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Abstract : In the present investigation we have reported solvothermal method to synthesize
cerium oxide nanoparticles having modified parameters with a comprehensive overview of
their structural and morphological study. To explore its electrical, structural and optical
properties as synthesized particles were characterized by X-ray diffraction (XRD), Fourier
transform Infrared spectroscopy (FTIR), UV-Vis-NIR spectroscopy, Scanning Electron
Microscopy (SEM), and Particle size analysis. These crystalline size nanoparticles were
utilized in sensors to detect volatile organic compound (Ethanol, Methanol and
Formaldehyde) and was found to have high sensitivity and quick response time.
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1. Introduction

Cerium oxide is a member of lanthanide group and has been identified as rare earth material. It has
abundant applications as catalyst, UV preventing material, mechanical polishing, optical electrochemical,
magnetic data storage, energy storage, electrolyte, gas sensors etc. Out of those applications gas sensing is an
indispensible application because pollutant gases (flammable and toxic compound) in the environment released
by industries and factories have harmful effect on living organism, human health and causes many genetic
disease[1, 2]. Taking all these in to consideration it is a vital need to come up with an effective, reliable,
efficient and inexpensive sensing technique, so that they can be easily deployed wherever needed. In this
connection after a long investigation it has been concluded that cerium oxide can be the best sensing material
because of its good structural stability, large surface area and capacity of storing and releasing oxygen. Cerium
oxide has cubic fluorite structure and it accommodates a large number of oxygen defects in form of vacancy[1,
3]. Due to this defect it has inherent property to adsorption of ion species, particularly oxygen ion, on the
surface of semiconducting oxide and consequent formation of energy barrier. From previous study now it has
been confirmed that the particle size of oxide material has direct impact on its characteristics and various
properties. Hence to meet our growing needs for particular application it is needed to modify the
particle dimension that in turn change in active surface area of nano-materials. The lower the particle size more
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the active surface area will be and it causes to enhance the conductivity, sensing and catalytic properties of the
nano-material[6, 7, 9].In this paper we have reported solvothermal method of synthesis of cerium oxide
nanoparticles, its characterization and its utilization in sensors to detect harmful gases even in very low range of
concentration.

There were many methods to synthesize CeO, but we preferred solvothermal method because, it was
easy to use, able to reduce the temperature and time without using any catalyst. Whereas hydrothermal method
needs expensive autoclaves and sol-gel can change the functionality of molecule at local environment.

2. Experimental Section of Synthesis of Cerium Oxide

The materials used to synthesize cerium oxide nanoparticles were Ammonium Ceric Nitrate
([(NH4),Ce(NO3)6]), Sodium Hydroxide(NaOH) and Ethylene glycol used as a capping agent[4].The source
material ammonium Ce(IV) Nitrate and Sodium Hydroxide have been taken in the molar ratio of 1:5 and both
were dissolved in distilled water completely. When those solutions were mixed a white precipitate solution was
formed and same was stirred for 8 hours upon magnetic stirrer with 350 rpm [4]. The stirred solution was then
kept in microwave oven for 20 minutes at 65°C [4, §]. Under the influence of microwave radiation in the oven,
the H' proton was removed from the cerium hydroxide and all particles settled down.
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Fig.1. Flow chart for preparation of Ceria NPs
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2.1.1. Instrumentation and Characterization

X-ray diffraction of synthesized CeO,was recorded using Cu Ka radiation of wavelength A=1.54060 A
with a graphite monochromator produced by a Bruker AXS D8 focus advanced X-ray diffraction meter
(Rigaku, Japan, Tokyo) with ‘Ni-filtered’. The scans were taken in the 20 (diffraction angle) range from 10-80°
with a scanning speed and step size of 1°/mm and 0.01°, respectively. FTIR spectroscopy of CeO, sample was
carried out with Fourier Transform Infrared Spectrophotometer (Shimadzu, IRAffinity-1, and Japan) in the
range of wave number 400—4000 cm’ in the transmittance mode. The optical spectra (UV-vis absorption
spectroscopy) of the CeO, sample were recorded with a Shimadzu UV-2401PC, UV-vis spectrophotometer in
the range of 190-900 nm. The SEM images of as synthesized CeO, NPs were recorded using a Hitachi Quanta
200 FE Scanning Electron Microscope (SEM) of flexible high resolution. EDAX spectra were taken to confirm
the composition of the synthesized sample.

3. Results and Discussion

Fig. 2 Shows the exhibited peaks in XRD pattern corresponds to Miller indices of (1 1 1), (2 0 0), (2 2

0),311),(222),(400),(331)and (42 0) demonstrating the formation of crystalline with cubic fluorite
structure of nanoceria[4, 8].
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Fig. 2. XRD pattern of as synthesized Ceria NPs

The crystal structure was determined from X-Ray diffraction using Cu radiation and the phase
identification was also verified from observed XRD pattern. The XRD plots indicate that the prepared
nanoparticles are crystallite in nature. In order to confirm the prepared sample and its structure the peaks
observed in XRD were matched with cubic structure of CeO, (JCPDS No. 65-0692). The average crystallite
size was calculated using Debye Scherer’s formula.

D =092/ (B Cosd)

Whereas D is the average crystallite size of the particles, B is the full width at half maximum (FWHM),
M is the wavelength of the X-Ray light (1.54060A), 0 is the diffraction peak angle. The average crystallite size
was obtained to be around 12nm.
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Fig. 3. FTIR spectra of Ceria NPs

Fig.3 illustrating the FTIR spectra of prepared sample, exhibiting the absorption peaks at distinct wave
numbers and exemplify its chemical texture that reveals the information about the functional group. From above
figure it is evident that the broad absorption band located around 3238cm™ corresponds to the O-H stretching
vibration of hydroxyl group. In association to the bands in the range of 848-1664cm™ the stretching frequency
band of ceria-oxygen (Ce-O) can be perceived below 848 cm™.It also exhibited absorption peaks around 1743
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em’, 1535 cm™ and 1350 cm'' that are held responsible for water and carbon dioxide. The absorption peak near
678 cm’ is typical peak for Ce-O stretching bond vibration.
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Fig . 4. UV-Vis spectra of Ceria NPs

Ultraviolet (UV) Visible spectroscopy was used to find the optical band gap of the material. Fig. 4
shows a well defined and sharp absorption peak at 198nm. On comparing with previously reported results of
UV spectra of cerium oxide nanoparticles, the synthesized CeO, peak was moved towards lower wavelength i.e.
blue shift. Based on size and morphology of cerium oxide the absorbance positions were indicated[11, 14].
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Fig. 5. SEM images of Ceria NPs with different resolutions
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Fig. 6. EDAX Spectrum of Ceria NPs
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To understand morphology SEM image (Fig. 5)of the CeO,sample was recorded and were found to be almost
spherical with some of them prolonged in shape. It was a porous like structure and perceived like an
agglomerated form. The Cerium Oxide nanoparticles were also tested by EDAX and obtained spectra revealed
the peaks of Cerium, Oxygen and Carbon. From Fig. 6EDAX result confirms the composition of the element
present and it was found to be 55.76 % of Cerium, 21.05 % of Oxygen, and 23.19 %Carbon.

3.1. Chemical Sensing Mechanism and its realization on Volatile Organic Compounds (VOCs)

The CeO; nanoparticles were utilized as sensing material to detect some harmful gasses like ethanol,
acetone and formaldehyde by coating on substrate surface of the ceramic tube with two electrodes.

Enhancement in Sensitivity and control of response are the major challenges in gas sensors made of
metal oxide semiconductor. Sensing mechanism is based on the drastic change of its conductivity/resistivity.
When sensor was exposed to air then the conduction band of cerium oxide will give electrons to the oxygen
molecules and convert into O or O* or O,.species [14] so there will be change in the potential barrier. Based on
detection principle of metal oxide gas sensors when the sensor is exposed to oxidizing gases the resistivity
increases and resistivity decreases when it is exposed to reducing gases [11].

3.1.1 Sensor Fabrication

The experimental setup of sensor was suitably made and it was constructed within a glass chamber
having provision of inlet and outlet with a semiconducting alumina ceramic tube and heating coil.To produce
and maintain temperature in surrounding ambient of sensor a temperature controller, connected properly with
power supply and voltage supplier, was utilized. The dimension of the tube was taken as 5-6 mm in length and
2-3 mm in radius. Initially the synthesized nano particle was coated on the surface of tube after making the
solution with polyvinyl alcohol (PVA) as a binder. The thickness of coated film was kept around 25-35 pm.

0 e > (
Ve ?

— v — D

)

Q Vi *O+—V, -—-b&

Fig. 7.Circuit diagram of the resistance of the gas sensor

A close circuit was made with the sensor, load resistance and power supply. Sensor consists of two
electrodes tied over its surface and one heating coil placed inside the tube. To calculate sensor resistance (Rs)
that in turn relates to sensitivity of the sensor (S), the voltage drop across load resistance (V,,) was measured
up on injection of gases.

Ry=R([(V./VL)-D] ...... (1)
_ 4R
~ R )

By making use of obtained value of Rs from equation (1) in equation (2) the sensitivity of the sensor
was calculated.

The electrical responses in terms of sensitivity were measured for given three different Volatile Organic
gases (VOCs) different temperature ranging from 50°C to 300°C.
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Fig .8. Temperature Vs Sensitivity of as synthesized CeO,NPs(Inset I-V Characteristics of Ethanol)
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Fig. 9.Sensitivity variation of the gases atdifferent concentration in ppm range
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Fig. 10. Transient characteristics of analyzing gases at constant temperature

Table 1.Sensor properties for different gases corresponding to their operating temperature

S.N. | Analyzing Gas | Operating Temperature | Sensitivity Response Recovery
°O) Time (sec.) | Time (sec.)
1. Ethanol 130 73.851 28 12
2. Formaldehyde 80 36.127 20 12
3. Acetone 90 36.024 43 27

Fig. 8 shows the sensitivity of cerium oxide sensor at different temperatures for different Volatile
Organic gases (VOCs). It can be observed that the maximum sensitivity for different gases is found at different
temperatures, like for ethanol the highest sensitivity is at 130°C and for acetone and formaldehyde it showed
highest sensitivity at 90°C and 80°C respectively as demonstrated in table 1. Based on nature of the gases also
(oxidizing or reducing) the sensitivity will vary. If the grain size is less then sensitivity will be high i.e. more
number of grains can occupy the surface area then the potential will increase[12,15].
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4. Conclusions

Cerium oxide nanoparticles have been successfully prepared by solvothermal method and were found to
be crystalline in nature having approximately 12nm of grain size with cubic fluorite structure. The structural
and morphological properties were explored with the help of XRD, FTIR and SEM, whereas its composition
was confirmed from EDAX analysis having with 55.76 % of Cerium, 21.05 % of Oxygen, and 23.19 % Carbon.
A strong UV absorption was observed below 450nm and a well defined peak was obtained at 198 nm, the band
gap energy was found to be 3.42e¢V. By using these NPs a sensitive gas sensor for recognition of volatile
organic compound has been successfully developed and was effectively tested for ethanol, acetone and
formaldehyde as target gases by varying concentration and operating temperature. The developedmetal oxide
semiconductor gas sensor was found possessing highest sensitivity for ethanol at 130°C. Further, on comparing
the obtained result with previously reported research results one can be precisely affirmed that large surface
area can provide good reaction contact between target gas and sensing material. Hence the materials having
porous structure are known to be better for sensing response. Hence this in turn it relates to its grain size and it
is found that lower grain size of material was responsible for showing high sensitivity.
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