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Abstract

Iron (III) oxide, Fe,O3, nanoparticles of approximately 40 nm diameter were synthesized by sol-gel method and their nitrogen dioxide
adsorption and desorption kinetics were investigated by custom fabricated gas sensor unit. The morphology and crystal structure of Fe,O3
nanoparticles were studied by scanning electron microscopy (SEM), field emission scanning electron microscopy (FESEM) and X-ray
diffraction (XRD) respectively. The roughness of film surface was investigated by atomic force microscopy (AFM). Relative sensitivity of
Fe,O; nanoparticles for NO, sensor was determined by electrical resistance measurements. Our reproducible experimental results show that

Fe>O5 nanoparticles have a great potential for nitrogen dioxide sensing applications operating at a temperature of 200 °C.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Fe,O5 thin films; XRD; FESEM; Stability; NO, gas sensor

1. Introduction

Nitrogen dioxide, NO», is one of the highly toxic and most
harmful gases emitted from combustion of the exhaust of
automobile engines, home heaters, furnaces, plants, etc. [1]. It
is a chemical asphyxiate, which affects on human’s nervous
system and could cause people to lose consciousness at a very
low concentration. It’s threshold limit value is 25 ppm and
hence detection of NO, at a low concentration (10-200 ppm)
is very crucial to protect human lives [2,3]. In the past,
development of chemiresistive NO, sensor has been based on
thin/thick films of metal-oxides such as SnO, [4], In,O3 [5],
WO; [6], and NiO [7]. These metal oxides suffer from the
inherent drawbacks of poor selectivity, long response time,
limited detection range and requirement of a high operating
temperature (> 300 °C).

Nanostructured metal oxides with semiconducting prop-
erties are very attractive for fabricating low-cost chemical
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gas sensors with high sensitivity to hazardous gases.
Extremely small grain size in such materials yields a very
large surface area for contact between the metal oxide and
a surrounding gaseous medium, thus high sensitivity is
possible for exposure to various types of gases [8,9]. A key
factor for semiconductor gas sensors is the possibility to
make a use of nanoscale metal oxides with reproducible
properties as regards structure, porosity, thickness, and
grain size [10].

As an environment friendly n-type semiconductor,
a-FeyO3, has been proven to be a good gas sensitive
material for detection of toxic, combustible, explosive
and harmful gases in both domestic and industrial applica-
tions, extensive studies have been carried out to improve
the gas sensing performances of the «-Fe,O5; based sensor
[11,12]. It is well-known that the shape and size of a-Fe,O3
have a significant influence on its gas sensing properties
[13-15].

In view of the importance of Fe,O; for gas sensing
applications, present paper demonstrates the fabrication of
a-Fe,O5 thin film sensor on glass substrates using spin coating
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technique for detection of NO, at low concentration and lower
operating temperature ( < 300 °C). Attempts are made for the
correlation between gas sensing properties and physical
properties viz, morphology and structure of a-Fe,Os.

2. Experimental details

Nanostructured iron oxide thin films were deposited on
glass substrate by using spin-coating method. X-ray
diffraction (XRD) pattern of the film was taken for the
phase identification and estimation of the average crystal-
lite size using Philips PW-3710 model. The surface mor-
phology of Fe,O; thin films were observed through Field
emission scanning electron spectroscopy, MIRA3 TES-
CAN model operating at 20 KV. Thickness of the film was
measured by using AMBIOS make XP-1 surface profiler
with vertical resolution 1 A and thickness of the Fe,O; film
was in the range of 116—120 nm.

In order to measure the gas response, resistance of films
was measured in ambient air and in gas atmosphere. For
resistance measurements, two silver electrodes separated
by lcm were deposited on Fe,Ojz thin film and the
resistance was measured using 6-digit Keithley 6514 Elec-
trometer data acquisition system.

To monitor the gas response of Fe,Oj3 films to various
gases, films were mounted inside a custom fabricated gas
sensor unit. The schematic of gas sensor unit is shown in
Fig. 1. The known gas NHj3, H,S, Cl,, C,Hs-OH, and NO,
of particular concentration was injected through a syringe
at operating temperature of 200 °C. The schematic of
Fe,O5 thin film gas sensor is shown in Fig. 2.

The electrical resistance of Fe,O3 film in air (R,) and in
the presence of NO, gas (R,) was measured to find the gas
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Fig. 1. Schematic of high temperature gas sensor unit.
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Fig. 2. Schematic of Fe,O; thin film gas sensor.
response, S, defined as follows:

R,—R
S(%) = Tg x 100 %

A

3. Results and discussion
3.1. Mechanism of Fe,0j film formation

In a typical experiment; 3.315g of iron chloride,
FeCl;.6H,0, was added to 40 ml of methanol, CH3-OH,
and stirred vigorously at 60 °C for 1h, leading to the
formation of thick gel. Heating and stirring continuously
further for 10 min, light green colored powder was
obtained. As prepared powder was processed at various
temperatures ranging from 400-700 °C with a fixed anneal-
ing time of 30 min in an ambient air to obtain nanocrystal-
line Fe,O5 with different crystallite sizes.

The possible chemical reaction mechanism of Fe,O3
nanocrystalline powder formation by novel chemical route
is as follows:

1) FeCly.6H,0+2CH;-OH €—> CH;O0-Fe-OCH;

Hydrolysis
+2CH;3;COOH +HCI+H,01
Alcohol Condensation
2) CH;0-Fe-OCH;+H,0 €= = HO-Fe-OH+2CH;-OH?
icoholysis

Aging
<>  OH-Fe-O-Fe-OH+H,01

Polymerization

3) HO-Fe-OH+HO-Fe-OH

Airannealing

<> F6203 +2H20T

4) OH-Fe-O-Fe-OH <—
Oxidation

For sensor fabrication, the nanocrystalline Fe,O5
powder was further dissolved in m-cresol and continuously
stirred for 1 h at room temperature for making casting
solution. This casting solution was deposited on to a glass
substrate by spin coating technique at 3000 rpm for 40 s
and dried on hot plate at 100 °C for 10 min. The good
electrical contacts were made with the silver paste strip of
1 mm wide and 1 cm apart from each other.

3.2. Structural analysis

Structural analysis of a-Fe,O; films processed at 400—
700 °C were carried out by using CuK, radiation source of
wavelength (1=1.54056 A ) and diffraction patterns of the
films were recorded by varying diffraction angle (20) in the
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Fig.3. X-ray diffraction patterns of Fe,O; film at different processing
temperatures.

range 20-80°. Fig. 3 shows the XRD pattern for Fe,O;
films processed at 400-700 °C. The diffraction peaks are
indexed to the hexagonal phase of «-Fe,O; with lattice
parameters, a=5.03 A and ¢=13.74 A (JCPDS card no.
89-596) and the calculated ‘d’ values are in good agree-
ment with the standard ‘d’ values. The well-defined
diffraction peaks possesses orientations in the (012),
(104), (110), (113), (024) (116), (018), (214), (300), (101)
and (220) planes. The absence of any other impurity peaks
suggests the purity of a-Fe,O3; formation. Further the
broadening of peaks, compared with the bulk counterpart,
indicates that the deposited material has a small crystallite
size [16]. The average crystallite size of «-Fe,O3; was
calculated by using Scherer’s equation as

092
" Bcos 0

Where D is the average crystallite size, / is wavelength of
X-ray radiation (A=0.154 nm), f is the full width at half
maximum, and 0 is the diffraction angle. It is observed that
the average crystallite size was increased from 41 nm to
50 nm as the processing temperature increased from 400-
700 °C.

As our earlier study [17] on «-Fe,O5 films processed
between 400 and 700 °C showed that a-Fe,O; film pro-
cessed at 700 °C resulted into improved crystal structure,
morphology, optical and electrical transport properties,
therefore our further study in this paper aims at a-Fe,Oj3
film processed at 700 °C.

3.3. Field emission scanning electron microscopy (FESEM)
analysis

Fig. 4 shows the field emission scanning electron micro-
graph (FESEM) of o-Fe,O; films processed at 700 °C.
From these micrographs, it is observed that the a-Fe,Oj3
film’s surface is highly porous and consists of intercon-
nected hexagonal grains, such morphology is preferred for
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Fig. 5. TEM image of Fe,O3 processed at 700 °C.

gas sensing, as it promotes adsorption of gas molecules
through the film surface [9].

3.4. Transmission electron microscopy (TEM) analysis

Microstructure of a-Fe,O3 film was observed by trans-
mission electron microscopy and is shown in Fig. 5. TEM
image of «-Fe,O3 nanoparticles showed the interconnected
hexagonal nanoparticles with porous space in between
them. Further, the micrographs indicate that the average
particle size of a-Fe,O; is in the 50-60 nm range.

3.5. Atomic force microscopy (AFM) analysis

The surface topography of o-Fe,O; film processed at
700 °C was studied by atomic force microscopy in
non contact mode. Fig. 6a and b shows the 2D and 3D
AFM images (3 um x 3 um) of a-Fe,O3 nanoparticle film.
From this figure, it is seen that the a-Fe,O; film’s surface is
smooth and the surface morphologies of «-Fe,O; nanopar-
ticles confirms the hexagonal morphology evidenced by
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Fig. 6. AFM images of Fe,O; thin films processed at 700 °C. (a) 2D image (b) 3D image.
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Fig.7. Resistance stabilization curve with time for Fe,O5 film at 200 °C.

FESEM and TEM micrographs. The surface roughness of
the film over a 3um x 3pum area was measured by AFM. The
surface roughness mean square (RMS) of the film is 45 nm,
which confirms that the surface morphology of a-Fe,O3 film
processed at 700 °C is smooth.

3.6. Gas sensing properties

3.6.1. Stabilization of a-Fe,0j3 sensor resistance
Stabilization of a-Fe,O; film resistance in ambient air prior
to exposure of gas is important because it ensures stable zero
level for gas sensing applications. Since the TEM image of
film processed at 700 °C showed the interconnected hexago-
nal nanoparticles with porous space in between them, it was
decided to study the gas sensing properties of film processed
at 700 °C. Fig. 7 shows the typical initial stabilization curve
of the resistance of a-Fe,O3 film processed at 700 °C from
nonequlibrium to equilibrium. Initially, when the tempera-
ture attained at 200 °C, the resistance was decreased rapidly
within few seconds and then exhibited a stable value. This
can be attributed to the generation of electrons due to

thermal excitations. However, some of these electrons from
the conduction band of «-Fe,O; are extracted by oxygen
adsorbed on the surface of the semiconductor, hence increas-
ing the resistance of the semiconductor. The oxygen adsorbed
undergoes the following reaction [18]

O:(gas) <> Ox(ads) (M
0, (ads)+e— <> O, (ads) 2)
05 (ads)+e— <207 (ads) 3)

Thus, the equilibration of chemisorptions process results
in stabilization of surface resistance. Any process that
disturbs this equilibrium gives rise to changes in the
conductance of the semiconductors [18]. The conductance
change is correlated with the concentration of gases in an
ambient air.

3.6.2. Temperature dependent gas detection

Fig. 8 shows the bar diagram of gas response of different
gases at fixed known concentration of 200 ppm of Fe,O3
film. The bar diagram showed that the sensor offered
maximum response to NO, (17.16%) than H,S, CH;0H,
C,Hs-OH and NH;. The sensor selects a particular gas at a
particular temperature. Thus by setting the temperature,
one can use the sensor for particular gas detection. The
same sensor could be used for detection of different gases
by operating at particular temperature for a typical gas.
Different gases have different energies for adsorption,
desorption and reaction on the metal oxide surface and
therefore response of the sensor at different temperatures
would depend on the gas being sensed. It is observed that
the Fe,O; film showed maximum response, at operating
temperature of 200 °C, towards NO, as compared to H,S,
CH3OH, C2H5-OH and NH3 (SNO2/SHZS:4~769 SNOQ/
Scuzon =7.46, Sno2/Scorson=12.26 and Snoz/Snuz=
28.60). It is revealed that Fe,Os films were more selective
towards NO, than other gases. Therefore, further depen-
dence of NO, response on operating temperature and NO,
concentration of Fe,Ojs thin film was studied.
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Fig. 9. Response of Fe,Oj films to 200 ppm of NO, gas as a function of
operating temperature.

3.6.3. Effect of operating temperature and NO, concentration.

Before exposing to NO, gas, the Fe,O; film was allowed to
be stable for electrical resistance for 82 minutes and the
stabilized resistance was taken as resistance in air (R,).
Initially, the gas response to 200 ppm of NO, was measured
as a function of operating temperature for Fe,Oj; film and is
shown in Fig. 9. From this figure, it is seen that the Fe,O3
sensor response reached maximum at 200°C (gas
response=17.16%) and then decreased. It is well known
that at lower temperature, the response is restricted by the
speed of chemical reaction, and at high temperature, by the
speed of diffusion of gas molecules. At some intermediate
temperature, the speeds of two processes become equal, and

at that temperature, the sensor response reaches to its
maximum [19].

3.6.4. Gas sensing mechanism

In case of n-type semiconductors, the electrons are injected
into the conduction band recombine with some electrons and
this process results an increase of the number of charge
carriers, which leads to decreasing the resistance (opposite of
p type) [20]. In our present study, similar behavior has been
observed. However, electrical conductance of n-type semicon-
ductors increases (or decreases) when reducing (or oxidizing)
gases are adsorbed on their surface (opposite for p-type
semiconductors) [21]. In all cases the sensors exhibited an
increase in resistance upon exposure to the gases vapors and
this suggests that the metal-oxide layers are behaving as
expected for n-type semiconductors in response to an oxidizing
gas. In an n-type semiconducting oxide, adsorbed oxygen
behaves as a surface acceptor state, trapping holes from the
valence band and hence increasing the electron concentration.

For Iron oxide thin film-based sensor elements, obtained
by sol-gel spin coating method, the sensitivity (electrical
resistivity) change in the NO, ambient can be caused by
the change in surface composition of the oxide layer at the
chemisorption of gas molecules. The mechanism of nitro-
gen dioxide detection of tested sensors at 200 °C operating
temperature can be explained by the chemisorption and
removal of the surface chemisorbed species.

The desorption of NO5 (ad) is limited at the decomposi-
tion of NO, at the iron oxide, which is determined by the
extensive recovery time after the expose of sensor to highly
toxic NO, gas and depend on the sensors operating
temperature as can be concluded from Fig. 9. At a higher
operating temperature (~200 °C) the increase in response
for samples can be explained by reversible oxidizing
interaction of NO, molecules with sufficient thermal
energy with the predominant surface adsorbed oxygen
species

0; 520" +e~ “

Physisorbed nitrogen dioxide molecules form new sur-
face acceptor levels deeper than the surface oxygen ions.
Therefore, bound electrons are transferred from O5 ion to
physisorbed NO, molecules

NO, +e~ —NO; (ad) (%)

and form NO; species and increased band bending at
the iron oxide surface [22,23]. This can be explained the
resistivity increase when sensor is placed in a test atmo-
sphere. According to performed investigations, the NO,
gas adsorption is principally a function of surface proper-
ties and requires a further research.

Once the operating temperature is fixed, the sensor
response is studied at different NO, concentrations.
Fig. 10 shows the response of Fe,O; film as a function
of NO, concentration. The response increased from 2.07 to
17.6%, as the NO, concentration increased from 10 to
200 ppm. The gas response showed saturation at more
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Fig. 10. Variation of NO, response of Fe,O; film with different
concentration of NO,.

than 200 ppm concentration of NO,, due to increased
surface reaction [24,25]. The response of a sensor depends
on the removal of adsorbed oxygen molecules by reaction
with a target gas and generation of electrons. For a small
concentration of gas, exposed to a fixed surface area of a
sample, there is a lower coverage of gas molecules on the
surface and hence lower surface reactions are occurred.
An increase in gas concentration increases the surface
reaction due to larger surface coverage. A further increase
in surface reaction will be gradual when the saturation
point on the coverage of molecules is reached [26].

3.6.5. Dynamic response transients of Fe,Oj3 thin films

The dynamic variation of response of the iron oxide thin
film with time upon exposure to 20-200 ppm of NO, at
200 °C is shown in Fig. 11. From this Fig. 11, it is observed
that the response increased from 2.07 to 17.16% with
increasing the gas concentration of NO, from 10 to
200 ppm. At 200 ppm, the Fe,O; film showed the max-
imum response of 17.16%. Such a maximum response is
due to interactions between the NO, gas and the surface of
Fe,O5 film. So, it is obvious that for the materials of
greater surface area, the interactions between adsorbed
gases and sensor surface are significant [27].

3.6.6. Response and recovery time of Fe>O3 films

The response/recovery time is an important parameter
used for characterizing a sensor. The response time is
defined as the time at which the resistance of iron oxide
thin film reaches to 90% of the saturation value on
exposure to NO, and the recovery time is defined as the
time required for recovering the 90% of the original
resistance [28,29]. The variation of response and recovery
time with different concentrations of NO, at operating
temperature 200 °C is shown in Fig. 12. It is observed that
the response time decreased from 20 to 12 seconds while
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Fig. 11. Dynamic response of Fe,Oj3 thin film for 10-200 ppm of NO,.
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Fig.12. Variation of response and recovery time of Fe,O; with NO,
concentration.

recovery time increased from 101 to 188 seconds as the NO,
concentration increased from 10 to 200 ppm. The decrease in
response time may be due to large availability of vacant sites
on the film for gas adsorption as evident from FESEM image
and increase in the recovery time may be due to the heavier
nature of NO, and the reaction products are not leaving
from the interface immediately after the reaction resulting in
decrease in desorption rate Fig. 13.

3.6.7. Reproducibility and stability of Fe,Oj thin film sensor

The sensor reliability is strongly dependent on the
reproducibility and stability exhibited by the sensor mate-
rial. The reproducibility of the Fe,O5 thin film NO, sensor
for 200 ppm operating at 200 °C was measured by repeat-
ing the response measurement a number of times. It is
observed that the response of Fe,Os sensor towards NO,
at 200 ppm is almost constant (Response value is 17.12% )
confirming the reproducibility of sensor material. In order
to measure the stability of Fe,Oj5 thin film sensor, response
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Fig.13. Stability of Fe,Oj; thin film at operating temperature of 200 °C.

of the sensor was tested at fixed temperature (200 °C) and
concentration of NO, (200 ppm) for 45 days at an interval
of 5 days. Initially Fe,O5 sensor shows relatively maximum
response, however it was dropped from 17.16% to 10.2%
and stable response was obtained after 15 days with
59.44% stability. This is because in the initial stage
Fe,O3 sensor may undergo interface modification during
operation and then reaches to steady state indicating the
stability of Fe,O;3 sensor operating at 200 °C temperature.

4. Conclusion

Nanostructured o-Fe,Oj5 thin film sensor was fabricated on
glass substrate by low cost sol-gel spin coating technique.
Structural analysis showed formation of hexagonal a-Fe;Os.
Microstructural analysis confirms nanostructured morphol-
ogy suitable for gas sensing applications. The gas sensing
measurements at 200 °C showed that «-Fe,Os films are
selective to NO, gas and exhibits maximum response of
17.12% with 59.44% stability. The gas sensing properties viz,
selectivity, response and stability showed that o-Fe-O5 would
be a potential candidate for NO, gas sensor.
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