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Research highlights 

 Hierarchical 3D structures of CeO2:Eu3+ phosphors were prepared by ultrasonication. 

 Visualization of LFPs on various surfaces was studied systematically. 

 Photometric properties exhibit warm and intense red colour with high purity emission.  

 Compounds were useful in optoelectronics, forensic and photocatalysis applications. 

 

Abstract 

Novel CeO2:Eu3+ (1-9 mol %) nanophosphors (NPs) with flower-like hierarchical structures 

and controlled shape and size were effectively synthesized by hydrothermal method using 

Epigallocatechin gallate (EGCG) as bio-surfactant.   Optimized NPs was explored as an 

effective labeling agent for visualization of latent fingerprints (LFPs) on different porous and 

non-porous surfaces. Visualized fingerprints (FPs) revealed first, second and third-level ridge 

particulars with high contrast, high selectivity and low background interference.  X-ray 

photoelectron spectral studies (XPS) evident that the presence of oxygen vacancies 

responsible for the surface modification of these superstructures. The induced oxygen 

vacancies were also strongly influenced the photoluminescence (PL) properties of the 

prepared samples.  3D flower-like hierarchical architectures were explored by tuning 

different experimental parameters. Growth mechanism of 3D architectures developed through 

two dimensional (2D) flakes involves nucleation, growth, Ostwald ripening and 

recrystallization. The photometric properties evident that, the prepared samples exhibit 

intense red color with color purity ~ 80 %. Investigation on visible light photocatalytic 

degradation of methylene blue (MB) has been examined using these powders. Results 

discussed were noteworthy for exploring these phosphor materials in multi-functional 

applications such as optoelectronics, forensic and photocatalysis applications. 

 

Keywords: Hydrothermal synthesis; oxygen vacancy; 3D flower like architectures; latent 

fingerprints; photocatalysis. 

 

1. Introduction 
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Fabrication of 3D nano/micro hierarchical morphologies including flowers, spheres, fishbone, 

octahedron and others with controlled size, shape and surface functionalities offers numerous 

interests for scientific community because of their outstanding physical and chemical 

properties [1-3].  From the past few years, fabrication of hierarchical structures by solution 

based chemical methods significantly recognized due to its capacity to fabricate variety from 

metals to semiconductors to metal oxide nanocrystals.  Since the solution assisted fabrication 

techniques afford a soft chemical approach where the reactions were carried out at low 

temperatures (< 250 °C) with the defined control over nucleation and its growth [4, 5]. This 

offers high purity, homogeneous and large scale fabrication of anisotropic architectural 

building blocks. In addition, nanoscale dimensional materials can be explored by the efficient 

and cautious control of thermodynamic parameters and growth kinetics in liquid media by 

choosing appropriate surfactants or catalyst additives, reaction solvents and ligands [6]. 

Over past two decades, nanoscience and technology finds wide range of benefits in 

the area of surface based science due to its nano size and high surface area. This offers new 

potentials in surface-based science comprising of visualization of LFPs [7, 8]. FPs were 

considered as major physical evidence for identification of individuals in a crime spot 

investigation. During investigation, usually impression, patent and LFPs were observed. 

Amongst, LFPs were the most regular at crime scenes and were invisible to human eye [9]. 

Therefore, to make them visualize several techniques including, powder dusting, 

cyanoacrylate fuming, ninhydrin method, 1, 8-Diazafluoren-9-one method, silver nitrate 

method, and small particle reagent method, were the most extensively used methods due to 

simple experimental procedure, efficiency and sensitivity. However, many researchers have 

made several attempts to visualize LFPs which will assist for advanced forensic 

investigations and to boost the success rate [10]. To overcome from these complications, 

fluorescent labeling powders were considered to be most efficient and significant agents for 
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visualize LFPs on both porous and non-porous surfaces owing to their distinctive optical and 

chemical properties [11, 12]. These labeling powders exhibit several benefits namely smaller 

crystallite size, exceptional photo- chemical stability, enhanced luminescence property, 

morphological variations and low toxic nature. 

Human safety and standards, environmental problems concern several scientific 

features were still considered as foremost issues. Dyes from the textile industries were 

considered as a major organic pollutant in environment because of the presence of highly 

toxic nature and low resistance to bio-degradation materials [13, 14]. Removal of toxic dyes 

from waste water, numerous efforts have been made to overcome such ecological issues 

seems frontward for the clean and healthy environment. Among the many methods, inorganic 

NPs were new approach for heterogeneous photocatalysis and offer much interest for 

research fraternity to many air pollutants as well as industrial waste water treatments owing 

to their high effectiveness, simple and economical benefits [15]. Therefore, many attempts 

have been made by the researchers to explore novel visible light and UV motivated 

photocatalysts by utilizing economical and vast solar energy [16, 17].  

The rare earth based CeO2 oxides were attracted much for the past few decades due to 

their wide spread applications namely solid oxide fuel cells, dye removal treatments, 

polishing materials, electrode materials for gas sensors, oxygen storage capacity and effective 

radio protectants for radiation therapy [18-21]. Owing to its remarkable applications, many 

efforts have been attempted in the fabrication of CeO2 NPs with hierarchical architectures 

including nanorods, nanotubes, nanowires, nanoplates, nanobelts and etc., by various 

chemical and physical routes [22-26]. However, the fabrication of 3D hierarchical CeO2 

structures was rarely accounted. Controlled 3D crystal growth in liquid media phase was 

much difficult as compared to other methods. This arises due to the fact that the cubic CeO2 
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does not exhibit intrinsic driving force for 3D growth this leads to the fabrication of 

controlled 3D CeO2 hierarchical structures creates new avenue to researchers. 

In the present work, fabrication of controlled 3D flower-like hierarchical CeO2:Eu3+ 

structures by hydrothermal method using Epigallocatechin gallate (EGCG) as a surfactant 

was reported. Optimized photometric sample was explored as a labeling agent to visualize the 

LFPs on various porous and non-porous surfaces. Further, the visible light driven photo 

degradation properties of CeO2:Eu3+ (3 mol %) NPs on MB dye was extensively investigated. 

2. Experimental and Characterization 

Fresh tea leaves were collected from tea gardens in the region of Ooty, Tamilnadu, India 

(11.4064° N, 76.6932° E ) and washed several times under running water and then dried in an 

oven at 60 oC. The dried tea leaves were crinkled in an electric blender and then sieved. The 

extraction was achieved in 250 ml Erlenmeyer flask by mixing 100 ml of 10 % ethanol and 5 

gm of dried tea leaves powder. Extraction was done in a water bath at a temperature of 60 oC. 

The extract was separated by filtration and placed in an oven at temperature of 40 oC. 

The CeO2:Eu3+ (1-9 mol %) NPs were synthesized by hydrothermal route by using 

EGCG as a surfactant. About 1 mM Cerium (III) nitrate hexahydrate [Ce(NO3)3·6H2O] and 

different concentrations of Europium(III) nitrate pentahydrate [Eu(NO3)3·5H2O] were 

thoroughly mixed with 20 ml distilled water using magnetic stirrer for ~ 20 min. 

Subsequently, 5 %W/V of EGCG and 15 ml of ethanol was added to form the precursor 

solution. The resultant solution was transferred to a 100 mL Teflon-lined stainless steel 

autoclave, sealed and maintained at various temperature (120, 140, 160 and 180 oC). The 

experiment was repeated for various reaction time (2, 4, 6, 8, 10 and 12 h) and concentration 

of EGCG (5, 10, 20 and 30 %W/V). The final precipitates were separated by centrifugation, 

washed several times using ethanol and dried in vacuum at 80 °C for 6 h. Fig.1. Shows the 
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pictorial representation of hydrothermal synthesis of CeO2:Eu3+ (1-9 mol %) NPs using 

EGCG as a surfactant. 

Crystallinity of the prepared samples were estimated using powder X-ray 

diffractometer (PXRD, Shimadzu 7000) with Cukα (1.541 Å) radiation. The morphology of 

the samples was observed on a Hitachi table top, Model TM 3000 scanning electron 

microscopy (SEM). Transmission electron microscopy (TEM) was performed on a Hitachi H-

8100 accelerating voltage up to 200 KV, LaB6 filament equipped with EDS (Kevex sigma 

TM Quasar, USA). The JobinYvon Horiba LABRAM-HR-Visible micro Raman system was 

used for Raman studies with He-Ne laser (~ 632.8 nm) as the source. The chemical 

composition was determined by X-ray photoelectron spectroscopy (XPS) using a PHI 5300 

with a monochromatic Aluminum source. The UV-Visible absorption/reflectance of the 

samples was recorded on Perkin Elmer (Lambda-35) spectrometer. For PL studies Jobin 

Yvon Spectrofluorometer Fluorolog-3 was used with 450W Xenon lamp as an excitation 

source.   

The eccrine LFPs on various surfaces including porous and non-porous surfaces 

including, glass, aluminium foil, stainless steel, plastic sheet, wooden floor and different 

color background papers were collected from healthy donor. Before impression, the hands of 

the donor were thoroughly washed with soap and dried. Afterwards, the fingers were pressed 

against various surfaces to get LFPs. Then, the optimized CeO2:Eu3+ (3 mol %) NPs was 

stained on the LFPs by using soft feature brush with smooth brushing method. Finally, 

developed FPs were visualized under UV 254 nm light by using a Nikon D3100/AF-S Nikkor 

50 mm f/2.8G ED lens digital camera. The superiority of enhanced FPs on various porous 

and non-porous surfaces was evaluated by using Bandey scale developed by UK Home 

Office [27]. This five point scale system was extensively used to estimate the quality of FPs 
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only in research circumstance not in legal procedures (Table.1). According to Bandey system, 

grade 3 or grade 4 FPs were considered for explicit identification of individuals. 

In the photocatalytic study, MB dye was used as an organic pollutant in water. The stock 

solution of MB dye and catalyst (20-180 mgL-1) was prepared using double distilled water. 

The prepared MB dye and the catalyst solution was added in a circular glass reactor, stirred 

magnetically to get homogeneous solution and exposed to visible light. The experiment was 

carried out under ambient condition in between 12 to 2 pm (month of April, Bangalore) with 

latitude and longitude of 12.60N and 77.31E respectively. By using appropriate setup, the 

normal light was concentrated onto a reactant solution. Before carrying out the experiments, 

the reactant solution was kept under dark to obtain balance adsorption and desorption 

equilibration of the system so that the loss of dye due to adsorption can be taken into account. 

The experiment was repeated for various concentrations of catalyst and time period. Finally 

the suspension was centrifuged and analyzed for adsorption of dye before and after visible 

light illumination.  

3. Results and Discussion 

The PXRD patterns of pure and CeO2:Eu3+ (1-9 mol %) NPs prepared at ~ 180 oC for 12 

h with 30 %W/V of EGCG was shown in Fig.2 (a). All diffraction profiles were agreeably 

indexed to cubic fluorite structure of ceria with a JCPDS card No. 81-0792 and space group: 

Fm–3m (2 2 5) [28]. The sharp and intense diffraction peaks shows high degree of 

crystallinity of the samples. Further, no impurity peaks were detected, specifying that dopant 

Eu3+ concentration does not influence on phase and purity of the samples. The peak indexed 

with (111) shifts towards a lower angle side due to crystal lattice expansion after entry of 

Eu3+ ions into the crystal lattice. Further, the effect of Eu3+ substitution on the lattice 

parameter and highest peak positions was shown in Fig.2(c & d). From the figure, it was 

evident that the lattice parameter as well as the highest peak position varies linearly with the 
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addition of Eu3+ ion concentration. The average crystallite size of the prepared samples was 

estimated from both Scherrer’s relation and W-H plots method as per literature [29] and 

tabulated in Table 2. The W-H plots of CeO2:Eu3+ (1-9 mol %) NPs was shown in Fig.2 (b). 

The dislocation density (δ) and stacking fault energy (SFE) was estimated by using following 

relations; 
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A stacking fault was a disorder of the normal stacking sequence of atomic planes in a crystal 

structure which carries certain stacking-fault energy. The estimated dislocation densities and 

stacking fault energy were given in Table 2. 

Rietveld refinement was used to study the precise structural parameters by using 

FULLPROF software [30]. Fig.3 (a-e) shows the refinement of CeO2:Eu3+ (1-9 mol %) NPs 

and their corresponding parameters were listed in Table 3. It was evident from the table that, 

the substitution of Eu3+ ions concentration in the host can alter the lattice parameters from 

5.4222 to 5.4234 Å. The line mark and subordinate solid line represents the positions of 

Bragg reflections, observed and estimated intensities difference respectively. Generally, the 

least squares fitting method was utilized to best fit between observed and estimated 

intensities. In the present case, we work out Thomson–Cox–Hasting pseudo-Voigt peak 

profile function for best refinement [31]. The obtained values were well agreed with 

theoretical values. The quality of refinement values were verified by calculating GOF 

(goodness of fit) by considering the ratio of Rwp and Rexp. In the present studies, estimated 

GOF was found to be 1.06 which confirms authenticated fitting between experimental and 
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theoretical values. By utilizing refined values, packing diagram was drawn by using diamond 

software [32] (Fig.3 (f)). In a face centered cubic fluorite type CeO2 structure, each Ce atoms 

occupies corner of the cube and synchronized by eight closet-surrounding oxygen (O) atoms, 

whereas the 4 Ce atoms tetrahedrally co-ordinate with O atoms. And each oxygen ion has 

four ligancy of Ce cations. 

The 3D flower - like hierarchical nanostructures were achieved by altering the 

reaction time from 2 to 12 h. When the reaction time was 2 and 4 h, 2D randomly oriented 

sheet like morphology was observed (Fig.4 (a & b)). This may due to crystal splitting that can 

arises at the partial nuclei surface to form 3D structures. When the reaction time was 

extended to 6 and 8 h, various 2D sheets undergo self- assembly and to form flower - like 

structures were observed and depicted in Fig.4 (c & d). Here, flower-like structures were not 

well - oriented and they were in the primary stage of the growth. When the reaction was 

prolonged to 10 and 12 h, prominent 3D well oriented flower - like hierarchical 

nanostructures were observed in Fig.4 (e & f). The pictorial representation of probable 

growth mechanism of 3D hierarchical flower - like architecture was shown in Fig.4 (A-E). 

Fig.5 shows the schematic representation of the morphological modifications from 

irregular sheet to 3D flower - like hierarchical structures which include nucleation/growth, 

aggregation, self-assembly and Ostwald ripening was shown in Fig.5. Amongst, Ostwald 

ripening the self - assembly plays a vital role to form 3D hierarchical nanostructures at the 

initial stage. After nucleation, particles will grow and start attaching continuously and bond 

to the other surface in an oriented direction. During Ostwald ripening, tiny and unstable 

particles serve as sources for growth of large sized flakes with little surface energy. 

The effect of EGCG concentration on the morphology of the prepared product was 

extensively studied. Fig.6 (a-d) shows the SEM images of CeO2:Eu3+ (3 mol %) NPs 

prepared with different concentrations (5, 10, 20 and 30 %W/V) of EGCG extract with fixed 
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temperature and sonication time at ~ 180 oC and 12 h respectively. When the concentration of 

EGCG was ~ 5 and 10 %W/V, the disorderly arranged flake - like structures was observed 

(Fig.6 (a & b)). As the concentration of EGCG was increased to 20 - 30 %W/V, the growth 

inhibits in one particular direction and it leads to oriented growth of flakes to form   flower- 

like morphology (Fig.6 (c & d)). The pictorial representation of the proposed growth 

mechanism for the 3D flower-like hierarchical structures in the presence of a surfactant was 

shown in Fig.7. 

In the present work, we established that the reaction temperature plays a key role for 

flower - like architect of prepared product while optimized reaction parameters such as time 

and concentration of EGCG (12 h and 30 %W/V) were kept fixed. At 120 oC, randomly 

oriented rough surfaced flakes were obtained (Fig.8 (a)). When the reaction temperature was 

increased to 140 oC and 160 oC, self-assembled 3D flower like architectures were observed 

(Fig.8 (b & c)). Further, when the temperature was increased to 180 oC, flower - like 

structures with dense and thin petals was achieved (Fig.8 (d)). 

Fig.9 shows the TEM, HRTEM image and SAED patterns of the CeO2:Eu3+ (3 mol 

%) NPs.  As can be seen from the figure that the crystallites were almost flake - like 

morphology with size ~ 20 nm, which was in good agreement with PXRD results (Fig.9 (a)). 

The HRTEM image shows that the product was highly crystalline in nature (Fig.9 (b)) with 

the interplanar spacing (d) values ranges in between 0.28 - 0.30 nm (Fig. 9 (d)). SAED 

pattern confirms that, all the diffraction rings were well indexed with hkl plane numbers 

(Fig.9 (c)). 

Fig.10 (a & b) shows the Raman spectra of pure and Eu3+ (1-9 mol %) doped CeO2 

NPs and its enlarged portion. The spectra exhibit four characteristic modes at ~ 254, 460, 546 

and 612 cm-1 [33]. The mode at ~ 254 and 460 cm-1 were attributed to twice degenerated 2TA 

and first order F2g respectively. An F2g mode confirms the fluorite cubic structure of the 
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prepared samples and also signifies symmetrical stretching vibration of the CeO8 vibrational 

unit. A broad and asymmetric mode ~ 460 cm-1 was red shifted as compared to pure sample 

owing to oxygen defects, phonon confinement, size distribution, deviation in phonon 

relaxation and strain present in the sample [34, 35]. The other modes at ~ 546 and 612 cm-1 

were due to oxygen vacancies (intrinsic and extrinsic) defect. The relative intensities of 

Raman modes of at ~ 460, 546 and 612 cm-1 can be calculated from the relation [36]: 

 
g

RR

g FArea

AreaArea

F

vacanciesOxygen dopantOCe

22


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
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The rate of oxygen vacancies were estimated and given in Table 4. It was observed that, 

initially the rate of oxygen vacancies were more for pure sample as compared to doped CeO2 

NPs. Finally, the value diminished and reached an approximate balance with further increase 

in the Eu3+ dopant concentration. The variation in the value can be mainly attributed to the 

amount of the dopant. At the beginning, Eu3+ was introduced into bulk CeO2, and more 

extrinsic oxygen vacancies were achieved except intrinsic oxygen vacancies. Consequently, 

the rate of oxygen vacancies rapidly increased. When an excessive amount of the dopants 

was added, the oxygen vacancy concentration increased and eventually reached a steady 

plateau level in order to maintain electron neutrality of the system. The mode at ~ 612 and 

546 cm-1 were due to intrinsic and extrinsic oxygen vacancies respectively. The probable 

reaction for intrinsic oxygen vacancies [37] were followed as; 

222 CeOVVOCe ooCe   ------------------ (4) 

 iCeCe CeVCe ------------------- (5) 

ioo OVO   ----------------------- (6) 

Besides, the average crystallite size of the CeO2:Eu3+ NPs scale down to nano range, leads to 

more oxygen loss. The extrinsic oxygen vacancies were initiated owing to substitution of 
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Eu3+ ions into host Ce4+ site results in oxygen ions loss. The plausible reaction mechanism for 

extrinsic oxygen vacancies [38] was given by following reactions: 

  oooCeCe VxOxOxxEuCexOEuxCeOx
2

)
2
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2

2()1(
2

)1( 322
--------------- 

(7) 

where, 

CeEu ; occupancy of Eu ions in a Ce4+ site, 

oV ; O2- vacancy, CeCe ; remaining Ce4+ 

ions in the CeO2 host and oO ; oxygen present in the host lattice. The classification of the 

defects was estimated by using Raman spectra. The ~ 546 cm-1 vibration mode was due to 

association of extrinsic oxygen vacancies with dopant Eu3+ ions and was given by following 

reaction:  


 )( oCe VuE and x

oCe VuE )2(  --------------(8)  

 

The intensity at ~ 546 cm-1 vibrational mode does not exhibit any major variation, shows that 

incomplete dissociation of oxygen vacancies from defect cluster. It evident that, for higher 

dopant Eu3+ concentration would form composite arrangement of defects and entrap oxygen 

vacancies and hence mobile ions. In the other hand, mode at ~ 612 cm-1 was attributed to 

defect spaces which arises because of connection of intrinsic oxygen vacancies with reduced 

host cations. The variation of intensity at ~ 612 cm-1 mode can be revealed in terms of 

dissociation of oxygen vacancies from extrinsic vacancies cluster. 

Further, XPS analysis was performed in order to reveal the chemical composition and 

valence state of the chemicals in the synthesized samples. Fig.11 (a) shows the wide survey 

scan XP spectrum of CeO2:Eu3+ (3 mol %) NPs. The spectrum exhibits peaks C 1s, O 1s, Ce 

3d and Eu 3d at ~ 283, 526, 911 and 1165 eV respectively [39]. Among the carbon peak C 1s 

at ~ 283 eV was due to carbon dioxide contamination on the surfaces and also it was 

considered as a reference binding energy (Fig.11 (b)). The deconvolution spectrum of O 1s 

peak shows peaks at binding energy ~ 528, 531 and 532.4 eV which attributed to lattice 
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oxygen ions, absorbed oxygen and lattice oxygen ions in CeO3:Eu3+ NPs respectively (Fig.11 

(c)). The Ce 3d3/2, 5/2 spectra of CeO2:Eu3+ (3 mol %) NPs recorded between ~ 875 and 925 

eV was shown in Fig.11 (d). The spectrum enclosed v and u multiplets were attributed to the 

spin–orbit split 3d5/2 and 3d3/2 core holes. Each multiplet consists of several components and 

the highest binding energy components ''' and u''' (at ~ 897 and 915 eV) were due to 3d94f0O 

2p6 final state. The lowest energy components ', '', u' and u'' (at ~ 882, 885, 901 and 905 

eV) were attributed to 3d94f2 O 2p4 and Ce 3d94f1 O 2p5 final state. The peaks at ~ 1164 and 

1134 eV were related to the binding energy of Eu3+  3d3/2 and Eu3+ 3d5/2, which specified that 

Eu ions in the CeO2 lattices occurred in the trivalent form (Eu3+). These results suggest that 

the CeO2:Eu3+ NPs possess europium ions in the trivalent (3+) form, with small portion of 

Ce3+ ions [40-42]. 

 

The electronic band structure of CeO2 results due to the full Oxygen 2p orbital and 

empty Cerium 5d orbital forms the valence band and conduction band respectively. Cerium 

4f orbital lies between these two orbital and above the Fermi level. In defect free material, 

Cerium 4f orbital was completely empty because all Ce were in +4 states. The Diffuse 

reflectance (DR) spectra for pure and the CeO2:Eu3+ (1-9 mol %) NPs was recorded in 

wavelength range ~ 200-1100 nm was shown in Fig.12 (a). The Kubelka-Munk (KM) 

function was utilized to estimate the energy band gap of the prepared samples [43]. The plot 

of F(𝑅)2 v/s energy (ℎ𝑣) was plotted, as shown in Fig.12 (b). Band edge of pure and 

CeO2:Eu3+ (1-9 mol %) NPs were estimated by extrapolating the curve F(𝑅)2 to zero [44]. 

The band edges measured by extrapolation and were listed in Table 2. Generally the 

deviation in the band edge or gap was related to certain factors i.e. variation in crystallite 

size, lattice parameter, oxygen vacancies etc. As can be seen from the table that, the lattice 

parameter ‘a’ was found to decrease in Eu3+ doped samples. Further, it was witnessed from 

PXRD studies that undoped sample has higher concentration of oxygen vacancies as well as 
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lattice parameter was found to be higher due to formation of Ce3+ ions. This higher value of 

lattice parameter leads as a result of the shift in the band edge towards higher values.  

Another mechanism which was associated to the observation of blue shift in band gap 

with decrease in particle size was due to quantum confinement effect [45]. This can be 

observed only if the nanoparticles size becomes comparable with the Bohr radius of the 

respective material. The Bohr radius for cerium oxide was ~ 9 nm [46]. Singh et. al has 

reported quantum confinement effect in CeO2 NP with particle size variation lying in the 

range ~ 3 - 5 nm [45]. In the present work, the average crystallite size of the prepared 

CeO2:Eu3+ (1 mol %) NPs was ~ 8.8 nm and lies well within the range where quantum 

confinement effects were expected. Sunekawa et. al. described the blue shift in CeO2 NP 

arises due to the charge transfer transition and was not due to the quantum size effect [46]. In 

their detailed study, they varied the particle size and smaller sized particle, the valence of Ce 

ions was found to be lower than +4. Hence, the extracted gap between the 2p (O) and 4f (Ce) 

states was found to increase with decreasing particle size with corresponding increase in Ce3+ 

concentration. So it can be concluded that the blue shift in the band gap of as-prepared 

sample can be due to the higher concentration of Ce3+ which was connected with higher 

concentration of oxygen vacancies and hence lattice expansion [47, 48]. 

The excitation spectrum of CeO2:Eu3+ (3 mol %) NPs under λemi= 611 nm, as shown 

in inset of Fig.13 (a). The spectra exhibits intense peaks at ~ 376, 417 and 447 nm were 

attributed to 7F0
5L7, 

7F0
5D3, and 7F0

5D2 transitions of Eu3+ ions in the CeO2 host 

respectively. Fig.13 (a) shows the PL emission spectra of CeO2:Eu3+ (1-9 mol %) NPs excited 

at 373 nm wavelength at room temperature (RT). The spectra displays a peak at ~ 592, 611 

and 630 nm were attributed to 5D0
7F1,

 5D0
7F2 and 5D0

7F3 4f6 configuration of Eu3+ ions, 

respectively [49]. However, the samples were excited at ~ 447 nm exhibits peaks at ~ 612, 

738 nm and broad peak at ~ 630-704 nm were attributed to 5D0
7F0, 

5D0
7F4 and 5D0

7F2 
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transitions, as shown in Fig.13 (b). Generally, various experimental parameters were more 

influenced on optical properties. The PL emission spectra of CeO2:Eu3+ (3 mol %) NP 

synthesized at various temperature (120, 140, 160 and 180 C) under 393 nm excitation 

wavelength, as shown in Fig13 (c). It can be observed from the figure that, when reaction 

temperature increases, PL intensity of the sample increases. At lower temperature, samples 

may contains optical quenching centers, which may degrade the emission intensity gradually. 

These quenchers get reduced significantly on increase of reaction temperature. Fig13 (d) 

shows the PL emission spectra of CeO2:Eu3+ (3 mol %) NP synthesized with various reaction 

time (~ 2, 4, 6, 8, 10 & 12 h) under λExci = 393 nm at RT. The spectra exhibit similar trend, 

however, overall emission intensity was observed to be enhanced in sample prepared with 12 

h reaction time due to increase in crystallinity of the prepared sample. The weak emission peak 

at 611 nm was due electric –dipole (ED) transition 5D0
7F2 which was hypersensitive in the 

host matrix. The intense emission peak at ~ 592 nm was assigned to 5D0
7F1 transition and 

ascribed to magnetic dipole (MD) transition which was insensitive to site symmetry. 

Asymmetry ratio (A21) between ~ 611 nm (5D0
7F2) and ~ 592 nm (5D0

7F1) was used to 

determine the host structures and was calculated by following equation [50]; 
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where, I1 and I2; intensity at 611 nm and 592 nm respectively. Generally, the higher value of 

A21 explains the occupancy of Eu3+ ions in a host site with a low symmetry and without an 

inversion center. The plot of A21 v/s dopant Eu3+ ions concentration was shown in Fig.13 (e). 

It was clearly apparent that, the value of A21 decreases upto 3 mol % and thereafter it 

increases linearly as concentration of Eu3+ ions increases. This evident that the substitution of 

dopant Eu3+ ions in a CeO2 host would changes the host structure. The dopant Eu3+ ions 

positioned with inversion site symmetry when the lower concentration of Eu3+ ions, while at 
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higher concentrations, majority of dopant ions reside in without inversion site symmetry. The 

host CeO2 was a face centered cubic fluorite type structure with an Fm-3m space group. In a 

typical structure, Ce atoms occupies corner of the cube and synchronized by eight closet-

surrounding oxygen (O) atoms, whereas the 4 Ce atoms tetrahedrally co-ordinate with O 

atoms. The effect of dopant Eu3+ on CeO2 unit cell was shown in Fig.14. In the prepared 

samples, dopant Eu3+ ions were replaces the Ce4+ ions at the corners of the unit cell. Due to 

different cationic charge, oxygen vacancies were created to stabilize the charge dissimilarity. 

Usually, oxygen vacancies choose adjacent neighbor (AN) or next adjacent neighbor (NAN) 

sites of the dopant ions. As per literature survey, dopants having higher ionic radii as 

compared to Ce4+ ion would drive oxygen vacancies to NAN site and hence RE ions retain 

Oh symmetry of cubic Ce4+ sites. At lower concentrations of Eu3+ ions, creation of oxygen 

vacancies were less and symmetry of a host was not much influenced. While at higher 

concentration, number of oxygen vacancies was higher and leads to creation of new 

surrounding in the CeO2 host. The new nearby environment perturbs the symmetry of the 

host. With further increase of Eu3+ ions concentration, any Eu3+ ions resides in the host sites 

with a low symmetry and without an inversion center, which alters the emission spectra. The 

effect of dopant Eu3+ ions on emission intensity at ~ 592 nm under 373 nm excitation 

wavelengths was shown in Fig.13 (e). It reveals that, the PL emission intensity increases up 

to 3 mol % of Eu3+ and afterwards diminishes linearly due to self-concentration quenching 

which attributed to transfer of energy among dopant Eu3+ ions in host material. Determination 

of interaction mechanism between dopants which usually arises due to exchange interaction, 

radiation re-absorption or a multiple –multiple interaction was a probe to self-concentration 

quenching nature. In view of this, it was essential to estimate the critical distance (Rc) 

between two adjacent Eu3+ ions as suggested by Blasse and was given by following relation 

[51]; 
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where, V; unit cell volume, Xc; critical concentration of Eu3+ ions and N; number of 

crystallographic sites per unit cell. In the present case, calculated value of Rc was found to be 

~ 10.23 Ǻ. According to literature, the value of Rc between neighbor dopant ions was less 

than 5 Ǻ which leads to exchange interaction. But in the present case, the estimated value of 

Rc was greater than the 5 Ǻ which indicates that exchange interaction was not responsible for 

energy transfer between Eu3+ ions. The overlapping of PL excitation and emission spectra of 

dopant and host was not observed which validate non-existence of radiation re-absorption. 

Therefore, the multiple –multiple interaction was mainly liable for non-radiative energy 

transfer between adjacent Eu3+ ions. According to Van Uitert’s theory, the type electric 

multipolar interaction was estimated by using the following relation [52]; 
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where, χ ; concentration of Eu3+ ions, Q ; a constant having values 3, 6, 8 and 10 indicates 

electric multipolar interaction, dipole – dipole (d - d), dipole – quadrupole (d - q) and 

quadrupole – quadrupole (q - q) interactions and K & β ; constants. The value of Q was 

estimated by logarithmic plot of (I/) v/s () and was depicts in Fig.13 (f). The figure clearly 

confirms that the plot was approximately linear and the value of slope was found to be ~ -

0.980. The obtained value of Q was found to be 7.66 and was almost equal to theoretical 

value 8 for the q - q interaction. This indicates that q-q interaction was main interaction 

mechanism which responsible for the concentration quenching in CeO2:Eu3+ (1-9 mol %) NP. 

Fig.15 (a) shows the Commission Internationale de L’Eclairage (CIE) diagram for 

CeO2:Eu3+ (1-9 mol %) NPs excited at 373 nm. Generally, the emission color of samples can 

be characterized by the chromaticity co-ordinates (x, y) [53, 54]. The CIE co-ordinates of 

CeO2:Eu3+ (1- 9 mol %) NPs were estimated using PL emission spectra and listed in Table.4. 
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It was observed from figure that, the CIE co-ordinates of CeO2: Eu3+ (1-9 mol %) NPs were 

located in the intense red region and tuning towards National Television System Committee 

(NTSC) standard values of pure red color (0.67, 0.33) region. The correlated color 

temperature (CCT) of CeO2: Eu3+ (1-9 mol %) NPs were calculated according to literature 

[55] and summarized in Table 5. The CCT diagram of CeO2: Eu3+ (1-9 mol %) NPs was 

shown in Fig.15 (b). The color purity of prepared NPs was also analyzed using the relation 

[56]; 

---------- (12) 

where, ( sx , sy ),( dx , dy ) and ( ix , iy ) ; the co-ordinates of a sample point, dominant 

wavelength and illuminant point respectively. The color purity of the synthesized samples 

were estimated and listed in Table 5. The above results indicate that the present phosphor 

may be quite useful for warm LED’s applications. Further, the quantum efficiency (QE) of 

the prepared products was calculated by the following relation; 
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where, Ec ; the integrated luminescence of the phosphor caused by direct excitation, Ea ; the 

integrated luminescence from the empty integrating sphere (blank, without sample), La; the 

integrated excitation profile from the empty integrating sphere, Lc; the integrated excitation 

profile when the sample was directly excited by the incident beam. In the present case, the 

QE of the samples were estimated and tabulated in Table 5. 

In addition, the optimized CeO2: Eu3+ (3 mol %) NPs was utilized for visualization of 

LFPs on glass was shown Fig.16 (a-e). From the figure, it was evident that the synthesized 

product was noticeably visualized level 1 and 2 minutiae ridges such as bifurcation, whorl, 
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loop, island and lake were effortlessly due to their smaller crystalline size. The level 3 

patterns (sweat pores) were innovative details for authentication of individuals in forensic 

analysis where partial FPs or lack of explicit level 2 details. From the figure, it was evident 

that in addition to level 2 patterns, level 3 substructures (sweat pores) from which the sweat 

was secreted, could also be enhanced (Fig.16 (d)). Further, the LFPs were visualized by 

CeO2: Eu3+ (3 mol %) NP on glass plate exposed under UV 254 nm and 365 nm illuminations 

(Fig. 16 (f & g)). The obtained results indicate that the optimized NPs reveal the whole FPs 

with better contrast and sensitivity under 254 nm. 

However, a series of experiments were performed to visualize the LFPs on various 

non-porous surfaces such as aluminum foil, stainless steel, plastic sheet, wooden floor sheet 

and compact disk cover were performed were shown in Fig.17. A well-defined sharp and 

level 2 minutiae ridge substructure patterns were noticeably visualized on all surfaces with 

any background hindrance (Fig.17 (b, d, f, h & j)). In addition, the comparison of quality of 

FPs visualized by using CeO2: Eu3+ (3 mol %) NPs under visible light (Fig.17 (a, c, e, g & i)) 

and UV 254 nm were graded according to Bandey’s scaling scheme (Table.1). It was evident 

that, the almost grade 4 images were visualized by using prepared optimized sample. This 

shows that, the present fabricated method was multi -purpose which can be visualizing LFPs 

on non-porous surfaces. 

Generally, the visualization of LFPs on porous surfaces was practically challenged for 

forensic investigators due to absorption of the constituents of LFPs by these materials. To 

evaluate the versatility of the prepared sample, LFPs were visualized on different porous 

surfaces namely magazine covers and Indian currency with dissimilar background colors 

under visible and UV 254 nm light (Fig.18 & 19). Interestingly, high contrast, sufficient 

quality clearer ridge patterns on all surfaces were evidently determined without any 

background interference. 



20 

 

In the present work, it was explored the use of  CeO2: Eu3+ (3 mol %) NPs as labeling 

agents for the effective visualization of LFPs on various porous and non-porous surfaces. 

From the images, it can be evident that grade 4 images (according to Bandey’s grading scale), 

would permit explicit determination of an individuals. The visualized LFPs exhibit high 

efficiency (because procedure involves simple setup and rapid and performed less than 5 

min) and high sensitivity (because no color hindrance and chemical constituents can be 

observed due to smaller crystalline size).  

The photocatalytic degradation of MB dye under visible light irradiation in the 

presence of fabricated CeO2:Eu3+ (3 mol %) NP was investigated and the effect of 

concentration of catalyst on photo degradation was systematically analyzed. The typical MB 

dye has vast applications ranging from textile to paper industry. The heteropolyaromatic MB 

dye containing heteroaromatic, cationic thiazine (C16H18ClN3S: tetra methylthionine chloride) 

and was readily soluble in water results to blue solution [57].  

The photodegradation of MB with different concentration of CeO2:Eu3+ (3 mol %) NP 

(20 mgL-1 to 180 mgL-1) obtained at 12 h with 30 % W/V of EGCG under visible light was 

shown in Fig.20 (a). From the figure, it was evident that the percentage degradation of MB 

dye was found to be ~ 6 %, 12 %, 34 %, 61 % and 93 % for 20, 60, 100, 150 and 180 mgL-1 

respectively (Inset of Fig.20 (a)). The enhanced visible light driven MB dye degradation % 

by catalyst concentration was due to (i) high photon absorption rate, (ii) improved 

photoactive sites by light reflection and scattering, (iii) better active sites on the surface 

which can provide supportive contact between dye and catalyst and (iv) enhanced surface 

chemical energy of catalyst and improved electron-cavity formation. In addition, various 

parameters such as size, morphology and electronic structure properties of catalytic material 

can also affect the photocatalytic property. In our present case, we could observe 3D 

hierarchical architectures in the SEM results. Therefore, the enhanced photocatalytic 
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degradation was predicted to morphology and electronic structural aspects. Above factors 

enhances the photo driven charge carriers on the surface of catalytic material results increase 

in the number of oxidizing agent and leads to improved visible light driven photocatalytic 

activity. 

Further, a set of experiments were performed to know the effect of photocatalyst 

CeO2:Eu3+ (3 mol %) NP on MB dyes degradation under visible light. The catalyst 180 mgL-1 

of CeO2:Eu3+ (3 mol %) NP and MB dye solutions were stirred vigorously to get uniform 

solution and the absorption spectra were recorded under light – off and visible light on 

conditions with different time period was shown in Fig.20 (b). The spectra displays a 

maximum absorption at a time of ~ 180 min and corresponding % degradation was found to ~ 

95 %. The percentage of degradation also decreases gradually as degradation time decreases 

and was shown in inset Fig. 20 (b). This enhanced photocatalytic degradation was mainly due 

to electronic structural properties of the prepared CeO2:Eu3+ (3 mol %) NP. As the dopant 

(Eu3+) substituted in CeO2 host lattice may alter the electron density of the material by 

changing cationic valence state and concentration of oxygen. The large number of electron – 

holes pairs were required to begin oxidation – reduction reactions for photo degradation of 

MB dye. In the present work, the Eu3+ doped CeO2 samples exhibits decreased energy band 

gap as compared to pure CeO2, therefore, reduced band gap provides necessary e- – h+ pairs 

for oxidation – reduction reactions.  

However, the time dependent absorbance spectra of the CeO2:Eu3+ (3 mol %) NP with flake 

and flower - like structures as catalysts on MB dye under visible light irradiation were 

studied, as shown in Fig.20 (c & d). The maximum absorption peaks for flake and flower - 

like structures was found to be ~ 0.62 and 0.66 respectively and decreases gradually with 

increasing visible light irradiation time. When visible light irradiation was at 180 min, the 

absorption peak dropped drastically for a sample with flower like morphology compared to 



22 

 

flake structure. The intense blue color of the starting MB solution faded as the irradiation 

time increased. The color change of the MB solution indicates that MB was degraded. The 

efficiency and rate constant of photodegradation of MB dye was calculated using absorption 

maximum and the degradation value. The efficiency of de-colorization of CeO2:Eu3+ (3 mol 

%) NP flake and flower like structure samples were calculated and found to be ~ 76.81 % and 

90 % respectively. The apparent rate constant of photocatalytic degradation of MB was 

determined from the plot between At/A0 and irradiation time, as shown in Fig. 20 (e). The 

apparent rate constant was found to be ~ 0.5795 for flakes and ~ 0.8419 for flower like 

structures respectively. These results evident that, the flowers like structure show excellent 

visible light photocatalytic performance on MB degradation than flak like structure. It has 

been reported that, the higher crystallization can usually lead to enhanced photocatalytic 

activity, by suppressing the recombination of photogenerated holes and electrons. Oxide 

materials, which possess a larger lattice distortion, have higher photocatalytic activities, by 

virtue of increasing the additional routes of trapping holes and decreasing the recombination 

rate of electron–hole pairs [58]. 

The e- – h+ pairs offers efficient path for oxidation and reduction reactions to 

degradation of MB dye. The generated electrons react with molecular oxygen and produce 

hydrogen-peroxide molecules in the aqueous medium and expressed by the following 

reactions; 

  VBCBg hecatalystEh )(  ----------------- (13) 

   22 OnnOneCB -------------------------- (14) 

2222 OHOnHnOen CB 
-------------------- (15) 
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Conversely, the generated holes produce hydroxyl radicals from the water. These hydroxyl 

radicals act as an influential oxidizing agent to degradation of pollutant MB and expressed by 

the following reactions; 

  HOHhOH *

2 )( ---------------------- (16) 

OHCOOHMB 22

*  ------------------- (17) 

OHCOOMB 222  
---------------------- (18) 

)19(


ionrecombinathhe
VBCB

  

Therefore, the energetic adsorption and redox reactions of CeO2:Eu3+ (3 mol %) NP were 

responsible for high catalyst performance under visible light. 

The PL studies of CeO2:Eu3+ (3 mol %) NPs exhibits excellent emission properties 

due to enhanced electronic transitions. In addition, average crystallite size estimated from 

PXRD inferred that the CeO2:Eu3+ (3 mol %) NPs exhibits smaller size as compared to pure 

CeO2. The small sized CeO2:Eu3+ (3 mol %) NPs has larger surface area and exhibits higher 

adsorption reactions of MB dye on the surface and also enhanced transfer rate of charge 

carriers towards the surfaces of small sized NPs. The schematic diagram of photocatalytic 

activity of optimized CeO2:Eu3+ (3 mol %) NPs on MB dyes under visible light irradiation 

was shown in Fig.21.  

 

4. Conclusions 

Large scale controlled 3D CeO2: Eu3+ (1-9 mol %) hierarchical flowers like structures were 

fabricated by a simple bio-inspired facile hydrothermal route using EGCG as surfactant.  

PXRD results confirm the cubic phase of the prepared product. Further a suitable reaction 

time, temperature and surfactant afford adequate energy input to endorse the reaction speed 
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and strong attractive interactions resulted controlled nucleation and growth of crystals were 

studied.   PL emission spectra displays peaks at ~ 592, 611 and 630 nm were attributed to 

5D0
7F1,

 5D0
7F2 and 5D0

7F3 4f6 configurations of Eu3+ ions, respectively. At lower 

concentrations of Eu3+ ions, creation of oxygen vacancies were less and symmetry of a host 

was not much influenced. While at higher concentration, the number of oxygen vacancies 

was higher and lead to the creation of new surrounding in the CeO2 host. Additionally, the 

photometric properties evident that the prepared CeO2: Eu3+ (3 mol %) NPs could serve as an 

alternative material to the expensive nitride red phosphor. Optimized composition of the 

product has been utilized as labeling agent for visualization of LFPs on various porous and 

non-porous surfaces.  Visualized fingerprints exhibited Bandey system grade 3 or grade 4 

fingerprints and were considered for explicit identification of individuals. Photocatalytic 

investigations revealed that the visible light induced photocatalytic activity enhanced the 

degradation of MB dye. 
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Fig.1. Schematic representation of hydrothermal synthesis of Eu3+ doped CeO2 NP using 

EGCG surfactant. 
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Fig.2 (a) PXRD patterns, (b) W-H plots, and (c & d) lattice parameter and 2θ for (111) peak 

position as a function of Eu3+ concentration in pure and CeO2:Eu3+ (1-9 mol %) NP 

synthesized with 180 oC and 30 %W/V of EGCG for 12 h. 
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Fig.3 (a-e) Rietveld refinement and (f) packing diagram of CeO2:Eu3+ (3 mol %) NP.  
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Fig.4. SEM images of CeO2:Eu3+ (3 mol %) NP prepared with different reaction time (a) 2, 

(b) 4, (c) 6, (d) 8, (e) 10 and (f) 12 h with 30 %W/V of EGCG at 180 oC and (A-E) 

depicts probable growth mechanism of 3D hierarchical flower-like architecture. 
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Fig.5. Schematic representation of growth mechanism involving nucleation, self - 

aggregation, Ostwald’s ripening dissolution and recrystallization.  
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Fig.6. SEM images of CeO2:Eu3+ (3 mol %) NP prepared with different concentration of 

EGCG (a) 5, (b) 10, (c) 20 and (d) 30 %W/V while reaction temperature and time are 

fixed at 180 oC and 12 h respectively. 
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Fig.7. Probable mechanism for the growth of 3D flower - like morphology of CeO2:Eu3+ (3 

mol %) NP in the presence of EGCG surfactant. 
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Fig.8. SEM micrographs of CeO2:Eu3+ (3 mol %) NP prepared with different synthesis 

temperature (120 -180 oC) using 30 %W/V of EGCG for 12 h. 
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Fig.9 (a) TEM, (b) HRTEM image, (c) SAED patterns and (d) magnified view of HRTEM 

image of CeO2:Eu3+ (3 mol %) NP prepared with EGCG (30 %W/V) at 180 oC for 12 h. 
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Fig.10 (a) Raman spectra of pure and CeO2:Eu3+ (1-9 mol %) NP and (b) Enlarged portion of the 

spectra. 

200 300 400 500 600 700 800 900
5000

10000

15000

20000

25000

F
2g

R
a

m
a

n
 I

n
te

n
si

ty
 (

a
.u

)

Raman shift (cm
-1

)

 Pure CeO
2

 1 mol %

 3 mol %

 5 mol %

 7 mol %

 9 mol %

460 cm
-1

350 400 450 500 550 600 650

6000

7000

8000

9000

10000

11000  Pure CeO
2

 1 mol %

 3 mol %

 5 mol %

 7 mol %

 9 mol %

RCe-O

R
a
m

a
n

 I
n

te
n

si
ty

 (
a
.u

)

Raman shift (cm
-1
)

4
6

0
 c

m
-1

CeO
2
:Eu

3+

F
2g

Rdoped

(a)

400 450 500

  

Raman shift (cm
-1

)

Pure

9 mol %

7 mol %

5 mol %

3 mol %

  

1 mol %

  

  

  

 

 

R
a

m
a

n
 I

n
te

n
si

ty
 (

a
.u

) F2g

(b)



42 

 

 

Fig.11(a) Wide scanning XPS spectrum of CeO2:Eu3+ (3 mol %) NP and high-solution XPS 

spectrum of (b) C1s, (c) O 1s, (d) Ce 3d and (e) Eu 3d. 

0 200 400 600 800 1000 1200

Eu 3d

Ce 3d

O1s

In
te

n
si

ty
 (

a
. 

u
.)

Binding energy (eV)

CeO
2
:Eu

3+
 (3 mol %)

C1s

525 530 535 540

In
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

O 1s

275 280 285 290 295 300

In
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

C1s

1130 1140 1150 1160 1170

Eu3+ 3d
5/2

In
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

Eu 3d

Eu3+ 3d
3/2

(a)

(e)

(c)

(b)

880 890 900 910 920

u'''
u''

u'
u'''

'''

In
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

Ce 3d


(d)



43 

 

 

Fig.12 (a) DR spectra and (b) Energy band gap of CeO2:Eu3+ (1-9 mol %) NP. 
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Fig.13(a & b) PL Emission spectra of CeO2:Eu3+ (3 mol %) NP excited at 373 and 447 nm 

(Inset: Excitation spectra), (c & d) PLE spectra of CeO2:Eu3+ (3 mol %) NP 

synthesized with different temperature and reaction time respectively, (e) PL emission 

intensity and asymmetric ratio as a function of Eu3+ ion concentration and (f) 

logarithmic plot of (x) versus (I/x) of CeO2:Eu3+ (1-9 mol %) NP synthesized at 180 
oC for 12 h with 30 %W/V EGCG. 
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Fig.14.Schematic representation of creation of oxygen vacancy in CeO2:Eu3+ NP. 
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Fig.15 (a) CIE and (b) CCT diagram of CeO2:Eu3+ (1-9 mol %) NP excited at 373 nm. 
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Fig.16. Post processed LFPs visualized by CeO2:Eu3+ (3 mol %) NP on glass under 254 nm 

light which exhibits (a) bifurcation, (b) whorl, (c) loop, (d) island, (e) lake and (f & g) 

LFPs visualized under different illumination light. 
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Fig.17. LFPs visualized by CeO2:Eu3+ (3 mol %) NP on (a & b) aluminum foil (c & d) 

stainless steel, (e & f) plastic sheet, (g & h) wooden floor sheet and (i & j) compact 

disk cover under normal visible and UV 254 nm light respectively. 
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Fig.18(a-f) LFPs visualized by CeO2:Eu3+ (3 mol %) NP on various surfaces of paper 

substrates with different background colors. 
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Fig.19. LFPs visualized by staining CeO2:Eu3+ (3 mol %) NP on the various portion of Indian 

currency under (a, c, e and g) visible light and (b, d, f and h) UV 254 nm light. 
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Fig.20. UV-Vis spectra of MB degradation using CeO2:Eu3+ (3 mol %) NP with (a) 

concentration of catalyst and (b) time period (insets MB degradation %), (c & d) MB 

degradation of flake and flower morphologies and (e) degradation trend of MB as a 

function of irradiation time in the presence of flake and flower like morphologies of 

CeO2:Eu3+ NP. 
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Fig.21. Schematic diagram of photocatalytic activity of the optimized CeO2:Eu3+ (3 mol %) 

NP on MB dye under visible light irradiation. 
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Table.1. Bandey FP grading scheme. 

Grade Description 

 

0 No description 

1 No continuous ridges; all discontinuous or dotty 

2 One third of the mark comprised of continuous ridges; remainder either 

show no development or dotty 

 

3 Two thirds of the mark comprised of continuous ridges; remainder either 

show no development or dotty 

 

4 Full development; whole mark comprised of continuous ridges 
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Table.2. Estimated crystallite size, lattice strain, stacking fault, dislocation density and band 

gap energy of pure and Eu3+ (1-9 mol %) doped CeO2 NP. 

Eu3+ 

(mol %) 

Average crystallite size D 

(nm) 

Strain 

Ԑ (x10-3) 

Stacking 

fault 

(mJm-2) 

Dislocation 

density 

δ x1015 

(m-2) 

Energy 

Band 

gap 

(eV) Scherrer’s 

method 

W-H Plots  

Pure 13 26 4.03 0.45 5.90 3.31 

1 8 11 3.26 0.49 12.82 3.13 

3 11 32 5.53 0.47 7.48 3.16 

5 12 23 4.12 0.45 5.68 3.19 

7 11 36 5.69 0.44 7.53 3.22 

9 8 20 4.56 0.43 12.5 3.25 

 

Table.3.Rietveld refinement parameters of CeO2:Eu3+ (1-9 mol %) NP. 

Rietveld refined structural parameters (JCPDF No:34-394) 

Compound                               1 mol % 3 mol % 5 mol % 7 mol % 9 mol % 
Crystal system                         Cubic  

Space group                 Fm-3m (225) 

Lattice parameters (Ǻ)     

a=b=c              5.4222           5.4169       5.4181      5.4188       5.4234 

α=β=γ                                         90 

Unit cell volume (Ǻ3)          159.4108 

90 90 90 90 

    158.9437       159.0552      159.1152       159.5173 

Refinement parameters     

RP              2.33           5.34       3.65       5.53       5.51 

RWP              2.99          6.82       4.53       6.93       6.84 

RExp              8.75                                     6.43       6.70         6.53       6.34 

χ2              0.116          1.13       0.45       1.13       1.16 

GoF              0.34     1.00       0.67       1.00       1.10 

RBragg              1.61            2.28       13.2       2.54       2.58 

RF              1.25                  1.84       8.84       1.96       2.00 

X-ray density (g/cc3)             7.172 

 

    7.199       7.293       7.228       7.161 
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Table.4. Estimated Oxygen vacancy values compared with lattice parameter of the pure and 

CeO2:Eu3+ (1-9 mol %) NP. 

Eu3+ Conc. 

(mol %) 

Lattice 

parameter 

(Ǻ) 

Rwp Area Oxygen 

vacancies/area of 

F2g (%) 

Pure 5.42 15.01 12.80 

1 5.42 14.56 11.43 

3 5.41 13.28 07.97 

5 5.40 12.34 08.98 

7 5.41 13.11 11.24 

9 5.40 12.60 11.60 

 

 

 

 

Table.5. Photometric characteristics of CeO2: Eu3+ (1-9 mol %) NP. 

Eu3+ Conc. 

(mol %) 

CIE CCT 

(K) 

CP (%) QE (%) 

X Y  

1 0.5591 0.4398 1975 80.35 68 

3 0.5688 0.4301 1880 84.32 84 

5 0.5665 0.4325 1902 82.15 78 

7 0.5590 0.4399 1976 79.46 74 

9 0.5603 0.4386 1962 78.42 79 

 

 

 


