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Abstract In this study, we doped different concentrations of
copper ion in CeO2 matrix to investigate the influence of dop-
ing concentrations on crystal structure, thermal, optical and
redox properties of the as-prepared nanoproducts. X-ray dif-
fraction (XRD) patterns indicate that the doped CeO2 nano-
particles were highly crystalline with dominant (111) texture.
No other impurities were observed and Cu ions were
homogenously distributed inside the CeO2 lattice. As ob-
served by transmission electron microscopy (TEM) the
homogenously distributed nanoparticles were agglomerated
with increase doping contents because of decreased
crystalinity. The temperature program reduction (TPR) tech-
nique was used to examine the redox character of the doped
ceria nanoparticles. The Cu ions doped CeO2 were reduced at
low temperature indicating the high catalytic activity. The
synergistic interaction between Cu and CeO2 was the main
factor responsible for high catalytic activity of the Cu doped
CeO2model catalysts. Furthermore, the as-obtained Cu-doped
CeO2 nanoparticles revealed superior redox performance in
contrast with pure CeO2 prepared by the same route.

Keywords Ceriananoparticles .Opticalproperties .Bandgap
energy . Redox properties

1 Introduction

In recent years, cerium oxides have attracted intensive attention
of researchers due to their wide range of applications in various
fields of material sciences as well as in biomedical sciences
[1–4], such as ultraviolet (UV) absorbents [5] and for catalytic
redox reactions in order to clean the exhaust of automobiles [6].
The catalytic effect of these materials comes from the reversible
chemical reaction between the two cerium oxides; the oxygen-
rich CeO2 and the oxygen poor Ce2O3, depending on the chem-
ical potential of oxygen [7–9]. For this reason, some studies on
the electronic, bonding and optical properties of cerium oxide
bulk crystals have been carried out from both fundamental and
technology viewpoints [10–12]. Therefore, there is need to
search for novel metal ions for doping in CeO2 sub-lattice that
enhance oxygen storage capacity and improve the catalytic ac-
tivity of the ceria nanoparticles [6]. Many dopants such as tran-
sition metal ions, alkaline metals and rare-earth metal ions have
been extensively used for doping in the Ce sub-lattice [6, 13–16].
Replacing Ce4+ with +2 or +3 cations results in the creation of
anion vacancy sites to compensate charges in the lattice. As a
result, a solid electrolyte with predominantly ionic conductivity
for oxygen over an extended temperature and oxygen partial
pressure range may be produced [6, 7, 16]. Therefore, to induce
higher conductivity, selection of dopant is very important, such
that those dopants with the ionic radius close to that of matrix
being are best suited. From this point of view transition metal
ions are the likely candidates as dopants for CeO2. Previous
research works in literature have shown that transition metal-
containing nanocrystalline ceria are active and stable catalysts
in low- and high-temperature redox reactions [6, 7, 16].
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Among the transition metal ions doped CeO2 nanoparticles sys-
tems examined in the literature, Cu ion doped CeO2 is a partic-
ularly active and stable catalyst for low-temperature CO oxida-
tion, methane oxidation, and the water gas shift reaction [6, 16].
Usually Cu metal ions doped CeO2 nanoparticles have high spe-
cific surface areas and high oxygen storage capacities, which
could highly improve the catalytic performance. Moreover,
doped CeO2 displays mixed conductivity (i.e. mixture of ionic
and electronic conductivity) at low oxygen partial pressure. In
reducing atmospheres oxygenmay be lost from the lattice, which
results in the reduction of Ce4+ to Ce3+, and thus generates elec-
trical carriers, oxygen vacancies, and electrons. Therefore, both
electronic and ionic conductivity are enhanced in a reduced at-
mosphere and mixed conductivity prevails.

Untill now, there are numerous methods of synthesizing
CeO2 and transition metal ion -doped CeO2 nanoparticles that
have been employed such as hydrothermal/solvothermal,
high-temperature calcinations/combustion, high energy me-
chanical milling/ball milling, surfactant-assisted approach/μ-
emulsion, sol-gel technique, chemical filing, microwave,
complexation, precipitation and co-precipitation etc.
[17–22]. The metal complexation method, a version of the
sol–gel technology, is an effective method for production (at
relatively mild conditions) of crystalline, stoichiometric,
phase homogeneous oxides [1]. The method is based on the
Pechini process consisting of formation (in ethylene glycol
medium) of complex (es) of the respective metals with poly
ethylene glycol [23]. As a result of a following reflux with
heating, a metal complex is formed in which metal ions are
mixed. Different approaches were applied for isolation of the
formed complexes and further doped nanoparticles from the
complex. Some conventional decomposition reagents have
been used to obtain the homogeneous precipitation of the
mixed oxide nanoparticles such as urea, thiourea, hexameth-
ylenetetramine, triethanolamine, ammonia, oxalic acid and
strong bases (KOH, NaOH) etc. Among conventional decom-
position of metal complex with ammonia or oxalic acid, the
homogeneous precipitation is a kinetically controlled method
of synthesis, where the precipitant agent is generated in the
cation solution as a result of the hydrolysis of a reagent or the
combination between two reagents. This process gives rise to
a uniform and homogeneous distribution of precipitant
throughout the reaction medium. This method has also been
applied for the synthesis of doped ceria solid solutions
resulting in the production of nanoparticles with less than
25 nm average size. Recently, other metal oxides have been
prepared by this method, and the special features observed
were attributed to the small size of the particles [17–22].

The objective of this research is to gain a systematic under-
standing on the influence on morphological structure, optical,
thermal and temperature based reduction after copper ion dop-
ing in ceria nanoparticles. The obtained products can be well
dispersed without deposition for several days in polar

solvents, such as water, ethanol, and glycol for there were vast
glycol hydroxyl groups attached on the surface of the parti-
cles. The water concentration in the reaction system has great-
ly influenced the morphology of the obtained ceria. It has been
found that nearly cubic ceria clusters have been formed when
a minimum quantity of water and ammonia were added in the
original system. This paper describes the precipitates from
homogeneous precipitation process using ammonia and their
thermal change. The copper doped ceria nanoparticles were
examined using X-ray diffraction (XRD), FE-TEM, EDX,
thermal gravimetry analysis (TGA), UV-Vis, FT-infrared
spectrometry (FTIR) and temperature program reduction
methods. In this paper the redox properties of Cu-doped
CeO2 nanoparticles were also investigated by temperature
program reduction method. The redox property has been stud-
ied as a function of temperature and hydrogen partial pressure.

2 Experimental

2.1 Materials and methods

Cerium nitrate (99.99 %, BDH Chemicals Ltd., England), cop-
per nitrate (E-Merck, Germany) ethylene glycol, C2H5OH,
NH4OH were used as starting materials without any further
purification. The ultrapure de-ionized water was used for prep-
aration of solutions (Milli-Q system, Millipore, Bedford, MA,
USA). All other chemicals used were of reagent grade.

2.2 Preparation of Cu ion-doped cerium oxide
nanoparticles

In a typical reaction, 0.2 M Ce(NO3)3 6H2O (0.99, 0.97 and
0.94 mol%) was dissolved in 50 ml ethylene glycol and heated
on hot plate upto 80 °C. Separately 0.2 M copper nitrate (0.01,
0.03 and 0.06 mol%) dissolved in ethylene glycol was added
drop-wise in the forgoing reaction and kept whole solution with
magnetic stirring on hotplate at 80 °C to obtain homogenously
mixing. Later this homogenouslymixed solutionwas transfered in
a 250 -ml flask fitted with reflux condenser and hydrolyzed for
24 h. An amount of ammonia was added to the hydrolyzed solu-
tion and the precipitate was obtained. The obtained gray colored
precipitatewas centrifuged andwashed several timeswith distilled
water to remove excess amount of ammoniumand nitrate ions and
the obtained product was dried at 100 °C. The as-prepared sam-
ples were annealed at 400 °C in air for 2 h. We examined the
systematic changes in the color of the cerium hydroxide precipi-
tate. The color of the prepared cerium hydroxide precipitate has
changed gradually from gray to yellow after being exposed to air,
maybe due to the oxidation of peroxide Ce(OH)3OOH to
Ce(OH)4 by oxygen. This procedure was repeated for the synthe-
sis and purification of different Cu-doped CeO2 concentrations.
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2.3 Characterization

The crystalinity of the powder samples were examined by X-
ray diffraction (XRD) at room temperature with the use of
Rigaku- Dmax 2500 diffractometer equipped with Cu Kα

(λ = 1.54056 Å) radiations as X-ray source. Thermo-
gravimetric analysis (TGA) was performed with TGA/DTA,
Mettler Toledo AG, Analytical CH-8603, Schwerzenbach,
Switzerland. The size and morphology of the samples were
inspected using a field emission transmission electron micro-
scope (FE-TEM) equipped with the EDX (FETEM, JEM-
2100F, JEOL, Japan) operating at an accelerating voltage of
200 kV. EDX analysis was used to confirm the presence of the
elements. The samples for TEM were prepared by depositing
a drop of a colloidal ethanol solution of the powder sample
onto a carbon-coated copper grid. The FTIR spectra were
recorded on a Perkin-Elmer 580B IR spectrometer using
KBr pellet technique in the range 4000–400 cm−1. The UV/
Vis absorption spectra were measured in the Perkin-Elmer
Lambda-40 spectrophotometer in the range 200–600 nm, with
the sample contained in 1 cm3 stoppered quartz cell of 1 cm
path length. Temperature programmed reduction by H2 (H2-
TPR) was performed on a Thermo-Finnigan TPDRO 1100
instrument with a thermal conductivity detector (TCD).
Before detection, the gas was purified by a solid trap contain-
ing CaO + NaOH materials in order to remove the H2O and
CO2. The quartz tube reactor was loaded with 50 mg sample
in powder form and heated from room temperature to 900 °C
in 5 % H2/N2 mixture with a flow rate of 20 ml min−1. By
replacing the 5 % H2/N2 with 5 % CO/He, the CO-TPR tests
were also carried out. After the sample was reduced by
5 % H2/N2 from room temperature to 500 °C and held for
10 min, temperature programmed oxidation (TPO) tests were
performed from room temperature to 900 °C in 6 % O2/He
flow at a rate of 20 ml min−1. All measurements were per-
formed at room temperature.

3 Results and discussion

A representative XRD pattern of the synthesized Cu ion –doped
CeO2 nanoparticles obtained is shown in Fig. 1. It can be ob-
served, that all XRD reflection peaks correspond to the (111),
(200), (220), (311) and (222) planes, which are well indexed
and identified to the pure CeO2 nano-product (space group:
Fm3m) and has the cubic fluorite phase (JCPDS card 12–
0797) [22]. The peak positions and intensities of the reflection
planes are in good agreement with the literature reports
[15–22]. The broad diffraction peaks reflecting that the pre-
pared products are in small grain size with high crystalinity
[15, 21]. Absence of impurity peaks indicates good incorpora-
tion of Cu into the lattice sites of CeO2 or amount of compound
too small to be detected by XRD. The structure of the copper-
doped ceria remains the same upon doping, which suggests the
formation of homogeneous Ce–Cu–O solid solutions [6]. The
calculated average grain size as estimated from Scherrer formu-
la for the Cu-doped CeO2 is 12.4, 10.4 and 10.4 nm for 1, 3 and
6 mol%, respectively. It can be observed that the reduction in
the particle size leads to an increase in the lattice parameter.

The lattice constant of all samples were measured by fitting
the peaks using Reitvald software (version 4.0). The estimated
lattice parameter for the obtained product is found to be (i)
5.4119 ± 0.0043 (ii) 5.4118 ± 0.0048 (iii) 5.4118 ± 0.0046 Å
respectively, which are slightly higher than its bulk counter-
part (5.411 Å) [22, 24]. This means that doping affects the
crystal structure of nanoceria. CeO2 crystallizes in the fluorite
structure, in which Ce4+cation is surrounded by eight equiva-
lent O2− ions forming the corner of a cube, with each O2−

coordinated to four Ce4+ as reported in the literature [22,
25]. Due to the small ionic size of Ce4+ with respect to Ce3+,
the coordination number is reduced from eight to seven and
Ce3+ ions is then introduced into the crystal lattice which has
distorted the crystal structure. The introduction of oxygen va-
cancies with accompanying Ce3+ions leads to a distortion of
the local symmetry. This causes the change in the Ce–O bond
length (lattice distortion) and the overall lattice parameter. Zou
et al. suggested that the variation in the lattice parameter oc-
curs due to the surface stress on CeO2 crystals [26]. The larger
lattice parameter in nanocrystalline ceria implies that the mi-
gration enthalpy of an oxygen vacancy is smaller, resulting in
a higher ionic conductivity and more efficient fuel cells. The
systematic increase in lattice parameter with decreasing parti-
cle size provides specific control of the surface oxygen spac-
ing and thus impact ceria catalysis of the water–gas shift and
three-way auto exhaust clean-up reactions [27, 28].

3.1 Tem/EDX

Figure 2 exhibits the FE-TEMmicrographs of the prepared Cu
–doped CeO2 nanoparticles at different doping concentra-
tions. A high-magnification TEM image of the doped
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Fig. 1 X-ray diffraction pattern of (a) CeO2:Cu1% (b) CeO2:Cu3% and
(c) CeO2: Cu6% nanoparticles
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nanoparticles shows that they exhibited a cross-lattice pattern,
which demonstrates highly crystalline nature of the
nanocrystals in a spherical morphology. It can be observed
that most of them exhibit lattice fringes at distances of about
0.3 nm that well correspond to the (111) lattice plane of a
fluorite-like cubic structure. The nanocrystallinity and crystal-
lography of the as-prepared product are examined by selected
area electron diffraction (SAED) analysis. The corresponding
SAED pattern, as shown in the inset of Fig. 2, exhibits four
broad rings with d-spacings of about 0.31, 0.27, 0.19 and
0.16 nm. Which could be attributed to (111), (200), (220)
and(311) reflections of the fluorite cubic ceria structure,
respectively.

The EDX graph shown in Fig. 3 confirms the presence of
cerium (Ce), copper (Cu) and oxygen (O) in all Cu -doped
CeO2 nanoparticles. It should be noted that the origin of strong
Cu and C peaks that appeared in the EDX spectra are from the
carbon-coated Cu grid. So that it is difficult to differentiate the
concentration of doped Cu peak in the EDX graphs. Also, no
other impurities are evident in the figure implying that the
doped nanoparticles are pure in chemical composition. This
further confirms the phase purity of the synthesized Cu -doped
CeO2 nanoparticles.

4 TGA/DTA

Comparative thermo-gravimatric analysis of Cu2+ doped CeO2

temperature nanoparticles under nitrogen with heating rate at

10 °C/min was carried out from ambient to 800 °C. The com-
parative thermal analysis of the doped metal oxide nanoparticles
shows remarkable thermal stability, whichwas also confirmed by
XRD analysis. The thermograms of the three doped nanoparti-
cles are closely similar, showing two stepwise decompositions.
As seen in Fig. 4(a,b and c), a weak endothermic peak before
200 °C, which is due to the evaporation of small amount of
absorbed crystalline water or organic moiety in different bonding
state for the present complex precursor system. In the second
decomposition step, a sluggish weight loss was observed in all
three thermograms from 200 to 800 °C. The slight difference in
phase transitionmay be due to difference in duration of annealing
at a particular temperature.

5 FTIR

The FTIR spectra of the prepared Cu -doped CeO2

nanoproducts shown in Fig.5 reveals a diffused stretching
vibrational band at round 3441 cm−1 and weak bending vibra-
tional bands at 1625, 1327 and 1062 cm−1. In lights of the
proposed assignments of such peaks in other similar systems
[29], the observed bands can be assigned to the broad band at
3441 and 1625 cm−1 corresponding to the ν(O–H) mode of
(H-bonded) water molecules, and δ(OH), respectively. The
detection of hydroxyl groups indicates the presence of residual
water molecules on the surface of Cu -doped CeO2 nanopar-
ticles. These results are in agreement with the TGA analysis.

c 

(a) (b)

(c) 

Fig. 2 FE-TEM micrographs of
the as-prepared (a) CeO2:Cu1%
(b) CeO2:Cu3% and (c) CeO2:
Cu6% nanoparticles and inset of
the images show the selected area
electron diffraction pattern
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Fig. 3 EDX analysis of the as-prepared (a) CeO2:Cu1% (b) CeO2:Cu3% and (c) CeO2: Cu6% nanoparticles
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Fig. 4 Thermo-gravimetric analysis of (a) CeO2:Cu1% (b) CeO2:Cu3%
and (c) CeO2: Cu6% nanoparticles
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Fig. 5 FTIR spectra of (a) CeO2:Cu1% (b) CeO2:Cu3% and (c) CeO2:
Cu6% nanoparticles

154 J Electroceram (2016) 36:150–157



The appearance of a sharp and intense band at 485 cm−1 is
assigned to the Ce-O-Cu stretching vibration mode [21, 29].

5.1 UV/Vis & Bandgap

Figure 6 shows the optical absorption spectra of different Cu
ion concentration doped CeO2 nanoparticles. A strong absorp-
tion band below 400 nm is observed in the spectra, which is
due to the charge-transfer transition fromO2− (2p) to Ce4+ (4f)
orbitals in CeO2 [21, 30]. The absorption edge of 1 mol% Cu
ion doped CeO2 the doped nanomaterials gradually shifts to-
ward longer wavelength indicating that the 3d transition
metals supply lower unoccupied orbits than Ce 4 f. Thus the
transition from O2− (2p) to the unoccupied orbits needs lower
energy. The reason for the enhanced performance in the case
of doped CeO2 is due to the fact that the addition of Cu ions
results in the formation of interstitial sites which in turn create
new energy levels (impurity energy levels) between the va-
lence and conduction bands [30]. The impurity energy levels
allow for intrinsic band gap excitation under visible light re-
gion, and this implies that the higher energy state of 3d-
electrons from Cu-cation dopants can be excited to the con-
duction band of CeO2, thereby enhancing its photocatalytic
performance [31–35]. Consequently, it is proposed that the
new absorption could induced by localizing the dopant level
near the conduction band of CeO2. This kind of red shifting
phenomenon in absorption spectrum of doped CeO2

nanomaterial has been discussed in literature by many
investigators [17–22] According to the absorption spec-
tra, the optical band gaps (Eg) of different Cu ion doped
CeO2 nanocrystals can be estimated by using the fol-
lowing equation:

αhνð Þn ¼ Β hν Eg

� �
;

where hν is the photo energy, α is the absorption coefficient,
B is a constant relative to the material, and n is either two for a
direct transition or 1/2 for an indirect transition. The curve of

(αhν)2 versus hν for the samples is shown in Fig. 7. The
correlated band gaps are 1.80, 2.38 and 2.63 eV for the 1, 3
and 6 mol% Cu ion doped CeO2 nanoparticles, respectively.
These are mostly lower than those of bulk powders (3.19 eV)
due to the quantum-size effect [17–22, 30, 33–36]. These
values are within the range reported in the literature. For ex-
ample, Yue et al. have reported direct band gap values ranging
from 2.69 to 2.81 eV for different transition metal ion doped
CeO2 nanoparticles synthesized using reverse co-precipitation
method [37]. Some previous studies reported the quantum size
effects in CeO2 systems.Masui et al. reported band gaps of 4.1
and 2.6 nmCeO2 nanoparticle prepared using reverse micelles
to be 3.38 and 3.44 eV, respectively [36]. Yin et al. reported
band gaps of 5.8 and 3.6 nm CeO2 nanoparticles synthesized
using sonochemical synthesis to be 3.03 and 3.68 eV, respec-
tively [20]. Zhang et al. reported the increase in band gap by a
value of 0.05 eV when the crystal size of CeO2 nanoparticles
was reduced from 6.9 to 4.6 nm [38]. In our work, the band
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Fig. 6 UV-vis absorption spectra of (a) CeO2:Cu1% (b) CeO2:Cu3%
and (c) CeO2: Cu6% nanoparticles suspended in ethanol
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Fig. 8 H2-TPR profiles of (a) CeO2:Cu1% (b) CeO2:Cu3% and (c)
CeO2: Cu6% nanoparticles and inset shows the H2-TPR profile of pure
CeO2 nanoparticles
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gaps were increased by 0.02 eV when the crystal size was
decreased from 20 to 5 nm, indicating quantum confinement
effect for our plate like CeO2 nanoparticles [39].

5.2 Redox activity

The temperature-programmed reduction (TPR) technique was
used to investigate the reducibility of the catalysts and deter-
mine the types of metal oxide species present in the various
samples of copper metal ion doped cerium oxide nanoparti-
cles. Here, the H2-TPR analysis (50–500 °C) was conducted
on the prepared samples to reveal their redox properties. The
TPR profiles are presented in Fig. 8. It can be seen that the
profile of pure CeO2 nanoparticles show two reduction peaks at
125 and 402 °C (inset Fig. 8), which can be attributed to the
surface and bulk reduction of CeO2 to Ce2O3, respectively [6].
After doping 1mol%Cu ion into CeO2 nanoparticles, two strong
additional peaks at 200 and 230 °Cwere observed in theH2-TPR
profile (Fig. 8a), which can be attributed to the reduction of well
dispersed CuO species that strongly interact with the CeO2 sur-
face in the ceria lattice [6, 7]. Further increasing the copper con-
tent clearly resulted in reduction temperature at about 125 and
162 °C, which can be attributed to the reduction of Cu species,
i.e., CuO→ CuO2 and CuO2 → Cu0. The shift of the reduction
peak to a lower temperature as the dopant cations were intro-
duced indicates that the mobility of oxygen species is generally
enhanced by the doping. [40, 41] This result demonstrates that
the presence and quantity of Cu in CeO2 determines the reduc-
ibility of the ceria. Furthermore, the reducibility character of ceria
at low temperatures is suitable for catalyzing redox chemical
reactions. It should also be noted that the intensity of the reduc-
tion peaks increases with increasing copper content. The en-
hancement of the peak area can be attributed to the synergistic
effect between the dopants and cerium oxide through the forma-
tion of a Ce–Cu–O solid solution, which can create oxygen de-
fects and structural distortion [40–42]. As more oxygen vacan-
cies are produced, the surface oxygen concentration of the Cu -
doped CeO2 samples increases. This is consistent with the results
of the Raman spectroscopic analysis [43]. No distinct reduction
peaks due to copper oxide species were observed in 6 mol%
dopedCeO2 nanoparticles indicating the formation of a complete
solid solution of copper–cer peaks shifting the lower ium oxide.
The reduction peak for bulk CuO was reported at 320 °C [44].
The H2-TPR results for Cu confirm that strong synergistic inter-
actions between Cu and Ce species facilitate the reduction of
both copper and cerium [6]. The lowest reduction temperature
and the largest reduction peak area indicate the excellent catalytic
properties of copper-doped ceria. It is worth noting that the area
of the reduction peak is related to the amount of H2 consumed.
On the basis of the peak areas in their TPR profiles, the three
samples are shown with a sequence a ≥ b ≥ c, indicating their
different catalytic properties. From the TPR profiles, it was ob-
served that finely dispersed Cu–O was present in CeO2

nanoparticles, which could not be detected byXRD and the other
techniques previously mentioned.

6 Conclusions

The doping of a transition metal in CeO2 lattice remarkable
affect physiochemical properties of the nanomaterials. The as-
prepared nanoproducts consists of a narrow size -distribution
of nanocrystalline Cu doped CeO2 nanoparticles due to the
use of a low dielectric constant reaction medium, responsible
for reduced crystalline size. The band gap energies of the Cu
doped CeO2 nanoparticles increase with an increase in Cu
dopant concentration indicating that increasing the dopant
concentration induces formation of oxygen vacancies. These
physiochemical properties and redox property based on tem-
perature program reduction tests show that these doped ceria
nanoparticles could have promising applications as electrode
materials for electrochemical biosensor, solid oxide fuel cells
and electrochromic devices, since they can be reduced at low
temperature (about ~162 °C).
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