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Herein, we report the successful fabrication of highly sensitive, reproducible and reliable nitroaniline
chemical sensor based on ZnO doped CeO2 nanoparticles. The ZnO doped CeO2 nanoparticles were
synthesized through a simple, facile and rapid microwave-assisted method and characterized by several
techniques. The detailed characterizations confirmed that the synthesized nanoparticles were mono-
disperse and grown in high density and possessing good crystallinity. Further, the synthesized ZnO
doped CeO2 nanoparticles were used as efficient electron mediators for the fabrication of high sensitive
nitroaniline chemical sensors. The fabricated nitroaniline chemical sensor exhibited very high sensitivity
of 550.42 μA mM�1 cm�2 and experimental detection limit of 0.25 mM. To the best of our knowledge,
this is the first report in which CeO2–ZnO nanoparticles were used as efficient electron mediators for the
fabrication of nitroaniline chemical sensors. Thus, presented work demonstrates that ZnO doped CeO2

nanoparticles are potential material to fabricate highly efficient and reliable chemical sensors.
& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

Recently, doped and composite lanthanide oxide materials have
been explored extensively for a variety of applications. Ceria
(CeO2) is one of the most studied oxide among the various lan-
thanide oxides owing to its excellent mechanical strength, high
oxygen storage capacity (OSC), good optical properties, high con-
ductivity, good redox performances, high specific surface area
particularly in nano regime, high thermal stability, abundance of
active sites and oxygen vacancies on the surface, and most im-
portantly low cost synthesis [1,2]. These properties make this
material a promising candidate for a number of applications. The
performance of these properties, and hence the versatility for
potential applications can be enhanced by either doping or making
its composites with other metals or metal oxides. Transition metal
like Ni, Cu, Zn, Co, Sc, Y, Zr, Ti, Fe [3–10] and metal oxides such as
ZnO, TiO2, CuO, CaO, NiO, Tb2O3, MnO2 [11–21] etc. are some of the
reported examples of dopants and additive materials, respectively
for CeO2. Doped or composite CeO2 materials are potentially used
.l. All rights reserved.
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as photocatalysts [22–24], electrochemical sensors [25,26], gas
sensors [27,28], biosensors [29,30], anodic materials for fuel cells
and lithium ion batteries [31], super-capacitors [19], catalyst for CO
oxidation [16,32], electrochemical charge storage devices [33,34]
and many more. Singh et al. [25] successfully synthesized well
crystalline CeO2–ZnO nano-ellipsoids via facile hydrothermal
process at low-temperature conditions. These nano-ellipsoids ex-
hibited a high sensitivity of �0.120 μA/μM cm2 with a low de-
tection limit of 1.163 μM for p-nitrophenol.

CeO2-ZnO hexagonal nanodisks were synthesized via chemical
route at low-temperature by Lamba et al. [22]. The prepared
hexagonal nanodisks acted as efficient photocatalyst for the de-
gradation of Direct Blue-15 dye under solar light irradiation. Ha-
medani et al. [27] reported that ZnO nanostructures doped with
5 wt% CeO2 showed improved gas sensing response, reduced re-
covery time and highly selective sensing of ethanol even in the
presence of CO and CH4. It was proposed that large oxygen storage
capacity and the presence of a large number of oxygen vacancies
on the surface of CeO2 with fluorite structure deposited over ZnO
surface resulted in the rapid diffusion of oxygen, easily oxidizing
the analyte molecules [35,36]. Similar results were observed by
Rajgure et al. [28] for 2 wt% CeO2 doped ZnO nanocomposites. He
et al. [34] fabricated dumbbell-like ZnO nanoparticles deposited
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over the surface of CeO2 nanorods via the hydrothermal method
and reported excellent electrochemical performance as compared
to pure CeO2 nanorods. Li et al. [37] and Wan et al. [38] observed
high sensitivity and selectivity with fast response for sensors
based on Ce-doped ZnO hollow nanofibers, synthesized through
facile single capillary electro-spinning technique, as compared to
pure ZnO nanomaterials. Similarly, Yan et al. [39] reported ethanol
sensing applications of porous CeO2–ZnO hollow fibers synthe-
sized on cotton bio-template.

Doping is supposed to influence the active surface area, surface
defects, oxygen vacancies and the diffusion rates. Due to the pre-
sence of surface defects and oxygen vacancies, cerium can undergo
fast and reversible Ceþ4–Ceþ3 redox interconversions [27]. Both
CeO2 (Eg¼3.15 eV) and ZnO (Eg¼3.37) are n-type semiconductors
and thus form n–n type hetero-junction [1,12,39]. The electronic
transitions in such heterojunctions result in the formation of an
electron depletion layer at the interface of ZnO and CeO2, thereby
improving the electrocatalytic properties [40]. Thus, CeO2–ZnO
materials can efficiently act as transducers for converting chemical
energies produced during redox processes occurring at their sur-
face into electrical signals.

In this paper, well crystalline ZnO doped CeO2 composite na-
noparticles were synthesized by the facile chemical microwave-
assisted process. The prepared nanoparticles were characterized in
detail using different characterization techniques. Further, the
synthesized nanoparticles were used as potential electron med-
iators for the fabrication of nitroaniline chemical sensors. To the
best of our knowledge, this is the first report in which well-crys-
talline ZnO doped CeO2 composite nanoparticles were used as
efficient electron mediator to fabricate highly sensitive nitroani-
line chemical sensor.
2. Experimental details

2.1. Materials

All chemicals procured for the synthesis ZnO doped CeO2 na-
noparticles were used as received without any further purifica-
tions. For the synthesis, Zinc Chloride and Cerium Nitrate were
obtained from BDH Chemicals Ltd Poole England, Ammonia So-
lution (about 35%) was procured from Avonchem, Cheshire, UK.

2.2. Synthesis of ZnO doped CeO2 nanoparticles

In order to synthesize ZnO doped CeO2nanoparticles, 50 mL of
0.25 M Zinc chloride solution was mixed with 50 mL equimolar
solution of cerium nitrate with continuous stirring. The pH of the
reaction solution was adjusted to 8 by the careful dropwise addi-
tion of 1:1 aqueous NH3 solution. All the solutions were made in
triple de-ionized (DI) water. The reaction solution was then
transferred to a Teflon microwave beaker and the contents were
subjected to microwave treatment for 30 min at 200 °C tempera-
ture in a Microwave oven (MicroSynth Plus Model, Milestone, US).
After the completion of the reaction, the solution was allowed to
cool to room temperature followed by the filtration and washings
with distilled water for several times to remove any unreacted
compound. The yellowish white product was dried in an air oven
for 6 h at 70 °C.

2.3. Characterizations of ZnO doped CeO2 nanoparticles

The detailed analysis for the structural, morphological, micro-
structural and compositional properties of ZnO doped CeO2 com-
posite nanoparticles was carried out using different techniques.
Field emission scanning electron microscopy (FESEM; JEOL-JSM-
7600F) and high-resolution TEM (HR-TEM) were used for mor-
phological and structural analysis. The phases, micro-structural
properties and crystallinity of ZnO doped CeO2 composite nano-
particles were studied by X-ray diffraction (XRD; PAN analytical
Xpert Pro.) in the scan range of 15–75° (2θ) using Cu–Kα radiation
(λ¼1.54178 Å). Fourier transform infrared spectroscopic analysis
(FTIR; Perkin Elmer-FTIR Spectrum-100) was used for the com-
positional studies of the composites with KBr pelletization in the
scan range of 450–4000 cm�1. For FTIR characterization, the ZnO
doped CeO2 powder was mixed with dry solid KBr and ground to a
fine powder with the help of mortar and pestle. Finally, the ground
powder was pressed to form a transparent pellet. The scattering
property of ZnO doped CeO2 composite nanoparticles was studied
at room temperature by using Raman-scattering spectroscopy in
the scan range of 200–800 cm�1 (Perkin Elmer-Raman Station 400
series).

2.4. Fabrication of nitroaniline chemical sensor based on ZnO doped
CeO2 nanoparticles

For the fabrication of electrochemical sensor, ZnO doped CeO2

nanoparticles were mixed with conducting agent butyl carbital
acetate (BCA) to form a homogeneous and thin paste which was
pasted on the surface of pre-cleaned silver (Ag) electrode. To fix
the sensor material layer on the surface of the Ag electrode, it was
dried in an air oven for 6 h at 70–72 °C. For measuring the elec-
trochemical sensing parameters Keithley 6517 A, USA electrometer
was used as a source of voltage and to record the current. ZnO
doped CeO2 nanoparticles modified Ag electrode (AgE) and Pt wire
were used as working and counter electrodes, respectively. All the
experiments were performed at room temperature in the presence
of 0.1 M phosphate buffer solution (PBS) with pH¼7.4.
3. Results and discussion

3.1. Characterization and properties of ZnO doped CeO2

nanoparticles

The morphological properties of the ZnO doped CeO2 nano-
particles were characterized by field emission scanning electron
microscopy (FESEM) and transmission electron microscopy (TEM).

Fig. 1(a) exhibits the typical low-magnification FESEM image of
synthesized ZnO-doped CeO2 which confirmed that the prepared
materials are nano-sized particles grown in very high density. The
nanoparticles are monodisperse and spherical in shape. Most of the
nanoparticles possess similar sizes while some small nanoparticles
can also be seen in the micrograph (Fig. 1(b)). Fig. 1(c) and (d) depict
the typical TEM images of synthesized ZnO doped CeO2 nano-
particles which revealed that the nanoparticles are grown in high
density. As it can be seen from the observed TEM images that due to
high-density growth some agglomeration in the nanoparticles oc-
curs. The prepared ZnO doped CeO2 nanoparticles possess different
sizes with almost spherical shapes and are well dispersed.

Fig. 2 represents the XRD patterns of the ZnO doped
CeO2nanoparticles. Well defined diffraction peaks at diffraction
angles at 2θ¼28.6°, 33.05°, 47.64°, 56.49°, 59.16°, and
69.72°corresponds to the (111), (200), (220), (311), (222) and (400)
planes of cubic ceria (CeO2) phase with fluorite structure, respec-
tively (JCPDS card number 34-394) [1,22,25,41]. On the other hand,
the diffraction patterns at 2θ¼36.33°, 62.93° and 68.03° are the
characteristics peaks corresponding to (101), (103) and (112) dif-
fraction planes of wurtzite hexagonal phase of ZnO (JCPDS card no.
36-1451) [42–44]. No other diffraction peak in the XRD spectrum
except for CeO2 and ZnO confirms the fact that composites are of
high purity and are composed of only CeO2 and ZnO. Well-defined



Fig. 1. (a) Low and (b) high-resolution FESEM images and (c and d) TEM images of ZnO doped CeO2 nanoparticles.

Fig. 2. Typical XRD diffraction patterns of ZnO doped CeO2 nanoparticles.

Fig. 3. Typical FTIR spectrum of ZnO doped CeO2 nanoparticles.
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and sharp reflections of the XRD peaks reveal the good crystallinity
of the ZnO doped CeO2nanoparticles. The obtained XRD patterns
also match well with the reported literature.

The crystallite sizes of ZnO and CeO2 were determined from
Debye–Scherrer formula (Eq. 1).

θ
= λ

β ( )
d

0.89
.cos 1
Where λ¼the wavelength of X-rays used (0.1541 nm), θ is the
Bragg diffraction angle corresponding to ZnO (101) peak situated
at 36.33° and CeO2 (111) peak at 28.60° and β is the peak width at
half maximum (FWHM) [36,45]. The values for β, as derived from
the XRD patterns were 0.32873 and 0.92124 for ZnO and CeO2,
respectively. The crystallite sizes of the ZnO nanoparticles and
CeO2were found to be 25.17 and 8.81 nm, respectively.

To study the chemical composition of the ZnO doped CeO2

nanoparticles, FTIR studies were performed and the results are
represented in Fig. 3.Three well-defined absorption peaks at



Fig. 4. Typical Raman-scattering spectrum of ZnO doped CeO2 nanoparticles.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0

5

10

15

20

25

30

Potential (V)

C
ur

re
nt

 ( µ
A

)

 With Nitroaniline
 Without Nitroaniline

Fig. 5. The current–voltage performances of modified silver electrode (AgE) with
ZnO doped CeO2 nanoparticles in PBS solution with 0.25 mM nitroaniline and
without nitroaniline.

Fig. 6. (a) Current–Voltage responses for various concentrations of nitroaniline and
(b) Calibration curve for nitroaniline using ZnO doped CeO2 nanoparticles modified
AgE.
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470.63, 1633.71 and 3456.44 cm�1 were observed. Sharp and
strong absorption peak at 470.63 cm�1 is related to the M–O mode
(Ce–O and Zn–O) [11–13]. Other two well-defined absorption peaks
at 1633.71 cm�1and 3456.44 cm�1 may be assigned to the bend-
ing vibrational modes of the absorbed H2O and surface O–H
stretching modes, respectively [27,28]. No other absorption peaks
except for the above-mentioned peaks in the FTIR spectrum fur-
ther confirms the purity of synthesized ZnO doped CeO2

nanoparticles.
The Raman scattering spectrum of the ZnO doped CeO2nano-

particles is represented in Fig. 4. Two sharp and well-defined
peaks at 462 cm�1 and 436 cm�1 can be clearly seen. The sharp
intense peak at 462 cm�1 is the characteristic peak for the fluorite
cubic structure of CeO2 and is assigned to F2g mode, whereas the
low-intensity peak at 436 cm�1 is assigned to EHigh

2 mode of
wurtzite hexagonal structure of ZnO corresponding to non-polar
optical phonons [26,29,34]. The peaks in Raman scattering spec-
trum are also well matched with the reported literature [46,47].

3.2. Nitroaniline chemical sensing applications of ZnO doped CeO2

nanoparticles

Current–voltage technique was employed for the measure-
ments of the electric responses of the ZnO doped CeO2 nano-
particles toward nitroaniline in PBS with physiological pH of 7.4.
Fig. 5 shows a remarkable increase in the current (μA) for PBS
containing even very low concentration (0.25 mM) of nitroaniline.
At a potential of 1.5 V, the high electric response of 26.84 μA was
recorded for nitroaniline solution as compared to very low 7.56 μA
response for blank PBS. Hence, ZnO doped CeO2 nanoparticles can
efficiently act as excellent electron mediators for the sensing and
detection of very low concentrations of nitroaniline.

A strong positive correlation between the current magnitude
and concentration of the nitroaniline is shown in Fig. 6(a). When
nitroaniline solutions with concentrations 0.25, 0.50, 1.0, 2.0, 3.0,
4.0 and 5.0 mM were subjected to current–voltage analysis using
ZnO doped CeO2 nanoparticles modified AgE, current magnitudes
of 26.84, 37.81, 46.77, 55.87, 64.29, 74.73 and 89.96 μA were re-
corded at 1.5 V potential in PBS at room temperature. In order to
check the reproducibility of the ZnO doped CeO2 nanoparticles
toward electrochemical sensing of nitroaniline, experiments were
repeated for three consecutive weeks without and further



Fig. 7. A proposed sensing mechanism for the ZnO doped CeO2 nanoparticles
modified AgE toward nitroaniline sensing.
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modification of the sensors. All the observed results were in good
agreement with the previous results.

The parameters like sensitivity, linear dynamic range (LDR) and
limit of detection (LOD) for the ZnO doped CeO2 nanoparticles
modified AgE sensors were estimated for the calibration curve
plotted between concentrations of the nitroaniline and the current
responses. The corresponding graph is represented in Fig. 6(b).
Sensitivity is defined as the ratio of the slope of the calibration
curve to the active surface area of the working AgE (Eq. (2)) [48–
50]. The high sensitivity of 550.42 μA mM�1 cm�2 and experi-
mental low detection limit of 0.25 mM were estimated from the
observed calibration plot. The LDR for ZnO doped CeO2 nano-
particles modified AgE sensor range from 0.25 mM –5.0 mMwith a
correlation coefficient (R) of 0.98597.

=
( )

Sensitivity
Slope of the calibration curve

Active surface area of the working AgE 2

3.3. Sensing mechanism

As reported in the literature, the chemisorbed oxygen (O2)
molecules on the surface of nanomaterials either from the reaction
medium or from the surrounding environment play a crucial role
in the detection and sensing of analyte species [51–53]. Ad-
ditionally, ZnO doping increases the porosity as well as the surface
area of the CeO2 sheets for a greater extent of adsorption. The O2

molecules on the surface of the ZnO doped CeO2 are converted to
oxygenated anionic species such as superoxides ( −O2), peroxides
( −O2

2 ) and even oxides (O2�) through capturing conduction band
electrons of the sensor material coated on the surface of Ag elec-
trode [53,54] ((Eq. (3)–5)).

( ) → ( )( )gO O 32 2 Chemisorbed

+ → ( )( ) ( )
−

( )
−eO O 42 Chemisorbed C.B. 2 Chemisorbed

+ → ( )( ) ( )
−

( )
−eO 2 O 52 Chemisprbed C.B. 2 Chemisorbed

2

The resistance of the ZnO doped CeO2 nanoparticle sensor
material thus increased in the absence of nitroaniline. In contrast,
when nitroaniline is added to the solution, the chemisorbed spe-
cies on the surface of the ZnO doped CeO2 nanoparticles based
sensors; reduce the –NO2 group of the nitroaniline to hydro-
xylamine group initially followed by reversible oxidation to less
toxic nitroso group. The release of the electrons to the conduction
band during the oxidation process increases the conductivity and
hence the current magnitude in the presence of the nitroaniline.
These redox changes catalyzed through ZnO doped CeO2 nano-
particles sensors are responsible for the sensing behavior of as-
synthesized materials. The proposed schematic sensing mechan-
ism is shown in Fig. 7.
4. Conclusion

In summary, ZnO doped CeO2 nanoparticles were successfully
synthesized by facile and simple microwave assisted process and
characterized in detail in terms of their morphological, structural,
compositional and scattering properties. The detailed character-
izations confirmed that the nanoparticles were grown in high-
density and possessing well-crystalline structures. Interestingly,
the prepared ZnO doped CeO2 nanoparticles were used as an ex-
cellent electron mediators to fabricate nitroaniline chemical sen-
sor. The fabricated nitroaniline chemical sensor exhibited very
high and reproducible sensitivity of 550.42 μA mM�1 cm�2 and
experimental detection limit of 0.25 mM. Importantly, to the best
of our knowledge, this is the first ever report which demonstrates
the utilization of CeO2–ZnO nanoparticles for the fabrication of
highly sensitive and reproducible nitroaniline chemical sensors.
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