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Abstract
The present manuscript reports the synthesis of undoped  CeO2 and  Ce1−xAgxO2 (x = 0.03, 0.05, and 0.07) nanoparticles using 
a microwave-assisted co-precipitation route to understand the Ag doping effect in  CeO2 nanoparticles. The structural and 
optical properties of these nanoparticles were investigated using x-ray diffraction, UV–Vis–NIR, and PL spectroscopy. The 
XRD result confirmed the formation of cubic fluorite structures with undoped and Ag-doped  CeO2 nanoparticles. The crys-
tallite size of Ag-doped  CeO2 nanoparticles was observed within the range of 26–47 nm. The absorption peak was observed 
using UV–Vis–NIR spectroscopy and obtained at below 400 nm, indicating a blue shift with the incorporation of  Ag+ ions 
in the  CeO2 nanolattice, and the causes are explained in terms of the BM effect and electronic transitions. The PL measure-
ments were taken to determine the defects and excitation wavelength. The prepared samples depicted good luminescence 
properties with a high value color rendering index (CRI). The results demonstrated that Ag-doped  CeO2 nanoparticles can 
be used for white light emission, since the structural and optical properties of semiconductors were enhanced upon doping 
with elements such as Ag. Therefore, these nanoparticles may act as promising candidates for various applications such as 
UV-absorption, photocatalysis, light-emitting diodes, luminescence, and optoelectronics.

Keywords Ag-doped  CeO2 nanoparticles · absorption spectroscopy · oxygen vacancies and defects · blue shifting · 
photoluminescence · CRI · white light emission

Introduction

Nanocrystal-based optoelectronic devices have been suc-
cessful in the area of device research. their emitters have 
been proven to have wide application, especially in white 
light sources. Generally, light-emitting diodes (LEDs) are 
more commonly preferred owing to their good advantages 

over conventional lamps.1 Since the light industry, includ-
ing factories, offices, laboratories, streets, workshops, and 
public places, require more illumination with white light for 
performing tasks such as writing, reading, and detection, 
white LEDs are thus inevitable at such places. The color 
field of LEDs is characterized as “warm white” (< 3300 K), 
“neutral white” (3300–5300 K), and “cool light” also known 
as daylight (> 5300 K), based on the IEC standard. Lamps 
with a correlated color temperature (CCT) (> 4000 K) or 
more with the color neutral white are recommended for illu-
mination in professional applications.2 The main purpose 
of this manuscript is to lay out the structural, optical, and 
photoluminescence characteristics of Ag-doped  CeO2 nano-
particles. Cerium oxide (ceria or  CeO2), a rare-earth oxide 
semiconductor, which has recently attracted much interest 
due to its exceptional unique features and possible uses, 
which include solid oxide fuels and superior electrocata-
lytic performance.3 The transition of Ce from a  Ce4+ ion to 
a  Ce3+ ion allows it to be widely used for oxidation reactions 
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and oxygen storage capacity. Ceria also plays an important 
role in applications in the automobile, electrical, metallurgi-
cal, medical, optical, and optoelectronic industries.4-8  CeO2 
possesses diamagnetic behavior in its bulk form but shows a 
ferromagnetic nature when reduced to nanoparticles, which 
is convenient for spintronics.9 Reducing the particle size 
of ceria is expected to result in a large number of oxygen 
vacancies.  CeO2 is an n-type semiconductor with a band 
gap energy equal to nearly 3.2 eV,10, 11 which allows it to act 
as a UV blocker and glass polishing material.12 The incor-
poration of metal ions into metal oxide semiconductors is 
responsible for the formation of quasi-stable energy states, 
causing variations in band gap energy and, therefore, tuning 
the optical properties.

Numerous investigations on the incorporation of other 
elements into the  CeO2 structure have been conducted to 
enhance the properties of the materials and to broaden 
their use. According to Habib et al.13 the  CeO2 structure 
increases its catalytic activity when doped with Cr. Leel 
et al.14 reported that Ho-doped  CeO2 nanoparticles are more 
suitable for yellow light emission owing to the high value 
of CCT. In the view of Khakhal et al.15 Yb-doping in  CeO2 
nanoparticles was found to improve the FM ordering that 
can affect the room-temperature ferromagnetic (RTFM) 
properties of these nanoparticles. Dilute magnetic oxides 
such as  CeO2 exhibit RTFM properties which are effectively 
influenced by the valence state, the varying percentage of 
dopants, and the oxygen vacancies utilized to enhance FM 
ordering in nanoparticles. Sundari et al.16 showed that  CeO2, 
which naturally possesses diamagnetic properties, may 
acquire ferromagnetic properties by adding Fe. Sm-doped 
 CeO2 nanoparticles exhibit stronger antibacterial action 
against harmful bacteria, according to Balamurugan et al.17 
An extensive literature has been published on the modifica-
tion of the physical and chemical properties of  CeO2 nano-
particles doped with Ag in order to demonstrate their appli-
cations in various technological possibilities.18 As reported 
by Choudhary et al.19 with the rate of electron–hole pair 
recombination declining, the addition of ceria to metal ions 
such as  Fe3+,  Cu2+,  Mn2+, and  Ag+ considerably improved 
the photocatalytic activity. According to Rao et al.20 adding 
Ag improves the catalytic activity of  CeO2. According to 
Elango et al.21 who found that Ag-doped  CeO2 nanocompos-
ites had a moderate amount of antibacterial activity against 
harmful bacteria, these materials could be employed as an 
antimicrobial agent in biomedical applications. According to 
de Lima et al.22  CeO2 improves the reducibility of this oxide 
when combined with Ag, resulting in a larger selectivity for 
acetone and a lower selectivity for ethylene. Additionally, 
Ma et al.23 revealed that the creation of visible light-reac-
tive photocatalysts using Ag-modified  CeO2 is an appealing 
method due to its enhanced visible light absorption capa-
bility. Mittal et al. emphasized the significance of oxygen 

vacancies for fast catalysis in Ag-/Au-doped  CeO2 nanopar-
ticles.24 Overall, doping elements like Ag favor an improve-
ment in the visible light response of  CeO2 nanoparticles.

The main characteristics of the silver–ceria interaction are 
related to oxygen species over Ag particles, the morphology 
and size effects of both Ag and  CeO2 particles, the chemical 
and charge state of silver, charge transfer between silver and 
ceria, the type and concentrations of oxygen vacancies in 
the ceria structure, and the redox properties that are caused 
by the interaction between the  Ag+ and  Ce3+/Ce4+ pair.25

In this manuscript,  CeO2 has been doped with varying 
concentrations of Ag (x = 0.03, 0.05, and 0.07) using the 
coprecipitation route of synthesis. Because of the low cost 
of the starting materials, the ease of the synthesis process, 
and the accessibility of the equipment, the coprecipitation 
method is one of the most promising approaches. Also, as 
this method does not require high pressure or temperature, 
and impure ingredients are removed via filtration and wash-
ing, it is an appropriate chemical process for the preparation 
of nanoparticles.

To investigate the correlation between the rare-earth 
dopants, their concentration, and oxygen vacancy defects, 
we looked into the structural characteristics, dopant distri-
bution, and correlation of Ag-doped  CeO2 NPs with oxygen 
vacancies. The structural characterization of the synthesized 
samples using XRD provides information about the phase 
purity and crystalline structure of the samples. The optical 
absorption spectra, as obtained using UV–Vis–NIR spec-
troscopy, has been used to find out the optical band gap. 
Photoluminescence spectra have been studied to explore the 
various electronic transitions taking place in the material 
using a Perkin  Elmer FL 8500 system with an excitation 
wavelength of 325 nm. Further, to find out the presence 
of illuminating color in the luminescent material, the CIE 
(International Commission on Illumination) diagram has 
been plotted. These findings provide a physical explana-
tion for the experimentally observed improved photolumi-
nescence of Ag-doped  CeO2 nanoparticles, which can be 
helpful in the development of a new doped  CeO2 for opto-
electronic devices.

Experimental

Synthesis of Undoped  CeO2 and  Ce1−xAgxO2 
Nanoparticles

The undoped  CeO2 and  Ce1−xAgxO2 (x = 0.03, 0.05, and 
0.07) samples were synthesized using the coprecipitation 
method given elsewhere.12 The proper stoichiometric ratio 
of  CeCl3.7H2O and  AgNO3with purities of 99.50% and 
99.99%, respectively (Alpha Aesar) was used to synthe-
size  Ce1−xAgxO2 nanoparticles using an  NH4OH solution 
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as a reducing agent. The  NH4OH solution was added to the 
precursor solution drop by drop until the pH of the final 
product reached 11. A light-yellow precipitate was produced 
after stirring the solution for around 4 h while maintaining 
the temperature at 50 °C. The precipitate was then dried at 
room temperature after being rinsed with ethanol and dis-
tilled water. The additional precipitate was annealed in a 
vacuum furnace for 6 h at 700°C to produce a powder that 
contained both undoped  CeO2 and nanoparticles with 3%, 
5%, and 7% Ag doping. The preparation of the desired nano-
particles is effectively explained by the chemical reaction 
pathway detailed here.

Characterization of Nanoparticles

The crystalline structure of the synthesized samples was 
investigated using a Bruker D8 Advance diffractometer 
(XRD). X-rays were produced using Cu (=1.5406 Å) radia-
tion. Diffraction patterns were recorded at a scanning speed 
and counting rate of 0.020  min−1 and 5 s per step, respec-
tively, in the 2θ range between 200 and 800. A Shimadzu 
UV-3600 Plus spectrophotometer was used to analyze the 
UV–Vis absorbance spectra. The wavelength range was 
taken as 200–800 nm, with  BaSO4 as a standard sample. 
Using a Perkin Elmer FL 8500 system with an excitation 
wavelength of 325 nm, the photoluminescence spectra were 
measured with a wavelength range of 380–540 nm for the 
undoped  CeO2 and Ag-doped  CeO2 nanoparticles.

Results and Discussion

Local Geometrical Structure

Figure 1 represents the XRD patterns of undoped  CeO2 
and  Ce1−xAgxO2 (x = 0.03, 0.05, and 0.07) nanoparticles. 
The undoped  CeO2 sample represents well-defined peaks 
at 2θ values corresponding to the (1 1 1), (2 0 0), (2 2 
0), (3 1 1), (2 2 2), (4 0 0), (3 3 1), and (4 2 0) planes. 
All these diffraction peaks may be attributed to the  CeO2 
fluorite face-centered cubic (fcc) structure with the space 
group Fm3m (JCPDS No.004-0593). No other peaks rel-
evant to the impurities were detected in the XRD patterns 
of undoped  CeO2 and Ag-doped samples at lower concen-
trations (x = 0.03), indicating the good crystalline purity 
of synthesized nanoparticles. As shown in Fig. 1, at higher 
Ag doping (x = 0.05, 0.07), two additional peaks corre-
sponding to the (1 1 1) and (2 1 1) planes of the hexagonal 
phase of  Ag2O (JCPDS No. 72-2108) appeared in the XRD 
pattern of the Ag-doped  CeO2 nanoparticles. The presence 
of additional peaks indicates the formation of crystalline 
 Ag2O particles on the surface of the  CeO2 lattice.26 In 
addition to their incorporation into the host lattice, the 
impurity peaks correspond to the inappropriate substitu-
tion of  Ag+ cations, limiting the ability to control the Ag 
doping concentration after the optimum value (x = 0.03). 
The XRD analysis revealed that the intensity of the diffrac-
tion peaks shows variation with the incorporation of  Ag+ 

Fig. 1  The XRD patterns of 
undoped  CeO2 and  Ce1−xAgxO2 
(x = 0.03, 0.05 and 0.07) 
nanoparticles; inset the shifting 
of the (111) and (200) planes 
towards the lower angle side.
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cations. A higher intensity value indicates that the crystal-
linity is improving, whereas a lower intensity value indi-
cates that the samples have low crystallinity. In addition, 
the position of the prominent peak (1 1 1) corresponding to 
 CeO2 (listed in Table I) exhibits a shift towards the lower 
angle side with an increase in Ag content. The decrease in 
the 2 � value with an increase in d spacing can be explained 
on the basis of the Bragg diffraction law. The results are 
further confirmed by calculating the lattice parameters, 
which include the lattice constant (a). The crystalline size 
(D) can be measured using Scherrer’s  equation27:

where all the parameters have their usual meaning. The lat-
tice spacing and lattice parameter corresponding to (111) 
plane and the corresponding results are set out in Table I.

As shown in the inset of Fig. 1, the shifting of the 2 � 
value towards the lower angle side is attributed to an 
increase in the lattice constant due to the replacement of 
the small  Ce4+ ion (ionic radius = 0.097 nm) by larger  Ag+ 
ion (ionic radius = 0.126 nm), and the creation of another 
cation  Ce3+ (0.114 nm) into the crystal lattice site.28 In 
addition, a substantial number of oxygen vacancies are 
produced due to discrepancies in the ionic radii of the  Ag+ 
and  Ce3+ ions to compensate for charge neutrality.29 It is 
to be expected that incorporation of the  Ag+ ion in  CeO2 
acquires a high amount of energy.30 The crystallite size 
gradually increases as the  Ag+ cation (x = 3%) is doped in 
the  CeO2 lattice, which could result from reformation and 
the growth of primary Ag-CeO2 particles that are formed 
due to interactions between Ag-Ce precursors during 
coprecipitation.31 The crystal imperfections and distor-
tions can also induce strain in the nanoparticles. Generally, 
the peaks shift towards the side with the lower angle due to 
lattice expansion and strain formation, whereas the sharp-
ness of the peak represents the good crystalline nature of 
the sample.32

Table I indicates that the values of d and a are increas-
ing with an increase in  Ag+ concentration. The values of 

(1)D =
K�

� cos �

strain provided in Table I are tensile strain (also termed 
microstrain). The promotion of the formation of oxygen 
vacancies through tensile strain over compressive strain 
has been addressed by Dongwei et  al.33 Tensile strain 
results in a reduced overlap between the O 2p and Ce 5d 
orbitals as well as the 4f orbitals, which weakens the Ce-O 
bond. This decrease in the O 2p orbital bandwidth cor-
relates to tensile strain, thus generating oxygen vacancies 
in the doped  CeO2. In contrast, in the case of compressive 
strain, the bandwidth of the O 2p orbital increases com-
pared to the system with tensile strain. As a result, the 
larger bandwidth shows strong overlapping of O 2p and Ce 
orbitals, therefore strengthening the Ce-O bond.34 These 
results unequivocally show that oxygen vacancy genera-
tion may be easily tuned by lattice strain. The microstrain 
varies according to crystallite size, i.e., a lower value of 
D gives a higher magnitude of strain due to the agglom-
eration of nanoparticles, as calculated using Scherrer’s 
equation. As shown in Table I, microstrain occurs even 
in undoped  CeO2 because of oxygen vacancy defects and 
 Ce3+ ions on the structure’s surface.35 After optimal dop-
ing of Ag (x = 0.03), the crystallite size was found to be 
reduced, while the value of lattice strain began to increase 
with an increase in Ag doping (x = 0.05, 0.07). Consid-
ering that particle size and strain both contribute to line 
broadening, line breadth is simply:

This equation is the Williamson–Hall (W–H) equation 
of �hkl cos � plotted against 4 sin � , and the linear fit to the 
curve produces the strain and particle size, which can be 
calculated using the slope and intercept, respectively.36

Figure 2a represents the W–H analysis of undoped  CeO2 
and  Ce1−xAgxO2 (x = 0.03, 0.05, and 0.07) nanoparticles. 
Table I summarizes the calculated values of crystallite 
sizes and strains estimated from the W–H equation. The 
results signify the variation in the average crystallite size 
from 47 nm for undoped  CeO2 to 45 nm, 37 nm, and 40 nm 
for  Ce1−xAgxO2 (x = 0.03, 0.05, and 0.07) respectively. 
However, a better measurement of size–strain parameters 

(2)�hkl cos � =
K�

D
+ 4� sin �

Table I  The calculates values of lattice parameter (a), lattice spacing (d), crystallite size (D), full width at half-maxima (FWHM), and micro-
strain (ε) of undoped and  Ce1−xAgxO2 (x = 0.0 3, 0.05, and 0.07) using Scherrer’s equation, a W–H plot, and the SSP method

Samples Lattice spac-
ing d (Å)

Lattice 
parameter a 
(Å)

FWHM ×  10-3 Crystalline size D (nm) Microstrain (ε)

D =
K�

� cos �
W–H plot SSP method � =

� cos �

4
 ×  10−4 W–H 

plot ×  10−4

Undoped  CeO2 1.846 5.410 4.86 26 47 34 13.30 12.4
Ce0.97Ag0.03O2 1.861 5.457 4.13 29 45 37 11.89 9.05
Ce0.95Ag0.05O2 1.863 5.459 4.52 28 37 33 11.92 6.17
Ce0.93Ag0.07O2 1.865 5.465 4.34 28 40 41 11.98 7.57
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can be estimated by a size–strain plot (SSP), assuming that 
the crystallite size and strain can be described by Lorentz-
ian and Gaussian functions, respectively. Therefore, we 
have:

In this case, crystallite size can be calculated using 
the slope of the linearly fitted curves, and the y-intercept 
yields the strain.37 Figure 2b represents the SSP analy-
sis of undoped  CeO2 and  Ce1−xAgxO2 (x = 0.0 3, 0.05, 
and 0.07) nanoparticles. Table I indicates that variation in 
the broadness of the peak affects the crystallite size. The 
higher value of � indicates a lower value of D. The average 
crystallite sizes resulting from the W–H plot and the SSP 
method indicate  a similar trend with varying numerical 
values with increasing Ag dopant content.

(3)
(

dhkl� cos �
)2

=
K
(

d2�hkl cos �
)

D
+

(

�

2

)2

Absorption Spectroscopy

The UV–Vis spectra of undoped  CeO2 and  Ce1−xAgxO2 
(x = 0.03, 0.05, and 0.07) nanoparticles are shown in Fig. 3a. 
The absorption peaks have been recorded in the range of 
200–800 nm. All the samples exhibit strong absorbance near 
300 nm, with their corresponding absorption peak in the 
UV range. These peaks arise due to charge transfer from 
the 2p state of the valence band of  O2- to the 4f state of the 
conduction band (CB) of  Ce4+. As a result, the electrons in 
the  Ce4+ (4f) conduction band and the holes in the  O2− (2p) 
valence band (VB) directly recombine.38 From the absorp-
tion data, the value of the optical band gap energy (Eg) of 
the undoped and Ag-doped  CeO2 samples is calculated using 
Tauc’s  relationship39:

(4)�h� = A
(

h� − Eg

)n

Fig. 2  (a) W–H plots of �
hkl

cos � versus 4sinθ, and (b) SSP of 
(

d
hkl
� cos �

)2 versus d2�
hkl

cos � of undoped  CeO2 and  Ce1−xAgxO2 (x = 0.03, 
0.05, and 0.07) nanoparticles.
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where all the parameters have their usual meanings. Table II 
incorporates the calculated value of band gap energy (Eg) for 
all the samples. Figure 3b depicts the graphical representa-
tion of (�h�)2 versus energy (h�) for the undoped  CeO2 and 
 Ce1−xAgxO2 (x = 0.03, 0.05, and 0.07) nanoparticles. The 
undoped  CeO2 nanoparticles have a direct band gap energy 
of 2.90 eV, and the band gap value steadily increases with 
increasing Ag dopant concentration.

Table II shows the rise in the band gap with Ag doping 
as calculated using Tauc’s formula, the energy equation, 
and the derivation method. The rise in band gap with blue 
shifting in the absorption spectra with Ag doping in  CeO2 
nanoparticles could be explained on the basis of the change 
of the  Ce4+ to  Ce3+ state, which suggests the widening in 

the direct charge–transfer transition gap between the O 
2p and Ce 4f bands and therefore the rise in the optical 
band gap. Further, the blue shift may also correspond to s 
decrease of  Ce3+ concentration along with oxygen vacan-
cies during the annealing process, which suppresses some 
localized defect states within the band gap, thus the defi-
ciency in the vacancy content is therefore responsible for 
band gap widening.40 Another effect that could be useful 
to explain the blue shift is the Burstein–Moss (BM) effect, 
which relies on the generation of a high charge carrier 
density such that the Fermi level is shifted to the CB. As a 
result, energy transitions near the bottom of the band are 
prevented, and the band gap becomes  widened41:

Fig. 3  (a) Room temperature optical absorption spectrum and (b) the Tauc’s plot of undoped  CeO2 and  Ce1−xAgxO2 (x = 0.03, 0.05 and 0.07) 
nanoparticles.

Table II  The band gap energy 
as calculated using Tauc’s 
relationship, the energy 
equation, the derivation 
method, and Urbach energy 
for the undoped and  CeO2 and 
 Ce1−xAgxO2 (x = 0.03, 0.05 and 
0.07)

Samples Eg (eV) Urbach energy 
(eV)

Refractive 
index (n)

Tauc’s rela-
tionship

Energy equation Derivation 
method

Undoped  CeO2 2.90 3.36 3.40 0.2510 2.4245
Ce0.97Ag0.03O2 3.28 3.42 3.43 0.4283 2.3255
Ce0.95Ag0.05O2 3.34 3.43 3.47 0.3647 2.3110
Ce0.93Ag0.07O2 3.36 3.45 3.49 0.2731 2.3063
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where m∗
vc

 and ne are an effective mass and concentration of 
electrons, respectively and h is Plank's constant. The genera-
tion of a high number of free electrons above the Mott criti-
cal density partially fills the 4f orbital of Ce which blocks 
the lowest state and leads to an increase in the band gap.42 
So, it can be concluded that the Ag-doped  CeO2 samples 
are enough sufficient to cross the limit of the Mott critical 
density for the BM effect to occur. Thus, the BM effect and 
the carrier concentration are both responsible for widening 
the band gap. In order to confirm the formation of defects 
between the CB and the VB, the Urbach energy has been 
calculated using:

(5)ΔEBM
g

=
h2

2m∗
vc

(

3�2ne
)

2

3

(6)� = �0 exp

(

h�

Eu

)

Figure 4 illustrates the logarithm of the absorption coef-
ficient plotted against the photon energy, and the Urbach 
energy is determined by the inverse of the slope.43 The 
Urbach energy for the undoped  CeO2 and  Ce1−xAgxO2 
(x = 0.03, 0.05, and 0.07) is listed in Table II, and the cal-
culation reflects that even undoped  CeO2 yields an Urbach 
energy of 0.2510 eV, indicating the presence of some defect 
states. After introducing Ag doping (x = 0.03), the rise in 
Urbach energy shows the generation of more defects and 
localized states due to the substitution of Ag cations into 
the  CeO2 lattice. Further, the decrease in the magnitude 
of Urbach energy with increasing Ag dopant concentra-
tion (x = 0.05, 0.07) attributes to a reduction in structural 
defects along with oxygen vacancies, and the crystallite size 
with higher dopant concentration, as mentioned above. Such 
behavior may be associated with structural changes after the 
addition of  Ag2O. These results agree well with the XRD 
measurements, from which we have found that the particle 
size increases up to an optimal Ag-doping concentration 
(x = 0.03) and after which the particle size is reduced, which 
suggests the inappropriate substitution of  Ag+ ions at higher 
doping concentrations.

The band gap (Eg) and Urbach energy (Eu) of nanoparti-
cles can change their refractive index, changing their optical 
properties and tunability. These changes can be utilized to 
make use of these materials for optoelectronic devices. The 
refractive index for the prepared samples was calculated as 
per Refs. 44 and 45 and are tabulated in Table II.

In order to further confirm the generation of defects with 
the introduction of the Ag dopant, the relative energy posi-
tions of the CB and VB have also been investigated using 
the Mullikan electronegativity formula, which allows us 
to better understand the mechanism of electron and hole 
separation:

where all the parameters are provided in Ref. 46, with 
χ = 5.56 eV for  CeO2). Figure 5 represents the energy band 
diagram of the undoped  CeO2 and  Ce1−xAgxO2 (x = 0.03, 
0.05, and 0.07) nanoparticles, showing that the positions of 
the CB are shifted towards a high negative potential, whereas 
the positions for VB are shifted towards a positive poten-
tial with an increase in the doping concentration of the Ag 
cations. Because of their well-coupled band structure, these 
samples are advantageous for the separation of photogen-
erated charge carriers with variations in band positions.47

The estimated values of the CB and VB positions of 
undoped  CeO2 and  Ce1−xAgxO2 (x = 0.03, 0.05, and 0.07) 
is shown in Fig. 5. The absorption spectrum indicates that 

(7)ECB

(

CeO2

)

= �
(

CeO2

)

− Ec −
Eg

2

(8)EVB

(

CeO2

)

= Eg − ECB

(

CeO2

)

Fig. 4  ln� versus photon energy for undoped  CeO2 and  Ce1−xAgxO2 
(x = 0.03, 0.05 and 0.07) nanoparticles.
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absorption maxima are blue-shifted towards lower wave-
lengths with increasing Ag content, corresponding to a band 
gap from 3.24 eV to 3.37 eV, owing to the BM effect. The 
results justify that the absorption peaks of Ag-doped  CeO2 
nanoparticles have most probably originated due to intra-
band formation. The conduction electron is responsible for 
the intra-band excitations from the lowest energy level to 
the highest energy level, as allowed by the quantum number 
principle.48

Photoluminescence Analysis

The photoluminescence (PL) spectroscopic technique is a 
useful tool to evaluate the electronic structure of a mate-
rial. The PL results help in realizing the role of crystalline 
defects, which are generated due to photo-excited elec-
tron–hole pairs in semiconductors. Figure 6 represents the 
room-temperature PL spectra of undoped and Ag-doped 
 CeO2 nanoparticles recorded at the excitation wavelength 
of 325 nm. It has been confirmed that the emission in  CeO2 
nanoparticles originates due to the transition from the 
Cerium 4f band to the oxygen 2p VB.46 The UV lumines-
cence band between 380 nm and 400 nm is also shown, com-
prising of two peaks at 385 nm and 395 nm. Exciton–exciton 
collisions that combine charge carriers give rise to near-
band edge (NBE) luminescence at 385 and 395, which is 
attributed to UV emissions.30 The UV emission band near 
to 400 nm is supposed to arise from indirect excitonic transi-
tions involving  (Ce4+ 4f0 →  Ce3+ 4f1).49 In addition, emis-
sion peaks are also observed at 419 nm, 438 nm, 450 nm, 
467 nm, 481 nm, 491 nm, and 517 nm which correspond 

to deep level emissions and are stronger. The formation of 
deep and shallow states in the  CeO2 forbidden gap can be 
correlated with various imperfections, such as Schottky and 
Frenkel defects.50 The charge transfer shift from the oxygen 
vacancy defect level to the O 2p level is what causes these 
emission peaks to appear. The emission peaks at 419 nm, 
438 nm, and 450 nm belong to the violet–blue region and 
occur  due to radiating traps at the grain boundaries. The 
emission peaks around 467 nm, 481 nm, and 491 nm belongs 
to blue–green emissions, while the peak measured at 517 nm 
corresponds to a green emission.51

Different literature provides various causes for the gen-
eration of these emission peaks, such as Meng et al.52 who 
suggested that transition from different defect levels to O 
2p band could be ascribed to the wide emission band from 
445 nm to 550 nm. Wang et al.53 reported that an emission 
band at 467 nm could be attributed to defects like dislo-
cation, which are responsible for fast oxidation transport. 
According to Kurok et al.54 the emission band located at 
481 nm is due the transition from the ionized oxygen defect 
level to the VB (Table III).

In the PL spectra of the Ag-doped  CeO2 samples, neither 
a change in the defect emission’s position nor the emergence 
of an Ag-related emission peak have been observed. Fig-
ure 6b also depicts the rise in the PL intensity, indicating that 
defects are suppressed with a higher Ag dopant (x = 0.05, 
0.07). The increased PL intensity can be attributed to the 
presence of a small number of non-radiative defects in the 
samples. Different factors are responsible for varying the 
intensity of the emission peaks, such as the radiative or 
non-radiative nature of the oxygen vacancies responsible for 

Fig. 5  Energy band diagram of 
undoped  CeO2 and  Ce1−xAgxO2 
(x = 0.03, 0.05 and 0.07) nano-
particles.
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decreasing or increasing the intensity peaks. As reported 
by Kumar et al.55 the increasing PL intensity corresponds 
to a lack of oxygen vacancies. The XRD measurements 
reflect that doping  CeO2 with Ag at a lower concentration 

(x = 0.03) distorts the lattice and thereby produces a large 
number of oxygen vacancies, which trapped the excited 
electrons and emitted them directly as light photons. It may 
also be possible that the oxygen vacancies recombine with 
the  Ce3+ hole by releasing the excited electrons into the 
dopant.50 These trapped electrons may recombine with the 
holes over a longer period of time, which would reduce the 
luminescence intensity.56, 57 In contrast, as we go to a higher 
doping concentration (x = 0.05, 0.07), the decrease in defect 
concentration favors a high mobility of charge carriers which 
in turn reduces the excitonic recombination rate. The degra-
dation in the defects is consistent with the blue shift and the 
Urbach energy of Ag-doped  CeO2 nanoparticles.

CIE Analysis

In order to analyze the emission intensities and dominant 
emission wavelengths, the CIE 1931 system, also known as 
the International Commission on Illusion, has been used. 
Understanding the qualitative and quantitative examination 
of the PL spectrum of luminous materials and the compo-
nents of their color is made easier with the aid of the CIE 
analysis.58 The color produced by the luminescent material 
or by any light source can be understood by considering 
the dimensional quantities, known as “color matching func-
tions”,  such as x(λ), y(λ), and z(λ).59 The addition of three 
tristimulus values (X, Y, Z) gives the real spectral color, as 
shown elsewhere.60 As set out in Table IV, the calculated (x, 
y) coordinates of the prepared sample are (0.3104, 0.3523), 
(0.3502, 0.3618), (0.3558, 0.3689), and (0.3643, 0.3745), 
corresponding to undoped  CeO2 and  Ce1−xAgxO2 (x = 0.03, 
0.05, and 0.07) nanoparticles. The visible colors along with 
the indexed coordinates have been revealed through the 
horseshoe diagram in the CIE diagram (Fig. 7), which shows 
that the CIE color coordinates of undoped and Ag-doped 
 CeO2 nanoparticles lie near the white point (CIE standard 
illuminate C) based on the NTSE system.61,62 As the concen-
tration of the  Ag+ dopant increases, the x and y coordinates 
also increase, indicating that the CIE coordinates are shifting 
a little bit compared to the undoped  CeO2, which still satis-
fies the criterion for maintaining its operation in the white 

Fig. 6  The PL spectra of (a) undoped  CeO2 and (b)  Ce1−xAgxO2 
(x = 0.03, 0.05 and 0.07) nanoparticles recorded using an excitation 
wavelength of 325 nm at ambient temperature.

Table III  Various defect  
emission transitions and their 
reasons for emission

Emission 
peak (nm)

Corresponding region Reasons of emission References

385 UV (NBE) Recombination of charge carriers via exciton–exciton 
collisions involving transition  Ce4+ 4f0 to  Ce3+ 4f1

27,  43
395
419 Visible (violet–blue) Radiating traps at grain boundaries. 46,  48
438
450
467 Visible (blue–green) Defects such as dislocation 49
481 Visible (blue–green) Transition from ionized oxygen defect level to VB 50
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region. The CCT, which measures the light source’s appear-
ance in terms of color, is another crucial factor in deciding 
whether to employ a material for commercial or residential 
lighting. If the CCT value is < 5000 K, the luminescent 
material can be used as a warm light source for household 
purposes, while a higher CCT value of > 5000 K can be 
used as a cool light for commercial purposes.63 For the given 
set of chromaticity coordinates (x, y), the CCT values were 
measured using McCamy’ empirical  formula64, 65:

where n = (x − xe)/(y − ye) with the chromaticity epicenter 
having the values xe = 0.3320 and ye = 0.1858, while x, y are 
the positional coordinates. The calculated values of CCT of 
the undoped and Ag-doped  CeO2 nanoparticles (shown in 
Table IV) indicate  that the undoped  CeO2 exhibits a CCT 
value of 6460 K with CIE coordinates in the white region. 
Further, the CCT value begins to decrease with increasing 

(9)CCT = −437n3 + 3601n2 − 6881n + 551.43

Ag dopant concentration, and the calculated CCT values are 
4851 K, 4692 K, and 4452 K for the  Ce1−xAgxO2 (x = 0.03, 
0.05, and 0.07, respectively) nanoparticles. Ag-doped  CeO2 
nanoparticles have reached CCT values of < 5000 K, mak-
ing them appropriate for neutral white light sources and for 
outdoor site lighting, parking garages, and security lighting, 
where the color temperature in the range 4000–5000 K tends 
to be more common. Furthermore, color purity is another 
important factor in determining the efficacy of color emis-
sions from luminous materials in PL spectroscopy. It meas-
ures the color saturation numerically using color coordinates 
and the equation given  below66:

where (x, y) and (xi, yi) are the color coordinates of the pre-
pared luminescent sample, and the coordinates of white 
light illumination (0.33, 0.33) and (xd, yd) are the color 
coordinates with the dominant wavelength. A higher value 
of purity indicates more saturation of color corresponding 
to the dominant wavelength, while a lower value of purity 
shows less saturation of color. The calculated color purity 
of undoped  CeO2 and  Ce1−xAgxO2 (x = 0.03, 0.05, and 0.07) 
nanoparticles is shown in Table IV. The measurement of 
color purity depicts that  Ce1−xAgxO2 (x = 0.03, 0.05, and 
0.07) nanoparticles show a significant increase in the lumi-
nous color purity (13.7, 17.5, and 21.7, respectively), com-
pared to the undoped  CeO2 nanoparticles (7.0).

The dominant wavelength is another important parameter 
that determines the wavelength of monochromatic spectral 
light which  evokes an identical perception of a specific 
color.35 In our case, the dominant wavelength for undoped 
 CeO2 and  Ce1−xAgxO2 (x = 0.03, 0.05, and 0.07) nanopar-
ticles is found to vary from 502 nm to 574 nm. The CRI is 
a measurement of the ability of the light source to predict 
the color of various objects in comparison to standard light 
sources. The CRI value of undoped  CeO2 was 89, while 
for  Ce1−xAgxO2 (x = 0.03, 0.05 and 0.07) nanoparticles, the 
calculated values of CRI were 93, 94, and 94, respectively. 
However, white LEDs are most commonly used for a wide 

(10)

√

(

x − xi
)2

+
(

y − yi
)2

√

(

xd − xi
)2

+
(

yd − yi
)2

× 100%

Table IV  The CIE diagram’s parameters for color x, y, λd, color purity, color rendering index (CRI), and CCT values for undoped  CeO2 and 
 Ce1−xAgxO2 (x = 0.03, 0.05 and 0.07) nanoparticles

Samples X Y CCT (K) λd (nm) Color purity (%) CRI

Undoped  CeO2 0.3104 0.3523 6460 502.9 7.0 89
Ce0.97Ag0.03O2 0.3502 0.3618 4851 571.8 13.7 93
Ce0.95Ag0.05O2 0.3558 0.3689 4692 572.6 17.5 94
Ce0.093Ag0.07O2 0.3643 0.3745 4452 574.6 21.7 94

Fig. 7  The CIE chromaticity diagram of undoped  CeO2 and 
 Ce1−xAgxO2 (x = 0.03, 0.05 and 0.07) nanoparticles.
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range of applications which require a neutral white CCT at 
4000 K with a higher value of CRI.67

Conclusions

Undoped  CeO2 and Ag-doped nanoparticle samples, syn-
thesized utilizing microwave-assisted co-precipitation 
techniques are useful for indoor and outdoor light applica-
tions and have been characterized for structural and optical 
properties with varying Ag concentrations (x = 0.03, 0.05, 
and 0.07). XRD measurements reported the nanocrystalline 
nature with a cubic fluorite structure for all the synthesized 
nanoparticles with  Ag2O phase (having fcc geometry), and 
their particle size was found to increase due to tensile strain, 
i.e., imposed by a larger radius cation in the  CeO2 lattice, 
which were 26, 29, 28, and 28 nm, respectively. Analysis 
of UV–Vis–NIR absorption spectra has shown that  CeO2 
nanoparticles exhibit variation in band gap energy with a 
blue shift with different Ag concentrations. The absorption 
spectra with increasing Ag content indicates the shifting 
of Fermi energy due to the incorporation of Ag cations, 
introducing the impurity states in the band gap region. The 
Urbach energy was also calculated to ascertain the existence 
of defects in the  CeO2 lattice, which seem to decline with 
higher Ag doping. The findings in this study have shown that 
Ag-doped  CeO2 nanoparticles are suitable for UVA absorber 
applications. The intensities of the PL spectra enhanced with 
Ag doping give rise to better excitonic states in the band 
structure of the  Ce1−xAgxO2 nanoparticles. The higher value 
of CCT determined using the PL spectra shows that these 
nanoparticles are suitable for commercial purposes such as 
LEDs and outdoor site lighting. White light sources, while 
retaining their CIE coordinates in the white region with a 
high magnitude of CRI, hold potential promise for future 
indoor as well as outdoor lighting applications.
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