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Thermally stable sandwich-type catalysts of Pt nanoparticles 

encapsulated in CeO2 nanorods/CeO2 nanoparticles core/shell 

supports for methane oxidation at high temperatures 

Zhiyun Zhang, † Jing Li, † Wei Gao, Zhaoming Xia,
 
Yuanbin Qin, Yongquan Qu, Yuanyuan Ma*  

Thermal stability of nanocatalysts is of great importance to develop highly performed catalysts in terms of 

high activity and robust catalytic stability, especially for high-temperature catalysis.  Herein, we report a 

sandwich-type Pt nanocatalyst encapsulated ceria-based core/shell supports (CNR@Pt@CNP), which consists 

of CeO2 nanorod as core, CeO2 nanoparticles as shell and Pt nanoparticles (PtNPs) embedded between CeO2 

nanorod and CeO2 nanoparticles.  The catalysts exhibited remarkable thermal stability at high temperature by 

effectively preventing PtNPs from thermal sintering.  Methane combustion was carried out on the 

CNR@Pt@CNP catalysts at 400-700 °C to evaluate their catalytic activity and stability.  With comparison to 

the same amount of PtNPs supported on CeO2 nanorods (CNR@Pt), CNR@Pt@CNP delivered higher 

catalytic activity at high temperatures (>500 °C).  The methane conversion catalyzed by CNR@Pt@CNP was 

slightly decreased from 82.3 % to 80.0 % after 12 hours at 650 °C.  The improved performance of 

CNR@Pt@CNP originated from the CeO2 nanoparticle as stabilizer, which can prevent the thermal sintering 

of PtNPs, strengthen the thermal stability of the catalysts and enhance the metal-support interaction.   

 

Introduction 

Nano-sized particles have attracted special attentions in 

heterogeneous catalysis due to their unique chemical and 

physical properties.1-3  The morphology, size, composition and 

spatial configuration of nanoscaled catalysts show capability to 

determine the catalytic activity and selectivity.3-5  Generally, a 

heterogeneous catalyst is comprised of two closely integrated 

parts: nanoscaled catalytic active component to activate the 

reactants and supports to facilitate the desired reactions, 

immobilize the nano-sized catalysts and maintain their 

dispersion on supports under the realistic conditions.6  However, 

an inherent challenge for nano-sized catalysts is to maintain 

their catalytic stability at the realistic operation conditions, 

especially for those catalytic reactions happened under the high 

temperatures.1, 2, 7-10  It is well known that the melting point of 

the nano-sized catalysts is significantly reduced due to the 

quantum confinement effect compared to their bulk counterpart, 

leading to a serious sintering and agglomeration of metallic 

nanoparticles on supports at high temperatures.11, 12  The 

morphological features of nanocatalysts with well-defined 

shapes are also eliminated due to the thermal melting at high 

temperatures. Therefore, activity and selectivity of nanosized 

catalysts are significantly decreased for many high temperature 

catalytic processes including petroleum refining, Fischer-

Tropsch synthesis of hydrocarbon fuels and automobile exhaust 

treatments.1, 13, 14  Besides the stability of active components, 

the stability of supports is also critical for activity and stability 

of the catalytic reactions.  The chemically etched supports 

cannot host the nanocatalysts, leading to loss of the interaction 

between nano-sized catalysts and supports.  The thermally 

collapsed supports shield the active sites and deny the 

accessibility of reactants to the catalytic centers.2, 7, 15  

Therefore, the development of efficient and widely applicable 

strategies to stabilize nanocatalysts and their supports is highly 

desirable. 

Recently, many strategies have been designed to increase the 

catalytic stability of metal nanocatalysts, such as sacrificial 

self-stabilization of metal nanocatalysts via alloying and 

encapsulation of nanocatalysts with metal oxide protection 

shell.1, 16-22  Core-shell configuration is commonly employed 

for stabilizing the heterogeneous catalysts, since their unique 

structure can avoid the aggregation of nano-sized catalysts in 

aqueous solution and prevent the nanocatalysts from sintering 

at elevated temperatures.23, 24  Besides, the specific interaction 

between core (nanocatalysts) and shell (supports) may improve 

the catalytic activity of metal nanocatalysts.25  Silica has been 
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widely used as the "stabilizer" of metal nanocatalysts because 

of its good thermal stability and tolerance towards acidic 

media.24, 26  Pt nanoparticles encapsulated in mesoporous silica 

exhibited a significantly enhanced thermal stability up to 

750 °C.18  Recently, a sandwich-type Pt core@shell catalyst 

(SiO2@Pt@SiO2) showed the ability against sintering of the 

naoparticles up to 500 °C for n-hexane reforming.23   

Ceria is widely explored as supports, promoters and active 

components in a wide range of applications such as three-way 

catalysts, oxygen sensors and solid fuel cells.21, 27  Moreover, 

ceria with the reversible transformation between Ce3+ and Ce4+ 

shows excellent capacity to stabilize the metal nanocatalysts 

due to the strong metal-support interface interaction and 

effective capability to resist the coke formation originated from 

its high oxygen mobility.4, 28, 29  Pt/CeO2 catalysts are 

considered as the most effective catalysts in automotive exhaust 

abatement, water gas shift reaction and methane oxidation.15, 30, 

31  However, Pt/CeO2 catalysts usually lose their activity at high 

temperature due to the thermal sintering of PtNPs.  

Herein, a sandwich-type ceria-based core-shell catalyst with 

encapsulated PtNPs (CNR@Pt@CNP), composed of CeO2 

nanorod core as the supports, thin CeO2 nanoparticles shell as 

the stabilizer and PtNPs embedded as the nanocatalysts, 

exhibited remarkable thermal stability, high catalytic activity 

and robust catalytic activity for methane combustion. The 

catalyst is synthesized through the facile wet chemistry.  The 

superior performance of CNR@Pt@CNP catalysts for methane 

combustion is attributed to the presence of thin CeO2 

nanoparticle shell as the stabilizer. 

Experimental Section 

Synthesis of CeO2 Nanorods  

For a typical synthesis, 1.736 g of Ce(NO3)3·6H2O was 

dissolved in 10 mL of Milli-Q water (18.2 MΩ . cm), and 19.2 g 

of NaOH was dissolved in 70 mL of MQ water.  After aging of 

the mixed solution of Ce(NO3)3·6H2O and NaOH for 30 min, 

the mixture was transferred into a stainless steel autoclave for 

hydrothermal treatment at 100 °C for 24 h.  The products were 

centrifuged off, washed by copies amount of MQ water and 

dried at 60 °C overnight. 

Modification of CeO2 Nanorods by Aminopropyltriethoxysilane 

(APTES) 

To functionalize the surface of CeO2 nanorods with amino 

groups, 1.0 g of CeO2 nanorods was dispersed in 100 mL of 

ethanol via sonication.  After addition of 1.0 mL of APTES, the 

solution was refluxed for 6 h under the continuous stirring.  The 

modified CeO2 nanorods were collected by centrifugation 

followed by thorough washing with ethanol for three times.  

The APTES-functionalized CeO2 nanorods were dispersed in 

100 mL of water with a concentration of 10 mg/mL for future 

use.  

Synthesis of Pt Nanoparticles  

PtNPs were synthesized by refluxing a mixed solution 

containing 6.65 mg of polyvinylpyrrolidone (PVP, 

MW=55,000), 31.08 mg of H2PtCl6·6H2O, 10 mL of MQ water 

and 90 mL methanol for 3 h.  Then, 10 mL of 6.0 mM 

H2PtCl6·6H2O aqueous solution and 90 mL of methanol were 

added into the above solution.  Finally, the mixture was 

refluxed for another 3 h. 

 Synthesis of CeO2 Nanorods Decorated with PtNPs 

(CNR@Pt)  

To anchor PtNPs onto the surface of CeO2 nanorods, 26.4 mL 

of as-synthesized PtNPs solution mixed with 10 mL of the 

stock suspension of CeO2 nanorods modified by APTES.  After 

stirring continuously at room temperature for 3 h, the resulted 

products, CNR@Pt, were separated by centrifugation and 

washed with water for three times.  Finally, the catalysts were 

dried at 60 °C and calcined at 400 °C for 4 h. 

Synthesis of CNR@Pt@CNP Catalysts 

The CNR@Pt catalysts were then re-dispersed in a 

cetyltrimethyl ammonium bromide (CTAB) aqueous solution 

(0.025 M) with a concentration of 10 mg/mL.  For chemical 

deposition of thin CeO2 nanoparticle shell, 40 mL of 10 mM 

ethylene diamine tetraacetic acid (EDTA) aqueous solution, 4 

mL of 0.1 M Ce(NO3)3 aqueous solution and 40 µL of the 

concentrated ammonia solution were added into 5 mL of the 

stock CNR@Pt solution sequentially.  After sonication for 30 

min, the mixture was stirred at 90 °C for 3 h.  The sandwich-

type CNR@Pt@CNP catalysts were collected by 

centrifugation, washed with MQ water for three times, dried at 

60 °C overnight and then calcined at 400 °C for 4 h. 

Characterization 

Transmission electron microscopy (TEM) was conducted on a 

Hitachi HT7700 microscopy at an accelerating voltage of 120 

kV.  High resolution and dark field TEM images were 

performed on an FEI Tecnai G2 F20 S-Twin microscope with 

the accelerating voltage of 200 kV.  X-ray diffraction (XRD) 

measurements of the catalysts were obtained on a PW 1710 

Philips Powder X-ray diffractometer.  The Pt content was 

determined by inductively coupled plasma optical emission 

spectroscopy (ICP-OEC) analysis.  X-ray photoelectron spectra 

(XPS) of catalysts were acquired on a Thermo Electron Model 

K-Alpha with Al Kα as the excitation source.  The specific 

surface area was calculated by the Brunauer-Emmett-Teller 

(BET) method.  Thermogravimetry analyses (TGA) of the fresh 

samples were performed in the range 30–800 °C using a 

Netzsch STA449C thermoanalyzer with a heating rate of 10 °C 

min-1 under static air.  H2 temperature-programmed reduction 

(H2-TPR) was carried out in a ChemBET TPR/TPD3000 

apparatus.  In each run, 100 mg of catalyst was pretreated at 

300 °C for 30 min in a flowing stream of high-purity argon (30 

mL min-1).  After cooling to room temperature, a 5 % H2 in Ar 

with a flow rate of 30 mL min-1 was introduced and the 

programming temperature was controlled from room 

temperature to 850 °C with a ramping rate of 10 °C min-1. 

Catalytic Reaction  

The methane combustion was carried out in a fixed-bed quartz 

reactor with an inner diameter of 4 mm at the atmospheric 

pressure.  CH4 (1 vol %) and air (99 vol %) were fed by mass 

flow controllers at a space velocity of 240,000 mL h-1 g-1
cat. 
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Scheme 1. Preparation process of the sandwich-type Pt encapsulated ceria-

based core-shell catalysts (CNR@Pt@CNP). 

The catalytic reactions were carried out from 300 °C to 700 °C 

with a ramping rate of 5 °C min-1.  At each temperature, the 

reaction efficiency was recorded after 30 min of steady-state.  

Process gas was analyzed by gas chromatography (GC) 

equipped with flame ionization detector (FID, Porapark-Q 

column).  Catalytic stability of catalysts was evaluated at 650 

°C. 

Results and Discussion 

Synthesis and Characterization of the Sandwich-Type 

CNR@Pt@CNP Catalysts 

As illustrated in Scheme 1, synthesis of the sandwich-type 

core@shell CNR@Pt@CNP catalysts involves three steps: (1) 

hydrothermal synthesis of CeO2 nanorods followed by the 

surface functionalization of APTES; (2) conjugation of pre-

synthesized PtNPs onto the surface of CeO2 nanorods via 

electrostatic force; and (3) chemical deposition of thin CeO2 

nanoparticle shell as stabilizer by a slow hydrolysis of cerium 

(III)-EDTA complex precursor. 

CeO2 nanorods were synthesized by hydrothermal process at 

100 °C for 24 h, as described in previous reports.32-34  TEM 

image (Fig. 1a) shows a rod-like morphology with a diameter 

of 13 ± 3.2 nm and a length of 135 ± 38 nm.  XRD pattern of 

CeO2 nanorods confirms the cubic fluorite phase (Fig. 1i, 

JCPDS No. 75-0076) of as-synthesized nanostructures.  PtNPs 

were synthesized by chemical reduction of H2PtCl6 by 

methanol.35, 36  The average size of PtNPs is 4.1 ± 0.7 nm (Fig. 

1b).  The bright field TEM image (Fig. 1c) indicates the 

successful formation of CNR@Pt catalysts through the 

electrostatic force between the negatively charged PtNPs and 

the positively charged CeO2 nanorods modified with amino 

groups under the reaction conditions.25  The dark field TEM 

image (Fig. 1d) further confirms the conjugation between CeO2 

nanorods and PtNPs.  The size of PtNPs in CNR@Pt catalysts 

is 4.0 ± 0.9 nm, which is in consistent with the size of as-

synthesized PtNPs.  The high resolution TEM (HRTEM, Fig. 

1e) study on CNR@Pt catalysts shows that both CeO2 nanorods 

and PtNPs exhibit a good crystallinity.  A fringe distance of 

0.22 nm is observed for the anchored PtNPs, which corresponds 

to the (111) crystalline plane of Pt metal.  The existence of 

metallic Pt phase in CNR@Pt catalysts is further revealed from 

XRD pattern (Fig. 1i) of CNR@Pt, in which a weak peak at 

39.8 ° corresponds to the (211) Bragg reflection of the metallic 

Pt phase (Fig. 1i).  The derived size of PtNPs from XRD profile 

by Scherrer-Warren equation is 5.14 nm, which is consistent 

with that observed in TEM. The measured surface area of 

CNR@Pt catalysts is 94.3 m2/g.  ICP-OES analysis indicates 

the actual Pt loading in CNR@Pt is 2.18 wt%.   

A surfactant templating method was used to grow thin CeO2 

nanoparticle shell on the surface of CNR@Pt.37  The formation 

of Ce(III)-EDTA complex ions is critical for the slow 

hydrolysis of cerium precursor in basic solution.  At 90 °C, the 

Ce(III)-EDTA precursor hydrolyzed slowly and deposited 

preferentially on the surface of CNR@Pt catalysts.  

Accompanied by the oxidation of the hydrolyzed cerium 

species by dissolved O2 in reaction solution, the 

CNR@Pt@CNP catalysts are obtained by the formation of the 

thin CeO2 nanoparticle shell as the stabilizer for the embedded 

PtNPs.  Both bright field and dark field TEM images (Fig. 1f 

and 1g) demonstrate the sandwich-like structural features of the 

CNR@Pt@CNP catalysts, in which PtNPs are anchored on the 

surface of CeO2 nanorods and the majority of PtNPs are 

surrounded by the small ceria nanoparticles with a size of 2.2 ± 

0.2 nm.  No free ceria nanoparticles are observed, indicating 

that the nucleation and subsequent growth of the ceria stabilizer 

indeed happen on the surface of CNR@Pt.  From dark field 

TEM image (Fig. 1g), the average size of the embedded PtNPs 

is 4.1 ± 0.6 nm, consistent with that of as-synthesized PtNPs.  

HRTEM image of the CNR@Pt@CNP catalysts (Fig. 1h) 

reveals a lattice spacing of 0.22 nm, suggesting the high 

crystallinity and well maintained metallic phase of PtNPs 

during the chemical deposition of ceria stabilizer.  XRD pattern 

 

Fig. 1. Structural characterization of catalysts. (a) TEM image of CeO2 
nanorods, (b) TEM image of PtNPs, (c) Bright field TEM image of the 
CNR@Pt catalysts. (d) Dark field TEM image of the CNR@Pt catalysts. 
(e) HRTEM image of the CNR@Pt catalysts. (f) Bright field TEM 
image of the CNR@Pt@CNP catalysts. (g) Dark field TEM image of 
the CNR@Pt@CNP catalysts. (h) HRTEM image of the 
CNR@Pt@CNP catalysts. (i) XRD patterns of the CeO2 nanorods, 
CNR@Pt catalysts and the CNR@Pt@CNP catalysts. 
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Fig. 2. H2-TPR profiles of the CNR@Pt and CNR@Pt@CNP catalysts. 

of the CNR@Pt@CNP catalysts (Fig. 1i) further confirms the 

coexistence of the CeO2 cubic fluorite phase and metallic Pt 

phase, which is also verified by the XPS profile (Fig. S1).  The 

calculated average size of PtNPs from XRD pattern for the 

CNR@Pt@CNP catalysts is 4.7 nm, similar to that in the 

CNR@Pt catalysts. The surface area of CNR@Pt@CNP 

catalysts is slightly decreased from 94.3 m2/g of the CNR@Pt 

catalysts to 78.5 m2/g.  ICP analysis of the CNR@Pt@CNP 

catalysts indicates the weight percentage of Pt in the catalysts is 

1.86 wt%.  

Redox Properties and Thermal Stability of CNR@Pt and 

CNR@Pt@CNP Catalysts. 

The redox properties of the CNR@Pt and CNR@Pt@CNP 

catalysts were studied by H2-TPR in the temperature range 

from room temperature to 850 °C.  H2-TPR profiles of the 

CNR@Pt and CNR@Pt@CNP catalysts (Fig. 2) exhibit two 

distinct temperature peaks.  The first peak at 191 °C for 

CNR@Pt and at 145 °C for CNR@Pt@CNP is attributed to the 

reduction of Pt oxides and surface active oxygen.  The second 

peak located at 512 °C for CNR@Pt and at 418 °C for 

CNR@Pt@CNP corresponds to the reduction of lattice oxygen.  

Compared with the reduction peaks of CNR@Pt, the peak shift 

of CNR@Pt@CNP to lower temperatures indicates a stronger 

interaction between Pt and CeO2 for the CNR@Pt@CNP 

catalysts.38  

Thermal stability of the CNR@Pt and CNR@Pt@CNP 

catalysts was evaluated by calcining as-synthesized catalysts at 

400 °C, 500 °C and 700 °C under ambient conditions for 4 h, 

respectively.  The morphological evolution of the catalysts and 

the size change of PtNPs were examined by TEM technique.  

As shown in Fig. 3, CNR@Pt@CNP catalysts exhibit a good 

thermal stability and the rod-like morphology is well preserved 

even at a high temperature of 700 °C.  At 400 °C, the structural 

stability of both CNR@Pt and CNR@Pt@CNP catalysts is 

revealed from TEM images (Fig. 3a and 3b).  The average sizes 

of PtNPs in CNR@Pt and CNR@Pt@CNP are 4.3 ± 0.9 nm 

and 4.2 ± 0.8 nm, respectively, which are very close to the 

values of as-synthesized catalysts.  Increasing the temperature 

to 500 °C, PtNPs in CNR@Pt significantly aggregate with an 

average diameter of 10.1 ± 4.0 nm (Fig. 3c), indicating the 

melting, migration and aggregation of small PtNPs during the 

calcination.  Bigger particles (>20 nm) are also observed.  In 

contrast, the morphology of the CNR@Pt@CNP catalysts is 

well preserved.  The small PtNPs with a slightly increased 

 
Fig. 3. Thermal stability of the CNR@Pt and CNR@Pt@CNP catalysts 
by annealing at various temperatures.  (a) TEM characterization of 
CNR@Pt after calcination at 400 °C for 4h, (b) TEM characterization 
of CNR@Pt@CNP after calcination at 400 °C for 4h. (c) TEM 
characterization of CNR@Pt after calcination at 500 °C for 4h, (d) 
TEM characterization of CNR@Pt@CNP after calcination at 500 °C 
for 4h. (e) TEM characterization of CNR@Pt after calcination at 700 
°C for 4h, (f) TEM characterization of CNR@Pt@CNP after 
calcination at 700 °C for 4h. Inset images showed the size distribution 

of PtNPs of the catalysts calcinated at various temperatures. 

average diameter of 4.7 ± 1.5 nm are well encapsulated within 

CeO2 nanoparticle shell.  The results indicate that the CeO2 

nanoparticles serve as a physical barrier to prevent the 

migration and sintering of PtNPs.  On the further calcinations at 

a high temperature of 700 °C, PtNPs merge into even larger 

particles of 12.1 ± 8.0 nm for the CNR@Pt catalysts (Fig. 3e).  

For the CNR@Pt@CNP catalysts, the small ceria nanoparticles 

tend to melt and result in a strong interaction with PtNPs and 

CeO2 nanorods.  The average diameter of PtNPs is 5.4 ± 4.4 nm 

and a few big metal nanoparticles (> 12.0 nm) are observed in 

Fig. 3f.  This may be attributed to the melting of small ceria 

nanoparticles, which makes the merging of adjacent PtNPs 

become possible.  However, the small PtNPs are the dominant 

metal particles in the CNR@Pt@CNP catalysts.  In their XRD 

patterns (Fig. S3), the increased peak intensities of Pt for the 

CNR@Pt catalysts at the elevated temperatures further 

confirmed the thermal aggregation of Pt nanoparticles in 

CNR@Pt. In contrast, the similar peak intensities of Pt were 

observed for as-synthesized CNR@Pt@CNP and catalysts 
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Fig. 4. (a) Methane conversion as a function of temperature in methane 
oxidation with CNR@Pt and CNR@Pt@CNP catalysts. (b) Stability of 
of CNR@Pt and CNR@Pt@CNP catalysts catalysts for methane 
oxidation at 650 °C.  

treated at 500 °C and 700 °C (Fig. S3). Thus, both TEM and 

XRD studies of the CNR@Pt and CNR@Pt@CNP catalysts 

after calcination at various high temperatures further confirm 

that the small CeO2 nanoparticle shell as the stabilizer can 

effectively protect small PtNPs from the surface migration and 

aggregation into large ones.   

Catalytic Performances 

The described improvements in the thermal stability of PtNPs 

in the sandwich-type CNR@Pt@CNP structure have potential 

implications for high temperature reactions.  The catalytic 

combustion of methane was employed as a model reaction to 

evaluate the catalytic activity and stability of PtNPs of the 

CNR@Pt@CNP catalysts at high temperatures.  The CNR@Pt 

and CNR@Pt@CNP catalysts with 0.22 mg of PtNPs were used 

for the combustion of CH4 (CH4 + 2O2 = CO2 +2H2O).  The 

TGA profiles of the CNR@Pt and CNR@Pt@CNP catalysts 

(Fig. S2) demonstrate that organic residuals during the 

synthetic process can be removed after treatment at 400 °C in 

air.  Thus, the catalysts were calcinated in air for 4 h before the 

catalytic reactions. Fig. 4a presents the catalytic efficiency of 

two catalysts in terms of CH4 conversion as a function of the 

reaction temperatures. The conversions of CH4 are largely 

dependent on the reaction temperatures. Specifically, the 

increase of the reaction temperature results in the elevated 

conversion of CH4. As shown in Fig. 4a, the methane 

conversions of CNR@Pt catalysts are increased from 2.1 % to 

2.7 %, 6.1 %, 12.6 %, 26.8 %, 43.2 %, 59.3 %, 73.3 %, and 

84.5 % for the reaction temperatures at 300 °C, 350 °C, 400 °C, 

450 °C, 500 °C, 550 °C, 600 °C, 650 °C and 700 °C, 

respectively. 

    For the CNR@Pt@CNP catalysts, the methane conversions 

are lower than those of CNR@Pt, when the reaction 

temperature is below 500 °C.  After that, the CNR@Pt@CNP 

catalysts deliver a higher catalytic activity than the CNR@Pt 

catalysts.  This phenomenon can be attributed to the structure-

activity correlation.  At low temperatures, the partial surface 

area of PtNPs embedded in the sandwich-type CNR@Pt@CNP 

catalysts is blocked by ceria nanoparticles.  Meanwhile, PtNPs 

either on CeO2 nanorods or in the sandwich-type catalysts 

preserve their original size at low temperatures (Fig. 3a and 3b). 

Hence, more catalytic sites in CNR@Pt are exposed for the 

access of the reactants, resulting in a higher methane 

conversion catalyzed by the CNR@Pt catalysts. Increasing 

reaction temperatures, the size of PtNPs embedded in the 

 
Fig. 5. TEM images of CNR@Pt and CNR@Pt@CNP catalysts for 
methane oxidation at 650 °C for 12h. (a) TEM image of CNR@Pt, (b) 
Dark field TEM image of CNR@Pt, (c) HRTEM image of CNR@Pt, 
(d) TEM image of CNR@Pt@CNP, (e) Dark field TEM image of 
CNR@Pt@CNP, (f) HRTEM image of CNR@Pt@CNP. 

core/shell CeO2 is only slightly increased, while small PtNPs 

anchored on the surface of CeO2 nanorods in the absence of the 

ceria nanoparticle shell significantly aggregate into large ones.  

Consequently, the available active sites in the CNR@Pt@CNP 

catalysts surpass those in the CNR@Pt catalysts at high 

temperatures. This critical temperature point is observed at 500 

°C.  PtOx is recognized as the active phase for this reaction.39, 40 

Thus, the oxygen donation capability of ceria nanostructures 

also contributes to stabilize size of catalysts.39, 40  H2-TPR 

profiles (Fig. 2) suggest the stronger metal (Pt)-support (CeO2) 

interaction for the CNR@Pt@CNP catalysts, indicating their 

improved thermal stability and enhanced catalytic activity as a 

consequence.  

The catalytic stability for both two catalysts was performed 

at 650 °C for 12 h of continuous reaction, in which the methane 

conversion was recorded as a function of the reaction time (Fig. 

4b).  The methane conversion with time on stream catalyzed by 

CNR@Pt catalysts was decreased from 73.3 % to 63.9 % after 

12 h reaction.  Especially, the methane conversion rapidly 

decreased from 73.3 % to 67.2 % during the first 5 h.  In 

contrast, the methane conversions were slightly dropped from 

82.3 % to 80.0 % for a period of 12 h, when the 

CNR@Pt@CNP catalysts were used as the catalysts. Such a 

difference in their catalytic stability can be unambiguously 

attributed to the stabilized PtNPs, which are protected by the 

ceria nanoparticle shell in the sandwich-type CNR@Pt@CNP 

catalysts.  

To further illustrate the roles of ceria nanoparticle shell as the 

stabilizer for the PtNPs in the realistic catalytic conditions, the 

catalysts after 12 h reactions were characterized by TEM 

techniques.  As shown in Fig. 5a-5c, PtNPs in the CNR@Pt 

catalysts sintered seriously after 12 h reaction at 650 °C.  Small 

PtNPs are barely observed and large PtNPs (> 30 nm) are 

revealed from the dark-field TEM image (Fig. 5b).  Of note, 

CeO2 nanorods were also broken into short ones after a long 

period of continuous reactions. In contrast, the rod-like 

morphology of the CNR@Pt@CNP catalysts was well 

preserved after 12 h continuous reactions, despite very small 
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amount of broken pieces were also observed.  Derived from 

both bright field and dark field TEM images (Fig. 5d-5f), the 

average size of PtNPs of the CNR@Pt@CNP catalysts is 5.9 ± 

2.1 nm, which may explain the slightly decreased methane 

conversion. The results suggest that PtNPs in the CNR@Pt 

catalysts sinter into large particles (Fig. 5a-6c) and PtNPs in the 

CNR@Pt@CNP catalysts (Fig. 5d-5f) are still small. Size 

evolution of PtNPs also can be reflected from the XRD patterns 

of the spent catalysts (Fig. S4).  After 12-hour reaction at 650 

°C, the XRD peak of metallic Pt phase at 39.5 ° is still very 

weak for the CNR@Pt@CNP catalysts, similar to that of as-

synthesized catalysts.  While, the XRD peak of PtNPs for the 

spent CNR@Pt is much stronger than that of the fresh CNR@Pt 

catalysts.  The results also suggest the aggregated PtNPs in the 

CNR@Pt catalysts and preserved small PtNPs in the 

CNR@Pt@CNP catalysts, which are consistent with the 

observations in TEM images. The sum of the above 

observations clearly indicate that the CeO2 nanoparticle shell of 

CNR@Pt@CNP functions as the stabilizer provides a physical 

barrier to prevent PtNPs from sintering, and strengthens the 

metal-support interface interaction and thermal stability of the 

CeO2 nanorod core.  Thus, the remarkable thermal stability of 

CNR@Pt@CNP catalysts can provide more accessible active 

sites for catalytic reaction, leading to a stabilized activity at 

high temperatures. The thermal stability and catalytic activity 

of the CNR@Pt@CNP catalysts are comparable with or even 

better than those of similar Pt/CeO2 core/shell catalysts for high 

temperature methane oxidation. 17, 20, 22, 41-43 

Conclusions 

The sandwich-type CNR@Pt@CNP catalysts, prepared via a 

facile wet chemical synthetic route, exhibited a high activity 

and stability for the methane oxidation at high temperatures.  

The high activity and stability of the CNR@Pt@CNP can be 

ascribed to their unique physical structure by providing a thin 

ceria nanoparticle shell to prevent PtNPs from sintering, 

strengthen the thermal stability of the core of CeO2 nanorods 

and enhance the Pt-CeO2 interaction.  Hence, the sandwich-type 

CNR@Pt@CNP catalysts with good activity and stability may 

serve as potential catalysts for the catalytic processes at high 

temperature, especially for those involving hydrocarbon 

molecules. 
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A sandwich-type Pt nanocatalyst encapsulated ceria-based core-shell catalyst 

(CNR@Pt@CNP) was designed and synthesized, which exhibited high catalytic activity 

and remarkably thermal-stability at high temperatures up to 700 °C by effectively 

preventing the Pt nanocatalysts from thermal sintering and enhancing the metal-support 

interaction.   
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