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In the present report, gas sensing devices based on LaFeOs and rGO-LaFeOs were fabricated by
a photolithography technique. The X-ray diffraction, Raman spectra and FT-IR results confirm the
formation of a perovskite phase and composite. XPS and TEM give the chemical compositions for both
products. The higher roughness, greater surface area (62.1 m? g4, larger pore size (16.4 nm) and lower
band gap (1.94 eV) of rGO-LaFeO3z make it a suitable candidate to obtain high sensitivity. The gas sensing
performance of the devices was investigated for various concentrations of NO, and CO gases at
temperatures of 200 and 250 °C. It was observed that the rGO-LaFeOs based device exhibited a high
relative response (183.4%) for a 3 ppm concentration of NO, at a 250 °C operating temperature. This
higher response is attributed to the large surface area, greater surface roughness, and numerous active
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DOI: 10.1035/c9ra09460a sites of rGO-LaFeOs. The gas sensing properties investigated show that rGO-LaFeOs is an excellent
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1. Introduction

Environmental concerns about health hazards due to the
presence of toxic gases, such as CO, CO,, NO,, H,, and O3, and
consequent safety regulations have necessitated the increased
use of sensors in various settings from industrial sites to
automobiles, the workplace and even homes. Among the
various toxic gases, CO and NO, are the most hazardous air
pollutants and are risky for humans, animals, and plants.
According to the Occupational Safety and Health Adminis-
tration (OSHA), the lowest tolerance limits for CO and NO,
gases over a period of 8 h are ~20 ppm and ~5 ppm, respec-
tively. Over-exposure to these gases could be a cause of disease
and in extreme cases even loss of human life.* Therefore, the
development of CO and NO, gas sensors which can detect
minute concentrations of these toxic gases at low temperature
is in high demand for environment protection. Nano-
materials have been shown to be promising materials for
gas sensing because their high surface area provides more
active sites for gas adsorption. Single and composite metal
oxides, like Sn0,,> TiO,,* ZnO,* In,03,> WO3,°* Fe,03,” ZnO-
TiO,,* and Fe doped ZnO,’ are important materials for
detecting small concentrations of harmful gases, but they
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have associated problems, such as issues about long-term
stability and high operating temperature. Graphene, a very
famous carbonic material, shows excellent properties and the
very high surface area which is necessary for the adsorption of
minute concentrations of gases and shows high sensitivity
towards the detection of dangerous gases. Graphene also
displays a significant change in its electrical resistance after
the adsorption of target gases, which further confirms gra-
phene as a promising candidate for gas sensing.*® Up to now,
graphene-based materials synthesized by diverse methods
have been used for the detection of gases at low operating
temperatures, such as reduced graphene oxide (rGO)
prepared by the thermal reduction of graphene oxide (GO)'**?
and the chemical reduction of (GO),"*'* and graphene ob-
tained by chemical vapor deposition (CVD).*>*¢ In particular,
rGO has attracted much interest due to its great advantages of
low cost and production in bulk quantities.” M. Gautam
et al.”® and Nanto et al."® have used graphene as a gas sensor
and observed high sensitivity towards CH, and NH; gases.
Also perovskite oxides (ABO;) like LaFeO; and SmFeO; are
well-known materials for gas sensing applications. In these
materials the presence of a transition metal ion at a B-site and
oxygen deficiencies play an important role in adsorption
properties and catalytic behavior. LaFeO; exhibits
outstanding chemical and physical properties for multifunc-
tional applications like chemical sensors,* catalysts,*" elec-
trolytes,** fuel cells,*® biosensors® and gas sensors.>>*® A large
number of rare earth sensing materials have been synthesized
for the detection of CO and NO, (toxic and combustible)
gases.”*?® The use of composites is a favorable scheme to
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improve sensor performance. Perovskite oxide and reduced
graphene oxide are promising candidates as individual
sensing materials: rGO is a highly sensitive gas sensing
material whereas PO (ABO;) provides a great ability to adjust
its formulation by changing the elements on the A and/or B
sites and doping. Hence a composite of rGO and LaFeOj;
would enhance the gas sensing performance, which is the
objective of this work. The authors believe that this is the first
work that has used rGO decorated LaFeO; for a gas sensing
application. Gas sensing performance is generally influenced
by the morphology and architecture of the materials, which
are dependent on the synthesis route taken. There are several
methods for the preparation of LaFeO; and rGO-LaFeOj3: viz.
sol-gel,*® co-precipitation,® ball milling** and hydrothermal®
methods. Among these, the hydrothermal method is an
effective tool for the controlled synthesis of perovskite oxide
LaFeO; and rGO decorated LaFeO;. Low-temperature growth,
cost-effectiveness and an ability to control the size also make
this method an efficient process.

We report the fabrication of gas sensors based on LaFeO; and
its composite with rGO for the detection of CO and NO, gases.
The gas sensing devices were fabricated on an IDE (interdigitated
electrode) substrate through photolithography. The sensing
materials were deposited on the IDE substrate by the drop cast
method. A gas sensing study was undertaken for LaFeO; and
rGO-LaFeO; devices under different concentrations of NO, and
CO at temperatures of 200 and 250 °C. Synthesized samples of
LaFeO; and rGO-LaFeO; were characterized by XRD, FTIR, TGA,
Raman, XPS, FESEM, AFM, HRTEM, UV-Vis, and BET.

2. Experimental
2.1 Raw materials

Fine graphite powder (99.5%) and potassium permanganate
(99%) were purchased from CDH. Sulfuric acid (98%) and
hydrogen peroxide (30%) were purchased from RANKEM.
Hydrogen chloride (12 N) was purchased from Merck.
Lanthanum nitrate hexahydrate (99.9%), iron nitrate non-
ahydrate (98+%) and citric acid (99+%) were purchased from
Alfa Aesar.

2.2 Synthesis of LaFeO;

Lanthanum(m) nitrate hexahydrate (La(NO;);-6H,0) and
iron(m) nitrate nonahydrate (Fe(NOs);-9H,0) were used as
precursors and citric acid (C¢HgO, - H,0) was used as a chelating
agent to prepare LaFeO; microspheres using the hydrothermal
method.* La(NO;);-6H,0 (0.2 mol) and Fe(NO;);-9H,0 (0.2
mol) were dissolved in 80 mL of DI water under magnetic stir-
ring for 10 minutes. Subsequently, citric acid (0.4 mol) was
added to the solution under continuous magnetic stirring for 10
minutes and the reaction mixture was poured into a 100 mL
Teflon-lined stainless steel autoclave and kept at 160 °C for 6 h.
After cooling down to room temperature (RT), precipitates were
collected by centrifugation at 4000 rpm from the autoclave, and
washed with DI water and ethanol. The collected precipitates
were dried in air at 60 °C, followed by calcination at 800 °C for
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4 h to obtain powdered LaFeOj;. The reaction between the above
salts in the presence of citric acid is assumed to occur in the way
shown in eqn (1).*

La(NO3)3 . 6H20 + FC(NO3)3 9H20 + C6H807 H20
- LaFeO3 + 6C02 + 3N2 + I’leO (1)

2.3 Synthesis of rGO-LaFeO;

La(NO3);-6H,0 (0.2 mol) and Fe(NO;);-9H,O (0.2 mol) were
dissolved in 80 mL of DI water under magnetic stirring for 10
minutes; then 200 mg of graphene oxide was added to the
solution under ultrasonication at 50 °C for 1 h until the GO was
well dispersed in the solution.?® GO was prepared by Hummers'
method.*® An appropriate amount of citric acid (0.4 mol) was
added to the solution under magnetic stirring for 30 minutes
with the same follow-up as that for the preparation of LaFeO; to
obtain rGO-LaFeO; powder. The reaction for the synthesis of the
rGO-LaFeO; composite is assumed to occur as shown in eqn (2).
The pathway for the synthesis of LaFeO; and its composite with
rGO is shown in Fig. 1.

La(NO3)3'6H20 + FC(NO3)39H20 + GO + C6H807'H20
— rGO-LaFeO; + 6CO, + 3N, + nH,0  (2)

In this work, ethylene glycol (EG) was used as a solvent. For
the preparation of the LaFeO3/rGO-LaFeOj; solution, 12 mg of
LaFeO;3/rGO-LaFeO; were dissolved in 1 mL of EG. The solution
was then sonicated at 50 °C for 2 hours to be used for film
preparation, as shown in Fig. 2(a and b).

2.4 Fabrication of LaFeO;/rGO-LaFeO;-IDE based device

For CO and NO, detection, LaFeO; and rGO-LaFeO; thin films
were deposited on an interdigitated electrode (IDE) substrate.
To prepare the IDE substrate, an oxide layer (SiO, ~ 200 nm)
was grown on a cleaned p-type Si wafer using a pyrogenic wet
oxidation process. After that a thick layer of photo resist
(AZ5214E PR) was spin coated on the SiO,/p-Si substrate, fol-
lowed by photolithography, sputtering of 10 nm Cr/120 nm Au
and lifting off the photo-resist to produce a pattern of Au
heating lines (125 nm thick) on the substrate. After the lift-off
process AZ5214E PR was again spin coated above the Cr/Au
film followed by photolithography for the gas sensing layer.
LaFeO;/rGO-LaFeO; solutions were then drop caste on the Si-
IDE substrate after lifting off the photo resist and dried at
200 °C for 2 : 30 hours. The flow process for the fabrication of an
IDE deposited LaFeO;/rGO-LaFeO; gas sensor is shown in
Fig. 2(c). The device size was 500 x 500 pm, with 100 fingers.
The width of each finger was 5 pm with the same spacing
between two fingers.

2.5 Characterizations studies

As-synthesized samples of LaFeO; and its composite with
reduced graphene oxide (rGO-LaFeO;) were characterized by
X-ray diffraction (XRD; X-pert powder diffractometer with

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Pathway for the formation of LaFeO3z and rGO-LaFeOs microspheres.

copper rotating anode using incident beam of 1.54 A wave-
length), Fourier transform infrared spectroscopy (FTIR; Per-
kinElmer system in the KBr mode), Raman spectroscopy (STR
500 Confocal Micro Raman Spectrometer at 532 nm wave-
length), thermo-gravimetric analysis (TGA; PerkinElmer STA
6000), a field emission scanning electron microscope
(FESEM; 450 FEI, NOVA nano SEM), a transmission electron
microscope (TEM-Tecnai G* XFLESH-6T130 with accelerating
voltage 200 kV), an atomic force microscope (AFM using non-
contact mode), a UV-Vis spectrometer (UV-Vis, Lambda 750,

Sonication at
50°C for2 hours

PerkinElmer), and X-ray photoelectron spectroscopy (XPS,
Omicron Nanotechnology, Oxford Instruments Germany).
XPSwide scans and C 1s and O 1s spectra were recorded using
AIK, radiation (hv = 1486.6 eV). The pass energy for the C 1s
and O 1s spectra was kept at 50 eV and 20 eV for full scans.
Brunauer-Emmett-Teller (BET; Quantachrome instruments:
NOVA touchLX1) was used to examine the surface area, and
gas sensing measurements were recorded by Eurotherm
2404, Keithley-2450 at IISc Bangaluru.

Fig. 2 Solution formation of LaFeOs (a) and rGO-LaFeOs (b) using solvent EG. Fabrication process of IDE deposited LaFeOs/rGO-LaFeOs (c).

Both samples are deposited by drop casting on an IDE pattern.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 XRD spectra for LaFeOs (a) and rGO-LaFeOs (b) with JCPDS-
37-1493.

3. Result and discussion

3.1 X-ray diffraction studies

The XRD patterns of LaFeO; and rGO-LaFeO; shown in Fig. 3(a)
and (b) give information about the phases present and the
crystallinity of the samples. Characteristic peaks of obtained
LaFeO; microspheres were indexed using JCPDS-37-1493.242%%7
Strong and highly intense peaks indicate good crystallinity of
synthesized LaFeO;. No impurity peaks were observed in the
XRD pattern. A d-spacing of LaFeO; microspheres correspond-
ing to a highly intense plane (121) was found at 2.7 A. These
results suggest an orthorhombic structure for LaFeO; with
lattice parameters a = 5.565 A, b=7.839A, and ¢ = 5.577 A%’
The XRD pattern in Fig. 3(b) for the rGO-LaFeO; composite
comprises peaks assigned to individual LaFeO;, as shown in
Fig. 3(a), belonging to the orthorhombic LaFeO; phase. A small
peak at 10.02° was attributed to the (002) plane arising from the
presence of rGO in the synthesized composite.*® The d-spacing
corresponding to the (121) plane of rGO-LaFeO; was observed at
2.6 A. Background noise in XRD spectra may be due to instru-
mental error, and the splitting of the peaks can be removed after
calcining the samples at higher temperature and for a longer
duration.*”

3.2 FT-IR studies

FT-IR spectra for LaFeO; and rGO-LaFeO; were recorded in
a range of 400-4000 cm ' wavenumbers to monitor the
functional groups present in the materials and are given in

1300 | RSC Adv, 2020, 10, 1297-1308
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Fig. 4 FTIR spectra for LaFeOs (a) and rGO-LaFeOs (b).

Fig. 4(a) and (b), respectively. For LaFeO;, bands were
observed at 559, 1094, 1605 and 3435 cm™ '. The band at
559 cm ™' is the characteristic band indicating the presence of
Fe-O stretching.*>*® This peak confirms the formation of
a perovskite phase, and usually appears in the range of 500-
700 cm ™. Peaks at 1605 cm ™' and 3435 cm ! are assigned to
asymmetric stretching of the carboxyl group and hydroxyl
group.®® These peaks were shifted to 547, 1059, 1629 and
3447 cm ™', when LaFeO; was decorated with rGO. The peak at
1629 cm ' corresponding to the C=C/C-C stretching of the
alkene or aromatic group confirms the sp” structure of rGO.*
For further confirmation of perovskite formation and the
presence of rGO in the composite, Raman spectroscopy was
performed and is given in ESI (Fig. S17). The thermal stability
of the synthesized samples was studied by TGA and is given in
ESI Fig. S2.1

3.3 Field emission scanning electron microscopy studies

The surface morphologies of LaFeO; and rGO-LaFeO; were
observed using FESEM and the micrographs obtained are
shown in Fig. 5(a) and (b), respectively. Fig. 5(a) shows the
microsphere formation of LaFeO; with an average size of 1.45
um. In Fig. 5(b) it can be observed that rGO decorated LaFeOj3;
microspheres showed an average size of 1.57 um. The layered
structure of rGO between the microspheres of LaFeO; can
clearly be seen in Fig. 5(b). In both samples of LaFeO; and rGO-
LaFeO; microspheres are formed due to the coagulation of

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 FESEM images for LaFeOs (a) and rGO-LaFeOs (b).

a large number of nanoparticles. The TEM results, as shown in  prepared LaFeO; shows a sphere-like structure with high
Fig. 6 and 7, provide more information about the porosity. Fig. 6(b and c) confirm that porous microspheres are
microstructure. arranged in a network form with a large number of particles.
The HRTEM image of a porous LaFeO; microsphere shown in
Fig. 6(d) is indicative of the formation of interference fringes
with a lattice perpendicular (d-spacing) of about 0.268 nm, in
agreement with the plane (121) of LaFeOj; observed from XRD.
Fig. 6(a)-(c) show low and high magnification TEM images of The selected area electron diffraction (SAED) pattern shown in
synthesized LaFeO; microspheres. It was observed that the

3.4 High-resolution transmission electron microscopy
studies

(a)

Fig. 6 Low (a) and high magnification (b and c) TEM images of porous LaFeOs microspheres, and the corresponding HRTEM image with labeled
lattice spacing (inset: SAED pattern of LaFeOz microsphere) (d).

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 1297-1308 | 1301
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Fig. 7

(a and b) Low and (c) high magnification TEM image of porous rGO-LaFeOs microspheres, (d) the corresponding HRTEM image with

labeled lattice spacing (inset: SAED pattern of rGO-LaFeO3z microsphere).

the inset of Fig. 6(d) clearly indicates the polycrystalline
nature of the prepared porous LaFeO; microspheres. The
average diameter of a microsphere was found to be about 1.45
um, as calculated by Image ] software. This size of the
microsphere coincides with that obtained from the FESEM
study.

Low and high magnification TEM images of prepared rGO-
LaFeO; composites are shown in Fig. 7(a)-(c), respectively.
Fig. 7(a) and (b) show that porous microspheres of LaFeO; are
decorated on the surface of the GO layer and the GO sheets
show interconnections with the LaFeO; microspheres. From
Fig. 7(c) it is clear that the LaFeO; microspheres are well
distributed on the GO surface, which would be beneficial for
making a significant surface area in the composite for
sensing gases. The HRTEM image of the rGO-LaFeOj;
composite shown in Fig. 7(d) clearly indicates interference
fringes with a d-spacing of about 0.279 nm and suggest the
growth of LaFeO; microspheres on the GO surface. The d-
spacing for the composite rGO-LaFeO; (0.279 nm) as
compared to that for LaFeO; (0.268 nm) confirms that no
structural change occurred in the composite. The corre-
sponding SAED spectra shown in the inset of Fig. 7(d) show
that the microspheres are randomly oriented in the
composite. The size of the LaFeO; microspheres in the
composite using Image J software was obtained as 1.57 pm.
EDAX spectra and the percentages of the elements in the

1302 | RSC Adv, 2020, 10, 1297-1308

synthesized samples are shown in ESI Tables S1 and S2,t
respectively.

3.5 X-ray photoelectron spectroscopy studies

X-ray photoelectron spectroscopy (XPS) has proved to be
a useful tool for identifying the valence states of La and Fe in
the synthesized samples LaFeO; and rGO-LaFeO;. Casa XPS
software was used for peak fitting of La 3d, Fe 2p, C 1s and O
1s spectra with Shirley background correction. Fig. 8(a)
shows wide range survey spectra for LaFeO; and rGO-LaFeO;
and the observed characteristic peaks attributed to La, Fe,
oxygen, and carbon. XPS spectra for LaFeO; shown in
Fig. 8(b)-(d) correspond to La 3d, Fe 2p, and O 1s, respec-
tively. From Fig. 8(b) it can be seen that La deconvoluted into
four peaks; among them, peaks corresponding to binding
energies (BE) of 833.6 eV and 850.4 eV are assigned to La 3ds,
and La 3dj,,, respectively.*”"** The other two peaks at binding
energies of 837.6 eV and 854.4 eV are satellite peaks corre-
sponding to La 3ds/, and La 3d3/,, respectively.** This infor-
mation about the core level of La indicates that La ions
exhibit +3 oxidation states. The BE of the Fe 2p;,, signal has
been found in the energy range 706.5-707.0 eV for metallic
iron, 709.5-710.3 eV for Fe?*, and 710.6-711.4 eV for Fe**.** In
Fig. 8(c), the peaks at binding energies 709.5 eV and 712.8 eV
are attributed to the spin-orbit of Fe 2p;,,.** The binding
energy at 725.1 eV is assigned to Fe 2p,, for Fe*".*® The other

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Wide range survey spectra (a) of LaFeOz and rGO-LaFeOsz, XPS spectra of La 3d (b), Fe 2p (c), O 1s (d) for LaFeOs.

two peaks at 726.6 eV and 727.3 eV may be due to the pres-
ence of some Fe*" state of Fe 2p;,, which is not seen in
XRD.** Thus the results indicate that Fe contains mixed
valence state of Fe*" and Fe*" in the main. This combination
of valence states is rare and was observed by Phokha et al. in
2014.** The XPS peaks of oxygen spectra are deconvoluted
into four peaks; among them the peak corresponding to
a binding energy of 528.5 eV confirms the existence of crystal
lattice oxygen (Oy) and the peak located at 530.9 eV binding
energy confirms the presence of hydroxyl oxygen (Oy)." The
core level of the La 3d region for the composite shown in
Fig. 9(a) exhibits peak positions at 833.5 eV and 850.2 eV
assigned as La 3d5,, and La 3d;),, respectively. This indicates
that La ions have mainly an La** state. La 3d satellite peaks
are assigned at 837.6 eV and 854.5 eV binding energies,
respectively.** Fig. 9(b) for the core level region of Fe 2p for
sample rGO-LaFeO; shows peaks located at 710.7 eV and
711.7 eV binding energies, corresponding to Fe 2p;,,. The
peaks at BE 723.2 eV and 724.9 eV are attributed to Fe 2p,,.
This indicates that Fe ions in rGO-LaFeO; also have a mixed
state of Fe®" and Fe**.*** In addition, the peak at 709.1 eV,
corresponding to Fe2p;,,, may be due to the presence of the
Fe** state of Fe,0;.*° A broad peak at 718.2 eV is a shake-up

This journal is © The Royal Society of Chemistry 2020

satellite peak of Fe®'.*>* For the O 1s spectra of rGO-
LaFeO;, similar peak positions at 528.4 eV for Oy and at
530.9 eV for Oy were observed.*® The XPS spectrum of C Is
shown in Fig. 9(d) deconvoluted into three peaks due to
hydrocarbons and hydroxyls. The peak at 283.6 eV is associ-
ated with (C=C), 285.4 eV corresponds to (C-C/C-H) and
287.3 eV is associated with the hydroxyl group (C-OH).**>°

3.6 UV-visible spectroscopy

Fig. 10(a) shows the UV-Vis absorption spectra of LaFeO; and
its composite with rGO in the wavelength range 200-1300 nm.
It was observed from the spectra that both samples show
a strong absorption in the ultraviolet (200-400 nm) and
visible (400-800 nm) regions. The UV-Vis spectra allow us to
calculate the direct band gap E, by fitting the absorption data
to the direct transition using Tauc's formula (ahv = A(hv —
E,)"?, where « is the absorption coefficient, hv is the photon
energy, A is a constant, and E, is the direct band gap) by
plotting (ah»)? versus hv, as shown in Fig. 10(b). The calcu-
lated band gaps are 1.94 eV for rGO-LaFeO; and 2.01 eV for
LaFeOs;, indicating a slight narrowing of the band gap on the
addition of rGO to LaFeOj;. This would be useful for the
movement of electrons from the valence band to the
conduction band for gas sensing.

RSC Adv, 2020, 10, 1297-1308 | 1303
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3.7 Adsorption-desorption isotherm, surface area and pore

size distribution

Fig. 11(a—c) display the adsorption-desorption curves (N,) an
the obtained surface areas of the synthesized samples. It can
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Cls
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clearly be seen that the isotherm changes from type II for
LaFeO; (shown in the inset) to type III for rGO-LaFeO;.”* The
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Fig. 10 Absorption spectra (a) and Tauc plot (b) of LaFeOz and rGO-LaFeOs.
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3.0

4 bpore size for LaFeO; comes out to be 1.85 nm, and increased to
16.4 nm for rGO-LaFeO;.”> Hence, according to the pore size
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and type of isotherm, the samples can be categorized as having
a micro porous and a mesoporous structure for LaFeO; and
rGO-LaFeO3, respectively. The surface area for composite rGO-
LaFeOj; is about forty times ~62.1 m* g~* (Fig. 11(c)) that of
LaFeO; ~1.41 m* g~ '. This many-fold increase in surface area is
due to the addition of rGO to LaFeO3, and is a useful property.

3.8 Gas sensing studies

It is evident from the studies carried out that LaFeO; and rGO-
LaFeO; materials meet the criteria for realization of a gas
sensor. These films were then employed for CO and NO, gas
sensing by sourcing a voltage of 6 V and measurement of
current/resistance through Cr/Au contact pads resting on an
IDE deposited on the films by photolithography. A photograph
of the fabricated gas sensor with Cr/Au contact is shown in
Fig. 12. Compressed air was used as a carrier gas (N, + O, =
80% + 20%) to which 1-3 ppm CO and 1-5 ppm NO, were
added from a second cylinder whilst maintaining a constant
flow rate of 30 sccm. The gas sensing characteristics are

Fig. 12 Gas sensing device based on LaFeO3z and rGO-LaFeOs.

This journal is © The Royal Society of Chemistry 2020

plotted as change in ratio defined as follows: as change in
resistance for CO and NO, gases in opposite polarity. Here R,
and R, are the resistance of the specimens in air and gas,
respectively.

R

R, — a
S(%) = gT x 100 for CO exposure (3)

R, — R

S(%) = £ x 100 for NO, exposure (4)

g

3.8.1 Carbon monoxide gas sensing. Fig. 13(a) and (b)
show the plots of relative response(s) for LaFeO; and rGO-
LaFeO; as a function of time. Both samples were tested in the
presence of 5, 3 and 1 ppm CO gas at temperatures of 200 and
250 °C. However, LaFeO; does not show any response at
200 °C while a good response was found at 250 °C. For the p-
type LaFeO; sensor, exposure to 5 ppm of CO gas at 250 °C
leads to an injection of electrons into the valence band and
their recombination with holes (generated in an oxygen
ambient atmosphere), decreasing the concentration of holes
and thereby increasing sensor resistance. After the CO is
turned off, the sensing material starts to recover its path
towards the initial resistance. The same trend was obtained
for 3 and 1 ppm of CO at the same temperature but with
a lower response. LaFeO; microspheres show a response of
17.1% for 5 ppm, 8.5% for 3 ppm and 4.5% for 1 ppm of CO.
Fig. 13(b) shows the relative response plot of a sensor based
on rGO-LaFeOj; to various concentrations (5, 3 and 1 ppm) of
CO at 200 °C where the responses are 30.9%, 15.5%, and
6.8%, respectively, indicating that the sensor thus fabricated
can be used for CO detection with a wide range of smaller
concentrations. The sensing mechanism is similar for rGO-
LaFeO; to that for an LaFeO; sensor. As the temperature
increases to 250 °C, the response is quite similar to that at
200 °C: viz. 31.9% for 5 ppm of CO, 17.7% for 3 ppm of CO
and 8.8% for 1 ppm of CO. Fig. 13(c) represents the change in
relative response with respect to concentration of test gases
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for the fabricated sensors at temperatures of 200 and 250 °C.
There is a clear and visible improvement in the sensing
performance corresponding to the addition of carbon atoms
through doping of reduced graphene oxide (rGO) into the
LaFeO; which leads to an increase in the active sites and
surface area for higher adsorption/desorption of gas
molecules.

3.8.2 Nitrogen dioxide gas sensing. The gas sensing char-
acteristics of LaFeO; and rGO-LaFeO; based sensors for 3, 2 and
1 ppm of NO, gas are shown in Fig. 14(a) and (b), respectively, at
operating temperatures of 200 and 250 °C. Fig. 14(c) shows the
relative response with respect to concentration for LaFeO; and
rGO-LaFeO;. LaFeO; does not show any response at all to
concentration of NO, at 200 °C. However, at 250 °C, LaFeO;
exhibits a high response. When 1 ppm of NO, is injected onto
the surface of p-type LaFeO;, it gives a 92.7% response and it
reaches a higher value of 144.1 from 118.9 for an increase in
concentration from 2 to 3 ppm. A sensor based on rGO-LaFeO;

1306 | RSC Adv, 2020, 10, 1297-1308

gave an even higher response at 200 °C upon exposure to NO,:
viz. 53.7%, 79.5% and 81.3% for 1 ppm, 2 ppm and 3 ppm,
respectively. This relative response increased further for
a temperature of 250 °C: viz. 129.9%, 159.9% and 183.4% for
1 ppm, 2 ppm and 3 ppm, respectively. The increase in response
is due to the smaller band gap of rGO-LaFeOj;, which makes the
flow of electrons/holes easier, to provide conductance. It is
evident that the interactions of NO, with the LaFeO; surface are
more complicated than those of CO. NO, can be absorbed on
the surface of LaFeO; film in three different states: two nitrosyl
types (NO~, NO') and a nitro type (NO,).?® The gas sensing
mechanisms of LaFeO; with CO and NO, are described in ESI.t
A comparison Table (S3)f of the gas sensing results for both
samples with the already published literature is given in ESIL,
and clearly indicates that rGO-LaFeO; gives a higher sensitivity
than LaFeO; and is a potential material for gas sensing
applications.

This journal is © The Royal Society of Chemistry 2020
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4. Conclusion

In summary, microspheres of LaFeO; and rGO-LaFeO; were
synthesized by a hydrothermal method. Gas sensing devices
(dimension 500 x 500 pum) using synthesized nanomaterials
were successfully fabricated through photolithography using
a drop cast method for film deposition. In terms of structure,
morphology, thermal stability, and surface roughness, the
samples show potential as gas sensing devices. An ortho-
rhombic structure was observed for both products from X-ray
diffraction. The appearance of a D’ band in the Raman
spectra and an alkene/organic group in FT-IR confirm the
formation of a composite. The synthesized products are ther-
mally stable at a temperature of ~720 °C. XPS and TEM confirm
the presence of La, Fe, O, and C elements. Gas sensing
measurements indicate that an rGO-LaFeO; based device
exhibits a higher relative response than LaFeO; for both CO
(5 ppm, 3 ppm, 1 ppm) and NO, (3 ppm, 2 ppm, 1 ppm) gases. It
is also contributed that rGO-LaFeOj; is highly selective for NO,
gas even at 1 ppm concentration at 200 and 250 °C. This is
mainly due to the higher surface area and smaller band gap of

This journal is © The Royal Society of Chemistry 2020

rGO-LaFeO;. To the best of our knowledge, this is the first study
of an rGO-LaFeO; based gas sensing device with an excellent
relative response.
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