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Metal oxide nanoparticles are popular candidates for chemiresistive sensors application. Cerium oxide (CeO,) based semiconducting gas |
sensors have gained rapid interest in recent years. In this study, an environment-friendly green synthesis approach was employed for the |
synthesis of macroporous CeO, nanoparticles using Mimosa pudica leaf extract. Later the performance of CeO, nanoparticles for humidity
sensor is demonstrated. X-ray diffraction studies revealed the cubic fluorite crystal structure with no impurities, scanning electron microscopy |
analysis revealed the macroporous morphology of CeO, hierarchical nanoparticles. Humidity sensing properties were studied using |
interdigitated electrode coated with CeO, nanoparticles. The results showed the sensing response of 0.5 times for 10% RH (relative humidity) |
and seven times for 90% RH. The response and recovery times were found to be as low as 12 s and 15 s, respectively. The experimental |
results provided an environment-friendly approach for the synthesis of CeO, particles and revealed promising results in humidity sensing |
application.

|

|
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INTRODUCTION Nanotechnology offers a unique opportunity to tailor and
enhance the overall performance of the above-said materials
[8]. Because of their small grain size and large surface area,
nanomaterials are advantageous for producing chemical sensors.
The properties that attract nanomaterials for sensing applica-
tions are the availability of more surface-active sites and stronger
absorption and adsorption ability than other materials [9]. As
humidity sensing is a surface phenomenon, a material with a
high surface area is preferable. Hence, porous materials are
gaining importance in chemical sensing applications due to
the presence of pores (voids) and ease of creation and function-
alization of those voids for specific applications [10].
Among the metal oxide nanoparticles in the lanthanide
series, cerium is the second and the most reactive element. By
virtue of its electro positivity, cerium exhibits dual oxidation
states, Ce** and Ce™*. Ce** state is considered as stable over Ce?**,
hence cerium oxide or ceria (CeQ,) is the most stable oxide of
cerium [11]. Cerium oxide is a popularly used semiconducting
material having wide bandgap energy of 3.19 eV and high

In the flourishing industrial era where there is a prime nece-
ssity of monitoring operating ambiance and pollutants released
to the environment, sensors play a vital role in providing the
qualitative and quantitative analysis of chemical effluents [1].
Ambient humidity is one of the crucial factors affecting the
performance and efficiency of industrial operations. Hence,
humidity sensors are extensively used for keeping a check of
ambiance in industries and day today’s life [2].

Semiconductor metal oxide gas sensors are the most promi-
sing ones among different types such as electrochemical, optical,
calorimetric gas sensors, efc. because they offer advantages
like high sensitivity, durability, low cost, and simplicity in func-
tion. A variety of materials are used as sensing material in hum-
idity sensors, such as ceramic [3], organic polymers [4], metal
oxide [5], carbon nanotubes [6] and various other composites
are tailored and equally used. To know, the general working
principle of chemiresistive sensors is the change in impedance
of sensing material on exposure to humidity [7].
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exciton binding energy. It is an oxide of singular rare earth
element having high crystallographic stability up to its melting
point of 2700 °C in its bulk form [12]. It has found a place in
many more applications such as catalysts in chemical processes,
solid-state gas sensors, energy storage, cosmetics and renewable
energy, efc. because of its unique ability to switch between its
oxidation states [13].

Cerium oxide nanoparticle has attracted many researchers
due to their versatile applications in NH; sensors [ 14], H, sensors
[15], CH,O [16], NO, [17], etc. CeO, nanoparticles have been
amajor player in humidity sensor applications. Xie et al. [18]
synthesized a CeO,-ionic liquid hybrid by an easy ionothermal
route at a low temperature, which delivered excellent sensing
properties and good stability over a broad range. Toloshnaik
etal. [19] reported CeO, sensors fabricated using a spin coating
of suspended nanoparticles and obtained promising results.
Sikarwar et al. [20] reported hexagonal-shaped porous CeO,-
Gd,03-CoO nanocomposite based humidity sensors with a
maximum sensitivity of 2.006 uW/%RH and 90% reproduci-
bility.

However, several synthesis approaches such as sol-gel,
co-precipitation, flame spray pyrolysis, hydrothermal and micro-
wave were employed for the synthesis of CeO, nanoparticles.
Among these some techniques are complicated like spray
pyrolysis, some are time-consuming like hydrothermal method,
some are expensive such as microwave method and many proce-
dures use hazardous chemicals. This scenario urges for easy,
low cost and eco-friendly synthetic routes to synthesize indus-
trial level production of nanomaterials [21]. In recent times,
the green synthesis approach is shown to be an efficient techni-
que to produce high yields of nanoparticles following an eco-
friendly process by eliminating toxic residues. The main advan-
tages of this method are cost-effectiveness, high yield process,
and no toxicity [22].

Earlier, attempts have been made to adopt this green synth-
esis approach for the production of CeO, nanoparticles using
extracellular compounds of fungi [23], albumen egg [24] and
plant extracts made of leaves, stem, seeds, efc. [25]. The bio-
molecules that are present in plant extract act as reducing agents
in chemical processes and also biomolecules of interest are made
to be capped on nanoparticles in various applications using the
green synthesis method. Therefore, the synthesis routes mediated
by biocomponents demonstrate an easy, eco-friendly, non-toxic,
time-saving and economically viable process [26]. In this work,
for the first-time green synthesis of porous cerium oxide nano-
particles using Mimosa pudica plant leaf extract has been reported
and investigated their performance for humidity sensing appli-
cation.

EXPERIMENTAL

Preparation of plant extract: Mimosa pudica fresh
leaves were collected and thoroughly washed with deionized
water. Finely cut leaves (20 g) were added to 100 mL of deio-
nized water and boiled at 70 °C for 2 h. The obtained extract
was filtered and collected for further use.

Synthesis of cerium oxide nanoparticles using Mimosa
pudica leaf extract: Cerium nitrate (3.261 g) was added to 100

mL of Mimosa pudica leaf extract and continuously stirred at
80 °C for 4 h. White precipitate followed with yellowish-brown
precipitate was formed. The obtained precipitate was dried in
a hot air oven at 80 °C overnight and annealed at 500 °C for 2 h.

Humidity sensor preparation: Humidity sensor prepa-
ration steps were the same as the method reported by Xie et al.
[27] and are shown in Fig. 1. The above-synthesized ceria (5
mg) was taken and dispersed in 0.5 mL ethanol. The resulting
solution was drop coated on self-designed interdigitated elect-
rodes. It was dried for 1 h at 80 °C and then used for humidity
testing.
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material (CeO,)

l

Dispersing material in
ethanol with the help
of ultra sonication

Drop casting

Drying the sensor
device

— Contacts

Humidity sensor

Fig. 1. (a) Steps for humidity sensor preparation, (b) Schematic of
interdigitated electrode

Instruments: X-ray spectrometer (Rigaku Ultima-1V)
was used to obtain crystallographic information. Morphology
of the material was studied using scanning electron microscope
(Hitachi SU1510 with W filament). An infrared spectroscope
(Perkin-Elmer) was used for detecting functional groups in
the range of 4000-400 cm™. For sensor device, the interdigi-
tated electrode (IDE) with 5 mm x 5 mm dimensions, 10 gold
lines with a width of each being 1 mm and separated with 1 mm
gap, was fabricated on a glass substrate. The sensor response
was measured using a homemade setup connected with mass
flow controllers to maintain the required concentration of gas
inside the sample chamber. Change in resistance of the material
on exposure to different levels of humidity was recorded using
Keithly DAQ 6510 digital multi-meter system.

RESULTS AND DISCUSSION

XRD studies: Fig. 2 shows the XRD pattern of green synth-
esized CeO, nanoparticles. It shows the monophasic cubic
fluorite structure of CeO, (JCPDS 34-0394), in which each
Ce™ ion is surrounded by eight oxygen ions. Peaks centered
at28.43°,32.97°,47.37° and 56.21° corresponds to (111), (200),
(220), (311) and (222) planes, respectively. Particularly obtained
Bragg’s peaks are assigned to face-centered cubic structure with
a lattice constant of 0.515 nm. By Debye-Scherrer’s appro-
ximation, the average crystallite size was calculated to be 9.32
nm.

Surface morphology: Morphological studies of CeO,
nanoparticles were performed using SEM analysis. Fig. 3 shows
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Fig. 2. XRD pattern of CeO,

the SEM images taken at different magnifications. It was
observed that there is no predefined morphology of particles
rather irregular particles can be seen. Macroporous hierarchical
CeO; nanoparticles were obtained as a result of agglomeration

mm x11.0k SE
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during the particle formation to decrease the surface energy
of the nanoparticles. It is also evident from the images that the
particles consist of macropores, increasing the available area
for adsorption of water molecules and have played a vital role
in enhanced humidity response of the material.

FTIR studies: The functional groups attached to the material
play a notable role in humidity sensing. FT-IR spectra of CeO,
nanoparticles synthesized from Mimosa pudica plant extract
is shown in Fig. 4. The absorption band around 3431 cm™ can be
attributed to the (O-H) stretching in water molecules attached
to CeO; nanoparticles [28]. The broad peak at 456 cm™ range
corresponds to the Ce-O bond vibrations [29]. An additional
band at 1112 cm™ can be associated with the remains of organic
species (C-O-H stretching vibration) on the surface CeO, nano-
particles [30].

Humidity sensing: The CeO, sensor was exposed to five
different values of RH, starting from 10% to 90%. It was obser-
ved that resistance of the sensor decreased when exposed to
humidity. The response was calculated as:

R
Response =—2- where R, >>RH 1
p T a (1

i
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Fig. 3. SEM images of CeO, nanoparticles
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where R, is the resistance of the sensor device in presence of
dry air and RH is the resistance of the sensor when it is exposed
to humidity. CeO, being an n-type of semiconducting material
resistance of the sensor reduced below the baseline resistance
on exposure to humidity. Response of the sensor was found
around 4 times the baseline for 50% RH and 7.5 times the
baseline for 90% RH.

Fig. 5a shows the response of the sensor for five different
RH (10%-90%). The response time (time taken by sensor to
reach 90% of total response) varied between 33 s (10% RH)
to 12 5 (90% RH) and recovery time (time taken by the sensor
to fall to 10% of total response) found in the range 15 s (10%
RH) to 59 s (90% RH). Linear fitted response with respect to
humidity is shown in Fig. 5b with an adjacent R* value of 0.95.

In order to ensure the repeatability of the sensor, the CeO,
sensor was exposed to 50% RH to 5 cycles repeatedly. It was
found that the response is highly reproducible as seen from
reproducibility test results (Fig. 6).
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Fig. 6. Repeatability testing for 50% RH

T
500 2000

Sensing mechanism: Water adsorption is the main criterion
in humidity sensing. The sensor on exposure to humidity for
the first time, a single layer of water molecules was formed on
the surface of the sensing material. This layer is said to have
formed due to chemisorption of water molecules and proton
transfer occurs among hydronium ions (H;O") [31]. Certainly,
the number of layers of water molecules rises with an increase
in humidity (RH) [32]. The secondary layers were formed due
to physisorption over the first layer of water molecules. Again,
the H;O" ions formed in corresponding layers will act as charge
carriers [32]. The proton of one water molecule with H;O" ion
is released to the neighboring water molecule and likewise to
the next one covering the layer [33]. So according to the Grotthuss
mechanism, H can move freely in the physisorbed water layers.

Owing to the fact that Ce* in CeO; has a small ionic radius
(101 Pauling radius) forming a high positive charge, the surface
of CeO, exhibits high charge density. Due to this a strong electric
field is induced around CeQO», ionization of water molecules is
augmented and this also influences deeply the physisorbed
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Fig. 5. (a) CeO, Humidity sensing response for 5 different RH values, (b) Linear fitting of response
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water layers [34]. On the other hand, the large surface to volume
ratio of macroporous CeO, plays a vital role in conduction and
hence increasing the response. The adsorption and desorption
of water molecules in macropores are shown in Fig. 7.
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Fig. 7. Sensing mechanism of humidity sensor
Conclusion

Macroporous hierarchical CeO, nanoparticles were synthe-
sized for the first time by green-mediated synthesis using Mimosa
pudica leaf extract. The characterization results showed the succe-
ssful synthesis of the same. The morphological data from SEM
images have provided evidence to infer the porosity distribution
throughout the microparticles. The fabricated humidity sensors
have realized the linearity relationship with sensing response
of 0.5 times for 10% and 7 times for 90% response, good repeat-
ability over 5 cycles for 50% RH. Overall, the results show that
the Mimosa pudica green mediated synthesis has provided a
safe environment-friendly synthesis route to obtain macro-
porous hierarchical CeO, nanoparticles and has the potential
to provide efficient results in sensing applications.
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