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Abstract
In this study, we developed an electrochemical sensor for sensitive detection of 4-NP in solution by using polyol-assisted 
co-precipitation process prepared copper doped cerium oxide nanoparticles (CeO2:Cu NPs). Phase purity, crystal structure, 
and morphology of the as-prepared nanoproduct were examined by X-ray diffraction and transmission electron microscopy 
images. Chemical composition was determined by energy dispersive x-ray analysis(EDX). UV/Visible spectrum was meas-
ured to determine the optical absorption properties and bandgap energies of the material. The prepared CeO2:Cu NPs were 
pasted on a glassy carbon electrode(GCE) to measure the electro-catalytic performance and further examining their sensing 
application through determining the 4-nitrophenol (4-NP) concentrations. The performance of the constructed electrode was 
assessed by cyclic voltammetry(CV) and electrochemical impedance spectroscopic(EIS) methods. The Cu doped CeO2 NPs 
exhibited demonstrated excellent electrochemical performance in the presence of 4-NPs in a 10 pH phosphate buffer solution 
(PBS). The voltammetry-acquired kinetic evidence shows that 4NP electro-oxidation is a strictly diffusion-controlled process 
and that four electrons are involved in the reaction mechanism. The constructed CeO2:Cu/GCE illustrated a high linearity 
range from 7.18-5000µL, a good detection limit (7.18 µL), with high sensitivity 1.4 μA mmol−1 L. The reproducibility of 
the fabricated electrode was also monitored through nine consecutive CV cycles to measure their stability.
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1  Introduction

Currently, pharmaceutical, chemical, and various polymeric 
and dye manufacturing units release various harmful mate-
rials [1, 2]. These manufacturing unit wastes are a severe 
threat to the ecosystem because they generated hazardous 
gases and pollute the water system and atmosphere [3–5]. 
Furthermore, industrial effluents are highly toxic and pro-
duced various diseases in human beings. Various organic 
effluents that discharge from various chemical industries are 
phenol, formaldehyde, hydrazine, catechol, bisphenol, and 
nitrophenol, etc [4, 6, 7]. Among these organic and indus-
trial wastes, 4-nitrophenol(4-NP) has been subjected of 
much interest because of its hazardous nature, and produce 

various cancerous disease in human being. Consequently, 
the hazardous nature of 4-NP is an urgent need to identify 
its discharge from the industries or convert it into useful 
chemicals [5, 8–10]. Therefore, the development of a sensi-
tive and selective detection device for 4NP is essential to 
prevent environmental pollution. Now a day’s various tech-
niques such as high-performance liquid chromatography, 
and UV/visible spectrophotometer has been utilizing for the 
detection of hazardous materials. But these techniques have 
some drawbacks, cost-effective, low sensitivity, selectivity, 
and complicated detection method, and high detection limit. 
These limitations of the currently utilized techniques draw 
attention to develop an alternate more reliable technique for 
sensitive and selective detection of hazardous substances. 
In the recent past, the electrochemical detection method is 
an alternative method for sensitive, selective, fast response, 
large detection range, eco-friendly, low cost, easy sample 
preparation, and produce reproducible results [11–15]. How-
ever, an important step is known to be the adjustment of the 
electrode surface in voltammetric tools to obtain a lower 
detection limit and to reduce the influence of interferents. In 
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the past decade, different kinds of nanomaterials such as pol-
yaniline nanofibers, chitosan, poly-thiophene, graphene, gra-
phene oxide, quantum dots, plasmonic nanoparticles(NPs), 
metal NPs, and semiconductor metal oxides have been 
used for electrochemical sensing applications [16–20]. In 
terms of electrochemical electrode fabrication and their use 
in sensing applications, most of them suffer poor thermal, 
mechanical stability(polymers), high cost (Au, Ag), and 
limited electron transfer rate. Among them, semiconduc-
tor metal oxides are a unique class of materials because of 
their high thermal & mechanical stability, cost-effective, 
fast charge transfer rate, high isoelectric point, biocompat-
ible, non-toxic, and high transparency in the visible region. 
Among the semiconductor metal oxides, n-type semiconduc-
tor cerium oxide(CeO2) has been deliberated to be one of 
the most favorable metal oxide [11, 12, 15, 21, 22], owing 
to its novel physiochemical characteristics such as high ther-
mal, mechanical stability, high isoelectric point (~ 9.2), large 
bandgap(3.4 eV), specific surface area, reversible oxidation 
state, high ionic mobility(conductivity), economic, eco-
friendly, biocompatible and non-toxic  [23–25]. It is a known 
fact that the CeO2 has the ability to absorbed and release the 
oxygen species and these oxygen vacancies play a crucial 
role in the overall electro-catalytic performance of the elec-
trochemical devices [26]. The reversible oxidation state of 
CeO2 in between Ce3+ and Ce4+ relies on the O2 partial pres-
sure in the nearby atmosphere due to the valence state [27, 
28]. This special property of CeO2 has shown high thermo-
chemical stability and large movement of oxygen vacancies 
and thus demonstrates enhanced efficiency in a redox reac-
tion. So far its catalytic performance is mainly dependent on 
redox behavior and its high oxygen storage capability [29]. 
Although their oxygen storage capability can be altered by 
modification in crystal structure such as chemical composi-
tion, the evolution of surface defects, imbalance of oxygen 
species, specific surface area, the preferential introduction 
of reactive sides and structural impurities originate oxygen 
vacancies [30, 31]. These are the main important factors to 
improve the catalytic performance of CeO2 crystal lattice. 
So that, monitoring these factors to enhancing the catalytic 
capabilities of CeO2 is the main approach. To achieve the 
high catalytic activity, the preparation of ceria-based mate-
rials such as solid solutions, compound oxides, transition 
metal-ions substitution in the ceria crystal lattice is an effec-
tive technique. As a new area of importance, transition ion 
substitution in ceria matrix with selective elements, which 
can deform the lattice structure and create oxygen vacancies 
by removing Ce4+ ions, is a newly emerging field in catalytic 
applications. As reported in the literature, nickel ion-doped 
ceria is recorded to display superior catalytic reactivity of 
CO oxidization in comparison to the pure phase ceria, with 
complete conversion shifting down to 150° C [30, 32]. Due 
to their high catalytic performance against CO oxidation, 

which would be promising in potential applications in the 
reduction of automobile emissions, Cu ion substituted CeO2 
NPs or CuO-CeO2 nanocomposites have received interest 
[33, 34]. Our research group have been synthesized and 
observed enhanced redox property measured through tem-
perature program reduction/oxidation techniques in transi-
tion metal ion substituted CeO2 crystal lattice [23, 24, 35, 
36]. So that doping of transition metal ions in ceria crystal 
lattice is a versatile strategy to improve the redox activity of 
the as-prepared ceria NPs. Inspired from these strategies, we 
tried to doped Cu ion in CeO2 crystal lattice for the construc-
tion of electro-catalytic host materials. Besides that, CeO2 
redox activity through the mobility of oxygen vacancies can 
be greatly improved/promoted, which is generated by doping 
of Cu ions into the crystal lattice, in which Cu ion distort/
imbalance the lattice and enhanced ionic conductivity.

In this study, we prepared Cu-doped CeO2 NPs through 
a polyol-based co-precipitation process for the construction 
of an electrochemical sensor. As-synthesized nanoproduct 
was characterized by X-ray diffraction(XRD), transmission 
electron microscopy (TEM), energy dispersive x-ray (EDX), 
UV/Visible absorption spectra, and redox properties through 
cyclic voltammetry (CV) and electrochemical impedance 
spectroscopic (EIS) techniques. An electrode was fabricated 
by deposition of CeO2:Cu NPs on a glassy carbon electrode 
(GCE) for measuring the electrochemical characteristics and 
further determining their sensing application. The ability of 
the as-constructed CeO2:Cu/GCE was then monitored using 
CV with varying 4-NP concentrations to assess the redox 
performance that had occurred.

2 � Experimental

2.1 � Materials

Ce(NO3)36H2O (99.9% BDH chemicals ,  UK), 
Cu(NO3)2xH2O, ethylene glycol, NH4OH, and C2H5OH 
were analytical grade and used directly as received from 
the procuring company. Milli-Q (Millipore, Bedford, USA) 
water was used for the synthesis and characterizations of 
the samples.

2.2 � Synthesis

Briefly, for the synthesis of copper doped cerium oxide 
nanoparticles(CeO2:Cu), 2 M molar solutions of cerium 
nitrate and copper nitrate were prepared separately in aque-
ous media. 9.4 ml of 2 M aqueous solution of cerium nitrate 
was mixed in 50 ml ethylene glycol and heated on the hot-
plate with constant magnetic stirring. Then 0.6 ml freshly 
prepared copper nitrate solution was slowly introduced in 
the ongoing reaction. The reaction was proceeding for 2 h 

52 Journal of Electroceramics (2021) 47:51–59



1 3

on the hot plate at 80 °C with magnetic stirring for homoge-
neous mixing. Later ammonia solution was added dropwise 
in the ongoing reaction for hydrolysis to get precipitation. 
Ethylene glycol form metal was used for complexation with 
cerium nitrate metal oxide, which decomposed slowly in 
the presence of ammonia solution. An appeared grey color 
precipitate was separated by centrifugation. Occurred pre-
cipitate was washed several times with Milli-Q water to 
remove unreacted reactants and dried at room temperature 
[15, 37–39]. Then this precipitate was dried in the oven 
at 400 °C for complete conversion into metal oxide. An 
obtained product was used for further characterization and 
their applications.

2.3 � Characterization

X-ray diffraction (Rigaku, Dmax-2500 diffractometer) 
equipped with Cu Kα as a radiation x-ray source. Field-
emission Transmission electron microscopy (FE-TEM, 
JEM-2100F, JEOL, Japan) images along with energy 
dispersive x-ray(EDX) analysis were obtained to analyze 
the morphological structure and chemical composition 
of the product. The optical absorption spectrum was 
measured from UV/visible spectrophotometer (Agilent 
Technologies, USA) within the UV/Visible range from 
200–800 nm wavelength. The electrochemical analysis 
was carried out by a three-electrode system by using an 
electrochemical analyzer (Metrohm Autolab, PGSTAT30, 
Switzerland). The three electrodes are linked to the elec-
trochemical analyzer to build the sensor to complete the 
cell circuit in which the glassy carbon electrode (GCE) 
acts as a working electrode, Ag/AgCl (saturated KCl) acts 
as a reference, and the Pt foil acts as a counter electrode. 
The CeO2:Cu NPs electrodes were produced under ambi-
ent conditions and were not stored in a cooled or inert 
atmosphere before testing the cyclic voltammetry(CV) 
results.

3 � Results and discussion

3.1 � Crystal structure and morphological study

XRD pattern was used for sample characterization of 
phase purity, crystal structure, the crystallinity of the 
as-prepared nanoproduct. XRD pattern in Fig. 1 demon-
strated well-resolved reflection planes at 2θ 28.78, 33.35, 
47.80, 56.59, and 59.39 values which are assigned to the 
(111), (200), (220), (311), and (222) reflection planes. 
These representative XRD diffraction planes are well-
matched with the pure phase of CeO2 cubic fluorite struc-
ture (space group: Fm3m; JCPDS card No. 0797) [11, 
12, 22, 38, 39]. XRD data shows a strong alignment with 

the literature studies as the peak locations and intensities 
of the reflection planes are completely match with the 
published literature reports [23, 35, 40–43]. The large 
diffraction peaks reflect that the prepared products are of 
high crystallinity in small grain sizes. The lack of impu-
rity peaks of Cu ions is suggested that the doped ions 
are homogeneously distributed within the CeO2 crystal 
lattices or its quantity is limited to the number of com-
pounds to be identified by XRD. On doping, the composi-
tion of Cu ions-doped CeO2 remains the same, suggesting 
the development of homogeneous Ce-Cu–O stable solu-
tions. The average grain size of the nano product was 
measured from the full-width half maxima of the highly 
dominated reflection (111) plan observed at 28.78 2θ, and 
the crystalline size according to the Scherer equation is 
to be 11.5 nm.

Figure 2 illustrates the typical morphological struc-
ture of the as-prepared nanoproduct as analyzing from 
TEM photographs. TEM micrographs revealed the shape 
and size of the as-synthesized CeO2:Cu NPs. The low-
resolution TEM micrograph in Fig. 2(a) demonstrated 
the presence of high crystalline nature, rough surface, 
well-dispersed, irregular spherical shape with highly 
aggregated NPs and the size is ranging from 10–12 nm, 
which is in accord with the obtained XRD observations. 
To examine the phase purity, and crystallographic struc-
ture selected region electron diffraction analysis (SAED) 
was conducted as shown in Fig. 2(b, c). It can be found 
that most of them have lattice fringes with distances of 
around 0.3 nm that assigned to the well prominent (111) 
lattice plane of a cubic structure identical to fluorite. 
The Fig. 2(d) revealing four large rings with d-spacing 
of approximately 0.31, 0.27 and 0.22 nm, which could 
be due to (111), (200), (220) and (311) reflections of 

Fig. 1   X-ray diffraction pattern of CeO2:Cu NPs
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the CeO2 cubic fluorite phase, respectively [23, 36, 42]. 
An enlargement in the reflection rings means that the 
NPs are tiny and/or have poly-crystallinity. Moreover, it 
revealed that the NPs are crystallized and the XRD peaks 
are very well balanced by diffraction rings. The findings 
of the TEM picture show that the Cu-doped CeO2 NPs are 
exceptionally porous and are ideal for electro-catalytic 
use. The chemical composition of the as-prepared nano-
product was determined from energy dispersive x-ray 
analysis(EDX). The EDX spectrum in Fig. 2(e) illustrates 
all peaks related to the Ce, O, and Cu ions. The spectrum 

is also shown well dominant signals of Cu and C, which 
belong to the carbon-coated Cu grid.

3.2 � Optical properties

The optical absorption spectrum of CeO2:Cu NPs was 
obtained from UV/visible spectrophotometer to determine 
the optical properties of the nanoproduct. Because ceria 
is shown strong absorption in the visible region so that it 
also can be used as an indicator to examine the existence 
or formation of cerium oxide NPs (Fig. 3(a))  [23, 35, 

Fig. 2   Field-emission transmission electron microscopic images 
(a) low resolution FETEM image (b) high magnifying image 
shows the  lattice fringes  (c)  high magnifying lattice fringes image 

and (d) selected area electron diffraction pattern (e) EDX analysis of 
the as-prepared CeO2:Cu NPs

Fig. 3   (a) UV/Vis absorption 
spectrum of CeO2:Cu NPs and 
(b) Energy band gap, photon 
energy (hν) vs (αhv)2
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36, 42]. So that strong absorption in the visible region 
strongly validated the existence of CeO2 NPs. The energy 
band gap value was estimated from the absorption spec-
trum according to the Schuster-Kubelka–Munk formule 
[44–48]. An effective energy bandgap(Eg) was observed 
3.3 eV (Fig. 3(b))  [23, 35–39, 42].

3.3 � Electrochemical characterization

The electrochemical performance of the as-synthesized 
nano-product was evaluated by the three-electrode cell 
configuration method. Figure 4(a) illustrates the cyclic 
voltammetry of the as-designed electrode concerning 
the blank glassy carbon electrode (GCE)electrode and 
bare electrode in 4-nitrophenol solution in the potential 
range from -1.75 to 1.75 V at a scan rate 50 mV/s. The 
bare GCE electrode does not show any redox behav-
ior in phosphate buffer solution (PBS; 0.1 M, pH 7.2). 
Similarly, bare electrode in the presence of 4-NP does 

not show any oxidation–reduction band as shown in 
Fig. 4(a). It suggested that the bare electrode is free from 
the redox reaction so that it does not show any redox 
phenomenon even in 4-NP. But a significant enhance-
ment in anodic and cathodic peak current was appeared 
in CeO2:Cu NPs modified GCE electrode in the presence 
of 4-NP. An observed alteration in CeO2:Cu NPs modi-
fied electrode redox peaks indicate that the NPs support 
the electron communication process over the surface-
modified GCE electrode. Furthermore, the CeO2:Cu/
GCE efficiently electro-catalyze through oxidation of 
the analyte (4-NP) and provide an electrochemical sig-
nal in the presence of PBS. In that case, copper doped 
ceria film is responsible for fast electron transfer in the 
electrochemical reactions.

To examine the electron transfer kinetics and potential-
ity of the modified electrode, the modified CeO2:Cu/GCE 
electrode was scan at different potentials (0.005- 0.15 mV/s) 
in PBS solution as represented in Fig. 4(b). As observed in 

Fig. 4   (a) Cyclic voltammograms of bare and modified electrodes 
in the absence and presence of 4-NP (500 𝜇M) in 0.01M phosphate 
buffer (pH 7.4) at 100 mVs-1scan rate (b&c). CV of CeO2:Cu/GCE 

electrode as a function of scan rate (5, 10, 20, 30, 40, 50, 60, 70, 80, 
90, 100 and 150 mV) in ascending order in PBS solution
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Fig. 4(b), the redox potential (anodic/cathodic) was gradu-
ally increased on increasing the scan potential rate along 
with shifting peak maxima. The measured spectra revealed 
the correlation between the current and the increase in the 
capacity of the 4-NP sensor manufactured. In the spectra, 
small reduction and oxidation peaks were witnessed denot-
ing a low potential; but, when the potential was raised, 
improvements were seen in the spectra to both redox peaks, 
the CeO2:Cu/GCE may be more susceptible to 4-NP detec-
tion through applying increasing voltage. It endorsed that 
the redox mechanism has been carried out and CeO2:Cu 
NPs electrode support in fast electron communication over 
the surface of electrode which is diffused well-organized 
and quasi-reversible process [14, 49, 50] (Fig. 4(c)).

3.4 � Sensing properties

The fabricated CeO2:Cu/GCE electrode was further used 
to examine the electrochemical performance as a func-
tion of various concentrations of 4-NPs (7.185-5000µL) 
at a constant potential (100 mV) in PBS solution. As 
represented in Fig.  5(a) a chronological variation in 
redox peaks was observed in the CV spectra on the addi-
tion of 4-NPs concentrations in the potential range from 
-2.0- + 2.0 V. Moreover, with the rise in 4-NP quantity, 
the linear increase in oxidation peaks. As shown in 
Fig. 5(a, b) the magnitude of the current is closely asso-
ciated with the 4-NP quantity at the oxidative/ reduction 
peak, increasing as the concentration of 4-NP rises. It 
also implies that with the improvement in 4-NP quan-
tity, the current arising from ion movement increases, 
resembling the fast transfer of electrons to the conduction 

band. It showed that, because of the diffusion-controlled 
mechanism, the CeO2:Cu/GCE electrode successfully 
catalyzes the electrochemical oxidation of 4-NP. The 
calibration graph of 4-NP concentration versus peak 
current maxima achieved is shown in Fig. 5(a, b), while 
the sensing parameters of the CV spectra experimentally 
measured are shown in Fig. 5(b). The fabricated elec-
trochemical electrode shows two detection ranges such 
as 7.81–125 and 125–5000 µL with the slope value of 
0.5 µA/µM. The fabricated electrode is sensitive to the 
4-NP concentration of 7.18 μM (LOD) as determined 
by this curve. The regression coefficient at a higher 
concertation scale is observed to be high in respect to 
a lower one. The sensing performance of the fabricated 
electrode was further examined by the electrochemical 
impedance spectroscopy method at different concentra-
tion range (7.81–5000 µL). EIS is an effective technique 
to measure the electron transfer rate over the modified 
and unmodified GCE. The cole–cole plot diameter gives 
the charge transfer resistance, such as the obstacle deliv-
ered by the electrode material to the transfer of charge 
from the solution to the electrode that can be associated 
with the surface change [50, 51]. The curve found at 
greater frequencies, refers to the process of electron com-
munication rate, while the rectilinear portion is typical of 
the lesser frequency spectra and reflects the procedure of 
diffusion-limited electron communication. As observed 
in Fig. 6 the semicircle curve is gradually reduced on 
increasing the 4-NP concentrations. It illustrates that 
the charge transfer rate is sequentially improving on the 
addition of 4-NP concentration, resulting in semicircle 
shape is gradually suppressed [11, 12, 22]. These results 

Fig. 5   (a) Electrochemical responses of CeO2:Cu/GCE electrode at different concentrations of 4-NP in 0.01M phosphate buffer (b) linearity sen-
sitivity curve observed from CeO2:Cu/GCE electrode between 4-NP concentration and current
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are in good agreement with the cyclic voltammetry sens-
ing observations.

3.5 � Electrochemical stability & reproducibility

For a successful sensing device stability and reproducibility of 
the fabricated electrode is an important parameter. To examine 
the stability of the fabricated CeO2:Cu/GCE electrode was 
monitored through cyclic voltammetry at a constant potential 

at nine consecutive cycles in the presence of PBS and 4-NP 
solutions. Figure 7(a) demonstrates the electrochemical per-
formance of the fabricated electrode. As exhibited in Fig. 7(b) 
fabricated electrodes illustrate the excellent stability perfor-
mance at nine successive cycles, resulting it can produce suit-
ably reproducible results. These findings revealed that because 
of its excellent durability and reproducible performance, the 
produced CeO2:Cu/GCE sensing electrode is highly appreci-
able for generating the sensing results.

Fig. 6   Electrochemical imped-
ance responses of CeO2:Cu/
GCE electrode at different con-
centrations of 4-NP in 0.01M 
phosphate buffer (inset shows 
the high magnifying figure)

Fig. 7   (a, b) Electrochemical reproducibility measured by CV at nine consecutive cycles of CeO2:Cu/GCE electrode in presence of 500 µM 
(4-NP) in 0.01 M PBS at 100 mV/s (c) Stability test first and after 35 days at the same conditions
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4 � Conclusions

The polyol-assisted co-precipitation synthesis process 
was employed to prepare the CeO2:Cu NPs. XRD results 
verified the phase purity, crystal structure, and crystallin-
ity of the nano-product. Tem micrographs exhibited the 
irregular spherical, rough shape, and highly aggregated 
NPs. EDX analysis shows the presence of copper ions in 
the ceria crystal lattice. Optical absorption spectra and 
energy bandgap values also verified the formation of pure 
phase CeO2 NPs. The electrochemical performance of the 
nano-product was evaluated by CV, it illustrates the excel-
lent electro-catalytic nature of the product. The increase 
in redox magnitude of CeO2:Cu NPs modified electrode 
may be attributed due to the Cu-ion doping in ceria lat-
tice that enhances the ionic mobility within the crystal 
lattice, resulting in an increase in the electron transporta-
tion rate over the electrode surface. As observed in cyclic 
voltammetry data, doping of Cu ions contributes to higher 
oxidation potential and accelerate the transition of oxygen 
vacancies by further oxygen species, the electro-catalytic 
efficiency of the fabricated electrode is increased. The fab-
ricated electrochemical sensor shows excellent character-
istics to sensitive detection of 4-NP such as sensitivity 1.4 
μA mmol−1 L, low detection limit (7.18µL), linear range 
(7.18–5000 µL), and long term stability of the electrode. 
This observed finding suggests that the CeO2:Cu NPs is 
a promising substance that can experimentally be utilized 
for sensitive detection of hazardous chemical or electro-
catalytic devices for catalysts.
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