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A B S T R A C T

MgO, Ag-doped MgO, and Ag+/Eu3+ co-doped MgO nanophosphors were synthesized by a co-precipitation 
method and systematically investigated for their structural, optical, antibacterial, and photocatalytic degrada
tion properties. XRD confirmed the cubic MgO phase along with additional Eu2O3 and metallic Ag phases in co- 
doped samples, while SEM revealed a transition from irregular morphologies to spheroidized and layered 
agglomerated structures. Photoluminescence measurements showed strong red emission at 617 nm with 
maximum intensity at 2 wt% Eu3+, followed by concentration quenching. Judd-Ofelt analysis revealed dominant 
electric-dipole transitions and low-symmetry Eu–O environments, confirming enhanced radiative probability and 
strong red emission, consistent with high color purity above 90 %, correlated color temperature in the warm light 
range (1746–2346 K), and excellent thermal stability with 83 % emission retention at 420 K. Antibacterial tests 
demonstrated selective inhibition of Escherichia coli but no activity against Staphylococcus aureus, with Ag 
enhancing and Eu3+ modulating the response. Photocatalytic degradation of crystal violet reached 83–84 % in 
doped samples compared to 75 % for pure MgO, with apparent pseudo-first-order rate constants more than twice 
that of undoped MgO, attributed to improved charge separation, where the synergistic roles of Ag+ (electron 
trapping) and Eu3+ (energy transfer) further promote reactive oxygen species generation and catalytic efficiency. 
These results establish Ag+/Eu3+ co-doped MgO as a multifunctional material with promising applications in 
lighting, environmental remediation, and antibacterial systems.

1. Introduction

The increasing prevalence of antibiotic-resistant bacteria, together 
with the widespread contamination of aquatic systems by toxic organic 
pollutants, has created an urgent demand for advanced multifunctional 
materials capable of addressing both disinfection and environmental 
remediation challenges [1]. Metal oxide nanoparticles, with dimensions 
below 100 nm, exhibit unique physicochemical properties that make 
them highly suitable for such applications. Their broad-spectrum anti
bacterial activity, ability to interact extensively with cellular systems, 
stability under harsh environments and tunable structural and surface 
features highlight their potential as next-generation antimicrobial 

agents. Among these materials, nanostructured magnesium oxide (MgO) 
has attracted particular attention due to its strong antibacterial activity, 
high thermal stability, low cost, and excellent biocompatibility [2]. 
Recognized as safe for human use (FDA-approved), MgO nanoparticles 
combine low toxicity with high ionic character and abundant surface 
oxygen vacancies, enabling strong interactions with biological systems 
and pollutants [3,4]. These characteristics have expanded the applica
bility of MgO nanomaterials to diverse fields, including biosensing, 
adsorption, catalysis, agriculture, and nanofertilizers [5]. Importantly, 
MgO’s antimicrobial efficacy and catalytic potential provide a unique 
platform for simultaneously eliminating pathogens and degrading haz
ardous compounds, thereby offering solutions to two critical global 
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issues [4–6].
Pure MgO nanoparticles are inherently antibacterial, effectively 

inhibiting both Gram-negative E. coli and Gram-positive S. Aureus [7]. 
Their antibacterial action is primarily attributed to the generation of 
reactive oxygen species (ROS), which induce oxidative damage in mi
crobial membranes, proteins, and DNA [2]. Additionally, MgO nano
structures such as nanorods have been reported to demonstrate superior 
catalytic activity under solar irradiation compared to commercial cata
lysts, further reinforcing their potential in environmental remediation 
[8]. This dual functionality has motivated their exploration as promising 
materials for water treatment applications, serving both to disinfect and 
to prevent biofilm formation.

Parallel to their antibacterial action, MgO nanoparticles exhibit 
intrinsic photocatalytic degradation activity. They can degrade organic 
dyes under UV light via electron-hole pair generation and ROS forma
tion [8,9]. However, the wide band gap of MgO limits its activity to the 
UV range, which restricts photocatalytic degradation efficiency under 
solar irradiation. To overcome this limitation, metal ion doping has been 
employed as an effective strategy for tailoring the band structure and 
enhancing the catalytic and biological performance of MgO [10].

Silver doping has proven especially effective in this regard. Ag-doped 
MgO nanoparticles exhibit enhanced dye degradation efficiency, 
explained by the ability of Ag+ ions to act as electron traps that suppress 
electron-hole recombination. Moreover, photoluminescence (PL) ana
lyses indicate that Ag+ incorporation quenches MgO defect-related 
emissions, directing charge carriers into chemical reactions rather 
than radiative recombination [11]. Beyond photocatalysis, Ag+ also 
strengthens MgO’s antibacterial activity. The synergistic effect of ROS 
generation by MgO and the bactericidal ion release from Ag+ signifi
cantly improves antimicrobial performance [12]. Collectively, these 
findings establish Ag+-MgO as a versatile nanomaterial with promising 
applications in both wastewater treatment and antimicrobial coatings 
[11,12].

While silver doping enhances the catalytic and antimicrobial capa
bilities of MgO, incorporating luminescent activators such as europium 
(Eu3+) introduces valuable optical properties. Europium ions, with their 
sharp f-f transitions, can provide intense red luminescence in MgO 
matrices [13,14]. In some cases, Eu3+ doping has also led to broad 
white-light emission through combined Eu3+ transitions and host defect 
luminescence [15]. Such tunable luminescence expands potential ap
plications to LED phosphors, bioimaging, optical probes, and security 
tagging. Additionally, given the inherent biocompatibility of MgO, the 
introduction of Eu3+ luminescence could enable the design of thera
nostic platforms that combine diagnostic imaging with therapeutic 
action.

Co-doping MgO with Ag+ and Eu3+ brings together these comple
mentary functionalities into a single multifunctional nanomaterial. 
While Ag+ improves charge separation and antimicrobial properties, 
Eu3+ contributes luminescence and catalytic versatility. Importantly, 
the close proximity of Ag+ nanoparticles to Eu3+ ions can generate 
plasmon-enhanced luminescence, intensifying Eu3+ emission through 
local surface plasmon resonance [16]. This synergistic effect has the 
potential to create nanostructures that are simultaneously antibacterial, 
photocatalytically active, and optically traceable, offering broad utility 
in wastewater treatment, biomedical coatings, and optoelectronic 
devices.

MgO is a wide-band-gap semiconductor (Eg ≈ 7 eV) [11,17], which 
limits its photoactivity to the UV region and leads to fast electron-hole 
recombination. Incorporating metal ions is an effective way to tune 
this electronic structure. Ag+ introduces intermediate energy levels that 
trap electrons and suppress recombination, improving charge separation 
[11,18]. Eu3+ ions create localized states that further moderate recom
bination while providing characteristic luminescence [13–15]. 
Together, Ag+ and Eu3+ enable a synergistic modification of MgO’s 
recombination dynamics, enhancing its photocatalytic and optical 
performance.

Although Ag+-doped MgO has been reported for photocatalytic and 
antibacterial applications and Eu3+-doped oxide materials are known 
for their luminescent properties, fewer studies have addressed the 
combination of both functionalities within a single MgO system. In this 
work, Ag+ and Eu3+ are jointly incorporated into MgO to develop a 
multifunctional material that simultaneously exhibits optical response, 
photocatalytic activity, and antibacterial behavior. In this context, the 
present study focuses on the synthesis and comprehensive character
ization of MgO, Ag+-doped MgO, and Ag+/Eu3+ co-doped MgO nano
phosphors prepared via a co-precipitation route. The primary aim is to 
elucidate how Ag+ and Eu3+ incorporation influences the structural, 
optical, photocatalytic, and antibacterial performances of MgO.

2. Experimental details

2.1. Materials and methods of synthesis

2.1.1. Materials
Magnesium nitrate hexahydrate Mg(NO3)2⋅6H2O, silver nitrate 

(AgNO3), Eu(NO3)3⋅5(H2O) and citric acid monohydrate (C6H8O7⋅H2O) 
were purchased from Sigma-Aldrich and used as precursors for the 
synthesis of undoped MgO, Ag-MgO and MgO: Eu3+, 0.05Ag NPs. The 
preparation medium was double distilled water (DDW)

2.1.2. Synthesis of undoped MgO, Ag + doped MgO and Eu3+ and Ag+

codoped MgO NPs
A systematic methodology forms the basis of the experimental pro

cedures used to synthesize pure MgO phosphors and their doped sam
ples, particularly MgO:Ag+ and MgO:0.05Ag+:Eu3+. The precipitation 
method, which is simple and controllable, was employed for the pro
duction of undoped MgO phosphors. First, magnesium nitrate hexahy
drate (Mg(NO3)2⋅6H2O, Sigma 99.9 %) was used as the starting material. 
In a series of careful steps, a 0.1 M Mg(NO3)2⋅6H2O solution was pre
pared in 50 mL of distilled water, followed by the addition of a citric acid 
(C6H8O7H2O, 9 mmol) solution acting as a chelating agent. This solution 
was added dropwise to the reaction mixture while stirring continuously 
to prevent particle agglomeration. The next step of the process, aqueous 
ammonia (25 % by weight) was added dropwise to the mixture obtained 
at room temperature as a precipitating agent to carefully maintain the 
pH value at 10.5. The resulting suspension was stirred at a constant 
speed of 450 rpm for 4 h at 80 ◦C. The mixture was cooled to room 
temperature and then the suspension was aged for another 3 h at room 
temperature and purified by successive washing with slurry, distilled 
water, and ethanol. The material was then centrifuged at 4500 rpm for 
10 min. It was then dried in an oven at 100 ◦C overnight. The material 
was then subjected to a process of fine grinding in an agate mortar and 
calcination at 450 ◦C for a period of 4 h. A similar systematic method
ology was applied for the synthesis of MgO:0.05Ag+ phosphors. In this 
case, a 0.1 M Mg(NO3)2⋅6H2O solution was prepared by adding 0.05 wt 
percent Ag + ions from Ag + nitrate salt (AgNO3, Sigma 99.9 %) to the 
solution, followed by the remaining steps similar to the production 
methodology of pure MgO phosphors. A parallel approach was adopted 
for the formation of MgO:0.05Ag+,Eu3+-doped phosphors. A 0.1 M Mg 
(NO3)2⋅6H2O solution was prepared by dissolving Eu3+ ions in varying 
weight percentages (0.5, 1, 2, 3, 5, 7) of a 5 wt% Ag+ and Eu3+ nitrate 
salt (Eu(NO3)2⋅5H2O, Sigma 99.9 %). The subsequent steps are consis
tent with the systematic approach previously described. This meticulous 
synthesis process employs precipitation methods and precise doping 
strategies to provide a foundation for a comprehensive investigation of 
the luminescent properties of the synthesized MgO phosphors and their 
potential applications. It should be noted that all NPs obtained were 
stored in a vacuum desiccator for subsequent analysis.

2.2. Characterization of NPs

FT-IR spectroscopy (Thermo Scientific Nicolet iS50) was used to 
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confirm the presence of functional groups and binding environments in 
the range of 4000–480 cm− 1 at room temperature. PL spectra were 
measured using an ANDOR SR500i-BL luminescence spectrometer. This 
was equipped with a triple grating. It was also fitted with an intensified 
charge-coupled device (ICCD) camera. This was used as a detector for 
the visible region. The excitation source was a frequency-tripled Nd: 
YLFQ pulsed laser operating at 349 nm. X-ray diffraction (XRD) was 
employed to analyse phase composition and crystallinity using a Mal
vern Panalytical Empyrean diffractometer (Cu Kα, λ = 1.5406 Å). Data 
were collected over a 2θ range of 20–80◦, with a step size of 0.02◦. 
Surface morphology and microstructural characteristics were examined 
using a Zeiss scanning electron microscope (SEM) for compositional 
analysis.

2.3. Antibacterial activity

The antibacterial properties of the samples were evaluated against 
Escherichia coli and Staphylococcus aureus using the agar diffusion 
method, with bacterial strains obtained from the Culture Collection of 
the Department of Veterinary, Kepsut Vocational School, Balikesir 
University. Both bacteria were incubated in Nutrient Broth (Merck, 
Germany) at 37 ◦C for 24 h. After incubation, E. coli was cultured on 
MacConkey Agar (Merck, Germany) and S. aureus on Baird-Parker Agar, 
followed by incubation at 37 ◦C for 24 h. After incubation, colonies were 
subjected to Gram staining, oxidase, catalase, and coagulase tests, 
growth in TSI agar, and assessment of colony characteristics on the agar 
media to confirm purity [18]. Pure cultures of E. coli and S. aureus were 
then adjusted to 0.5 McFarland turbidity standard. The turbidity was 
verified using a spectrophotometer at 620 nm wavelength. To evaluate 
the antibacterial properties of the samples, each bacterium was sepa
rately inoculated onto the surface of Mueller Hinton Agar (Merck, 
Germany) using a sterile swab. The samples were then placed in disc 
form on the surface of the Mueller Hinton Agar and incubated at 37 ◦C 
for 24 h under aerobic conditions. The formation of a clear zone around 
the samples, indicating inhibition of bacterial growth, demonstrated the 
antibacterial activity of the samples. Samples that did not form an in
hibition zone were considered to have no antibacterial effect against the 
tested bacteria [19].

2.4. Photocatalytic degradation

The photocatalytic activity of MgO, MgO:Ag+, and MgO:Ag+,Eu3+

NPs was evaluated by monitoring the photocatalytic degradation of 
crystal violet (CV) dye under UV light. A 100 mL solution of CV with a 
concentration of 1x10− 5 M was prepared, and 50 mg of the relevant NPs 
were added separately. Before the photocatalysis process, each NPs so
lution (1x10− 5 M CV + 50 mg NP) was stirred under a magnetic stirrer in 
the dark for 15 min. Then, each suspension was separately exposed to 
UV light with a wavelength of 254 nm and an intensity of 300 W, using a 
light source placed 30 cm away from the suspension surface. During the 
exposure period, approximately 2.0 mL suspension samples were taken 
every 15 min, and centrifugation was performed to separate the pho
tocatalyst particles, followed by UV measurements. The excitation of the 
CV band at 590 nm was monitored.

3. Results and discussions

3.1. XRD analysis

Fig. 1 displays the XRD patterns of undoped and codoped MgO NPs. 
Measurements were carried out using a Malvern Panalytical Empyrean 
diffractometer with monochromatic CuKα radiation (λ = 1.5406 Å), over 
the 2θ range of 20◦–80◦ at a scan rate of 2◦/min. For the undoped MgO 
NPs, diffraction peaks appeared at 36.91◦, 42.88◦, 62.21◦, 74.66◦ and 
78.55◦, which correspond to the (111), (200), (220), (311)and (222) 
planes of the face-centered cubic MgO phase (space group Fm-3m, 
JCPDS #01-089-7746). In contrast, the Eu3+ and Ag + codoped MgO NPs 
exhibit, in addition to the characteristic MgO reflections, new peaks 
arising from secondary Eu2O3 and metallic Ag phases. Reflections at 
28.35◦ and 32.83◦ are indexed to the (111) and (200) planes of cubic 
Eu2O3 (bixbyite, space group Ia-3, JCPDS #00-032-0380), whereas 
peaks at 38.02◦, 44.25◦, 64.39◦ and 77.26◦ correspond to the (111), 
(200), (220) and (311) planes of metallic face-centered cubic Ag phase 
(space group Fm-3m, JCPDS #03-065-2871). Additional weaker re
flections at 47.23◦ and 56.00◦ further support the presence of the Eu2O3 
phase. These results clearly demonstrate that while the host MgO lattice 
is retained, Ag+ and Eu3+ incorporation through co-doping leads to the 
segregation of distinct Eu2O3 and Ag crystalline phases. The coexistence 
of these phases suggests limited solubility of Eu3+ and Ag + ions in the 

Fig. 1. (a) X-ray diffraction pattern of undoped MgO, MgO:Ag+ and MgO:0.05Ag+:Eu3+ NPs, (b) schematic crystal structure of MgO illustrating cation distribution 
(c) polyhedral representations of Mg coordination environments in the MgO crystal structure, showing MgO6 units.
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MgO lattice under the applied synthesis conditions. Such phase evolu
tion in co-doped MgO is consistent with previous report on noble metal- 
doped MgO systems, which also highlight the role of secondary phases in 
tailoring structural and functional properties [20].

3.2. FTIR analysis

To find functional groups, Fourier-transform infrared (FTIR) spec
troscopy was used as an additional method in the phosphors charac
terization [21]. By performing FTIR characterizations, which is in the 
wave number range of 4000 to 480 cm− 1, the functional groups of the 
produced MgO, MgOAg+, and MgO:Ag+,Eu3+ NPs may be identified. 
Fig. 2 displays the FTIR spectrum of MgO, MgOAg+, and MgO:Ag+,Eu3+

NPs. They exhibit the stretching vibration mode, which indicates 
Mg–O–Mg bonds, ~652 and 858 cm− 1. The weak band, which indicates 
the bending vibration of the surface hydroxyl group, is seen at wave 
number around 1084 cm− 1. Although the band at 1084 was attributed 
-OH bending, the corresponding OH stretching band was not observed in 
the spectra. When Balakrishnan et al. used FTIR spectroscopy to study 
the MgO NP, they discovered a vibration mode in the 600–800 cm− 1 

wavenumber region, which indicated the presence of Mg–O–Mg bonds 
[22]. Similarly, Rohmawati et al. [23] reported that, in their study on 
MgO, they identified the characteristic peaks of MgO NP in the 950 
cm− 1. Furthermore, OH stretching and bending bands were observed at 
approximately 3300 and 1400 cm− 1, respectively; these weak absorp
tion bands may likely originate from surface adsorption processes during 
sample storage and can be attributed to MgO’s sensitivity to H2O and 
CO2 [24].

3.3. Morphological properties: SEM analysis

The morphology and particle sizes of samples annealed at 450 ◦C for 
4 h were examined using scanning electron microscopy (SEM). As shown 
in Fig. 3, the MgO structure appears irregular and randomly distributed. 
With the addition of MgO:0.05Ag+, a tendency toward spheroidization 
is observed, along with the initiation of agglomeration at specific loca
tions. This structural differentiation is attributed to the successful 
incorporation of Ag+ ions into the structure. Additionally, when the Ag+

and Eu3+ co-doping procedure was performed using the co-doping ter
minology with the host material MgO, it was observed that while the 

spheroidization trend continued, the agglomeration tendency formed a 
layered packing appearance in random and irregular positions. This 
suggests that the inclusion of Eu3+ ions in the main structure is 
responsible for the successful synthesis procedure.

3.4. Solid-state photoluminescence properties

PL emission spectra of MgO:Eu3+ phosphors recorded at λexc = 349 
nm are shown in Fig. 4. The photoluminescence (PL) emission spectrum, 
as shown in Fig. 4(a), exhibits characteristic peaks in the 500–750 nm 
wavelength range for MgO:0.05Ag+, 0.02Eu3+ phosphor. Five distinct 
emission peaks are observed at 575, 595, 617, 652, and 705 nm. As 
shown in Fig. 4(b), the MgO:0.05Ag+, 0.02Eu3+ sample exhibits two 
distinct features: a charge transfer band (CTB) in the ultraviolet (UV) 
region (220–280 nm) and a distinct, well-resolved spectral line in the 
near-ultraviolet (NUV) region (349 nm). The charge transfer band is 
fundamentally related to O2− →Eu3+ CTBs arising from ligand-metal 
charge transfer between O2p orbitals and the empty 4f states of Eu3+. 
Such CTBs are traditionally accepted as a characteristic signature of 
Eu3+ in oxide host matrices, and it is widely accepted that their spectral 
positions shift depending on the covalent and coordination geometry of 
the host matrix. Furthermore, a distinct sharp line corresponding to 
intraconfigurational 4f–4f transitions has been identified; although 
parity is generally forbidden for free Eu3+ ions, it is partially allowed in 
solid-state environments due to the influence of the crystal field and 
single-parity phonon mixing. These narrow f–f spectral features serve as 
sensitive indicators of local symmetry and crystal field strength in Eu3+

sites and provide complementary data to that obtained from CTB [25]. 
Furthermore, the strongest peak at 617 nm corresponds to the 5D0→7F2 
transition in Eu3+ ions, while the peak values at 575, 595, 652, and 705 
nm correspond to the 5D0→7F0, 5D0→7F1, 5D0→7F3, and 5D0→7F4 tran
sitions, respectively (Fig. 4(b)) [26–29]. The highest luminescent in
tensity is exhibited by the orange-red luminescent band resulting from 
the 5D0→7F2 transition among these luminescent bands. Fig. 4(c, d) 
shows the connection between the amount of Eu3+ that is added and 
how strong the light is at 617 nm in MgO:0.05Ag+,xEu3+ (x =
0.005–0.07) phosphors. It is worth noting that the relative fluorescence 
intensity at 617 nm initially increases and then subsequently decreases. 
The optimum Eu3+ content is confirmed to be x = 0.02. More recently, 
Altowyan et al. [30] observed the threshold concentration of 

Fig. 2. FTIR spectrum of undoped MgO, MgO:0.05Ag+ and MgO:0.05Ag+,0.02Eu3+ NPs.
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Eu3+-doped ZrO2 phosphor samples as x = 0.02. Similarly, Kumar et al. 
[31] determined the critical dopant concentration of a Y2Si2O7: Eu3+

nano phosphor sample as x = 0.03. At low concentrations, interactions 
between Eu3+ ions and the host lattice may be more significantly 
influenced by specific regions or defects, leading to a decrease in 
observed intensities. This phenomenon may arise from the greater in
fluence of specific regions or defects on Eu3+ ion interactions at low 
concentrations.

Among these luminescent bands, the orange-red luminescent band 
resulting from the 5D0→7F2 transition exhibits the highest luminosity, as 
shown in the inset figure in Fig. 4(d), which shows the concentration 
quenching graph of the prepared phosphors. The profile and position of 
the emission peaks remain unchanged as the dopant ion concentration 
rises, but the intensity of the peaks undergoes a substantial change. High 
concentrations of Eu3+ ions can cause concentration quenching, which is 
when the luminescence intensity weakens due to interactions between 
the Eu3+ ions. Fig. 4(c, d) shows the connection between the amount of 
Eu3+ that is added and how strong the light is at 617 nm in 
MgO:0.05Ag+,xEu3+ (x = 0.005–0.07) phosphors. Notably, the relative 
fluorescence intensity at 617 nm initially increases. Then it subsequently 
decreases. The optimum Eu3+ content is confirmed to be x = 0.02. When 
the concentration varies between 0.5 wt% and 2 wt%, the peak in
tensities increase and reach a maximum at 2 wt%. Once this threshold 
concentration is exceeded, quenching occurs according to the concen
tration quenching phenomenon as the distance between activator ions 
decreases. A similar observation has been reported by Lenczewska et al. 
[32]. Additionally, the average distance significantly facilitates energy 
transfer between dopant ions [30,33,34]. The PL intensity increased 
with the increase in Eu3+ concentration until reaching the threshold 
concentration value. This can be explained by the changes occurring in 
the immediate vicinity of Eu3+. In addition to concentration-dependent 
effects, the presence of Ag+ nanoparticles may further enhance Eu3+

emission through plasmonic coupling. Ag+ nanoparticles exhibit local
ized surface plasmon resonance, which produces amplified local elec
tromagnetic fields around neighboring Eu3+ ions. This plasmon-induced 
field can increase the probability of electric-dipole transitions, thereby 
further boosting the observed Eu3+ emission intensity. Similar 
plasmon-enhanced Eu3+ luminescence has been reported in previous 
studies [35,36].

3.4.1. Concentration quenching phenomena
Concentration quenching is a phenomenon that is typically influ

enced by factors such as exchange interaction, multipole-multipole 
interaction, or radiation reabsorption [37]. Concentration quenching 
is generally attributed to energy transfer between adjacent Eu3+ ions. To 
better comprehend the concentration quenching effect that is observed 
in Eu3+-doped MgO, it is necessary to calculate the critical distance (Rc) 
between the two activator ions (donor and acceptor). This calculation is 
critical for determining the specific mode in which the energy is trans
ferred. To understand the complex dynamics that are involved in the 
energy transfer between Eu3+ ions in the MgO matrix, the Blasse formula 
[38] is used to calculate the critical distance (Rc): MgO: To better un
derstand the quenching mechanism of Eu3+ phosphors, Blasse’s theory, 
which states that energy transfer is primarily influenced by exchange 
interactions when the distance between two luminescent centers is less 
than 5 Å, can be applied. Beyond this threshold, electric multipole in
teractions become the dominant factors. The distance separating Eu3+

ions can be approximately calculated using the Blasse formula [38]: 

Rc ≈ 2
[

3V
4πxcN

]1
3 

where xc and N are defined as functions of the parent lattice structure 
and dopant concentration. N is a measure of the degree of doping. It is 

Fig. 3. SEM images of undoped MgO, MgO:0.05Ag+ and MgO:0.05Ag+:0.02Eu3+ NPs.
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used to calculate the level of electronic excitation. V is a measure of the 
crystal volume and is used to estimate its internal luminosity. V is equal 
to 75.0 Å3, xc is equal to 0.02 and N is equal to 4. The critical distance 
(Rc) analyzed for Eu3+ is approximately 12.145 Å, which is significantly 
larger than 5 Å. It follows that the energy transfer mode, exchange in
teractions and radiation absorption are all the result of electrical 
multipolar interactions. This indicates that Eu3+ is a highly efficient 
energy donor for luminescence, which is a process that involves the 
emission of light. Furthermore, when Eu3+ is positioned close to a 
luminescence centre, the efficiency of energy transfer increases. This 
makes Eu3+ an important luminescent material. It is useful for many 
photonic applications. Electrical multipole interactions can be divided 
into three types. The first type is dipole-dipole (d-d). The second type is 
quadrupole-quadrupole (q-q). The third type is dipole-quadrupole (d-q). 
[39]. To define a specific type of electrical multipole interaction, the 
following equation, derived from Dexter’s theory [40], is generally 
applied to verify the type of electrical multipole interaction in Eu3+ ions: 

I
x
=K

(

1 + β(x)
Q
3

)− 1 

where I indicates the luminescence intensity and x indicates the Eu3+

doping concentration. Under the same matrix conditions and consistent 
test parameters, both K and β behave as constants. The values 6, 8, and 
10 correspond to dipole-dipole, dipole-quadrupole, and quadrupole- 
quadrupole interactions, respectively. Fig. 5 shows the linear correla
tion between log(I/x) and log(x). According to Dexter’s resonance en
ergy transfer theory, the obtained -Q/3 slope is calculated as − 2.64. As a 
result, the derived value of q is calculated as 7.92, which is the value 
closest to 8, indicating that the primary mechanism of the quenching of 
MgO:Eu3+ phosphor is energy transfer caused by dipole-quadrupole (d- 
q) interactions between Eu3+ ions.

To investigate the Eu3+ photoluminescence dynamics in more detail, 
time-resolved decay profiles were recorded for the selected composi
tions as shown in Fig. 6. The decay profiles measured for the 5D0 tran
sition were examined for the MgO matrix and MgO:0.05Ag+

composition with 0.02Eu3+ doping. MgO and MgO:0.05Ag+,0.02Eu3+

phosphors were obtained by measuring emission at 617 nm and exci
tation at 349 nm. The luminescence decay curves show good agreement 
with a double exponential function. 

Fig. 4. (a) 2D emission spectrum of MgO:Ag+,0.02Eu3+ phosphor with possible electronic transitions. (b) Schematic representation of the excitation and emission 
processes in Eu3+-activated MgO:0.05Ag+ The energy level diagram of Eu3+ shows the key excitation wavelengths and corresponding radiative transitions.(c) 3D PL 
emission spectra of MgO:0.05Ag+ co-doped with varying concentrations of Eu3+ under 349 nm excitation.(d) 2D PL emission profile of MgO:0.05Ag+ doped with 
Eu3+ at various concentrations. The inset figure shows normalized PL intensities and concentration quenching behavior for the 5D0→7F2 ED transition (617 nm).
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It = I0 + A1e−
t

τ1 +A2e−
t

τ2 (1) 

The average lifetime of the phosphors was calculated using the 
following equation (2)

τavg =
A1τ2

1 + A2τ2
2

A1τ1 + A2τ2
(2) 

where ‘It’ and ‘I0’ are the emission intensities at times ‘t’ and ‘0’, 
respectively. ‘A1’ and ‘A2’ are constants. ‘τ1’ and ‘τ2’ are the decay times 
of the double exponential function. It has been observed that the con
centration of the additive affects the lifetime. The MgO matrix without 
additives exhibits relatively fast and weak decay (τavg = 1.060 ms), 
indicating that radiative processes are negligible. When MgO:0.05Ag+, 
0.02Eu3+ is added, a significant increase in the decay lifetime is 
observed (τavg = 1.522 ms), indicating the activation of radiative path
ways associated with Eu3+. It has been confirmed by the calculated 
values that the prepared phosphor materials are suitable for solid-state 

lighting applications.

3.4.2. Judd-Ofelt theory
Judd-Ofelt (JO) Analysis is a theoretical calculation that is used to 

predict the spectral characteristics and site symmetry of rare earth ions 
in different host matrices. This analysis is a very useful tool for pre
dicting two types of parameters: density parameters and radiation pa
rameters. It also provides information about the local symmetry and 
valences of the surrounding ligands [41,42]. It uses three basic param
eters to describe the optical behavior of these ions. Density parameters 
obtained from emission spectra, ΩJ (J = 2, 4, 6), and dipole strength 
parameters Ω (Ω2, Ω4, Ω6), determine the local symmetry and nature of 
the environment surrounding rare earth ions, while radiation parame
ters are derived from the Ω parameters [43]. The Ω2 parameter depends 
on the local symmetry of the ligand field and the intensity of the cova
lent bond [44]. In highly symmetric environments, rare earth ions tend 
to have low Ω2 values, whereas this value increases when the intensity of 
the covalent bond increases and the local symmetry of the ligand field 
decreases. The electronic levels of free ions are lowered by covalent 
bonding, leading to an increase in Ω2 values. The understanding of Ω4 
and Ω6 is less clear, although they are related to the viscosity of the host 
medium containing the ions, the packing density of the lattice, and the 
hardness surrounding the rare earth ion [45]. Vibronic interactions 
between the rare earth ion and the ligand can alter Ω4 and Ω6. By 
determining these parameters, oscillator strengths, branching ratios, 
excited state radiative lifetimes, and energy transfer probabilities can be 
calculated.

3.4.3. The JO intensity parameters and radiative analysis
For Eu3+ ions, the density parameters Ω2 and Ω4 were calculated 

using the following equation based on the integrated emission in
tensities of the 5D0→7FJ transitions (J = 2, 4). 

ΩJ =
SMD

(
ϑ3

1
)

e2(ϑ3
J )

9n3

n(n2 + 2)2

∫
I1ϑ1

⃒
⃒〈J

⃦
⃦UJ

⃦
⃦Jʹ〉

⃒
⃒2
∫

IJϑJ

(3) 

where I1 and IJ are the integrated intensities of the 5D0→7F1 and 
5D0→7FJ transitions, respectively, ϑ is the transition frequency, SMD =

9.6 × 10− 42 (esu2cm2) is the magnetic dipole line strength (5D0→7F1), e 
= 4.803 × 10− 10 (esu) is the elementary charge, n is the refractive index, 

Fig. 5. Log (I/x) vs log x plot (Dexter plot).

Fig. 6. Lifetime curve of undoped MgO and MgO:0.05Ag+,xEu3+ (x = 0.00–0.07) phosphor.
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ϑ is wavenumber of transition and 
⃒
⃒〈J

⃦
⃦UJ

⃦
⃦Jʹ〉

⃒
⃒2 are the unitary matrix 

elements. The refractive index of the samples can be calculated from the 
band range value using the Dimitrov and Sakka correlation [46]. 

(n2 − 1)
(n2 + 2)

= 1 −

̅̅̅̅̅̅
Eg

20

√

(4) 

where n is a refractive index (estimated as n 1.72210). The optical band 
gap of MgO was taken from the literature (Eg = 7.30 eV) [47]. ‖Uλ‖2 (λ 
= 2, 4 and 6) are calculated squared matrix elements taken from Verma 
et al., which is given in Table 1 [48].

In this study, Ω6 parameters cannot be determined due to the absence 
of the 5D0→7F6 transition in photoluminescent spectra. As a result, only 
the 5D0→7FJ (J = 1, 2, 4) transitions are used to calculate the radiative 
transition probabilities. The probabilities of spontaneous radiative 
transitions A(J, J′) can be calculated by combining Eq. (5) and Eg. (6) 
equations using the following Eq. (7) [49–51].: 

AMD
01 =

64π4ϑ3

3h(2J + 1)
× χMD × SMD (5) 

AED
0J =

64π4ϑ3

3h(2J + 1)
× χED × SED (6) 

A(J, Jʹ)=
64π4ϑ3

3h(2J + 1)
[χED × SED + χMD × SMD] (7) 

where, n is the refractive index, h is the Planck constant, (2J + 1) is the 
degeneracy of the initial state, and the local field corrections χED and χMD 
for the ED and MD transitions are defined in Eqs. (8) and (9), respec
tively, using the refractive index. SED and SMD are the electric dipole and 
magnetic dipole line strengths (esu2 × cm2). The electric dipole line 
strength (SED) related to the JO parameters can be found using Eq. (10)
[52]. 

χED =
n(n2 + 2)2

9
(8) 

χMD = n3 (9) 

SED = e2
∑

J=2,4,6
ΩJ

⃒
⃒〈J

⃦
⃦UJ

⃦
⃦Jʹ〉

⃒
⃒2 (10) 

By combining Eq. (4) and Eq. (5), the asymmetry ratio R can be 
derived from ED and MD as follows Equation (11) [53]: 

R=
AED

( 5D0→ 7F2,4,6
)

AMD
( 5D0→ 7F1

) =

[
ϑJ

ϑMD

]3

×
SED

SMD
×

χED

χMD
(11) 

The asymmetric ratio R can be calculated directly from the PL 
emission spectra by calculating the integrated intensity ratio of the 
transitions ED (5D0→7F2,4) and MD (5D0→7F1) and can be expressed as 
follows (Eq. (12)) [54,55]: 

R=

∫
IEDdϑ

∫
IMDdϑ

(12) 

The findings obtained using the J-O concept are shown in Table 2. 
The ligand environment is directly related to the JO characteristic 
parameter Ω2 (associated with the short-range effect), which reveals the 
lack of symmetry of Eu3+ ions. On the other hand, the other parameter 

Ω4 (related to the long-range effect) is significantly influenced by 
volumetric properties such as the hardness of the main phosphor’s 
brightness and is not affected by the surrounding environment. The 
density parameter Ω6, associated with the 5D0→7F6 transition in the 
infrared region, was not investigated in this study as it was not observed 
in the current work. According to the calculated value, the density 
parameter of the 5D0→7F2 transition is dependent on the Eu3+ ion 
concentration. As summarized in Tables 2 and in the MgO:0.05Ag+,Eu3+

series, as the Eu3+ concentration increased from 0.005 to 0.07, the Ω2 
and Ω4 parameters increased from 7.99 to 9.23 × 10− 20 cm2 and from 
3.34 to 3.42 × 10− 20 cm2, respectively. Additionally, the 5D0→7F2 (Ω2) 
density parameter value is higher than the 5D0→7F4 (Ω4) value for all 
samples. This Ω2>Ω4 trend is well-supported in the literature [52]. High 
Ω2 and Ω4 values indicate that dopant ions occupy lower symmetry re
gions and cause greater local distortion in Eu–O bonds. Such distortions 
not only support electric dipole transitions but are also attributed to the 
more covalent character of Eu–O bonds at high dopant levels. An 
important feature of photoluminescence is the asymmetric ratio asso
ciated with emission tuning. The ratio of the integral densities of electric 
(5D0→7F2) and magnetic (5D0→7F1) dipole transitions is known as the 
asymmetric ratio. The asymmetric ratio provides a more detailed 
assessment of the deformation of the nearest environment’s inversion 
region in relation to the symmetry of Eu3+ ions. A higher asymmetric 
ratio (R > 1) indicates lower symmetry in the region surrounding Eu3+

ions, explaining the dominance of the red color. In the present study, the 
asymmetric ratio was calculated to be higher than 1. The calculated data 
are in good agreement with experimental and theoretical results 
(Table 2) and show good consistency with other Eu3+-doped phosphors 
reported in the literature [31,56]. The high asymmetric ratio indicates 
that Eu3+-doped MgO:0.05Ag+ samples can emit red light. These find
ings are consistent with the observed increase in the 5D0→7F2 transition 
intensity in the PL spectra and confirm the effect of increasing Eu3+

concentration on both spectroscopic and structural properties. Another 
important parameter is the radiative transition probability A(J,J′) term. 
The radiative transition probability A (5D0→7F2), shows an increasing 
trend with Eu3+ concentration; starting at 357.58 s− 1 for a concentration 
of 0.005, it peaks at 415.39 s− 1 for a concentration of 0.07. This increase 
confirms the enhanced sensitivity of the 5D0 → 7F2 transition, which is 
typically associated with asymmetric local environments and increased 
covalency.

Another important parameter in the Judd–Ofelt theory, the branch
ing ratio (β), quantitatively expresses the probability of radiative tran
sitions between specific energy levels and is calculated by multiplying 
the radiative transition probability A(J, J′) by the total radiative prob
ability ΣA(J, J′) and then multiplying the result by 100. The calculated β 
values are summarized in Table 2. For the MgO:0.05Ag+:Eu3+ phosphor 
series, the branching ratio of the highly sensitive electric dipole transi
tion 5D0→7F2 increases slightly with Eu3+ concentration. Branching 
ratios above 50 % in all samples were generally favorable for stimulated 
emission processes and highlight the importance of a potential laser 
emission transition [49,57]. The branching ratio indicates the ratio of 
the emission area of a specific transition to the total area covered by 
various transitions under the emission peaks. The experimental 
branching ratios calculated from the relative areas of the 5D0→7FJ (J =
1, 2) transitions are in good agreement with the theoretical ratios. These 
findings provide valuable information about the structural and optical 
behavior of Eu3+-doped MgO:0.05Ag+ phosphors, thereby providing 
important insights for the optimization of luminescent materials in op
tical applications.

Quantum efficiency (ηQE) represents the ratio of excited Eu3+ ions 
which undergo radiative decay and is determined using the Judd–Ofelt 
(JO) formalism. ηQE and WNR values are defined as the ratio of the 
experimental lifetime (τexp) to the radiative lifetime (τr) and are there
fore expressed by Equation (13) [58,59]: 

Table 1 
Squared matrix elements for transitions 5D0→7Fj (j = 2, 4 and 6) of Eu3+ ions.

Transition (0 |U(2)| J’) (0 |U(4)| J’) (0 |U(6)| J’)
5D0→7F2 0.0032 0 0
5D0→7F4 0 0.0023 0
5D0→7F6 0 0 0.0002
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ηQE =
Ar

Ar + Anr
=

τexp

τr
,WNR = τ− 1

exp − τ− 1
r (13) 

where τr is estimated from the total spontaneous emission probabilities 
(Ar) calculated with the JO parameters, and τ = Ar + Anr is calculated 
from time-resolved photoluminescence measurements under 349 nm 
excitation observed at 617 nm. The calculated radiative lifetimes (τr), 

experimental lifetimes (τexp), and quantum efficiencies (ηQE)and non- 
radiative rates (WNR) obtained for all Eu3+ doped samples are pre
sented in Table 3. The slight difference between τexp and τr is primarily 
due to the nonradiative relaxation WNR (s− 1) of excited Eu3+ ions. This 
nonradiative decay occurs due to the interaction of Eu3+ ions with vi
brations in the host matrix and leads to their transition to lower energy 
states by emitting multiple phonons, a phenomenon known as multiple 
phonon relaxation. As the Eu3+ content increases up to 0.02 doping, 
WNR decreases while ηQE reaches its maximum value of 83.38 %. This 
results in a substantially higher radiation rate and improved efficiency. 
As the Eu3+ content exceeds ~0.02, a slight decrease in ηQE is observed, 
from 83.38 % (x = 0.02) to 67.52 % (x = 0.07). This decrease is 
attributed to increased cross-relaxation and multipolar quenching phe
nomena between activator ions that are close to each other. This sup
ports the strengthening of phonon-assisted non-radiative channels.

3.4.4. CIE analysis
The photometric properties of luminescent materials are important 

parameters for the determination of their suitability for various lighting 
and imaging applications. Fig. 7 demonstrates the photometric quanti
ties of Ag+ and Eu3+ co-doped MgO phosphors were ascertained using 
the Commission Internationale de l’Eclairage (CIE) 1931 colour dia
gram. Table 4 summarizes the CIE parameters of Ag+ and Eu3+ co-doped 
MgO phosphors, showing that the CIE chromaticity coordinates are in 
the red emission region and confirming the red colour emission. At an 
excitation wavelength of 349 nm, the sample with the highest intensity 
(MgO:0.05Ag+,0.02Eu3+) shows coordinates of (0.6517, 0.3474).

Color-correlated temperature (CCT) is another key feature of smart 
lighting devices. The colour temperature of a light source is the key to its 
classification as warm, neutral or cool. Typically, a colour-temperature 
of approximately 6500 K is regarded as cool light, while a colour tem
perature of less than 4500 K is considered warm light. Warm light or 
light with a low CCT is better for the human eye. CIE parameters such as 
color coordinates (x, y) and color correlated temperature (CCT) were 
calculated to characterize the emitted color [60]. Color correlated 
temperature (CCT) was calculated using the McCamy empirical formula 
[61]. 

CCT= − 437n3 + 3601n2 − 6861n + 5514.31 

where n=(x− xe)/(y− ye) and the color epicenter is located at xe = 0.3320 
and ye = 0.1858. Therefore, the correlated color temperature (CCT) was 
calculated for MgO:0.05Ag+,0.02Eu3+ phosphor samples using the 
above equation. The CCT value calculated for different Eu3+ concen
trations was approximately 1746–2346 K.

Table 2 
Judd–Ofelt parameters (Ω2and Ω4), radiative transition probabilities (A (J, J’)), and branching ratios (βcal) of the MgO:xEu3+phosphors.

Eu3+ conc. (x wt.%) Ω2 (10− 20 cm2) Ω4 (10− 20 cm2) A(J,J′) β (%) β (%) R R

Exp. Theo. Exp. Theo.

0.005 7.99 3.34 5D0→7F1 63.03 13.95 11.93 5.138 5.673
5D0→7F2 357.58 71.67 67.70 ​ ​
5D0→7F4 107.56 14.38 20.36 ​ ​

0.01 8.33 3.05 5D0→7F1 63.15 13.75 11.80 5.335 5.919
5D0→7F2 373.78 73.34 69.85 ​ ​
5D0→7F4 98.20 12.92 18.35 ​ ​

0.02 8.54 3.16 5D0→7F1 63.08 13.43 11.51 5.471 6.070
5D0→7F2 382.90 73.47 69.89 ​ ​
5D0→7F4 101.85 13.10 18.59 ​ ​

0.03 8.62 3.20 5D0→7F1 63.06 13.31 11.41 5.522 6.127
5D0→7F2 386.35 73.53 69.92 ​ ​
5D0→7F4 103.17 13.16 18.67 ​ ​

0.05 9.22 3.42 5D0→7F1 63.03 12.62 10.76 5.783 6.549
5D0→7F2 412.82 74.14 70.47 ​ ​
5D0→7F4 109.96 13.24 18.77 ​ ​

0.07 9.23 3.60 5D0→7F1 63.32 12.38 10.64 5.969 6.559
5D0→7F2 415.39 73.89 69.81 ​ ​
5D0→7F4 116.26 13.73 12.38 ​ ​

Table 3 
Radiative lifetimes (τr), experimental lifetimes (τexp), non-radiative rates (WNR) 
quantum efficiencies (ηQE) for MgO:Ag0.05,xEu3+ (x = 0.005–0.07) phosphors.

Eu3+ conc. (x wt.%) τr(ms) τexp(ms) WNR (s− 1) ηQE(%)

0.005 1.893 1.149 3.42 × 10− 4 60.69
0.01 1.868 1.457 1.51 × 10− 4 77.97
0.02 1.825 1.521 1.09 × 10− 4 83.38
0.03 1.809 1.358 1.68 × 10− 4 76.64
0.05 1.707 1.313 1.83 × 10− 4 76.16
0.07 1.681 1.134 2.86 × 10− 4 67.52

Table 4 
CIE, coordinates of phosphors doped with Eu3+ at various concentrations and 
CCT (Color Correlation Temperature) comparisons.

Composition CIE chromaticity 
coordinates

CCT value CP

x y (K) (%)

(A) MgO:0.05Ag+,0.005Eu3+ 0.6285 0.3464 2116 83.95
(B) MgO:0.05Ag+,0.01Eu3+ 0.6287 0.3439 2166 83.97
(C) MgO:0.05Ag+,0.02Eu3+ 0.6517 0.3474 2346 90.54
(D) MgO:0.05Ag+,0.03Eu3+ 0.6443 0.3460 2293 88.42
(E) MgO:0.05Ag+,0.05Eu3+ 0.5912 0.3447 1823 73.35
(F) MgO:0.05Ag+,0.07Eu3+ 0.5720 0.3403 1746 67.86

Table 5 
Summary on luminescence properties of MgO:0.05Ag+,0.02Eu3+ and reported 
Eu3+-doped phosphor materials.

Composition
CIE chromaticity 
coordinates

CCT value CP

x y (K) % Ref

MgO:0.05Ag+,0.02Eu3+ 0.6517 0.3474 2346 90.54 This work
Ba3Y4O9:0.03Eu3+ 0.6345 0.3527 1100 96.30 [63]
NSMP: 0.09Eu3+ 0.6724 0.3274 3258 95 [64]
Y2SrAl4SiO12: 0.02Eu3+ 0.6346 0.3650 2092 90 [65]
SrGa4O7:0.3Eu3+ 0.6442 0.3499 2489 99.92 [66]
Ba2SrWO6:0.1Eu3+ 0.6273 0.3721 1956 87.35 [67]
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The calculated CCT values fall within the warm light region, con
firming that the proposed sample is suitable for the production of warm 
WLEDs. To accurately characterize the light sources, the color purity 
(CP) of the emitted color was calculated using the following formula 
[62]: 

Color Purity=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − xi)
2
+ (y − yi)

2
√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(xd − xi)
2
+ (yd − yi)

2
√ × 100% (14) 

where, (x,y) are the CIE color coordinates of the proposed samples, (xd, 
yd) are the color coordinates of the dominant wavelength, and (xi,yi) are 
the coordinates of the standard white light source. Color purity is an 
important property in color science that measures how vivid or satu
rated a color appears. It is expressed on a scale ranging from 0 % 
(achromatic white) to 100 % (pure spectral color). In the present study, 
the color purity value of MgO:0.05Ag+,0.02Eu3+ nano-phosphor, which 
exhibits the highest emission intensity of the material, has been deter
mined. Table 5 summarizes the color purity comparisons of previously 
reported nano phosphors. Compared to our study on MgO:0.05Ag+, 
Eu3+, we observe better results here. These results clearly show that the 
monochromatic nature of the emitted light improves as the Eu3+ ion 
concentration increases up to 2 wt%. The color purity indicators indicate 
that the synthesized phosphor emits stable and bright red light with 
excellent color stability. Therefore, depending on the Eu3+ doping 
concentration in MgO:0.05Ag+ nano-phosphors, the PL emission and 
color purity have been improved, and the findings indicate the potential 
future applications of Eu3+-doped MgO:0.05Ag+ in w-LEDs and warm 
solid-state lighting.

3.4.5. Thermal stability analysis
One of the most important parameters in the applications of photo

luminescence is its thermal stability. Temperature increases cause a 
decrease in the photoluminescence performance of doped rare earth 
phosphors, a phenomenon referred to as temperature quenching. 
Therefore, the thermal stability of photoluminescence is considered to 
be one of the most important parameters in the application of phos
phors. Higher temperatures lead to more frequent non-radiative hopping 

between luminescent centers, resulting in a decrease in luminescence 
intensity [68]. To investigate the thermal stability of MgO:0.05Ag+, 
0.02Eu3+ phosphors, the intensity changes of the emission spectra were 
measured under 349 nm excitation light in the temperature range of 
300–550 K, as shown in Fig. 8(a–c). The initial temperature was 300 K, 
the maximum temperature was 500 K, and the emission spectra were 
measured at 40 K intervals.

Fig. 8 (b) shows the normalized results and indicates that the emis
sion intensity under 349 nm excitation remains at approximately 83 % 
of the value at room temperature (300 K) when the temperature reaches 
420K, representing a slight decrease compared to room temperature. 
This indicates that MgO:0.05Ag+,0.02Eu3+ possesses exceptional ther
mal stability properties. To further detail the thermal stability of the 
nanophosphor, the Arrhenius activation model can be used to evaluate 
the activation energy of the phosphor [69,70]. 

IT = I0

(

1 + Aexp
(

−
ΔE
kBT

))− 1

(15) 

where, A is a constant, I0 represents the light intensity at room tem
perature, and IT represents the light intensity measured at temperature 
T. The Boltzmann constant is denoted by kB (8.63 × 10− 5 eV/K). The 
Arrhenius approach can be modified as shown below; this equation 
shows the relationship between ln(I0/IT-1) and 1/kBT. The relationship 
between ln(I0/IT-1) and kBT is shown in Fig. 8(d). The linear curve in the 
figure can be obtained by fitting the data below the excitation wave
length linearly, and the corresponding slope of the curve represents the 
activation energy. Specifically, the activation energy of the nano phos
phor synthesized under 349 nm excitation is 0.209 eV. Table 6 sum
marizes the thermal stability of MgO:0.05Ag+,0.02Eu3+ phosphors with 
different phosphor series, and the findings highlight that 
MgO:0.05Ag+,0.02Eu3+ phosphors exhibit good thermal stability. 
Furthermore, as summarized in Table 7, which presents a comparative 
analysis of the optical properties of Eu3+-doped phosphors, such lumi
nescence modifications are crucial for understanding the potential of co- 
doped systems. This work, which combines enhanced photocatalytic 
degradation efficiency, superior antibacterial activity, and strong 
luminescence properties in a single system, aims to position MgO doped 
with Ag+/Eu3+ as a multifunctional nanomaterial with potential appli
cations in environmental remediation, biomedical coatings, and opto
electronic devices.

3.5. Antibacterial activity

The samples containing MgO exhibited antibacterial activity against 
E. coli at all concentrations; however, no antibacterial activity was 
detected against S. aureus. The inhibition zone diameters produced by 
MgO compounds against both bacterial strains are summarized in 
Table 8, while representative images of the zones are illustrated in Fig. 9.

The release of free Mg2+ ions from phosphors is considered the pri
mary driver of reactive oxygen species (ROS) generation (see Fig. 9). The 
resulting excessive oxidative stress overwhelms the bacterial antioxi
dant defenses, leading to cellular damage. Correspondingly, the leakage 
of proteins, carbohydrates, and lipids due to membrane disruption has 
been quantified, with the extent of leakage observed to vary according to 
the bacterial cell structure [77,78]. Notably, elevated ROS levels have 
been reported to confer up to 98 % antibacterial activity against E. coli 
[79].

In the present study, the MgO compounds demonstrated inhibitory 
activity against E. coli, whereas no inhibition was observed against 
S. aureus, consistent with the findings of Li et al. [79]. These results 
highlight that the antibacterial efficacy of nanoparticles is not solely 
determined by their size, shape, chemical composition, and surface 
properties (e.g., hydrophobicity), but also depends on the bacterial 
species [2].

Suresh et al. (2018) synthesized MgO nanoparticles using C. pictus 

Fig. 7. The CIE chromaticity coordinates of MgO:0.05Ag+, xEu3+ (x =
0.01–0.07) phosphors.
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Fig. 8. (a) Temperature-dependent photoluminescence (PL) emission spectra of the MgO:0.05Ag+, 0.02Eu3+ phosphor, measured under fixed excitation conditions 
in the range of 300–580 K. (b) Normalized luminescence intensity of MgO:0.05Ag+,0.02Eu3+ phosphor at different temperatures. (c) 3D spectral mapping showing 
the evolution of emission intensity with increasing temperature from 300 K to 580 K, with a gradual decline in luminescence due to thermal quenching effects. (d) An 
Arrhenius plot of the MgO:0.05Ag+,0.02Eu3+ phosphor under 349 nm excitation showing the temperature dependence of the luminescence intensity in the range 
300–580 K.
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leaf extract and reported their bactericidal effects, with inhibition zones 
of 5.50 cm against S. aureus, 10 cm against B. subtilis, 12.50 cm against 
E. coli, and 15 mm against S. Paratyphi. In a comparative study, He et al. 
(2018) found that MgO and CuO nanoparticles exhibited significantly 
higher antibacterial activity against Gram-positive bacteria than against 
Gram-negative bacteria, likely due to differences in cell membrane 
structure. Similarly, Akshaykranth et al. [80] demonstrated that MgO 
nanoparticles possess substantial activity against both Gram-negative 
and Gram-positive bacteria, with the magnitude of antimicrobial effect 
being dependent on particle size, shape, and concentration. Supporting 
this observation, Abinava et al. [20] reported that inhibition zones 
produced by standard MgO nanoparticles were considerably lower than 

those produced by HY-MgO nanoparticles.
Interestingly, contrary to He et al. [2], the current study observed 

that MgO nanoparticles exerted greater activity against E. coli, while no 
measurable inhibition zones were observed for S. aureus. This novel 
finding further supports the notion proposed by Akshaykranth et al. [80] 
that the antimicrobial activity of MgO nanoparticles is highly dependent 
on their physicochemical characteristics. Nevertheless, it is plausible 
that the observed effects may also be influenced by the specific com
ponents within the nanoparticles, indicating that further investigations 
are required to fully elucidate the antibacterial potential of MnO.

The higher antibacterial activity observed against E. coli can be 
explained by fundamental differences in the cell-wall architecture and 
surface charge properties of Gram negative and Gram positive bacteria. 
E. coli, a Gram negative bacterium, possesses a thin peptidoglycan layer 
located between the inner membrane and an outer membrane enriched 
with lipopolysaccharides (LPS). LPS molecules contain abundant nega
tively charged phosphate groups, which promote strong electrostatic 
interactions with positively charged antibacterial agents or nano
materials. These interactions can increase outer-membrane permeability 
and destabilize the membrane, contributing to the higher susceptibility 
of Gram-negative bacteria [81]. In contrast, S. aureus, a Gram-positive 
bacterium, has a substantially thicker (20–40 nm) and highly 
cross-linked peptidoglycan layer. This rigid structure acts as a physical 

Table 6 
The I550K/I300K and ΔE values of the related phosphors.

phosphor I420K/I300K ΔE(eV) Ref.

MgO:0.05Ag+,0.02Eu3+ 83 % 0.209 This work
Ba3Y4O9:Eu3+ 85 % (420K) 0.375 [63]
BlIO:Eu3+ 61 %(423K) 0.188 [71]
SLG: 0.3Eu3+ 60.7 % (423K) 0.299 [72]
Sr3CaNb2O9: Eu3+ 72.5 % (420K) 0.184 [73]
InGaZnO4:Eu3+ 73.5 % (420 K) 0.270 [74]
NaCaTiTaO6:Eu3+ 72.41 % (420 K) 0.310 [75]
CaSrSb2O7:Eu3+ 50.69 % (423 K) 0.229 eV [76]

Table 7 
Comparative analysis of the optical characteristics of Eu3+-doped phosphors.

Sample composition CIE chrom. coordinates Thermal Stability Averaged Life time (ms) Applicaiton potential Ref

MgO:0.05Ag+,0.02Eu3+ 0.6517,0.3474 83 % (Moderate) 1.521 ms (Moderate) Red phosphor for warm white LEDs This work
Na2SrMg(PO4)2:Eu3+ 0.6720,0.3270 71 % (Moderate) 2.872 ms (slow) Red phosphor for warm white LEDs [64]
Sr3CaNb2O9: 0.03Eu3+ 0.5985, 0.3968 72.5 % (Moderate) 0.261 ms (Light fast) Red light-emitting component of WLED [73]
CaSrSb2O7: 0.20 Eu3+ 0.5870,0.3890 50.69 % (Low moderate) – Red phosphor for SSL applications [76]
Ba3Y4O9:0.03Eu3+ 0.3460, 0.3480 85 % (Moderate) 2.812 ms (slow) Red phosphor for high performance WLED [63]

Fig. 9. (A). Inhibition zones of MgO, MgO:0.05Ag+, MgO:0.05Ag+,0.05Eu3+ and MgO:0.05Ag+,0.01Eu3+ (B). Inhibition zones of MgO:0.05Ag+,0.02Eu3+, 
MgO:0.05Ag+,0.03Eu3+, MgO:0.05Ag+,0.05Eu3+ and MgO:0.05Ag+,0.07Eu3+.

Table 8 
Inhibition zones of the MgO, MgO:0.05Ag+ and MgO:0.05Ag+:xEu3+ (x = 0.005–0.07 wt) phosphor antibacterial activity against E. coli and S.aureus.

MgO Compounds Codes of MgO compounds in study Zone diameters against E. coli (mm) Zone diameters against S. aureus (mm)

MgO B0 8 –
MgO:0.05 Ag+ B1 11 –
MgO:0.05Ag+:0.005Eu3+ B2 13 –
MgO:0.05Ag+:0.01Eu3+ B3 15 –
MgO:0.05Ag+:0.02Eu3+ B4 10 –
MgO:0.05Ag+:0.03Eu3+ B5 10 –
MgO:0.05Ag+:0.05Eu3+ B6 13 –
MgO:0.05Ag+:0.07Eu3+ B7 15 –
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barrier that limits penetration of antibacterial agents to the cytoplasmic 
membrane. Although teichoic acids in Gram-positive cell walls also 
confer a net negative charge, the density of accessible anionic sites is 
lower than in the LPS-rich outer membrane of Gram-negative bacteria, 
resulting in weaker electrostatic attraction. Consequently, the robust 
and multilayered cell wall of Gram-positive bacteria reduces antibac
terial efficacy [82]. These structural and surface-charge differences 
provide a clear explanation for the stronger antibacterial performance 
observed against E. coli compared to S. aureus.

3.6. Photocatalytic comparisons of MgO and different dopants of MgO 
NPs

In this study, the photocatalytic activity of MgO/MnO2 phosphors 
was evaluated by the photocatalytic degradation of CV (crystal violet) 
solution at 583 nm under visible light irradiation for a period of 75 min. 
The experiment was initiated in a dark room, and the light irradiation 
time (0–75 min) was regularly analyzed at room temperature. The study 
also investigated the significant effects of various physical parameters, 

Fig. 10. UV–vis absorbance as function of time of (a) MgO, (b) MgO:0.05Ag+ and (c) MgO:0.05Ag+:0.02Eu3+ photocatalyst under sunlight irradiation (dose: 50 mg/ 
L; CV concentration: 1x10− 5 M; ambient temperature = 30–35 ◦C) (d)The variation of photodegradation with time, (e) pseud-first-order kinetics (f) and the 
degradation % of CV dye.
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such as time, catalyst type, and solution, on the degradation process. A 
gradual decrease in the absorption intensity of CV under light was 
observed, and the degradation of the dye on the surfaces of MgO, 
MgO:0.05Ag+, and MgO:0.05Ag+,0.02Eu3+ was recorded. The photo
catalytic degradation of the CV dye was investigated to determine the 
percentage of adsorbed photocatalyst and compared with adsorption 
analysis. To examine the degradation stages in detail, the experiment 
was conducted under sunlight in the presence of the photocatalyst. The 
data indicate that MgO:0.05Ag+ and MgO:0.05Ag+,0.02Eu3+ phosphors 
provide the highest dye degradation compared to MgO. The dye pho
tocatalytic degradation percentage occurred in the following order: 
MgO:0.05Ag+,0.02Eu3+ (84 %) > MgO:0.05Ag+ (83 %) > MgO (75 %). 
The highest efficiency of MgO:0.05Ag+,0.02Eu3+ may be related to its 
excellent visible light absorption capacity. The graphs in Fig. 10(a-f) 
compare the photocatalytic efficiency of MgO, MgO:0.05Ag+, and 
MgO:0.05Ag+,0.02Eu3+ against CV dye under visible light. The photo
catalytic degradation processes of most organic/inorganic pollutants 
follow the Langmuir–Hinshelwood kinetic model, which assumes the 
single-layer adsorption of reactants or products. This is generally 
expressed by the following equation: 

r= −
dc

dt
=

kKC
(1 + KC)

where, the reaction rate (r), the reaction rate constant (k), the adsorption 
coefficient of the adsorbate at time t (K: typically in mM− 1), and the 
initial concentration of the contaminant in the solution are dependent 
and the equation transforms into pseudo-first-order kinetics The 
degradation reaction process shows good agreement with the pseudo- 
first-order reaction kinetic model: 

ln ln
A0

At
= ln ln

C0

Ct
= kt 

where, A and C are the absorbance and concentration at time 0 and any 
time t (A = αC), and k is the pseudo-first-order rate constant obtained 
from the linear ln(C0/Ct vs. t) plots (min− 1). The fit of the data to the 
pseudo-first-order reaction kinetics was confirmed for all photocatalysts 
with a regression coefficient R2 ≥ 0.97. The higher photocatalytic per
formance of the MgO:0.05Ag+,0.02Eu3+ composite is evidenced by 
higher reaction rate constants and very short t1/2 (t1/2 = ln2/k) 
(Table 9). The maximum k values (0.0261 min− 1 and 0.025 min− 1) 
obtained for the MgO:0.05Ag+ and MgO:0.05Ag+,0.02Eu3+ composites 
are approximately 2.1 times higher than that of MgO under the same 
conditions (Table 9). This excellent performance can be attributed to the 
effective separation of photogenerated electron pairs within the com
posite. The findings point to the fact that Ag+ and Ag+/Eu3+-doped MgO 
nanomaterials exhibit higher photoactivity against CV elimination 
under sunlight [83].

3.6.1. Photocatalytic comparisons of MgO and MgO NP variants
Fig. 11 represents the possible mechanism of paint degradation of 

MgO and its variants under visible light irradiation. The valence band 
(VB) and conduction band (CB) edge potentials of pure MgO were 
calculated using the following equations (16) and (17) [84]. 

EVB =X − Ee + 0.5Eg (16) 

ECB = EVB − Eg (17) 

Here, EVB and ECB represent the valence and conduction band potentials 
of the semiconductor, respectively, X and Eg represent the electroneg
ativity and band gap energy of the semiconductor, respectively, and Ee 

represents the energy of free electrons in the hydrogen scale (~4.5 eV). 
The absolute electronegativity of pure MgO is 5.68 eV [85]. The VB and 
CB edge potentials of pure MgO were calculated to be +3.18 and − 0.82 
eV, respectively. 

Photocatalyst + hν → h+ + e−

e− − +O2→O−
2 ˙

h+ +H2O →˙ OH + H+

O−
2 ˙+H+→HO2̇

2HO2˙+H2O2→O2 

H2O2 → 2OH⋅ 

⋅OH+CV dye → CO2 + H2O 

It is necessary to identify significant findings in the background of 
the photocatalytic degradation of CV dye on MgO, MgO:0.05Ag+, and 
MgO:0.05Ag+,0.02Eu3+ photocatalysts. The photo-color loss of fast 
orange-red dye is photosensitized under the influence of UV or visible 
light irradiated onto the surface of the photocatalyst. When the photo
catalyst is excited by light, most often a visible light source, it absorbs 
photons with energy equal to or greater than the band gap energy. This 
energy excites electrons from the valence band to the conduction band, 
resulting in the formation of electron-hole pairs (e− /h+). Photo- 
generated electrons (e− ) in the conduction band are responsible for 
the formation of reactive oxygen species, such as superoxide radicals 
(•O2-), by reducing oxygen molecules (O2) in the solution. Similarly, 
photo-generated holes (h+) in the valence band produce hydroxyl rad
icals (•OH) by oxidizing water (H2O) or hydroxyl ions (OH− ) on the 
catalyst surface. These reactive species (•O2- and •OH) are highly 
oxidative and interact intensely with CV dye molecules, breaking down 
their complex structures into smaller and less harmful molecules. 
Comparisons of various nanomaterials on photocatalytic studies 
regarding photocatalytic degradation are given in Table 10. Similar 
luminescence-catalysis synergies have also been reported in other Ag+/ 
Eu3+ co-doped oxide photocatalysts, where Eu3+-induced optical tran
sitions and Ag+-related charge separation collectively enhance the 
generation of reactive oxygen species and improve dye degradation ef
ficiency [35,86,87].

The structural, morphological, optical, and functional analyses of the 
synthesized MgO, Ag-doped MgO, and Ag/Eu co-doped MgO phosphors 
reveal a strong correlation between dopant incorporation and multi
functional performance. XRD results confirmed that the cubic MgO 
lattice was retained in all samples, while new reflections corresponding 
to Eu2O3 and metallic Ag phases appeared in the co-doped systems. This 
indicates limited solubility of the dopant ions in the host lattice and 
shows that phase segregation contributes to the overall physicochemical 
behavior of the nanomaterials. Supporting these findings, FTIR spectra 
showed Mg-O stretching vibrations together with surface hydroxyl fea
tures, confirming the presence of intrinsic MgO bonding and surface 
sensitivity.

SEM micrographs further demonstrated the effects of doping on 
morphology. While pure MgO phosphors were irregular and randomly 
distributed, Ag+ doping induced spheroidization and localized 
agglomeration. In the Ag+/Eu3+ co-doped samples, these effects were 
more pronounced, leading to layered agglomeration in random orien
tations. These microstructural changes suggest that Eu3+ incorporation 
promotes local distortions and surface reorganization which are closely 
related to the functional outcomes of the material.

Table 9 
Kinetic parameters of CV dye degredation.

Sample k(min− 1) t1/2 (min) R2

MgO 0.0119 361 0.9877
MgO:0.05 Ag+ 0.0261 26 0.9799
MgO:0.05Ag+:0.02Eu3+ 0.025 27 0.9963
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Photoluminescence studies revealed characteristic Eu3+ emission 
bands, with the most intense transition observed at 617 nm. The emis
sion intensity increased with Eu3+ concentration up to 2 wt%, after 
which concentration quenching became dominant. This quenching 
behavior, attributed to multipolar interactions, demonstrates the critical 
balance between activator concentration and luminescence efficiency. 
Lifetime measurements supported this trend: undoped MgO showed 
weak and rapid decay, while co-doping significantly increased lifetimes, 
indicating the activation of radiative pathways. Judd-Ofelt analysis 
provided further confirmation, with higher Ω2 values compared to Ω4 
across all samples, pointing to low-symmetry local environments and a 
more covalent nature of Eu-O bonds. These findings are consistent with 
the high asymmetry ratios (R > 1) observed, which explain the domi
nance of red emission.

The CIE chromaticity coordinates of the optimized MgO:Ag+,Eu3+

composition (0.6517, 0.3474) placed the emission firmly in the red re
gion. The correlated color temperature in the range of 1746–2346 K 
confirmed warm light characteristics, while the color purity exceeded 90 
percent at optimal Eu3+ concentration. Together with the excellent 
thermal stability results, where 83 percent of the initial emission was 

retained at 420 K with an activation energy of 0.209 eV, these properties 
demonstrate the suitability of the material for warm white LED and 
solid-state lighting applications.

Biological assays revealed species-selective antibacterial activity. All 
MgO-based phosphors inhibited the growth of E. coli, whereas no inhi
bition was observed against S. aureus. Ag + doping enhanced inhibition 
compared to undoped MgO, and Eu3+ incorporation produced a variable 
response, with the highest activities recorded at 0.01 and 0.07 Eu con
centrations. These results suggest that the antibacterial effect is medi
ated by both ionic release and reactive oxygen species formation, and 
that surface modifications due to doping play a decisive role in deter
mining activity levels.

Photocatalytic degradation studies further emphasized the multi
functional nature of the co-doped systems. Both Ag+-doped and Ag+/ 
Eu3+ co-doped MgO exhibited higher efficiencies in crystal violet 
degradation (83–84 %) compared to pure MgO (75 %). Kinetic analysis 
confirmed pseudo-first-order behavior, with rate constants of approxi
mately 0.025–0.026 min− 1 for doped samples, more than double that of 
undoped MgO. This enhancement is attributed to the synergistic effects 
of Ag, which improves charge separation, and Eu3+, which promotes 
energy transfer, thereby reducing electron-hole recombination and 
accelerating dye degradation.

Overall, these findings suggest that Ag+ and Eu3+ co-doping signif
icantly improves the multifunctional performance of MgO phosphors. 
The optimized materials exhibit structural stability, efficient red lumi
nescence, high color purity, strong thermal resistance, selective anti
bacterial activity, and enhanced photocatalytic efficiency. This 
combination of properties highlights their potential for practical appli
cations in environmental remediation, lighting technologies, and other 
advanced functional systems.

4. Conclusions

In this study, MgO, Ag+-doped MgO, and Ag+/Eu3+ co-doped MgO 
phosphors were successfully synthesized using a controlled co- 
precipitation method and their structural, optical, antibacterial, and 
photocatalytic properties were systematically evaluated. Structural an
alyses confirmed the formation of cubic MgO along with Eu2O3 and 
metallic Ag phases in the co-doped samples, while microscopic 

Fig. 11. Photoexcited electron-hole separation of CV on MgO under visible light irradiation, representing the degradation mechanism of transport processes.

Table 10 
A comparative study of the photocatalytic degradation performance of various 
photocatalysts.

Photocatalyst Dye Time 
(min)

Degradation 
%

Reference

MgO Crystal Voilet 75 75 This work
MgO:0.05 Ag+ Crystal Voilet 75 84 This work
MgO:0.05Ag+:0.02Eu3+ Crystal Voilet 75 85 This work
Ag doped MgO Methylene Blue 120 90.18 [12]
Bi2O3/MgO/Fe2O3 Fast Orange 

Red
120 82 [88]

MgO@ZrO2@g-C3N4 Alizarin red 60 92.1 [89]
MgO/g-C3N4 Crystal Voilet 60 60 [85]
MgO-CeO2-Fe3O4@JB Niagara blue 25 97.23 [90]
MgO/TiO2/Ag Methylene Blue 8 90 [91]
MgO Malachite 

Green, Congo 
red

120 98. 95 [92]

MgO Methylene Blue 120 90 [93]
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observations revealed significant morphology evolution toward spher
oidized and layered agglomerates with Ag+ and Eu3+ doping.

Photoluminescence investigations demonstrated strong Eu3+-related 
emissions, with the most intense band observed at 617 nm, and a 
maximum luminescence efficiency achieved at 2 wt% Eu3+ before 
concentration quenching set in. Judd-Ofelt analysis revealed low- 
symmetry environments and strong covalent Eu-O bonding, support
ing efficient red emission with high color purity (>90 %) and thermal 
stability, retaining 83 % of initial intensity at 420 K. These findings 
highlight the suitability of the optimized composition as a red phosphor 
for warm white LED and solid-state lighting applications.

The antibacterial studies indicated species-selective behavior, with 
all samples exhibiting inhibitory activity against E. coli but none against 
S. aureus. Ag+ doping enhanced antibacterial effects, while Eu3+ co- 
doping produced a non-linear variation, with particularly strong inhi
bition at specific Eu3+ concentrations. Photocatalytic dye degradation 
experiments further established the multifunctional advantage of 
doping, with MgO:Ag+ and MgO:Ag+,Eu3+ achieving significantly 
higher efficiencies (83–84 %) compared to pure MgO (75 %). Kinetic 
analyses confirmed pseudo-first-order behavior with rate constants 
more than double those of undoped MgO, attributable to enhanced 
charge separation and suppressed electron-hole recombination facili
tated by the synergistic action of Ag and Eu.

Overall, these findings suggest that Ag+ and Eu3+ co-doping of MgO 
phosphors provides a promising strategy to simultaneously achieve 
enhanced luminescence, excellent colorimetric properties, superior 
thermal stability, strong antibacterial activity, and improved photo
catalytic degradation performance. These multifunctional attributes 
underscore the potential of the synthesized nanomaterials for practical 
applications in environmental remediation, antibacterial systems, and 
advanced optoelectronic devices.
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