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Magnetism and plasmonic performance of mesoscopic hollow ceria spheres decorated 
with silver nanoparticles 

Eric Nestor Tseng1, Ying-Ting Hsiao1, Yi-Che Chen1, Shih-Yun Chen1, *, Alexandre Gloter2, * and 
Jenn-Ming Song3

1 Department of Materials Science and Engineering, National Taiwan University of Science and Technology, Taipei, 

Taiwan
2 Laboratoire de Physique des Solides, Université Paris Sud, CNRS UMR 8502, F-91405 Orsay, France

3 Department of Materials Science and Engineering, National Chung Hsing University, Taichung 402, Taiwan

We investigate the role of interfaces and surfaces on the magnetic and surface enhanced Raman 

spectroscopy (SERS) properties of CeO2 hollow spheres decorated by Ag nanoparticles 

(H-CeO2@Ag). The composites, H-CeO2@Ag, were synthesized using a newly developed two-step 

process. The CeO2 hollow sphere diameter ranges from 100 nm to 2 m and the grafted Ag 

nanoparticles (NP) size varies from 5 to 50 nm with a controllable coverage ratio. Spectroscopic and 

microscopic characterization confirms the formation of an interface between the Ag and ceria and 

shows different charge rearrangements occurring at both the interface and surface. Room 

temperature ferro-magnetism was observed in all composites, and is associated mostly with ceria 

surface defects. 

Strong SERS effect was reported with a detection limit down to 10-14 M for rhodamine 6G 

analytes. Scanning transmission electron microscopy and electron energy loss spectroscopy 

investigation reveals that hot-spots are associated with the silver NPs surfaces and also with Ag/ 

CeO2 interface. This interfacial hot spot occurs for metallic particles above 30 nm and is strongly red 

shifted with respect to the Ag surface plasmon. The strong SERS activity is then attributed to the 

presences of several types of hot-spots and the geometrical features (buoyant hollow sphere, size 

dispersion) of the composite.

Introduction

Ceria (CeO2) based materials possess several unusual properties due to the occurrence of 

oxygen vacancies. It has a high oxygen storage capacity and can have a stable structure far from the 

stoichiometric proportions of oxygen. When the ceria material size is decreased, the oxygen 

vacancies tend to aggregate at the surface.1, 2 All of these characteristics present a wide range of 
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ceria-based nano-material applications in the catalyst field such for carbon monoxide oxidation3 and 

solid-oxide-fuel-cell electrolytes.4 The catalytic behavior can be further improved with the addition 

of noble metals, such as Au,5 Ag,6, 7 Cu 8 and Pt.9 In those metal/CeO2 catalysts, the improvement 

was attributed to the new active site at the metal-support interface,10 the mediated activation of O2 by 

the formation of oxygen vacancies in the support,11 and the formation of superoxide species during 

the redox process.12, 13 More recently nanostructured ceria or metal/ceria hybrids have been 

investigated in other contexts such as the occurrence of ferromagnetism 14 or its capability to 

increase the SERS activity of metal nano particles.15 

The introduction of defects converts CeO2 into ferromagnetic at room temperature.16 Several 

types of defects were reported such as dopants, oxygen vacancies or nano-structuration (high surface 

to volume ratio, presence of grain boundaries or interfacing). Magnetic and non-magnetic dopants 

and oxygen vacancies (inducing some Ce3+) could contribute to magnetic exchange as demonstrated 

by Electron paramagnetic resonance (EPR) and X-ray magnetic circular dichroism (XMCD).17, 18 

During the past decade, the nature of these point defects including the type, concentration, structure 

and distribution was studied using various methods and correlated to the magnetic behavior.19, 20 

Several models have been developed to explain the ferromagnetism,21-23 however, all of them relate 

primarily to the interplay of Ce3+ with the defects at its origin. Furthermore, introducing interfaces 

using metallic particles deposition onto ceria substrates is also an efficient way to engineer the 

interplay of Ce3+ with defects.24, 25 At the interface charge re-distribution between cerium and nearby 

noble metals such as Ag, Au and Pt have been found.26-28 For example, it has been demonstrated that 

after depositing CeO2 NPs onto an Ag core, a Ce3+- rich defective layer was observed at the interface 

between Ag and CeO2. The Ce3+ concentration reached 40% at the interface, which is consistent with 

the optimum concentration and benefit for magnetic exchange.14 

Concerning the SERS properties, a recent study demonstrated that CeO2-on-Ag particles exhibit 

a CeO2 thickness-dependent SERS effect in which their best SERS effect is 2 orders stronger than 

that of Ag particles.15 Such electromagnetic field enhancement due to metal interfacing with a 

semiconductor has also been reported for CuO2/Ag,29 Fe2O3/Ag30 and TiO2/Ag31 but its origin is still 

debated. It has been suggested that the electronic effect due to charge transfer between the metal and 

the semi-conductor changes the SERS intensity and red-shifts the extinction spectra.29 Total-field 

scattered-field calculations reveal that nanostructures made of semiconductor and metallic 

nanoparticles give origin to complex field enhancement near the interface without the requirement of 

such electronic reconstruction.32, 33
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CeO2 sub-micrometer hollow spheres covered with Ag nanoparticles on the surface were 

synthesized in this study utilizing a newly developed two-step method. We reported that Ag 

nanoparticles with typical size of 10 nm attached to the ceria surface with a coverage ratio ranging 

from 0.1 to 0.4 depending on the synthesis parameters. Spectroscopic measurements confirm that a 

charge transfer occur at the Ag / CeO2 interface. With increased Ag concentration, the magnetic 

properties exhibit a maximum value but further investigations indicated that such maximum value 

arises from surface modification in the ceria hollow sphere resulting from the Ag chemical 

deposition. This study indicates that charge transfer at the Ag / CeO2 interface can be active or 

inactive for FM depending on the exact number of charges at the interface. The SERS performance 

was evaluated on Rhodamine 6G (R6G) detection and found optimal for coverage ratio of ca. 0.2. 

The detection limit and enhancement factor (EF) are then as high as 1×10-14 M and 4.8×1011. The 

STEM-EELS investigation verified the presence of hot spots associated with silver particles, and also 

to SERS hotspots at the CeO2−Ag interfaces whose plasmon band energy is interestingly in 

resonance with the Raman laser excitation sources (532 nm). This hollow structure provides buoyant 

ability and wide size distribution that improves dispersion in solution, both resulting in contact area 

enhancement with the analytes. Such hollow ceria sphere – silver composites are then promising 

“lab-on-a-bubble (LoB)” SERS material.33 

Experimental procedure

Sample preparation

Two-step process was used to obtain H-CeO2@Ag composites. At first, hollow CeO2 spheres 

were prepared using the spray pyrolysis method (SP). Ceric ammonium nitrate (CeAN, (NH4)2 

Ce(NO3)6, 99.5%, Alfa Aesar) and Glycine (GN, C2H5NO2, 98%, Acros Organics) were used as 

precursor. CeO2 particles were prepared firstly from a 1 wt% solution CeAN and GN in de-ionized 

water with molar ratio of 4:6. The precursor solution was atomized into small droplet at first 

(nebulizer, King Ultrasonics Co., Ltd, Taipei, Taiwan) and then underwent solvent evaporation, 

solute precipitation and precursor decomposition in the heated tubular reactor at 700C in 

atmosphere. Hollow CeO2 spheres were collected using a cylindrical electrostatic collector with high 

voltage potential and then annealed in air at 300C for 2 hours. Silver nanoparticles were deposited 

on the annealed hollow CeO2 spheres via the incipient wetness method using silver nitrite (AgNO3) 

as the precursor. The hollow CeO2 sphere and AgNO3 mixture was then calcined at 300C for 3 

hours. The prepared H-CeO2@Ag composites were then cleaned using centrifugation several times 

and then dried at room temperature. 

Characterization

Page 3 of 19 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
1/

20
19

 1
2:

35
:1

3 
A

M
. 

View Article Online
DOI: 10.1039/C8NR09636H

http://dx.doi.org/10.1039/c8nr09636h


All NPs were characterized by X-ray Diffractometer (XRD) with Cu K radiation (Bruker D8 

Advance). The morphology was investigated using transmission electron microscopy (TEM) 

operated at 200 keV (FEI-TEM, Tecnai G2). The hollow sphere shell thickness was estimated based 

on 100 measurements. Scanning transmission electron microscope (STEM), high angle annular dark 

field (HAADF) and electron energy loss spectroscopy were acquired using a Cs corrected STEM 

NION operated at 60 keV to limit the electron damage. X-ray absorption measurements were carried 

out at National Synchrotron Radiation Research Center (NSRRC) in Taiwan. The X-ray absorption 

near edge structure (XANES) spectroscopy measurements at the Ce L3-edge were performed at 

Wigger beam line 17C at room temperature through a monochromator silicon (111) crystal. The 

energy resolution at the Ce L3-edge (5723 eV) was approximately 0.4 eV. The XANES spectra at the 

Ag K-edge was recorded at HSGM beam line 01C and the energy resolution was set to 1.25 eV. 

Raman scattering spectrometer equipped micro Raman system (HORIBA iHR550) and a diode laser 

at an excitation wavelength of 532 nm. The magnetization was measured at room temperature using 

a vibrating sample magnetometer (VSM) at the Institute of Physics, Academia Sinica, Taiwan.

Results and discussion

Hollow-CeO2 spheres

Figures 1 (a) and (b) are TEM images of CeO2 spheres prepared using the spray pyrolysis 

method, showing that all spheres are hollow and the shell thickness is about 30 nm. The diffraction 

pattern in the inset of Fig. 1 (a) confirms that the spheres are CeO2. The CeO2 sphere size distribution 

is plotted in the inset of Fig. 1 (b), showing that the CeO2 sphere diameter ranges from 100 nm to 2 

m. As seen in Fig. 1 (c), the shell is composed of well crystallized CeO2 particles with a size 

between 4 to 6 nm and the dominant surfaces are [111].

The hollow CeO2 spheres (H-CeO2) concentration defect was investigated by estimating the 

bulk valence of Ce using the Ce L-edge X-ray absorption near-edge structure (XANES). The spectra 

as well as the quantification procedure are plotted in Fig. S1, a Ce3+ concentration of about 10% was 

found. The Ce-M edge measured by EELS was utilized to reveal the Ce3+ distribution throughout the 

hollow CeO2 spheres. As seen in Fig. 1 (d)-(f), the Ce3+ distribution is inhomogeneous. It tends to 

aggregate at the surface region in these spheres. As the distance from the surface increases from 0 to 

2.4 nm, the Ce3+ concentration determined by EELS decreases gradually from ca. 25% to 12%. This 

data is in a fair agreement with the XAS bulk estimation. 

Hollow-CeO2 @Ag composites
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The obtained hollow CeO2 spheres were then used as the substrate to grow Ag NPs. The size as 

well as the Ag NPs distribution was adjusted by varying the Ag concentration in the precursor. The 

Ag to CeO2 mole ratio was set to 0.33, 0.5, 0.71, 0.83, and 0.91. The obtained H-CeO2@Ag 

composite was named samples I, II, III, IV and V, respectively. XRD analysis of H-CeO2@Ag 

composites is illustrated in Fig. 2 (a). All patterns can be identified as the fluorite structure of CeO2 

(JCPDS 34-0394) and Ag (JCPDS 04-0783). No peaks corresponding to other phases were detected. 

TEM investigations of samples II, IV and V are shown in Fig. 2 (b)-(d), demonstrating that there are 

nanoparticles randomly distributed on the hollow sphere’s surface. According to the high resolution 

TEM of interface region (Fig. 2 (e)) and the compositional analysis obtained on sample IV (shown in 

Fig. S2), it is confirmed that the spheres are CeO2 and the nanoparticles on the surface are Ag. It was 

also observed that the micro-features of Ag NPs are closely related to the Ag/CeO2 concentration 

ratio. The size and inter-particle spacing of Ag NPs as well as the ratio of coverage, AAg/ACeO2, 

among H-CeO2@Ag composites were then compared, where AAg is the interface area between Ag 

and CeO2 and ACeO2 is the surface area of the hollow CeO2 sphere. In Figs. 2 (f) and (g), two-step 

change is observed. As the Ag/CeO2 concentration ratio is lower than 0.71, both the size and 

inter-particle spacing is almost the same. With further Ag/CeO2 concentration ratio enhanced from 

0.71 to 0.91, the change in morphology of the composites is obvious. In sample V, both the size and 

amount of Ag particle increase, forming a nearly continuous Ag layer on the surface. The 

micro-feature evolution of Ag NPs results in the monotonously increasing coverage ratio (Fig. 2 (h)). 

The H-CeO2 defect concentration after depositing Ag was investigated using Ce L-edge 

XANES (shown in Fig. S3). The estimated results show that the bulk Ce3+ concentration increases 

from 10% to 11% after Ag NPs deposition. Further increasing the Ag content, it is interesting that 

there is no obvious difference in the Ce3+ concentration among samples I to V. 

The Ce valence spatial distribution after Ag NPs deposition was investigated using EELS. The 

Ce M edge obtained from the exposed surface, interface between Ag NP and CeO2 sphere, and the 

bulk of CeO2 sphere were compared, which was present as spectra 1, 2, and 3, respectively in Figs. 3 

(a) and (b). The edge features vary among these positions, implying inhomogeneity in the Ce3+ 

distribution. The Ce3+ distribution was demonstrated by the mapping (Fig. 3 (c)) and line profile 

(Fig. 3 (d), where line A cross the interface between Ag NP and CeO2 spheres, while line B crosses 

the exposed surface of the CeO2 sphere. This shows that at surface regions without Ag NPs, the Ce3+ 

aggregates within a narrow surface region of ca. 1.7 nm where the concentration can be as high as ca. 

50%. On the other hand, in regions covered by Ag NPs, the aggregation of Ce3+ at the surface is not 

Page 5 of 19 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
1/

20
19

 1
2:

35
:1

3 
A

M
. 

View Article Online
DOI: 10.1039/C8NR09636H

http://dx.doi.org/10.1039/c8nr09636h


as obvious as those regions without Ag coverage. The Ce3+ concentration in this region is only 25% 

with a Ce3+ rich region reduced to 1 nm.

The Ce3+ aggregation at sphere surface, including the exposed surface and the interface between 

Ag NP and CeO2 sphere, can be attributed to the Ag deposition process. During the deposition 

process, hollow CeO2 spheres were heated to 300C in air and last for 2 hours, which leads to the 

migration of oxygen vacancies to the surface. As for the difference between the exposed surface and 

the interface region, it may be caused by several reactions. At the exposed surface, the interaction 

with acid solution (Ag+ and NO3
-) also contributes to the increase in Ce3+. At the interface, charge 

transfer with the silver or to a surface oxidation of ceria during the chemical Ag+ -> Ag0 conversion 

should be considered. Several works reported on the charge transfer at CeO2/Ag interfaces but they 

reported that electrons are transferred from the silver to the ceria surface, which is contradictory to 

our finding. The XANES measurement of the Ag-L and Ag-K edges (shown in Fig. S4) indicate that 

the silver electronic structure is modified by the interface with ceria (an increase of the Ag-d band 

population is observed). Nevertheless, the change is small and the electronic reconstruction at the 

interface might not be the primary source of the weaker Ce3+ at the interface. The occurrence of 

charge transfer at the interface between Ag and CeO2 here plays a minor role. As a consequence, at 

the interface between Ag and CeO2 spheres the Ce3+ concentration is less compared to the surface.

The defect structure was further investigated by Raman spectroscopy. As seen in Fig. 4 (a), two 

bands were detected. The first band around 456 cm-1 is an F2g mode and is due to the symmetric 

stretching vibration mode of oxygen and cerium atoms. Its energy position is slightly altered with 

depositing Ag NPs. The second band (D band) starts from 520 cm-1 to 670 cm-1 and can be 

decomposed into two peaks which center at 560 cm-1 (D1) and 600 cm-1 (D2). The D1 peak is assigned 

to defect species including Ce3+ with a neighboring oxygen vacancy, while the D2 peak is related to 

defect species including a trivalent cation (M3+) without any oxygen vacancy, id est, maintaining an 

Oh symmetry around M3+. 34 The D band fitting results are plotted in Figs. 4 (b) and (c). Before silver 

deposition, the D band presents a very weak intensity. It becomes more intense with Ag deposition 

on the ceria surface, notably because the metallic nanoparticles increase the surface contribution of 

the Raman signal where defects are more present. When the amount of silver increases, the increase 

in D/F2g ratio confirms the surface is enriched in defects. In particular, the D1 peak growth indicates 

that the dominant defect species induced by Ag deposition is the Ce3+-Vo type. 

Magnetic behavior 

Composite M-H curves as well as bare Ag particles and hollow CeO2 spheres measured by 
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VSM at room temperature are reported in Fig. 5 (a). The diamagnetic signal of sample holder and 

paramagnetic component of specimen were subtracted from all magnetization curves. Clear 

hysteresis loops are observed in this figure, showing that all samples are ferromagnetic with the 

value of coercivity, Hc, ranging from 300 to 400 Oe, while Ms varies over one order of magnitude. In 

H-CeO2, Ms is 0.0005 emu/g and is then enhanced with Ag deposition. The Ms of all composites is 

indeed higher than that of both bare H-CeO2 and bare Ag NPs. Furthermore, the increment is not 

linear with the Ag content. A dramatic change is observed within a narrow range as the Ag/Ce ratio 

increases from 0.71 to 0.91.

Both Ag NPs and CeO2 could be contributor to FM. In the case of silver nanoparticles, the 

origin of FM is still controversial. The reconstruction of surface structure35-37 and surface oxidation37 

has been suggested to result in the FM. For the ceria or titania that are primary nonmagnetic oxides, 

FM formation has been associated with the presence of defects. In ceria, a strong correlation between 

the ferromagnetism enhancement and the amount of Ce3+ has been demonstrated. 16, 24,38 Notably, in 

H-CeO2@Ag composites, three types of CeO2 regions with different Ce3+ concentrations were 

revealed by the STEM/EELS analysis (inset of Fig. 5 (b)). Region A is the bulk of H-CeO2 sphere, 

where the Ce3+ concentration is low. Region B is the interface between Ag NPs and H-CeO2 spheres, 

where the Ce3+ concentration is controlled by the oxygen vacancy migration and charge transfer 

between Ag and CeO2. Region C is the H-CeO2 surface, where the Ce3+ concentration depends on 

both the oxygen vacancy migration and the interaction between the ceria and acidic solution. 

According to the concentration of Ce3+, both region B and C is beneficial for the FM enhancement. 

Notably, the ratios between these three regions changes when the Ag/Ce concentration is increased.

To demonstrate the role each part plays in the FM enhancement, the increment of the 

Ag/H-CeO2@Ag weight ratio, the Ag/CeO2 interface area (region B), and the Ms with changing 

Ag/Ce mole ratio are shown in Fig. 5 (b). At first, no obvious difference is observed in both the 

weight ratio and the interface area until the Ag/Ce mole ratio reaches 0.71, while a linear growth is 

seen as further enhance the Ag/Ce mole ratio to 0.91. As for the variation trend of Ms, a larger 

increment is seen, in particular of composites with higher concentrations of Ag. However, it 

decreases as further enhance the Ag/Ce mole ratio to above 0.83. The strongest Ms is obtained when 

neither the deposited silver nor the coverage is the maximum. This indicates that the strongly 

reduced H-CeO2 sphere surface (region C) is the prime contributor to FM enhancement. 

The surface effect of the ceria hollow sphere over the interfacial effect with silver for the 

magnetic properties was controlled by investigating the magnetic properties of pure hollow spheres 
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where no Ag NPs have been deposited but whose chemical and physical treatment were made as 

close as possible for silver deposition. The results are shown in Fig. S5 where the magnetic 

properties as a function of the salt concentration exhibit a similar narrow peak for a salt 

concentration similar to the optimum for Ag deposition. This confirms the role of surface Ce3+ 

aggregation on the hollow sphere for Ms enhancement.

SERS performance

Magnetic NP field enhancement and its SERS performance can be maximized by tailoring the 

nano-features of metallic particles, including the shape, size and arrangement.39-41 As mentioned in 

the introduction, covering CeO2 onto Ag particles might also be a way to improve the SERS 

performance.15 Nevertheless, the exact role of CeO2 on the SERS properties is not yet understood.

The SERS effect of H-CeO2@Ag composites were then estimated on typical analytes 

Rhodamine 6G (R6G). The H-CeO2@Ag composite detection process is illustrated in the inset of Fig. 

6 (a). The SERS spectrum of H-CeO2@Ag composite is shown in Fig. 6 (b) (sample IV) and Fig. S6 

(others), where the R6G concentration was set to 110-6 M. The typical Raman peaks at 1310, 1363, 

1509, 1572 and 1650 cm-1 are clear and in accordance with the reported values.42 The SERS 

detection limit of sample IV was then examined by decreasing the R6G concentration from 110-6 to 

110-14 M. A plot of the R6G concentration vs. signal intensity for the band at 1663 cm-1 is shown in 

the inset, demonstrating that the SERS signal can be detected even when the R6G concentration is as 

low as 1 10-14 M. EF was calculated using the standard formula,43 , where I0 and C0 EF =
ISERSC0

IoCSERS
 

determine the Raman measurement peak intensity and the concentration with the reference R6G 

solution; ISERS and CSERS present the peak intensity and the SERS sample concentration. The most 

intense peak was considered for EF calculation. The EF has a maximum value for sample IV and it is 

then as high as 4.8×1011. Such value is much higher than that provided by Ag colloid or the 

Ag-coated LoBs using coupling agents (about 2.3107).44 

Now regarding the morphological difference between the samples, as seen in Fig. 2, the 

inter-particle spacing between Ag particles is smaller for samples IV and V compared to samples 

with lower Ag/CeO2 mole ratios. Comparing samples IV and V, the latter has larger Ag particles and 

larger CeO2 coverage. This seems to indicate that Ag particle surfaces and also the interactions with 

the CeO2 surfaces are important for SERS performance.

The plasmonic behavior of Ag particles with different sizes (about 10 nm and 40 nm) on CeO2 

spheres were investigated experimentally utilizing STEM-EELS. Figure 7 shows the EELS spectra 
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and the EELS intensity spatial distribution for two energy windows of H-CeO2@Ag composites with 

small Ag particles on their surfaces. Spectrum 1 has a strong maximum at ca. 3.2 eV that is typical 

for a spherical Ag surface plasmon of ca. 10nm.48 Spectrum 3 is from the ceria surface and exhibits a 

strong onset at around 3.5 eV that corresponds to the ceria band gap.49 Spectrum 2 is obtained at a 

few nanometers from the ceria surface and in-between two Ag particles. It shows a peak for the Ag 

surface plasmon and the signal from the neighboring ceria surface. The peak of the Ag surface 

plasmon is a bit broader than at spectrum 1 and exhibits high and low energy shoulders. Such 

additional features are coming from a small coupling effect between the 2 particles. Their exact 

intensities and energies depend on the geometrical aspects (size, inter-particle spacing, rotation of the 

dimers with respect of the electron beam, substrate proximity, ...).47, 48  

For H-CeO2@Ag composites with large Ag particles (Fig. 7), in addition to the above plasmon 

modes, another mode appears at around 2.1 - 2.5 eV (spectrum 7). It was detected with a strong 

intensity at the corner between large Ag particle (> 20nm) and the ceria sphere surface. The 

resonance energies were also dependent on the geometrical parameters (Ag size, contact angles, ..) 

but stay in the above mentioned range. Such interface plasmon resonance between a plasmonic 

metallic particle and an oxide substrate with a high refractive index were reported in the case of 

silver 49 or gold 32 particles on titania. Both works indicated that the hot spot at the interface region 

can be strongly red shifted with respect to the metal resonance. The size-dependence on the metal 

particle of the light intensity enhancement was also theoretically reported by Wei et al.32 A similar 

interfacial effect is then expected for silver particles on ceria (refractive index n: 2.2–2.8) and 

explain the strong resonance at the corner.

Accordingly, the promising SERS effect can be explained by two mechanisms. The first 

mechanism is the plasmonic features of the composites. The EELS analysis demonstrates that small 

Ag NPs can have a hot-spot with proper inter-particle spacing for good SERS activity. It also shows 

that large silver particles can have an interfacial plasmon mode with the ceria whose resonance 

energy (2.1 - 2.5eV) is in the excitation laser energy range (2.33 eV) and in the absorption energy 

ranges of the rhodamine (ca. 2.3 eV). Those two combined plasmonic effects result in an immense 

enhancement in the Raman scattering signals. In sample IV, the Ag particle coverage seems optimum 

to obtain the benefit of the two plasmonic effects. 

The other mechanism is the composites morphology made of a supporting hollow ceria sphere. 

Such a hollow structure provides buoyant ability and the wide size distribution improves dispersion 

in solution, both results in contact probability enhancement with the molecule. This concept, called 
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lab-on-a-bubble (LoB), was already reported in order to overcome the poor reproducibility of mobile 

NPs, which is due to the Brownian motion of nanoparticles in solution.33, 44 It was based on 

low-density microspheres that utilize buoyant force to drive assay separation. Carron et al. showed a 

promising SERS effect in hollow buoyant SiO2 microspheres.33 In this study, a different type of 

buoyant substrate was demonstrated.

Conclusion

This study demonstrated a new composite with RTFM and distinguished SERS effect. Hollow 

CeO2-Ag core-shell structure composite, H-CeO2@Ag, was synthesized successfully using a 

two-step process. The hollow CeO2 sphere diameter ranges from 100 nm to 2 m, while the shell 

thickness is about 30 nm. Ag NPs with sizes varying from 5 to 50 nm were deposited 

homogeneously onto the surface of CeO2 spheres. The Ag deposition process results in Ce3+ 

aggregation that lead to FM enhancement.

The micro-feature of Ag NPs on CeO2 spheres satisfies the criteria of silver based NPs hot-spots 

and also induces a new plasmon mode at the interface, showing that all H-CeO2@Ag samples 

provided enhanced SERS effect. With optimum size and inter-particle spacing of Ag NPs, the 

detection limit was found to be as high as 110-14 M with the EF was 4.8×1011. The 

multifunctionality of these composites provides applications in biosensors, electric devices, 

photocatalytic cells and photo detectors.
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Figure 1. (a) TEM image of CeO2 sphere and its diffraction pattern (inset). (b) TEM image of cross 
section and size distribution of CeO2 sphere (inset). (c) High-resolution TEM image of CeO2 NPs 
and the cross-sectional image of CeO2 shell (inset). (d) STEM/HAADF (upper) and EELS mapping 
of Ce3+ of H-CeO2 (lower), the spectra of position 1, 2 and 3 are plotted in (e). The intensity profile 
of Ce3+ is shown in (f). 
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Figure 2 (a) XRD spectra of H-CeO2@Ag sphere with different Ag/Ce ratio. TEM images of sample 
II (b), IV (c) and V (d) demonstrate that the amount and distribution of Ag on CeO2 varies with 
concentration. (e) HR-TEM image shows clear interface between Ag and CeO2 sphere. The average 
size and inter-particle spacing of Ag NPs is shown in (f) and (g). The calculated coverage ratio of Ag 
on CeO2 sphere is plotted in (h).
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Figure 3. (a) STEM/HAADF of H-CeO2 @Ag, (b) Ce M –edge EELS spectra acquired from position 
1 to 3 as indicated in (a). (c) EELS mapping of Ce3+ of figure (a), the intensity profile of Ce3+ of line 
A and B are plotted in (d). 
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Figure 4 (a) Raman measurement of Ag deposited CeO2 hollow spheres with different Ag/Ce mole 
ratio. The fitting value on D/F2g and ID1/ID2 are plotted in (b) and (c).
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Figure 5. (a) M-H curve of samples I, III, IV, V, and bare Ag. (b) Comparison of the increment of 
Ms, interface area between Ag and H-CeO2@Ag, and weight ratio of Ag/H-CeO2@Ag with changing 
the Ag/Ce mole ratio. 
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Figure 6. (a) Illustration of measure process of H-CeO2@Ag composites. (b) SERS spectra of 10-6 M 
R6G on the sample IV and a logarithmic plot of R6G concentration vs. signal intensity for the band 
at 1663 cm-1 (inset).
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Figure 7. (a) STEM/HAADF image of H-CeO2@Ag composites with small Ag particles on its 
surface. (b) EELS spectra of different position as indicated in (a). . The EELS intensity spatial 
distribution for two energy windows: (c) is obtained from 3 to 3.3 eV and (d) is obtained from 4 to 
4.3 eV. (e) STEM/HAADF image of H-CeO2@Ag composites with large Ag particles on its surface. 
(f) EELS spectra of different position as indicated in (e).The EELS intensity spatial distribution for 
different energy windows. (g) is obtained from 3 to 3.3 eV, (h) is obtained from 4 to 4.3 eV, and (i) 
is obtained from 2.1 to 2.4 eV.
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