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Abstract Ceria plays a key role in various applications

including sensing and catalysis owing to its high oxygen

storage capacity (OSC). The aim of this work is to prepare

novel MOx/CeO2 (M: Zr, Ti, Cu) metal oxide systems with

core/shell structures using a facile two-step chemical pre-

cipitation method. The synthesized nanoparticles were

characterized using X-ray diffraction (XRD), transmission

electron microscopy (TEM), and N2 adsorption methods.

The OSC property of the samples was evaluated using

TGA analysis conducted at 600 °C under reductive (5%

H2/Ar) and oxidative (synthetic air) environments. The

OSCs of the samples were found to be 130, 253, and

2098 µmol-O2/g for ZrO2/CeO2, TiO2/CeO2, and CuO/

CeO2, respectively. Effects of heat treatment on the phys-

ical and redox properties of the samples were also

evaluated. In this regard, the samples were exposed to

500 °C for 5 h under ambient environment. It was observed

that the heat treatment induced the formation of mixed

metal oxide alloys and the BET surface area of the samples

diminished significantly. The OSC of the samples, how-

ever, did not experience any significant chance, which was

attributed to the compensation of the loss in the surface

area by the alloy formation after the heat treatment.

Keywords CeO2 · Core/shell · Oxygen storage capacity ·

Nanoparticles · ZrO2 · TiO2 · CuO

Introduction

Ceria (CeO2) and ceria-based nanomaterials have attracted

great deal of interest for many applications ranging from

cosmetic and sensing to catalysis due to their high redox

properties [1–5]. The high redox property of CeO2, which

is also called as oxygen storage capacity (OSC), originates

from the capability of binding O2 reversibly by shifting

from Ce3+ to Ce4+ states under oxygen-rich and oxygen-

lean environments, respectively [3, 6]. Its high OSC

property makes CeO2-based materials one of the key

components in three-way catalysts in the automotive

industry. It is known that the exhaust gas has fluctuations in

O2 content and the concentration of O2 in the gas stream

goes down and up, resulting from deviations in the stoi-

chiometric air/fuel ratio. To remove the pollutants from the

exhaust gas effectively, the stoichiometric ratio must be

maintained [7]. The use of CeO2-based materials in three-

way catalyst systems as a promoter ensures the mainte-

nance of the air/fuel stoichiometry by acting as oxygen

buffer under the mentioned conditions. The reversible

oxygen release and uptake property of CeO2 is shown in

Eq. 1 [8].

2CeO2 $ Ce2O3 þ 1=2 O2: ð1Þ
It was reported that the OSC property is highly depen-

ded upon the morphology, composition, and the physical

surface area of CeO2 [9, 10]. The modification of CeO2

lattice with dissimilar ions yields enhanced OSC by cre-

ating additional O2 defects in the structure, which results in

higher O2 mobility. The introduction of Zr4+ ions into the
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CeO2 lattice, for example, produces higher oxygen defects

in the structure in quantity due to the formation of distor-

tions in the fluorite-type structure of CeO2. These

distortions are associated with the difference in the ionic

radius of Ce4+ and Zr+4 [11, 12]. The modification of the

lattice with secondary ions such as Cu2+ with different

oxidation states than Ce4+ leads to the formation of addi-

tional structural defects associated with the neutralization

of the total charge in the mixed metal oxide system [7]. In

our previous work, we showed that the formation of the

additional structural defects is beneficial for enhanced

lattice oxygen transport which in turn results in higher OSC

[7]. It was also reported that the enlarged physical surface

area renders higher OSC [13, 14]. That is reason of having

higher redox property with CeO2 and CeO2-based

nanoparticles compared to those obtained from their bulk

counterparts.

Despite its high OSC property, pristine CeO2 is not

favorable to be used in high-temperature applications,

especially in three-way catalysis, owing to its low thermal

stability. At high temperatures, the OSC of CeO2 and

CeO2-based materials was reported to be deactivated due to

the sintering effect and phase separation [15–17]. The

modification of CeO2 lattice with secondary metal oxide

systems, especially ZrO2, was found to be an effective way

to enhance the thermal stability of these materials [8].

Although a great deal of attention has been paid to develop

novel CeO2-based materials with higher thermal stability

and sintering resistance, the decrease in the physical sur-

face area of these catalytic materials is still a major

challenge for high-temperature applications.

In this work, we aimed to prepare novel MOx/CeO2 (M:

Zr, Ti, Cu) metal oxide systems with core/shell structure

using a facile two-step chemical precipitation method. To

the best of our knowledge, the synthesis and characterization

of these MOx/CeO2 core/shell structures with high oxygen

storage capacity have not been reported yet. For this pur-

pose, first, MOx nanoparticles were synthesized and used as

seeds for the formation of CeO2 shells. The prepared core/

shell nanoparticles were then physically characterized to

using X-ray diffraction (XRD), transmission electron

microscopy (TEM), and N2 adsorption (BET) methods.

Moreover, the OSC of the fresh and calcined samples was

measured to determine the effect of the composition on the

OSC and the thermal stability of the nanoparticles.

Materials and methods

Materials

TiCI4 (99.0%) was purchased from Fluka. Reducing agent,

NH4OH (28–30%), was bought from Science Lab. Ce

(NO3)3·xH2O (99.999%), N2O7Zr·xH2O (99.0%), CuN2-

O6·xH2O (99.999%), NaOH were obtained from Aldrich.

The chemicals were used as received.

Preparation of core/shell nanoparticles

MOx nanoparticles used as core in the core–shell structure

was prepared via a chemical precipitation method con-

ducted at room temperature. Briefly, required amounts of

MOx (M: Zr, Ti, Cu) precursor were dissolved in distilled

water to prepare 0.1 M stock solution. While 100 mL of

metal oxide solution was stirring vigorously using a mag-

netic stirrer, excessive NH4OH solution (4 M, 0.25 mL)

was added to the solution dropwise. The resulting solution

was stirred for 1 more hour and left for aging overnight.

MOx nanoparticles were collected by centrifuging after

washing the nanoparticles five times with deionized water.

Then, the nanoparticles were dried at 100 °C overnight and

calcined for 5 h at 500 °C.
The synthesis of the core/shell nanoparticles was

reported by Kanmani and Ramachandran [18]. Briefly, the

prepared MOx nanoparticles were dispersed in an aqueous

Ce(NO3)3·xH2O solution. The molar ratio of Ce4+ to Mn+

was set to 1/1. After homogenization of the solution, 0.1 M

NaOH solution (250 ml) was added to the precursor-con-

taining beaker dropwise. The resultant mixture was left

stirring for 5 h at room temperature to obtain a good dis-

persion. After that, the solution was stirred three more

hours at 97 °C to form the core/shell structure.

Characterization of core/shell nanoparticles

X-ray diffraction (XRD) data of the samples were recorded

using a Bruker D8 Focus X-ray Diffractometer equipped

with Cu Kα (λ = 0.15406 nm) radiation. The XRD scans

were conducted at the scan rate of 4° min−1 over 2θ values

between 20° and 70°. Debye–Scherrer equation was

implemented to calculate the average crystalline size of the

core/shell nanoparticles. An FEI Tecnai TEM operating at

200 kV was used to take the TEM images. The physical

surface area of the samples was measured using N2

adsorption–desorption analysis performed at −196 °C (a

TriStar 300). Prior to the physisorption, the nanoparticles

were degassed at 300 °C for 3 h.

The oxygen storage capacity of the core/shell

nanoparticles was measured using an SDT 2960 DTA–

TGA from TA Instruments. The samples were heated to

600 °C under reductive environment (5% H2/Ar,

100 mL/min) and waited until the mass of the sample

stabilized. Then, oxidative (synthetic air) and reductive

gases were fed to the sample alternatively and the mass

change was used to calculate the average OSC in µmol-

O2/g powder.
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Results and discussions

Figure 1 shows the XRD results of the as-prepared core/

shell ZrO2/CeO2, TiO2/CeO2, and CuO/CeO2 nanoparti-

cles. The peaks located at ca. 28.6°, 33.4°, 47.6°, and 56.6°
correspond to the fluorite-type structure of CeO2 (JCPDS

34-0394). For all core/shell compositions, secondary fluo-

rite-type CeO2 was observed showing the successful

coating of MOx nanoseeds with CeO2 by a simple two-step

precipitation method without the use of any surfactant.

MgO peaks indicated with asterisks in the XRD patters

were used to have a standard to adjust the peak locations

precisely to avoid any possible calculation errors in lattice

parameters and average crystalline sizes. The XRD signals

located at around 31.5° and 50.3° ascribed to tetragonal

ZrO2 phase. In addition, the XRD patterns of TiO2/CeO2

and CuO/CeO2 core/shell metal oxide systems revealed the

presence of rutile TiO2 and monoclinic CuO phases,

respectively. The corresponding XRD signals are shown in

Fig. 1. The lattice parameter of CeO2 coating was calcu-

lated using the XRD signal obtained from (220) peak

because the first two CeO2 peaks were interfered by the

XRD signals of core phases. The lattice parameter values

calculated using the Scherer’s equation were close to each

other with a slight deviation for TiO2/CeO2 core–shell

(Table 1). It is due to the fact that fresh samples were not

exposed to any heat treatment which may result in the

formation of mixed metal oxides. The physical surface area

values of the core–shell nanoparticles were found to be

103.8, 100.6, and 131.9 m2 g−1 for ZrO2/CeO2, TiO2/CeO2,

and CuO/CeO2 nanoparticles, respectively. The results

indicated that the modification of CuO surface with CeO2

yielded the largest surface area among all samples, which

is crucial for the enhanced OSC property.

The morphology of the samples was studied using

transmission electron microscopy (TEM). The TEM ima-

ges taken at high magnifications are shown in Fig. 2. It was

observed that the shape of the nanoparticles was irregular

and deviated from spherical shape. As seen from the figure,

the CuO/CeO2 composition had the smallest average par-

ticle size. Due to the similar contrasts of different metal

oxide phases under the electron beam, it was not possible

to see the core/shell structure clearly. To shed light on the

core/shell structure, the inter-planar distance values shown

in Fig. 2b, d, f were used. The inter-planar distance of

0.31 nm corresponds to (111) plane of the fluorite-type

CeO2 structure [19]. The inter-planar distance values of

0.29, 0.35, and 0.25 nm are associated with ZrO2 (111)

[20], TiO2 (101) [21], and CuO (002) [22] planes,

respectively. This result indicated that the CeO2 layer

covered the surface of the MOx agglomerates. While the

inner region of the agglomerates was rich in MOx, the outer

layer was dominated by the CeO2 shell, showing the for-

mation of core/shell structure.

The OSC of the core/shell nanoparticles was calculated

using the change in the mass resulted from the release and

uptake of oxygen atoms from the structure (Fig. 3)

[2, 23, 24]. The TGA curves are shown in Fig. 3. It was

observed that compared to our previous report [7], the

core–shell design of ZrO2/CeO2 metal oxide nanoparticles

resulted in a significant increase in the OSC of CeO2. The

lowest oxygen storage capacity, however, was obtained

from this composition among all synthesized samples. The

OSC of the samples followed the order of ZrO2/CeO2-

\ TiO2/CeO2\CuO/CeO2 with the calculated values of

130, 253, and 2098 µmol-O2/g, respectively. Since the

samples were not exposed to any heat treatment which may

result in the formation of mixed metal oxide alloys, the

enhanced OSC may be attributed to the larger physical

surface area of the samples. While pristine CeO2 had the

BET surface area of 55.7 m2 g−1 (reported in our previous

study), the core/shell design yielded much larger surface

area exposing higher number of CeO2 lattice on the sur-

face. Since CeO2 surface play a key role in the oxygen

release and uptake property, higher number of exposed

CeO2 structures is accounted for the increased OSC. It is

also noteworthy that when the XRD signals of pristine

CeO2 and core–shell nanoparticles were compared (not

shown here), there were no significant shifts in the (111)

peak locations of CeO2 showing no alloying effect of MOx

in the CeO2 lattice. This result confirmed that the enhanced
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Fig. 1 XRD patterns of as-prepared core/shell nanoparticles (*:
MgO, +: tetragonal ZrO2, ӕ: rutile TiO2, and ¥: monoclinic CuO)

Table 1 Physical surface area, average crystalline size, and the lattice

parameter values of the as-prepared core/shell nanoparticles

Sample BET surface

area (m2 g−1)

CeO2 lattice

parameter, a (Å)

Average crystalline

size of CeO2 (nm)

ZrO2/CeO2 103.8 5.43 17.3

TiO2/CeO2 100.6 5.38 12.8

CuO/CeO2 131.9 5.41 8.1
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OSC values were mainly due to the enlarged surface area.

When the calculated OSC values of the core/shell

nanoparticles were compared with those obtained from

theoretical calculation (listed in Table 2), it is essential to

note that the OSC of CuO/CeO2 system was even higher

than the theoretical value. This can be explained by the

presence of distinctive monoclinic CuO phase which has a

very high redox property. Besides the CeO2 phase, the

monoclinic CuO phase contributed to the OSC.

The prepared core/shell nanoparticles were calcined at

500 °C for 5 h under ambient atmosphere to evaluate the

effects of heat treatment on the structure and OSC property

Fig. 2 TEM images of the

samples a, b ZrO2/CeO2, c,
d TiO2/CeO2, and e, f CuO/
CeO2
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of the samples. After the calcination process, the samples

were characterized using XRD, N2 adsorption, and TGA

experiments.

The lattice parameter values and the average crystalline

sizes of the fresh and aged samples are listed in Table 3. It

was observed that after the heat treatment, although it is

expected to have higher crystalline size values due to the

sintering effect, the average crystalline size of the CeO2

decreased for all compositions but CuO/CeO2. This is due to

the fact that the XRD peaks of MOx (Cu, Zr, Ti) are located

at the close proximity to the characteristic CeO2 peaks,

resulting in the formation of shoulders in the CeO2 signal.

Due to this broadening effect, the FWHF values used to

calculate the average crystalline size could not be deter-

mined precisely, which is responsible for the discrepancy in

the calculated lattice parameter and average crystalline size

values. Therefore, it will be wise to use the physical surface

area values and location of the XRD peaks to evaluate the

heat treatment effect on the physical properties of the core–

shell nanoparticles. The XRD results of the calcined samples

are shown in Fig. 4a–c. It was observed that after the heat

treatment, the characteristic peaks of the fluorite-type CeO2

structure shifted to higher 2θ values, confirming the for-

mation of CeO2–MOx solid solution. In addition to these

shifts induced by the heat treatment, the peaks became

narrower and sharper, which indicated larger average crys-

talline size. The BET surface area of the calcined samples is

listed in Table 4. Calcination of the core–shell nanoparticles

induced a high degree of drop in the physical surface area.

As expected, the CuO-containing composition experienced

the highest drop in the surface area which was due to the low

sintering resistance of CuO and CeO2 phases. The higher

thermal stability of ZrO2- and TiO2-containing samples is

attributed to the interaction of Zr4+ and Ti4+ ions with Ce4+

in the lattice [7].

The OSC performance of the calcined samples is listed in

Table 4. It must be mentioned that although the physical

surface area of the samples showed a significant drop with

the calcination process, the same effect was not observed for

the OSC properties of the core/shell nanoparticles. All the

core/shell compositions showed similar OSC properties with

their fresh counterparts after the calcination process. The

TGA results of the calcined samples are shown in Fig. 5.

The results demonstrated that as mentioned earlier, the OSC

of CeO2 nanoparticles is governed not only by the physical

surface area but also by the structural properties. The XRD

patterns indicated the formation of metal oxide alloys by the

shift in the characteristic peak locations. The formation of

CeO2–MOx mixed metal oxide alloys induces the formation

of additional structural defects including oxygen defects and

distortions in the CeO2 lattice. These additional defects are

responsible for the maintenance of the high OSC properties

of the calcined samples. In other words, the detrimental

effect of the surface area drop by calcination was compen-

sated by the increased number of structural defects, resulting

in the maintenance of the OSC values.

Conclusions

In this work, ZrO2/CeO2, TiO2/CeO2, and CuO/CeO2 core/

shell nanoparticles were successfully synthesized via a

two-step chemical precipitation process without the use of
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Fig. 3 TGA results of the fresh samples under oxidative and

reductive environments at the temperature of 600 °C

Table 2 OSC values of the fresh samples calculated from the TGA

data

Sample BET surface

area (m2 g−1)

OSC

(µmol-O2/g)

Theoretical OSC

(µmol-O2/g)
a

ZrO2/CeO2 103.8 130 846

TiO2/CeO2 100.6 253 992

CuO/CeO2 131.9 2098 992

a Theoretical contribution of CeO2 calculated based on Eq. 1

Table 3 Physical surface area,

average crystalline size, and the

lattice parameter values of the

as-prepared and calcined core/

shell nanoparticles

Sample CeO2 lattice

parameter, a (Å)

CeO2 lattice

parameter after

calcination, a (Å)

Average crystalline

size of CeO2 (nm)

Average crystalline size

of CeO2 after calcination (nm)

ZrO2/CeO2 5.43 5.42 17.3 12.7

TiO2/CeO2 5.38 5.42 12.8 11.5

CuO/CeO2 5.41 5.41 8.1 10.6
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any surfactant. The XRD results indicated the presence of

CeO2 and MOx (M: Zr, Ti, Cu) phases. The physical sur-

face area of the samples was determined to be 103.8, 100.6,

and 131.9 m2 g−1 for ZrO2/CeO2, TiO2/CeO2, and CuO/

CeO2 nanoparticles, respectively, which were larger than

that of pristine CeO2. The core/shell structure of the sam-

ples was analyzed using TEM, and the images confirmed

the formation of core–shell structures. The OSC of the

samples followed the order of ZrO2/CeO2 \ TiO2/CeO2-

\CuO/CeO2 with the calculated values of 130, 253, and

2098 µmol-O2/g, respectively. The enhanced OSC of the

core/shell nanoparticles was mainly attributed to the larger

surface. The effect of heat treatment on the properties of

the samples was evaluated by calcining the samples at

500 °C for 5 h under ambient atmosphere. The XRD peaks

of the samples shifted to higher 2θ values showing the

formation of CeO2–MOx mixed metal oxide alloys. The

physical surface area of the samples, however, diminished

after the calcination process. While the benefit of having

large surface area for the enhanced OSC was lost after the

heat treatment, the formation of metal oxide alloys yielded

additional structural defects, resulting in the maintenance

of the enhanced OSC.
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reductive environments at 600 °C

Table 4 OSC and BET surface area values of the fresh and calcined samples

Sample BET surface area

of fresh sample

(m2 g−1)

BET surface area

of calcined

sample (m2 g−1)

OSC of fresh sample

(µmol-O2/g)

OSC of calcined

sample

(µmol-O2/g)

Theoretical OSC

(µmol-O2/g)
a

ZrO2/CeO2 103.8 70.6 130 120 846

TiO2/CeO2 100.6 62.7 253 255 992

CuO/CeO2 131.9 74.99 2098 2076 992

a Theoretical contribution of CeO2 calculated based on Eq. 1
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