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Abstract. Nano-structured ceria was synthesized by using sol-gel and hydrothermal techniques. 

Prior to measurements by Raman spectroscopy, the prepared ceria was dispersed onto glass 

substrates by spin-coating, and this was followed by the deposition of gold nano-particles onto 

the surface of the ceria by direct current magnetron sputtering. The F2g Raman peak, oxygen 

vacancy and longitudinal optical modes of ceria were successfully observed with visible 

Raman laser excitation wavelength of 532 nm at non-resonance Raman conditions. The surface 

oxygen adsorption on ceria surface was also detected. The F2g Raman peaks of ceria for all of 

the samples were red-shifted because of the nano-crystalline structure and strain effect on the 

samples. In the case of the hydrothermally processed gold coated ceria, the F2g Raman peak 

was further red-shifted to 451 cm
-1

 because of temperature effect and anharmonicity, and the 

peak intensity was also found to be enhanced by at least one order of magnitude (x13). This 

increase in peak intensity was attributed to the electrical field enhancement via localized 

surface plasmon resonance of the gold nano-particles. 

1. Introduction 

Cerium dioxide (ceria, CeO2) has been widely known to have variations of defects in its lattice 

structure. The energy calculations show that these defects can be allocated into four particular groups 

and these are; (a) oxygen vacancy site, (b) anion Frenkel pairs, (c) interstitial sites, and (d) Schottky 

disorders [1-3]. Amongst these defects, the most attractive to our work is the oxygen vacancy site (i.e. 

one of the lattice position experience an oxygen atom lost) which are essential for oxygen storage [4, 

5], oxygen reduction[6], water splitting [7-10], thermal conductivity [11] and carbon monoxide 

oxidation [12, 13] applications.  

UV Raman spectroscopy has been extensively used to identify oxygen vacancy site in ceria 

because of the strong absorption of UV light and the effect of Raman resonance which provides high 

probing sensitivity [14-16]. The UV excitation activates overtone bands of second-order longitudinal 

optical (2LO) mode of ceria which are caused by multi-phonon excitation at resonance. The 
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observations of oxygen vacancy and 2LO mode are rarely reported in visible Raman spectroscopy 

because of the weak absorption and non-resonance Raman conditions.  

However, in this study, by dispersing ceria on glass substrates, prominent Raman spectra of ceria 

oxygen vacancy and 2LO were observed. In addition, ceria was synthesized by using two different 

techniques, i.e. sol-gel (SG) and hydrothermal (HT) for comparison purposes. Besides, in order to 

study the effect of gold on the Raman spectra of ceria, gold nano-particles (NPs) were deposited on 

top of ceria by sputtering method. A finite element method was performed to demonstrate the 

electrical field intensity distribution of ceria with gold NPs. Crystal structure, surface morphology, and 

optical properties of the samples were also investigated. 

2. Experimental Section 

2.1.  Preparation of Ceria by Sol-Gel (SG) Method 

Cerium (III) nitrate hexahydrate (Ce(NO3)3.6H2O, 98%) and ethanol (C2H5OH, absolute, 99.9%) from 

Merck Millipore were used in the sol-gel method for the synthesizations of ceria. Initially, an aqueous 

solution was prepared by dissolving 5 g of Ce(NO3)3.6H2O in 10 ml of ethanol inside a beaker. Then, 

the beaker was covered with aluminium foil. The solution was continuously stirred for 20 h in ambient 

atmosphere. A small portion of the solution was dropped onto a flat glass substrate and heated in air at 

100 °C for 1 h and 150 °C for 20 min on a hot plate. As a result, chalky foam was produced which was 

then dried at 150 °C for 1 h and 250 °C for 10 min. In order to obtain the powder, the dried foam was 

crushed by using an agate mortar and pestle. Finally, the powder was calcined at 500 °C for 1 h 

(2 °C/min). The powder was labelled as ceria-SG. 

2.2.  Preparation of Ceria by Hydrothermal (HT) Method 

In this method, cerium (III) nitrate hexahydrate (Ce(NO3)3.6H2O, 98%) and sodium hydroxide (NaOH, 

93.0%, Merck Millipore) were used for the ceria production. At first, 7.282 g of NaOH was dissolved 

in 30 ml of distilled water. Then, 0.746 g of Ce(NO3)3.6H2O was added into the solution and stirred for 

30 minutes. The solution with the precipitate was then transferred to an autoclave and heat-treated at 

100 °C for 24 h. As the autoclave was cooled down to room temperature, the excess solution was 

poured off to retrieve the solid. It was filtered and washed with distilled water until neutral pH was 

reached, and finally dried at 100 °C for 24 h. The solid was in the form of powder and labelled as 

ceria-HT. 

2.3.  Deposition of Gold NPs onto Ceria Surfaces 

The prepared ceria-SG (50 mg) was ultrasonicated in ethanol (5 ml) for 30 min (step 1). The 

suspension (0.1 ml) was then dropped onto cleaned soda lime glass substrate (step 2) and spin-coated 

for 1 min at spinning rate of 2000 r.p.m (step 3). The dispersed ceria was left to dry for 1 min (step 4). 

These steps (2-4) were repeated for 3 times on the same surface. The same procedure was also 

employed for ceria-HT. All of the dispersed ceria on the glass substrates was dried in an oven at 

100 °C for 4 h. Gold was then deposited onto the surface of ceria via direct current (DC) magnetron 

sputtering technique (SPI Module, Sputter Coater) at DC supply of about 7.0 – 9.0 mA and pressure of 

10
-1

 Torr at room temperature with deposition time of 90 s. The samples were named as gold-ceria-SG 

and gold-ceria-HT, respectively.  

2.4.  Sample Characterization 

X-ray diffraction (XRD-7000, Shimadzu) was used to analyze the crystal structure of the samples with 

monochromatic high-intensity CuKα (λ=1.54056 Å) radiation operated at 40 kV and 30 mA. The 

samples were scanned at a rate of 2°/min in the range of 2θ = 10–80° and at incident angle of 1.0°. A 

JEOL JSM-7610F field emission scanning electron microscopy (FE-SEM) was used to obtain the 

image of the surface of the sample. The images were captured at magnifications of x50,000 with an 

accelerating voltage of 5.0 kV and 7.0 kV. The measurements of optical absorbance of the samples 
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were conducted by using a UV-Vis-NIR spectrophotometer (CARY 5000) in wavelength range of 300 

nm to 800 nm. Moreover, a confocal micro-Raman spectrometer (CRM200, WITec) with a 

semiconductor laser excitation of 532 nm at 30 mW was used to record the Raman spectra of the 

samples at room temperature. A computational simulation by using finite element method (FEM) was 

conducted [17-20].  

3. Results and Discussion 

3.1.  XRD and FE-SEM Analysis of Ceria and Gold NPs 

The XRD patterns of dispersed ceria coated with gold NPs on glass substrates are presented in Fig.1. 

All samples indexed to the CeO2 with cubic fluorite structure, as certified with the standard ICDD: 

card no. 00-043-1002. The diffraction peaks of ceria at 2θ: 28.6° (111), 32.6° (200), 47.6° (220) and 

56.3° (311) were identified for ceria-SG and gold-ceria-SG. In the case of ceria-HT and gold-ceria-HT, 

the diffraction peaks were at 2θ: 28.6° (111), 32.7° (200), 47.4° (220) and 56.4° (311). The diffraction 

peaks of gold appeared at 2θ: 37.9° (111), 44.1° (200) and 64.5° (220) for gold-ceria-SG and at 2θ: 

38.1° (111) for gold-ceria-HT (standard ICDD: card no. 00-004-0784). Based on Scherrer equation 

and line broadening, the average crystallite size of ceria for ceria-SG, gold-ceria-SG, ceria-HT and 

gold-ceria-HT were approximated to be 13.2 nm, 13.5 nm, 12.9 nm and 12.7 nm, respectively. The 

estimated average crystallite size of gold was 32.3 nm and 64.6 nm for gold-ceria-SG and gold-ceria-

HT, respectively.  

 
Figure 1. X-Ray Diffraction patterns of: ceria-SG (black); gold-ceria-SG (red); ceria-HT (green); 

and gold-ceria-HT (blue). 

 

 
Figure 2. FE-SEM images of: [A] ceria-SG; [B] gold-ceria-SG; [C] ceria-HT; and [D] gold-ceria-

HT. 
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The FE-SEM images of the samples are displayed in Fig.2. The images show the surface 

morphology of the dispersed ceria. The ceria-SG (Fig.2(A)) has different surface morphology than the 

ceria-HT (Fig.2(C)). No distinct profile was observed for the surface of ceria-SG, while ceria-HT was 

found to be in cauliflower-like surface. In general, metal was found to nucleate in the oxygen vacancy 

sites in fluorite structure [21]. Moreover,  high concentration of oxygen vacancies contributes to the 

high dispersion of gold [22] that leads to the formation of smaller gold NPs. Thus, in this work, the 

average crystallite size of gold for gold-ceria-SG (32.3 nm) was smaller than that of gold-ceria-HT 

(64.6 nm). 

3.2.  UV-Vis Absorbance and Raman Spectra Analysis of Ceria and Gold NPs 

The absorption spectra of the samples in the range of 300 nm to 800 nm are presented in Fig.3. Ceria 

coated with gold NPs showed an increase in the absorption compared to un-coated ceria. Furthermore, 

the absorption of ceria-SG and gold-ceria-SG (Fig.3(A)) was higher than the ceria-HT and gold-ceria-

HT (Fig.3(B)). Despite of the low absorption of ceria-HT, it showed an increase in absorption in the 

visible range (grey region) due to gold-ceria interactions [23]. 

 

Figure 3. UV-Vis absorption spectra of: (A) ceria-SG (black); gold-ceria-SG (red); and (B) ceria-

HT (green); gold-ceria-HT (blue). 

 

Fig.4 shows the Raman spectra of the samples measured at laser excitation wavelength of 532 nm 

with power of 30 mW. In Fig.4(A), the Raman spectra of ceria-SG showed several Raman peaks 

centered at 461 cm
-1

, 558 cm
-1

, 783 cm
-1

 and 1098 cm
-1

, whereas peaks for gold-ceria-SG were at 457 

cm
-1

, 557 cm
-1

, 781 cm
-1

 and 1100 cm
-1

. These Raman peaks have been corresponded to the first-order 

F2g Raman mode for cubic ceria [24], oxygen vacancy defects (D) [25], surface oxygen adsorption [15] 

and second-order longitudinal optical (2LO) mode [14, 26], respectively. In the case of ceria-HT as 

shown in Fig.4(B), the peaks were at 457 cm
-1

, 555 cm
-1

, 785 cm
-1

, and 1098 cm
-1

, while peaks for 

gold-ceria-HT were at 451 cm
-1

, 567 cm
-1

, 763 cm
-1

 and 1101 cm
-1

. In this study, visible Raman laser 

was used to reveal the oxygen vacancy and 2LO spectra. This could be made possible because of the 

dispersion of ceria on the glass substrate which increased the exposure of the oxygen vacancy site and 

allowed the activation of the 2LO Raman mode. Hence, this method could improve the detection 

sensitivity of visible Raman spectroscopy of ceria. 

The F2g Raman peak, full-width half maximum (FWHM), intensity, as well as, the defects (D) peak 

(oxygen vacancy) of the samples are tabulated in Table 1. In general, the F2g Raman peak of bulk ceria 

has been reported to be at 464 cm
-1

[27]. Nonetheless, all of the samples showed a decrease (red-shift) 

in the F2g Raman peak of ceria. This has been attributed to the nano-structured ceria and strain effects 

[28]. In addition, the further red-shift of the F2g Raman peak of ceria to 451 cm
-1

 for gold-ceria-HT 

(Fig.4(B)) was caused by temperature effects and anharmonicity [29], which originated from plasmon 

heating by localized surface plasmon resonance (LSPR) decay of the gold NPs [30]. Apart from that, 

there was a significant increase in the intensity of the F2g Raman peak of gold-ceria-HT when 
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compared to ceria-HT, i.e. from 259 a.u. to 3542 a.u. which was 13 times higher than ceria without 

gold NPs. The gold NPs amplified the Raman signals as a result of surface-enhanced Raman scattering 

(SERS) from the LSPR of gold NPs that occurred at the laser excitation wavelength of 532 nm. 

Furthermore, an increase in the absorption of visible spectra was observed, as shown in the grey region 

of Fig.3(B), where the Raman laser excitation wavelength of 532 nm was located. In contrast, there 

was no intensification of the Raman intensity of the F2g Raman peak for gold-ceria-SG. This might be 

due to the size of the gold NPs which were not favorable for LSPR to occur. 

 

Figure 4. Raman spectra of: (A) ceria-SG (black); gold-ceria-SG (red); and (B) ceria-HT (green); 

gold-ceria-HT (blue). 

 

Table 1. Average Crystallite Size, F2g Raman Peaks and Intensities, D Raman Peaks and Intensities, 

and Estimated FWHM Of The Samples. 

Sample 

CeO2 

Crystallite 

size (nm) 

Au 

Crystallite 

size (nm) 

F2g Raman 

Peak 

( cm
-1

) 

F2g 

FWHM 

(cm
-1

) 

F2g Raman 

intensity 

(a.u.) 

D Raman 

Peak 

(cm
-1

) 

D Raman 

intensity 

(a.u.) 

Ceria [SG] 13.2 - 461 25.3 296 558 188 

Gold-ceria [SG] 13.5 32.3 457 36.7 241 557 176 

Ceria [HT] 12.9 - 457 36.7 259 555 132 

Gold-ceria [HT] 12.7 64.6 451 29.5 3542 567 - 

3.3.  Finite element method simulation 

In order to analyze the existence of the enhanced electrical field (E-field) intensity distributions 

(Fig.5(A)), and the surface charge densities (Fig.5(B)) contributed by the gold NPs from gold-ceria-

SG (32.3 nm) and gold NPs from gold-ceria-HT (64.6 nm) at the excitation wavelength (λ) of 532 nm 

with x-polarization, computational simulations were performed by using the finite element method 

(FEM) with perfect matched layers on the top and bottom surface of the unit cell. The imaginary 

dielectric constant of gold will give a negative damping effect to the LSPR and the gold permittivity 

data cited in [31] was used. It could be seen that the enhanced E-fields and surface charges could be 

excited around the gold NPs and the interface between gold NPs and ceria, which is caused by the 

LSPR effects [18, 32, 33]. Moreover, the E-field enhancement could also be attributed to gap plasmon 

resonance (GPR) [19, 34, 35]. Note that the different in the charge pair configuration (Fig.5(B)) is due 

to different resonant mode arising from different incident resonant wavelength. In addition, the E-field 

intensity distribution obtained from larger gold NPs (Fig.5(A,ii)) was higher than that of the smaller 

gold NPs (Fig.5.(A,i)). This is because of the existence of more charge pairs and hence their higher 
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density distribution on the surface of the larger gold NPs (Fig.5(B,ii)). Thus, this E-field enhancement 

leads to the surface-enhanced Raman scattering (SERS) which is responsible for the intensification of 

ceria F2g Raman peak of gold-ceria-HT sample. 
 

 

Figure 5. Calculated E-field intensity distributions of gold NPs on ceria for gold-ceria-SG (A,i) 

and gold-ceria-HT (A,ii); surface charge densities of gold NPs on ceria for gold-ceria-SG (B,i) and 

gold-ceria-HT (B,ii), excited by an incident light with linearly polarized plane wave (λ= 532 nm). 

4. Conclusion 

In this study, visible Raman spectroscopy with laser excitation wavelength of 532 nm was 

demonstrated to detect the F2g Raman peak, oxygen vacancy, oxygen adsorption as well as 

longitudinal optical mode of ceria prepared by sol-gel and hydrothermal techniques. The dispersion of 

ceria onto glass substrates assisted in revealing these peaks in non-resonance Raman conditions. 

Furthermore, the F2g Raman peaks of ceria were red-shifted because of the nano-structured ceria and 

strain effect. The additional red-shift of ceria prepared by hydrothermal method demonstrated 

temperature effect and anharmonicity originated from plasmon heating via LSPR decay of gold NPs. 

Besides, the observation of E-field enhancement attributed to LSPR effect which caused SERS 

produced a significant amplification of the F2g Raman peak of ceria.  
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