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ARTICLE INFO ABSTRACT

Keywords: Magnesium tetraborate (MgB,0,) has garnered significant attention in recent years for ionizing radiation
MgB,0, dosimetry applications. Despite advances in the material’s performance, the fundamental mechanisms under-
Therm"l“mmes‘fe“'ce lying lithium (Li) and cerium (Ce) doping and co-doping remain unclear in the literature. In this study, we
Eynchrotron radiation comprehensively investigate the role of Li and Ce doping in modulating the luminescence behavior of MgB,0;.
uminescence

To elucidate the underlying mechanisms, we employed an advance multi-technique characterization approach
using nuclear reaction analysis, synchrotron-based X-ray nanospectroscopy, X-ray photoelectron spectroscopy
(XPS), thermoluminescence (TL) spectrum emission, and photoluminescence (PL) spectroscopy. We have shown
that Li remains into the host matrix during the synthesis, being associated with shallow traps such as F**
center. Also, approximately 50% of Ce** is reduced to Ce** on the material’s surface, forming complex defect
structures involving Ce ions and F-center. Additionally, we present strong evidence that the TL emission
around 580 nm originates from F-centers rather than trace Mn elements. Some mechanisms that compete
simultaneously with each other have been proposed. Our integrated strategy provides insights into the complex
dopant-induced electronic and optical transformations in MgB,0,, offering a detailed understanding of the
material’s luminescence characteristics.

Radiation dosimetry

1. Introduction emission, it can achieve levels comparable to the commercial available

dosimeter based on Al,05:C [9]. This enhanced performance makes it

Luminescent materials play an important role in various techno-
logical applications, ranging from optoelectronics to ionizing radiation
dosimetry [1-3]. Among these, magnesium tetraborate (MgB,0;) is
a crystalline matrix, with an orthorhombic structure and Pbca space
group [4], which has long attracted interest due to its promising
characteristics for application in dosimetry, particularly in personal
dosimetry. Notable features include an effective atomic number (Z, rr
= 8.4) comparable to human tissue — reducing the need for correction
factors in dose analysis —, a linear dose response up to ~10 Gy and
saturation occurring above ~1000 Gy [5], and the presence of Boron,
which enables the use of B-10 in sample production, taking advantage
of its high cross-section with thermal neutrons.

When doped with specific rare-earth and alkali elements, MgB,0,
exhibits significantly enhanced stimulated luminescent emission [6-8].
Regarding specifically to the optically stimulated luminescence (OSL)
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an ideal candidate for advanced applications when connected to tech-
niques such as OSL. Understanding the origin and fundamental mech-
anisms governing the luminescence of the doped/co-doped MgB,0; is
essential for optimizing its performance in radiation dosimetry, a field
that demands material characteristics such as high sensitivity, stability,
and reproducibility. The luminescent response of MgB,0,, particularly
when doped and co-doped respectively with Ce and Li, is influenced by
intricate defect structures, charge trapping dynamics, and eventually
energy transfer processes. To the best of the authors’ knowledge, a
complete understanding of the origin and mechanism of emission in
this material is still lacking.

Recent studies have focused on the synergistic effects of Li and Ce
dopants on MgB,0,’s luminescent properties, particularly how Li co-
doping enhances OSL signal intensity and influences defect clustering
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structure with Ce ions [5,10-14]. Some analyses suggest that Li may
acts as a charge compensator, facilitating the substitution of Mg?*
by Ce?* [5,10]. This assumption is based on the idea that Ce’* is
the predominant state in the host matrix. However, it is important
to note that cerium ions can exist in either the 3+ ([Xe]4f!) and 4+
([Xe]4f") valence state. The stability of these oxidation states varies
significantly depending on the chemical environment, as demonstrated
in electrochemical redox studies [15-17]. Recent research has shown
that the choice of cerium precursor significantly influences Ce** con-
tent in synthesized materials and, consequently, the amount of oxygen
vacancies on the material’s surface [15,18-20]. For instance, Ce(NO3);
yields a higher proportion of Ce** compared with other precursors such
as Ce(OH), and Ce(COOCH;);-5H,0 [19]. Plokhikh et al. analyzed the
influence of doping and co-doping on the MgB,0;:Ce (0.3 mol%), Li
(10 mol%) produced via solid-state synthesis, using different cerium
sources: cerium (IV) oxide and cerium (III) nitrate. They estimated 32%
Ce?* in the sample synthesized from CeO, and 74% Ce>* in the sample
synthesized from Ce(NOs); [14], highlighting the significant influence
of the chemical environment on Ce** content.

Optimal dopant concentrations have been established through var-
ious studies in the literature. Using Solution Combustion Synthesis,
researchers identified optimal concentrations of 10 mol% for Li and 0.3
mol% for Ce [5], corresponding to approximately 0.39 wt% and 0.24
wt%, respectively. The enhanced OSL intensity at these concentrations,
up to 10 mol%, without significant changes in the MgB,0O, phase, was
initially attributed to Li loss during synthesis. However, this hypothesis
is not supported by available data, as the limited sensitivity of X-ray
diffraction (XRD) analysis in identifying phases at concentrations below
5 wt% casts doubt on this explanation. Optimal concentrations of 0.5
wt% for both Li and Ce were reported by Souza et al. [11] using
solid-state synthesis, with OSL signal quenching observed at higher Li
concentration.

A persistent mystery in the literature concerns a broad thermolu-
minescence (TL) emission band at 550 nm in MgB,0;:Ce,Li. Yukihara
et al. attributed this broad TL emission to Mn impurities, resulted from
Mn contamination of the magnesium nitrate precursor [6]. In the same
study, a high-purity magnesium nitrate (99.999% purity) was used to
synthesize the compound. The absence of the broad TL emission led
the authors to conclude that this peak was indeed associated with
Mn impurities. However, Souza et al. [11] also observed a broad
TL emission around 550 nm when starting with a MgO precursor
(Merck, 99.9% purity) instead of magnesium nitrate. Additionally,
Batista et al. [12] employed Particle-induced X-ray emission (PIXE)
and detected Mn concentration at trace levels in Ce-co-doped MgB,0,
(MgO from Alphatec with 99% purity), with concentrations signifi-
cantly lower than those other impurities such as Ca, Si, and Al. For
MgB40,:Ce 33,009 Lio 67009, fOr instance, the elemental concentration
was measured at 24 + 10 ppm, near the limit of detection. These
findings cast doubt about Mn’s role as a trace element responsible for
the broad TL emission in 550 nm.

These uncertainties highlight the challenges in fully understanding
the luminescent mechanisms of Li- and Ce-co-doped MgB,0-, in a syn-
ergistic manner. Unraveling these mechanisms is crucial for tailoring
its thermoluminescent and optically stimulated luminescent properties,
enabling more precise and efficient radiation dose measurements in
different applications.

In this context, we explore the impact of lithium (Li) and cerium
(Ce) on the luminescence behavior of MgB,0;:Ce,Li. Using state-of-
the-art nuclear reaction analysis, synchrotron-based X-ray nanospec-
troscopy, X-ray photoelectron spectroscopy (XPS), thermoluminescence
(TL) spectrum emission, and photoluminescence (PL) spectroscopy, the
aim is to provide novel insights and hypotheses into the structural
and electronic modifications induced by varying dopant concentrations
and using different reagent as precursors, contributing to the current
discussion and paving the way for the development of next-generation
luminescent materials.
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2. Experimental
2.1. Synthesis of materials

Synthesis of MgB,0, doped and co-doped with Ce and Li at different
concentrations was carried out using the solid-state synthesis method.
The annealing process was conducted in atmospheric air, using a
heating rate of 10 °C/min up to a maximum temperature of 900 °C,
with a dwell time of 6 h. The furnace was then turned off and the
materials were subjected to a free and slowly cooling process until room
temperature was reached (25 °C). During the material production,
the following analytical grade reagents were used: MgO (Alphatec,
99% purity), H3BO5; (Alphatec, 99.5% purity), CeO, (Alpha Aesar,
99.5% purity), and LiCl (Vetec, 99% purity). The produced materials
present the following nominal concentrations for the dopants and co-
dopants: MgB,07:Ce, g, MgB4O7:Li; 9,15, MgB4O7:Ce0 7,19 Li0 33,01%
and MgB40,:Ce 33,09 Lig¢7ur%- The synthesis procedure, as well as
the characterization results of the materials used in this study, are
presented in a previous work [12].

2.2. Nuclear reaction analysis

The relative amount of lithium in the samples was determined using
the 7Li(p, «)*He nuclear reaction. For this, a 1 MeV proton beam
("H*) with incidence perpendicularly to the sample surface was used.
The beam current was approximately 10 nA, focused on a 2.0 mm
diameter spot. The charged particle spectra were recorded using a
silicon detector (Canberra, active area: 50 mm?; nominal depletion
depth: 100 pm) positioned at 150° relative to the beam direction. To
prevent overlap between the backscattered protons and « particles from
the nuclear reaction, a 12 pm Mylar stopper foil was placed between the
detector and the sample. Based on the elemental composition of the
sample, additional nuclear reactions may contribute to the spectrum,
such as 19B(p, «)’Be, 11B(p, a)®Be, and 20(p, «)!°N. However, due
to the relatively low energies of the a particles produced in these
reactions, the corresponding peaks are expected to appear at signifi-
cantly lower channel numbers in the spectrum. This ensures that the «
signal from the "Li(p, «)*He reaction does not overlap with those from
other nuclear reactions. During the measurements, a device traverses
the beam to record the current, ensuring accurate quantification of the
total charge incident on the sample. The Li signal was integrated over
the same region for each sample, and the resulting area was correlated
with the Li content using a lithium tetraborate (Li,B,0,) standard from
FMaia (Sao Paulo, Brazil), which has a purity greater than 99%.

2.3. Synchrotron-based X-ray nanospectroscopy

The synchrotron-based nanospectroscopy experiments were
conducted at the Coherent X-ray Nanoprobe Beamline (CARNAUBA)
of the Brazilian Synchrotron Light Laboratory (LNLS) [21]. Powder
samples were mounted on double-sided carbon tape and afixed to
a CARPIN [21]. Measurements were performed in step-scan mode,
scanning each sample over a 50 x 50 pm area with a 1 pm pixel
size. This approach enables the acquisition of a full spectrum at each
pixel, including X-ray fluorescence (XRF) and X-ray excited optical
luminescence (XEOL) spectra. Additionally, it allows for hyperspectral
imaging, providing spatially resolved emission energy and wavelength
distributions. For both XRF and XEOL measurements, the CARNAUBA
beamline’s 4CM monochromator was set to an excitation energy of
9725 eV. X-ray fluorescence signals were detected using two silicon
drift detectors (Vortex, Hitachi) positioned at 75° and 70° relative to
the incident beam. The XEOL signal was collected via an aluminum-
coated reflective lens coupled to a collimator (both from ThorLabs),
directing the signal into a UV-Vis optical fiber connected to a QE-Pro-
ABS spectrometer (Ocean Optics), covering the 200-950 nm range. All
XRF and XEOL data, including image generation and spectral fitting,
were processed using the PyMCA software package [22].
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Fig. 1. Nuclear reaction spectra of the samples Li,B,0, (black dots), MgB,0,:Ce
(red square), MgB,O,:Li (blue up-pointing triangle), MgB,0,:Ce, 33Liy¢; (orange side-
pointing triangle), and MgB,0,:Ce(4;Liy 33 (green octagon) obtained with 1 MeV
incoming H* ions. The shaved area represents the selected region used to quantify
the relative amount of lithium in the samples. Li, B, and H* backscattered from Ce
and Mg are also indicated. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2. Nominal vs. measured atomic mass fractions (%) of lithium. Black dots
represent the data points, while the blue line denotes the linear fit.

2.4. X-ray photoelectron spectroscopy

XPS spectra were acquired using a Thermo Fisher K-Alpha spec-
trometer equipped with a monochromatic and micro-focused Al Ka
excitation source (1486.6 eV) with variable spotsize, provided by
LNNano/CNPEM, Campinas-SP, Brazil. To minimize background inter-
ference and avoid sample contamination, ensuring high-fidelity anal-
ysis of the surface chemical composition, the sample was kept in the
analysis chamber under an ultra-high vacuum with a base pressure of
approximately 5 x 10710 mbar. Spectra were recorded over a binding
energy range of 870 to 930 eV, encompassing the Ce 3d signals.

2.5. Photoluminescence spectroscopy

Photoluminescence emission and excitation spectra were recorded
at room temperature using a FluoroMax-Plus-C-P spectrofluorometer
from Horiba Scientific. The fluorescence spectra were acquired with an
integration time of 0.1 s, and the slit widths for both excitation and
emission were set to 1.0 nm.
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Table 1
Lithium peak area (a.u.) and the nominal and measured lithium fractions (%) for each
studied sample.

Sample Li peak Nominal Li mass Measured Li mass
area (a.u.) fraction (%) fraction (%)

Li,B,0, 63983 8.20 8.20

MgB,0,:Ce 5 0 0

MgB,0,:Li 13044 1.00 0.99

MgB,0,:Ceg 53Lig 67 7904 0.67 0.64

MgB,0,:Ceg 47Lig 33 4850 0.33 0.37

2.6. Thermoluminescence emission spectra

For the acquisition of the TL emission spectra, the photomultiplier
tube was removed from the Risgreader system. An optical fiber with a
core diameter of 600 pm was then connected to an Ocean Optics QE65
Pro spectrometer with a sensitivity range between 200-1000 nm, which
was used to obtain the emitted light signal. The emission spectra were
recorded during the heating of the sample from room temperature up to
400 °C, using a heating rate of 5 °C/s, and an integration time of 0.5 s.
The samples were previously irradiated with a dose of 10 kGy, using a
Gamma-Chamber irradiator, which had a dose rate of 8.55 kGy/h. The
data were collected using the Spectra Suite software, by Ocean Optics,
and the obtained results are discussed based on a relative comparison
of the sample’s emission and the wavelengths associated with their
emission bands.

3. Results
3.1. Lithium quantification

Fig. 1 shows the nuclear reaction spectra of the samples Li,B,0O,,
MgB,0;:Ce; g%, M8B4O7:L) gy MgB4O7:Ceg 3306 Lio 67wioes  and
MgB,07:Ceg 67wios Lo 33wt Obtained with 1 MeV incoming H* ions. The
shaved area in Fig. 1 indicates the selected region used to quantify the
relative amount of lithium in the samples, ranging from channel 285
to 300. The boron signal starts below channel 200, which means that
the Li and B signals will only overlap below that channel, as can be
clearly seen in the Li,B,0,; sample. The rapid increase in the yield at
lower channels comes from the H* backscattered from Ce and Mg.

Table 1 shows the integrated Li area, from channel 285 to 300,
in arbitrary units (a.u.), along with the nominal and corresponding
measured Li fractions (%) for each studied sample. According to Ta-
ble 1, the maximum difference between the nominal and measured
amounts of Li was 11%, observed in the sample with the lowest Li
content (MgB,07:Ceq g7wiosLio.33wios)- For the MgB,0,:Ce;, ., sample,
5 counts were integrated within the shaved region. These counts were
considered electronic noise and subtracted from the other samples. As
shown in Fig. 2, the nominal and measured atomic mass fractions of
Li exhibit a linear relationship. Even in the sample with the lowest Li
content, the NRA results clearly indicate that no Li was lost during
synthesis. That means, the strong linear correlation suggests accurate
lithium incorporation during synthesis, with no significant losses.

3.2. Synchrotron-based X-ray nanoscopy: STXM, XRF, and XEOL

In this section, we present correlative imaging analysis of Li and Ce
co-doped MgB,05, including scanning transmission X-ray microscopy
(STXM), X-ray fluorescence (XRF) mapping of Mn and Ce distribution,
and X-ray excited optical luminescence (XEOL) emission measured both
in total yield and at 764 nm. While STXM results are presented for Li-
doped MgB,0,, additional analyses are provided in the Appendix for
other ones (Figs. A.10 - A.12).

For Li-doped MgB,0,, the STXM data (Fig. 3A) revealed higher
absorption (lighter areas) around the particle’s center, while the XRF
mapping (Fig. 3B) showed a non-uniform spatial distribution of Mn
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Fig. 3. Correlative STXM, XRF, and XEOL acquisition in MgB,0,:Li: (a) STXM; (b) XRF mapping obtained using the Mn K, emission line. 2D XEOL mapping (c) Total; (d) At
764 nm. XEOL spectrum excited at 9725 eV showed in the right-side. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

emission centers, with regions of highest intensity depicted in magenta.
Additional trace elements including Ca, Cl, Fe, Ti, Ni, and Co were also
detected but are not shown here. Due to technical limitations of the
Carnatiba beamline, XRF mapping of low atomic number elements (Mg,
B, and Li) could not be performed.

The 2D hyperspectral mapping using total XEOL as contrast revealed
an irregular distribution of emission centers, with intense emission
regions (shown in red in Fig. 3C/D). The color scale ranges from
blue (minimum intensity) to red (maximum intensity). Analysis of
the XEOL emission at 764 nm along a horizontal line scan revealed
slightly distinct spectral profiles across different regions: consistent
patterns between points 1-24; peak broadening between points 25-31,
stable emission between points 32-39, and further peak broadening at
point 40 extending to longer wavelengths at point 45. These spectral
variations, particularly the peak broadening at longer wavelengths,
suggest different populations of defect centers in the host matrix. The
XEOL spectrum exhibited two broad peaks at 392 nm and 590 nm, and
a shoulder at 764 nm.

To investigate synergistic effects of Li and Ce dopants on MgB,0’s
luminescent properties, we analyzed samples with different proportions
of each one (Ce in greater and lesser proportion than Li). XRF mapping
revealed non-uniform Ce emission center distributions, with highest
intensities in green (Figs. 4A and 5A). Mn distribution persisted in
both XRF mappings (Figs. 4B and 5B), showing improved uniformity
in samples with higher Ce content.

The 2D hyperspectral mapping using total XEOL as contrast showed
greater non-uniformity in the distribution of emission centers compared
to Li-only samples, with reduced peak broadening at 590 nm. The
XEOL spectrum (Fig. 4) revealed distinct patterns in different regions:
consistent patterns between points 1-25, 26-28, 29-35, 36-37 and
37-44, 45. The points 26, 29 and 36 present the larger broadening
of the peak. The 392 nm peak showed enhanced emission intensity at
specific points.

In samples with higher Ce:Li ratios (Fig. 5), the 392 nm peak profile
remained consistent across the 2D hyperspectral mapping, with distinct
profile for different regions at 590 nm for points 1-4, 5-14, 15-47, and
48. Both Ce-containing samples exhibited selective peak broadening
and a potential shoulder near 700 nm.

For Ce-only samples, XRF mapping showed non-uniform Ce and
Mn spatial distribution (Fig. 6A and B). The 2D hyperspectral map-
ping using total XEOL as contrast revealed irregular particle distribu-
tion with profiles distinctly different from Li-only and Ce/Li co-doped

samples. Horizontal line scan analysis showed distinct 590 nm peak
profiles across regions: consistent peaks between points 1-4, 5-12,
13-39, 40-42, with peak broadening and slight wavelength extension
at points 43-44. The 764 nm peak appeared better defined compared
to Li-containing samples’ shoulder characteristic, while the 392 nm
peak showed varied regional profiles with enhanced emission intensity
relative to Li-containing samples.

3.3. X-ray photoelectron spectroscopy

Fig. 7 shows the XPS spectrum of the Ce 3d binding energy region
(880-930 eV) for the MgB,0;:Ce,,,q sample. The open black dots
represent the raw data after Shirley background subtraction, while
the black line denotes a smoothed data curve. Due to the limited
statistics, chemical analysis and peak fitting could not be performed
using the CasaXPS software (version 2.3.26PR1.0) [23]. However, the
results suggest that some Ce*+ was reduced to Ce** during synthesis,
as indicated by the difference in peak heights. Specifically, the isolated
Ce** peak around 917 eV, commonly referred to as U///, shows a
notable difference compared to the other Ce peaks at binding energies
of 885 and 907 eV, commonly referred to as V and V!, respectively.
Literature reports of XPS spectra for cerium oxides and mixed cerium
oxides show that the height difference between U’/! and V!!! typically
ranges from approximately 1.5 to 1.7 [24,25]. In our data, this ratio
is approximately three, suggesting that roughly 50% of the Ce** was
reduced to Ce’*. Further measurements are necessary to accurately
quantify the total amounts of Ce** and Ce** in the samples.

3.4. Thermoluminescence

The thermoluminescence spectra are shown in Fig. 8 for the MgB,
O7:Cey g9, (82), MgB407:Ceq 33,019, Lig 67,019, (8D), and MgB,O7:Ceg 67,019
Lij 33,0, (8c). In all cases, the most prominent emission can be ap-
proximated within the range of 550 to 650 nm. While the intensity
varies depending on the proportion of dopant and co-dopant used, it is
worth noting that the presence of lithium (Li) results in emissions over
a broader temperature range. Based on this observation, a simple and
well-founded hypothesis is that the emissions from Li-codoped samples
are associated with lower activation energy levels, compared to the
sample without this ion. This change is associated with the impact
of the Li ions on the defect structure of the compound. One possible
mechanism involves the influence of Li on the characteristics of other
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ions present in the matrix, such as the Ce dopant, which in turn has
characteristics such as the valence state influenced by the chemical
environment and the precursor used.

4. Discussion

The results obtained from the measurements of Li amounts (Table
1) demonstrated that most of the Li remains in the material during
synthesis. Other studies have also shown that in Li-doped materials
synthesized at temperatures around 900 °C, most of the Li is incor-
porated into the matrix, with only a small amount being lost during
synthesis [26].

Some studies suggest that in MgB,0;:Ce,Li, the concentration of Li
in the final product is significantly lower than the amount added to
the initial solution, as the optimal Li doping concentration is higher
than that of the Ce dopant, and no additional Li-containing phase is
observed in the XRD analysis [5,10,13]. In these studies, the optimal Li

concentration was approximately 10 mol% for a Ce concentration of 0.3
mol%. When converted, these concentrations correspond to approxi-
mately 0.39 wt% of Li and 0.24 wt% of Ce. A similar result was reported
by Souza et al. [11] for this type of material, indicating an optimal Li
concentration of approximately 0.5 wt% for a Ce concentration of 0.5
wit%.

The fact that no additional Li phase is observed in the material is
related to the limited sensitivity of XRD in identifying phases at very
low concentrations (<5 wt%) and should not be considered evidence of
Li loss. On the other hand, the fact that the optimal Li concentration,
in terms of mol %, is significantly higher than that of Ce should
not be interpreted as an indication of Li loss during the synthesis
process. Instead, it suggests that Li may be acting not only as a charge
compensator for the substitution of Mg?* by Ce** in MgB,0;:Ce,Li, but
also incorporating defects that could contribute to the enhancement of
thermally and optically stimulated luminescence in this material.
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Fig. 7. XPS spectrum of the Ce 3d binding energy region (880-930 eV) for the
MgB,0,:Ce sample. The open black dots represent the raw data after Shirley back-
ground subtraction, while the black line denotes a smoothed curve of the data.

Another important aspect to be considered is the presence of Ce**
in Ce-doped MgB,0,, since both Ce** ([Xe]4f!) and Ce*t ([Xe]4f%)
oxidation states are prevalent in many Ce-based materials due to the
facile redox conversion Ce’* « Ce*+ [27-29]. In inorganic materials,
the predominance of one oxidation state over the other depends on
the chemical environment of the site occupied by Ce, as well as the
synthesis conditions [27,29].

In this study, we synthesized Ce-MgB,O, using CeO, - a non-
stoichiometric oxide containing both Ce** and Ce?* - as the Ce source
under an air atmosphere. Our XPS measurements (Fig. 7) indicate
that approximately 50% of Ce*+ was reduced to Ce’*, demonstrating
that Ce** reduction occurred at the material’s surface through electron
transfer from neighboring oxygen vacancies to the empty 4f orbital of
Ce** [27-29].

Since XPS is a surface-sensitive analysis technique, it is not possible
to confirm whether the same proportion of Ce oxidation states through-
out the bulk of the material. To investigate the chemical composition
in deeper regions, complementary techniques such as X-ray absorption
spectroscopy (XAS) would be required. Relevant to this point, Plokhikh

et al. [14] prepared two series of samples of MgB,0,:Ce (0.3 mol%), Li
(10 mol%) by solid-state synthesis, using different cerium sources for
each series: cerium (IV) oxide and cerium (III) nitrate. In both series, X-
ray absorption spectroscopy (XAS) measurements revealed the presence
of both Ce** and Ce*t, with an estimated fraction of 32% Ce** in the
sample synthesized from CeO, and 74% Ce3* in the sample synthesized
from Ce(NO3)s.

These results also suggest that the enhanced TL and OSL signals
observed in co-doping with Li in molar excess relative to the Ce
dopant extends beyond simple charge compensation of Ce**, indicating
the involvement of additional underlying mechanisms. When Mg?* is
substituted by Ce**, the need for Li as a charge compensator is reduced,
since each Ce** ion can effectively replace two Mg?* ions in the host
matrix.

The synthesis conditions prove critical, with subtle variations in
chemical environment dramatically influencing oxidation state distri-
bution and subsequent luminescence mechanisms. Theoretical studies
indicate that, in undoped MgB,0,, the most probable defects are di-
rectly (as in Frenkel defects) or indirectly (as in anti-Schottky defects)
related to oxygen vacancies (FO, F*, and F?>* centers) and interstitial
02~ ions [4,30]. Measurements performed using Electron Paramagnetic
Resonance (EPR) provide experimental evidence for the existence of
F* centers in these materials and their relationship with the TL signal
in doped MgB,O, [31,32]. Thus, it is likely that the luminescence
signals at 360 nm and 550 nm observed in undoped MgB,0;, both
after thermal stimulation of irradiated samples (TL) and directly under
the action of ionizing radiation (RL), are related to radiative recom-
bination processes involving F-centers (emissions from F° and F*
centers) and/or due to radiative recombination of self-trapped exciton
electron-hole pairs [33,34].

According to Kalinkin et al. [34], the emission at approximately
360 nm, attributed to self-trapped excitons and observed in MgB,0;-
based materials, occurs exclusively during the irradiation process and
does not result from the thermal stimulation of the irradiated tetrabo-
rate. In other words, this signal is not associated with energy storage.
Specifically, the emission around 550 nm, observed in both undoped
MgB,0,; materials and those doped with rare earth elements, was
associated by Kalinkin et al. [34] with the recombination of electrons
with F?* centers.

In the case of MgB,O, doped solely with Li, theoretical studies
have shown that Li* ions are preferentially incorporated at the Mg+
site, compensated by Mg;* in the interstitial pores of the material
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Fig. 8. TL emission spectra as a function of temperature and wavelength, obtained for the (a) MgB,0,:Ce, o, (b) MgB40;:Ce( 33,10 Lig 671> and () MgB4O;:Ceq 7,000 Lig 330019+

(2Lif\AgMg;') [12]. Considering the formation of this type of defect in
MgB, O, doped with Li, as discussed in detail by [12], it is expected that
Li interacts with surface F* and F* centers, promoting the formation
of F2* centers. Thus, in this material, electronic recombinations would
predominantly occur at F2* centers (F* + h*) formed upon irradiation
of the material, and TL emissions would be associated with the excited
state F** (F2* + ¢~ — [F]* - F* 4 hv), rather than the excited state
F% (F* +¢= - [F]* - FO 4 hv). In this case, the electron traps would
be predominantly the F2+ centers formed by the introduction of Li into
the material (F2* + e~ — F*), and the TL emission should be observed
at lower temperatures because they are shallow traps. In various mate-
rials, F>* centers are closer to the conduction band, potentially acting
as shallow electron traps, while FO and F* centers are positioned at
deeper levels [35-38]. Therefore, Li doping of MgB,0; is expected to
suppress the intrinsic TL signal observed in pure MgB,O, at higher
temperatures, while preserving the TL signal at lower temperatures.
This behavior can be observed in the TL spectra presented by Batista
et al. [12] for pure MgB,0, and Li-doped MgB,0O;.

In many materials, the photons emitted from F** centers have
higher energy than those emitted from F® centers [39]. The emissions
associated with both F-centers typically occur in the range of 300 to
600 nm [39]. Borate materials exhibit emissions in the 520-600 nm
range that are attributed to electron recombinations in oxygen vacan-
cies with trapped holes (V/" and V) [40,41]. This would explain why
the MgB,0, materials doped only with Li, as well as those doped with
Ce and co-doped with Li, exhibited similar XEOL spectra (Figs. 3, 4, 5,
and 6), with a broad main band between 500 and 700 nm, which we are
attributing to the predominance of emissions from F**. Thus, we agree
with Kalinkin et al. [34] in attributing the emission at approximately
580 nm in undoped MgB,O, to F** centers.

MgB, 0, doped exclusively with Ce showed a XEOL spectrum with a
broad main band in the 500-700 nm region, accompanied by a shoulder

at 750 nm. The deconvolution (see Fig. A.10) of this band and shoulder
shows three peaks with maxima at approximately 580 nm, 640 nm
and 750 nm that may be associated with the emission of F+*, FO* and
clusters of F-centers (e.g. F, and F2+ ), respectively. The emission band
at 750 nm was observed by Altunal et al. [42] in radioluminescence
(RL) measurements on undoped MgB,05, and the authors attributed it
to oxygen defects in the material structure. In the material doped or
co-doped with Li, the emissions associated with the F** centers and
clusters of F-centers are no longer clearly observed, because in the
doping with Li the F* centers predominate in the material (see the
XEOL spectra).

In MgB,0; doped with Ce, considering that the synthesis meth-
ods involve thermal treatment in an air atmosphere, Ce’* and Ce**
coexist in equilibrium, with their relative ratios depending on the
synthesis conditions and the precursor reagents used as the Ce source.
The presence of Cet/Ce** sites makes the mechanisms behind the
luminescence observed in the material highly complex. Generally, it is
expected that during material irradiation, holes are captured by Ce’*
sites, converting them to Ce**, while electrons are trapped at various
sites. Upon thermal or optical stimulation, the trapped electrons are
released and recombine with the holes, converting Ce** back into Ce’*,
but in an excited state. The relaxation of this excited state is respon-
sible for the typical (5d — 4f) transition emission of Ce**. EPR data
provide evidence for the formation of BO§* radicals in MgB,0, upon
irradiation, attributed to the trapping of holes by BO%‘ ions [32,43].
Notwithstanding, the complete thermal decomposition of these radical
species at temperatures exceeding 150 °C effectively eliminates their
contribution as recombination centers for the TL peaks observed in
MgB,0:Ce, the emissions of which are observed above 200 °C.

Charge transfer luminescence involving Ce** is also possible [44-
46]. In this process, after material irradiation, an electron from a
neighboring 0%~ ion is transferred to Ce*t, temporarily converting
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it into Ce’*. The system momentarily stabilizes with Ce’* and O~
(0?~ + h), forming an excited complex. Subsequently, the electron in
Ce’* returns to oxygen, restoring Ce** and O?~. During this return to
the ground state, light emission occurs. Furthermore, charge transfer
processes can involve the transfer of electrons from neighboring F-
centers (FO or F*) to Ce**, also temporarily converting it into Ce**. In
this case, the system stabilizes in an excited complex formed by Ce3*
and F* (F° + h*) or F?* (F* + h*). Subsequently, the electron in Ce**
returns to the F* or F?* center, restoring Ce*t and emitting light.

The TL spectrum of Ce-doped MgB,0, reported in the scientific
literature exhibits emissions exclusively at 580 nm, while the PL spectra
(4. = 318 nm) reveal emissions only around 350 nm, attributed to the
5d — 4f transitions of Ce’* ions [6,47,48]. The absence of 5d — 4f
transitions in the TL spectrum of MgB,O, doped with Ce suggests
that the TL emission at 580 nm is more likely associated with the F-
centers of the host matrix. This hypothesis is supported by the fact
that the same TL emission is observed in materials doped with other
elements, such as gadolinium, which does not exhibit luminescence
in this spectral range [49]. The analysis of the XRF and XEOL maps
of MgB,0;:Ce (Fig. 6) demonstrates that the regions of maximum
optical emission intensity (XEOL) do not coincide with the regions of
highest XRF emission intensity attributed to Ce. These results provide
further evidence of a predominant association between the observed TL
emissions and F-centers.

In the XEOL spectrum of the Ce-doped MgB,0, sample (Fig. 6), a
broad emission band is observed in the range of 300 to 400 nm, with
two distinct peaks centered at 346 nm and 371 nm. The emissions at
346 nm and 371 nm can be associated with 5d — 4/ transitions of the
Ce’* ion. The energy difference between the peaks is 1947 cm™!. It is
well known that the Ce** emission band exhibits a doublet structure
due to the spin-orbit splitting of the ground state (*F;, and 2F; ),
with an energy difference of approximately 2000 cm~! [50]. This
energy difference is nearly independent of the host lattice, as the 4f
shell is effectively shielded by the outer 5s*5p® shell. In Ce-doped
MgB,0,, the two emission peaks corresponding to transitions from the
lowest lying 5d level to the ?Fs/, and ?F;, levels of the ground state
configuration are seen at 340 nm and 363 nm [10]. Additionally, as
previously noted in this section, the XEOL spectrum shows a broad
band between 550 and 700 nm, with a maximum around 640 nm and a
shoulder at 750 nm, which are likely related to emissions from F-centers
in the material.

In Ce-doped MgB,0,, the emissions may be associated with the
following mechanisms, which appear highly probable and may occur
simultaneously:

(I) Emissions involving the Ce’* ion and F-centers:
Material exposure to Ionizing Radiation (IR):

Material + IR > nh™ +ne",n=a+b
Hole trapping by Ce3*;
nCe* + nh* - nCe**

Electron trapping by F* and F*t centers;

aF?* + ge~ — aF*
bF* + be™ — bF?
During thermal or optical stimulation:
Electron detrapping by thermal (or optical) energy (Er);

aF* +bF° + E;p — aF™ + bF* + ne”
Electron — hole recombination and light emission;
nCe*t + ne™ — n[Ce3+]* - nCe** + Light (300 — 400 nm)
(I) Emissions involving both Ce’* and Ce** ions:
Exposure to Ionizing Radiation (IR):

Material + IR — nh* + ne”
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Hole trapping by Ce3t
nCe*t + nh* - nCe**

Electron trapping by Ce*t
nCe** + ne™ — nCe™*

During thermal or optical stimulation:
Electron detrapping by thermal (or optical) energy (Er);

nCe** + Ep = nCe*t + ne™
Electron — hole recombination and light emission;

nCe*t + ne™ > n[Ce3+]* - nCe** + Light (300 — 400 nm)

(ITII) Emissions involving Ce** ions and F-centers:
Exposure to Ionizing Radiation (IR):

Material + IR > nh™ +ne”,n=a+1b

Hole trapping by FO and F* centers;

aF® + aht - aF*
bF* + bht — bF2+

Electron trapping by Ce**;
nCe** + ne™ - nCe*

During thermal or optical stimulation:
Electron detrapping by thermal (or optical) energy (Er);

nCce’t + Er — nCe*t + ne”
Electron — hole recombination and light emission;
aF* + bF?* + ne™ — a[F°T* + b[F']*...

.. = aF® + bF* + Ligth (500 — 750 nm)

As can be observed in the TL spectrum of MgB,0, doped with
Ce (Fig. 8), as well as in the TL spectrum reported by Yukihara
et al. [6] for this type of material, the only thermoluminescent emission
detected occurs at 580 nm. This indicates that, in Ce-doped MgB,0-,
TL emissions are primarily associated with F-centers. In this context,
Ce** ions present in the material act as electron traps via mechanism
111, being released by detrapping at approximately 300 °C, depending
on the heating rate of the material. The observation of characteristic
Ce** emissions in the XEOL spectrum (Fig. 6) and PL spectra (Fig.
9), but not in the TL spectrum (Fig. 8) of MgB,0,:Ce, suggests that
Ce** ions do not act as energy storage centers during the irradiation
process. A possible explanation is the predominance of F° centers
in the unirradiated material, compared to F* and F?>* centers. It is
assumed that these F-centers effectively compete with Ce** ions for
hole trapping during irradiation of the material, which disfavors TL
emissions through mechanisms I and II.

The Ce** acts as electron traps; a higher concentration of Ce**
within the material will favor emissions via mechanism III, and F-
center emissions in the 500-750 nm range are likely to be dominant.
Conversely, in materials with a higher Ce** content, which act as hole
traps, the dominant emissions will occur at 360 nm, corresponding to
the 5d — 4f transitions of this ion. This hypothesis can be confirmed
in the work of Plokhikh et al. [14], who produced Ce-doped MgB,0,
using CeO,, obtaining a material with a higher amount of Ce** (68%)
compared to Ce’* (32%) and a pronounced TL emission centered at
580 nm, detected at 250 °C (rate 1 °C/s). On the other hand, when
producing Ce-doped MgB,0O, using Ce(NOs);, the authors obtained a
material with a predominance of Ce3* (74%) compared to Ce*t (26%),
detecting at 250 °C (rate 1 °C/s) a TL emission predominantly centered
at 380 nm.

Since Ce** has an ionic radius very close to that of Mg?*, it is likely
that, in the doping of MgB,0O, with Ce*", Ce** will substitute Mg?*.
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Fig. 9. (a) Excitation and (b) emission photoluminescence spectra of MgB,0, doped and co-doped with Ce and Li.

To compensate for the charge, a Mg?* vacancy with two electrons will
be created. In this scenario, the reduction of Ce** to Ce3* could occur
through charge transfer from neighboring oxygen vacancies containing
electrons, as seen in CeO, and other Ce-doped materials [51-56].
The experimental conditions employed in this study likely favored the
reduction of Ce** in Ce-MgB407, as indicated by the XPS data, which
revealed the predominance of Ce*t, at least in the surface region of
the material. This reduction was likely driven by electron transfer
from neighboring oxygen vacancies, leading to the formation of stable
Ce3t —V, complexes [51-54]. The reduction processes can be described
by the following reactions: (Ce** — F0) — (Ce’*—F*) and (Ce*t —F*) —
(Ce3+ _ F2+).

The lattice energy of MgB,0; is very high (—466.399 eV), making
the formation of structural defects less favorable [4]. However, once
defects are formed, such as oxygen vacancies, they can be efficiently
stabilized through charge interactions. These interactions tend to favor
electron capture by the vacancies, leading to a higher formation of
FO centers rather than F* centers [45]. Additionally, F° centers are
more likely to transfer an electron to Ce** than F* centers. As a result,
in the MgB,0,; doped with Ce used in this study, the formation of
the Ce’* — F* complex is the most probable. In this case, the TL
emission will occur via a modified mechanism I, which takes place
concomitantly with mechanisms II and III. In the modified mechanism I,
the hole trap will not be the isolated Ce?* ion, but rather the Ce?* — F*
complex. Since the F* center is an anionic defect, the hole will be
preferentially trapped at the F* center, rather than at the Ce’*. A
plausible mechanism for TL emission involving these complexes would
be:

Emissions involving the Ce** - F* complex and F-centers:
Exposure to Ionizing Radiation (IR):

Material + IR — nh* +ne”,n=a+b
Hole trapping by Ce3*;

n(Ce** — FHy+nht — n(Cet — F?H)
Electron trapping by F* and F*t centers;

aF?*t + ge” - aF*
bF* + be~ — bFO

During thermal or optical stimulation:
Electron detrapping by thermal (or optical) energy (Er);

aF* + bF° + E;p — aF* + bF* 4 ne”

Electron — hole recombination and light emission;
nCe>* — FY+ne™ > nCe®t = F) > n(Ce®* — FH+ Light(500 — 750 nm)

A relevant aspect to consider is the effect of Li co-doping on the
thermoluminescence of Ce-doped MgB,0O,. Based on the discussion pre-
sented at the beginning of this section, in Ce-doped MgB,0;, co-doping
with Li is expected to promote the formation of F>* centers and reduce
the quantity of F* and F* centers. Considering mechanisms I, II, and
111, the introduction of Li in Ce-doped MgB,0, would likely enhance the
TL signal mainly through mechanism I, due to the increased number
of electron traps represented by F2* centers. On the other hand, the
reduction of F* and F* centers would decrease the TL emission via
mechanism III, as these centers are associated with recombination sites.

It is known that F2* centers act as shallow traps, resulting in TL
emissions at lower temperatures. This effect is clearly evidenced in the
work of [14], who compared the TL spectrum of MgB,0O,; doped with
0.3% Ce, exhibiting a single peak at approximately 275 °C (heating
rate of 5 °C/s), with the same material co-doped with 10% Li, which
exhibits additional peaks below 150 °C. In our study, we observed
similar behavior (Fig. 8). The MgB,0; sample doped with 1% Ce
exhibits an intense TL peak at 326 °C (heating rate of 10 °C/s). In
contrast, the Li co-doped samples demonstrate the arising of TL peaks
at lower temperatures, below 250 °C, evidencing the influence of Li on
the formation of shallower traps.

Thus, in Ce-doped MgB,0,, where the concentration of Ce’* is
higher than that of Ce**, it is expected that an increase in the Li concen-
tration will lead to a significant enhancement of emissions at 390 nm,
via mechanism I, and a reduction of emissions near 580 nm due to
the inhibition of mechanism III. Li co-doping induces the formation of
F* and F?* centers (electron traps), enhancing Ce3* emissions (hole
traps) and suppressing F° center emissions. It is believed that lithium
promotes the conversion of F° centers into F* and F?*, reducing hole
competition with Ce’* and intensifying its emissions. This reasoning
seems plausible, especially when compared with experimental data. In
an experimental study, Yukihara et al. [6] observed that in the TL signal
detected at 250 °C (with a heating rate of 1 °C/s), the increase in Li
content in Ce-doped MgB,0, samples resulted in an increase in the
emission at 380 nm and a reduction in the emission at 580 nm. The
materials studied were produced using Ce(NO;); as the Ce precursor,
so the material is expected to contain a higher amount of Ce** than
Cett.

In materials with a higher concentration of Ce**, increasing the
Li content is not expected to significantly enhance the TL signal via
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mechanism I when compared to a material with a higher Ce?* con-
centration, due to the limited amount of Ce** available. Additionally,
the TL signal via mechanism III would also be reduced due to the
decrease in the population of F°. Although the population of F° centers
(hole traps) decreases due to Li doping, the population of F+ centers
may not change significantly. This is because the F* centers generated
from the conversion of F¥ centers can partially or fully compensate for
those converted to F>* centers. As a result of the increase in the F**
population (electron traps) and the suppression of the F° population
(hole traps), the F* centers will start to act primarily as hole traps,
leaving only Ce** as deep electron traps. In the case of this type of
material, Li doping is expected to reduce the intensities of the TL peaks
at high temperatures due to the decrease in deep electron traps of the
F* type.

On the other hand, the increase in the F>* population due to co-
doping with Li, combined with the limited content of Ce>*, may cause
the F?* centers to not only contribute to mechanism I but also play
a role in emission through an alternative mechanism, which will be
presented below. This mechanism is expected to occur simultaneously
with mechanisms I, II, and III.

Exposure to Ionizing Radiation (IR):

Material + IR — nh™ + ne”
Hole trapping by F*;
nF* 4 nh* — nF>*
Electron trapping by F**;
nF*™ + ne” - nF*

During thermal or optical stimulation:
Electron detrapping by thermal (or optical) energy (Er);

nF*+ Ep - nF* + ne”
Electron — hole recombination and light emission;
nF* +ne” - n[F*]* - nF* + Ligth (500 — 750 nm)

The F?* centers do not have localized electrons and do not possess
occupied states. Therefore, in many materials, their empty states are
positioned near the conduction band [35-38]. As a result, the F2*
centers act as shallow electron traps. Through this alternative emission
mechanism, electrons trapped in the shallow traps of the F>* centers
are recombined with the holes trapped by the deeper F* centers.

Thus, in Ce-doped MgB,0,, when the Ce** content is higher than
that of Ce>*, or when the concentration of the Ce’* — F* complex is
higher than that of Ce**, Li co-doping is not expected to alter the TL
emission wavelengths, which should remain between 550 and 700 nm.
However, co-doping with Li should suppress the emissions at 640 nm
and 750 nm, attributed to the F° centers and the F, cluster (FO+F?),
respectively, and should not alter the TL emission at 580 nm (attributed
to the F* centers), as can be observed in the XEOL spectrum (see the
XEOL spectra). In this scenario, in materials where the concentration
of Ce** is higher than that of Ce>*, TL emissions are predominantly
associated with mechanism III and the previously described alternative
mechanism. On the other hand, in materials with a higher amount of
the Ce** — F* complex than Ce**, TL emission is primarily linked to
the modified mechanism I and the alternative mechanism. However,
increasing the Li content tends to enhance the TL signal at lower
temperatures because of the increase in the number of shallow traps
(i.e. F* center). This trend is evident in the TL spectra presented in
Fig. 8, which show emission only at 580 nm and indicate an increase
in the TL signal at 150 °C (rate of 10 °C/s) with increasing Li content.

Some authors attribute the TL emission band with a maximum at
approximately 580 nm, observed in both rare-earth-doped and undoped
MgB,0,, to the presence of manganese impurities originating from
the magnesium precursor used in the material’s synthesis. The Mn?*
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ion has an ionic radius similar to that of Mg?*, which facilitates its
incorporation into the MgB,0, crystal lattice. Moreover, Mn?* exhibits
the *Ty(*G) —% A,(®S) transition, resulting in light emission in the
range of 500 to 700 nm, varying from green to near-infrared depending
on the type of ligand and coordination symmetry [57]. TL spectra of
Mn-doped MgB,0; exhibit an emission centered at 580 nm, with a peak
intensity at 360 °C (heating rate of 5 °C/s) [58].

The attribution of the 580 nm emission in MgB,0, samples to Mn>**
impurities remains unclear and insufficiently substantiated by experi-
mental evidence. Yukihara et al. [6] attributed the TL emission around
580 nm, observed in MgB,0,-based phosphors, to Mn>* contamination
from low-purity Mg(NO3), (98%) used as a precursor in synthesis.
Specifically, they identified Mn>* as a contaminant present at approx-
imately 2 ppm concentration. This interpretation was later reaffirmed
by the experimental study conducted by Gustafson et al. [10].

However, other authors have used high-purity magnesium pre-
cursors, such as magnesium nitrate (99.9%), magnesium carbonate
(99.9%) and magnesium oxide (99.99%), and still observed TL emis-
sion around 580 nm [11,34,42,49,59]. Even assuming that the entire
amount of Mn?* present in low-purity Mg(NO,), were incorporated
into the MgB,O; crystal lattice, it would correspond to a doping level
of approximately 2 x 107*% by weight. It is unlikely that Mn?*, at such
a low concentration, would be solely responsible for the luminescence
signal at 580 nm with the observed intensities in MgB,0O, materials.
Furthermore, as pointed out by Kalinkin et al. [34] in a recent study,
the available EPR data indicate the absence of paramagnetic centers
related to Mn in MgB,0,, suggesting that this emission may be an
intrinsic property of the host lattice rather than a result of manganese
contamination.

Another aspect that highlights the inconsistency of this hypothesis
is the fact that TL measurements in MgB,0, doped with Ce and Li show
emissions attributed to Mn?>* with higher intensity than those of Ce3*.
However, the photoluminescence emission spectrum of the material,
when excited at approximately 320 nm, exhibits only the emission of
Ce**. This behavior is evident in both our PL and TL measurements
(Figs. 8 and 9) and in other studies from the literature [11]. If the
material contained enough Mn?* to generate TL emissions of such
high intensity — exceeding even those of Ce’* — these emissions
should also be present in the PL spectrum. This is because many Mn?*-
doped materials, including tetraborates, when excited at approximately
320 nm, exhibit strong emissions from this ion at 580 nm [60-64].

As shown in the XRF maps (Figs. 3 to 6), the presence of Mn
was detected in all MgB,0; samples doped and co-doped with Ce and
Li. However, in a previous study, we showed that the Mn content
is at trace levels, with concentrations hundreds of times lower than
that of Ce [12]. Therefore, it is unlikely that the emission around
580 nm is associated with Mn. Furthermore, when comparing the XRF
and XEOL maps of the samples, Mn is observed to be homogeneously
distributed throughout the material. However, there are regions in the
XRF map without the presence of Mn, where the corresponding regions
in the XEOL map exhibit emission at 580 nm. Additionally, in both the
XEOL and XRF maps, the areas with higher Mn concentrations do not
clearly correspond to the regions with the highest emission intensities
at 580 nm.

It is likely that the broad emission band centered at 580 nm ob-
served in MgB,0,-based phosphors is related to radiative recombi-
nation processes involving F-centers (F* and F>* of the host lat-
tice and/or photoconversion of these centers [34]. In a recent study,
Plokhikh [65] observed an increase in the TL signal at 580 nm in
MgB,0,:Ce,Li materials synthesized at higher annealing temperatures.
Although the authors attributed the increase in the TL signal at 580 nm
to easier Mn incorporation at higher temperatures, it is more likely
that the increase is related to variations in the concentration of oxygen
vacancies with increasing annealing temperature [66]. While exper-
imental evidence suggests that F-centers contribute to the emissions
of Ce and Li-doped MgB,0,, and we have proposed several possible
emission mechanisms involving these centers, further experimental and
theoretical studies are required to confirm this.
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5. Conclusions

Comprehensive characterization was performed using multiple ad-
vanced techniques, including nuclear reaction analysis, X-ray pho-
toelectron spectroscopy, synchrotron-based X-ray nanospectroscopy,
photoluminescence, and thermoluminescence emission spectra. These
analyses provided relevant insights into aspects such as composition,
oxidation state, and mechanisms involved in the optical properties of
the synthesized materials. The news findings of this study are:

Nuclear reaction spectra analyses reveal that lithium remains
present in the material throughout the synthesis process, with a
maximum difference of 11% between the nominal and measured
lithium quantities.

X-ray photoelectron spectroscopy analyses reveal that approxi-
mately 50% of Ce** undergo reduction to Ce>* on the material’s
surface due to electron transfer from adjacent oxygen vacancies
to the empty 4f orbital of Ce*+.

Correlative imaging analysis of Li and Ce co-doped MgB,0,, in-
cluding X-ray fluorescence and X-ray excited optical luminescence
mapping reveal non-uniform Ce emission center distributions.
XEOL spectra reveal distinct luminescence patterns across differ-
ent regions of the samples, with a pronounced difference observed
in samples containing only cerium.

The thermoluminescence emission band, with a maximum at ap-
proximately 580 nm, is associated with F-center emission rather
than emission originating from manganese impurity traces.
Lithium co-doping tends to enhance the thermoluminescence sig-
nal at lower temperatures due to an increase in the number of
shallow traps, such as F>* center.

Mechanisms were proposed to elucidate the emission process
involving Ce ions and F-centers.

These results provide novel insights into the synergistic effects of
Li and Ce co-doping in MgB407, offering new hypotheses about lumi-
nescence mechanisms. Our findings contribute to the current under-
standing by also introducing characterization techniques not commonly
seen in this type of discussion, bringing new aspects to the analysis and
adding insights toward the development of next-generation luminescent
materials with tailored optical properties.
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Appendix. STXM, XRF, 2D XEOL mapping, and XEOL spectrum

See Figs. A.10-A.12.
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Fig. A.10. (a) XEOL spectra of MgB,O, doped and co-doped with Ce and Li obtained in the center of the particle and b) Deconvolution of the XEOL spectrum of Ce-doped

MgB,0,.
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Fig. A.11. Multimodal characterization of MgB,O, samples with different dopant configurations (Ce-doped, Li-doped, and Ce/Li co-doped) using complementary techniques: Scanning
Transmission X-ray Microscopy (STXM) for morphological features, X-ray Fluorescence (XRF) mapping of Ce and Mn distributions, and total X-ray Excited Optical Luminescence
(XEOL) for emission properties. The STXM images reveal structural variations across samples, while the element-specific XRF maps demonstrate the spatial distribution of Ce activator
ions and Mn impurities. The corresponding XEOL maps highlight the enhanced luminescence efficiency in the Ce/Li co-doped sample, indicating successful modification of the host
lattice environment by Li co-doping to optimize Ce’* emission centers. This correlative microscopic approach provides insight into the relationship between dopant distribution
and resulting luminescence properties in these phosphor materials.MBO = MgB,0, is the pure matrix. MBO-Ce/Li = MgB,0,:Ce, 4,Lij 33 and MBO-Li/Ce = MgB,0;:Ce 33Li; ¢;.
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590 nm

764 nm

Fig. A.12. Comprehensive XEOL mapping of MgB,0, with various dopant configurations (Ce-doped, Li-doped, and Ce/Li co-doped) alongside specific emission profiles at 392,
590, and 764 nm. The maps reveal distinct emission characteristics for each dopant combination. This spectral distribution demonstrates the synergistic effect of Li/Ce co-doping
on optimizing luminescence in the MgB,O, host matrix. MBO-Ce/Li = MgB,0;:Ce, ¢,Li; 33 and MBO-Li/Ce = MgB,0;:Ce 33Lij ¢7-
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