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ABSTRACT

Fe203-CNT hybrid thin films are promising candidates for room-temperature gas sensors
with high sensitivity, rapid response, and recovery times. In this work, we reported the
suitable fabrication strategies of Fe:03-CNT hybrid thin films as liquefied petroleum gas
(LPG) sensors by comparing the dry (without using aqueous solutions) and wet processes.
Fe-CNT hybrid thin films were used as the primary material for synthesizing Fe203-CNT
hybrid thin films, which were then annealed in air at 3500C to create a-Fez03.
Characterizations by X-ray photoelectron spectroscopy, transmission electron microscopy,
and field emission scanning electron microscopy (FE-SEM) confirmed the decoration of a-
Fe203 nanoparticles on CNT surfaces. The transfer process had effects on the surface
morphology and sensor characteristics. FE-SEM presents that the surface morphology of the
wet-transfer Fez03-CNT films was web-like structures with a highly porous morphology.
Whereas the surface morphology of the dry-transferred Fe;03-CNT films was a branch-like
structure. The I-V relationship of both annealed wet- and dry- films was non-linear
indicating the present of n-type a- Fez03. Under 5 vol.% of LPG, the wet-transferred Fez03-
CNT films have higher sensitivity (S = ~ 3% Tresp= 10 s, trec= 595) compared to the dry-
transferred Fez03-CNT films (S = ~ 1.4%, Tresp.=90s, trec.= incomplete recovery). Moreover,
the wet-transferred Fe203-CNTs could detect LPG concentration at a lower value than 25%
of LEL (Lower Explosive Limit) with rapid response and recovery time of 23 s and 49 s,
respectively.

Keywords: Dry transfer, FE203-CNT hybrid thin films, LPG sensors, room-temperature
sensors, wet transfer

1. INTRODUCTION

Liquefied petroleum gas (LPG) is a complex mixture of hydrocarbon compounds, which mainly
consist of propane (CsHs), butane (CsHio), ethyl mercaptan (C:HsSH), and similar sulfuric
compounds in small amounts for odorization [1]. LPG is widely used as a combustion material in
heaters, cooking equipment, and automotive vehicles. LPG is one of the most harmful gases due
to its flammability and explosive nature. The explosion of LPG could have occurred if the gas
concentration is within the range between the Lower Explosive Limit (LEL) and Upper Explosive
Limit (UEL), with a sufficient amount of oxygen and a source of ignition [2]. The LEL and UEL of
LPG are 1.8 and 9.5 vol. % of LPG, respectively [3]. Although there is the addition of an odorant to
LPG, however, individuals with hyposmia (partial loss of smell) or anosmia (complete loss of
smell) may not be able to smell it due to small amounts. Therefore, LPG sensors are necessary for
preventing accidents.
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Metal oxide (MOx) is one of the most popular LPG-sensing materials due to its ability to be
fabricated in nano sizes. Extensive studies on MOx-based LPG sensor shows that it has high
sensitivity, high selectivity, high stability, rapid response, inexpensive, and ease of use. However,
most MOx-based LPG sensors require high working temperatures (300-500°C) to ensure high-
performance [4-6], thus leading to high-power consumption and changes in the microstructure
of MOx nanomaterials. In detection of flammable and explosive gases, the high operating
temperature can be dangerous. Therefore, application of MOx as a sensing element in LPG sensors
at room temperature is limited. To overcome this limitation, research on the development of
room-temperature LPG sensors based on hybrid nanocomposites has gaining attention.

Hybrid nanomaterials based on MOx and carbon nanotubes (CNTs) are one of the most
researched combination as each has potential for properties enhancement, such as the electrical
conductivity, the porosity, and heterojunction generation in sensing materials [7]. The
improvement in sensing performance (high response, high selectivity, and low-operating
temperature) of MOx-CNT hybrid compared to other sensor fabricated using a single-material is
evident [7-9]. Jia et al. reported that an acetone sensor using flower-like Fe;03-CNTs
nanocomposites exhibit a greater response and better selectivity than pure Fe;03, at 260°C [9].
MOx-CNT composites-based sensors can be fabricated using both the dry and wet processes. The
typical dry process involves synthesizing CNTs and mixing them with MOx nanoparticles by
plasma treatment and electron beam evaporation [8]. A typical wet process for fabricating hybrid
material-based sensors consists of the MOx-CNT combination by probe sonication and magnetic
stringing, film coating process, and heat treatment [5]. MOx-CNTs in liquid form are usually
coated onto a substrate using spin-coating, screen-coating, and spray-coating technique.
However, an aggregation of metal oxide nanoparticles in hybrid films occurred during the coating
process, leading to a decrease in the active sites, subsequently reducing their sensitivity [10]. The
search for suitable method for MOx-CNT hybrid material deposition is ongoing to improve gas-
sensing performance operating at room temperature. To date, there are no reports available
comparing dry- and wet- processes of Fe;03-CNT hybrid materials.

Hematite (a-Fe203) is a nanostructure n-type semiconducting metal oxide with a wide bandgap
ranging from 1.9 to 2.2 eV [11]. This material has been extensively studied in detection of harmful
and toxic gases such as LPG due to its high sensitivity, high selectivity, rapid response, and
recovery [5]. Furthermore, CNTs as a sensing element for high-sensitivity gas sensors operated
at room temperature because it gives high surface-to-volume ratio, hollow-pipe structure, high
electron mobility, high chemical reactivity, and stability [12, 13]. However, pure CNTs-based LPG
sensor usually has poor sensitivity, long response time, and incomplete recovery [14].

In this work, we report a study of an ultra-thin Fe;03-CNTs hybrid thin-film LPG sensor. The
synthesized Fe-CNT layer was deposited uniformly onto a membrane filter using the mist-
chemical vapor deposition (mist-CVD) and were subsequently annealed in the air to create Fe,03
[15, 16]. Nonetheless very few reports on fabrication of Fe;03-CNT thin-film gas sensors are
available. To obtain the optimum sensing output, better understanding on the how the fabrication
process affects the sensor properties. The surface morphologies of the Fe;03-CNT hybrid thin
films produced using both dry and wet process were examined. The fabricated Fe;03-CNT hybrid
thin film has demonstrated a potential to be used as LPG sensor element operating at room
temperature with rapid response.
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2. EXPERIMENTAL METHODS
2.1 Sensing Films Synthesis and Gas Sensor Fabrication

The metallic Fe nanoparticles (NPs) and CNT hybrid thin films were synthesized continuously
through mist-CVD deposition. Ferrocene (Fe(CsHs)2) and ethanol (C;HsOH) were used as the
catalytic and the carbon source, respectively [12]. The ratio of ferrocene to ethanol solution was
fixed at 0.25 wt.%. When the system was heated to 960°C under atmospheric pressure, the
precursor solution was injected into the tube furnace at a rate of 1000 sccm using argon (Ar) as
the carrier gas. As-grown Fe-CNTs in the high-temperature zone then moved downstream and
were collected onto a mixed cellulose ester (MCE) membrane filter (0.45 pm pore size) at the
bottom of the reactor at room temperature (from now on called " as-grown films”). Next, the as-
grown films on the membrane filter were transferred using the dry technique by pressing onto a
glass substrate without the use of any solvent (water, acetone, or ethanol) (from now on called
“dry-transfer films”), as shown in Figure 1la. The wet-transfer method on another hand
transferring as-grown films with water, acetone, and ethanol. First, as-grown films were
transferred onto a glass substrate by pressing on a substrate as described in the dry-transfer, and
then, MCE was removed by dissolving in acetone solutions for 48 hours. Subsequently, the
transferred films were washed with ethanol and deionized water several times (from now on
called “wet-transfer films”), as shown in Figure 1b. After transferred onto substrates either by
dry-transfer or wet-transfer, the transferred films were annealed in the air at 350°C for 8 hours.
In this study, the annealing temperature of 350°C to form Fe203 was selected, as TGA finding in
previous study suggest that at this temperature, the Fe (in CNTs) entirely formed to Fe;03 and
contamination (amorphous carbon, carbon case, residual membrane filter) on CNTs were
removed [17]. If annealed at a higher temperature, the CNTs are also burned out, leading to the
films having extremely high resistance (~ 20 M{2), which is unsuitable for sensing measurement.
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Figure 1. Schematic diagram showing the preparation process of Fe203-CNT hybrid thin film. As-grown
films were prepared onto the substrate by (a) dry transfer process (the pressing onto a substrate and
pilling-off) and (b) wet transfer process (pressing onto a substrate and removing filter with dissolving in
acetone solutions for 48 h). Subsequently, both dry-transfer film and wet-transfer films were annealed in
air at 350°C to create a-Fe203.
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2.2 Materials Characterization and Sensor Measurements

The surface morphologies of the hybrid films were investigated using field emission scanning
electron microscopy (FE-SEM). The adhered nanoparticles on CNT films were verified via
Transmission electron microscopy (TEM). The purity, diameter, and type of CNTs were
determined by using Raman spectroscopy. The surface chemical composition and chemical states
of Fe;03-CNT films were obtained using X-ray photoelectron spectroscopy (XPS).

After transferring the Fe;03-CNT thin film onto a glass (or Si) substrate, the carbon conductive/Ag
electrodes were then aligned on the Fe;03-CNT thin film. The sensing characteristics of the Fe,03-
CNTs sensor were investigated at room temperature (approximately 280C). The fabricated
sensors were supplied with voltage ranging from 1 - 5 V throughout the measurements. The
changes in resistance of the sensors were measured and recorded via Kelley 2004 source meter.
Data acquisitions (DAQ), storage, and plotting in real-time were realized using a personal
computer with LabView™ software via a GPIB (General Purpose Interface Bus) interface control.
The desired concentration could be achieved by using a mass-flow controller unit. The sensitivity
of a gas sensor is defined as the rate of change in the resistance of the sensing film in the presence
and absence of gas. The sensitivity (S) for the sensor is given by [18]:

__|AR|
Rg

S(%) x 100 (1)

AR is Rs - R ¢, where Ry, and Rs denote the electric resistance value of sensors when exposed to
LPG gas and N; (or zero air), respectively. The sensors were tested with 5 vol.% of LPG, and
further tested for repeated exposure to similar concentration. The sensors performance to
different LPG concentration were conducted for 0.1, 0.4, and 0.7 vol.% LPG.

3. RESULTS AND DISCUSSION

3.1 Characterization of Sensing Films
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Figure 2. XPS spectra for C 1s states. Wet-transferred and dry-transferred films (a) before annealing (Fe-
CNTs) and (b) after annealing (Fe203-CNT).
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The high-resolution C 1s peak of both dry-transfer and wet-transfer films before annealing
(Figure 2a) can be deconvoluted into four similar peaks of the binding energy (B.E) located at
284.3, 284.9, 285.4, and 286.3 eV, which correspond to the C-Fe*, sp2 C-C bonds, sp3 C-C bonds,
and C-O respectively [19, 20]. Except for two peaks assigned to C-0-C (286.3 eV in dry transfer
films) and C=0 (287.2 eV in the wet transfer film). Moreover, the B.E at 291.2 eV was also
observed in both films which is the shake-up satellite peak of the sp2 carbon nanotube [21]. The
sp? C-C bonds refer to the CNT, whereas the C-0-C, C-O, and C=0 bonds indicate the oxygen-
containing functional groups and C-Fe* components indicate the carbide. The C=0 bonds in the
wet-transfer film before annealing (Figure 2a, upper) refer to the remaining organic compounds
from the MCE membrane filter. However, the residual MCE membrane filters were removed after
annealed at 350°C (Figure 2b, upper). Therefore, after annealing, the high-resolution C 1s peak of
the dry- and -wet transferred films (Figure 2b) presents the C-Fe*, sp2 C-C bonds, sp3 C-C bonds,
C-0-C, and C-0O. The sp? C-C bonds have a higher intensity than the oxygen-containing functional
groups of C-0-C, C-0, or 0O-C=0 because of the abundance CNTs in the film. These high-resolution
C 1s peak results indicated that the wet-transferred and dry-transferred films before annealing
had similar chemical bonds, except C-O for the wet-transferred film due to the residual MCE
membrane filter. However, wet-transferred, and dry-transferred films had similar chemical
bonds after annealed in air at 350°C for 8 hrs. The carbon bonds in all films are CNTs.
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Figure 3. XPS spectra for Fezp states. Wet-transferred and dry-transferred films (a) before annealing (Fe-
CNTs) and (b) after annealing (Fe203-CNT).

The high-resolution Fe;p spectra of the dry-transferred and wet-transferred films before
annealing are presented in Figure 3a. Fe? peak at 707.4 eV corresponds to the metallic Fe [22],
confirming the formation of metallic-Fe nanoparticles in the films before annealing. Moreover, a
peakat 708.2 eV can be assigned to carbide species [23]. Fe2* species are presented at B.E of 709.4
eV, which is related to the FeO [24]. Two peaks of the Fe2p spectrum at 711.4 eV and 720.5 eV
are attributed to Fe2ps,, and Fe2pi/; spin-orbit peaks of the Fe3+ state in a- Fe;03 respectively,
which is consistent with experimental data obtained by other authors [25]. The B.E. positions of
713.6 eV and 727.0 eV for Fe3* state in FeOOH [26] [27]. Whereas the peaks at 715.1 eV and 20.5
eV are the shake-up satellites for Fe2* (2ps3;2) and Fe3* (2ps3/2), respectively. The metallic-Fe
component has a higher intensity than the Fe;03, FeO, and FeOOH. After annealed at 3500C, the

Fe2ps,, peak (Figure 3b) can be deconvoluted into main peaks of a- Fe;03, as well as small peaks
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of FeO and FeOOH. Moreover, a-Fe;03; showed the highest intensity peak in deconvolution of the
Fezps,2 peak, confirming the formation of a-Fe;03 in the CNT films after annealed at 3500C.
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Figure 4. XPS spectra for O 1s states. Wet-transferred and dry-transferred films (a) before annealing (Fe-
CNTs) and (b) after annealing (Fe203-CNT).

The high-resolution O 1s XPS spectrum of the dry-transferred and wet-transferred films before
annealing are shown in Figure 4a. Two similar peaks in both dry-transferred and wet-transferred
films before annealing are 530.1 eV and 533.5 eV, assigned to the Fe-O (lattice oxygen species)
and C-OH bonds, respectively. Other peaks in the film were assigned to OH- (531.5 eV in the wet-
transferred film), C=0 (534.5 eV in the wet-transferred film), and C-O (532.3 eV in the dry-
transferred film). Note that the C-OH and C=0 bonds in wet-transferred films before annealing
are due to the MCE-components. However, the wet-transferred and dry-transferred films after
annealing had similar O 1s peaks, as shown in Figure 4b. Thus, the result of the C 1s (Figure 2a)
and O 1s (Figure 4a) indicated that there are significant differences in the oxygen and carbon
states on the surface of dry-transferred and wet-transferred films before annealing; however,
after annealed at 3500C both the wet-transferred and dry-transferred films had similar C 1s and
0 1s peak shapes.

The FE-SEM and TEM images of as-grown films (Fe-CNT) are shown in Figure 5. It shows that the
CNTs were grown like a spider web. The type of CNT is single-wall carbon nanotubes (SWNTs)
with a diameter range of 0.9 to 1.9 nm, as estimated from the Raman result [28]. Individual
nanoparticles and clusters of small nanoparticles are aligned on the sidewalls of CNTs. These
nanoparticles are referring to the metallic Fe as presented in XPS results (Figure 3a). The
corresponding TEM image confirms the coexistence of metallic Fe nanoparticles and CNTs, as
shown in Figure 5c. It can be seen that the metallic Fe nanoparticles with an average size of

7.33 nm in diameter are widely coated on CNT surfaces.
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(a) (b) (c)

Figure 5. (a) Sample area, (b) FE-SEM image, and (c) TEM image of as-grown films on a membrane filter.

Figure 6 presents the typical surface morphologies of dry-transferred and wet-transferred films
before annealing. Figure 6b-1 and 6¢-1 show the FE-SEM images at 1ium magnification and figure
6b-2 and 6¢-2 show the surface image at 300 nm magnification. Before annealing (Figure 6b), dry-
transfer films show a highly porous morphology with a large volume among the CNTs, which is
similar to that obtained from as-grown films (Figure 5b). CNTs were formed as web-like
structures by accumulating individual CNTs, which are generally attached to small Fe
nanoparticles on their surfaces. The similar surface morphology is reasonable due to the SEM
imaging of dry-transfer films before annealing were conducted on the top surface (surface
previously attached on the MCE membrane filter of as-grown films). Whereas, a typical surface
morphologies of the wet-transferred film before annealing (Figure 6c) is a compact mat-like
structure due to Van der Waals forces between individual tubes in the solution [29] after
immersion in solutions (water, acetone, and ethanol).

(c-2)

Figure 6. Before annealing, (a) Sample of as-grown films on a substrate after the transfer process. FE-
SEM images of (b) the dry-transferred and (c) wet-transferred films.
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The impurity (thin jelly-like materials) covered on CNT films was identified as the residual MCE
membrane filter, which was detected as C-0 in the XPS spectra for C 1s (Figure 2a) and C=0 from
O 1s states (Figure 4a). The MCE membrane filter in wet-transfer film was not completely
removed during immersion in acetone solutions due to the high porosity of CNTs; the MCE
membrane filters diffused into the as-grown films and then were linked to Fe and CNTs. However,
the residual MCE membrane filter could be eliminated after annealed in air at 350°C (Figure 7c),
resulting in the morphology of the films becoming web-like structures. The Raman spectroscopy
results calculated the IG/ID ratio of the wet-transfer films before annealing was approximately
4.2; and after annealing was 12.5, indicating the removal of the residual MCE membrane filter and
carbon impurities from the Fe;03-CNT thin films after annealing in air at 3500C. Furthermore,
dry-transferred film (Figure 7b) presents the discontinuity of CNTs due to the burn-out of CNT
during annealing at high temperatures, resulting in a branch-like structure. Figure 7 presents the
typical surface morphologies of dry-transferred and wet-transferred films after annealing. Figure
7b-1 and 7c-1 show the FE-SEM images at 1um magnification and figure 7b-2 and 7c-2 show the
surface image at 300 nm magnification.

(c-1) (c-2)

Figure 7. After annealing, (a) Sample of Fe203-CNT films on a substrate. FE-SEM images of (b) the dry-
transferred and (c) wet-transferred Fe203-CNT films.

The electrical characterization of both FE-CNT and Fe;03-CNT films resistance was carried out
using the two points probes [30]. Figure 8a and 8b present the typical current-voltage (I-V)
characteristic of dry-transferred and wet- transferred films before and after annealed in air at
room temperature, respectively. Both dry-transferred and wet-transferred films before annealing
(Figure 8a) shows a linear relation for I-V plot indicating the present of Fe as a good conductor
(overshadowing CNTs) as well the good contact between the Fe-CNTs surface and probe
electrode. While I-V curves for both dry-transferred and wet-transferred films after annealing
showed a nonlinear behavior (Figure 7b) [30]. The observed nonlinear behavior indicates that
Fe;03 has formed on CNT surfaces and behaves as a semiconductor for both dry-transferred and
wet-transferred films after annealing. In general, resistance values of the dry-transferred films
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are greater than that of the wet-transferred films. This is due to the compact mat-like structure
observed in the wet-transferred films (Figure 6c), illustrated as the interconnected network

established by the individual/buddle CNTs, resulting in numerous electrical paths can be formed
[31].
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Figure 8. [-V characteristics of (a) the dry- transferred and wet- transferred (Fe-CNT) films before
annealing and (b) the dry- transferred and wet- transferred films (Fe203-CNT) after annealing.

3.2 Sensing Properties

The changes of the dry- transfer and wet- transfer films resistance over time for both before and
after annealing towards 5 vol.% of LPG at room temperature are presented in Figure 9. For dry-
transferred and wet- transferred films before annealing (Figure 9a), the resistance of both films
increased in the presence of LPG, behaving as a p-type material from the CNTs component and
small amount of iron oxide shown in XPS spectra in Figure 3. Most of the iron elements before
annealed are metallic Fe which is inactive in gas adsorption as the Fe was encapsulated with
carbon cages as illustrated in Figure 5b. This result is similar to the resistance change of purified-
CNT under reducing gas such as ethanol [32] [33], and ammonia [9]. Under the LPG atmosphere,
the resistance of both sensors slowly increased. However, when the supply of LPG was stopped
these sensors show incomplete recovery due to the strong binding energy between gas molecules
and CNTs sites [34]. Before annealing, the sensitivity of the dry-transferred films was found to be
~ 0.6%, higher than that obtained from wet-transferred films (~0.1%). This result could be due
to the residual of MCE membrane filter not completely removed in the wet-transferred films
leading to a restriction of gas adsorption on CNTs with poor response.

In contrast to the films before annealing, the response of both annealed dry-transferred and wet-
transferred films showed n-type behavior as like the pristine Fe,03; sensor (Figure 9b). These
results show that the wet-transferred films after annealed have smoother response curves and
show smaller disturbance signals. Furthermore, the annealed wet-transferred films showed a
significant rapid response (10s) and recovery time (59s) with a sensitivity of 3%, while the
annealed dry-transferred films exhibited a longer response time (approximately 90s) and
incomplete recovery time with a poor response (~1.4%). The rapid response and recovery time
result could be due to the formation of heterojunction, which can enhance the oxygen absorption
[35]; thus, abundant oxygen vacancies are formed on the surfaces of the annealed wet-transferred
films, which can provide new active sites for sensing reactions.
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Figure 9. Changes in resistance of (a) Fe-CNT films (before annealing) and (b) Fe203-CNT film (after
annealing) sensors with 5 vol. % of LPG at operating room temperatures.
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Figure 10. LPG detections at room temperature using the wet-transferred Fe;03-CNT film.
(a) Fe203-CNT film sensor performance during 3 cycle exposure to 5 vol.% of LPG (diluted with N2).
(b) Fe203-CNT film sensor performance tested with various concentrations 0.1, 0.4, and 0.7 vol.% of LPG
(diluted with zero air).

Figure 10a presents the reproducibility of the annealed wet-transferred films sensor to 5 vol.%
of LPG throughout of three cycles of exposure. During exposure to LPG, Fe;03-CNT films both n-
and p-type behaviors were observed. “S1” and "S2' are defined as the response of n- Fe;03 and p-
CNT type sensors, respectively. These behaviors indicated that the LPG-sensing process occurs in
both Fe;03 nanoparticles and CNT materials, in which the LPG-sensing process of Fe,03 is first
and then CNTs. Since LPG are adsorbed on the surface of Fe,03 via chemical adsorption while the
LPG-sensing process of CNTs is physical adsorption. Moreover, it is observed that sensor
response, and response/recovery times were stable and nearly equal at each cycle, indicating
good reproducibility of sensing performance.

Figure 10b presents the responses of the annealed wet-transferred films sensors under an air
environment with various LPG concentrations diluted in zero air. The sensitivity (with the
response and recovery times) of films under LPG concentrations of 0.1, 0.4, and 0.7 vol.% is
approximately 4.7% (18s and 59s), 3.7% (23s and 49s), and 0.5% (27s and 32s), respectively.
The finding shows that annealed wet-transferred films (Fe;03-CNT films) could detect LPG at
concentration levels less than 0.5 vol.% of LPG which corresponds to 25% LEL of LPG.
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3.3 Detection Mechanism

The resistance-changing behaviors of as-grown film on substrate after transfer may be attributed
to the physical adsorption of LPG molecules on the CNTs. P-type CNT sensing behavior is
attributed to charge transfer or electronic interactions between CNTs and adsorbed molecules
[36]. For interaction between CNTs and LPG (reducing gas/agent: electron donor), the LPG
molecules transfer electrons to the CNTs and further recombine with hole carriers. Therefore, the
hole carrier density in the CNTs was reduced and consequently increased the electrical
resistance, as presented in Figure 9a.

The resistance-changing behaviors of annealed dry-transfer and wet-transfer films may be
attributed to the adsorption and desorption (chemisorption) of LPG molecules on the Fe203 and
CNT nanocomposite sensing film. The LPG-sensing mechanisms at room temperature could be
explained based on the formation of p-n heterojunctions between p-type CNT and n-type metal-
oxide-semiconductor of Fe;0s. In the air, ambient oxygen adsorbs and captures electrons from
the conduction band of Fe;03 and the Fermi level of CNT to generate oxygen adsorbate (0,.) at
room temperature shown in Eq. 2 and leading to the formation of surface depletion layers on the
interface of the Fe;03-CNT sensing film and cause the high resistance of the sensor in air.

Oz(gas) « Oz(ads)
Oz(gas) te o Oz_(ads) (2)

Upon exposure to LPG, LPG molecules as a reducing gas will react with O+ according to the
reaction [37] [14]:

CoHonsz + (Bn+ 1)05g45 © nCO, + (N + 1)Hy0gq5 + Bn + e (3)

Here, C,H2n+2 represents a mixture of hydrocarbons like propane (CsHs; n=3) and butane (C4+H1o;
n=4). This reaction (Eq. 3) leads to a discharge of electrons into the conduction band of Fe203 on
the sensor surface. This process results in a decrease in the thickness of the electron depletion
layer leading to a decrease in the sensor's resistance. Moreover, electron charges generated on
Fe;03 during LPG sensing are transported through the CNT nanostructure since the CNT behaves
as the electrical conduction pathway between Fe,03; grain boundaries due to the high carrier
mobility of CNT. Furthermore, Fe;03-CNT thin films obtained by wet transfer had a significant
rapid response and fast recovery. This result could be attributed to the rapid changes in the p-n
heterojunction of n- Fe;03 and p-CNTs hybrid films under the LPG atmosphere.

4. CONCLUSION

Fe;03-CNT hybrid thin films were successfully synthesized and transferred via both dry (without
using aqueous solutions) and wet processes and annealed in air at 350°C. FE-SEM and XPS
characterizations confirmed the a-Fe;03 on the CNT surface in both films. The FE-SEM results
illustrate the surface morphology of the wet-transferred Fe,03-CNT films was web-like structures
with a highly porous morphology. This is because the wet transferred Fe-CNT films (primary
materials) were covered with the residual MCE membrane filter, which protects CNTs from
burning during the air-annealing. The surface morphology of the dry-transferred Fe,03-CNT films
was a branch-like structure due to the discontinuity of CNTs. The current-voltage (I-V)
characteristic of both the dry- and wet- transferred Fe;O03-CNT films showed the nonlinear
behavior indicating that Fe;03 formed on CNT surfaces. Under 5 vol.% of LPG atmosphere, Fe,03-
CNT films obtained from the wet transfer process showed a significant rapid response (10s) and
recovery time (59s) with a sensitivity of 3%, while the Fe;03-CNT films obtained from dry-
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transferred exhibited longer response time (>90s), incomplete recovery, and poor response
(~1.4%). Furthermore, the wet-transferred Fe;03-CNTs could detect LPG concentration at a
lower value than 25% of LEL with a response and recovery time of 23 s and 49 s, respectively.
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