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Abstract: The gas sensitivity of semiconductor metal oxides, such as y-Fe,O3 and SnO,, is investi-
gated together with the synergistic effects in conjunction with grapheme. Nanoparticles of y-Fe,O3,
v-Fe;O3/5n0,, and y-Fe;O3/5n0, /RGO, prepared by two-step fabrication, were assembled in
gas-sensing devices to assess their sensitivities; response and recovery times for the detection of
ethanol, methanol, isopropanol, formaldehyde, H,S, CO, and NO gases at different temperatures but
constant concentrations of 100 particles per million (ppm); and H;S, which underwent the dynamic
gas sensitivity test in different concentrations. Each sample’s crystallinity and microscopic morphol-
ogy was investigated with X-ray diffraction and a scanning electron microscope. In comparative gas
sensitivity measurements, the ternary composite of y-Fe,O3/SnO, /RGO was identified as an ideal
candidate, as it responds to all four tested liquids in the gas phase as well as HpS with a response
value equal to 162.6. Further, only the ternary composite y-Fe;O3/SnO, /RGO hybrid nanoparticles
responded to NO gas with a sensor response value equal to 4.09 in 12 s. However, only the binary
composite y-Fe;O3/SnO, responded to CO with a corresponding sensitivity of 1.59 units in 7 s.

Keywords: gas sensors; reduced graphene oxide; semiconductor metal oxides; solvothermal synthesis

1. Introduction

High sensitivity gas sensors are key for the management of combustible and toxic
gases in the oil and gas, chemical, mining, and power industries. This sector discharges
an enormous amount of gases, such as carbon monoxide, ammonia, carbon dioxide, hy-
drogen sulfide, and hydrocarbons [1]. Thinking about the environmental impact of the
aforementioned gases, we can say that an extensive discharge of those gases may have
a damaging effect on the matter of health and safety. The discharge of explosive gases, e.g.,
methane, propane, and butane, can lead to unwanted fire events [2]. Various protective
and mitigating restrictions are being implemented to protect the ecosystem from harmful
gases that require tracking and monitoring of dangerous gases and implementation of pre-
ventive measures ensuring that only small amounts of these gases are released directly into
the atmosphere.

Nowadays, it is clearly seen that gas-sensing technologies are broadening their occupa-
tion areas, starting with environmental monitoring, the chemical industry, and natural gas
analyzing techniques in petroleum engineering applications, including breath analyzers [3],
medical diagnosis methods, and safety systems [4].

Graphene is the most renowned and exceptional members of CNPs’ family, as it is
a single-layer allotrope form of carbon atoms settled in a 2D hexagonal lattice where each
atom constructs a pinnacle. Firstly, it was observed in 1962 by electron microscopes, yet it
was only researched when supported on surfaces of metal. This material was rediscovered
later. Andre Geim and Konstantin Novoselov isolated and described it in 2004 at the
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University of Manchester; the Nobel Prize was awarded to them for this work in 2010 [5].
Since then, it has continued to attract more and more researchers and scientists making
nano-compositions based on graphene.

A specific surface area of 2630 m? /g [6] was theoretically assigned to graphene, which
was three times that of carbon black and almost similar to activated carbon. Since graphene
has a 2D structure, it allows every single atom to participate in a chemical reaction from
both sides, and it is the only form of carbon or any solid material that has such a property.
In addition to that, there is a special chemical reactivity at the outermost atoms of graphene.
Among the other allotropes, graphene has the highest ratio of edge. The chemical reactivity
of graphene increases with an increase in the defects within a sheet.

Graphene is regarded as a zero-gap semiconductor because its valence and conduction
bands meet at the Dirac point [7].

Even at room temperature, graphene has outstanding electron mobility with a value of
more than 15,000 cm?-V~1.s71 [8], where the hole and electron mobility remain unchanged.

Basic knowledge about the properties of carbon nanomaterials is crucial to further
develop multi-functional material systems. Nanostructured materials of a nano size and
extraordinary shapes offer extremely high surface-to-volume ratios, and, regarding the
surface activity, carrier mobility is exploited to improve sensitivity of the semiconductor
metal oxide (SMO) [9]. Recent studies have investigated different types of graphene that
have been functionalized with SMO materials; these have shown considerable promise
in detecting many reducing and oxidizing gases, such as Hp [10], NH3 [11], HS [12-15],
H,S at 100 ppm and 24 °C (S = 87%; Tres = 14; Trec = 32;) [16], NOy [17], CO, O, [18], liquid
petroleum [19], ethanol, methanol, isopropanol, formaldehyde, toluene, acetone, and so
on [20,21].

Thanks to these features, graphene might be useful in the formation of a variety of
novel gas-sensing materials to decrease the maintenance temperatures of their sensing
devices in order to detect harmful gases.

The ternary composite y-Fe,O3 (maghemite) is important in the conventional fabri-
cation of magnetic materials. It is a semiconductor metal oxide with a band gap of ca.
2 eV in bulk form; in the form of nanoparticles, the calculated value is 3.9 eV, though this
can be adjusted with the dopants [22]. Maghemite is a post-product of Fe?*-containing
compounds, such as magnetite or titanomagnetite, made by erosion or controllable oxida-
tion at lower temperatures [23]. These methods were considered to produce y-Fe;O3 in
a proper particle size and surface area [24] in this study. The electronic structure of y-Fe,O3
suggests an n-type semiconductor due to vacancies in the valence band and a conduction
band populated by electrons [25]. Higher conductivity can be reached through combination
with a less defective graphene that displays p-type semiconductor properties [26]; this was
further confirmed by the preparation of a y-Fe;O3 /RGO-sensing device working at room
temperature (S = 520.73 at 97 ppm) [27].

Several researchers have investigated another n-type semiconductor oxide, SnO,, with
a band gap equal to 3.6 eV [28]. With its high gas sensitivity, absorption, and environ-
mentally friendly profile, this substance is already used in the preparation of numerous
gas-sensing products [29]. Gas sensors made of SnO, and its compositions were studied
to detect different organic vapors, such as formaldehyde (S; = 9 at 200 ppm) [30], acetone
(Sr = 153; Tres = 10 s; Trec = 12 s) [31], and many other VOCs (volatile organic com-
pounds) [32], as well as its conjugations with graphene to detect toxic gases, such as H,S
(Sr = 23.9 at 200 ppb) [33]; the SnO, /RGO sensor for H,S operates at room temperature
(Sr =33; Tres =2 s at 50 ppm) [34].

It is proposed that a combination of these two concepts makes it possible to achieve
better improvements in the manufacture of sensing devices and to enhance current fast-time
and accurate responses [35,36].

A series of novel gas-sensitive films are produced by combining semiconductor metal
oxides (SMO) (e.g., y-Fe; O3, SnO,) with graphene oxide [37]. Experimentation with these
films investigates the accuracy of response reactions toward a variety of harmful gases
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and liquids in a gas phase and establishes the performance of these novel films at lower
working temperatures. The research aims to synthesize novel types of gas sensor media
based on SMOs and graphene by use of relatively cost-effective and easier methods, and to
measure materials’ sensitivity capabilities toward different gases to estimate their possible
implementation into practical use to fabricate industrial gas sensing devices.

2. Materials and Methods

Samples were produced via a double-step synthesis involving solvothermal and
successive sintering [38,39].

2.1. Materials

Graphene oxide (Deyang Alkene Carbon Technology Co., Ltd., Deyang, China), ferric
(III) chloride hexahydrate (Shanghai Zhanyun Chemical Co., Ltd., Shanghai, China), tin
(II) chloride dihydrate, sodium acetate anhydrous (Tianjin Fengchuan Chemical Reagent
Technology Co., Ltd., Tianjin, China), and polyethylene glycol (Tianjin Kemiou Chemical
Technology Co., Ltd., Tianjin, China) were used. All reagents were used at an analytical
degree of purity and without further purification.

2.2. Preparation of y-Fe;O3 Nanospheres

FeCl3-6H,0O was used as the iron precursor. An amount of 1.012 g of FeCl;-6H,O
was added to 50 mL of ethylene glycol in a beaker and stirred for 20 min; once a uni-
form solution was obtained, 2.7 g of sodium acetate and 0.75 g of polyethylene glycol
(PEG-20000) were added to the solution and stirred vigorously for an hour. Then, the
mixture was poured into a 100-mL Teflon-lined stainless-steel autoclave and kept in
a heating oven at 200 °C for 12 h. After cooling, the black-colored nanospheres were
collected, washed 5 times with ethanol and deionized water, and centrifuged with a mix-
ture of ethanol and DI water in a 1:1 volume ratio at 4000 RPM (revolutions per minute)
for 10 min after each wash. The Fe3Oy yield was separated with a magnet, dried at room
temperature, ground into a fine powder, and placed into a crucible for sintering in a furnace.
The heating rate was set at 5 °C-min ! until it reached 300 °C, and then the temperature
was kept steady at 300 °C for 2 h to produce y-Fe;O3. After natural cooling, the as-prepared
reddish-brown y-Fe; O3 nanospheres were collected [40].

2.3. Preparation of y-Fe;O3/SnO;, Nanoparticles

Nanoparticles of y-Fe,O3/5nO, were synthesized in a 7.5/1.5 ratio. An amount of
1.012 g of FeCl3-6H,O was added to 30 mL of ethylene glycol and stirred for 20 min; once
a homogenous solution was obtained, 2.7 g of sodium acetate and 0.15 g of polyethylene
glycol (PEG-20000) were added to the solution and stirred for an hour at room temperature.
Simultaneously, 0.09 g of SnCl,-2H,0 and 1.3 g of sodium acetate were put into a beaker
with 20 mL of ethylene glycol and vigorously stirred at 60-70 °C for 2 h on a thermostat
magnetic stirrer. Then, the two mixtures were sealed in a 100-mL stainless-steel autoclave
and thermally treated at 200 °C for 10 h. After naturally cooling down, the mixture was
washed with deionized water and ethanol several times, centrifuged, and dried at room
temperature. The dried mixture was then collected and placed into a ceramic crucible and
sintered in a high-temperature furnace at a heating rate of 5 °C-min~! until the temperature
reached 300 °C. It was kept at this temperature for 2 h. The product was cooled in ambient
conditions and collected for later use.

2.4. Preparation of y-Fe;O3/SnO,/RGO Hybrid Nanoparticles

Nanoparticles of y-Fe;O3/5nO,/RGO were synthesized in a 1/7.5/1.5 ratio.
An amount of 1.012 g of FeCl3-6H,0O was added to 30 mL of ethylene glycol and stirred
for 20 min; once a homogenous solution was obtained, 2.7 g of sodium acetate and
0.15 g of polyethylene glycol (PEG-20000) were added to the solution and vigorously
stirred for an hour. At the same time, 0.09 g of SnCl,-2H,0 and 1.3 g of sodium acetate
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were put into a beaker with 20 mL of ethylene glycol and stirred at 60-70 °C for 2 h.
Then, the two mixtures and 10 mL of GO (4 mg-mL~') were sealed in a 100-mL stainless-
steel autoclave and heated at 200 °C for 10 h. After naturally cooling down, the mixture
was washed with deionized water and ethanol 5 times, centrifuged, and dried at room
temperature. The dried mixture then was placed into a ceramic crucible and sintered in
a high-temperature furnace at a heating rate of 5 °C-min~! until the temperature reached
300 °C. It was kept at this temperature for 2 h. The product was cooled in ambient condi-
tions and collected for later use.

2.5. Characterization of Phases and Microstructures

Synthesized samples were characterized with an Ultima IV X-ray diffractometer
(Rigaku Electric Corporation) (Cu K« radiation) at a scanning speed of 10°/min and
a scanning range of 20 = 10-80°. The XRD analysis determined if precursors were correctly
transformed into the desired materials.

SEM images and EDS spectrum data were obtained by Zeiss Sigma-300 (Carl Zeiss AG).

2.6. Fabrication of Gas-Sensing Devices

Sensing devices were fabricated with a brush coating method. A Ni-Cr alloy heating
coil (Figure 1b) was passed through the alumina tube (Figure 1a), and then an alumina
microtube was placed and fixed to a special platform with 6 poles. Next, 4 electrodes made
of Pt were soldered to 4 contact poles on the platform [41]; the heating coil with 2 legs was
soldered to the remaining 2 poles of the pedestal, respectively (Figure 1d). All test samples
were marked and ground into fine particles in an agate mortar grinder with the addition
of absolute ethanol, and a small brush was used to lightly attach the ground samples.
After applying samples on the alumina ceramic tube, the coating process proceeded until
an even coating layer was formed. Completely formed devices were installed on a large
circuit board with 32 inlet slots.

a) B

5n’ﬁm 5 mm

Coated sensing

" ALO, tube
material

Heater

Heater

— (Jy= 5 V Om——

Pt electrodes

Figure 1. (a) Alumina tube with 4 Pt electrodes, (b) Ni-Cr heating coil, (c) an empty pedestal,
(d) a microtube-installed pedestal, (e) a schematic diagram of alumina tube coated with the sensing
materials, (f) an equivalent circuit of the gas-sensing testing system used.

2.7. Measurement of Gas-Sensitivity Performance of the Sensors

Gas-sensing performance in static testing conditions was assessed with a computer-
controlled data acquisition system interface provided by Winsen WS-30A testing equipment
(Winsen Electronics Technology Co., Ltd., Zhengzhou, Henan). Experimental gas sensors
were installed on a circuit in a connector within a securely fastened transparent glass
chamber (approximately 16.7 L volume) that restricted the gas flow between the inlet and
outlet. The data acquisition system detects resistance changes through the connector; it
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reads, processes, and reports results as statistical graphs [42]. The final response data is
derived from simple statistical averages. Samples of target gases were taken from gasbags
and injected into the reaction system using micro-syringes (1-10 puL volume). Gas sample
concentrations were calibrated to exactly 100 ppm using a known organic vapor density
and the test chamber’s volume (Table 1). The operational temperature points were set at
100 °C, 160 °C, 200 °C, and 300 °C [43], and the ambient relative humidity varied between
18 and 40%. During temperature tolerance experiments, the temperature sensing devices
lost stability above 370 °C, producing unstable fluctuations on the statistical graphs.

Table 1. Calculated conversion list of the gas concentration to volume.

Organic Liquids Concentration (ppm) Volume (uL)
1 Methanol 100 3.21
2 Ethanol 100 4.63
3 Isopropyl alcohol 100 6.08
4 Formaldehyde 100 2.2
Gases Concentration (ppm) Volume (mL)
1 CcO 100 1.8
2 NO 100 1.8
5 0.09
10 0.18
3 HzS 25 0.45
50 0.9
100 1.8

Prior to injecting any target gas into the sensing chamber, the reaction system was first
sealed at the start of each test run, and the instruments were heated until a stable graph
line appeared on the testing software. Graphic information and corresponding data from
the test system were used to calculate component voltage values, resistance values, and
the response time and recovery time of the component. An identical integral circuit of
the gas-sensing media is shown in Figure 1f. The sensor components (R) are connected
in a series with the load resistor (Ry) with a known resistance of 47 M(), and a source
voltage (Up) of 5 V is applied. The sensitivity (S) of each response is calculated (1) based on
the absolute difference in resistance between the sensor in synthetic air (R,i) and in the
gas-injected test atmosphere (Rgas).

S= [Rgas — R | x 100, 1)
Rair
The resistance (R) of each response is calculated by measuring the voltages (U) applied
to the resistor Ry (2)
~Up—-U
U
The sensitivity response (S;) for the n-type semiconductor sensors in (1) electron-
donating gas atmospheres is calculated using Formula (3); in electron-withdrawing gas
atmospheres, it is calculated using Formula (4) where R, is the resistance of the sensors in
air, and Ry is the resistance in the target gases [44]. Since we observed a voltage elevation
caused by a decrease in resistance when the sensing components made contact with the
target gases, Formula (3) was used to calculate the sensitivity response values.

R

X Ro, (2)

®)
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_ R

=R
where the response time (Tres) denotes the time that is necessary for the sensor to reach 90%
of its maximum resistance change post-exposure to samples of target gas molecules. The
recovery time (Tres) indicates the time elapsed between the target gas’s elimination from
the test chamber and until the sensor returns to 90% of its initial resistance [45].

S, 4)

3. Results and Discussion
3.1. Characterization
3.1.1. Characterization of y-Fe, O3

The reaction mechanism involved in the solvothermal synthesis of Fe;O, can be
expressed by the following initial reaction [46]. At the beginning of the process, dissolv-
ing iron (III) chloride and sodium acetate in ethylene glycol leads to the formation of
the Fe(OH)s:

FeClj - 6H20(S) + 3CH3COONa(S) + C2H602(1) — 5)
Fe(OH)3(S) + 3NaCl(s) + 3CH3COOH(1) + C2H602(1) + 3H20(1)

When the mixture is heated at the high temperature of 200 °C, close to the boiling
point of ethylene glycol (197 °C), the ethylene glycol reacts as a reducing agent to produce
iron (II) hydroxide:

FE(OH)3(S) + C2H602(1) — FQ(OH)Z(S) + C2H4O(1) + HzO(l) + OH(ﬁq)’ 6)
Consequently, the two iron (III) and iron (II) hydroxides then react in a 2:1 molar ratio
at the high temperature of 200 °C to form magnetite nanospheres:

2Fe(OH)3(s) —|— Fe(OH)z(S) — FE3O4(S) \l, +4H20(1), (7)

Finally, magnetite undergoes an oxidation reaction in the sintering furnace at the
controllable temperature of 300 °C.

FE3O4(S) + Oz(g) — Y — FeZO3(s)/ (8)

Black-colored Fe3O4 nanoparticles have high crystallinity rates when produced via
solvothermal synthesis (Figure 2b). The results were compared in agreement with the
reference patterns of Fe30, phase (Figure 2a), and the following characteristic peaks at
26 values were observed at the corresponding atomic planes: 18.3° (111), 30° (220). The
highest intensity peaks were observed at 35.4° (311), 43.1 (400), 57° (333), 62.5° (440) and
74° (533) [47].

The presence of the as-prepared y-Fe,O3; nanospheres in samples sintered from the
previously investigated Fe;O4 was investigated using an XRD analysis. While an XRD
spectral sample analysis of the samples mostly yields distinct structural patterns, complex-
ity remains in distinguishing between the Fe;O, and y-Fe,O3 phases due to differential
identities for some decimal units on the peak representing angles. Further differentiation is
possible using atomic plane numbers.

Characteristics of the XRD spectra from the samples were analyzed in comparison
to reference diffraction patterns (Figure 2d). The presence of the as-prepared y-Fe,Os is
confirmed by comparing the peak angles at 30.3° (220), 35.6° (311), 43.25° (400), 53.7° (422)
57.2° (511), and 63° (440) with their respective atomic planes. However, the atomic plane
at 20 = 57.2° (511) might be considered similar to a contrast between the y-Fe,O3 and
the Fe3O,4 with an almost similar peak angle at 26 = 57° (333) (Figure 2b). Further, the
light brown color of the sample mentioned in the JCPDS card 39-1346 provides further
confirmation of an effective synthesis of the maghemite nanoparticles.
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h ﬁ 1-Fe,0,/Sn0,/RGO
g JL Graphite (75-1621)
f A 1-Fe,0,/Sn0,
e | Sn0,(29-1484)
| | | | Sn0,(33-1374)
L U Al o A N U P
d A 1+Fe,0;
P, AW e
C ﬂ y-Fe,0,(39-1346)
A A A h A
° w
a Fe,0,(82-1533)
A ﬁ j A & h
10 20 30 40 50 60 70 80
20 / degree

Figure 2. XRD pattern of (a) #82-1533 standard PDF card of Fe3O4 phase, (b) synthesized FezO4
nanoparticles, (c) #39-1346 standard PDF card of y-Fe,O3 phase, (d) synthesized y-Fe,O3 nanospheres,
(e) #29-1484 and #33-1374 standard PDF cards of SnOy, (f) synthesized y-Fe,O3/SnO, nanoparticles,
(g) #75-1621 standard PDF card of graphite, (h) synthesized y-Fe,O3/SnO, /RGO hybrid nanoparticles.

To prepare the nanoparticle samples for SEM analysis, a thin layer of gold plating (up
to a dozen atomic layers) was sprayed to cover their surface due to the super-paramagnetic
properties of these samples [48].

The experimental y-Fe, O3 samples appear as relatively uniform spheres composed
of nanocrystal aggregates (Figure 3) in which the population of the spherical particles on
their own created a highly porous microstructure, simultaneously leading to an increase
in the density of theactive surface. The morphology and particle size of the experimental
v-Fe;O3 nanospheres was not expressively changed during the sintering oxidation of the
Fe;04 nanospheres; instead, the resultant nanoparticles are more tightly aggregated.

200 nm

EHT = 5.00 kV Mag = 50.00 KX Signal A = SE2 WD = 7.4mm

Figure 3. SEM image of y-Fe,O3 nanospheres (at 5.0 kV).
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3.1.2. Characterization of y-Fe; O3 /SnO,

A two-step synthesis, in which the initial mixture was stirred at 60-70 °C before being
passed to the higher temperature second reaction stage, was implemented to avoid rapid
homogeneous nucleation of SnO, in the first step [49].

Characteristics of the XRD spectra from the samples were analyzed in comparison to
reference diffraction patterns (Figure 2d—f). The y-Fe;O3/5nO; nanoparticles” XRD spectra
show five high points, including a representation of three superimposed peak positions
at 30° (111), 35.7° (021) (JCPDS 29-1484), and 62.8° (311) (JCPDS 33-1374) for tin dioxide,
and, at the same, 20 angles with corresponding atomic planes of (220), (311), and (440) for
maghemite overlaid with tin dioxide, whereas the remaining two peaks come out at 43.3°
(400) and 57.2° (511) (JCPDS 39-1346), confirming the y-Fe,Os phase.

The SEM image of this experimental binary metal oxide compound (Figure 4a) displays
a very densely populated morphological structure with nanospheres that contain huge
numbers of porous micro-clusters at the same time.

b1

Mag = 100.00 K X EHT = 300 kV
WD = 8.2 mm Signal A = SE2

Figure 4. (a) SEM image (at 3.0 kV), (b) EDS spectrum and elemental mass and atomic content of
v-Fe;O03/5n0O, nanoparticles.
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The high weight (wt = 75.99%) and atomic (at = 63.78%) percentage of iron (Figure 4b)
produces this very dense formation of y-Fe;O3 nanospheres. While graphene oxide was
not used in the production of this sample, the footprints of carbon atoms are apparent.
It is presumed that the carbon atoms identified in the EDS spectrum result from carbon
containment in the previous reactions shown in Equation (6).

3.1.3. Characterization of y-Fe;O3/5SnO, /RGO

Characteristics of the XRD spectra from the samples were analyzed in comparison to
reference diffraction patterns (Figure 2h). The spectra display the same five diffraction peaks in
Figure 2f, with three overlaying positions that represent the y-Fe;O3 and SnO; phases merged
together and two distinct positions for the y-Fe,Os phase itself. However, two additional
diffraction peaks exist: one at 20 = 26.3°, representing RGO at the atomic plane (002), and
another at 20 = 53.7°, belonging to the y-Fe;O3 phase at atomic plane (422). These spectra
provide confirmation of an effective synthesis of the y-Fe;O3/5nO, /RGO nanoparticles.

SEM imaging of the morphological surface structure of the y-Fe,O3/5n0O, /RGO
hybrid nanoparticles (Figure 5) can be characterized as the accumulation of these two metal
oxide nanoparticles on the surface of graphene sheets. The joint growth of the metal oxides
on the surface of the graphene is observable in an SEM image in Figure 5b.

Mag = 100.00 K X EHT = 300 kV 500 nm Mag= 40.00KX EHT = 300kV
|

Signal A = SE2 | WD = 7.8mm Signal A = SE2

Figure 5. SEM image of y-Fe;O3/5nO, /RGO hybrid nanoparticles at (a) 200 nm and (b) 500 nm
magnification range (at 3.0 kV).

An EDS inspection of the surface content of the sample recorded that a majority of the
surface is distributed by iron by weight and carbon by atomic dispersion (Figure 6), while
only 11% of the weight content and a minor 3% of the atomic dispersion is accounted for
for tin.

Element

Fovsatoanalonant ol

Figure 6. EDS spectrum and elemental mass and atomic content of y-Fe,O3/SnO,/RGO
hybrid nanoparticles.
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Elemental mapping documents an interesting arrangement of the atoms. Iron and
tin appear to be superimposed (Figure 7b,c); however, the carbon atoms extend to other
parts (Figure 7d). It becomes visible that the central field of the scanning region is exces-
sively occupied with iron due to the excessively high y-Fe,O3 content of wt = 65.52% and
at = 35.19%.

25um

b) Fe Kal G ) Sn Lad d ) C Kal 2

(e B S%ans.
25um 25um

25um

Figure 7. EDS elemental mapping of (a) y-Fe;O3/SnO, /RGO hybrid nanoparticles for iron, tin,
and carbon atoms, (b) distribution of iron atoms, (c) distribution of tin atoms, (d) distribution of
carbon atoms.

3.2. Gas-Sensing Mechanism

The semiconductor materials selected for this topic, y-Fe;O3 and SnO,, are both n-type
semiconductors. For n-type semiconductors, when the semiconductor material and the
target gas are fully reacted, an oxidation-reduction reaction occurs. When the reaction
has not yet started, the oxygen molecules on the surface of the semiconductor can snatch
electrons to become adsorbed oxygen anions and, eventually, transform into O,~, O™, and
02 Equation (9).

Oy(gas) +xe~ — O (ads), 9)

Since many electrons are looted near the surface of the semiconductor in the adsorbed
oxygen, the surface layer of the material turns into an electron depletion layer; therefore,
the gas sensor’s potential barrier increases, and, as a result, the conductivity decreases.
However, this process increases the electric resistance of the material. The resistance of
the sensor significantly decreases when a certain concentration of gas is injected into the
testing chamber and the sensing devices make contact with the target gases.

NO(gas) +xe~ — NO*~ (ads), (10)

NO(gas) + O, (ads) +2e~ — NO*™ (ads) + 20" (ads), (11)
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2H,S(ads) + 30, (ads) — 250, + 2H,0 + 3e"h™, (12)

When the gas sensor reacts with the reducing gases (such as NO, CO, H,S, CH30H,
CH;O, etc.), the reducing gas molecules will undergo oxidation-reduction reactions with
the adsorbed oxygen ions (Equations (10)—(12)). At this time, the previously captured
electrons will be released back to the conduction band. Therefore, with the use of these
electrons as an electric charge carrier, generation of a surface depletion layer occurs on
the semiconductor’s surface [50]. As was noted in previous reports [51], when the sensors
are exposed to an electron-donating gas, the resistance of a hybrid sensor with a p-n
heterojunction might be enhanced due to expansion of the depletion layer.

As the H,S gas is injected into the test chamber, more electrons start to flow through
the conduction layer because the presence of H,S gas eliminates adsorbed oxygen on the
surface of semiconductor materials, Equation (12), simultaneously narrowing down the
potential barrier [52]. Therefore, the heterostructure of the y-Fe;O3/5SnO, nanocomposites
can provide a high specific surface area and more active sites [53], so that the oxygen
molecules and gas molecules can be intensively absorbed on the surface of the sensing
materials. In addition to that, the empty holes of RGO, acting as a p-type semiconductor,
will lead to a shortening of the time of electron transmission.

3.3. Results and Discussion on the Gas-Sensitivity Test for Organic Vapors

The sensitivity of experimental nanoparticles for the detection of gases was initially
investigated using four liquids: methanol, ethanol, isopropyl alcohol, and formaldehyde in
a gas phase. The gas concentrations were set at 100 ppm, and the temperature varied at
100 °C, 160 °C, and 200 °C with a relative humidity range from RH = 20% to RH = 38%.
Finally, the values for sensor response (S;), response time (Tres), and recovery time (Trec)
were calculated and recorded (Table 2).

Table 2. Gas-sensitivity test results for organic vapors at different temperatures.

Gas Compound Temperature S, Tres (S) Trec ()
v-Fe, O3 - - -
v-Fe;03/5Sn0, 100 °C - - -
v-FepO3/5n0, /RGO 6.4 15 14
g v-Fe,05 1.9 2 32
£ v-Fe,03/Sn0, 160 °C - - -
= v-FepO3/5n0, /RGO 2.8 23 24
v-Fep, O3 5.3 18 34
v-Fe;O3/Sn0, 200 °C - - -
v-Fe;03/5n0, /RGO 7.9 12 18
v-Fe, O3 - - -
v-Fe;O3/5Sn0, 100 °C - - -
v-Fe;03/5n0, /RGO 5.3 19 16
= v-Fe,05 36 21 16
E y-Fe,03/5n0, 160 °C 5.0 25 11
2 v-Fe;03/5n0, /RGO 10.1 27 15
v-Fe, 05 16.4 40 107
v-Fe,03/5n0, 200 °C 7.0 48 27

V-FEZO:‘,/SI’IOz/RGO 10.3 41 24
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Table 2. Cont.

Gas Compound Temperature S; Tres () Trec ()

v-Fe; O3 - - -

v-Fe; O3/5n0, 100 °C - - -

E y-Fe;03/5n0, /RGO 162 33 21
= v-Fe,05 2.56 38 15
% v-Fe; O3/5n0, 160 °C 10.6 36 34

2

& v-Fe,03/Sn0, /RGO 5.0 41 17
= v-Fe, 05 22.16 39 31
v-Fe> O3/5n0, 200 °C 10.9 46 58
v-Fe,03/Sn0, /RGO 13.1 38 19

v-Fe; O3 - - -

v-Fe> O3/5n0, 100 °C - - -
o v-Fe,03/Sn0, /RGO 45 22 20
;i‘ v-Fer O3 - - -
% v-Fe,03/5n0, 160 °C - - -
£ Y-Fe,03/Sn0, /RGO 39 50 15
. v-Fe,03 44 39 58
v-Fe> O3/5n0, 200 °C 35 31 11

v-Fe;03/5n0, /RGO 4.8 34 9

Relying on the data illustrated in Table 2, the lowest sensor response among all the
tests was observed from single-component y-Fe,O3 nanospheres when the samples were
exposed to methanol at 160 °C. In contrast, the highest sensitivity (S; value: 22.16) was also
observed from y-Fe,O3 nanospheres exposed to isopropyl alcohol at 200 °C (Figure 8c).
Many experimental nanospheres did not respond at 100 °C, and the gas sensitivities of
the materials were comparably lower at 160 °C. Sensing capabilities increased as the
temperatures increased, with a similar trend in improving the response and recovery times.
The fastest results (Tres = 12 s and Trec = 9 s) were observed with the ternary composite
v-Fe;03/5n0, /RGO at 200 °C. The longest recovery time (Trec = 107 s) was observed for
v-Fe;O3 when it was exposed to ethanol vapor at 200°, with a simultaneous best response
(S = 16.4 s) in the same experiment.

The tests show that, in several gas-sensitivity measurements targeted to organic liquids
in a gas phase, the binary component y-Fe,O3/SnO; recorded lower response values than
those of the pure y-Fe;O3. In this case, it is believed that the heterojunction could reduce
the recombination of the electron and hole and, simultaneously, allow the electrons to move
effectively from the surface of the sensing materials to the reducing gas.

3.4. Results and Discussion on the Gas-Sensitivity Test for H;S, CO, and NO Gases

When investigating the experimental nanoparticle sensitivity to H,S gas at 100 °C
(Figure 9a), 200 °C (Figure 9b), and 300 °C, a strong differentiation was observed in
the sensor response. The leading result (S; = 162.6 points at 100 °C) was observed with
v-Fe;03/5n0, /RGO hybrid nanoparticles and a comparably longer response time
(Tres = 84 s). While y-Fe;O3/5n0, /RGO hybrid nanoparticles” sensitivity showed major
declines with an increase in temperatures (S; = 17.2 points at 200 °C; S, = 20 value at
300 °C), the response time improved significantly from Tres = 84 s to 6 s (a decrease of 78 s
in sensitivity time), with an extra 1 s increase at 300 °C. It is suggested that this improved
reaction response is achieved due to improvements in the surface area responsive to HyS
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and an increased electron transfer to the graphene layer provided by a large population of
the tiny y-Fe;O3 nanospheres [54].
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Figure 8. U/T gas sensitivity curves for (a) formaldehyde at 200 °C, (b) ethanol at 200 °C, (c) isopropyl

alcohol at 200 °C, and (d) the list of S, Tres, and Trec responses for three types of organic vapors at

200 °C.
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Figures 10 and 11 display the dynamic response values of sensing materials upon
exposure to different concentrations of H,S. It is clearly visible that the S; values increased
alongside the concentration, and the ternary component y-Fe;O3/5n0O; /RGO recorded
dominant points at all concentrations. Figure 12 shows the sensitivity responses towards

H,S at different temperatures.
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Figure 10. U/T gas sensitivity curves of (a) y-Fe,O3, (b) y-Fe;O3/SnO;, and (c) y-FepO3/SnO, /RGO

nanoparticles as a function of H,S gas concentration at 100 °C.
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Figure 11. The list of Sy, Tres, and Trec responses as a function of HyS gas concentration at 100 °C.
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y-Fe,0,4[300°C]
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Figure 12. The list of total Sy, Tres, and Trec responses for H,S gas-sensitivity test at 100 °C, 200 °C,
and 300 °C.

While the sensitivity of the experimental nanoparticle to CO gas was investigated
at 200 °C, 240 °C, 270 °C, 300 °C, and 370 °C, measurable but limited responses were
only observed at 300 °C with the binary SMO component of y-Fe;O3/5nO, nanoparticles
(Sr = 1.59 units in Treg =7 s and Trec = 18 s).

In sensitivity tests to NO gas, the ternary component y-Fe;,O3/5n0O, /RGO hybrid
nanoparticles were the only experimental material to respond (at 100 °C [55];
S =4.09 points in Tres = 12 s and Trec = 14 s).

Other experimental materials did not show sensitivity reactions to CO and NO.

4. Conclusions

Nanomaterials containing two kinds of n-type semiconductor metal oxides (y-Fe;O3
and SnO,) were prepared via relatively simple methods to create a p-n heterojunction
within SMOs and their reduced GO layers. The prepared sensing composites were brush-
coated on an alumina tube connected with Pt electrodes and tested upon exposure to seven
different gases of environmental and industrial concern (methanol, ethanol, isopropyl
alcohol, formaldehyde, H,S, CO, and NO). Materials were tested toward different gases
to indicate materials” distinct selectivity and accurate responses to certain types of tested
gases. Yet, sensing mechanisms were similar for tested VOCs and other three types of gases.
Experimental results are presented for all investigations. The triple-composite sensing
media y-Fe;O3/5n0, /RGO was sensitive to all organic vapors at 100 °C for all of the tested
organic vapors. Tests for the H,S gas confirmed that temperature had a great impact on the
sensitivity of the materials, and, with an elevation in the testing temperature, significant
declines in sensitivity were observed. However, though the sensitivity declined, the sensor
response time was significantly faster at higher temperatures, especially for H,S at 200 °C
where a remarkable Ty es value of 6s was recorded.
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