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Phase-pure alpha-iron-oxide («-Fe;O3) nano-powders were obtained via Pe-
chini gel-combustion using iron nitrates as an oxidant and different organic
compounds (L-alanine, glycine, citric acid, oxalic acid, tartaric acid and urea)
as fuels. The complex precursors isolated before the system’s combustion were
characterized by thermal analysis (TGA). After combustion, the as-synthe-
sized powders were calcined at 600°C to obtain the a-Fe;O3 phase and elimi-
nate the residual carbon. The powders prepared using different fuels were
characterized using x-ray diffraction and field emission scanning electron
microscopy. n-type gas sensitivity of thick film resistive sensors fabricated by
using a-Fe;O3 powders was investigated in detail and it was observed that
amongst the different fuels, citric acid-derived a-Fe,O3 is methane selective at
120°C operating temperature, examined in the presence of other similar types
of resistive gas analyses of the same concentrations.
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INTRODUCTION

Hematite (oc-FelgOg) having corundum («-Al503)
crystal structure” is the most stable iron oxide
under ambient conditions. Its magnetic structure
shows a canted antiferromagnetic material (Neel
temperature 960 K).2* Moreover, a-Fe;05 is an n-
type semiconducting oxide with an optical band gap
of 2.1 eV at 300 K.> °

Besides its traditional use as a red pigment in art
paints and in anti-corrosion protective paints,® it is
also used in solar cells,> ° as negative electrodes in
rechargeable batteries® ” and as an electrochromic
material.>1° Moreover, it has attracted enormous
attention as a gas sensor material due to its good
sensitivity.'1 16

In gas sensing applications, nano-sized powders
have shown outstanding properties, especially
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sensors made with them, which have shown low
operating temIperature, high sensitivity and high
selectivity.!'” ™ Nano-crystalline o-Fe;O3 powders
have been prepared through various methods such
as liquid phase deposition,'! co-precipitation,'® '3
plasma-enhanced chemical vapor deposition,** ¢
sol-gel process'® and laser ablation technique®.
One of the prominent chemical synthesis routes
for nano-sized powder synthesis is the solution-
polymerization technique, better known as gel-
combustion synthesis or the ‘Pechini’ method. The
gel-combustion process is based on the rapid auto-
ignition of a gel formed from a salt of the desired
metal (e.g., nitrate, which is a strong oxidizer) and
organic fuel. The parameters, which influence the
reaction, include the type of the fuel, fuel to oxidizer
ratio, amount of excess oxidizer, ignition tempera-
ture and water content of the precursor mixture
(mixture concentration).?” ?2 Combustion-synthe-
sized powders are generally homogeneous, having
fine particle size high surface area.
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In the present study, we have synthesized nano-
sized a-FesO3 powders by the gel-combustion pro-
cess using different fuels (e.g., L-alanine, glycine,
citric acid, oxalic acid, tartaric acid and urea). The
effect of different fuels on the combustion synthesis
of a-Fey03 as well as the gas sensing properties of
synthesized «-Fe;O3 powders towards 500 ppm of
methane and other similar kinds of gases (like,
butane, ammonia, carbon dioxide, etc.) was studied
in detail to get a selective sensor, keeping in view
the importance of the methane gas which is the
major constituent of natural gas. Since methane is
an odorless, colorless, flammable gas, it cannot be
detected by natural human organs and thus, the
fabrication of a dedicated sensor is of prime impor-
tance for its safe handling.

EXPERIMENTAL

For the present study, L-alanine, glycine, citric
acid, oxalic acid, tartaric acid and urea were used as
fuels. Some of their properties from the litera-
ture®>~25 are listed in Table I. Firstly, 0.2 (M) ferric
nitrate solution was prepared in a 500 mL beaker.
"Equivalent stoichiometric ratio’ (for metal nitrates)
of an organic fuel was added to the solution. Here,
the stoichiometry of the redox mixture for combus-
tion was calculated from the total oxidizing and
reducing valences of the oxidizer (O) and the fuel
(F), which serve as numerical coefficients so that the
equivalence ratio, ’c’ (O/F), becomes the unity.?® 7.
According to propellant chemistry principles, the
oxidizing and reducing valences of various elements
aretakenasC=4,H=1,0=-2,N=0,M =2,34,
etc. [Here M = Fe = 3]. After adding the fuel to
ferric nitrate, the mixture was heated continuously
with constant stirring. The homogeneously mixed
solution became viscous and turned into a gel
during controlled heating, followed by self-ignition
with glowing flints. Once ignited, the glowing flints
slowly propagated to the entire volume of the gel.
The combustion process produced COs, H,O and N,
gases; Finally, the powder was calcined at 600°C for
2 h in air to eliminate the residual carbon and
obtain phase pure o-Fe,Os. Similarly, o-FesOs
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powders were prepared using other fuels. The
overall reactions between iron nitrate and different
fuels are presented in Equations 1-6 separately:

Fe(NO3), + CsH7NO, = 1/2x — Fey03 + 3CO,

+7/2H,0 + 2N, (1)

Fe(N03)3 + 5/302H5N02 = 1/20( — Fey03
+ 10/3CO4 + 25/6H50
+ 7/3Ng

(2)

Fe(N03)3 + 5/6 CeHgO7 = 1/20( — Fes 03 + 5COq9
+10/3H,0 + 3/2N,

(3)

Fe(N03)3 + 15/2 CoH;04 = 1/20( — Fes O3 + 15C0O,
+15/2H,0 + 3/2N,

(4)

Fe(NO3), + 3/2 C4HgOg = 1/20 — FeyO3 + 6CO;
+9/2H,0 + 3/2N,

()

Fe(NO3); + 5/2 CHyN20 — 1/2x — Fe;05 + 5/2C0;
+ 5H50 + 4N,

(6)

Thermogravimetric analyses (TGA) of the as-
synthesized powders were carried out on a Shi-
madzu, TA-50 instrument. The calcined powders’
phase identification was carried out on an x-ray
diffractometer (Rigaku Ultima IV). The powders’
particle morphology was observed in a Field Emis-
sion Scanning Electron Microscope or FESEM (Carl
Zeiss Microscopy Ltd, Sigma 02-87) after ultrason-
ically dispersing the powder in acetone.

Table I. Some relevant properties of organic compounds used in this study

Organic compounds

Properties L-Alanine Glycine Citric acid Oxalic acid Tartaric acid Urea
Formula C3H7N02 CzH5N02 C6H807 CQH204 C4H606 CH4N20
Molecular weight (g/mol) 89.09 75.07 192.1 90 150 60.1
AH ) * (kd/mol) 1576.9 973.1 1959.4 251.1 1149.9 631.6
Moles of gases for 1 mole a-Fe;O3 8.5 9.83 9.83 24 12 11.5
Decomposition temperature (°C) 314 262 175 101 170 135

AH(c)°: Enthalpy of combustion of organic compounds for solid state.
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For fabricating sensors from the synthesized
powders, thick pastes of the powder were prepared
in an aqueous medium containing a small amount
(3 wt.%) of the PVA (polyvinyl alcohol) binder. The
suspension has been drop coated on a thermally
oxidized Si wafer (where the thickness of Si and
Si0y are ~ 180 ym and ~ 300 nm, respectively)
having a dimension of 7 mm 3 mm (substrate
resistivity 1-2 Qcm; <100> CZ). On the topside,
aluminum (Al) electrodes were deposited by thermal
evaporation (HHV AUTO 500; vacuum pressure of
~ 10-5 bar, deposition rate 3 nm/s,) having 100 nm
thickness and using a suitably designed metal
shadow mask. Figure 1 illustrates the sensing set-
up for better understanding. The figure describes
step-by-step the powder formation process of o-
Fe;03 and measurement of sensing properties using
an in-house indigenous sensor set-up. Drop in
resistance was observed after exposure to the
analyte gas(es) (reducing type). This change in
resistance was recorded using Keysight precision
source meter [B2901A] at room temperature as well
as at elevated temperatures, in presence of ambient
humidity of ~ 60% to 65%. The real images of
fabricated sensors and sensing set-up are also
incorporated in the scheme. The sensors were
initially aged at 100°C for seven days to achieve
the desired stability before the measurements.
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RESULTS AND DISCUSSION

Thermal Gravimetric Analyses
of the Precursors

Figure 2 shows the typical thermogravimetric
analyses (TGA) curves of the various precursors
prepared using different organic fuels. TGA plot-
srecord the weight loss of materials at different
temperatures and help us get an idea about the
synthesized material’s probable calcination temper-
ature. The curves imply the temperature versus the
weight-loss percentage of the as-prepared materials
up to 1000°C, but it can be seen that almost all
powder precursors cease their weight reduction
after 600°C, predicting their probable calcination
temperature at 600°C. All powders, though derived
from different organic fuels, show similar types of
emaciation (single step). They all show a significant
weight loss (80%) around 400°C temperature, indi-
cating that the significant chemical reactions took
place very rapidly within this temperature range
leading to the arrangements of the atoms in iron
oxy-hydroxides that, in turn, lead to the consolida-
tion of the iron-oxide structure and its crystalliza-
tion process. The phenomena are supported by the
slope of weight loss versus temperature curves,
which are very steep. Table II depicts the temper-
ature of each combustion reaction’s initiation and
the physical properties of synthesized «-Fe,O3 after
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Fig. 1. Schematic representation of power preparation and sensing measurement in the sensing set-up.
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calcination of the ash at 600°C. From this table, one
may perceive the effects of various organic fuels
(like L-alanine, glycine, citric acid, oxalic acid,
tartaric acid, urea) on the reaction temperature
and physical properties of synthesized «-FesOs.
Physical properties like initiation temperature (the
temperature when the sample weight goes down
rapidly due to combustion), the crystallite size
(calculated from the line broadening of the (110)
XRD peak using the Scherrer formula), particle size
(calculated from the FESEM micrographs using
‘Image J’° software) and surface area (calculated
from Ny, adsorption-desorption experiments using
BET method) of o-Fe,Os synthesized following
similar method and reaction conditions, may vary
widely due to variation in fuel to ferric nitrate ratio.
Since sensing is all about surface phenomena, it can
be easily understood that increased surface area as
well as reduced particle size and crystallite size
boosted the probability of sensitivity. From Table II,
it can be seen that citric acid derived o-FeoOs has
the maximum surface area and minimum particle

100
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Fig. 2. Thermogravimetric analyses of «-Fe,Os; powders derived
from different fuels (viz., L-alanine, glycine, citric acid, oxalic acid,
tartaric acid and urea).
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size and crystallite size, followed by L-Alanine,
Oxalic acid, etc. It has been observed that sensing
trends also follow a similar pattern.

Phase Analyses of the Products

Figure 3 shows the XRD patterns of «-FeyO3
powders, indexing the Miller indices (hkl) of the
reflecting planes, after calcination of the ashes at
600°C for 2h. The XRD patterns of the synthesized
powders matched well with the reported reference
pattern of polycrystalline Fe;O3 (standard hematite,
JCPDS card no.: 33-0664; representative reflections
of the same have been presented in Fig. 3 at the
bottom-most). The mean crystallite size of the
powder was calculated using the Scherrer formula®®

D =0.91/fcosq, (7

where ‘D’ is the average crystallite size, [ = 1.541 A
(x-ray wavelength) and f = V(B? — b?), ‘B’ being the
width of the diffraction peak at half maximum for
the diffraction angle two thetas and ‘6’ is the same
for very large crystallites. The value of ‘b’ was
determined from the XRD of the large-grained
sample prepared by calcining the powder at a high
temperature. Table II shows that the crystallite
sizes of the calcined powders are roughly in the
range of 20-85 nm.

Microstructural Analyses

Figure 4a, b, c, d, e and f shows the typical field
emission scanning electron micrographs (FESEM)
of the synthesized powders (after grinding for ~10
min. in a mortar and pestle to break the soft
agglomerates). The particles were dispersed ultra-
sonically in acetone for a reasonable period. The
morphologies of the synthesized powders were
visualized on a FESEM (SIGMA ZEISS) at 3 kV
electron high tension (ETH) using an InLens detec-
tor having a working distance (WD) in the range of
5.4-5.9 mm. However, in this technique, samples
can potentially sublimate under high vacuum con-
ditions, thus increasing the risk of charging. To

Table II. Effects of various fuels on the reaction temperature and physical properties of synthesized a-Fe;03

Fuels Initiation temperature (°C) Crystallite size® (nm) Particle size® (nm) Surface area® (m%/g)
L-Alanine 161 50.2 55 15.4
Glycine 165 63.0 70 11.7
Citric acid 143 22.8 25 45.5
Oxalic acid 169 48.5 50 12.2
Tartaric acid 225 72.7 75 9.3
Urea 215 85.4 90 5.9

#nitiation temperature (7T},): a temperature when the sample weight goes down rapidly due to combustion.
PCrystallite size of the as-synthesized «-Fe,O5 powders calculated from the line broadening of the (110) XRD peak using Scherrer formula.
“Particle size of the a-Fe,O3 powders calculated from the FESEM micrographs using ‘image J’ software (v-1.6.0).

Surface area of the a-Fe,O3 powders calculated from Ny, adsorption-desorption experiments using BET method.
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Fig. 3. X-ray diffractogram patterns of o-Fe,O3, derived from different fuels (viz., L-alanine, glycine, citric acid, oxalic acid, tartaric acid and urea)
along with the representative reflections of «-Fe,O3 in JCPDF file no.: 33-0664.

Fig. 4. FESEM micrographs of «-Fe,Og3 derived from six different fuels [viz., (a) urea, (b) L-alanine, (c) glycine, (d) citric acid, (e) tartaric acid and
(f) oxalic acid] with same (200 nm) bar indicator.
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restrict this tendency, an aluminum (Al) foil tape
was attached with each sample stage for discharg-
ing, if necessary. The images showed that the
powders are mostly agglomerated, though the
degree of agglomeration varies from precursor to
precursor. Citric acid derived powder (Fig. 4d)
showed the least agglomeration amongst the bunch.
The morphologies can be attributed to the liberation
of many gases during combustion reaction, indicat-
ing favorable morphologies to exhibit good adsorp-
tion ability during sensing reactions.

Gas Sensing Properties

The percent response (sensitivity; %S) of the
sensors fabricated using the synthesized o-Fe,O
powder was calculated from the following relation:?

(%)S = [(Ra — Ra)/Ra] x 100, (8)

where ‘R,’ is the sensor resistance in air at a
particular temperature and ‘Rg’ is the sensor resis-
tance in the presence of gas at the same
temperature.

Figure 5 indicates the dynamic response-recovery
characteristics of «-Fe;Os based sensors derived
from different organic fuel precursors (viz., L-ala-
nine, glycine, citric acid, oxalic acid, tartaric acid
and urea). The response natures are sharp in each
case, indicating a short response time of the sensors,
though the recovery patterns vary from sensor to
sensor. The best response nature (including recov-
ery) was exhibited by the sensor synthesized from
the citric acid precursor and the worst one was
presented by the sensor derived from glycine pre-
cursor.For comparison, the sensing performances of
the synthesized material (¢-FesOs) of previously
reported works have been explored and represented
in Table III, where their sensing range, detection
limit and repeatability were examined.**"2® From
the table it can be observed that Hematite (¢-Fe,03)
can be synthesized through different techniques,
and, based on their preparation, various gases may
be detected qualitatively and quantitatively by
exploiting this material. Based on the response-
recovery characteristics of Fig. 5, the sensors
derived from the citric acid (black colored) have
been chosen as the best ones of the bunch and have
been used in further sensing studies. In this study,
diverse experiments have been carried out to mea-
sure the sensitivity as a function of time. In all the
cases, sensitivity showed approximately constant
values, indicating the repeatability of the sensors.

Figure 6 displays the different gas sensing char-
acteristics of a-Fey,Os sensors derived from citric
acid organic fuel. Figure 6a shows the percent
response (%S) of o-Fe;O3z sensors measured at
different operating temperatures, ranging between
room temperature (30°C) and 150°C (with + 2 error
bar, indicating tolerance levels of %S, measured in
different dates at different times).
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Fig. 5. Dynamic response-recovery characteristics of a-Fe,O3 based
sensors derived from different organic fuel precursors.

It was found that the maximum response in 500
ppm n-butane was obtained at around 120°C oper-
ating temperature (peak), after which the response
nature drops down (bell natured curve). Figure 6b
exhibits the cross-sensitivity (selectivity) of a-FesO3
sensors, measured against different gases (viz.
methane, ammonia, butane and CO,, each having
500 ppm concentration) examined at 120°C operat-
ing temperature (with +5 error bar). The survey
indicates the methane selectivity of the synthesized
material at that particular operating temperature.

Though the lower explosive limit (LEL) of
methane (CHy) is 5% by volume in air, we have
chosen the gas concentration as 500 ppm, which is
much lower than the flammability limit of the target
gas, since we want to detect the gas before its
ignition.?” Moreover, here in this study, the synthe-
sized sensor’s operating temperature is compara-
tively much lower than the wusual operating
temperatures of the transition metal oxides-based
sensors. Therefore, the optimum working tempera-
ture and the detection limit are in good accordance
with each other to safely handle a flammable gas
like methane (which is the principal constituent of
compressed natural gas, CNG).

To understand the typical gas sensing behavior of
o-FeoO3, we have to consider an alkane C,Hy,, o
which is adsorbed (also desorbed depending on the
operating temperature) on the sensor surface as
given below:

CnH2n+2 (gas) g CnH2n+2 (physisorbed). (9)

Though the final oxidation products of alkanes
are COy, CO and Hy0, the reactions may proceed
through intermediate steps,®® e.g., decomposition of
butane (one of the analyte gases, which has been
examined during cross-sensitivity) may proceed via
the formation of butyl, acetyl, formate, etc. groups.
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Table III. Exploration of differently synthesized «-FesO3; based gas sensors for their sensing range, detection

limit and repeatability

Sl
No.

Routes of synthesis

Sensing range

Detection limit and repeata-
bility

References

1. Homogeneous co-precipitation
method

2. Co-precipitation method

3. Nano-casting method

4. Hydrothermal route

5. Porous quasi-single crystal
hierarchical tubule was
fabricated by using poplar
branch as a confined micro-
reactor

6. Vertical foating catalyst
chemical vapor deposition (FC-
CVD) process

7. Ultrafine nanoparticles were
prepared by a reverse
microemulsion method

0—4000 ppm methane conc.

20-80 ppm methyl
mercaptan conc.

Ethanol gas concentration
from 50 ppm to 2000 ppm
on the sensitivity at 280°C

have been discussed

1-5 ppm NO; concentration

58.6 ppb to 34.9 ppm H,S gas
concentrations

LPG concentrations varying
from 0.1 to 0.7 vol.%.

Acetone concentrations from

5 ppm to 3000 ppm were
examined at a working
temperature of 340°C

The maximum response was
observed for 2000 ppm CHy4 at
room temperature. There are no
data about repeatability.

The synthesized material exhibits
72% sensitivity against 80 ppm
CH3SH at room temperature.
The sensors showed a direct
dependence with the
concentrations in the range from
20 to 80 ppm at room
temperature, with very good
reproducibility

At 280°C, the synthesized sensors
exhibited 45.56% highest
sensitivity against 100 ppm
ethanol gas. Samples showed
excellent long-term stability and
repeatability with a negligible
variation
At 200°C the sensor response
presents a maximum value of 3.4
for 5 ppm of NOy. The sensor
confirms the reproducibility and
repeatability even after one
month time period
The fabricated sensor with a short
response time has higher
sensitivity of 24.3—10 ppm HyS
at a low working temperature of
133°C. After 5 cycles of response,
the gas sensor maintains the
initial response, indicating
satisfactory repeatability
The sensing performance showed
that it could detect LPG
concentration at a lower value
than 25% of LEL with a
response/recovery time of less
than 30 s at room temperature.
It is observed that the sensor
response was stable and nearly
equal at each concentration,
indicating good reproducibility
of the sensing performances
The highest response against
3000 ppm acetone was 36% at
340°C temperature. The sensors
reported good stability though
the repeatability data are absent

30

31

32

33

34

35

36

The response of the sensors goes down drastically
above 120°C. Such behavior can be understood by
considering the role of desorption of gas molecules

(Eq. 9) at higher temperatures.

Incidentally, transition metal oxides like Fey,O3
are primarily used as redox catalysts and their acid-
base properties are also of significant importance.>®

In o-Fey,03, Lewis acid sites (Fe*®) are the active



3544

80

(a)
70 s

60

50

40

30

20

Sensitivity (%)

10

l/.

0

-

30 40 50 60 70 80 90 100 110 120 130 140 150

Temperature (°C)

Das, Nandi, Majumder, Saha, and Majumdar

(b) I Cross-sensitivity

10

T
‘lll

Methane Ammonia  Butane  Carbon-di
oxide

=3

ty (%)

o
e

Sensitivi
3 1=

1

e

Fig. 6. (a) Variation of percent sensitivity to operating temperature, measured against methane gas of 500 ppm and (b) cross-sensitivity
(selectivity) measured against different gases (viz. methane, ammonia, butane and CO,, each of 500 ppm concentration) at 120°C operating

temperature

positions where adsorption or oxidation occurs. The
conversion and selectivity of a particular reaction
are influenced not only by the nature of the active
sites but also by their number, strength, and
size.“*~*? Here, the enhancement of the gas sensing
performance for combustion-synthesized «-FeoO3
using citric acid as a fuel may be attributed to the
increase in the number of active sites. However,
further work is needed to determine the nature and
concentration of active sites present on o-FesOj
powders prepared using different fuels.

CONCLUSION

Phase pure «-Fe;O3 nano-powders were obtained
by the gel-combustion Pechini method using iron
nitrate as an oxidant and different organic com-
pounds as fuels (L-alanine, glycine, citric acid,
oxalic acid, tartaric acid, and urea). The effects of
fuel type on the synthesized powders’ physical
properties and their response towards different
reducing gases like methane, butane, ammonia,
and carbon-di-oxide were investigated. It was
observed that amongst the different fuels, citric
acid derived 2-FesO3 showed good sensitivity and
selectivity towards methane (the main constituent
of CNG). The maximum response was recorded
against methane at 120°C operating temperature in

the presence of other similar reducing gases of the
same concentration, indicating its methane selec-
tivity at that particular temperature. Similar
approaches for synthesizing and processing to
achieve desired physical properties like crystallite
and particle size, morphology, particle size distri-
bution, surface area, etc. for optimizing sensing
properties for a particular target gas (like methane)
may be beneficial for other transition metal oxides-
based gas sensing/monitoring systems.
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