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Diethylamine vapor is harmful to people if inhaled or swallowed, as it results in the oxidation of hemoglobin in
the body into unwanted methemoglobin, which is unable to transport oxygen in the blood, resulting in reduced
blood oxygenation. Lack of blood oxygenation leads to hypoxemia. MnO; nanorods, carbon soot, and
MnO,@ZIF-8 are sensing materials used to prepare solid-state gas sensors that operate at room temperature. The
prepared sensing materials were characterized by scanning electron microscopy, transmission electron micro-
scopy, powder X-ray diffraction, X-ray photoelectron spectroscopy, and Fourier-transform infrared spectroscopy.
The performance of the MnO,@ZIF-8 based sensor improved significantly when the carbon soot was introduced
into the composite. The effect of the amount of CNPs in the composite on the performance of the sensors was
studied. The MnO,@ZIF-8/CNPs-based sensor with a 3:1 mass ratio was highly selective towards diethylamine
vapor over acetone, methanol, ethanol, and 3-pentanone vapors. An in situ FTIR coupled with LCR meter was
used to understand the sensing mechanism of diethylamine vapor and it was found that the sensing mechanism
was by deep oxidation of diethylamine to CO2, H0, and other molecules. The sensing mechanism was studied by
monitored by CO5 band intensity which was produced from the reaction between the sensing materials and the
analyte vapor. As the sensor’s exposure time increased the intensity of the CO; IR band increased. We observed
the direct relationship between the surface reaction rate and the sensor’s sensitivity.

Introduction

Volatile organic compounds (VOCs) are organic compounds that are
easily vaporized at room temperature, even at low concentrations [1].
Highly volatile VOCs, including basic alcohols, amines, ketones, and
aldehydes, often have low molecular weights, boiling points, and high
vapor pressures [2]. Diethylamine is an amine compound with a molar
mass of 73.14 g/mol and a boiling point of approximately 55 °C. It is a
volatile organic compound (VOC) that is widely used in pesticides, dyes,
pharmaceuticals, corrosion inhibitors, and herbicides. Exposure to
diethylamine may cause serious damage to the human skin, eyes, and
respiratory systems [3,4]. The inhalation of amines is also reported to
oxidize hemoglobin from the body system into unwanted methemo-
globin, which can distribute oxygen throughout the body; however,

methemoglobin cannot [5]. Accidental leakage of diethylamine in
working environments may result in human health discomfort. How-
ever, there are very few scientific articles on diethylamine vapor
detection, highlighting the need for a device to monitor diethylamine
vapor within the atmospheric working area. A wide range of semi-
conductor metal oxides (SMOs), including tin oxide (SnOy) [6], titanium
dioxide (TiO3) [7], zinc oxide (ZnO) [8], tungsten trioxide (WOs3) [9],
and manganese dioxide (MnO») [10], have received significant attention
from researchers and engineers for application in chemiresistive gas
sensors owing to their low cost, ease of synthesis, good stability, good
sensitivity, and large surface-to-volume ratio. MnO is a transition-based
metal oxide that possesses wide morphological flexibility and exists in
many crystallographic polymorphs, including a-, p-, -, 8-, and e-poly-
morphs [10-12]. Owing to their relative abundance and free toxicity,
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they are used in many applications, including water treatment, catalysis,
energy storage, and gas sensors [12]. The synthesis of MnOy has
received considerable attention owing to its controllable dimensions,
morphology, pore size, and surface-to-volume ratio. MnOz nano-
structures, including nanosheets, nanorods, nanoparticles, nanotubes,
nanospheres, and nanowires, have been reported to exhibit activity in
catalysis and sensing applications [13]. Although there are many MnO,
nanostructures, recent reports by Okechukwu et al. have shown that the
MnO; nanorods have high sensitivity toward the detection VOCs [14].
There are major drawbacks to SMOs gas sensors, which have poor
selectivity towards the gas of interest, and they operate at relatively high
temperatures above 150 °C [13-15]. Applying high temperatures to the
sensor film leads to structural instability, resulting in a poor sensor
lifespan. Introducing carbon materials into MnOy nanostructures im-
proves the electrical conductivity and surface-to-volume ratio, leading
to fast response-recovery times and gas sensitivity [14]. Inexpensive
carbon nanoparticles (CNPs) from candle soot are promising materials
for application in gas sensors because of their good surface-to-volume
ratio, good electrical conductivity, nanosize, high sensitivity, and fast
response-recovery times. The source of CNPs soot is the burning of
household candle soot in the presence of atmospheric molecules
[16,17]. The sensitivity and selectivity towards detecting the targeted
gas from pure SMOs, carbon materials, and SMO-based gas sensors can
be improved by introducing zeolitic imidazolate frameworks (ZIFs)
owing to their porosity tunability [18].

ZIFs are a subclass of metal-organic frameworks with tetrahedral
arrangements made up of metal cations and imidazole as an organic
linker, with a geometry such as ZIF-8 consisting of zinc ions and 2-meth-
ylimidazole. ZIF-8 have small pore apertures (3.4 A) and large cavities
(11.6 A) and are reported to be hydrophobic, and possess good chemical
and thermal stabilities [19,20]. ZIFs, such as ZIF-8, are mostly used in
gas storage, separation, sensing, and purification of small molecules
because of their tunable pore sizes [21]. Although ZIF-8 possesses
unique properties for gas sensors, to date, there have been only a few
reports on ZIF-8 gas sensors because of their poor electrical conductiv-
ity; thus, they operate at temperatures between 180 and 400 °C, have
poor regeneration ability, and there is no evidence of oxidation of the
analytes on pure ZIFs sensors [18-21]. Because MnOy only provide
sensing interactions at relatively high temperatures due to their poor
electrical conductivity, introducing good conducting CNPs soot on
MnO,@ZIF-8 improves the electrical conductivity, resulting in the
sensors working at relatively low temperatures. We propose using a
ternary composite of MnO,, ZIF-8, and CNPs to detect diethylamine at
room temperature (approximately 25 °C. Detecting diethylamine using
MnO,@ZIF8/CNPs sensors would be energy efficient, highly selective
towards diethylamine, durable, and block moisture interference
(humidity).

Experimental section
Synthesis of MnOz nanorods

The MnO; NRs were synthesized using the hydrothermal method
reported by J. Zhang et al. Firstly, 0.63 g of KnMO4 and 0.25 g MnSO4
were dissolved in 40 mL of deionized water. The resulting solution was
stirred for 30 min to obtain a homogeneous purple solution. The solution
was transferred into a 100 mL Teflon-lined stainless steel autoclave, and
the hydrothermal process was carried out at 160 °C for 12 h. After the
reaction, the autoclave was allowed to cool to room temperature. The
dark brown precipitate was washed several times with deionized water
and ethanol by centrifugation and dried at 80 °C [22].

Synthesis of MnO,@ZIF-8

Typically, 0.10 g MnO, NRs, 0.20 g Zn(NO3)(H20)e, and 0.80 g 2-
methylimidazole were dissolved in 40 mL of methanol [23]. The
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mixture was constantly stirred for 2 h at room temperature, and the
precipitate was collected via centrifugation. The dark brown precipitate
obtained was washed several times with ethanol and dried at 60 °C for
12 h.

Prepared of CNPs

The preparation of carbon nanoparticles (CNPs) was done following
the reported method by Malepe L et al. [17]. The pyrolysis of light
candles prepared the CNPs, and a ceramic crucible was placed approx-
imately 1 cm above the burning candle to collect soot. After sufficient
accumulation of carbon soot, a spatula was used to scrape the product,
which was then stored in a vial until further use.

MnO2@ZIF-8/CNPs composite

MnO,@ZIF-8 and the CNPs were added together to form a
MnO,@ZIF-8/CNPs composite via physical mixing. 0.6 g of MnO,@ZIF-
8 and 0.3 g of CNPs were dissolved in 20 mL of N, N-dimethylforma-
mide. The mixture was sonicated for 15 min and the homogeneous
mixture was magnetically stirred at room temperature for 12 h. Subse-
quently, the product was dried at 80 °C for 12 h (Fig. 1).

Gold-plated-interdigitated electrode and sensor

The sensor was prepared by drop-coating the prepared material onto
a gold-plate interdigitated electrode. The electrode was designed to have
0.1 mm width spacing between the gold lines and was counted to be 18
pairs of 7.9 mm long (see supporting document Fig. S1). The electrodes
were washed with ethanol and dried at room temperature before use.

Gas-sensing setup and sensor testing

The electrical characterization of the fabricated sensor investigations
was performed using a Keysight E4980A LCR meter connected to the
fabricated sensor and the computer via electrical wires, as presented in
Fig. 2. A voltage of 0.5 alternating current was supplied to the prepared
sensor at an optimal relative frequency of 25 KHz [24], and the LRC
meter, diaphragm vacuum pump, and computer were all connected to a
230 V power source. The sensor was placed inside a sealed 20 L round-
bottom flask connected to a vacuum pump to remove the exposed gas
and reform oxygen adsorbates by allowing atmospheric air to come into
contact with the sensor. MnO5 nanorods, ZIF-8, and CNPs are the sensing
materials used to fabricate sensors to detect diethylamine. The prepared
and tested sensors include sensor 1 (CNPs), sensor 2 (MnQ5), sensor 3
(MnO5@ZIF-8), sensor 4 (MnO,@ZIF-8/CNPs with a mass ratio 1:1),
sensor 5 (MnO,@ZIF-8/CNPs with mass ratio was mass ratio 2:1) and
sensor 6 (MnOy@ZIF-8/CNPs with a mass ratio 3:1). As the sensing
materials, MnO,@ZIF-8 was taken as a primary composite, and
MnO,@ZIF-8/CNPs was taken as secondary composite. Sensor 4, sensor
5, and sensor 6 were prepared by varying the mass of the primary
composite (MnO2@ZIF-8) in the secondary composite, whereby CNPs
were kept constant. Other sensors tested from our laboratory to support
our experiments include MnO,/CNPs, all at a mass ratio of 1:1. The mass
ratio of the MnO,@ZIF-8/CNPs was varied from 10 to 20 and 30 mg in
the preparation of sensors 4, 5, and 6, respectively. All sensors with a 1:1
mass ratio were prepared by mixing 10 mg and 10 mg of their respective
materials and dissolving them in 10 mL of DMF. The mixtures were
stirred overnight and 10 pL was drop-coated onto the interdigitated gold
electrodes.

The prepared sensors were allowed to dry in atmospheric air and
subsequently placed in a vacuum desiccator for two weeks to remove
any remaining DMF from the sensors. All prepared sensors were tested
on five analytes: methanol, ethanol, acetone, 3-pentanone, and dieth-
ylamine vapor. One analyte was tested at a time, wherein volumes (1, 2,
3,4, and 5 pL) were injected into a 20 L round bottom flask at a time. The
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Fig. 1. Schematic illustration of the preparation of candle soot (CNPs) and MnO2@ZIF-8/CNPs.
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Fig. 2. Gas sensing setup.
contact between the injected analyte and the prepared sensor was 10 tance (AR) and defined as
min, and the vapor was removed using a vacuum pump that ran at at-
P 8 e AR =Ry, — Ry &)

mospheric pressure by sucking air into the volume chamber (20 L round
bottom flask). Subsequently, the sensor was allowed to rest for 3 min
before injection. The concentrations of the injected analytes were
calculated using the following formula:

_ 224pTV,

~2BMY x 1000,

Where C represents the vapor concentration, p and Mr represent the
density and the molecular mass of the analytes, respectively. V; is the
volume injected, and V is the volume of the chamber [25].

Sensor response and recovery tests

The response time is the time taken by the sensor to reach the plateau
of the maximum response. The time taken by the sensor to return to its
baseline during analyte vapor removal from contact with the sensor is
referred to as recovery time. In this study, the response time was
recorded as 90% of the maximum response when the analyte was in
contact with the sensor, and the recovery time was measured as 90%
before the sensor reached its baseline. The electrical responses of the
prepared sensors to the target gas were reported as the relative resis-

Selectivity test

Firstly, one mL of each of the five analytes (diethylamine, methanol,
ethanol, 3-pentanone, and acetone) was mixed to make five mL. From
the mixture, 5 uL of aliquot were tested to investigate the selectivity of
diethylamine using the setup shown in Fig. 2.

In Situ FTIR coupled with LCR meter setup and testing

The prepared sensor was placed on the upper wall of a cylindrical
glass cell with a volume of approximately 110 mL and closed on both
ends using KBr windows. The sensor is electrically connected to an LCR
meter (Fig. 3). The cell was placed at the center of the FTIR sample
compartment, wherein the IR beam passed through KBr windows that
closed the cell. Before the gas analyte was injected into the gas cell, the
sensor was run for about 180 min, a pre-injection period. During the In
Situ measurement, approximately 20 ppm of diethylamine vapor was
introduced into a cylindrical cell. The LCR meter measured the sensor’s
electrical response (resistance), and the FTIR spectra were collected
every 2 min.



L. Malepe et al.

Results in Physics 52 (2023) 106864

KBr windows

LCR meter

Fig. 3. Schematic illustration of in-situ FTIR coupled with an LCR meter to study the sensing mechanism.

Curve fitting for the infrared CO2 band

The area under the curve was obtained using magic plot software on
a selected region of the CO, band bending at 673-660 cm ™! on the IR
bands. The area was obtained using a Gaussian function for the 6 spectra
of the sensors.

Characterization techniques

Samples were analyzed on a JEOL-TEM 2010 (Japan) high-
resolution transmission electron microscope (HR-TEM) at an accelera-
tion voltage of 200 kV using the Gatan software. TEM sample prepara-
tion, the sample was dispersed in ethanol and DMF (1:3), wherein the
mixture was drop coated on Holey carbon-coated copper grids. The
Holey carbon-coated copper was allowed to dry with the sample before
use. Scanning electron microscopy (SEM) was performed at 30 kV using
a FEI Nova Nanolab 600 FEG-SEM. SEM pin mounts specimen were used
to spray our samples on it, and further carbon coated them before
analysed. Structural analysis was revealed using powder X-ray

diffraction (PXRD), Bruker D2 Phaser using LynxEye detector with ra-
diation of a CuKax at a wavelength of 0.154 nm and Bruker Senterra laser
Raman spectrometer fitted with frequency-doubled Nd-YAG laser with
the wavelength of 532 nm. X-ray photoelectron spectroscopy (XPS;
XSAMS800, Kratos, Manchester, UK) was used to determine the oxidation
state and elemental composition. The XPS used Al Ka (1487 eV) radia-
tion as an excitation source, an average of 40 scans, time 1 min 17 s,
0.20 eV. Fourier transform infrared spectroscopy (FTIR, PerkinElmer
Spectrum 100) was used to determine the sensing mechanism and
characterize the materials by studying their functional groups. For
sample preparation, solid samples of about 5 mg were mixed together
with about 0.8 g of potassium bromide (KBr). The mixture was grinded
using a pestle and mortar and the FTIR solid pellet was created using the
pressed pellet technique.

Results and discussions

SEM was used to examine the surface morphologies of all the syn-
thesized materials. The CNPs were spherical in structure and showed a

Fig. 4. SEM image of (a) CNPs, (b) MnO, NRs, (c) MnO,@ZIF-8 and (d) MnO,@ZIF-8/CNPs.
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high degree of agglomeration, as shown in the SEM image in Fig. 4a. The
spheres were stacked on top of each other, forming nano-structured
lumps. Fig. 4b shows a representative SEM image of the hydrother-
mally synthesized MnO; nanorods (NRs), where MnO; is a one-
dimensional longitudinal rod. The surfaces of the MnO, rods were
smooth and uniform, and the rods crossed each other without any uni-
form arrangement. The SEM image of the synthesized MnO,@ZIF-8 is
shown in Fig. 4c. The external roughness of MnO,@ZIF-8 resulting from
the attachment of MnO2 rods was covered by CNPs spheres (see Fig. 4d).
SEM-energy dispersive X-ray (EDX) was used to identify the elemental
compositions of the CNPs, MnO5, MnO»@ZIF-8, and MnO,@ZIF-8/CNPs
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composites (see the supporting document Fig. S2). The EDX profile
revealed that the CNPs contained approximately 94.7 % carbon and 5.3
% oxygen.

The EDX profile of the MnO; sample has Mn 74.1 % and 25.9 % of
oxygen. The EDX profile in Fig. S2¢ shows that MnO,@ZIF-8 elemental
composition was 45 % oxygen, 27.7 % Zn, 15.9 % Mn, and 12.0 % N. The
MnO,@ZIF-8/CNPs sample contained C, Zn, Mn, O, and N; further
confirmation was performed by XPS analysis.

The internal morphologies of MnO,, CNPs, MnO,@ZIF-8, and
MnO,@ZIF-8/CNPs were studied using high-resolution transmission
electron microscopy (HR-TEM). MnO; is a longitudinal rod with a

Fig. 5. HR-TEM image of (a-b) MnO, NRs, (c) MnO,@ZIF-8, (d) CNPs, (e-f) MnO,@ZIF-8/CNPs.
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23-56 nm diameter, and the rods are randomly arranged (see Fig. 5a).
Fig. 5b shows a MnOy, lattice spacing of 0.311 nm, corresponding to the
crystal plane (301). The crystal plane corresponds well with the XRD
results (see Fig. 6b). The TEM image of MnO2@ZIF-8 (see Fig. 5¢) shows
that ZIF-8 is a thin sheet with MnO, attached to it. The TEM image in
Fig. 5d reveals that the CNPs are chain-linked spheres that agglomerate.
The particle size of the CNPs was in the range of 14-52 nm. The TEM
image of the MnO,@ZIF-8/CNPs composite reveals that the CNPs are
randomly attached to the MnO5 NRs, and some edges of the ZIF-8 sheet-
like structure (see Fig. 5e). Fig. 5f shows the magnified area of the
MnO,@ZIF-8/CNPs composite, wherein MnO5 NR surrounded the CNPs,
and some CNPs were stacked on top of the rod.

Powder X-ray diffraction (PXRD) was done to study the structures of
candle soot (CNPs), MnOy, MnO>@ZIF-8, and MnO,@ZIF-8/CNPs, as
shown in Fig. 6. The XRD pattern of the CNPs shows two predominant
peaks positioned at 20 = 24.5° and 43.7°, which are attributed to the
amorphous nature and graphitic structure of the CNPs [2]. The XRD
pattern of the MnO5 nanorods (Fig. 6b) shows peaks at 260 =12.4°,18.1°,
28.8°, 37.5°%, 41.6°, 49.7°, 56.2°, 60.0°, 65.2°, 69.4°, and 72.7° corre-
sponding to the (110), (200), (310), (211), (301), (411), (600),
(521),(002), (541), and (222) planes [JCPDS no. 044-0141], ascribed
to tetragonal a-MnOs [26]. The presence of new XRD peaks added to
MnOs in Fig. 6¢ shows 9.5°, 10.7°, 12.7°, and 16.1°, corresponding to
the (011),(002),(112), and (01 3) planes, respectively [27], indicating
the successful synthesis of ZIF-8 on MnOy NRs. Two broad peaks of the
CNPs were observed in the XRD pattern of MnO,@ZIF-8, proving the
successful preparation of MnO2@ZIF-8/CNPs through physical mixing
(see Fig. 6d). Fig. 6(e-i) presents the FTIR spectra of the CNPs, 2-meth-
ylimidazole, MnO,@ZIF-8, MnO,, and MnO,@ZIF-8/CNPs to study their
chemical bonding nature. As shown in Fig. 6e, the FTIR spectra
exhibited a broad peak at 3452 cm ™}, representing O-H stretching. The
2864 and 2935 cm ™! peaks corresponded to C-H bonds from aldehydes
and simple C-H bonds or carboxylic O-H bonds, respectively. The peak at
1636 cm™! represents C=C stretching, whereas the peak at 1384 cm ™
corresponds to the CH3 group and O-H stretching. The bands at the
lower end of the wavenumber region, including 663 cm™! and 1017
em ™Y, correspond to sp? and sp® from the aromatics of amorphous CNPs
[28]. The peaks at 683, 754, 1119, 1322, 1474, and 1606 cm~! were
attributed to the aromatic ring of 2-methylimidazole (see Fig. 6f). The
peaks detected at 531 cm™! and 998 ecm™! of the MnO,@ZIF-8 FTIR
spectra confirm the bond between Zn and N. The peak observed at 672
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em™! is ascribed to O-Mn-O stretching, the peak at 1384 cm™! is
attributed to O-H stretching, and the broad peak at 3452 cm™! is
ascribed to the presence of absorbed H-O-H molecules, as shown in
Fig. 6h [29]. Fig. 6i presents the FTIR spectrum with major peaks at
3452, 2935, 2864, 1636, 1384, 998, and 754 cm™’, confirming the
presence of MnOj;, CNPs, and ZIF-8 in the MnO,@ZIF-8/CNPs
composite.

X-ray photoelectron spectroscopy (XPS) analysis revealed the
elemental content, the oxidation state of the metals, and the oxygen
species available on the sensing materials. The XPS full survey scan of
the CNPs has confirmed the presence of carbon and oxygen atoms (see
Fig. 7a). The MnO2@ZIF-8 and MnO,@ZIF-8/CNPs survey scans show
Zn 2p, Mn 2p, N 1s, Ols, and C 1s peaks, indicating the elemental ex-
istence of zinc (Zn), manganese (Mn), nitrogen (N), oxygen (O), and
carbon (C) (see Fig. 7b and 7c). For the CNPs, the O 1s XPS spectrum
shows only O, and Oy oxygen-reactive species (see Table 1), but the
MnO,@ZIF-8 and MnO,@ZIF-8/CNPs have additional alpha oxygen
(Oq). Generally, for metal oxides and semiconductor materials, Oy is
ascribed to the lattice oxygen, Op represents the adsorbed oxygen spe-
cies, and O, is due to an adsorbed hydroxyl group (-OH) on the surface
of the material (see Fig. 7d-f) [30]. After the composites were formed by
mixing the sensing materials, the total reactive oxygen species of the
MnO,@ZIF-8/CNP, O,, and Og increased significantly. The presence of
highly reactive oxygen species, particularly gamma oxygen (O,) and
beta oxygen (Op), on the surface of sensing materials, plays an important
role in the sensing mechanism [2,17]. The Zn 2p XPS spectrum in Fig. 8a
displays two peaks at 1022.0 and 1045.4 eV which are attributed to Zn
2p 3,2 and Zn 2p 1o, respectively. The difference in the binding energies
of the two, which was 23.4 eV, indicated the existence of Zn*" in
MnOy@ZIF-8. The Mn 2p XPS spectrum in Fig. 8b presents two peaks at
642.0 and 653.6 eV, respectively, with a difference in the binding energy
of 11.6 eV confirming the existence of Mn2" in MnO; [31]. N 1s spec-
trum of MnO,@ZIF-8 and MnO2@ZIF-8/CNPs in Fig. 8c-d showed that
there are three peaks positioned at 399.0, 400.0, and 406.6 eV which are
assigned to N-C, N-Zn and N=C bonds, respectively [32]. The XPS peak
assigned to the N-Zn bond confirms the successful synthesis of ZIF-8 by
the successful coordination of zinc metal and nitrogen.

Sensing performances

The electrical characteristics of all the prepared sensors were
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Table 1
Calculated oxygen percentages of the materials from XPS graphs.
CNPs MnO, MnO,ZIF-8 MnO,ZIF-8/CNPs
Peak position at Atomic % of oxygen Peak position at Atomic % of oxygen Peak position at Atomic % of oxygen Peak position at Atomic % of oxygen
0O, — 529.3 0 Oy — 529.4 53 O, — 529.4 11 O, — 529.3 11
Op — 531.7 53 Op — 530.9 34 Op — 532.1 76 Op — 532.0 73
0, - 533.1 47 0, - 532.9 13 0, - 533.4 13 0, - 533.5 16
evaluated at room temperature with an average relative humidity of used to fabricate the sensors; MnO,, CNPs, and MnO,@ZIF-8, which
approximately 40% during the detection of methanol, ethanol, acetone, were prepared by either neat or combining the sensing materials and
3-pentanone, and diethylamine vapor. The three sensing materials were varying the masses of the composites, therefore sensor 1 (only CNPs),
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Fig. 8. XPS spectra of (a) Zn 2p of MnO,@ZIF-8, (b) Mn 2p of MnO,@ZIF-8, (c) N 1s of MnO,@ZIF-8, and (d) N 1s of MnO,@ZIF-8/CNPs.

sensor 2 (only MnOj), sensor 3 (only MnO,@ZIF-8), sensor 4
(MnO,@ZIF-8/CNPs with a mass ratio of 1:1), sensor 5 (MnO,@ZIF-8/
CNPs with mass ratio with a mass ratio of 2:1), and sensor 6 (MnO,@-
ZIF-8/CNPs with a mass ratio of 3:1). The relative change in resistance
(AR) was recorded for all fabricated sensors during testing the perfor-
mance of the sensors.

Among the prepared sensors, the MnO5 NRs sensor did not show any
meaningful change in the sensor response during exposure to analyte
vapors at low concentrations; however, at high concentrations, the
sensor responded (See Fig. S3). All the remaining sensors responded well
to the targeted analyte during the exposure and recovered extremely
well to their baseline after removing the analyte vapor from the cham-
ber, which is a good indication of the sensors’ self-regeneration ability.
As indicated earlier, plain MnO5 NRs as an active sensing material were
not responsive; however, when ZIF-8 was incorporated with MnO2 using
a one-pot synthesis method to synthesize MnO;@ZIF-8 as an active
sensing material, and the sensor exhibited a response. This improvement
was due to the synergistic effect of the two sensing materials, which
increased the percentages of O, and Og after MnO»@ZIF-8 formed (See
Table 1).

Using CNPs as a sensing material has advantages over other sensing
materials, such as fast recovery, good stability, lower signal-to-ratio, and
the ability to improve the sensitivity of the sensors [17]. Possession of
such excellent properties would increase the performance of the sensors.
For the detection of diethylamine vapor, we used variable mass ratios of
MnO,;@ZIF-8 to CNPs in the composites; for example, sensor 4
(MnO,@ZIF-8/CNPs with a mass ratio of 1:1), sensor 5 (MnO,@ZIF-8/
CNPs with mass ratio with a mass ratio of 2:1), and sensor 6 (MnO,@-
ZIF-8/CNPs with a mass ratio of 3:1). It can be seen from Fig. 9 that at
the first injection, at a concentration of 11.82 ppm, there was a
noticeable increase in the relative responses from approximately 0.75,
8.3, and 150 Q. This shows that the amount of MnO,@ZIF-8 within the
composite sensors plays a crucial role in improving the sensing response.
The sign of the responses has changed as we increase the amount of
MnO,, in the composites. At a 1:1 mass ratio, the sensor behaved as a p-
type with the reducing gas diethylamine vapor, although, MnO, is an n-
type semiconductor. However, as the amount of MnO, increases, the
behaviour changes to n-type and the conductivity of the sensors in-
creases as the concentration of the analyte increases. The reduced

electron-depletion layer thickness and potential barrier increase the
sensor’s conductivity.

The sensor with a higher MnO,@ZIF-8 content had a relatively fast
response-recovery time, and the sensor with a lower MnO,@ZIF-8
content was slow to respond and recover (Table 2 and Fig. 10). The
response and recovery times of the sensors are reported based on the
time required to achieve 90% response and recovery.

Sensitivity, selectivity, and repeatability. The sensitivity of the gas
sensors during the detection of vapor analytes was taken from the
gradient of the calibration curves for relative resistance (AR) vs con-
centration (C) and it was determined using the formula Szﬁ% [17]. The
calculated sensitivities of the analyte vapors to their respective sensors
are summarized in Table S1. It was observed that the sensitivities of the
materials, namely, CNPs, MnO3 NRs, and MnO,-CNPs were extremely
low for all the tested vapor analytes, whereas MnO,@ZIF-8 and the
MnO,@ZIF-8/CNPs composites showed better sensitivity. The sensi-
tivity of the MnO,@ZIF-8/CNPs composites increased with an increase
in the MnO,@ZIF-8 content within the composite (Fig. 11a). Sensor 6
was highly sensitive to diethylamine vapor, with a sensitivity of 5.49
Qppm ™! and very poor sensitivity to ethanol vapor (0.0001 Qppm™!).
Thus, among all the sensors prepared and tested for all the selected
vapors, sensor 6 was the best for the detection of diethylamine vapor
with high sensitivity.

Selectivity is one of the most important parameters in sensor func-
tionality. The sensor can detect the target analyte from interference
vapors and only shows the sensing response of the targeted vapor ana-
lyte. Therefore, sensor 6 was selected as the best sensor for the selec-
tivity test. The targeted analytes were methanol, ethanol, acetone, 3-
pentanone, and diethylamine mixed vapors response and the individ-
ual analyte vapor responses were compared (see Fig. 11b). The analytes
were prepared by mixing 1 mL of each analyte (methanol, ethanol,
acetone, 3-pentanone, and dimethylamine vapors) to obtain 5 mL of the
analyte mixture. Then from the 5 mL of the mixed analyte, 5 pL was
injected into a 20 L round bottom flask (chamber), and sensor 6 was
exposed to mixed analyte vapor. The sensor response was 176 Q for the
mixed analytes, and the pure diethylamine analyte vapor response was
151 Q (Fig. 11b). The mixed analyte response is only 14% of that of pure
diethylamine; this increment is due to interference mainly from acetone,
which is the second most sensitive analyte. Nevertheless, the sensor
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Fig. 9. Dynamic response as a function of time at different concentrations of diethylamine vapor on (a and b) sensors 4, (c and d) sensor 5, and (e and f) sensor 6 and

their respective response calibration curves.

Table 2
Response and recovery times of the sensors during the detection of diethylamine
vapor.

Sensors Response time (s) Response time (s)
Sensor 4 164 191

Sensor 5 87 45

Sensor 6 67 22

response for the mixed analyte is close to the pure diethylamine vapor.
Therefore, it is possible to say that our sensor can selectively detect the
targeted analyte.

The repeatability of gas sensors is another critical parameter because
it shows the stability of the sensors after several exposures to the analyte
vapor, in which the sensor can reproduce the same reading for the same
concentration under the same conditions over time [33,34]. In real ap-
plications, there is a need for a sensor that reproduces the same reading
over time. Thus, sensors 5 and 6 reusability studies were performed to
detect diethylamine vapor by injecting 47.27 ppm of diethylamine vapor
for five consecutive cycles for each sensor. The maximum response was
found to be approximately 33.95 + 0.40 Q and 329.19 + 9.26 Q
respectively (see Fig. 11c-d). The sensor responses were approximately

90% the same in magnitude, and the sensors returned to their baseline
after gas removal, showing the sensors’ good stability and reusability.

Humidity

Exposing a gas sensor to different relative humidity conditions is an
important factor to investigate because, in many cases, most sensors
exhibit a constant change in relative humidity during real-time appli-
cations [35,36]. Changes in atmospheric relative humidity can result in
more than a 50% change in the sensor’s performance [37]. Thus, a
sensor that provides slight changes at different relative humidities is still
considered good. However, the main aim was to obtain a sensor that was
unaffected by humidity conditions. Hence, our best-performing sensor,
6, was investigated in the relative humidity (RH) range of 39% to 60%
during the detection of diethylamine vapor. Specifically, 11.82 ppm of
diethylamine vapor was used and detected for three trials at relative
humidities of 44%, 55%, and 64%, and the maximum response was
found to be 154, 161, and 183 Q, respectively (see Fig. 12a). An increase
in relative humidity from 44 to 64 % results in a slight increase in gas
response, which could result from water molecules trapped on the sur-
face of the gas sensor. The sensor maintained the same shape but was
tested under different humidity conditions. However, the response of the
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sensor significantly changed at greater than 85% RH (the result is not
shown here). Interestingly, with an increase in humidity conditions from
44 to 64 % RH, the response time during the detection of diethylamine
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Fig. 12. (a) Humidity investigation of sensor 6 and (b) response-recovery time under different humidity conditions.

vapor increased from 72 s to 90 s, and the recovery time changed from
25 s to 38 s (see Fig. 12b).
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Limit of detection

The limit of detection (LOD) in gas sensors is the minimum possible
vapor concentration a gas sensor can detect. The LOD of sensor 6 for the
detection of diethylamine vapor was quantified. The relationship be-
tween concentrations from 11.82 ppm to 59.09 ppm and electrical
response under the resistance parameter was linear with a gradient of
5.49 Qppm’1 and the correlation coefficient (R) is 0.98 (see Fig. 9f). The
formula used to calculate the detection limit is as follows: LOD = 3 x
RMS/slope [38], where the RMS is the standard deviation with a value
of 0.001. From the calculations, the LOD of sensor 6 for detecting
diethylamine vapor is 5.5 ppb. Sensor 6 could detect diethylamine va-
pors at extremely low concentrations (ppb level).

Sensing mechanism

Different sensing materials show different sensing mechanisms;
various polymers have different sensing mechanisms. However, the
most dominant sensing mechanisms are electrostatic between the
interaction of electron reach polymer, for example, nitrogen-containing
backbone and electron-deficient analyte molecules, polarization, Lewis
acid and base interactions between the analyte molecules and the
polymer [39,40]. On the other hand, the interaction between the
adsorbed analyte molecules leads to the swelling of the polymer, thus
increasing the overall volume and pushing away the polymer chains
from one another; this causes a change in the sensors’ conductivity [41].
In the case of carbonaceous materials, the dominant accepted sensing
mechanism is charge transfer between carbonaceous nanomaterials and
molecules adsorbed on their surface [42]. In a recent report, the pres-
ence of reactive oxygen species on the carbonaceous materials, the Oy,
and OB, do have similar sensing mechanisms as SMO [14,16,17]. The
generally accepted sensing mechanism for SMO is once the organic an-
alyte molecules are adsorbed on the surface of the SMO, the reactive
oxygen on the SMO’s surface reacts and converts the analyte molecules
into CO2 and H30.

Based on the gas response behavior of the MnO;@ZIF-8/CNPs (on
sensor 6), the composite exhibits the characteristics of a p-type semi-
conductor during the detection of vapor analytes. Incorporating CNPs
into MnO,@ZIF-8 forms a p-n heterojunction because CNPs behave like
p-type semiconductors. Therefore, the excellent performance of the
MnO,@ZIF-8/CNPs is due to the p-n heterojunction formed at the in-
terfaces. The advantage of heterojunction formation is that electrons can
easily transfer from the MnO;@ZIF-8 into the CNPs to form enough
oxygen vacancies on the surface of MnO;@ZIF-8. The p-n heterojunction
also helps to increase the electronically charged oxygen vacancies,
leading to an increase in the conductivity of the composite. The for-
mation of heterojunctions also helps adsorb more oxygen molecules to
form extra active sites, eventually capturing electrons from MnO,@ZIF-
8. During the sensor’s exposure to the analyte, the oxygen ions react
with the target gas molecules [43] (See Table 1).

It is worth mentioning that when a heterojunction is formed, the
sensors’ semiconductor behavior depends on the sensing materials’
dominant behavior, either p- or n-type semiconductors. For example,
sensor 4 (MnO2@ZIF-8/CNPs with a mass ratio of 1:1) is dominated by
the CNPs semiconductor character, n-type (see Fig. 12), with similar
behavior to the CNPs sensor. When the mass of MnO,@ZIF-8 was
increased, the CNPs were kept constant (see sensors 5 and 6), and the
gas-sensing behavior changed from n-type to p-type semiconductor
behavior. This is due to the dominant material (MnO,@ZIF-8), the p-
type (see Fig. 12).

On the surface of the sensing materials, the adsorbed oxygen mole-
cules react with the sensing materials to form a depletion layer and turn
oxygen molecules into highly reactive species (03, Oz, and O°) [44-46].
Generally, most carriers in n-type semiconductor metal oxides are
electrons. Thus, electrons are extracted from such materials when
exposed to an oxidizing gas, leading to increased resistance. In p-type
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semiconductor metal oxides, however, holes are the majority carriers
during sensing [47]. In p-type sensing materials, the adsorbed oxygen
molecules form a hole accumulation layer. The holes are extracted from
the p-type semiconductor metal oxide when exposed to an oxidizing gas
(acceptor), decreasing resistance.

For the diethylamine molecule, ethyl (-CHyCH3) is an electron-
donating group and the electron cloud density on the nitrogen atom
increases during the interaction of the analyte and the sensing material
[48]. The resistance increases with the vapor concentration when the
diethylamine molecules interact with the CNPs sensor and sensor 4.
However, when sensors 5 and 6 were exposed to analyte vapor, the
sensors’ resistance decreased as the diethylamine concentration
increased. Although the MnO,@ZIF-8-based sensor response was rela-
tively small in magnitude during exposure to vapor, introducing the
CNPs in the composites significantly improved the sensor response. This
is due to the presence of oxygen molecules in the carbon soot (CNPs) (see
Table 1), which are converted into reactive oxygen species during
sensing [49]. The EDX results confirmed that the CNPs contained
approximately 5.3% oxygen. The XPS analysis (see Fig. 7) also
confirmed the oxygen species formed during the pyrolysis reaction in the
presence of atmospheric oxygen.

The In-situ FTIR coupled with an LCR meter method was used for
sensors based on CNPs, MnO,@ZIF-8/CNPs (1:1 mass ratio), MnO,@-
ZIF-8/CNPs (2:1 mass ratio), and MnO,@ZIF-8/CNPs (3:1 mass ratio) to
study the sensing mechanism of gaseous diethylamine. During the in-situ
FTIR coupled with the LCR meter connected to a chosen sensor mea-
surement, the relative sensing response was recorded simultaneously the
FTIR spectra were taken every two minutes. The intensity of COy IR
bands at 668 cm ™! and 2349 to 2277 cm ™}, the bending and asymmetric
stretching mode, respectively [50,51], were used to monitor the surface
reaction. The intensity of the CO3 IR bands continued to grow as the
diethylamine vapor exposure of the sensor increased, as shown in
Figs. 13 and 14. It is observed that the CO, bending shows a single peak,
indicating pure CO,, while CO, asymmetric shows doublet peaks, which
could be a mixture of CO5, H,O, and/or carbon monoxide [52]. The CO,
formation is due to the deep oxidation of diethylamine vapor on the
surface of the sensing materials, and CO2 molecules diffuse from the
sensing material. At t = 2 min, the CO, band intensities were very weak
for all the sensors, but as the exposure time increased, the CO5 bands
became intense.

We observed that the intensity of the CO2 band increased when the
sensing materials formed heterojunctions; for example, the intensity of
the CO5 IR band in the case of CNPs increased when MnO,@ZIF-8 /CNPs
were formed. This could be related to the increased reactive oxygen
species on the surface of the sensing materials when the composite was
formed (Table 1). Furthermore, the amount of MnO,@ZIF-8 in the
composites affects the intensity of the COy band (see the inset of
Fig. 13a-d). All sensors underwent deep oxidation of the dimethylamine
vapor to carbon dioxide and other small molecules, such as HoO and
NOy; even the pure carbon soot sensor showed the same decomposition
mechanism, the analyte into CO5 (See Fig. 13a inset). To understand the
relationship between the sensitivity, surface reaction rate, and CO, band
intensities, we employ the area under the CO, curve at 668 cm ™! using
Gaussian curves from 2 to 12 min of exposure. The plotted curve of the
areas under the curve of the CO, bends at 668 cm™! against time
(Fig. 14), and their slopes were compared to the sensitivity. The gradient
can be assumed as the reaction rate on the sensing material. Therefore,
the sensor’s sensitivity is directly proportional to the reaction rate on the
surface of the sensing material, as summarized in Table 3. For example,
the best-performing sensor, the 3:1 mass ratio of MnO,@ZIF-8/CNPs,
recorded the highest value of 0.0776 of the area under the curve with
respect to time. This indicates a parameter that can be used to measure
the sensor performance directly related to the sensor’s sensitivity.
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Fig. 13. In situ FTIR spectra on diethylamine vapor (a) CNPs, (b) sensor 4, (c) sensor 5, and (d) sensor 6, and a narrow region of asymmetric CO, bands for CNPs

sensor and sensor 6.
Conclusion

In summary, MnO; NRs, carbon soot, MnO,@ZIF-8, and MnO,@ZIF-
8/CNPs were successfully prepared and fully characterized using SEM,
HR-TEM, FTIR, PXRD, and XPS. The prepared materials were used to
fabricate solid-state gas sensors, and MnO,@ZIF-8/CNPs with a mass
ratio of 3:1 (named sensor 6) was highly sensitive and selective for
detecting diethylamine vapor over acetone, methanol, ethanol, and 3-
pentanone vapors. Sensor 6 recorded 5.5 ppb as the detection limit,
and our sensor showed fast response-recovery times of 67 s and 22 s. The
fabricated sensor was also minimally affected by changes in humidity.
The in situ FTIR coupled with an LCR meter method was used to study
the sensing mechanism of sensor 6 interacting with diethylamine vapor.
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The sensor mechanism was by decomposition of the analyte vapor on the
surface of the sensing material to CO5 and other molecules. This was
confirmed by monitoring the intensity of the CO, bands at around 2350
and 668 cm™!. The CO, IR band intensity at 668 cm ™! as the contact
time between the sensor and analyte progresses. Furthermore, the sen-
sor’s sensitivity is directly proportional to the sensing materials’ surface
reaction rate.

Author Contributions

All authors contributed equally.



L. Malepe et al.

0.6

0.4+

Area under curve

0.0 T T T , T
10

time (min)

Area under curve

0,0 T ; T T T T
2 4 6 8

time (min)

Results in Physics 52 (2023) 106864

-
N

(b)

-
o
[

o
©

Area under curve
o o
Y

o
N

o
o

2 4 6 8
time (mins)

10

1.2
(d)

o
o
|

Area under curve
o
»
|

o
N
|

0.0

6 8
time (mins)

N -
IN

Fig. 14. Calibration curves of the area under the curve of CO, IR band intensity at 668 em ! against time for the (a) CNPs sensor, (b) sensor 4, (c) sensor 5, and (d)

sensor 6.

Table 3
Relationship between sensor sensitivity and gradient of the area under the curve
of CO,, versus time.

Sensor Sensitivity The slope of CO; IR intensity
(Q/ppm) (AA/AYD)

CNPs 0.0029 0.0298

MnO,@ZIF-8/CNPs (1:1) 0.0256 0.0423

MnO,@ZIF-8/CNPs (2:1) 0.7850 0.0545

MnO,@ZIF-8/CNPs (3:1) 5.4900 0.0776
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