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Abstract

In this work, Fe2O3 nanoparticles (NPs) were successfully synthesized by Pechini sol-gel method. Scanning
electron microscopy, transmission electron microscopy and X-ray diffraction characterizations were used to
study the morphology and crystal structure of the synthesized products. The electrical and gas sensing be-
haviour of the synthesized and commercial Fe2O3 samples, prepared in the form of thick films, were studied.
Though the commercial Fe2O3 powders had lower resistance but it was found that the synthesized Fe2O3 NPs
had better gas sensing properties. The underlying mechanisms are discussed in details. The present findings
show advantages of Fe2O3 NPs over micro-size particles for gas sensing applications.
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I. Introduction

Gases are linked to the life and their odours extremely
affect the image of our environment. Even though the
human nose serves as a highly advanced sensing in-
strument which is capable of detecting and distinguish-
ing thousands of different smells with almost instanta-
neous recognition, it fails if absolute gas concentrations
or odourless gases need to be detected. Accordingly, the
demand for gas sensing devices which support the hu-
man nose is large [1]. Indeed gas detection is obliga-
tory in many different fields, such as industrial moni-
toring, fuel emission control, automobile exhaust emis-
sion control, household security, and environmental pol-
lution monitoring. Therefore, gas sensors are utilized in
houses, factories, laboratories, hospitals, and almost all
technical installations [2–6].

Ethanol (C2H5OH) is one of the most commonly and
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widely used alcohols in food and chemical industries.
Exposure to ethanol vapour results in health problems
such as headache, drowsiness, irritation of eyes, liver
damage and difficulty in breathing. Furthermore, be-
cause of extensive use of ethanol as a beverage, ethanol
drinking is one of the main causes of car accidents in the
world. Thus the detection of ethanol vapour at ppm lev-
els is of great importance [7,8]. Among the gas sensor
devices, conductometric or resistive gas sensors based
on metal oxides are the most promising for monitor-
ing ethanol. The success of these types of devices are
mainly due to their advantages, such as strong response,
high sensitivity, small dimensions, ease of use, portabil-
ity, rapid response time, simplicity in fabrication, low
detection limits, low cost, and low power consump-
tion [9].

Hematite (α-Fe2O3), is an n-type metal oxide with
band gap of 2.2 eV [7,10]. It has some interesting fea-
tures, such as low cost, abundance, non-toxicity, ease
production and storage, high corrosion resistance, and
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excellent substrate adhesion [8,11]. Therefore, it is
widely utilized in different fields such as catalysts [12],
electrode materials [13], batteries [14] solar cells [15]
and gas sensors [16,17]. Regarding the gas sensing ap-
plications, it is well-known that the size, morphology
and shape of sensing materials have a great impact on
their chemical and physical properties and consequently
in their final gas sensing properties [18,19]. Accord-
ingly, up to date, much efforts have been devoted to
the synthesis of different α-Fe2O3 nanostructures, such
as nanofibers [20] nano spheres [21], nano hollow par-
ticles [22] nano rods [23], nanocubes [24], nanotubes
[25], nanobelts [26], and nanowires [27], to improve the
gas sensing properties of Fe2O3. The obtained results
suggested that the gas sensitivity of α-Fe2O3 can be im-
proved remarkably by optimizing size and shape of α-
Fe2O3 particles.

As far as the authors know, there is no study concern-
ing the comparison between gas sensing properties of
synthesized Fe2O3 NPs and commercial Fe2O3 powders
with larger sizes in the range of a few micro meters.
Interestingly, the particle size in the Fe2O3 plays an im-
portant role in determining the structural characteristics,
electronic properties and surface properties (in the form
of surface to volume ratio). Regarding gas sensing ap-
plications, what is important regarding the particle size
is that the electrical resistance of the sensor exposed
to air and a target gas undergoes very characteristic
changes as particle size changes. Therefore, in this study
we synthesized Fe2O3 NPs and compared the gas sens-
ing properties with those of commercial Fe2O3 powders
with larger sizes. We have considered the Fe2O3 in the
present study due to its low-cost, ease of availability and
high stability which are promising features for a gas sen-
sor.

II. Experimental procedure

2.1. Synthesis of Fe2O3 NPs

Hydrated iron nitrate (Fe(NO3)3×9 H2O), citric acid
(C6H8O7×H2O) and poly(ethylene glycol) (C2H6O2 -
PEG) were purchased from Merck. Double distilled wa-
ter was used to prepare precursor solutions. Firstly, the
appropriate amount of iron nitrate was dissolved in dis-
tilled water at 70 °C for 1 h under magnetic stirring to
make 0.5 M Fe+3 solution. In a separate flask, citric acid
was dissolved in distilled water at 70 °C for 30 min. Af-

terwards, the citric acid solution was added slowly to
the Fe3+ solution with a molar ratio (citric acid)/(Fe3+

solution) = 2 and it was stirred at 80 °C for 3 h. Then
the esterification agent, i.e. PEG, was added with a
molar ratio (citric acid)/(PEG) = 2, while stirring and
heating the solution. The final solution was refluxed at
150 °C for 2 h. The generated precursor resin was dried
at 120 °C for 12 h to obtain the precursor powders. Fi-
nally, the amorphous powders were calcined at 550 °C
for 3 h in air atmosphere using a muffle furnace to ob-
tain iron oxide NPs. Figure 1 presents the different steps
of synthesis procedure. Furthermore, commercial Fe2O3
powder was purchased from Sigma-Aldrich with parti-
cle sizes of ±5 µm according to specification provided
by the company. It is worth noting that we chose the
commercial Fe2O3 powder only because of its larger
particle size relative to our synthesized Fe2O3 NPs. In
fact, it does not mean that the commercial Fe2O3 pow-
ders from Sigma-Aldrich are standardly used for sens-
ing purposes.

2.2. Characterization

Phase and crystallinity of the synthesized iron oxide
powders were analysed by XRD. Crystallite size was
estimated using the Scherrer formula:

D =
K · λ

β · cos θ
(1)

where D is the crystallite size, K is the shape factor
(0.90), λ is the wavelength of X-rays used (1.5406 Å),
β is the full-width at half maximum and θ is the diffrac-
tion angle.

Morphological analyses were carried out by scanning
electron microscopy (SEM) using ZEISS 1540XB FE
SEM instrument coupled with energy dispersive spec-
troscopy (EDS) and JEOL JEM 2010 transmission elec-
tron microscope (TEM-JEOL, Tokyo, Japan) operating
at 200 kV.

2.3. Electrical and gas sensing tests

The synthesized and commercial Fe2O3 powders
were mixed with distilled water and deposited on
cleaned Al2O3 sensor substrates by drop coating pro-
cess. Figure 2 shows the sensor substrate and sen-
sor holder. The Al2O3 substrate had interdigitated Pt
electrodes on the front side and Pt resistive heater on
its back. The substrates were prepared commercially.

Figure 1. Schematic steps of synthesis procedure
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Figure 2. Front side of alumina substrate (a), back side of
alumina substrate (b) and sensor holder (c)

Screen printing was used to deposit Pt electrodes on the
front side and Pt heater on the back side of alumina sub-
strate. The area of the sensor substrate was 6 × 3 mm.
The sensors were tested at different temperatures at var-
ious concentrations of ethanol under a synthetic, dry air
stream of 100 sccm by collecting the resistance data in
the four-point mode.

It should be mentioned that the Pt heater was respon-
sible for temperature control of sensor. Platinum heater
was able to reach desired temperature by applying ap-
propriate voltage in a programmed ramp. Relationship
between applied voltage (V) to Pt heater and power gen-
erated in the heater (P) is as follows:

P =
V2

Rheater

(2)

The relationship between P and T for the heater can
be shown by fitting equation obtained from increase of

temperature measured as a result of applied power:

P = 23.35 + 148.725T − 2.17T 2
− 0.559T 3 (3)

where units for T and P are [°C] and [W], respectively.
The gas sensing tests were performed by injecting

pulses of the target gas from the certified bottles. The
change in the resistance of the sensor due to the pres-
ence of different gases was measured and the gas re-
sponse, R, was defined as R = Ra/Rg where Ra is the
baseline resistance in air and Rg is the electrical resis-
tance of the sensor in the present of target gas (ethanol).
The response and recovery times were defined as the
times to reach 90% of the resistance change upon expo-
sure to the target gas and air, respectively.

III. Results and discussion

3.1. Structural characterization of Fe2O3 NPs

The phase composition and crystallinity of the syn-
thesized and commercial Fe2O3 powders were stud-
ied by XRD and shown in Fig. 3a. All reflections in
the XRD patterns can be finely indexed to hexagonal
phase of Fe2O3 (JCPDS Card No. 33-0664). No peaks
from other phases were found, suggesting high purity
of the synthesized and commercial α-Fe2O3 powders.
These results are in agreement with literature data [28].
However, the slightly higher crystallinity of commercial
Fe2O3 powder due to the higher intensity of peaks can
be observed. Crystallite size was estimated using the
Scherrer formula and (104) plane was chosen for cal-
culation (Fig. 3b). The calculated crystallite sizes are
approximately ∼23 and ∼77 nm for the synthesized and
commercial Fe2O3 powders, respectively.

Figure 4a shows the low-magnification TEM image

Figure 3. XRD pattern of the synthesized Fe2O3 NPs and commercial Fe2O3
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Figure 4. TEM (a), SEM (inset: EDS analysis) (b) and high resolution TEM (c) micrographs of the synthesized Fe2O3

Figure 5. Continuous changes of the electrical resistance of the synthesized Fe2O3 upon heating and cooling (resistance vs. T)
(a) and variations of the resistance of the commercial Fe2O3 versus temperature (b)

of the synthesized Fe2O3 NPs where the average parti-
cle sizes can be estimated to be ∼20–50 nm. Figure 4b
presents a SEM image of the synthesized Fe2O3 on the
alumina substrate and the inset of this figure indicates
its EDS analysis, showing presence of Fe and O ele-
ments, which confirm purity of the synthesized Fe2O3
NPs. Good crystallinity of the synthesized Fe2O3 NPs
is shown in the high-resolution TEM image (Fig. 4c).

3.2. Electrical studies

Since the resistance of the fabricated sensors at room
temperature was high and it could not be measured
by using the conventional experimental setup, the elec-
trical properties of Fe2O3 powders were evaluated in
dry air in the range of 175–400 °C for the commercial

Fe2O3 powders and 225–400 °C for Fe2O3 NPs. Figure
5a shows the electrical resistance change of the synthe-
sized Fe2O3 NPs sensor during the heating and cooling
cycles. As it is clearly seen, the resistance of the sensor
on heating and cooling is approximately the same. This
means that sensor resistance is very stable upon heating
and cooling cycles. Inset of this figure shows variation
of the resistance versus the temperature for the synthe-
sized Fe2O3 NPs sensor. Also Fig. 5b shows variation
of electrical resistance of the commercial Fe2O3 pow-
ders sensor, where the resistance decreases with the in-
creasing in temperature, demonstrating semiconductor
behaviour of Fe2O3.

A comparison between the resistances of the sensors
shows that the synthesized Fe2O3 sensor has a higher
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Figure 6. Schematic drawing of the resistances in the
synthesized and commercial Fe2O3

resistance than the commercial Fe2O3 sensor. In fact,
with limits of apparatus (120 MΩ), minimum tempera-
ture to measure the resistance of the synthesized pow-
der is the range of ∼220–225 °C, whereas for the com-
mercial Fe2O3 powder it is ∼175 °C. In order to explain
the high resistance of the synthesized Fe2O3 powders,
we must consider difference among particle sizes of the
sensors as schematically shown in Fig. 6. Between elec-
trodes, there are three kinds of resistances that vary with

gas exposure, i.e., the resistance at the oxide-electrode
interface (Ri), the resistance at the grain boundary (Rgb),
and the resistance of grain (Rgrain). Accordingly, the to-
tal sensor resistance (Rsensor) is expressed as follows
[29]:

Rsensor = (2Ri − Rgb) + N · Rgb + N · Rgrain (4)

where N is the number of particles in the gap between
two electrodes. Therefore, it can be seen that the resis-
tance of sensor in air is proportional to the number of
particles (N). Thus, for a constant length, fewer parti-
cles (larger particles) imply a lower resistance. Since the
synthesized Fe2O3 NPs have smaller size than the com-
mercial Fe2O3, a higher number of particle boundaries
are present between the two electrodes for the synthe-
sized Fe2O3 NPs than the commercial ones, and there-
fore, the baseline resistance is higher.

3.3. Gas sensing studies

The operating temperature of the sensor is one of the
most important parameters that affect the gas response
and response kinetics. The adsorption, desorption, sur-
face coverage, chemical reactions and other related phe-
nomena are temperature activated processes. To find op-
timum working temperatures for both sensors, they were
exposed to 500 ppm ethanol at different temperatures

Figure 7. Variations of sensor responses to temperature (a), dynamic responses of the commercial Fe2O3 (b) and the
synthesized Fe2O3 (c) to different values of ethanol and corresponding calibration curves (d)
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Figure 8. Response and recovery times of: a) synthesized Fe2O3 and b) commercial Fe2O3

(Fig. 7a). It can be seen that the response of both sen-
sors at low temperatures is higher than at high tempera-
tures. The maximum response of the synthesized Fe2O3
NPs sensor occurs at 225 °C, while the optimal working
temperature for the commercial Fe2O3 sensor is 175 °C.
In fact, at higher temperatures the adsorbed ethanol
molecules escape before ever reacting with the surface
of the sensor or oxygen, resulting in a poor response rel-
ative to the optimal temperature [7]. Dynamic responses
of the commercial and synthesized Fe2O3 sensors to dif-
ferent concentrations of ethanol at their optimal working
temperatures are presented in Figs. 7b and 7c, respec-
tively. It can be seen that upon exposure to ethanol, the
resistance increases and after stopping ethanol flow the
resistance decreases. Therefore, the sensors show n-type
behaviour originating from n-type semiconducting be-
haviour of Fe2O3. Furthermore, both sensors show good
reversibility because the resistances return to their ini-
tial values after injection of synthetic air. Calibration
curves of both sensors are shown in Fig. 7d, where it
can be clearly seen that the response to all concentra-
tions of ethanol for the synthesized Fe2O3 NPs sensor
are higher than the response of the commercial Fe2O3
sensor. The response of the commercial Fe2O3 sensor
shows a saturation, where the response is almost con-
stant for high concentrations of ethanol. The response
of a sensor depends on the removal of adsorbed oxygen
molecules by reaction with the target gas and generation
of electrons. Reaction of ethanol with adsorbed oxygen
depends on surface coverage by ethanol. According to
Langmuir isotherm theory, the fraction of the surface θ
covered by adsorption is related to the concentration of
the ethanol as follows [30]:

θ =
α ·Cethanol

1 + α ·Cethanol

(5)

where α is constant and Cethanol is concentration of
ethanol. For a small concentration of ethanol exposed to
a fixed surface area of the sensor, there is a lower cov-
erage of ethanol molecules on the surface. According to
Eq. (5) at sufficiently low concentrations, α · Cethanol is
small in comparison with unity, and θ is has a linear pro-

portional to Cethanol. An increase in ethanol concentra-
tion promotes the surface reaction due to the larger sur-
face coverage. On further increase in the concentration
of test gas, the surface reaction shows saturation since a
molecule of ethanol which strikes an already occupied
site may reflect without adsorption or even displace the
occupying molecule. In either case, there is no net effect
and surface is totally covered (θ ∼ 1) by ethanol gas and
there is no increase in sensor’s response.

A good sensor must be as fast as possible, so it is
very important to study the relationship between re-
sponse/recovery time and ethanol concentrations. As
shown in Fig. 8a, for the synthesized Fe2O3 NPs sen-
sor at 225 °C with the increase of ethanol concentra-
tion, response time becomes shorter and recovery time
becomes longer. For example, the response time for
12.5 ppm ethanol is 21 s and it will decrease to 10 s for
500 ppm ethanol. The same trend is also observed for
the commercial Fe2O3 sensor (Fig. 8b). The change of
the response time can be explained by the varieties of
the saturation time and mean residence period of the
ethanol molecules on the sensor surface. When ethanol
concentration is low, the ethanol molecules may spend
a relatively long time reacting with the oxygen ions.
With the concentration increasing, the reaction time de-
creases, and the response time decreases accordingly.
The similar regularity is found in the recovery time,
which is also attributed to the structure and diffuse ve-
locity. When the air is injected into the test chamber,
oxygen molecules will diffuse into the surface to react
with the active centres. The complete desorption reac-
tion of inner surface takes more time than the outer sur-
face. It all leads to a long recovery time [7]. Shorter re-
sponse and recovery times in the synthesized Fe2O3 NPs
sensor relative to the commercial Fe2O3 sensor can be
related to the higher working temperature, where the ki-
netics of adsorption and desorption processes are fast.
Furthermore, higher surface area can increase the ad-
sorption reactions.

For an ideal semiconductor gas sensor, the electri-
cal resistance in every gas concentration i.e. at both in-
creasing and decreasing concentration of gas should be
the same. However, not all metal oxides semiconductors
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Figure 9. Hysteresis plot of the synthesized Fe2O3 upon
increasing and decreasing of ethanol concentration

follow the expected ideal trend. To study the hystere-
sis behaviour of the synthesized Fe2O3 NPs sensor, the
sensor was exposed to 0 ppm to 500 ppm ethanol over a
short period and then the concentration of ethanol was
decreased from 500 ppm to 0 ppm. Figure 9 shows the
electrical resistance hysteresis plot of Fe2O3 NPs sen-
sor as a function of the ethanol concentration at 225 °C.
The results show that the sensor has a marginal hystere-
sis loop area, which demonstrates the good reversibility
in the sensor resistance. Hysteresis is mainly associated
with porous solids in which the pore size distribution is
broad. Hysteresis can be explained by two ways: i) if
the solid has pores which are wider in the interior than
at the exit and ii) irreversible changes may occur in the
structure of the pores on adsorption, and the situation
when desorption takes place differs from the situation
that existed during adsorption [31]. Therefore, low hys-
teresis and good reversible nature of the sensor might be
due to the intrinsic stability of Fe2O3 and narrow pore
size distribution of the synthesized Fe2O3 NPs.

3.4. Gas sensing mechanism

The gas response of semiconducting metal oxides is
measured by the change in their conductivities or re-
sistances upon exposure to oxidizing or reducing gases.
The change in conductivity upon exposure to gases can
be explained by two different mechanisms: i) a change
in the bulk charge carrier concentration due to the for-
mation or annihilation of intrinsic defects such as oxy-
gen vacancies of the gas-sensing materials; and ii) a
surface band bending induced by chemisorbed-charged
surface species such as oxygen, or the reaction of gas
molecules with oxygen adsorbed species [32]. It is
widely accepted that the interaction of semiconducting
metal oxides and a reducing gas, results in the release of
electrons to the conduction band of the semiconductor.
This reaction causes an increase in carrier concentration
and a macroscopic decrease of the sensor resistance.

When Fe2O3 sensors are exposed to air, a certain
amount of oxygen from the air adsorbs on their surfaces.

The sensor interacts with the adsorbed oxygen by trans-
ferring the electrons from their conduction band to the
adsorbed oxygen molecules and atoms, resulting in the
formation of ionic oxygen species. These processes can
be expressed by the following reactions:

O2(gas) −−−→ O2(ads) (6)

O2(ads) + e− −−−→ O−2(ads) (7)

O−2(ads) + e− −−−→ 2 O−(ads) (8)

O−(ads) + e− −−−→ O2−
(ads) (9)

The adsorbed oxygen species on Fe2O3 sensors act
as electron acceptors that create a surface depletion
layer (Fig. 10a) and band bending (Fig. 10c), which in-
creases the resistance of the sensors. When Fe2O3 sen-
sors are exposed to ethanol, these molecules react with
the adsorbed oxygen species, thus releasing the captured
electrons back to the conduction band, resulting in a
decrease of depletion layer thickness and decrease of
band bending (Figs. 10b,d). The overall reaction of the
ethanol molecules with the ionic oxygen species can be
expressed by following reactions:

C2H5OH(ads) +O−(ads) −−−→ CH3CHO(ads) + H2O + e− (10)

CH3CHO(ads) + 5 O−(ads) −−−→ 2 CO2 + H2O + 5 e− (11)

CH3CHO(ads) + 6 O2−
(ads) −−−→ 2 CO2 + 3 H2O + 12 e− (12)

It was observed that the response of the synthesized
Fe2O3 NPs sensor was higher than the response of the
commercial Fe2O3 sensor. The advantages of Fe2O3
NPs include high specific surface area and more con-
tact potential barriers. The height of the energy barrier
for electron transport between neighbouring grains in a
material is an important factor for determining the gas
sensitivity of that material. From the Arrhenius equa-
tion, the conductivity of metal oxides can be described
as follows [33]:

R = R0 · exp
(

−

e · Vs

k · T

)

(13)

where R0 is a factor that includes the bulk intragranular
resistance, k is the Boltzmann’s constant, T is the abso-
lute temperature, and e · Vs is the potential energy bar-
rier at the interface between two neighbouring particles.
Also, the mathematical potential energy barrier between
two neighbouring grains in semiconducting metal oxide
can be described by the following relationship [33]:

e · Vs =
e2
· N2

t

2 · εr · ε0 · Nd

(14)

where Nt is the surface density of adsorbed oxygen ions,
εr ·ε0 is permittivity of metal oxide and Nd is the concen-
tration of electron donors. It is clear that both the energy
barrier between two grain boundaries and the conductiv-
ity of the metal oxides are the functions of the oxygen
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Figure 10. Schematic illustration of sensing mechanism in Fe2O3 gas sensor in air (a) and in ethanol (b) and band structure in
air (c) and in ethanol (d)

Figure 11. Comparison between potential barriers in the synthesized Fe2O3 (a) and commercial Fe2O3 (b)

partial pressure, temperature, and doping concentration.
The potential energy barrier (e · Vs) also depends on
the particle size especially when the particle size is in
the nanometer scale [34]. Thus, the particle size of the
Fe2O3 indirectly influences the conductivity and hence
the resistance and response of the sensors.

It is well-known that the presence of grain bound-
aries makes polycrystalline materials more promising
for the chemical sensors than single-crystalline or amor-
phous materials since the grain boundaries play the role
of amplifier in resistance during adsorption and desorp-
tion processes of gaseous species [35]. In the case of
SnO2 nanofibers, the effects of the size of the particles
on sensing properties was studied [36], and it was re-
ported that the samples with smaller nanograins showed
superior CO sensing performances than that with larger
NPs. It was attributed to the number of potential bar-
riers built at the grain boundaries. In fact nanofibers

had smaller grains than that in those with larger grains,
which led to a more pronounced modulation of the resis-
tance. The reason for the enhanced response of the syn-
thesized Fe2O3 NPs sensor relative to the commercial
Fe2O3 sensor can be explained using Fig. 11. Ethanol
molecules adsorbed on the surface of a Fe2O3 NP dif-
fuse into its interior and then they are more likely to
cover the grain boundary of the NPs. This produces the
electron depleted layers at the surfaces of two adjacent
NPs, eventually generating a potential barrier for flow
of electrons (Fig. 11a). This potential barrier becomes a
resistor, which is connected in series with the potential
barriers built around other grain boundaries. As stated
before, the change in the resistance during the adsorp-
tion of ethanol molecules is the gas sensing mechanism
of the sensors. In the sensor fabricated with the commer-
cial Fe2O3 powders, the number of potential barriers is
fewer (Fig. 11b), resulting in milder change in the re-
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sistance at the same gas environment, compared to the
sensor fabricated with NPs.

Furthermore, when there are large particles, the sur-
face to volume ratio is decreased. This reduction in the
surface to volume ratio reduces effective adsorption of
gas which reduces the response or sensitivity of a gas
sensor.

Also, it is reported that better crystallinity leads to the
enhanced capability to detect target gases. This is be-
cause metal oxides with lower crystallinity, which have
more structural imperfections, contain a higher number
of conducting electrons. This results in a lower degree
of resistance modulation in the course of the adsorption
and desorption of electrons originating from the interac-
tion of gaseous species on the surface of metal oxides,
thus producing an inferior sensor response. However,
in the case of the metal oxides with better crystallinity,
the number of carriers is lower, which results in a more
pronounced modulation of the resistance caused by the
adsorption and desorption of the gaseous species [35].
In this study, the effect of reduction of particle sizes
down to nano-range was dominant to the effect of crys-
tallinity and consequently the synthesized Fe2O3 NPs
sensor showed better response.

IV. Conclusions

To summarize, we reported synthesis of Fe2O3 NPs
by Pechini sol-gel method and compared the electri-
cal resistance and gas sensing properties with those of
commercial Fe2O3 powders. Different characterization
such as SEM/TEM, EDS and XRD were performed.
From electrical studies, it was shown that the commer-
cial Fe2O3 powders had lower electrical resistance due
to the larger particle sizes. Also ethanol gas sensing
tests showed that the synthesized Fe2O3 NPs sensor had
higher optimal working temperature, higher response to
ethanol and shorter response and recovery times com-
pare to the commercial Fe2O3 sensor. The enhanced gas
sensing capabilities were mainly attributed to the higher
surface area of the synthesized Fe2O3 NPs as a result of
the decrease of particle sizes down to nanoscale.
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