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ABSTRACT
Eu2+-doped red-emitting color converters are extremely scarce and often exhibit limited photoelectric performance and thermal
stability under high-flux solid-state lighting (SSL) conditions, primarily due to imprecise control of Eu2+ site occupancy and the
lack of a robust protective matrix. In this work, high-performance red-emitting Mg2Al4Si5O18 (MAS): Eu2+ glass-ceramics (GCs)
were developed via amorphous structure engineering. This composite material demonstrates a high crystallinity of 98.2%, an
internal quantum yield (IQE) of 99.8%, an external quantum yield (EQE) of 73.2%, and an integrated luminescence intensity loss
of only 7.0% at 423 K, presenting competitive overall performance in state-of-the-art red-emitting color converters. Further, the
broad applicability and potential of the MAS: Eu2+ GCs in lighting applications were verified through the fabrication of high-
quality light-emitting diodes (LEDs) excited by violet chips and blue laser-driven lighting systems. This study provides systematic
guidance for the targeted development of Eu2+-doped luminescent materials, particularly Eu2+-doped GCs, and contributes to the
development of next-generation lighting technologies.
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Introduction

o date, color rendering performance and energy efficiency of
olid-state lighting (SSL) technology have achieved remarkable
dvances to satisfy the ever-growing demand for high-quality
llumination [1–3], with red-emitting color converters well-
ecognized for compensating red spectral deficiencies, boosting
verall performance, and enabling high color rendering index
CRI) [4–6]. Despite significant progress enabled by mainstream
ommercial red emitters (nitrides such as (Ca, Sr)AlSiN : Eu2+,
3
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abbreviated as CSASN: Eu2+ and fluorides such as K2SiF6: Mn4+),
they are severely limited by high synthesis costs for nitrides and
poor stability as well as low thermal quenching resistance for
fluorides [7, 8]. As such, there has been continuous research
conducted on alternative red-emitting color converters, among
which glass-ceramic (GC) composites stand out as promising
candidates due to their bulk morphology, excellent thermal
stability, and robust structural stability [9, 10]. However, the
coupling of glass network design and crystallization kinetics
increases the difficulty of precise activator site engineering,
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hich is essential for optimizing quantum yield and emission
urity.

or GC composites, luminescent performance depends on the
n-situ precipitation of target crystalline phases in the glass
atrix, accompanied by the effective migration and selective
ite occupancy of Eu2+ activators [11–13]. In fact, the SiO2-
gO-Al2O3 system is an ideal candidate for Eu2+-activated
ed-emitting materials, with a favorable aluminosilicate-based
omposition favoring glass network formation and subsequent
n-situ crystallization [14–16]. The corresponding Mg2Al4Si5O18
MAS, α-cordierite) phase exhibits a unique hexagonal structure
space group: P6/mcc, No. 192), possessing two types of [MgO6]
olyhedral sites and interstitial channel sites, which can effec-
ively accommodate Eu2+ ions [17–19]. Notably, MAS: Eu2+ in
he phosphor form generally exhibits broadband blue emission,
hile the MAS: Eu2+ GCs exhibit pure red emission. This red
mission is often attributed to the preferential occupancy of
u2+ at interstitial channel sites [20–22]. However, the exact
rigin remains a subject of academic debate, as other studies
ave suggested that Eu2+ ions substituted at potential [MgO6]
ites may also contribute significantly to the red emission [23].
iven these conflicting viewpoints, the fine regulation of the glass
etwork structure and its impact on the site-selective occupancy
f Eu2+ remain underexplored, indicating considerable potential
or further luminescence optimization.

erein, amorphous structure engineering is employed to fabri-
ate high-performance red-emitting MAS: Eu2+ GCs. The precise
odulation of the Al2O3 content (Al/Si ratio) is not merely a
ompositional change but also a fundamental determinant of the
lass skeleton polyhedra (Qn) and non-bridging oxygen density.
t can trigger the Al/Si rearrangement within the MAS lattice
nd encourage Eu2+ ions to preferentially occupy the interstitial
hannel sites, thus resulting in pure red emission at 620 nm. This
lass-networkmodification established aMAS-like topology, thus
chieving a remarkable crystallinity of up to 98.2%. The composite
xhibited an internal quantum yield (IQE) of 99.8%, an external
uantum yield (EQE) of 73.2%, and a minimal luminescence loss
f 7.0% at 423 K, demonstrating competitive performance com-
ared to previously reported red-emitting converters. Moreover,
AS: Eu2+ GCs demonstrated robust performance in violet-
hip light-emitting diodes (LEDs) and blue-laser-driven lighting
ystems. These findings provide systematic insights into the
ational design of Eu2+-doped luminescent GCs, contributing to
he development of next-generation SSL.

Results and Discussion

.1 Glass Crystallization, Structural, and Optical
haracterizations

he SiO2–MgO–Al2O3 ternary phase diagram in Figure 1a shows
he cordierite phase area in the Al–Si-rich region [24], where
ts broadly tunable Al content facilitates lattice engineering
egulation through in-situ crystallization. As such, in order
o investigate the effects of the Al/Si ratio on the structure
nd properties of cordierite-based glass/GC composites, a series
f 60SiO2-xAl2O3-30MgO-yEu2O3 (in mol%, x = 20−37, y =
.5−2.5) compositions were designed to fabricate MAS: Eu2+
of 10
GC composites (denoted as PG20−PG37 for precursor glasses
and GC20−GC37 for GCs). Differential scanning calorimetry
(DSC) analysis identified the optimal crystallization temperature
of PG to be approximately 1047◦C, at which heat treatment
effectively precipitated the MAS phase (JCPDS No. 84–1219) for
PG20 (Figure S1). As demonstrated from Figure 1b, Al/Si atoms
predominantly occupy tetrahedral sites within the MAS crystal
structure: [Al1/Si1O4] (T1) edge-shares with [MgO6] octahedra,
while [Al2/Si2O4] (T2) corner-shares to form six-membered rings
along the c-axis, and adjacent rings are interconnected through
[Al1/Si1O4] and [MgO6] units, thus creating Mg2+ lattice sites
and interstitial channels (within the six-membered rings) that are
conducive to Eu2+ doping [23].

For the representative PG20, Eu2+ in its amorphous glass struc-
ture exhibits typical broad excitation and emission bands from
4f-5d transitions (Figure S2), while the in-situ crystallized GC20
shows a broad asymmetric emission spectrum with two peaks
at 470 and 605 nm (Figure 1c). The significant differences in
photoluminescence excitation (PLE) spectra and luminescent
decay curves confirm that these emissions originate from dif-
ferent luminescent centers (Figure S3) [25]. Notably, at a fixed
Eu2+ concentration, the increased Al2O3 content in the GC
effectively suppresses the blue emission at 470 nm, significantly
enhances the red emission, and gradually redshifts the emission
peak from 605 to 619 nm (Figure 1d; Figure S4). Inductively
coupled plasma optical emission spectrometry (ICP-OES) anal-
ysis reveals that the Eu concentrations of the GC20 and GC34
samples differ by less than 4%, indicating negligible activator
loss during glass melting and subsequent crystallization, and
excluding concentration-related interference with luminescence
(Table S1, Note S1). Accordingly, formation energy calculations
reveal that increasing Al2O3 content more substantially reduces
the formation energy of Eu2+ incorporation into six-membered
ring sites than that associated with substitution at [MgO6] sites,
which promotes its preferential occupancy and thus enhances red
emission (Figure 1e; Note S2, Table S2).

Upon optimization, a pure red-light emission centered at 620 nm
was successfully achieved for GC34 under 420 nm excitation
(Figure 1f). In addition, the optimal Eu2+ concentration for
GC34 is determined to be y = 1.5 mol%, with a broad exci-
tation band extended from the ultraviolet to the blue region
(Figure S5). Concurrently, the Rietveld refinement results con-
firm the high phase purity of the crystallized GC34, yielding
an exceptionally high crystallinity of up to 98.2%. Subsequently,
multi-scale structural characterizations encompassing scanning
electron microscopy (SEM) gradient etching analysis and trans-
mission electron microscopy (TEM) investigations collectively
corroborate the pervasive, matrix-wide high crystallinity and
excellent structural uniformity of the GC34 sample (Note S3
and Figures S6–S8). However, excessive Al2O3 addition (x ≥ 35
mol%) results in the detectable formation of a mullite impurity
phase coexisting with the original MAS phase (Figure S9), which
is highly likely correlated with an undesired increase in blue
emission [26]. x-Ray absorption near-edge structure (XANES)
analysis at the Eu L3-edge unequivocally confirmed the exclusive
presence of Eu2+ in GC20 and GC34, demonstrating that the Eu
ions were adequately reduced to the divalent state during sample
preparation (Figure 1g). The quantum yield of GCs reached its
maximum at GC34 (IQE = 99.8%, EQE = 73.2%), attributed
Advanced Functional Materials, 2026
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FIGURE 1 Structural analysis and optical characterization of MAS: Eu2+ GCs. (a) Ternary phase diagram of the SiO2–MgO–Al2O3 system.
(b) Hexagonal MAS crystal structure viewed along the c-axis, with [MgO6] octahedra and interstitial ring channels indicated as possible Eu2+ sites.
(c) PLE and PL spectra of GC20. (d) PL spectra of GCs with different Al2O3 contents; inset: blue/red emission intensity ratio. (e) Formation energies of
Eu2+ substitutions inMgO6 and six-membered rings, together with the schematic 5d-4f energy level diagram of Eu2+ inMAS GC. (f) PLE and PL spectra
of GC34. (g) Eu L3-edge XANES spectra of GC20 and GC34, along with reference CSASN: Eu2+ and Eu2O3. (h) FWHM, IQE, EQE, take YAG as the
reference standard and (i) 2D contour plots of temperature-dependent PL for GC20, GC34, CSASN-610, and CSASN-630. (j) IQE and thermal stability
summary of representative red-emitting phosphors.

Advanced Functional Materials, 2026 3 of 10
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o enhanced radiative transitions and suppressed non-radiative
rocesses (Note S4 and Figures S10−S13) [27], and compared to
ommercial CSASN: Eu2+, GC34 exhibited a larger full width at
alf maximum (FWHM = 103 nm) and higher quantum yield
nder violet excitation (420 nm) (Figure 1h, Figures S14 and
15).Meanwhile, cross-validation using a commercial benchmark
3Al5O12: Ce3+ (YAG: Ce3+) phosphor yielded efficiency data
n line with the manufacturer’s specifications, ensuring the
eliability of these results (Figure S16) [28]. In terms of thermal
tability, GC34 retains 93.0% of its initial emission intensity at 423
, which is comparable to CSASN: Eu2+ phosphors and superior
o GC20 (Figure 1i; Figures S17 and S18). Overall, as depicted
n Figure 1j and Table S3, the MAS: Eu2+ GC34 exhibits highly
ompetitive comprehensive performance among reported red-
mitting color converters. This prominent standing is collectively
nderpinned by its highly crystalline phase, suppressed defect
tates, and optimized Eu2+ site occupancy.

.2 Topology Engineering for Site-Selective
ccupation of Eu2+-Activators

o elucidate the regulatory effect of Al2O3 content on the
morphous network structure at the atomic scale, the distribution
f Si and Al Qn structural units is initially computed through
olecular dynamics (MD) simulation (Figure 2a). Increasing
he Al2O3 content from 20 to 34 mol% significantly elevates the
roportion of highly polymerized Q4 units, with Si-Q4 rising
rom ∼65% to ∼73%, while Al-Q4 remains high at approxi-
ately 72%. However, the proportions of low-polymerized Q1,
2, and Q3 units decrease correspondingly, reflecting enhanced
morphous network polymerization (Figure 2b,c; Table S4) [29–
1]. Macroscopically, this simulated network enhancement is
upported by DSC analysis (Figure S19 and Note S5). Both Tg
865◦C–992◦C) and Tp (1057◦C–1169◦C) exhibit a synchronized,
onotonic elevation as Al2O3 content increases, providing direct
hermodynamic evidence for the rigidified aluminosilicate frame-
ork. Fourier-transform infrared (FTIR) spectroscopy confirmed
hat the network structure of the PGs predominantly comprises
SiO4] and [AlO4] tetrahedra (Figure 2d). Meanwhile, for GCs,
istinct characteristic absorption peaks associated with Mg-O-
g, Si-O, Si/Al six-membered rings and Si-O-Al (574, 622, 761,
45 cm−1) are observed, corresponding to the precipitated MAS
attice (Table S5) [32–34]. Raman spectroscopy further elucidated
he structural evolution, with peak fitting of the high-frequency
egion of PG revealing multiple Si(OAl)y units (Figure 2e, Figure
20, Note S6) [35–37]. Specifically, an increase in the Al/Si ratio
ed to a decrease in the proportions of Si(OAl)3 and Si(OAl)4
Table S6), a redshift in the Raman peaks, and a decrease
n the content of non-bridging oxygen (XPS O1s, Figure 2f)
38]. The aforementioned simulation and experimental results
uggest that Al3+ functions as a network former to enhance
he network’s construction, degree of polymerization, and sub-
equent crystallization behavior [39]. To quantitatively evaluate
he crystallization kinetics, the crystallization activation energy
Ec) was calculated via theKissingermethod (Figure S21, Note S7)
40]. TheEc value increases from 518 kJ/mol (PG20) to 644 kJ/mol
PG34), reflecting a heightened kinetic barrier stemming from the
eavily cross-linked Q4-dominated aluminosilicate glass frame-
ork. Crucially, this dynamic barrier works synergistically with
he localized structural template to govern the crystallization.
of 10
On one hand, this cordierite-like (Al/Si-rich) network acts as
a structural topological template that effectively reduces the
local thermodynamic nucleation barrier (Figure 2g), promoting
highly oriented, pure-phase embryonic formation. Meanwhile,
the higher Ec provides a rigid kinetic barrier that effectively
suppresses random structural fluctuations and restricts the long-
range diffusion and agglomeration of Eu2+[41]. This unique
kinetic-thermodynamic synergy successfully directs the atomic
rearrangement of Si-O-Al-O-Si chains into the specific cyclic
units of cordierite in a highly prioritized and controlled manner,
thereby maximizing both the phase-pure crystallinity and the
comprehensive luminescent performance (Figure 2h; Figures S22
and S23, Note S8).

While the aluminosilicate network gains macroscopic rigidity,
this long-range structural change does not directly induce lumi-
nescence conversion but acts as a precursor to regulate local
ordering during crystallization. Consequently, magic-angle spin-
ning nuclear magnetic resonance (MAS-NMR) was employed
to elucidate the local structural environment of MAS GCs and
investigate the principles governing their structural evolution.
As shown in Figure 3a, the 27Al MAS-NMR spectra exhibit
pronounced line broadening due to the quadrupolar nature of
27Al and the structural disorder of the glass network, limiting
the analysis to qualitative evaluation of Al coordination states.
Nevertheless, the∼45 ppm [AlO4] peak (deconvoluted into T1/T2
components) shows a clear increase in T1 intensity with increas-
ing Al2O3 content. In comparison, upon in-situ crystallization,
the amorphous broadening in the 29Si MAS-NMR spectrum van-
ished entirely, revealing two distinct characteristic peaks, which
can be fitted to decompose into Si(nAl) (n = 1−4) components
(Figure 3b; Figure S24, Table S7) [42], with the relative content of
each component provided in Table 1. Based on the fitting results,
the Si/Al ratio, serving as an ordering parameter in cordierite, can
be determined as follows [43]:

Si

Al
=

4∑

n=0
ISi (nAl)∕

4∑

n=0
0.25n Isi (nAl) (1)

where
∑4

𝑛=0 𝐼Si(𝑛Al) denotes the integrated intensity of all
sub-peaks in the 29Si NMR spectra. The Si/Al ratios of GC20
and GC34 are 1.62 and 1.47, respectively, compared to 1.25 for
natural cordierite, further evidence shows that the optimization
of the amorphous network structure enhances the structural
order of MAS: Eu2+ GCs. The Al/Si coordination occupancy at
T1 and T2 sites can be precisely calculated, with quantitative
analysis revealing that in GC34 (high Al2O3), T1 is dominated by
Al (0.84Al:0.16Si) and T2 by Si (0.25Al:0.75Si), whereas in GC20
(low Al2O3), the distribution is reversed (T1: 0.21Al:0.79Si, T2:
0.66Al:0.34Si), demonstrating that Al2O3 content regulates the
redistribution of Al and Si, thus expanding T1 and contracting
T2 (Figure 3c; Note S9). Crucially, DFT calculations confirm that
this local T1/T2 ordering drastically lowers the thermodynamic
barrier for preferential Eu2+ migration into the interstitial six-
membered rings. Driven by the Al3+/Si4+ radius mismatch, this
localized ordering induces an expansion of the ring channels
and a concurrent contraction of neighboring [MgO6] sites,
effectively driving the larger Eu2+ activators into the ring
positions as validated by Rietveld refinements (Figure 3d; Figure
S25). Consequently, this structural reordering reconstructs the
Advanced Functional Materials, 2026
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FIGURE 2 Amorphous structure engineering and crystallization regulation of MAS: Eu2+ GCs. (a) Snapshot of the MD simulated glass structure.
The percentages of Qn (n = 0−6) coordination of (b) Al and (c) Si in simulated glass samples 20Al and 34Al. (d) FTIR spectra of PGs, GCs samples.
(e) Deconvolution of the high-frequency band of Raman bands for PGs. (f) High-resolution XPS O1s spectra and deconvolution of PG samples. (g)
The 3D models of 20Al and 34Al glasses obtained from MD simulations, together with the qualitative energetics of their chemical state evolution. (h)
Schematic diagram of in-situ glass crystallization of MAS lattice induced by amorphous structure engineering.

Advanced Functional Materials, 2026 5 of 10
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FIGURE 3 MAS lattice evolution and Eu2+ ion site occupation transfer. (a) 27Al, (b) 29Si MAS-NMR spectra, and (c) relevant Al/Si ratio in the T1
and T2 sites of GC20 andGC34 samples. (d) Schematic diagram of structural evolution of theMAS lattice and site-selective occupancy of Eu2+-activators.

TABLE 1 Relative ratios of the deconvoluted Si(nAl) sub-peaks at the T1 and T2 sites.

T1 site T2 site

∑Si(nAl)T1 ∑Si(nAl)T2Si(4Al) Si(3Al) Si(2Al) Si(1Al) Si(4Al) Si(3Al) Si(2Al) Si(1Al)

GC20 0.0427 0.2338 0.2489 0.0620 0.0493 0.1404 0.1893 0.0336 0.5874 0.4126
GC34 0.0071 0.0240 0.0425 0.0234 0.0915 0.5523 0.2255 0.0337 0.0970 0.9030
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u-O coordination symmetry and tailors the crystal-field
trength, causing a pronounced 5d level depression that directly
riggers the sharp blue-to-red spectral switching.

.3 Performance Evaluation of Lighting Devices

ased on excitation from a violet LED chip, two types of full-
pectra 1 W/10 W WLEDs were constructed using MAS: Eu2+
Cs as the core. The precise spectral regulation by red-emitting
Cs enabled both devices to produce white light with warm
orrelated color temperature (CCT), high luminous efficiency,
xcellent CRI (>96.8), and R1–R15 values above 91 (Figure 4a−f).
ariable-current electroluminescence (EL) and transient sta-
le operational behavior under heat accumulation equilibrium
onfirm that due to the high thermal stability of MAS: Eu2+ red-
mitting glass ceramic low- and high-power LEDs both maintain
xceptional color temperature and CRI stability, underscoring
of 10
its crucial role in achieving efficient and stable warm-color-
temperature full-spectrum healthy lighting (Figure 4g−i, Figures
S26 and S27), while acknowledging that comprehensive long-
term reliability assessments (e.g., ≥ 1000 h) remain an essential
objective for subsequent investigations.

Leveraging the broad excitation spectrum of MAS: Eu2+, which
enables efficient pumping by both violet and blue light, its
blue laser-driven lighting performance was subsequently inves-
tigated. This lighting device was fabricated by screen-printing
MAS: Eu2+ layers onto Y3Al5O12: Ce3+ (YAG: Ce3+) transparent
ceramic substrates (Figure S28), followed by a test on its photo-
metric/chromaticity parameters using a reflective-configuration
laser-driven lighting test system (Figure 5a). As illustrated in
Figure 5b, an increase in the MAS: Eu2+ GC content leads to
an enhancement of the red emission component, resulting in a
shift of the CIE 1931 chromaticity coordinates from cold white
(0.2948, 0.3220) to warm white (0.3803, 0.3237). This alteration
Advanced Functional Materials, 2026
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FIGURE 4 Construction of high color rendering index WLED based on MAS: Eu2+ GCs. (a,b) EL spectra, (c,d) CIE 1931 chromaticity coordinates
and (e,f) CRI of the prepared LP/HP-WLED devices. Normalized EL spectra of LP/HP-WLED devices at (g) different driving currents, (h) recorded
within 30 min, and their corresponding (i) CRI and CCT values.
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oncurrently reduces the CCT from 7824 to 3708 K and elevates
heCRI from62.0 to 80.7,which significantly improves the quality
f laser-driven lighting (Figure 5c,d). The optimized laser-driven
ighting system, utilizing four layers of MAS: Eu2+ GC, achieves
xceptional performance, with a CCT of 3708 K, CRI of 80.7, and
luminous efficacy (LE) of 240.3 lm/Wopt (Figure 5e). Due to the
xcellent thermal stability of MAS: Eu2+ GC, its luminous flux
LF) steadily increases with incident power, reaching amaximum
f 619 lm at a saturation threshold of 25 W (9.77 W/mm2)
Figure 5f). When illuminating multicolored objects, this opti-
ized MAS: Eu2+ GC-based laser-driven lighting demonstrates
uperior color reproduction and visual clarity, offeringmore vivid
nd natural colors in comparison to lighting sources lacking
AS: Eu2+ GC (Figure 5g, Figure S29). Further, the lighting
ource exhibits excellent long-range illumination characteristics,
aking it suitable for applications such as automotive headlamps
nd projection lighting (Figure 5h−j), confirming that MAS: Eu2+
C is a highly promising red-emitting color converter.
dvanced Functional Materials, 2026
3 Conclusions

In summary, high-performance red-emitting MAS: Eu2+ GCs
were successfully developed through amorphous structure engi-
neering. The reconstruction of the amorphous network via
Al2O3 content modulation enhances the polymerization degree
of the aluminosilicate glass and establishes a MAS-like topology,
achieving an exceptional crystallinity of 98.2%. Concurrently,
this strategy induces Al/Si lattice rearrangement, promoting the
preferential occupation of interstitial channel sites by Eu2+ ions
and enabling pure red emission centered at 620 nm. Due to the
optimized Eu2+ site occupancy and improved structural order,
the resulting MAS: Eu2+ GCs exhibit an ultrahigh IQE of 99.8%
and remarkable thermal stability, with a luminescence decrease
of only 7% at 425 K. These features render them highly suitable
for high color-rendering and high-flux illumination applications
in LEDs and blue-laser-driven lighting systems. This study
demonstrates that MAS: Eu2+ GCs are promising candidates
7 of 10
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FIGURE 5 The photoelectric characteristics of LD light-emitting devices driven by MAS: Eu2+ GCs (a) Schematic illustration of the laser-driven
light source test systemwith reflective configuration. (b) Normalized EL spectra, (c) CIE 1931 chromaticity coordinates and (d) CRI and CCT of theWLD
devices constructed with varying amounts of MAS: Eu2+ GC. (e) EL spectrum and related parameters of the optimized WLD device with 4 layers MAS:
Eu2+ GC. (f) Pumping power-dependent LF and LE variations. (g) Photographs of fruits illuminated by theWLD devices with (I) 0 and (II) 4 layersMAS:
Eu2+ GC. Photographs of the LD-driven prototype with (h) transmissive configuration, and its corresponding (i) optical systems and (j) illumination
effects at night.
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