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Abstract: The presence of high concentrations of flammable gases and volatile organic compounds
in the atmosphere has been widely reported to be detrimental to human survival. A lot of research
effort has been put towards finding an efficient means of quick detection of these gases below their
‘immediately dangerous to life or health’ concentrations. Detecting these gases in an oxygen-
deficient environment is a crucial task to consider and has been overlooked. In this research, double
substitution spinel with chemical formula Col-2xNixMnxFe2-yCeyO4, where 0 < x =y < 0.3, were
prepared via the glycol-thermal technique. The final products following the appropriate
substitution are CoFe204 (dried naturally), CoFe204 (dried with Infrared lamp),
C00.8Ni0.1Mn0.1Fe1.9Ce0.104, C00.6Ni0.2Mn0.2Fe1.8Ce0.204, and
C00.4Ni0.3Mn0.3Fe1.7Ce0.304 spinel ferrites. The X-ray diffractometry (XRD), High resolution
transmission electron micrographs (HRTEM), and X-ray photoelectron spectroscopy (XPS) of the
samples confirm the formation of the spinel. The gas sensing performance of this samples were
tested at operating temperature of 225 °C towards liquefied petroleum gas (LPG), ammonia, ethanol,
and propanol. The Co0.8Ni0.1Mn0.1Fe1.9Ce0.104-based sensor was selective to LPG, with a high
response of 116.43 toward 6 000 ppm of LPG when helium was used as carrier gas, 3.35 when dry-
air was the carrier gas, 4.4 when nitrogen was the carrier gas, but was not sensitive when argon was
used as a carrier gas.

Keywords: gas sensor; spinel nanoferrite; oxygen-deficiency; carrier gas; LPG-sensing

1. INTRODUCTION

The ever-growing importance of chemical gas sensing is due to the necessity for environmental
air quality monitoring, fire hazard prevention, food security and improved clinical diagnosis [1-4].
Expansion of industrialization and urbanization has been accompanied with tremendous impact on
the environment owing to the release of harmful gases and volatile organic compounds (VOC’s),
posing life-threatening conditions on human survival [5,6]. In addition, explosion of highly
flammable and toxic gases such as liquefied petroleum gas (LPG), H:5, CO:, and SO: with
accompanied risk of casualty and loss of properties has caused a lot of attention towards the detection
and monitoring of these gases, to ensure safe environment for human existence [7,8]. Gas sensors
based on semiconducting metal oxides have been widely investigated for gas detection owing to their
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ease of fabrication, low production cost, low power consumption, and scalability [1,2,9]. Diverse
binary and ternary metal oxides have been explored for gas sensing application. Cobalt based ferrites,
of the widely explored ternary materials, possess interesting characteristics for gas sensing [10]. The
cobalt-based ferrite belongs to the spinel group with formula AB20s, where A and B are divalent and
trivalent metal, respectively. This group of metal oxides is suitable as gas sensor owing to its tolerance
for substitution in its structure, oxygen vacancies and adjustable conductivity type [11]. MgFe204[12],
CoFe20s4 [13], NiFe20s [14], ZnFe204[15], CuFe204[16], and NiC0204[17] among other spinels have
attracted substantial attention in gas sensing field.

The greatest concern in gas sensing research is the improvement of the sensitivity and selectivity
of sensor materials to a target gas. One effective method of achieving this is by introducing a
moderate amount of dopant to the structure of a host material [11] causing a change in electrical
properties of the material. Study reveals that researchers have leveraged this characteristic tunability
of the spinel to enhance its sensing performance [11,18]. The cobalt ferrite (CoFe204) has an inverse
cubic spinel structure of which the tetrahedral A site is occupied by half of Fe3*ions, the octahedral B
site is occupied by the remaining half of Fe** and all Co? ions. Many of the previous works have
reported the altered sensing performance of the spinel upon substitution into the site A or B of the
structure. This study considers a cobalt ferrite material with both A and B sites cations partly replaced
with Ni and Mn divalent metal cations (on A site) and Ce trivalent cations (on B site). It is worth
mentioning that the double substitution of the spinel is normal and has been reported previously
elsewhere [19]. However, the gas sensing performance of these new class of spinel has never been
reported. The understanding is that the atmospheric oxygen is chemisorbed on the surface of the
sensor when the dry-air is used as a carrier gas, whereas when an inert gas such as helium, argon, or
nitrogen is used as carrier-gas an oxygen-deficient ambience is created resulting in the chemisorption
of a fewer atmospheric oxygen species on the surface of the sensor. In the oxygen-deficient ambience,
we expect the sensor to perform poorly as compared to the normal situation when the atmospheric
oxygen is abundant (i.e., in dry-air). This conclusion arises from the long-held notion of the active
participation of atmospheric oxygen in gas sensing mechanism of electrochemical gas sensors, as real-
time gas sensing takes place in the atmosphere where there is an abundance of oxygen.

Metal oxide semiconductor-based sensors operate on the principle of chemoresistivity, i.e.,
change in electrical conductivity or resistivity of thin films on exposure to and reaction with analyte
gas. In air, at a particular temperature atmospheric oxygen get adsorbed on the sensing surface of a
chemoresistive sensor, capturing electrons in conduction band and changes the resistance of the
sensor. On exposure of a sensor to an analyte gas, the gas molecules interact with the sensing surface
and act as either electron donor or acceptor [20,21]. A reducing gas reacts with chemisorbed oxygen
species and causes the release of captured electron back to the conduction band, thereby increasing
the conductivity of an n-type sensor (because the majority carriers of n-type materials are electrons).
If the analyte gas is an oxidizing type, its reaction with an n-type sensor will lead to increased
resistivity as more electron in the conduction band will be captured by further adsorption of oxygen
on the sensor surface. Generally, gas sensing is believed to be largely due to oxygen adsorption and
desorption on the surface of metal oxide semiconductor gas sensor [1-22] and by implication seems
to take place favourably in the presence of oxygen. In addition, the real-life detection of gases occurs
in air where atmospheric oxygen acts as a medium to dilute and carry these gases. This may suggest
that chemical gas sensing will only take place or be more supported in an environment with abundant
oxygen than in an oxygen-deficient environment such as in outer deep space or moon South Pole,
where the lack of atmospheric oxygen is common [23].

NASA had found that metal oxide-based sensors are suitable for deep space exploration [23].
The drawback would be the low temperatures and insufficient atmospheric oxygen in deep space. In
this work, we investigate the chemical gas-sensing performance of Coi2NixMnxFezyCeyOs in
abundant oxygen molecules and deficient oxygen atmosphere in order to re-create the outer and deep
space situations. These carrier gases, dry-air, nitrogen, argon and helium, were used to carry the
analyte gas and to dilute it into different concentrations. The idea to challenge the widely accepted
chemical gas sensing mechanism is novel. The Coi2xNixMnxFe2yCeyOs based sensor exhibits high
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sensitivity and selectivity towards LPG in helium gas atmosphere when x =y = 0.1. However, the
sensitivity and selectivity shifted towards NHs gas in dry air atmosphere when x =y = 0. In a nitrogen
gas atmosphere (i.e., nitrogen-dominant chamber), sensitivity, and selectivity favour propanol at x =
y = 0.3. The sensors’ performance in argon gas atmosphere (i.e., argon-dominant chamber) was
generally poor towards the tested gases. All these gas-sensing measurements were conducted at 225
°C optimal operating temperature. The idea of testing our sensors’ performance on different ambient
environments, as well as the application of double-substitution CoFe204 spinel nanoferrites in gas
sensing experiment is unprecedented.

2. EXPERIMENTAL DETAILS

2.1. Synthesis Procedure

Cor2NixMnxFe2yCeyOs, where x =y = 0.0, 0.1, 0.2 and 0.3, were prepared via the glycol-thermal
technique. Stoichiometric amounts of NiCl.6H20 (98 %), FeCls.6H20 (98 %), MnCl2.4H20 (99 %),
CoCl2.6H20 (97 %) and CeCls.7H20 (99.9 %) obtained were dissolved in 100 mL of distilled water.
Ammonium hydroxide solution was added dropwise and mixed under vigorous stirring using a
magnetic stirrer for one hour to adjust the pH to 10. Deionized water was used several times to wash
the resultant precipitate until it is free of chloride ions. The precipitate was then added to 300 mL of
ethylene glycol for reaction on a PARR 4843 Watlow series stirred pressure reactor at 200 °C for 6hrs.
The reaction pressures were between 50 to 100 psi and the stirring speed was 300 rpm. After cooling,
the glycol-reacted precipitate was washed using deionized water and heated rapidly to 200 °C for 4
hrs in the open air. The substance was finally cooled to obtain the as-prepared samples. Some portion
of the sample for which x =y =0 (i.e., CoFe204) was left to dry overnight under 250 W infrared lamp.
The powder samples were then annealed for 3 hrs at 500 °C to obtain the final product and were
labelled S1 (IR lamb dried CoFe20s), S2 (natural-dried CoFe20s), S3 (CoosNioiMno.1Fe19Ceo.10s), S4
(Coo.6Nio2Mno.2Fe1.sCeo204), and S5 (Coo.4NiosMnosFe1.7Ce0304).

2.2. Characterization

The crystal structure of each powder sample was studied using a Bruker D8 Advance X-ray
diffractometer having Cu-Ka (A = 0.1541 nm) radiation source with 0.3° per minute scan rate.
Scanning electron microscope (SEM, Carl ZEISS Sigma VP-03-67) was used to capture the images of
the particle size and surface morphology of the powder samples. A Micrometrics TRISTAR II (USA)
surface area analyser was used for nitrogen adsorption-desorption study and for Brunauer-Emmett-
Teller (BET) surface area study. The pore size, pore volume and surface area were measured using
nitrogen at 77 K and degassing the samples at 150 °C for 3 hrs. High-resolution transmission electron
microscopy (HR-TEM) images were captured by a JEOL 1400 system. PHI 5000 Scanning ESCA
Microprobe was used to examine the chemical state of the samples by X-ray photoelectron
spectroscopy (XPS) analysis using A 100 um diameter monochromatic Al Ka (1486.6 eV) X-ray beam
at a pressure of 9.3 * 10-° Torr. Ar* with energy of 2 kV and 2 pA was used for sputter-etching the
samples for 1 minute at the sputter rate of 15 nm per minute. Surface charging was minimized by
using a low energy Ar*ion gun and low energy neutralizer electron gun. The low energy peak of Au
4f7 at 83.96 eV and the high energy peak of Cu 2p3 at 932.62 eV were used for the binding energy
calibration. The retard linearity was set in order to keep the difference between these two peaks
constant at 848.66 eV. To keep the Ag3d5 peak at 368.27 + 0.1 eV, the work function of the analyser
was set to 3.7 eV.

2.3. Sensor Fabrication and Measurements

To fabricate the gas sensors, each powder sample was uniformly distributed in ethanol and
sonicated for 2 h and the solution was drop-casted onto alumina substrate screen-printed with gold
electrode. The other surface of the substrate was heated to 90 °C to remove the organic solvent and
leave a dry well adhering sensing layer. For sensing measurement, each of the sensors was
simultaneously placed in an airtight chamber having electrical and gas feeds. The measurements of
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the target gases (LPG, NHs, ethanol, and propanol) at different ppm concentrations, were conducted
using a KS026K16 (KENOSISTEC model, Italy) gas testing system. These measurements were first
performed at operating temperatures of 175 °C and 225 °C and constant applied voltage of 5.0 V
across the sensor to determine the optimal operating temperature. The responses of the sensors were
very low at the operating temperature of 175 °C as compared to that of 225 °C. Once the optimal
operating temperature was determined to be 225 °C, the remaining measurements were conducted
at 225 °C. Dry air (79% Nz and 21% O2) was used to dilute and carry the gases into the chamber for
measurements. For gas sensing measurement in oxygen-deficient ambient, helium, argon, and
nitrogen were used as carrier gases at different times. The gas sensing measurements were conducted
in 0.1 %RH dry ambient. Keithley 6487/E picoammeter/voltage source meter was used to quantify
the change in the sensor resistance of the device. The sensor response, S, was calculated using:

§= e )

la
where Ig is the current in the presence of gaseous species and Iais the current in air.

3. RESULTS AND DISCUSSION

3.1. X-ray diffraction, surface morphology and Chemical Composition

Figure 1a depicts the X-ray diffraction patterns of the pure CoFe20s that was dried using infrared
(IR) lamp, dried with oven at 200 °C (natural dried), and the Co1-2xNixMnxFe2yCeyOs ferrites spinels
resulting from the substitution of tetrahedral A-sites and octahedral B-sites of CoFe20s with Ni, Mn,
and Ce atoms in a linearly increasing molar amount.

The substitution was done at equal molar amount of x and y, where 0 < x = y < 0.3. These
substituted spinel nanoferrites were dried naturally at 200 °C for 4 hours and subjected to annealing
as described in the experimental section. The final products of the appropriate substitution of Ni, Mn
and Ce atoms are CoosNio.i1Mno.1Fe19Ce0104, Coo.sNio2Mno2Fe1.sCe0204, and CoosNio.iMno.1Fe1.9Ceo10s,
including the unsubstituted CoFe20sspinel ferrites. The samples are labelled S1 (IR lamb dried dried
CoFe20s), S2 (natural-dried CoFe20s), S3 (CoosNioaMno.1Fe1.9Ce0104), S4 (CoosNio2Mno2Fe1.sCe020s),
and S5 (Coo4NiosMnosFe17Ceos0s).

The diffraction patterns of the samples having peaks at 20 positions can be indexed as follows:
30.18° (220), 35.58° (311), 43.39° (400), 53.82° (422), 57.23° (511) and 62.91° (440). The position of the
XRD peaks for the samples matched well with the standard XRD pattern for CoFe204 spinel ferrites
with JCP2 card No. 96-154-0974, and it is in good agreement with the XRD results previously reported
elsewhere [19,24-27]. It is noteworthy to mention that at x =y > 0.2, additional peaks at 20 positions,
28.63, 33.10 and 47.87° were observed. These peaks correspond respectively to (111), (200) and (220)
planes of CeO: with PDF card no. 96-721-7888 [19,28-30]. This indicates the formation of CeO:
secondary phase in the spinel structure. No other phase attributable to Ni and Mn oxides was
observed; this is owing to the fact that ionic radii of Ni?, Mn2?* and Co? are very close to each other
with 0.083, 0.081, and 0.079 nm, respectively. However, the ionic radius of Ce®" (0.101 nm) is greater
than that of Fe* (0.064 nm). As a results, cerium dioxides secondary phase was formed as Ce content
increased in the sample. Mkwae et al. [31] reported the formation of the CeO2 as a secondary phase
at higher Ce dopant content during the synthesis of MgCexFe2-«O4 by hydrothermal synthesis method.
Many other researchers have previously observed the CeO: secondary phase when Ce3* was
substituted in their spinel nanoferrites [19,32-34]. In addition, the crystallinity of the sample with x =
y =0.1 is less than that of the other samples as some peaks corresponding to the spinel appears to be
absent or inconspicuous as observed in their low intensity. Table 1 shows the crystallite sizes of the
samples, calculated using Debye-Scherrer’s equation [35]. Figure 1(b-f) shows the scanning electron
microscope (SEM) images of the spinel nanoferrites samples. The two CoFez0ssamples- infrared lamb
dried and natural-dried in Figure 1 (b-c), possess similar surface morphology with predominantly
fine particles and few agglomerates. Upon addition of impurities to the spinel structure, difference
in surface morphology becomes distinct especially on the x =y = 0.1 shown in Figure 1d. This sample
contains more agglomerates than fine nanoparticles as compared to the previous two samples with
no impurities- Ni, Mn and Ce cations. The formation of these closely packed agglomerates could be
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due to the introduction of the Ni, Mn, and Ce dopants into the spinel, which might have led to the
complication of the spinel structure. At the substitution of 0.1 molar concentration of the impurities,
i.e,, when x=y=0.1, the crystallinity of the spinel decreased as observed earlier in the x-ray diffraction
(XRD) analysis. Atx =y =0.2, the spinel looks like solidified magma sparsely covered by agglomerates
(see Figure 1e). This is more crystalline than the sample with x =y = 0.1 as can be observed in the high
XRD peak intensities in Figure 1la with secondary phases corresponding to the CeO:. The sample
depicted in Figure 1f has the appearance of tightly bound particles.
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Figure 1. (a) The XRD patterns of cobalt ferrite spinel doped with Ni & Mn in tetrahedral A- sites, Ce
at octahedral B-sites. Scanning electron microscopy micrograms of the Coi2xNixMnxFezyCeyOu
samples with (b) x =y = 0: dried with infrared lamp, (c) x =y = 0: dried naturally, (d) x=y =0.1, (e) x
=y=0.2and (f) x=y=0.3.

Pore sizes and pore size distribution were estimated by conducting nitrogen adsorption-
desorption measurement on the sample. The samples are generally mesoporous, having pore size p,
where 2 nm < p < 50 nm. Figure 2 depicts the nitrogen adsorption-desorption isotherm of the
CoosNio.1MnoiFe19Ceo10s double-substitution spinel. It is a type IV isotherm [36] which is
characteristic of mesoporous materials. The inset is the pore size distribution.
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Figure 2. Nitrogen adsorption-desorption isotherms of the CoosNioiMno.iFei19Ce01Os double-
substitution spinel with Inset: The corresponding pore size distribution.

Table 1. The crystallite sizes, pore size distribution and the BET specific surface areas.

Specific surface Area

Co12xNixMnxFe2yCeyOs D311 (nm) Pore Size (nm)
(m?/g)
x =y =0, lamp-dried 9.99 11.38 66.99
x =y =0, natural-dried 11.30 11.96 62.48
x=y=01 9.28 12.34 72.82
x=y=02 12.05 10.52 51.93
x=y=0.3 12.30 13.29 60.76

Table 1 presents the samples’ crystallite sizes of the samples, calculated from the most
prominent peak located at (311) plane of the spinel, the pore sizes, and the specific surface areas. The
crystallite sizes are observed to vary with dopant amount, while the pore sizes and specific surface
areas do not follow a particular order as regards the change in their values upon dopant addition.

Figure 3(a-e) show the High-Resolution Transmission Electron Microscope (HRTEM) images of
the spinel nanoferrites. These spinels are generally crystalline nanoparticles. This is evident in the
clear fringes observed on the HRTEM micrographs. The interplanar d-spacing (dik) fringes of the
crystalline plane (Figure 3a) can be attributed to the most prominent ring indexed (311) in the
corresponding selected area electron diffraction (SAED) pattern and was calculated to be dsi = 0.255
nm. This value varies slightly between samples due to changes in lattice parameters resulting from
sites loading. The cubic spinel structure was highly expected to undergo both expansion and
shrinkage between 0 < x = y < 0.3. The SAED pattern observed for these nanoferrites show bright
crystalline spotted rings with the (311) exhibiting prominence. The SAED ring corresponding to the
CeO2 can also be observed very close to the most prominent ring of 311 peak. This agrees well with
XRD result and the ring corresponds to (111) plane of CeO:2 fluorite structure [37] whose inter-planar
distance (d-spacing) is 0.32 nm. It is noteworthy that the secondary phase of CeO2 was only formed
as Ce® content increased in the spinel structure.
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Figure 3. HRTEM images of the Co12xNixMnxFe2yCeyOs samples with (a) x =y = 0: dried with UV
lamp, (b) x =y = 0: dried naturally, (c) x =y =0.1, (d) x=y =0.2 and (e) x =y = 0.3. The insets are the
corresponding Selected Area Electron Diffraction patterns.

Figure 4 (a-h) depicts the x-ray photoelectron spectroscopy (XPS) of the Coi2NixMn«Fez2yCeyOs
nanoferrites with 0 < x = y < 0.3. The survey spectra shown in Figure 4 (a & b) before and after
sputtering the surface with Ar*ions were identical with peaks confirming the presence of Co, Ni, Mn,
Fe, Ce, O, and C elements in the Coi-2«NixMnxFe2yCeyOs. The sputtering took place for a minute at the
sputtering rate of 15 nm per minute. The similarity of the survey spectra suggests the homogeneity
of these nanoferrites. Observing from the survey, Ni 2p peak appears between the edge and trough
of a peak. This may suggest the scarcity or total absence of Ni atoms in the sample composition.
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Furthermore, Ni 2p scan (Figure 4d) confirms the scarcity of Ni atoms as the peak situated at 848.66
eV and 886.12 eV could not be ascribed to Ni. Figure 4c shows Co 2p core level spectrum. The fitting
peaks at 779.96 eV ascribed to B-site Co?* and 781.62 eV ascribed to A-site Co?" correspond to Co 2ps.
with its satellites at 785.11 eV, while the peak at 796.06 eV corresponds to Co 2p12 with its satellite at
803.25 eV. It is obvious that there are no Co® cations in the sample since they normally exhibit peaks
centred at 798.5 eV and 783.3 eV while occupying tetrahedral and octahedral sites respectively [38].
Figure 4e shows the Mn 2p core level spectrum consisting of spin-orbit doublets with their respective

satellites.
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Figure 4. XPS spectra of Co12NixMnxFe2yCeyOs sample for which x =y = 0.1: (a) Survey spectrum
before sputtering (b) Survey spectrum after sputtering, (c) Co 2p scan, (d) Ni 2p scan, (e) Mn 2p scan
(f) Ce 3d scan, (g) Fe 2p scan and (h) O 1s scan.
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The Mn 2psp peak at 640.68 eV ascribed to Mn?* cations and 642.06 eV ascribed to Mn3* cations
has apparently combined satellites located at 645.75 eV. In addition, the peak at 652.96 eV is attributed
to Mn 2p12 with its satellite at 657.54 eV. The Ce 3d core level spectrum depicted in Figure 4f exhibits
peaks at 882.72 eV and 888.47 eV which are respectively attributable to Ce3* and Ce* cations of Ce
3dsp. The peak at 901.88 eV is ascribed to Ce 3ds2 with its satellite peak at 916.21 eV. The Fe 2p
spectrum shown in Figure 4g comprises two spin-orbit doublets situated as follows: Fe 2p3/2 (710.43
eV, Fe3+ in B-sites and 712.45 eV, Fe3+ in A-sites) with its combined shake-up satellites at 718.20 eV
and Fe 2p1/2 (724.10 eV, Fe3+ in B-sites and 725.61 eV, Fe3+ in A-sites) with its satellites at 732.32 eV.
The positions of the binding energy of Co 2p and Fe 2p peaks and their satellites confirms the
oxidation state of Co and Fe (Co2+ and Fe3+) in the sample. The spectra also indicate the presence of
Co and Fe at the octahedral and tetrahedral sites [19]. The O 1s spectrum (Figure 4h) consists of three
peaks ascribed to OL (centred at 529.00 eV), OV (centred at 529.9 eV) and OC (centred at 531.23 eV).
OL is the oxygen inherent in the sample, OV signifies the oxygen deficient sites in the sample. OC is
connected to surface oxygen on the sample owing to its exposure to air.

Various deconvolutions of O 1s peaks are presented in Table 2. Chemisorbed oxygen is only
present in two of the samples while the existence of oxygen vacancy and lattice oxygen is generally
observed.

Table 2. Deconvolution of O 1s peaks from XPS analysis.

Co1-2xNixMnxFez2yCeyOs Or: (Ov+0c): (OL+0v):
x =y =0, lamp-dried 0.55 0.45 -

x =y =0, natural-dried 0.69 Ov=0.31 -
x=y=0.1 0.04 0.96 -
x=y=0.2 0.84 Ov=0.16 -
x=y=0.3 0.61 Ov=0.39 -

3.2. Gas sensing properties

The sensors were exposed to ethanol, propanol, ammonia, and LPG at operating temperature of
225 °C. The concentration range for each of the target gases is based on the recommended exposure
limits. Dry-air, helium, nitrogen, and argon were used as carrier-gases and for analyte gas dilution to
produce different concentrations.

Figure 5 depicts the selectivity plots of Co1-2xNixMnxFe2yCeyOs ,0 < x=y < 0.1, double-substitution
spinel (i.e., S3) towards ethanol, propanol, ammonia, and LPG using dry-air and helium gas as carrier
gases. It should be mentioned that the nitrogen and argon carrier-gas driven results are not included
here as these did not yield good gas sensing performance as expected. These results are shown in
Figure S5 of the ESI. Figure 5a shows that when dry air was used as a carrier and to dilute the
analytes, sensors S1 and S3 were favourable to ethanol vapour. However, propanol vapour could be
highly detected by S1 sensor. Moreover, sensor S3 is highly sensitive to ammonia. Furthermore, LPG
could be detected by S1. Overall, sensor S3 gave the highest response of 7.95 to ammonia. The whole
situation changed unexpectedly when helium is used as a carrier gas and to dilute the analytes. The
expectation was that helium is an inert gas and will create an oxygen deficient atmosphere inside the
sensing chamber resulting in the decrease in sensors’ sensitivity towards the analyte gas. The
opposite was observed in Figure 5b. The sensor S3 was extremely sensitive and selective to LPG at
6000 ppm concentration with a response of 116. Interestingly, these experiments that was designed
to demonstrate the performance of semiconductor gas sensors in different atmospheres, operated
with some accompanied anomalies. Figure 5¢ depicts the transient current plot with time of the LPG
concentrations on S3 sensor. The results show an increasing response with LPG concentration until
6000 ppm is reached thereafter the response begins to drop with further increase in concentration.
However, on the 10000 ppm concentration the response is slightly higher than that towards the 9000
ppm. This can be attributed to the fact that on the 10000 ppm, the carrier gas is not present, and this
is a maximum concentration. All the maximum gas analyte concentrations should look the same
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regardless of the carrier gas. The reason for dropping of the response after 6000 ppm is not clear as
well as the high response when helium was used compared to dry air.

In Figure 5d the transient current plot of the sensor toward LPG in dry air atmosphere, i.e., using
dry air as carrier gas is shown. The sensor exhibits n-type characteristics towards the first three
concentration cycles of LPG: 1000, 2000, and 3000 ppm. On the peak corresponding to the 3000 ppm
concentration, a large split is observed, which is attributed to fluctuation in operating temperature as
once observed by Mkwae et al. [31]. However, from 4000 ppm onward, charge carrier transition
began to occur in the sensor upon LPG sensing. The response of this sensor towards 3000 ppm of
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Figure 5. 3D selectivity plots of Coi2xNixMn«Fe2yCeyOs double-substitution spinel towards: (a)
ethanol, propanol, ammonia in dry air atmosphere, (b) ethanol, propanol, ammonia, and LPG (6000
ppm) in helium gas atmosphere, (c), ethanol, propanol, ammonia, and LPG (10k ppm) in helium gas
atmosphere, and (d) transient current plot of S3 towards LPG in dry air atmosphere.

The LPG sensing of the sensor S3 in dry air atmosphere was characterized by two distinct
phenomena, namely: current oscillation resulting from fluctuation in operating temperature, and
charge carrier transition, from n- to p- type. The response, response time, and the recovery time of
the sensor are 5.87 (10000ppm), 5.83 minutes, and 4.00 minutes respectively. The arrow at the bottom
of the curve indicates the moment LPG was allowed into the chamber, while the arrow at the top of
the curve indicates the moment LPG was stopped from entering the chamber. In helium gas
atmosphere, there was no charge carrier transition observed in the sensors upon LPG detection,
rather, there was a decrease in sensors’ response from 7000 ppm concentration of LPG in addition to
the observed current oscillation which occurred at the peak as well as at the sensors’ relaxation.
Generally, the sensors behaved abnormally upon LPG detection when helium was used as a carrier
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gas (i.e., in helium dominant chamber or atmosphere). The response increased from 1000 ppm to 6000
ppm then decreased the same way from 7000 ppm to 10000 ppm. This made the response of S3 at
10000 ppm (81.73) less than at 6000 ppm (116.43). The response could have been much greater than
116.43 had the abnormal decrease in response not occurred. Moreover, while the sensors’ response
pattern towards other gases was normal, it was generally abnormal towards LPG (and occasionally,
towards NHs) irrespective of the carrier gas.

Figure 6 shows the response patterns of the sensors towards LPG in dry air atmosphere and in
helium gas atmosphere. The peaks labelled 1-10 corresponds to 1000-10000 ppm LPG concentration
with 10 equal steps. Figure 6a is the response pattern of the naturally dried pristine CoFe20s+-based
sensor towards LPG in dry air atmosphere. This pattern is like that of the IR-dried sample. The
pristine samples did not undergo charge carrier transition, rather, their LPG sensing performance
was accompanied by current oscillation which becomes prominent with gas concentration. At
concentrations of 5000 to 7000 ppm, the frequency of the oscillation was high, while the amplitude
was higher from 8000 to 10000 ppm concentrations as seen in Figure 6a. This current oscillation is
caused by the fluctuating operating temperature during the LPG sensing. This anomaly was
discussed elsewhere [39]. The response pattern of the sensor (S5), fabricated from the sample with
the chemical formula CoosNiosMnosFe17Ceo304is depicted in Figure 6b. This pattern is similar for all
the doped samples. They exhibited charge carrier transition (n- to p- type) upon LPG detection.
Figure 6¢ &d show the response patterns of S2 and S5 respectively towards LPG in helium gas
atmosphere. S1 and S2 were fabricated from the pure samples, and they exhibit similar sensitivity
pattern, while S3, S4, and S5 are doped samples, and they also exhibit similar sensitivity pattern. In
nitrogen gas atmosphere, the sensitivity pattern of the sensors towards LPG is similar to that of the
dry air atmosphere - there was charge carrier transition of the sensors from n- to p-type. Also, there
were series of current oscillation at the peaks of the response. In argon gas atmosphere, the
performance of the sensors was generally poor and unquantifiable. The gas sensing performance of
the sensor (S3) towards LPG in dry air atmosphere, nitrogen gas atmosphere, helium gas atmosphere,
and argon gas atmosphere are compared in Table 3. The resistance values presented in Table 3 are
the sensor resistance in the carrier gas before the target gas, i.e,, LPG was introduced into the
chamber. The idea of gas sensing using different carrier gases (as carried out in this work) is
unprecedented. The outstanding response of the Co0.8Ni0.1Mn0.1Fe1.9Ce0.104 -based sensor (S3)
towards LPG in helium gas atmosphere is noteworthy and could be suggested that helium gas
created a more conduction-enhancing condition for the sensor than the dry air, nitrogen gas, and
argon gas did. It probably was acting as a catalyst in the reaction between the sensing layer and the
gas. Moreover, the optimal resistance for best performance appears to be attained in helium gas as
can be observed in Table 3. This could be a reason for higher conductivity in the sensor when the LPG
was allowed into the chamber with helium as carrier gas. The responses presented in Table 3 are
towards 3000 ppm of LPG in dry air atmosphere, 6000 ppm of LPG in helium gas atmosphere, and
3000 ppm of LPG in nitrogen gas atmosphere because of the charge carrier transition that was
observed on the sensor during LPG sensing in dry air atmosphere, and the decrease in response
observed starting from 7000 ppm of LPG in helium gas atmosphere. The highest response recorded
when dry air was used as a carrier gas was towards ammonia on the sensor S2. The response is 9
towards 1000 ppm; the transient current curve of the sensor is shown in Figure 6(e).
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Figure 6. Gas sensing response pattern of: (a) S2 towards LPG in dry air atmosphere, (b) S5 towards
LPG in dry air atmosphere, (¢) S2 towards LPG in helium gas atmosphere, (d) S5 towards LPG in
helium atmosphere, and (e) transient current curve of S2 towards ammonia gas in dry air atmosphere.

Table 3. comparison of gas sensing performance of the sensor (S3) towards LPG, in various carrier

gases.
Carrier Gas Resistance (k) Response
Dry air 641.03 5.87
Nitrogen 28.57 528
Helium 769.23 116.43

Argon - -
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3.2.1. Gas sensing Mechanism

Figure 7 illustrates the gas sensing mechanism of the CoosNio1Mno.1Fe1.9Ce010s-based sensor in
the different ambient conditions (oxygen abundant and oxygen deficient) it was operated while
determining its gas sensing performance. At the operating temperature of 225 °C, the atmospheric
oxygen is chemisorbed on the surface of the sensor as O- oxygen species (Figure 7a) as illustrated in
the equations 2-5. These oxygen species captured the free electrons at the conduction band, creating
a depletion layer on the sensor [40,41], and thus increase the resistivity of the n-type sensor. When
the target gas (LPG- a reducing gas) was introduced into the chamber, it reacted with the chemisorbed
oxygen on the sensor surface to produce water and carbon dioxide (Figure 7b). The surface reduction
of the sensor’s sensing layer led to the release of the captured electrons, causing the thinning of the
depletion layer, and resulting in increased conductivity of the sensor [40-42]. In helium gas
atmosphere (Figure 7c), the sensor resistance (27.95 kQ)) was observed to be far less than observed in
the air (see Table 3). This implies the availability of more electrons at the conduction band of the n-
type semiconductor-based sensor as a result of a very thin depletion region. This could be owing to
the displacement of oxygen from the chamber where, at the operating temperature, it could have
been adsorbed again to the sensor surface and reduced the quantity of electrons or impede the
mobility of electrons in the conduction band. Nevertheless, it could not be explicitly stated that some
chemisorbed species of oxygen are no longer available at all on the sensor surface, but rather that
there is limited amount of them, otherwise, the current would have remained the same when LPG
was allowed into the chamber, as adsorption/desorption of oxygen is currently understood to be the
principle upon which the operation of electrochemical gas sensors is based [20,43,44]. However, the
sensor’s response increased with increasing concentration of the target gas (LPG). The effect of
helium was more noticeable when used as a carrier gas for LPG (depicted in Figure 7d). The relatively
high sensor response towards helium-borne LPG indicates the catalytic effect of helium in the
process. While helium did not actually participate in the chemical reaction (being inert as shown in
Figure 7c¢), it is obvious that it facilitated the reaction of LPG with the residual oxygen species on the
sensing layer by easily bringing LPG into close contact with the sensing layer, and thus aiding further
thinning of the depletion layer as shown in Figure 7d.

0,(gas) - 0;(ads) (2)
0,(ads) + e~ - 05 (ads) T <100°C 3)
0; (ads) + e~ = 20 (ads) 100°C < T <300°C 4)

0~ (ads) + e~ - 0% (ads) T > 300 °C (5)
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Figure 7. Schematic illustration of the gas sensing mechanism of the CoosNio.:Mno.1Fe1.9Ceo104+based
sensor: (a) in air, (b) towards air-borne LPG, (c) in helium gas atmosphere, and (d) towards helium-
borne LPG.

Figure 8a shows the transient current curve resulting from the detection of 3 cycles each of 5000
ppm, 6000 ppm, and 7000 ppm LPG concentrations by the sensor (S3). The sensor could not maintain
the same response towards three cycles of 5000 ppm concentration of LPG. Its response towards three
cycles of 6000 ppm concentration is consistent, while its response to three cycles of 7000 ppm
concentration is as observed for 5000 ppm concentration but with lower response. The decrease in
the response that occur towards 7000 ppm, in comparison with the 6000-ppm concentration, is
consistent with the result obtained earlier. The test was carried out over 10 months after the initial
measurement. The response of the sensor has decreased to 12.39 over this period.

Figure 8b shows the sensitivity plot of the sensor (53) towards 5000 ppm and 6000 ppm of LPG
using helium as carrier gas in the presence of 50% relative humidity. The response of the sensor under
this condition is 10.98 as compared to 12.39 under dry ambient condition. The sensor is not much
affected by the high humidity; this indicates its potential for LPG detection and monitoring in an
atmosphere with high relative humidity.

The long-term stability of the sensor (53) in helium gas atmosphere is presented in Figure 8c.
The sensor retained about 50 % of its initial sensitivity towards LPG in 6 months. Surprisingly, in
the following 5 months the response has drastically diminished relative to its initial response. This
drastic diminishment in response could be the effect of series of current instability the sensor
underwent while detecting LPG over this period. This instability, otherwise called current oscillation,
occurred at the peaks (marked with red arrow in Figure 6d) as well as at the relaxation (marked with
green arrow in Figure 6d). This could have caused an enormous stress on the sensor, and thereby
rapidly reduced its efficiency.
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Figure 8. (a) Transient current and response curve from the sensitivity of the sensor (S3) towards 5000,
6000, and 7000 ppm of LPG in helium gas atmosphere, (b) response of S3 towards 5000 and 6000 ppm
of LPG in helium gas atmosphere in the presence of 50% RH, and (c) long-term stability of the sensor
(S3) in helium gas atmosphere.

The result of this work in comparison to other works on LPG detection is summarised in Table
4. The performance of the sensor with helium as carrier is quite remarkable.

Table 4. Comparison of the performance of the double-substitution spinel with other sensor materials

towards LPG detection.
Material Carrier gas Operattng Concentration Response Ref.
temp. (°C) (ppm)
ZnO Dry air 200 100 49% [45]
CdO Dry air 50 10 000 4.6% [46]
MgFex04 Dry air 225 10 000 395.47 [31]
MgFe204/BiVOs Dry air 50 500 58% [24]
Sn-CuFe204 Dry air 25 2000 78% [16]
CousNioiMnot—py 225 3000 3.35 This work
Fe19Ce0.104 ryaw ’ !
Coo.sNio.1tMno. . .
Fe1oCeoiOs Helium gas 225 6 000 116.43 This work
4. CONCLUSIONS

The gas sensing performance of a double-substitution spinel is reported in this work. Both
doped and pure Cobalt ferrite spinels, prepared by glycolthermal method, were exposed to
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flammable gases using dry air, helium gas, nitrogen gas, and argon gas as carrier gases at different
times. The gas sensing performance of S3, ie., the sample with chemical formula
CoosNioaMno.1Fe1.9Ceo.10s towards 6000 ppm concentration of LPG, using helium as carrier gas, is
relatively high. In helium atmosphere, the sensor experienced series of oscillating current upon LPG
detection, at the peaks as well as at the relaxation. In addition, the sensor’s response declined from
7000 ppm of LPG concentration contrary to expectation. The gas sensing performance of the sensor
in dry air atmosphere is low and its LPG sensing was accompanied with current oscillation which
was observed to have been triggered by fluctuation of operating temperature. Moreover, the sensors
underwent n-type to p-type charge carrier transition from 4000 ppm concentration of LPG. This may
suggest the reason for its poor performance in dry air atmosphere. In the nitrogen gas atmosphere,
the sensitivity pattern of the sensor (S3) was similar to that in the dry air atmosphere as charge carrier
transition of the sensor was also observed. The response of the sensor towards LPG in argon gas
atmosphere was poor and unquantifiable. The sensor seems to exhibit preference for operation in
oxygen-deficient environment as its response was higher in the helium gas atmosphere than in the
dry air atmosphere. The response of the sensor after a period of 11 months was found to have
diminished significantly. However, it exhibits very high resistance towards 50 % relative humidity.

Currently, there is not adequate knowledge to explain the phenomena that accompany LPG
sensing in both dry air atmosphere and helium gas atmosphere. A more comprehensive study is very
crucial for better understanding of the phenomena and to fabricate sensors operable efficiently
despite the anomalous phenomena.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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