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Undoped and palladium-doped perovskite bismuth ferrite nitrogen dioxide (NO,) gas sensors (BiFeOs i.e.
BFO and Pd-BiFeOs i.e. Pd-BFO) are successfully synthesized via an easy and low-cost sol-gel process. The
Pd-doping in BFO is confirmed through an X-ray diffraction data, field emission scanning electron micro-
scopy images, energy-dispersive X-ray spectroscopy analysis, and its influence on the structure, morphol-
ogy, surface area, and the NO, gas sensor performance of the BFO sensor has been examined and
explored. Moreover, the plausible gas sensing response mechanism of Pd-BFO film sensor has also been
proposed. The nanocubes embedded into a uniformly distributed upright standing nanoplates facilitate
better gas adsorption and diffusion behavior on providing an excellent NO,-sensing performance with
good sensitivity, excellent selectivity, better response (90 s)/recovery (110 s), and noticeable repeatability
under a fixed 100 ppm NO,, gas concentration level at an optimized low operating temperature i.e. 150 °C.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nitrogen dioxide (NO;), as one of the important sources for air
pollutant, has attracted a considerable attention due to its adverse
impact on human life and environmental concerns (Liu et al., 2019)
(Liu et al., 2019) (Liu et al., 2019) (Liu et al., 2019). On ground level,
15 ppb of NO, gives rise to irritation of eyes, nose and throat; for
middle 30 ppb, people can be infected by airway hyperactivity of
muscles; and upper 80 ppb level, the respiratory tract infections
are drastically increased (Liu et al., 2016). Detection of toxic and
hazardous gases at an early stage is major concern. Therefore, there
is an urgent need to develop a new class materials of high-
performance gas sensors to detect the NO, gas in an economic
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way. In last few years, ternary metal oxides based on perovskite
ABOj; type structures demonstrated steadfast gas-sensing proper-
ties and performance compared to other binary oxides, which
could be due to different analytes ranging from cations and their
capability to accept various doping elements (George K et al.,
2020). Ferrites with various perovskite-based structures i.e. BiFeOs,
LaFeOs, PrFeOs, EuFeOs;, GdFeOs, have demonstrated different
degrees of gas sensor performance (Niu et al.,, 2004; Siemons
et al., 2007).

Recently, various metal dopants in perovskite-based ferrite
structures are used to enhance their gas sensing response and
selectivity towards various gases. Fan et al. reported that the Ba-
substituted BFO sensor increased gas-sensing performance due to
presence of a large concentration of oxygen vacancy as compared
to pure BFO (Dong et al., 2015). Mane et al. reported a high perfor-
mance of tungsten-doped BFO nano sensor over pristine for NO,
gas (Waghmare et al., 2018). Pal et al. approved 25 s response/17
s recovery time at low concentration of acetone vapors for BFO
nanoparticle-sensors (Chakraborty and Pal, 2019). Mursalin et al.
reported sono-chemically synthesis of BFO nanoparticle sensors
with an outstanding SO, gas sensing performance and ultrafast
response/recovery time (Das et al., 2015). Pal et al. prepared BFO
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gas sensors that endowed a fast response (25 s)/recovery time
(13 s) for carbon monoxide gas which is fixed to 30 ppm level
(Chakraborty and Pal, 2018).

A perovskite bismuth ferrite (BFO) has been fascinated impres-
sive considerations because of its special and unique properties
including a high Curie temperature (Tc ~ 1100 K) and Neel temper-
ature (Ty ~ 643 K) (Wang et al., 2003; Zhang et al., 2007). Moreover,
BFO film plays a vital role due to its large spontaneous polarization
(90-100 pC/cm?) and piezoelectric response (~70 pm/V), which are
essentially important in gas sensor and micro-electromechanical
devices (Chu et al., 2006; Martin et al., 2010). Various approaches
are being adopted to obtain BFO nanostructures of various mor-
phologies such as nanoparticles (0 D) (Soltani and Entezari,
2013), nanorods, nanoflask, and nanotubes (1 D) (Wang et al.,
2009), nanodisks, nanosheets, and nanorings (2D) (Luo et al,,
2017), urchin-like and dendrites (3 D) etc., (Kozeeva et al., 2011)
with surface areas for improving gas sensing performance that
can provide a large contacting interfacial area between the gas sen-
sors and target gases. Until now, several physical and chemical
synthesis processes such as magnetron sputtering (Deng et al.,
2016), solvothermal process (Liu et al, 2014), hydrothermal
(Rouhani et al., 2019), microwave (Azeem et al., 2019), and wet
chemical method (Sakar et al., 2013) etc., were envisaged to obtain
BFO in different structures and morphologies. Said synthesis pro-
cessed needed either costly instruments or multiple complicated
chemical time consuming steps with harmful waste. In wet chem-
ical method, very less amount of material deposited on the film
surface, is essentially required relatively high reaction temperature
which hinders for a large scale production potential. In electrode-
position method, large-scale uniform deposition of material on
conducting substrate is a big problem. Whereas, in spray pyrolysis
method, production of hazardous and toxic bi-products are gener-
ally ignored. Among these, due to eco-friendly and easy scalability,
sol-gel chemical synthesis method can be used for the synthesis of
BFO with controlled shapes and sizes.

In present study, BFO and Pd-BFO nanostructures were synthe-
sized via a sol-gel chemical synthesis process for the production of
ultra-fine nanostructures with high surface-to-volume ratio. The
effect of Pd-doping on the structure surface morphology evolution,
surface area, and NO, gas sensing performance of pristine BFO was
investigated. Moreover, the plausible gas sensing response mecha-
nism of Pd-BFO nanostructured film sensor has also been dis-
cussed. In Table 1 review data of the as-synthesized BFO-based
gas sensors are provided.

2. Results and discussion
2.1. Structure elucidation and morphology evolution studies

The XRD analysis is one of the most important characterization
methods to study the crystal structures of metallic, semiconduct-

ing and amorphous materials. As-obtained prominent XRD peaks
of BFO were indexed to rhombohedral R3c space group of per-
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ovskites BiFeOs. In Fig. 1(a), strongly assigned lattice planes of
(101), (012/110), (003), (202), (113), (104), (300), (024),
(220), (015), (303), and (312), that are closely matching to
reported data for BFO i.e. BiFeOs; [JCPDS card no.20-0169] (Liu
et al., 2005) were identified. In Pd-BFO XRD pattern, the intense
peak was (021/111) at near 40° and two other peaks indexed to
(*) were newly appeared with very low intensity, indicating exis-
tence of Pd with BFO. The average particle size of Pd-BFO calcu-
lated using Debye-Scherrer method was 5 nm. The peak of
diffractogram corresponding to maximum intensity at 31.82° (20)
for 2.81 A d-value was due to BFO. The EDX spectrum as shown
in Fig. 1b demonstrated Bi, Fe, O and Pd elements, suggesting an
incorporation of Pd in BFO. There were no any other phase or
impurities present in the sample suggesting synthesis of defect
free Pd-BFO film.

The surface morphologies, scanned at different magnifications,
of the BFO and Pd-BFO film sensors are exhibited in Fig. 2 (a-d)
where both BFO and Pd-BFO demonstrated dual architectures i.e.
nanocubes and nanoplates. In a wide FE-SEM image, nanocube-
type morphology was inter-connected to spongy-type nanoplates.
As compared with nanoplates, the density of nanocubes was lim-
ited. We believed that this dual surface morphology (plates and
cubes) of higher surface area could be helpful for gas sensing appli-
cations. The high-resolution images endowed the nanocubes of
equal dimensions embedded into uniformly distributed and verti-
cal aligned nanoplates. In surface morphology, we observed that
the nanocubes were partially incorporated in nanoplate surfaces
with enhanced interconnectivity. Noticeably, nanoplate structure
was growth in 1D direction, whereas nanocubes were in 3D. The
as-obtained dual morphology sensor could afford a large surface-
to-volume ratio for an easy gas molecules percolation to obtain a
better gas sensing performance (Liu et al., 2005). The surface mor-
phologies of Pd-BFO film are shown in Fig. 2¢ and d. In Pd-BFO film
sensor, side surfaces of nanocubes were relatively rough as com-
pared to pristine BFO film sensor. The formation of smaller Pd-
nanoparticles as seen onto Pd-BFO surface could provide an addi-
tional benefits. As noted extensive voids and spaces between both
morphologies could have allowed easy, fast and deep percolation
of gas molecules (Zhang et al., 2015).

2.2. Surface area and pore-size distribution estimations

The N, adsorption-desorption isotherms of pristine BFO and
Pd-BFO are presented in Fig. 3(a, b) that demonstrated type IV iso-
therms with H, hysteresis-type, evidencing an involvement of
mesopores nature (Khan et al., 2018; Thommes, 2010). Moreover,
in the middle part of the isotherm, the lower slope could be attrib-
uted to the multilayer adsorption. The specific surface areas for
BFO and Pd-BFO were respectively 4.37, and 12.22 m? g~ !, sug-
gesting enhancement of BFO surface area on Pd doping which
could be attributed to a change of the surface morphology. The
insets of Fig. 3(a, b) confirm pore-diameter plots of BFO and Pd-
BFO sensors where pore-size was centered to ~10 nm in accord

Table 1
A review data on BFO-based gas sensor studies.
Material C (ppm) S (%) T (°C) Tres Trec Ref.
BiFeO3 200 6.6 240 20 14 (Zhu et al., 2019)
BiFeO3 50 40 260 2 2 (Yu et al., 2009)
ABFO4 10 72.62 240 13 24 (Li et al., 2018)
BigoBag 1Fe02.05 100 14 400 3 10 (Dong et al., 2015)
BiFeO3 10 12 350 25 17 (Chakraborty and Pal, 2019)
BiFeO3 50 30 240 5 8 (Zhang et al., 2018)
BiFeO3 30 2.12 250 25 13 (Chakraborty and Pal, 2018)
Pd-BiFeO3 100 75 140 60 100 Current work
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Fig. 1. a) XRD patterns of pristine BFO and Pd-BFO thick film sensor and, b) EDAX analysis over Pd-BFO film sensor surface.

Fig. 2. FE-SEM images of; (a, b) pristine BFO, and (b, c) Pd-BFO film sensors at two magnifications.

to their mesoporous character, suggesting that on Pd doping the operating temperature range. The maximum gas sensing responses

pore-size of BFO sensor was not endowed a significant change. of both BFO and Pd-BFO sensors were optimized at 150 °C operat-
ing temperatures at a fixed 100 ppm concentration level of NO,

2.3. Gas sensor properties gas. The gas sensitivity decreased with increase of the operating
temperature from 150 to 250 °C, suggesting operating temperature

The NO, gas sensing performances of BFO and Pd-BFO film sen- has very significant impact on NO, gas sensor performance. In

sors are demonstrated in Fig. 4 (a-d). Fig. 4(a) demonstrates the particularly, with change in the operating temperature, the adsorp-
responses of the BFO and Pd-BFO sensors for NO, gas at various tion/desorption kinetics and chemical reactions taking place over
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Fig. 3. N, adsorption-desorption isotherms and corresponding pore-size distribution curves (insets) of; a) pristine BFO, and b) Pd-BFO sensors.
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Fig. 4. a) The NO, sensitivity of BFO and Pd-BFO sensors at 100 ppm, b) response/recovery curves of the sensors recorded at fixed 100 ppm NO, gas and optimal temperature
(150 °C), c) The NO, sensitivity of the films at optimal temperature with various NO, gas concentrations (50-3500 ppm), and (d) the stability testing curve of the films.

sensor surface of gas sensor were altered, leading to produce vari-
ation in sensor sensitivity. When operating temperature further
enhanced to a certain temperature, the desorption rate of the gas
increased, resulting in decrease of the total quantity of adsorbed
gas molecules (Barsan et al., 1999). Response time is the time
essential for sensor to reach the maximum steady state value of
its sensitivity in the exitance of gas. Whereas, recovery time is
defined as the time required for the sensor to reach an ideal steady
state value after the target gas was taken out. On the basis of the
gas sensor performance, the response (t.s)/ recovery (tic) time

3128

values of the BFO and Pd-BFO were obtained i.e. 150 °C at opti-
mized operating temperature for 100 ppm of NO, target gas which
is shown in Fig. 4b. The sensor recovery was estimated by exposing
the sensor chamber to the external atmospheric air. The obtained
response/recovery time for Pd-BFO was 90/110 s which is similar
to BFO sensor and could be attributed to equal pore size distribu-
tion of both the sensor materials (Almar et al., 2015). The NO,
response values of the BFO and Pd-BFO sensors at various
concentrations were noted and are shown in Fig. 4(c). The lowest
NO, concentration detection level, with a 75% response, was
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100 ppm. The NO; responses of the BFO and Pd-BFO sensors were
increased with the gas concentration until the sensor surfaces
could completely cover the adsorbed target NO, molecules. The
maximum NO, response at a concentration of 3600 ppm was
93%. The dynamic repeatability tests of the BFO and Pd-BFO sen-
sors tested for NO, gas at 100 ppm concentration are shown in
Fig. 4(d). The repeatability of the sensor was compatible. The sta-
bility tests of the BFO and Pd-BFO sensors for NO,, as shown in
Fig. 4(d) were nearly constat for 20 days, confirming the chemical
stability and mechanical robustness. The comprehensive review of
the previous reports is provided in Table 1.

2.4. NO, gas sensing mechanism

The mechanism of gas sensor consists of change in the resis-
tance on the sensor material surface depending on the adsorp-
tion-desorption processes of gas molecules. On exposure of
sensor surface to atmospheric air, as shown in Fig. 5a, the Pd-
BFO sensor chemisorbs oxygen molecules and get converted into
equivalent chemisorbed oxygen species (Ozand O~) by acquiring
electrons through the conduction band of sensor material, result-
ing in the creation of an electron-depleted space-charge layer on
the sensor material surface which is shown in Eqgs. (2)-(4). At dif-
ferent operating temperatures, the primary presence of oxygen
species changes accordingly. When operating temperature is
below 150 °C, oxygen species are existing in the form of Ozor O™.
The constant concentration of surface oxygen is understood by
acquiring a constant electrical resistance in presence of atmo-
spheric air. When NO, is injected in the sensing chamber, as
demonstrated in Fig. 5b, the different chemisorbed oxygen ions
on the material surface may interact with NO,, and meantime,
the electrons get adsorb by NO, from the conduction band due to
its special electrophilic property to produce adsorbed NO, (ads)™,
as demonstrated in Eqgs. (5) and (6). This process reduces the con-
centration of electrons on the sensor material surface, thickens the
depletion layer, with enhanced the potential barrier, resulting the
incremet in the resistance of sensor material (Qi et al., 2015). The
recovery of sensor can be achieved by opening the outlet of sensing
chamber with introduction of fresh atmospheric air in the cham-
ber, the plausible chemical reaction expressed in Eq. (7). The Pd-
BFO-based gas sensor film demonstrated excellent response for
NO,, which could be due to one of its unique dual surface morphol-
ogy equal dimensions nanocubes were embedded within uni-
formly distributed vertically aligned nanoplates, which offers
abundant active surface sites and favorable conditions for NO,
chemical adsorption, at the operating temperature of 150 °C. More-

a)

_ Electron

Poten tial-I barrier
CB

— — Fermi level
Space-charge
layer

VB

Pd-BFO

Surface
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over, dual surface morphology of different surface area may allow
gas molecules simply to cover the sensing body for NO, diffusion.
So, when exposed to an equal amount of NO, gas, more NO, will
react with the various adsorbed oxygen ions (Ozand O~) then
causes the resistance of the sensor to enhance more quickly and
noticeably compared to single surface morphology, thereby our
gas sensor exhibited an excellent performance for detecting NO,.

OZ(gas) - OZ(ads)
O2aas) + € = 03 4q)

Oi( ) +e — 20’(ad5)

ads
NOj(gas) + €7 — NO3 g5,

NOz(gas) + O3 (a45) T2 — NOjpq5) + 20" (aas)

ads

NO;( )+ 207<ad5) te — NOZ(%HS) + zogi(ads)

ads

3. Conclusions

In summary, BFO and Pd-BFO film sensors are successfully syn-
thesized via a simple and low-cost sol-gel chemical synthesis
method. On FE-SEM study, both BFO and Pd-BFO demonstrated
dual morphology i.e. a combination of nanocubes and nanoplates.
The as-obtained dual morphology sensors facilitate a large surface
area and abundant active sites which could be beneficial for easy
gas molecules dicuss adsorption and diffusion processing. The as-
synthesized dual morphology Pd-BFO-based gas sensor proves an
excellent NO, gas sensing activity with high sensitivity, good selec-
tivity, quite good response (90 s)/recovery (110 s), and remarkable
20 days repeatability to 100 ppm NO, concentration level at low
operating temperature (~150 °C). These results demonstrated that
the mesoporous Pd-BFO is a promising candidate for gas sensing
applications and open up a new direction for using in commercial
devices.
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Fig. 5. Schematic diagram of the as-proposed response mechanism of our Pd-BFO film gas sensor to NO,: (a) in air and (b) in the tested gas (CB: the bottom edge of

conduction band, and VB: the topedge of valence band).
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