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Environmentally friendly synthesis 
of CeO2 nanoparticles for the 
catalytic oxidation of benzyl 
alcohol to benzaldehyde and 
selective detection of nitrite
P. Tamizhdurai1,2, Subramanian Sakthinathan3, Shen-Ming Chen3, K. Shanthi1,  
S. Sivasanker2 & P. Sangeetha4

Cerium oxide nanoparticles (CeO2 NPs) are favorable in nanotechnology based on some remarkable 
properties. In this study, the crystalline CeO2 NPs are successfully prepared by an efficient microwave 
combustion (MCM) and conventional route sol-gel (CRSGM) methods. The structural morphology 
of the as-prepared CeO2 NPs was investigated by various spectroscopic and analytical techniques. 
Moreover, the XRD pattern confirmed the formation of CeO2 NPs as a face centered cubic structure. 
The magnetometer studies indicated the low saturation magnetization (23.96 emu/g) of CeO2 NPs 
for weak paramagnetic and high saturation magnetization (32.13 emu/g) of CeO2 NPs for super 
paramagnetic. After that, the oxidation effect of benzyl alcohol was investigated which reveals good 
conversion and selectivity. Besides, the CeO2 NPs modified glassy carbon electrode (GCE) used for the 
detection of nitrite with linear concentration range (0.02–1200 μM), low limit of detection (0.21 μM) 
and higher sensitivity (1.7238 μAμM−1 cm−2). However, the CeO2 NPs modified electrode has the fast 
response, high sensitivity and good selectivity. In addition, the fabricated electrode is applied for the 
determination of nitrite in various water samples. Eventually, the CeO2 NPs can be regarded as an 
effective way to enhance the catalytic activity towards the benzyl alcohol and nitrite.

Over the last decade, metal and metal oxide nanoparticles are an emerging field of nanoscience and technology. 
The size and shape of nanomaterials significantly plays a vital role in physical, chemical, electrical and optical 
properties1. In recent years, cerium oxide nanoparticles (CeO2 NPs) have been widely used in catalysis, energy 
storage, optical sensor and biomedicine application due to the unique physical and chemical properties2,3. 
Moreover, the controlled synthesis of CeO2 based nanomaterials have more attention for redox reactivity and 
oxygen transport properties compared with bulk CeO2 raw materials4. Besides, the most remarkable activity of 
CeO2 obtained from the surface of oxygen releasing electrons, which may reduce the ceric ions (Ce4+) into cerous 
ions (Ce3+). Hence, the redox properties (Ce4+/Ce3+) and oxygen exchange are dramatically increased due to its 
nanoscale dimension and activity5. In addition, several techniques have been applied for controlled synthesize 
of CeO2 NPs such as hydrothermal, flame spray pyrolysis, microwave assisted combustion, sonochemical and 
co-precipitation methods6–10. Eventhough, the microwave assisted combustion method (MCM) has emerged as a 
novel method for producing many nanomaterials in causes of heat is generated within material internally, grow-
ing rapidly, increasing reaction rate and shortened reaction time. However, in these method involved environ-
mental toxic chemicals as a reducing agents therefore, we need to develop an effective and environmental friendly 
method for the nanomaterials synthesis11–14.

1Department of Chemistry, Anna University, Chennai 600025, India. 2National Centre for Catalysis Research, Indian 
Institute of Technology, Chennai, India. 3Electroanalysis and Bioelectrochemistry Lab, Department of Chemical 
Engineering and Biotechnology, National Taipei University of Technology, No. 1, Section 3, Chung-Hsiao East Road, 
Taipei 106, Taiwan (ROC). 4Department of Chemistry, School of Advanced Sciences, VIT University, Vellore, India. 
Correspondence and requests for materials should be addressed to S.-M.C. (email: smchen78@ms15.hinet.net) or 
K.S. (email: shanthiramesh@annauniv.edu)

received: 28 December 2016

accepted: 15 March 2017

Published: 13 April 2017

OPEN

mailto:smchen78@ms15.hinet.net
mailto:shanthiramesh@annauniv.edu


www.nature.com/scientificreports/

2Scientific REPOrTS | 7:46372 | DOI: 10.1038/srep46372

The conventional route sol-gel method (CRSGM) is a useful and attractive technique for the preparation of 
metal oxides nanoparticles. Nowadays, plant extracts have been used as a reducing and capping agent for the 
synthesis of metal oxide nanoparticles, which is act as a fuel and plays a coordinating agent15. Especially, the Aloe 
vera plant contains high water content (97.5–99.5%), fat-soluble vitamins, minerals, enzymes and polysaccha-
rides16. These plant extract used as a bio-reducing agent for the preparation of metal oxide nanoparticles. It is also 
noticed as a cheap precursor and provides high-yield of CeO2 NPs with well crystalline structure17,18. Moreover, 
aldehydes and ketones are important raw materials for the synthesis of many fine chemicals such as, dyes, medi-
cines and perfumes. The most important conversion of carbonyl compounds is the selective oxidation of benzyl 
alcohol to benzaldehyde. However, some suitable catalyst always plays an important role in these conversion 
reactions. Especially, CeO2 NPs used as a catalyst and plays an important role due to the extraordinary catalytic 
activity19.

Nitrite is widely used in food, beverage, fertilizer manufacturing and corrosion inhibitor. The permissible 
range of nitrite in water is 1 mg/L and the excess of nitrite in water can causes several problems to human such 
as, blue baby syndrome and shortness of breath20–22. Hence, the sensitive and selective detection of nitrite in 
food, water and environmental samples is more important23. Therefore, several analytical techniques have been 
developed for the detection of nitrite, such as chemiluminescence, chromatography, spectrometry and capillary 
electrophoresis24–26. However, it must be note that, these methods involved in time consuming, expensive and 
tedious protocol. In contrary, the electrochemical methods used for the detection of nitrite due to the simple pro-
cedure, rapid response and high sensitive methods than that of the other aforementioned analytical methods27,28.

In addition, the electrochemical detection of nitrite at unmodified conventional electrode is poor in the pres-
ence of other oxidizing agents. Therefore, the chemically modified glassy carbon electrode (GCE) has mostly 
been used for the detection of nitrite at low overpotential with higher detection sensitivity. Hence, the CeO2 NPs 
modified electrode exhibited higher catalytic activity towards the detection of nitrite due to it’s unique catalytic 
and electron transfer properties29. To the best of our knowledge, there is no report for the conventional route 
sol-gel (CRSGM) method prepared CeO2 NPs used as a catalyst for benzyl alcohol to benzaldehyde reaction and 
nitrite sensor. As illustrated in Fig. 1, the CeO2 NPs exhibits the higher catalytic activity towards benzyl alcohol 
oxidation and detection of nitrite. Furthermore, the morphology and catalytic performance of CRSGM method 
prepared CeO2 NPs was compared with the MCM method prepared CeO2 NPs.

Results and Discussion
X-Ray diffraction studies.  The structural phases of the CeO2 NPs were determined by X-ray diffraction 
studies. Figure 2a and b shows the XRD pattern of MCM prepared CeO2 NPs and CRSGM prepared CeO2 NPs, 
respectively. Moreover, the diffraction peaks observed at 2θ​ =​ 28.66, 33.03, 47.56, 56.39, 59.05, 69.34, 76.61 
and 79.27 are corresponding to (111), (200), (220), (311), (222), (400), (331), and (420) planes. The obtained 

Figure 1.  Schematic diagram for the synthesis of cerium oxide nanoparticle (CeO2 NPs) by the microwave 
combustion method (MCM) and conventional route sol-gel method (CRSGM). 
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reflections corresponding to the face-centered cubic phase with the lattice parameter of a =​ b =​ c =​ 0.5412 nm. 
These corresponding planes are associated with the d-spacing values of 3.12, 2.70, 1.91, 1.63, 1.56, 1.35, 1.24 and 
1.21 Å. Which can be readily assigned to a cubic phase of CeO2 NPs (JCPDS file No: 81–0792). Moreover, the 
calculated value of ‘a’ is 5.426 Å for CeO2 NPs and the unit cell volume is calculated by V =​ a3.

In addition, the unit cell volume is found to be 157.790 Å for the CeO2 NPs and there is no additional peak 
in the XRD patterns which revealed that the high purity of CeO2 NPs. Besides, the strong and sharp diffraction 
peaks indicated the good crystallinity of the CeO2 NPs. The average crystallite size of CeO2 NPs were calculated 
by using Debye Scherrer formula29.

λ
β θ

=
.L 0 89
cos

Where, L is the average crystallite size (Å), λ​ is the X-ray wavelength (0.154 nm), θ​ is the diffraction angle and β​ is 
the full-width of the observed peak. The average crystallite size of the MCM (sample-a) and CRSGM (sample-b) 
methods prepared CeO2 NPs was found to be 23.83 nm to 18.23 nm, respectively. The obtained crystallographic 
parameter of CeO2 NPs are indicated in Table S1. The obtained crystallographic properties of the CeO2 NPs are in 
good agreement with the previous report30.

High resolution scanning electron microscopy (HR-SEM) and transmission electron microscopy 
(HR-TEM) studies.  Surface morphologies of CeO2 NPs were recorded by using the high resolution scanning 
electron microscope (HR-SEM). Figure 3a and b shows the HR-SEM images of MCM and CRSGM method pre-
pared CeO2 NPs, respectively. The HR-SEM image of CeO2 NPs shows the uniform spherical size particles are 
agglomerate together. Moreover, all the particles are well crystallized and an average grain size is smaller than 
100 nm. Furthermore, the nanoparticles were homogeneous and agglomerated with a particle size of sample a 
and sample b is 22.34 and 18.03 nm, respectively31. To provide more evidence of CeO2 NPs, which was further 
confirmed by HR-TEM analysis. Figure 4a and b shows the typical HR-TEM image of CeO2 NPs prepared by 
MCM (Sample-a) and CRSGM (Sample-b) method. The TEM image exhibit that the spherical nanocrystals are 

Figure 2.  XRD pattern of (a) CeO2 NPs prepared by the MCM and (b) CeO2 NPs prepared by the CRSGM.

Figure 3.  SEM images of (a) CeO2 NPs prepared by the MCM and (b) CeO2 NPs prepared by CRGSM.
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uniformly formed and agglomerated together. Moreover, the large size of CeO2 NPs obtained from MCM method 
and smaller size of CeO2 NPs obtained from CRSGM method. Besides, the particle size distribution histogram is 
shown in the inset of Fig. 4a and b. Since, the width of the histogram is narrower and the majority of the particles 
are in a range 13.29 to 20.35 nm for sample a and 11.33 to 14.56 nm size for sample b. The surface passivation 
restricted the crystal growth and prevents aggregation during the synthesis of nanoparticles due to the steric 
repulsion among the particles32–34. Moreover, the mean particle size is very close to the average particle size of 
XRD pattern particle size.

Photoluminescence spectroscopy (PL) studies and diffuse reflectance spectroscopy (DRS) studies.  
Figure 5 shows the photoluminescence spectra (PL) of (a) CeO2 NPs prepared by the MCM method and (b) CeO2 
NPs prepared by the CRSGM, were recorded at room temperature. The PL spectra results show that the synthe-
sized CeO2 NPs has the semiconductors properties. Hence, the CeO2 NPs display weak excitonic emission in the 
UV region and strong emission bands in the visible region. Besides, the PL spectrum shows an emission band 
at around 322 nm, which is attributed to the emission of CeO2 NPs. The excitation spectra also reveal a similar 
degree of enhancement in the intensity. It should correspond to the wide band gap of the CeO2 NPs from the 
conduction band to the valence band35,36. A strong emission band was observed in the visible region around at 
425 nm is due to the presence of defects and two weak emission bands around at 460 and 480 nm may be ascribed 
to oxygen vacancies. A yellow emission band was observed around 510 and 530 nm, which is attributed to the 
interstitial oxygen defects and the corresponding energy of this peak. It can also be observed that the intensity of 
the PL emission gradually increases with increasing the size of CeO2 NPs, which may be ascribed to the quantum 
confinement effect37. The crystallite size and emission peaks of CeO2 NPs obtained from PL measurements are 
shown in Table S2. However, the emission peaks were shifted at CRSGM prepared CeO2 NPs due to the green 
reduction. Furthermore, this PL studies is in good agreement with the obtained XRD data.

The optical properties of CeO2 NPs were investigated by UV-Visible absorption spectroscopy. The band gap 
of CeO2 NPs can be evaluated from the Eg measurements using the Kubelka-Munk (K-M) model and the F(R) is 

Figure 4.  HR-TEM images of (a) CeO2 NPs prepared by the MCM and (b) CeO2 NPs prepare by the CRSGM.

Figure 5.  Photoluminescence emission spectra of (a) CeO2 NPs prepared by the MCM method and (b) CeO2 
NPs prepared by the CRSGM.
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estimated by the F(R) =​ (1 −​ R)2/2R38. Figure 6 shows the plots of [F(R)hυ​]2 vs band gap energy (eV). The extrap-
olation of the linear plots until the intersection with hυ​ axis gives directly the band gap energy value. A blue shift 
from the bulk band gap value (3.19 eV) is already reported in literature for the CeO2 NPs39. The obtained band 
gap values of (a) MCM method prepared CeO2 NPs and (b) CRSGM method prepared CeO2 NPs is shows at 4.69 
and 5.09 eV for particles nanometric dimensions. Therefore, the radiation of CeO2 NPs are proposed to be “blue 
shifted” which reflecting the fact that electrons must fall a greater distance to produce shorter wavelength. The 
band gap energy exhibits an increasing the particle size due to the decreasing quantum confinement of CeO2 NPs. 
Hence, the higher band gap energy is achieved for the CeO2 NPs for the smallest crystallite size40. Contradictory 
to this, many groups have reported a blue shift for the absorbance of nanosized CeO2 with proportionate increase 
in the band gap because of quantum confinement41.

Therefore, there are three major counteracting factors determine band gap energy in CeO2 NPs such as nano-
particle shape, concentration and quantum confinement effect. Figure 6 shows that the band gap energy exhibits 
an increasing trend as the crystal size decreases due to the quantum confinement. Hence, the small crystal size of 
nanoparticles exhibited the large surface area coverage and better adsorption behavior.

N2 adsorption/desorption isotherms (BET).  From the nitrogen adsorption/desorption isotherm (BET), 
the specific surface areas (SBET) together with the pore radius (Rp) and pore volume (Vp) of the CeO2 NPs were 
calculated at 77 K. The MCM (Sample a) and CRSGM (Sample b) method prepared CeO2 NPs surface area varied 
according to the preparation method42. The BET surface area of sample a exhibited at 11.45 m2/g and the sample b 
exhibited at 19.21 m2/g. Furthermore, the pore volume of sample a & b is 0.9065 cm3/g and 0.9613 cm3/g, respec-
tively. The average pore diameter of sample b is increased to 11.25 Å and sample a is slightly increased to 10.21 Å. 
Hence, it is proof that the high surface area of CeO2 NPs (sample b) obtained by CRSGM, which is enhance the 
catalytic activity than that of MCM method synthesis CeO2 NPs (sample a).

Magnetic analysis and electrochemical impedance spectroscopy (EIS) studies.  The magnetic 
properties of the samples carried out using a vibrating sample magnetometer in the applied filed range from −​10 
to +​10 kOe at the room temperature. The hysteresis loops (B-H) for the CeO2 NPs and the obtained magnetic 
parameters are shown in Fig. 7. The magnetic properties of MCM prepared CeO2 NPs (sample-a) is estimated 
to be 11.63 kOe and 1.872 emu/g. and the magnetic properties of CRSGM prepared CeO2 NPs (sample-b) is esti-
mated to be 16.31 kOe and 2.561 emu/g, respectively.

Moreover, the saturation magnetization (Ms) of sample a (20.33 emu/g) is lower than the sample b 
(36.67 emu/g) and both the samples are super paramagnetic nature. In addition, the hysteresis curves revealed 
that the coercivity of the particles, which demonstrates that the CeO2 NPs is super paramagnetic. However, the 
magnetic properties of the samples generally depend on the size, shape, crystallinity, magnetization direction and 
so on. These corresponding results indicates that the magnetic properties of CeO2 NPs is related to the prepara-
tion methods43. Therefore, it is concluded that well correlation between the magnetic nature and the structural 
properties of the samples.

On the other hand, the electrochemical impedance spectroscopy (EIS) has been used to identify the charge 
transfer resistance (Rct) of the various modified electrodes at electrode/electrolyte interface. Figure 8 shows the 
EIS plots of (a) bare GCE, (b) MCM prepared CeO2 NPs, (c) CRSGM prepared CeO2 NPs in 5 mM [Fe(CN)6]3−/4− 
with 0.1 M KCl as a supporting electrolyte. The Rct value of the (c) CRSGM prepared CeO2 NPs modified elec-
trode was about 97 Ω, which indicates that the charge transfer resistance was decreased due to the higher electron 
transfer properties than that of the other modified electrodes.

Conversion and selectivity studies of benzyl alcohol oxidation.  The benzyl alcohol oxidation reac-
tion was carried out under acetonitrile, hydrogen peroxide and CeO2 NPs as a catalyst for 6 h at 50 °C. The course 

Figure 6.  Diffuse reflectance spectra of (a) CeO2 NPs prepared by the MCM method and (b) CeO2 NPs sample 
prepared by the CRSGM.
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of the reaction and the products yield were confirmed by gas chromatography (GC). The catalyst performance 
exhibited that the based on preparation technique, which is strong influence on both the conversion and product 
selectivity.

Figure 9a and b shows the conversion of benzyl alcohol at the MCM prepared CeO2 NPs (sample-a) was 68% 
with 95% selectivity. However, the CRSGM prepared CeO2 NPs (sample b) exhibit the conversion was 91% with 

Figure 7.  Magnetization curves of (a) CeO2 NPs prepared by the MCM and (b) CeO2 NPs prepared by the 
CRSGM.

Figure 8.  Electrochemical impedance spectra of (a) bare GCE, (b) MCM prepared CeO2 NPs, (c) CRSGM 
prepared CeO2 NPs in 0.1 M KCl containing 5 mM [Fe(CN)6]3−/4−.

Figure 9.  (a) Reusability studies of MCM prepared CeO2 NPs and (b) CRSGM prepared CeO2 NPs.
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100% selectivity. Hence, the results confirmed that the CRSGM prepared CeO2 NPs is highly active towards the 
selective oxidation of benzyl alcohol to benzaldehyde at low temperature (Fig. 10).

It is exhibited the high yield due to the presence of more number of active sites and higher band gap energy. 
Which is proof that the CRSGM synthesis of CeO2 NPs gives better yield with good selectivity than that of the 
MCM method prepared CeO2 NP. Moreover, the MCM method preparation, urea as a fuel which reacts with 
humid air in atmosphere to produce a toxic gas and damage to health. In contrary, aloe vera plants extract used 
as a green reducing agent in CRSGM, which is non-polluting, low cost natural materials and an active ingredient 
in the formation of CeO2 NPs44.

Efficiency of the catalyst based on the preparation method.  The combustion reaction of CeO2 NPs 
prepared by using urea as a fuel, which is highly exothermic and produced highly propagating flame. While the 
other samples using with the mixture of fuels were smoldering and burning of a rollup. The reaction samples 
involving in their higher fuel compositions and portion of atmospheric oxygen would be needed for completion 
of the reaction45. Even though, using Aloe vera plant extract is one of the most accessible, fast, low-energy and 
soft methods for the synthesis of metal oxide nanomaterials46. However, the conventional sol-gel method offers 
a great advantage in the preparation of CeO2 NPs as compared with the microwave combustion method. The 
formation of a gel with a high degree of homogeneity reduces drastically atomic diffusion during the calcination 
process therefore, its allowing the formation of desired phases at lower temperature and shorter calcination time 
reaction. The sol-gel method allows tailoring of the properties of the resulting compounds by the correct choice 
of the precursors and preparation conditions. As a consequence, the particle size, shape, morphology, crystalline 
phase, and surface area of CeO2 NPs depend on the preparation method. Aloe vera plant extract contains sucrose, 
maleic, malonic, succinic, tartaric and oxalic acid, which are likely to be responsible for the formation of CeO2 
NPs47. Compared with other methods, the conventional sol-gel route offers the advantages of good control, high 
homogeneity, producing nanostructure powders as well as low temperature processing. The method was widely 
used to prepare multicomponent nanomaterial.

Recapability of the catalyst.  For the recapability tests, the reactions were performed under the same reac-
tion conditions as described in catalytic test section. Every time, the catalyst was isolated from the reaction set up 
at the end of the catalytic reaction, then washed with ethanol and heated at 100 °C. Moreover, the dried catalyst 
was further reused in a next conversion reaction up to four cycles, which almost shows the same reaction rate as 
that of the first run (Fig. 9a and b). The slight deactivation of the catalyst may be presumably due to the adsorption 
of large polar molecules and produce the by-product on the surface of the catalyst. In addition, the adsorption of 
the polar molecules on the catalyst surface is usually temporary and can be resolved by calcination at high tem-
perature to recover its activity. In this present work, we have proposed the CRSGM synthesis of CeO2 NPs catalyst 
by aloe vera plant extract, which gives the better yield and good selectivity.

Electrocatalytic oxidation of nitrite at CeO2 NPs modified GCE electrode.  Electrocatalytic oxi-
dation of nitrite at different modified electrodes and effect of different nitrite concentration.  Figure 11A shows 
the CV curves of (b) bare GCE, (c) GCE/CeO2 NPs-a (prepared by the MCM method), (d) GCE/CeO2 NPs-b 
(prepared by the CRSGM method) modified electrodes in the presence of 200 μ​M nitrite in PBS (pH 5) and (a) 
GCE/CeO2NPs- b modified electrode shows in the absence of nitrite. As can be seen from the CV studies, the 
unmodified bare GCE exhibited the nitrite oxidation at the peak potential (EP) of 0.97 V and the oxidation peak 
current (IP) of 32.14 μ​A. Whereas, the GCE/CeO2 NPs-a modified electrode shows the oxidized peak potential 
(EP) of about 0.92 V and peak current (IP) of 82.08 μ​A. However, the GCE/CeO2 NPs-b modified electrode shows 
well defined nitrite oxidized peak of (EP) at 0.82 V and peak current of IP at 95.08 μ​A. There is no noteworthy 
response for the absence of nitrite at GCE/CeO2 NPs-b modified electrode. Notably, the oxidation peak current of 
nitrite was increased at GCE/CeO2 NPs-b modified electrode than that of GCE/CeO2 NPs-a modified electrodes. 
It is also evident from the CV figure, the more active surface area of GCE/CeO2 NPs-b which plays an important 
role in the oxidation of nitrite. Therefore, the GCE/CeO2 NPs-b modified electrode as an excellent electrode mate-
rial used for the detection of nitrite. Hence, we have been used CRSGM method prepared CeO2 NPs (sample-b) 
for throughout full electrochemical experiments. Figure 11B shows the effect of various concentrations of nitrite 
at GCE/CeO2NPs modified electrode in PBS (pH 5) at the scan rate 50 mVs−1. The oxidized peak current of 
nitrite was increased with increasing the concentration of nitrite (100–1000 μ​M). The Fig. 11B inset shows the 
linear relation between the peak current (Ip) and concentration of nitrite. Hence, the corresponding linear regres-
sion equation is Ipa =​ 0.1314x +​ 58.466 with the correlation coefficient of R2 =​ 0.9989. Which is proof that the 
CeO2NPs modified electrode employed the well electrocatalytic activity towards detection of nitrite.

Effect of different pH and different scan rate.  Investigation of the effect of pH on the electrochemical response of 
nitrite oxidation at the modified electrode is more important. The CV experiment was carried out at CeO2 NPs 

Figure 10.  Selective oxidation of benzyl alcohol to benzaldehyde. 
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modified electrode in various pHs ranging from 2 to 9 in presence of 200 μ​M nitrite of 50 mVs−1. Figure 12A 
shows the electrocatalytic oxidation peak current of nitrite was increased from pH 2 to 5 and decreasing from 
pH 6 to 9. This result demonstrate that at lower pH, the NO2

− ions are unstable because it can be converted to 
NO and NO3

−. At the same time in higher pHs, the oxidation of nitrite difficult due to the shortage of proton. 
However, the sensor exhibited higher oxidation performance at pH 5 (Fig. 12A inset). Therefore, we have chosen 
the pH 5 for all the electrochemical experimental studies. Figure 12B shows the CVs of different scan rate of CeO2 
NPs modified electrode at PBS (pH 5) in presence of 200 μ​M nitrite. The results exhibited that the oxidized peak 
current was increased linearly with increasing the scan rates from 0.01 to 0.17 mVs−1. The plot of peak current 
(Ip) vs. square roots of scan rate (ν1/2) shows the linear relation and the corresponding linear regression equation 
is Ip =​ 111.3 ν1/2 (Vs−1)1/2 +​ 0.1505 with R2 =​ 0.997 (Fig. 12B inset). Therefore, we concluded that the electro oxi-
dation of nitrite at CeO2 NPs modified electrode is diffusion-controlled process.

Moreover, the number of electrons transfer and electron transfer co-efficient of this reaction can be estimated 
by the following equations

Figure 11.  (A) Cyclic voltammetry of (a) GCE/CeO2 NPs-b nanocomposite modified electrode in absence of 
nitrite and (b) bare GCE, (c) GCE/CeO2NPs-a (d) GCE/CeO2NPs-b in 0.05 M PBS (pH 5) containing 200 μM 
nitrite at scan rate 50 mV s−1. (B) cyclic voltammetry response of CeO2NPs modified electrode at different 
concentration of nitrite in 0.05 M PBS (pH 5) at the scan rate 50 mV s−1.

Figure 12.  (A) Cyclic voltammetry response of CeO2NPs modified GCE electrode in 200 μ​M nitrite solution 
at different pH (2, 3, 5, 7, 9) at a scan rate of 50 mV s−1, (A) inset, shows the calibration plot for pH vs IP. (B). 
Cyclic voltammetry response of GCE/CeO2NPs in PBS containing 200 μ​M of nitrite at different scan rates. (B) 
inset shows the calibration plot of square roots of scan rate vs. peak current.
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ν= . − α +E [2 303 RT/2(1 )n F]log K (1)pa a

ν= . × − α ×I (2 99 10 ) [(1 )n ] AC D (2)p
5

n a
1/2

0 0
1/2 1/2

Where K is a constant, na is 1 and substituting the slope value in the equation 1, the value of α​ is 0.52 for the nitrite 
oxidation. There withal, the number of electrons involved in the nitrite oxidation can estimated by the equation 2. 
The nitrite oxidation at the CeO2 NPs modified electrode for irreversible process controlled by diffusion reaction. 
For equation (2), the A is the electrode area, D0 is the diffusion coefficient of nitrite and C0 is the concentration of 
nitrite. By substituting all the values in equation 2, the value of n calculated to be 2, this is good accordance with 
previous research article. The overall nitrite oxidation can be expressed by the following equation (3)48,49

+ → + + +− −2NO H O NO NO 2H (3)2 2 3 2

Hence, the electrocatalytic oxidation of nitrite at the CeO2 NPs modified electrode as a two electrons transfer 
reaction.

Amperometric determination of nitrite at CeO2 NPs modified electrode.  Figure 13A exhibited the typical amper-
ometric response of nitrite oxidation at CeO2 NPs modified rotating disc electrode (RDE) at the rotation speed of 
2000 rpm in PBS (pH 5). The successive addition of different concentration of nitrite into PBS with 50 s interval 
and the applied potential (Eapp) of + 0.8 V. It can be seen that a well-defined stable amperometric response was 
appeared for the every addition of nitrite; the concentration of nitrite was increased up to 1200 μ​M. As shown 
in Fig. 13B, the oxidation peak current of nitrite was linearly increased with increasing the concentration of 
nitrite (0.02–1200 μ​M). The corresponding linear regression equation was expressed as Ip/μ​A =​ 0.0367x +​ 2.4185, 
R2 =​ 0.9945. Moreover, the limit of detection (LOD) and sensitive was calculated to be 0.21 μ​M and 1.7238 μ​Aμ​M−1  
cm−2 respectively. However, the CeO2 NPs modified electrode has exhibited wide linear range, low detection limit 
and long linear range than that of other nitrite sensor. These obtained analytical results are compared with some 
other nitrite sensors and shown in Table 1. Moreover, the CeO2 NPs modified electrode has the well stability, 
repeatability and reproducibility properties (S.3). Therefore, the CeO2 NPs modified electrode has been used for 
the determination of nitrite in different real samples.

Interference and real sample analysis of CeO2 NPs/GCE fabricated electrode.  The selectivity of CeO2NPs mod-
ified electrode was investigated towards the detection of nitrite in the presence of common interference ions 
and biological molecules. Figure 14 shows the amperometric response of CeO2 NPs modified electrode, the well 
amperometric response was observed for the 50 μ​M additions of nitrite (a) and there is no notable response was 
appeared for additions of other interfering ions. Hence, this interference study exhibited that the CeO2 NPs mod-
ified electrode selectively detect the nitrite.

Besides, the practical feasibility of the CeO2NPs modified sensor has been demonstrated by amperometric 
method in various water samples. Before performing the real sample analysis, the collected water sample was fil-
tered and removes the solid content. The standard addition method was used for the real sample analysis and the 
recoveries are 94.3%, 103% and 102% is shown in Table 2. From this result demonstrates that the modified sensor 
has acceptable recoveries in real sample analysis. Therefore, the proposed modified electrode has been used for 
the determination of nitrite in different real sample analysis.

Figure 13.  (A) Amperometric response for the different concentration of nitrite in PBS (pH 5), Eapp =​ 0.8 V.  
(B) The calibration plot of peak current vs. nitrite concentration.
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Conclusions
The CeO2 NPs were prepared by both MCM and CRSGM methods. The effect of the preparation, structural 
morphology, optical, magnetic and catalytic activity for the selective oxidation of benzyl alcohol was investigated. 
The CeO2 NPs have been successfully synthesized by a simple and rapid microwave-assisted combustion method 
using urea as the fuel. The successful formation of CeO2 NPs was confirmed by HR-SEM, HR-TEM and XRD. The 

Electrode materials
Linear range 

(μM)
Limit of 

detection (μM) References

GCE/aCeO2 NPs 0.02–1200 0.21 This work
bRGO-cMWCNT-dPt/eMb/fGCE 1–1200 0.93 50
gAu@Fe3O4/hCys/GCE 3.6–1000 0.82 24

Fe3O4@Pt nanoparticles 0.33–1300 0.109 51

GR-iCS/AuNPs/GCE 1–380 0.25 52

PtNPs 10–1000 5 53
jCuO/GCE 1.0–91.5 0.36 54
kGO–Ag nanocomposite 10–180 2.1 55
lB-doped cubic mSiCNWs 5–8000 0.5 56

Nano-Au/nP3MT/GCE 10–1000 2.3 57

Fe3O4/rGO 1–92 0.3 58
oG4-NH4/MWCNT 5–50 2 59

Table 1.   Comparison of the analytical performance of GCE/CeO2 NPs modified electrode with other 
nitrite sensors. Abbreviation: aCerium oxide nanoparticles, bReduced graphene oxide, cMultiwalled carbon 
nanotube, dPlatinum, emyoglobin, fGlassy carbon electrode, gGold, hL-Cysteine, iCopper oxide, jchitosan, 
kgraphene oxide, lsilver nanocomposite, mboran, nsilicon carbide (SiC) nanowires, oAmine-terminated 
poly(amidoamine).

Figure 14.  Relative error of the interference studies towards detection of (a) nitrite (50 μ​M) in presence of 
higher concentration of other interfering compounds such us ( (b) K+, (c) Ca+, (d) Zn+, (e) Cr+, (f) Sr+, (g) 

−NO3 , (h) I−, (i) Fructose, (j) Ascorbic acid even in the presence of other interfering compounds.

Samples Added (μM) Found (μM) Recovery (%) *RSD (%)

River water 10 9.43 94.3 3.5

Tap water 10 10.3 103 3.3

Sea water 10 10.2 102 3.2

Table 2.   Determination of nitrite in real sample using CeO2 NPs modified electrode. *Relative standard 
deviation of 3 individual measurements.
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synthesized CeO2NPs showed good optoelectronic properties. Moreover, the magnetic properties of CeO2NPs 
exhibit the super paramagnetic behavior at room temperature. Thus, highly effective CRSGM route is achieved for 
the selective oxidation of benzyl alcohol to benzaldehyde. Moreover, the CeO2NPs modified electrode exhibited 
an enhanced electro catalytic activity towards the detection of nitrite. Moreover, the modified electrode shows the 
excellent analytical response such as low-level detection (0.21 μ​M), long linear range response (0.02–1200 μ​M), 
sensitivity (1.7238 μ​Aμ​M−1 cm−2), acceptable selectivity, repeatability and reproducibility. Moreover, the mod-
ified electrode was applied for the determination of nitrite in different water samples with satisfactory recovery.

Experimental Details
Materials and Methods.  All the chemicals and reagents used were of analytical grade without further puri-
fication. Cerium nitrate (Ce(NO3)3.6H2O), sodium nitrite (NaNO2) and urea (CO(NH2)2) were purchased from 
sigma Aldrich. Millipore water was used all the experimental condition. The aloe vera plant leaves were collected 
from the local agricultural fields in Chennai, India and used for the nanomaterial’s preparation. The phosphate 
(0.05 M) buffer solution (PBS) was prepared by using Na2HPO4 and NaH2PO4, the pH was adjusted by H2SO4 or 
NaOH. Prior to each electrochemical experiment, the electrolyte were purged with purified N2 for 15 min.

Preparation of CeO2 nanoparticles and GCE/CeO2 NPs modified electrode.  Cerium nitrate 
(0.62 g) and urea (0.60 g) were dissolved separately in millipore water and mixed together in a glass beaker at 
room temperature for about 1 h to obtain a homogeneous solution. The homogeneous solution was poured into 
a silica crucible and placed inside the microwave oven for irradiation. Further, the microwave was irradiated 
over the solution for 7 min at 750 watts out-put power and frequency of 2.45 GHz. Then, the solution boils and 
undergoes dehydration followed by decomposition with the evolution of gases. After that, the solution reaches the 
spontaneous combustion and the solution becomes a solid. The obtained CeO2 NPs was washed well with alcohol 
and dried were labeled as a sample-a (prepared by microwave combustion method). Moreover, the cerium nitrate 
(0.62 g) and aloe vera plant. extract were dissolved in de-ionized water and under constant stirring for 5 hr at 
room temperature until a clear transparent solution was obtained. The obtained solution was dried in an air oven 
at 120 °C for 5 h. The powders were then sintered at 400 °C at a heating rate of 5 °C/min for 3 h in muffle furnace 
and the obtained CeO2 NPs was labeled as a sample-b (prepared by conventional route sol-gel method). The pre-
pared CeO2 NPs (10 mg) (sample a & b) was dispersed in DMF (1 mL) and drop casted on the GCE surface then 
dried in room temperature and used for the electrochemical detection of nitrite.

Characterization of CeO2 nanoparticles.  The structural studies of nanomaterials were carried 
out by using a Philips X’ pert diffractometer for 2 h values ranging from 10° to 80° using Cu Kα​ radiation at 
λ​ =​ 0.154 nm. The SEM studies and the energy dispersive X-ray analysis (EDX) of CeO2 NPs have been per-
formed by JEOL-JSM6 360 high-resolution scanning electron microscope (HR-SEM). The transmission electron 
microscope studies were carried out by Philips-TEM (CM20). The diffuse reflectance UV–visible spectra were 
recorded using Cary 100 UV-Visible spectrophotometer. The optical properties of nanomaterials were recorded 
using Varian Cary Eclipse fluorescence spectrophotometer. The magnetic properties were investigated by using a 
PMC Micro Mag 3900 model vibrating sample magnetometer (VSM). The N2 adsorption-desorption isotherms 
(BET) of the samples were measured by using an automatic adsorption instrument (Quanta chrome Quadra win 
gas absorption analyzer). The electrochemical measurement was carried out using CHI410 and CHI 750a elec-
trochemical workstation (Shanghai Chen Hua. Co).

Catalytic test.  The selective oxidation of benzyl alcohol was carried out in batch reactor, which operated 
under atmospheric conditions. Moreover, the oxidant of H2O2 (5 mmol) was added along with 0.3 g of the CeO2 
NPs (sample a & sample b) and the whole reaction contents were heated at 50 °C in acetonitrile medium for 6 h. 
Besides, the reaction content contained with the three necked round bottom flask equipped with a reflux con-
denser and thermometer. After the catalytic reaction, the oxidized product was collected and studied by using 
Agilent GC spectrometer. The GC was used as a DB wax column (capillary column) of length 30 mm and helium 
was used as the carrier gas. In addition, the GC technique was used to know the conversion percentage of the 
obtained product. Furthermore, the obtained catalytic oxidation products of alcohols were confirmed by Tollen’s 
and Fehling’s tests.
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