes; the recorded change in relative
resistance is small (see Fig. S.1). The sensitivity of the sensors towards
the analytes was improved when the ZIF-71 was combined with the
CNPs in sensors 3, 4, and 5. Since ZIF-71 did not respond to any analyte
at room temperature, its mass within the CNPS@ZIF-71 composite was
kept constant and the mass of CNPs varied to investigate the best sensor
that possesses a good sensitivity and selectivity. The sensitivity of the
sensors towards the detection of the analytes was calculated using the
formula, i.e.

AR

s==
AC

(2)

where S represents the sensitivity measured in Qppm’l, AR represents
the change in relative resistance measured in ohms, and AC represents
the change in concentration of the analyte in ppm [23]. The sensitivity
of the sensors were recorded, while the mass of the CNPs within the
CNPs@ZIF-71 composite changed.

Sensor 3 responded to all tested analytes, and it was found to be
highly sensitive towards toluene vapour and less sensitive to diethyl
ether, ethanol, mesitylene, and acetonitrile vapours. The sensor is
approximately 45% more sensitive towards toluene (0.00625 Qppm 1)
than the mesitylene (0.00327 Qppm ') (see Fig. 8¢). The magnitude of
change in relative response of sensor 4 is small, and it also has relatively
poor sensitivity towards the analytes. Sensor 5 responded to all five
analytes, possessing equal sensitivity towards toluene and mesitylene
vapours with a maximum sensitivity value of approximately 0.00410
Qppm L. Overall, sensor 3 was the best-performing sensor, having a
good sensitivity towards the toluene vapour compared to sensors 1, 2, 4,
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and 5. All the sensors showed a linear increase in relative response as the
concentration increased. Sensor 1 has a higher sensitivity towards the
analytes than sensor 4. However, sensor 4 showed a low signal-to-noise
ratio compared to sensor 1. The relative response in resistance is directly
proportional to the vapour concentration (see Fig. 8b and c).

The response and recovery time were calculated only for sensor 3
because it is the only sensor that showed higher sensitivity and good
selectivity toward the targeted analyte (toluene vapour) over the other
tested analytes (refer to histograms in Fig. 8). However, mesitylene
vapour is considered as a competitor analyte because the sensor is just
50% less sensitive than the toluene. The response time of toluene vapour
of sensor 3 was fast, 42 s; however, the sensor’s recovery time after
exposure to toluene was slow, 58 s (see Table 3). The quicker response
time could be due to the higher diffusion rate of toluene vapour towards
the active sensing layer, and the other analytes showed slower response
times as compared to toluene vapour, which mainly is that the other
analytes including acetonitrile, mesitylene, diethyl ether and ethanol
vapours have slower diffusion rate around the Sensor [33]. No covalent
bond formed between the toluene vapour and the active sensing layer.
The pore size of CNPs, ZIF-71, CNPs@ZIF-71 composite with the mass
ratio 1:1 obtained from Brunauer-Emmett-Teller (BET) is 336.7 10\, 23.7
A and 41.7 A, respectively.

The main factor influencing the analyte gas concentration in the
porous structure is the analyte gas’s diffusion and surface reaction rate;
the latter is also dependent on the pore size and surface diffusion. Even
though porous materials primarily use four kinds of diffusion mecha-
nisms, all depend on the pore size of the materials. When the pore size is
larger than the mean free path, the bulk Poiseuille flow is dominant
[39]; when pores have a diameter ranging from 2 to 50 nm and are long
and narrow, the Knudesen diffusion becomes dominant [40]. The third
diffusion mechanism becomes dominant when there is a strong potential
field between the analyte gas molecules and the pore walls, resulting in
the molecules being strongly adsorbed on the pore wall and losing the
gaseous property. The adsorbed molecules’ diffusion is by vibrating at
the adsorption site and slowly moving to the nearby location [41]. When
materials with small pore sizes, the translational diffusion mechanism
becomes dominant; in this mechanism, the analyte gas molecules
require sufficient kinetic energy to break free from one side of the pore
wall’s surface potential field, and they then diffuse through by leaping
from one location to the next [34]. Our prepared material has a pore size
of 41.7 A (CNPs@ZIF-71 composite with a mass ratio 1:1). The kinetic
diameter of the analyte molecules are 3.6 /o\, 8.6 A, 6.5 f\, 6.2 A and 6.5 A
for ethanol, mesitylene, acetonitrile, diethyl ether, and toluene,
respectively [35-38,42]. This suggests that the prepared materials’ pore
size is substantially greater than the kinetic diameter of the analyte
molecules. Therefore, there is no hindrance during diffusion through the
pores, and the bulk Poiseuille is expected to be the dominant diffusion
mechanism. According to our results, the sensor is more sensitive to
toluene than the other analytes; it most likely results from surface
reactivity of the sensing materials rather than pore size acting as sieving.

3.2.2. Reproducibility and humidity investigations

The repeatability of Sensor 3 was investigated in detecting toluene
vapour at room temperature (see Fig. 9a). For repeatability studies,
Sensor 3 was exposed to 11.5 ppm toluene vapour for five cycles (see
Fig. 9a). The Sensor’s response during the exposure was almost the
same, with the maximum response value of 0.25, 0.24, 0.25, 0.25 and
0.24 Q. The average maximum response was 0.25+0.0005 Q, indicating
that the fabricated sensor was stable during the exposure and read the
same value for successive exposure. Thus, Sensor 3 is considered a good
sensor since it can respond and regenerate similar results over time. The
change in atmospheric moisture or water vapour (commonly known as
humidity) affects the gas sensor’s performance [43] regarding the
response-recovery time, selectivity and the relative response of the gas
sensors operating at room temperature [44].

The humidity interferences in the detection of toluene vapour were
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investigated by injecting a controlled amount of water vapour into the
chamber during the detection process. For this experiment, we used 11.5
ppm toluene vapour at variable relative humidity (RH): 33%, 44%, 68%,
80%, and 91% RH and the toluene vapour responses were recorded as
0.20 Q, 0.23 Q, 0.25 Q, 0.27 Q, and 0.32 Q, respectively (see Fig. 8c).
The change in toluene vapour relative response at relative humidities
from 33% to 80% RH was only by 0.07 Q (the difference in maximum
response of the vapour), and the average response over the range of
humidity was 0.25+ 0.040 Q. It was observed that even at high water
molecules content (80% RH), the sensor still responded to toluene
vapour with a slight increase in response. However, the response time of
toluene is delayed as the humidity increases, which could be that the
water vapour molecules condense into liquid water on the surface of
CNPs@ZIF-71 composite sensor, and while the recovery time of sensor 3
on toluene vapour increases with an increase in relative humidity (see
Fig. 8d). The recovery time of the toluene vapour is shortened as the
humidity around the sensor increases, mainly because the humidity does
not create easy channels for desorbed gases to evacuate the gas chamber.
The water molecules are chemisorbed on the sensor’s surface, and the
water molecules slightly respond to the sensor, which is why the
response value of toluene vapour increases as the humidity increases
[45]. The slight response could be from the presence of CNPs in sensor 3
(CNPs@ZIF-71, at a mass ratio 1:1) since ZIF-71 is known to be hydro-
phobic [46].

3.2.3. Selectivity studies

Selectivity detection of the targeted toluene vapour was investigated
in a mixture vapour (combined all toluene, ethanol, diethyl ether,
acetonitrile, and mesitylene vapours in one vessel) on sensor 3
(CNPs@ZIF-71, mass ratio of 1:1) as shown on Fig. 10. The obtained the

maximum response curve of the mixture vapour was compared with the
maximum response curves of the individual vapours statically detected
by sensor 3. The maximum measured relative resistance of the mixture
vapour was 0.24 Q, and targeted toluene vapour was 0.19 Q, and the
poorly responsive analytes, including mesitylene (0.13 Q), acetonitrile
(0.07 Q), ethanol (0.04 Q) and diethyl ether (0 Q). The response curve
shape of toluene vapour is almost similar to that of mixture vapour;
however, the maximum response value of mixture vapour is a bit higher
than that of toluene. The maximum response of toluene vapour should
ideally be equal to that of toluene for selectivity measurements; how-
ever, the higher response value for the mixture analytes is due to the
response interference caused by other vapours. The response time of
mixture vapour was higher than for pure toluene was 42 s and for the
mixture was 79 s; slowing the response time may be due to competing
interference occurring on the surface of the sensing material from other
analyte vapour during selective detection of toluene. The delay in
response might be that the other vapours (ethanol, acetonitrile, mesi-
tylene, and diethyl ether) occupy some of the active sites of the sensors
while detecting the toluene vapour from the mixture vapour.

From reported work, most toluene sensors operate at temperatures of
more than 210 °C, as shown in Table 4. However, our sensor is better
than the reported work as the sensor operates at room temperature with
a fast response-recovery time.

3.2.4. Sensing mechanism

CNPs@ZIF-71 Sensor on the detection of toluene vapour gas sensor
operating at room temperature uses a gas adsorption-desorption sensing
mechanism. Firstly, atmospheric oxygen gas molecules adsorb on the
surface of the CNPs@ZIF-71 sensor, extracting electrons from the con-
duction band of the material, and get ionised to generate highly reactive
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Table 2

The calculated percentage of oxygen species in the materials.
CNPs Atomic ZIF-71 Atomic CNPs@ZIF- Atomic
Peak % of Peak % of 71 % of
positioned oxygen positioned oxygen Peak oxygen
(eV) (eV) positioned

(eV)

Op —42.7 57.3 Oy —531.7 18.8 Op —531.7 50
0,-57.3 427 0,~5331 812 0,-5331 50

oxygen species (Oz, O~ and 0%7) as represented in Eq. (3)-(5). The
oxygen-reactive species, oxides (O~) and superoxides (Oz), are cat-
egorised as electrophiles, which attack electron-rich hydrocarbons
[52-54]. Furthermore, the 0?~ are classified as nucleophiles that attack
the C—H bonds of the toluene vapour during oxidative dehydrogena-
tion. Consequently, an accumulation of electrons on the surface forms an
electron depletion layer, which results in bending the band [55]. The
highly reactive oxygen species attack the pie (1) bonds of the toluene
vapour [56], which are carbon-to-carbon double bonds (C = C) in the
aromatic ring of the toluene. When toluene vapour (C;yHg) reacts with



L. Malepe et al.

0.6
(a)
57.5 ppm
0.4
S
v 0.2+
<
0.0
0 1000 2000 3000 4000
time (s)
0.008 :
(c)
A- Toluene )
— 0.006 g Diethyl ether
'c C- Ethanol
oy D- Mesitylene i
S 0.004-. E- Acetonitrile
2
=
2
o 0.002-
N
0.000 -
A BCDE- - ABTC CDE
Sensor 2 Sensor 3

Materials Research Bulletin 181 (2025) 113076

057 (b)

0.2 7

10 20 30 40 50 60
Concentration (ppm)

0.008
(d)
A- Toluene 1
. 0.006 - B- Diethyl ether
D C- Ethanol
g D- Mesitylene i
Q E- Acetonitrile
S 0.004
P
=
.‘Z)
S 0.002
(7]
0.000-
A BCDE- - ABTC CDE
Sensor 4 Sensor 5

Fig. 8. (a) Relative resistance curve of sensor 3 towards toluene vapour, (b) calibration curve of sensor 3 towards toluene vapour, (c-d) sensitivity bar graph.

Table 3
Comparison of various materials reported of acetone vapour gas sensors.

Analytes Response time (s) Recovery (s) Kinetic diameter (A)
Ethanol 52 29 3.6 [34]
Mesitylene 96 38 8.6 [35]
Acetonitrile 107 30 6.5 [36]
Diethyl ether - - 6.2 [37]
Toluene 42 58 6.5 [38]

(-) not recorded.

the highly reactive oxygen species on the surface of the sensing material,
the resistance of the sensing material increases as it loses electrons on
the material’s surface. As a result, carbon dioxide (CO5) and water (Hy0)
are formed as by-products [23,56]. Atmospheric air containing oxygen
is used to flash out the formed CO2 and H,O vapour. During the removal
of the products formed in the volume chamber, the oxygen molecules
chemisorb on the sensor’s surface.

The proposed mechanism is toluene vapour reacting with the
oxygen-reactive species:

02 (gas)— 02 (ads) 3
02 (ads) + € — Opads) @
Opds) + € = 20(ads) ®)
OGads) + € = 0% (ap) (6)

C7Hg (gas) T 180¢aps) = 4H20 (gas) T 7COo (gas) T 18e™ @

Furthermore, to confirm the sensing mechanism, the in-situ FTIR and
LCR meter set-up is used to study the sensing mechanism. The AR of
toluene vapour on Sensor 3 was recorded, as shown in Fig. 11a, and the
FTIR spectra were collected every minute, as shown in Fig. 11b. The CO,
IR bending mode occurring at 668 em ! [56] formed during the sensing
process, and the C—H stretching (3200- 2900 cm 1) peaks intensities on
the aromatic ring were studied. The new CO- IR band intensity increased
with the time of toluene vapour exposure. The C—H stretching peaks
decrease as the time of toluene exposure increases, which gives us
insight into the toluene vapour sensing mechanism. Fig. 11d presents
C—H stretching bands; it is clear that the toluene vapour decomposes
into CO, and H20 because the first FTIR spectrum (at t = 1 min) has high
intensity compared to the last spectrum. The first FTIR spectrum (att =1
min) recorded shows a little CO, intensity as compared to the previously
recorded FTIR spectrum (see Fig. 11¢). With these observations, we have
evidence that detecting toluene vapour at room temperature using
sensor 3 undergoes deep decomposition.

3.2.5. Limit of detection (LOD)

The lowest possible concentration to be detected in gas sensors is
important to be known, commonly known as the Limit of Detection
(LOD). LOD The calibration curve between the toluene vapour and
electrical response gives a correlation coefficient (R%) of 0.99 and a slope
of 0.00637 Q ppm ™. The LOD = 3 x RMS/slope [38], wherein the RMS
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Fig. 10. Static response-recovery curves of the analytes on sensor 3.

is the standard deviation with a value of 0.00011 and the LOD is 518
ppb. CNPs@ZIF-71 (Sensor 3) can detect toluene vapour even at the
lowest concentration (ppb).

4. Conclusions

In summary, the successful preparation of CNPs, ZIF-71, and
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Table 4
Comparison of various reported toluene vapour gas sensors.
Sensing materials ~ Toluene  Res/rec time  Response ~ Temp  Ref
(ppm) O] (ohms) (°0
Coral like ZnO 3000 - 2.9 25 [471
Co304 100 189/1614 11.2 210 [48]
NiO/ZnO 95 70/75 19.1 300 [49]
NiO-SnO, 50 11.2/4 12 330 [501]
Au-ZnO 100 60/180 8.6 340 [51]
CNPs@ZIF-71 11.5 42/58 0.2 25 This work

CNPs@ZIF-71 were confirmed using SEM, TEM, PXRD, XPS, and FTIR.
CNPs, ZIF-71, and CNPs@ZIF-71 are the materials used to fabricate the
sensors for detecting ethanol, toluene, mesitylene, acetonitrile, and
diethyl ether vapours. The amount of CNPs within CNPs@ZI-71 com-
posite was varied to investigate the sensors’ performance towards the
analytes. It was found that CNPs@ZIF-71 with the mass ratio 1:1 (Sensor
3) is highly sensitive to toluene vapour and poorly sensitive towards
ethanol, acetonitrile, mesitylene, and diethyl ether. Furthermore, the
detection of toluene vapour was done at different humidity conditions,
and based on the analysis, there was a slight increase in toluene response
as the humidity increased. Sensor 3 is the best and most highly selective
sensor on toluene vapour with a LOD of 518 ppb. In situ, FTIR coupled
with LCR meter online analysis was done to study the sensing mecha-
nism, and it was found that toluene vapour detection on Sensor 3 un-
dergoes total deep oxidation to form H>0 and CO- as by-products.
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Fig. 11. (a) Response curve of the toluene vapour during in-situ FTIR-LCR meter online analysis, (b) FTIR spectra of toluene vapour during sensing (c) CO; IR peak,

and (d) C—H stretching of the toluene vapour.
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