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Abstract: The performance of a conventional metal oxide sensor (MOX) is highly dependent on its
high operating temperature. Many researchers have tried to solve the problem by exploring hybrid
materials. On the other hand, ternary hybrid materials have emerged as a promising class of materials
with unique properties and potential applications in various fields, be it environmental or medical,
such as in breath analyzers for prediabetes analysis. This article focuses on the synthesis method,
characterization, and application of ternary hybrid materials for room-temperature sensors, as well
as recent advances and future developments in the field. The materials consist of three different com-
ponents, metal oxide (Fe3O4), polymer (polyaniline) and carbon-based materials (reduced graphene
oxide), which were synthesized using in-situ methods. Five samples were prepared in different
ratios. The properties of these materials were characterized using techniques such as X-ray diffraction
(XRD), Raman, scanning electron microscope (SEM) and transmission electron microscopy (TEM).
The XRD and Raman analyses showed the existence of all the individual constituents in the hybrid
sample. SEM and TEM also showed a strong interaction between the constituent materials as a hybrid
nanocomposite. The response and recovery time were studied against 1, 10 and 100 ppm acetone.
The results show that the sample with 10 wt%Fe3O4-PANI-RGO (S2_10) has a reaction and recovery
time < 32 s against the above ppm and has the highest sensing response at room temperature.

Keywords: ternary hybrid materials; room temperature; VOC sensing; acetone

1. Introduction
1.1. Background

Breath is the largest potential source of volatile organic compounds (VOCs) and is
also an important indicator of invasive or non-invasive medical diagnosis and health
surveillance [1,2]. More than 870 types of volatile organic compounds (VOCs) can be
detected in human breath. These VOCs provide important information about metabolic
abnormalities or malfunctions in the human body [2], such as cancer [3], cystic fibrosis [4]
and diabetes [5,6]. Diabetes is a common health problem in which patients have high blood
glucose levels because the body is unable to produce sufficient amounts of insulin [5,7].
Despite enormous efforts to prolong the lives of diabetics, diabetes remains the fifth leading
cause of death worldwide with 1.6 million deaths [5]. For early detection of diabetics,
acetone gas concentration can be used as a marker to distinguish diabetics from healthy
individuals. The acetone concentration in exhaled air is reported to be usually between 0.2
and 0.8 ppm in healthy people, while the threshold for diabetics is 1.8 ppm [8].

In general, gas sensors based on metal oxides are the most promising for monitoring
harmful volatile organic compounds (VOCs). They are in great demand in many fields,
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such as climate, safety, security, and process monitoring as well as for medical devices such
as respiratory gas analyzers for the pre-diagnosis of diabetes. However, due to their high
operating temperature of up to over 150 ◦C, the performance of the sensors degrades over
time [7,9]. The discovery of hybrid materials generated a lot of interest in various fields.
These are basically materials that consist of two or more different components and can
combine the advantageous properties of each component to create new or improved func-
tionalities [10]. Over the years, the applications of hybrid materials have expanded to many
fields, such as medicine [11], batteries [12], supercapacitors [13], energy storage [14,15] and
sensing [16–19].

In the field of sensor technology, a good sensor should be inexpensive, reliable, stable
and easy to manufacture. Hybrid materials can improve the sensitivity, selectivity, stability,
and reproducibility of a sensor [20,21]. Hybridization between materials is considered a
promising strategy to overcome the drawbacks of organic and inorganic materials for gas
sensing. It offers new or enhanced functionalities through a synergic interaction between
the two phases [22–24]. So far, different materials, such as inorganic semiconductors, metal
oxides and conducting polymers, have been used to fabricate sensors with a small size, low
power consumption, high sensitivity, and high reliability [16,22,25–27].

By taking advantage of the hybridizing materials, the performance of the sensor can
be improved. Some of the materials that can be used for hybridization with metal oxides
are derivatives of graphene that is reduced to graphene oxide (RGO) and polymers such
as polyaniline. The functional groups in RGO have been found to interact strongly with
various gases, making RGO a promising platform for room-temperature chemical gas
sensing applications [28]. On the other hand, the combination of polymers with iron oxide
nanoparticles has attracted much attention in conductive polymer applications due to
their structures as well as their chemical and physical properties. It has been proven that
the hybridization of iron oxide on the network of the polymer material results in better
conductivity and magnetization by generating an electromagnetic field (EM) [17,29,30].
Many researches have been carried out and have shown the advantages of inorganic com-
pounds in the PANI matrix, especially magnetite (Fe3O4). Fe3O4 has good ferromagnetic
properties and is resistant to corrosions by acidic solutions. Since Fe3O4 is a hydrophobic
material, chemical reactions with PANI increase its dispersions in solution. It also shows
good electrical behavior when an external electric field is applied to the material [29].

1.2. Sensing Mechanism

The metal oxide gas sensor works on the principle of chemoresistance, where the gas
molecules interacting with the metal oxides act either as donors or acceptors of charge car-
riers and change the resistance of the metal oxide. The increase or decrease in the resistance
of the metal oxide thin film depends on the type of majority carriers in the semiconductor
layer and the type of gas molecules (oxidizing or reducing) in the surrounding atmosphere.
For n-type materials, oxidizing gases (acceptor) increase the resistance of the thin film,
while reducing gases (donor) decrease the resistance, and vice versa for p-type materials [7].
When the sensor is exposed to the atmosphere, oxygen is adsorbed on the surface of the
metal oxide and oxidation of the oxygen molecules takes place, with the oxygen atom
accepting excited electrons from the conduction band of the metal oxide and becoming
oxygen ions (O−2 O−, O2−), and the reaction equations are (1)–(4) [31]. The resistance of the
sensor remains the same if the ambient factor remains unchanged.

O2(gas)→ O2(adsorbed) (1)

O2(adsorbed) + e− → O−2 (2)

O2(adsorbed) + e− → 2O− (3)

O2(adsorbed) + e− → O2− (4)
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In the present work, we propose the preparation of a novel active material from the
ternary hybrid material Fe3O4-PANI-RGO for the detection of acetone at room temperature.
To the best of our knowledge, there are papers mentioning the hybridization of the proposed
materials but none addressing the application for pre-diabetes diagnosis.

2. Materials and Methods
2.1. Materials

Iron (II) Chloride Tetrahydrate (FeCl2.4H2O), Iron (III) Chloride Hexahydrate
(FeCl3.6H2O), Iron (III) Nitrate (FeNO3)3.9H2O, Ammonium hydroxide (25%), Nitric acid
(65%), Hydrochloric acid (37%), Aniline (99%), Ammonium peroxodisulfate (98%) Sil-
ver (Ag) paste (resistivity 30–35 µΩ-cm), Ascorbic Acid and Graphene oxide (GO) paste
(95 wt% purity) were all purchased from Merck. De-ionized (DI) water was used in all
preparations. Interdigitated electrode (IDE) with a size of 5 mm × 5 mm was purchased
from Nova Scientific (Sturbridge, MA, USA).

2.2. Synthesis of Ternary Hybrid Nanocomposite Fe3O4-PANI-RGO

The ternary hybrid nanocomposite was prepared by an in-situ method, as shown
in Figure 1, where the as-synthesized Fe3O4 and PANI were first sonicated in a bath for
30 min. Then both solvents were added and mixed with the GO paste for another 1 h to
ensure homogeneity. Then, 0.1 g ascorbic acid was added to the mixture and heated to
90 ◦C for 2 h. Finally, the product was centrifuged and washed with ethanol and water.
The dry product was obtained by drying the mixture in an oven. The synthesis process is
illustrated in Figure 1. Five different samples were synthesized with different weight ratios
of the materials. The name and description of the samples are listed in Table 1.
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Figure 1. Synthesis process of ternary hybrid materials.

Table 1. Sample name and description of the ratios used.

Sample Name Description

S1_5 5 wt%Fe3O4-PANI-90 wt%RGO

S2_10 10 wt%Fe3O4-PANI-80 wt%RGO

S3_20 20 wt%Fe3O4-PANI-60 wt%RGO

S4_30 30 wt%Fe3O4-PANI-40 wt%RGO

S5_40 40 wt%Fe3O4-PANI-20 wt%RGO
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2.3. Thin-Film Development and Gas-Sensing Setup

Figure 2 shows the diagram of the development of the thin film on IDE and the con-
struction of the gas sensor. A volume 1.0 µL was developed on the IDE using the drop
casting method. The thin film was then dried at room temperature. For the measure-
ment setup, the IDE chamber was connected to the outlet tube of the air and VOC and
the multimeter.
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Figure 2. Gas-sensing setup.

2.4. Characterization

Microstructural analysis of the synthesized active materials was studied using an x-ray
diffractometer (XRD) (Panalytical, model X’Pert3 Powder, Malvern, UK), structural and
morphological analysis was performed using Raman spectroscopy (Horiba, model HR800,
514 nm laser excitation, Kyoto, Japan) for the spectral ranges of 200 to 4000 cm−1, scanning
electron microscope (SEM) (Tescan Vega, Brno, Czech Republic) and transmission electron
microscope (TEM)(Hitachi, model HT7830, Tokyo, Japan).

A specially designed vapor sensor setup was used to investigate the performance of
the active materials at room temperature. The IDE was placed in a chamber and connected
to the multimeter. First, air was purged onto the Fe3O4-PANI-RGO-coated IDE for 60 s,
then, VOC (acetone) was purged onto the IDE. The analyte from the vapor was adsorbed on
the surface of the active materials, resulting in changes in the impedance and capacitance
of the IDE due to the polarization and realignment of molecules in the dielectric materials.
The process was continued with the purging of air to desorb the analyte from the surface of
the active materials. The response and recovery time were monitored in real time on the
connected computer.

3. Results and Discussion
3.1. Microstructural Analysis

The microstructural analysis of the materials was investigated by XRD. The pattern
consists of the as-synthesized Fe3O4, PANI, GO and S2_10 and is shown in Figure 3. For
PANI, the peaks are found to be at 2θ: 15.1, 20.7, 25.5 and 27.3◦ with corresponding d-
spacings of 5.9, 4.3, 3.5, and 3.3 Å, which are very similar to those in the study conducted
by (Singu et al., 2011) [32]. For graphene oxide (GO), the main peak is at about ~12.5◦,
indicating the presence of amorphous GO. The disappearance of this peak in sample
S2_10 indicates the complete reduction GO to RGO [33]. The integration of the plane
with Fe3O4 and PANI reveales the low crystallinity of RGO and shows a large interfacial
contact between all the constituent materials [34,35]. For Fe3O4, all peaks showed consistent
agreement with ICDD Card No. 98-015-8746, where the strong and sharp diffraction peaks
were seen at 2θ: 30.3, 35.7, 43.2, 53.8, 57.3 and 62.9◦, corresponding to the d200, d311, d400,
d422, d511 and d440 planes respectively. The calculated cubic lattice parameter was 8.33 Å,
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which is in agreement with the findings reported in the literature review [35]. The crystallite
size of the samples was calculated using the Debye–Scherrer equation:

D =
kλ

βcosθ
(5)

where D is the particle size (nm), k is a constant (k = 0.94), λ is the x-ray wavelength, β
is the full width at half maximum (FWHM) of the diffraction peak, and θ is the angle of
diffraction. The crystallite size calculated from (Equation (5)) for the samples Fe3O4, PANI
and S2_10 were 9.68 ± 1.9, 4.17 ± 3.2 and 9.34 ± 1.4 nm, respectively.
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3.2. Raman Analysis

Raman spectroscopic analysis was performed to verify the presence of PANI and RGO.
Figure 4 shows two observation peaks at 1345 cm−1 and 1594 cm−1 for the ternary hybrid
material sample, indicating the D and G bands of GO. While the G band correlates to the
sp2-hybridized graphitic carbon atoms in RGO, the D band is related to structural defects
and disorder of RGO [36,37]. When comparing the single constituents of RGO with sample
S1_10, it was found that the ID/IG decreased from 0.975 to 0.969, which is related to the
reduction of the defect following the PANI coating [38]. Two other small peaks from sample
S1_10 can be seen at 1157 and 1484 cm−1, which represent the C-H vibration in the quinoid
and semiquinone structures of PANI and show the establishment of a PANI chain on GO
for the ternary hybrid nanocomposite material [39].
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Figure 4. Raman analysis of the single constituents and the ternary hybrid nanocomposite material
of sample S2_10.

3.3. Morphological Analysis

The structure and morphology of the as-synthesized individual components of Fe3O4,
PANI and RGO as well as the ternary hybrid material were investigated by SEM and
TEM analysis. Figure 5a shows the SEM image of RGO, where a clear, wrinkled surface
at a magnification of 2 µm can be seen. Figure 5b,c show the image of PANI with a high
porosity and a rough crystalline image of Fe3O4, respectively. The agglomeration of Fe3O4
is due to its highly magnetic properties [38]. The porosity of PANI could be useful for the
absorption of analyte during the sensing process, as it will provide a more active site [40,41].
Figure 5d–h show the ternary hybrid nanocomposite samples of S1_5, S2_10, S3_20, S4_30
and S5_40, showing a similar morphology to the single constituent materials, with hole-like
porosity evident for all concentrations of the hybrid materials. A dense PANI and Fe3O4
nanomaterial is seen coated on the sheet-like RGO. This proves that PANI and Fe3O4 are
evenly distributed on the surface of RGO.
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Figure 5. SEM Images of (a) RGO, (b) PANI, (c) Fe3O4 and (d–h) S1_5, S2_10, S3_20, S4_30 and
S5_40, respectively.

TEM analyses of the single material Fe3O4, RGO, PANI, the ternary hybrid sample
S2_10 and the SAED diffraction are shown in Figure 6a–e, respectively. The single-material
Fe3O4 shows a spherical shape with different sizes and a low aggregation with an average
particle size of 6.1 ± 2.1 nm, which complements the crystallite size from XRD, as shown in
Figure 7. RGO shows a common sheet-like structure with a smooth surface, which is con-
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sistent with the image from SEM. This result is similar to the study reported by Gupta et al.
(2022) [42]. PANI shows a rod-like structure due to the electrostatic interaction [41]. The
size of the rod-like structure is about 15–23 nm in diameter. Figure 6d shows sample S2_10,
which has a similar structure to Fe3O4, with the spherical shape of Fe3O4 incorporated with
PANI uniformly located on the surface of the RGO sheet. The calculated particle size was
6.3 ± 1.8 nm. These findings support the synthesis of the ternary hybrid nanocomposite
with an excellent dispersion. Figure 6e shows the selected area diffraction pattern (SAED)
of sample S2_10, in which a well-defined diffraction ring can be seen in agreement with
planes (200), (220), (311), (400), (422), (511) and (440), complementing the XRD result.

Crystals 2023, 13, x FOR PEER REVIEW 8 of 17 
 

 

area diffraction pattern (SAED) of sample S2_10, in which a well-defined diffraction ring 

can be seen in agreement with planes (200), (220), (311), (400), (422), (511) and (440), 

complementing the XRD result. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 6. TEM analysis for samples (a) Fe3O4, (b) RGO, (c) PANI and (d) S2_10, and (e) SAED 

pattern. 
Figure 6. TEM analysis for samples (a) Fe3O4, (b) RGO, (c) PANI and (d) S2_10, and (e) SAED pattern.



Crystals 2023, 13, 845 9 of 16Crystals 2023, 13, x FOR PEER REVIEW 9 of 17 
 

 

 

Figure 7. Crystallite size and particle comparison from XRD and TEM respectively. 

3.4. Sensing Analysis 

Figure 8 shows the schematic diagram of the sensor mechanism. When the metal 

oxide sensor is placed in an environment with the presence of target gas, the target gas 

will react with the oxygen species on the surface of the active material (Equations (1)–(4)). 

The interaction between the target gas and the oxygen species will create a resistance 

change in the sensor. For acetone, the reaction is simplified as follows [43]: 

CH3COCH3 (gas) + O2
− (adsorbed) → CH3C+O + CH3O− + e− (6) 

CH3C+O → CH3+ + CO (gas) (7) 

CO (gas) + O2
− (adsorbed) → CO2 + e− (8) 

 

Figure 8. The mechanism of the sensor towards acetone vapor. 

Figure 9a–c show the response and recovery time for all samples when expose to 1, 

10, and 100 ppm acetone, respectively, while Figure 10a–c show the real-time response of 

samples S2_10 when expose to 1, 10, and 100 ppm acetone, respectively. The response time 

is defined as the time from the first contact of the sensor with acetone vapor, in which the 

RGO sheet 

Figure 7. Crystallite size and particle comparison from XRD and TEM respectively.

3.4. Sensing Analysis

Figure 8 shows the schematic diagram of the sensor mechanism. When the metal
oxide sensor is placed in an environment with the presence of target gas, the target gas will
react with the oxygen species on the surface of the active material (Equations (1)–(4)). The
interaction between the target gas and the oxygen species will create a resistance change in
the sensor. For acetone, the reaction is simplified as follows [43]:

CH3COCH3 (gas) + O−2 (adsorbed)→ CH3C+O + CH3O− + e− (6)

CH3C+O → CH+
3 + CO (gas) (7)

CO (gas) + O−2 (adsorbed)→ CO2 + e− (8)
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Figure 9a–c show the response and recovery time for all samples when expose to 1,
10, and 100 ppm acetone, respectively, while Figure 10a–c show the real-time response of
samples S2_10 when expose to 1, 10, and 100 ppm acetone, respectively. The response
time is defined as the time from the first contact of the sensor with acetone vapor, in which
the sensor resistance reaches 90% of the saturated value of the resistance to acetone vapor.
The recovery time is the time from which the acetone resistance returns to 10% of the
baseline [44]. To imitate the most common environment for the gas sensor, air was used as
the carrier gas.
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From the response in Figure 10, we can see that the resistance of the samples de-
creases/increases upon exposure to acetone and gradually stabilizes. The response shows
a concentration-dependent behavior depending on the charge carrier [45]. When p-type
semiconductors meet n-type semiconductors, the holes in the p-type semiconductors dif-
fuse into the n-type semiconductors and neutralize the free electrons, resulting in the
generation of positive charges in the n-type semiconductors. This explains the emergence
of a synergistic effect between the organic p-type material (PANI) and the n-type material
(RGO-Fe3O4) [45,46]. From our previous work, the response and recovery time of Fe3O4 to
300 ppm acetone at 300 ◦C was 2.19/3.6 min, respectively [47]. Based on the current work,
the response and recovery time are of which is shown in Figure 9, sample S1_5 had the
fastest response and recovery time to 1 ppm acetone, which was 13.6 s/13.5 s, respectively.
When exposed to 10 and 100 ppm acetone, sample S2_10 had a better response and recovery
time compared to the other samples, with measurements of 20.8 s/17.7 s and 31.3 s/22.4 s,
respectively. The performance of the sensor improves at a lower ppm of acetone and at
the lower operating temperature, i.e., room temperature. This could be due to an increase
in the size of the analyte site leading to an increase in the detected signal as well as the
sensitivity of the sensor. One of the reasons for the increasing sensitivity is the pore that can
be seen in the SEM image [48]. It was reported by Abokifa et al. (2019) that the sensing at
room temperature was attributed to some factors, such as the morphology, small grain size
and high surface-to-volume ratio of the nanostructured sensors, as the above-mentioned
mechanism (Equation (3)) only takes place under high-operating-temperature conditions
(<200 ◦C) [31]. In this case, 10 wt% was the optimal ratio of the ternary hybrid, as increas-
ing the ratio above this value resulted in the response and recovery time of the sensor
also increasing. However, when the concentration was further increased to 40 wt%, the
response/recovery time decreased. This finding proves that adjusting the active material
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of the MOX sensor can affect the performance of the sensor, such as the sensitivity and the
response and recovery times.

The sensing response of the sensor (S) was calculated using the following equation:

S (%) =
(Rg− Ra)

Ra
× 100 (9)

where Rg is the electrical resistance in the presence of gas, and Ra is the electrical resistance
in the presence of air. The sensor response shown in Figure 11 for sample S2_10 was
observed for 42 days. It shows that the response does not vary significantly. This is due to
some factors, such as the ability of the analyte molecules to be adsorbed on the surface of
the active materials due to the pore volume [48]. This can be explained by the SEM image
in Figure 5e, where the pore volume of sample S2_10 can be obviously seen on the surface
of the sample. Therefore, the improvement of the pore volume has a great influence on the
sensitivity of the sample [49].
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Figure 12 shows the sensory response of all samples when exposed to 1000 ppm
formaldehyde, ethanol and acetone. It can be seen that sample S1_5 reacts more strongly
to formaldehyde, while samples S2_10, S3_20 and S4_30 react three times more strongly
to acetone compared to formaldehyde and ethanol. From this, we can conclude that
sample S2_10 has a high response to acetone and is suitable for breath analyzers for pre-
diabetic diagnosis.
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at room temperature.

4. Conclusions

In general, the ternary hybrid nanocomposite materials were synthesized and inves-
tigated for their sensing capability. The reaction and recovery time of the ternary hybrid
material was studied for 1, 10 and 100 ppm acetone. The fastest response and recovery
time for the lowest ppm of acetone was confirmed for sample S1_5. However, as the
concentration increased, the sensor response also increased. In this case, sample S2_10
reacted the most to acetone vapor compared to the other samples. This could be due to
several reasons, such as the depletion layer, the available active sites and the thickness of
the samples cast on IDE. This shows that concentration is dependent on the performance of
the sensor. However, further studies need to be carried out to investigate the chemical and
physical properties of the active materials, so that modifications can be made to further
reduce the reaction and recovery times and improve the sensitivity of the sensor.
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