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The exploration of transition metal Mn*-activated
luminescent materials is gaining increasing interests due to their Na-Mn-mics —
diverse uses. Herein, Mn*-incorporated fluorphlogopite (FP;

for partial Mg2*

e = 720 nm e — 365 nm
KMg;AISi;O,4F,) mica ceramics were successfully prepared by a high- Na* substitution -
temperature solid-state reaction process, in which Mn>* occupied the preltie — E
Mg?* site through isomorphic substitution. The FP itself and derived e o0 g“
Mn-mica (KMg,sMng;AISi;O,0F,) possess negligible luminescence ‘ ng
under ultraviolet (UV) excitation. However, the doping of rare earth M substitution 12.8}fold B

Eu** into Mn-mica generates an evident deep-far-red broadband :
emission at approximately 620-860 nm, peaking at 720 nm when
excited with 240-360 nm, which is ascribed to the intrinsic ‘T; — °A,
transition of Mn?*, and the maximum spectral enhancement reaches
approximately 22-fold when excited with 320 nm. The more dramatic result is that the complete substitution of Na* for K* in Mn-
mica (NaMg, sMn, ;AISi;O;0F,) not only results in an enlarged excitation range toward the near-UV region but also greatly enhances
the deep-far-red emission (more than 12-fold) under 365 nm excitation. After optimization, the luminescence internal quantum
yield (QY) is 87.4%, and the emission intensity at 423 K retains 78% of that at ambient temperature, indicating that the modified
mica ceramics have superior luminescence and thermal stability through the cooperative effects of isomorphic cation substitution
and doping, which is applicable for plant cultivation lighting and latent fingerprint identification.
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1 Introduction

During the last few decades, spectral conversion materials in the
deep-red (620-700 nm), far-red (700-760 nm) and near-infrared
(760-1000 nm) regions have shown attractive prospects in
phosphor-converted light-emitting diodes (pc-LEDs), bioimaging
and diagnostics, food quality monitoring, and other
photofunctional fields [1-6]. Notably, advancements in
environmental agriculture have promoted the adoption of pc-
LEDs as light sources for plant growth in popular greenhouse
facilities [7,8]. In comparison with traditional lighting sources, pc-
LEDs exhibit prominent merits of long work duration, effective
energy savings and customized spectral range [9,10]. At present,
there is increased interest in the design, fabrication and
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improvement of near-ultraviolet (UV) excited deep-far-red
phosphors [11,12]. However, the available red phosphors, such as
CaAlSiNzEu* nitride, K,SiFgMn* fluoride, and Y,0,S:Eu*
oxysulfide, suffer from shortcomings, such as severe preparation
conditions, low chemical stability, weak luminescence or an
unmatched emission range [13—15], which limit their practical use
in plant cultivation lighting. It is crucial to develop novel deep-red
and far-red phosphors with a suitable emission wavelength range,
high quantum efficiency, superior chemical and heat stability, and
environmental friendliness.

The transition metal Mn* ion, as a promising emission center,
has been extensively incorporated into inorganic compounds for
the use of lighting and diverse fields. Since Mn* has a 3d°
electronic configuration in which 3d electrons are located in the
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outermost layer of the atomic orbital, the resulting d-d transitions
are quite sensitive to the host surroundings, and the emission
wavelength depends closely on the magnitude of the crystal field.
Mn* typically shows green luminescence in a weak crystal field
(tetrahedral coordination site) and red light emission in a strong
crystal field (octahedral coordination site) [16—19]. At present,
Mn*-activated ceramic phosphors can be categorized into a few
systems, such as oxides (including phosphate, borate, silicate, and
perovskite oxides) [20-22], nitrides [23], oxynitrides [24], and
halides (including fluorides and chlorides) [25-27]. To the best of
our knowledge, Mn*-activated oxyfluoride phosphors, particularly
those with layered structures, are still seldom explored.

Mica ceramics, as a representative clay mineral with strong
insulation strength and high heat and corrosion resistance, have
been widely applied in electronic communication and industry
fields. However, naturally occurring mica ceramics have difficulty
meeting practical demands in luminescence owing to their
nonuniform purity and quality [28]. With a unique layered
structure and isomorphic substitution features, synthetic-mica
ceramics can be fabricated through high-temperature solid-state
reactions and exhibit considerable variation in physical and
chemical properties. For example, the OH™ anion in natural mica
ceramics (phlogopite, KMg;AlSi;0,((OH),) can be readily
replaced with F~ due to their close ionic radius and the same
valence state and can form synthetic-mica ceramics with higher
heat resistance [29]. At present, the most popular synthetic-mica
in industry is KMg;AlSi;OF, oxyfluoride, which is generally
called fluorphlogopite (FP) [30]. In the layered structure of FP
(Fig. 1(e)), each sheet is composed of two SiO, tetrahedra and
one MgO, octahedron (tetrahedron-octahedron-tetrahedron
(T-O-T)) unit, and the adjacent T-O-T units are connected with
the interlayer K* cation, in which K* can be exchanged with
similar cations such as Na® or Ba™. Recently, our group
successfully prepared rare earth Sm*-doped NaMg,;Si,O,F,
(sodium tetrasilicate FP) and Eu**-doped BaMg,Si,0,(F, (barium
tetrasilicate FP) ceramic powders, and their luminescence
properties were investigated [31,32]. After structural modification,
the characteristic red sharp-line emissions of Sm™ (‘Gs;, > ‘H;;,)
and Eu* (°D, > ’F,) were greatly enhanced in comparison with
that in the original FP, and their potential applications in latent
fingerprint identification were explored because mica ceramics
have superb adhesion and desirable photothermal stability.

In this work, the transition metal Mn** was used as an emission
center to partially substitute for Mg™ in mica ceramics. Owing to
the close ion radii and same valence states of Mn* and Mg*
cations, Mn* ions would easily occupy the MgOyq octahedral site
in mica ceramics and perhaps emit the typical red light according
to the crystal field theory. The crystal structure and luminescence
properties of the mica ceramic powders were analyzed with X-ray
diffraction (XRD), scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), and photoluminescence (PL)
characterization. The FP itself and derived Mn-mica (in which
Mn* substitutes for partial Mg*) possess negligible luminescence
when excited with UV light. However, the doping of tiny Eu* into
Mn-mica results in an evident deep-far-red broadband emission,
which originates from the intrinsic ‘T > °A, transition of Mn*. To
our much surprise, the deep-far-red broadband emission is
extremely enhanced under near-UV 365 nm excitation by using
Na® cation complete substitution for K*. The modified mica
ceramics integrate superior luminescence, wide UV-near-UV
excitation range, strong adhesion, and desirable thermal stability.
The related mechanism is discussed in detail, and the application
prospects of mica ceramics are explored in the fields of plant
cultivation lighting and latent fingerprint identification.
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2 Experimental

2.1 Materials and fabrication

Mn*- and Eu™-incorporated mica ceramic powders were
fabricated by a conventional high-temperature solid-state reaction,
in which K,SiF, (A.R.), Na,SiF, (A.R), MgO (AR), ALO; (AR),
SiO, (A.R.)), MnCO; (AR.), and Eu,O;5 (99.99%, Beijing Institute
of Nonferrous Metals, China) were used as raw materials. Owing
to the close ionic radius, the Mn* and Eu* cations should occupy
Mg* and K'/Na' sites in the host lattice, respectively. In
accordance with the following chemical equations: K;_[EuMg;_,
MnAlSi;OyF,,, (x = 0-0.05, y = 0-0.75, Mn-mica series),
Na,_,Eu,Mg; Mn AlSi;O;F,,, (x = 0-0.05, y = 0-0.75, Na-Mn-
mica series), and (NaK,_),_EuMg,:Mny;AlSi;O\F,,, (x = 0.03,
z = 0-1.0, Na-K-Mn-mica series), the raw materials were
weighed in the stoichiometric ratio and ground thoroughly in an
agate mortar. Then, the mixtures were heated at 1150 °C for 5 h in
a tube furnace with a reducing atmosphere (N, + C powder
(AR.). Finally, the furnace was cooled to room temperature, and
the samples were reground into ceramic powders for collection.

Additionally, the FP and Na-FP (NaMg;AlSi;O,4F,) host as well
as Eu*-doped (x = 0.03) FP and Na-FP were also prepared in a
similar way for the convenience of comparison.

The optimal Eu*-doped Mn-mica ceramic phosphor and
epoxy resin were mixed according to a volume ratio of 1 : 1 and
then coated on a 365 nm light emitting diode (LED) chip. For
gelation, the LED device was kept in an oven at 60 °C for 2 h.

2.2 Measurements and characterization

XRD of the synthetic-mica ceramic powders was carried out with
an X-ray powder diffractometer (Smart Lab, Rigaku, Japan) with
Cu Ka radiation (A =1.5406 A) operating at 40 kV and 40 maA,
employing a step size of 0.02° over a 20 scan range of 5°~50°. The
morphology images and elemental maps were obtained using a
SEM (S-4800, Hitachi, Japan) field emission. XPS measurements
were performed on a spectrometer (Kalpha XPS, Thermo, USA)
to determine the chemical composition and valence state of Mn.
The PL excitation/emission spectra of the mica ceramics were
measured with a fluorescence spectrometer (FS5-TCSPC,
Edinburgh Instruments, UK) equipped with a xenon lamp as an
excitation source. The luminescence decay curves, internal
quantum yield (QY), and temperature-dependent PL emission
spectra were recorded using fluorescence spectrometer (FLS-980,
Edinburgh, UK). Moreover, inductively coupled plasma-optical
emission spectrometry (ICP-OES) was performed on an ICP-OES
(iCAP 7400, Thermo, USA) to confirm the complete substitution
of Na* for K* in Mn-mica.

3 Results and discussion

3.1 Structure, composition, and morphology

To clarify the isomorphic cation substitution of the activator Mn**
for the Mg* site and Na*/Eu* into the interlayer alkali metal K*
site in the FP host, the ionic radius percentage difference (D,) is
calculated with Eq. (1):

Rw(CN) — Ry(CN)

D: = R.(CN)

x100% (1)

where CN is the coordination number, and R,,(CN) and Ry(CN)
represent the ionic radii of the host and the incorporated/doped
ions, respectively [33]. In general, the incorporated jon can
substitute for the host ion only when the D, value is less than or

J Adv Ceram 2026, 15(3): 9221254



Realizing intense deep-far-red broadband emission derived from mica ceramics through isomorphic cation substitution/doping ...

9221254-3

equal to 30% (D, < 30%) [34]. For Mn* (ionic radius (r) = 0.81 A,
CN = 6) and Mg" (r = 0.86 A, CN = 6), the D, value (Mn-Mg) is
calculated to be only 5.81%, implying that Mn* substitutes for
partial Mg* in the host with little distortion. For Na* (r = 1.53 A,
CN =12), Eu* (r= 149 A, CN =12) and K* (r = 1.78 A, CN =12),
the D, values for (Eu-Na), (Na-K), and (Eu-K) are 2.61%,
14.04%, and 16.29%, respectively. The results show that
isomorphic substitution between Na* and K* readily occurs, and
the tiny doped Eu* would occupy the interlayer Na* or K* sites
without difficulty.

The crystal structure and phase purity of mica ceramic powders
were identified by XRD patterns, and the typical XRD patterns
relevant to FP, Mn-mica, Na-FP, Na-Mn-mica and Na-K-Mn-
mica samples are given in Fig. 1. For the FP and Mn-mica series
(Fig. 1(a)), the main peaks at approximately 8.9°, 19.3°, 26.8°,
34.1°, and 45.3° (20) are indexed to the (001), (100), (003), (112),
and (005) planes, respectively, which match well with the standard
card of FP (JCPDS#16-0352). For the Na-FP and Na-Mn-mica
series (Fig. 1(b)), the main diffraction peaks at 9.2°, 19.4°, 27.7°,

34.2°, and 47.0° (26) also belong to the (001), (100), (003), (112),
and (005) planes. However, the 26 values corresponding to the
(00]) (I =1, 3, and 5) planes have all been enlarged compared to
that of Fig. 1(a). This phenomenon can be more clearly observed
in Fig. 1(c) for the XRD patterns of the Eu**-doped Na-K-Mn-
mica series. With increasing Na* content (z value), the 26 value
corresponding to the (00]) (I = 1, 3, and 5) planes gradually shifts
toward higher 20 angles. As a result, the interlayer spacing for the
layered mica (d value in Fig. 1) is accordingly decreased from 9.93
to 9.61 A. The enlargement of diffraction peaks for the (I = 1, 3,
and 5) planes and the decrease in interlayer spacing are all due to
Na* with a smaller ionic radius substituting for K* sites in mica
ceramic samples.

The diffraction peak positions and shapes for all the samples
have similar features, in which the (001) and (003) crystal planes
are dominant and the 26 values corresponding to the (00]) (I =1,
3, and 5) planes possess good multiple relationships, implying
synthetic-mica ceramics with perfect layered structures. Moreover,
the Rietveld refinement for the XRD pattern of Eu-doped Mn-
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Fig.1 XRD patterns of (a) FP and Mn-mica series, (b) Na-FP and Na—Mn-mica series, and (c) Eu**-doped Na-K-Mn-mica series (x = 0.03, z = 0-1.0). (d) Rietveld
refinement of Eu-doped Mn-mica (x = 0.03, y = 0.50), and (e) schematic diagrams of lamellar structure for FP, Mn-mica, and Na—Mn-mica samples.
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mica (x = 0.03, y = 0.50) is plotted in Fig. 1(d). The refinement
result reveals that both R, and R,,, factors (Two factors in Rietveld
XRD refinement, which show the goodness of fit between the
experimental and claculated data. The smaller the value, the better
the fit) are quite small, which is in accordance with the FP
monoclinic structure with the C,,, space group (Fig. S1 in the
Electronic Supplementary Material (ESM)). The reason for this
should be ascribed to the similar radius for Mn** with Mg* in six-
coordinated MgOyq surroundings and Eu** with K* ions in the
interlayer. Calculated from Eq. (1), the D, values 5.81% (Mn-Mg)
and 16.29% (Eu-K) are much smaller than 30%. Therefore, Mn*
and Eu* cations would substitute for Mg** in the T-O-T unit and
alkali metal ions in the layer, respectively. After Mn* (y = 0.50)
and tinny Eu** (x = 0.03) incorporation into the host, there is little
shift in the main diffraction peaks, demonstrating the
incorporation of Mn* and Eu* into the mica ceramic host
through isomorphic cation substitution. Figure 1(e) plots
schematic diagrams of the lamellar structure for the FP, Mn-mica,
and Na—Mn-mica ceramic samples.

To analyze the morphology and composition of the as-
prepared mica ceramic, SEM images of Eu*-doped Mn-mica and
Na-Mn-mica are displayed in Figs. 2(a) and 2(b), respectively.
The stacked sheet can be clearly observed, and the edge of the
sheet presents obvious stratification, which is in agreement with
the XRD results. The elemental mapping profiles in Figs. 2(c)-
2(k) illustrate that Eu*-doped Na—Mn-mica contains Na, Mg,
Mn, Al Si, O, F, and Eu. Furthermore, the elemental mapping
profiles of Eu*-doped Mn-mica are shown in supporting
information Fig. S2 in the ESM, which are in line with the
chemical composition of the compound.

To further determine the chemical composition and valence
state of Mn in mica ceramics, the full XPS spectrum of Eu**-doped
Na—Mn-mica is presented in Fig. 3(a). The elemental signals of

(2)

Mn

the related chemical components Na, Mg, Mn, Al Si, O, F, and Eu
are all observed, which is in accordance with the elemental
mapping profiles. The existence of carbon is mainly due to the
adsorption of C from the reducing atmosphere (the introduction
of C powder during the high-temperature solid-state reaction).
Figure 3(b) shows the XPS high-resolution spectrum of the Mn 2p
core level, in which two broad bands at 641 and 653 eV
correspond to the Mn 2p;, and 2p,, orbitals, respectively. In
particular, a satellite peak at 646 eV is observed, which originates
from Mn* [35,36]. Therefore, the Mn in the mica ceramics should
be present in the 2* state. The Eu**-doped Mn-mica ceramics have
similar XPS results to those in Fig. 3, which is added to the
supporting information in Fig. S3 in the ESM.

Moreover, the ICP-OES test on the Eu**-doped Na—Mn-mica
was performed to further confirm the complete substitution of
Na' for K* in Mn-mica, which is listed in the supporting
information of Table S1 in the ESM.

3.2 Luminescence properties

The PL performances of Mn*- and Eu*-incorporated mica
ceramic samples were investigated in detail. Figures 4(a)-4(d) plot
the excitation and emission spectra of the Mn-mica
(K\_.EuMg, sMn,;A1Si;0,(F,,,, x = 0-0.05) and Na—Mn-mica
(Na,_EuMg, sMn5A1Si,04F,,,, x = 0-0.05) series. Without the
introduction of Eu*, the deep-far-red emission band intensities of
the samples are too weak (black lines in Figs. 4(a)-4(d)) to be
hardly observed under the excitation of UV light. However,
prominent excitation and emission bands appear after tiny Eu*
doping. For the Eu*-doped Mn-mica ceramic samples, the
excitation spectra (Fig. 4(a), emission wavelength in excitation
spectrum (A,,) = 720 nm) display similar wide bands from 240 to
360 nm with dominant excitation at approximately 290-350 nm,
and the emission spectra (Fig. 4(b), excitation wavelength in

(b)

Eu (0)

Fig.2 SEM images of Eu**-doped (a) Mn-mica and (b) Na—Mn-mica. (c-k) Elemental mapping profiles of Na-Mn-mica.
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Fig.3 (a) XPS full spectrum and (b) high-resolution spectrum of Mn 2p core
level of Eu**-doped Na-Mn-mica.

emission spectrum () = 320 nm) possess two distinct broad
bands at approximately 340-440 (violet-blue) and 620-860 nm
(deep-far-red). The broad band at approximately 620-860 nm
(deep-far-red) exhibits a peak at 720 nm with a full width at half
maximum (FWHM) of 102 nm, which looks stronger than that in
the violet-blue region (the peak is approximately 360-365 nm).
For the Eu**-doped Na-Mn-mica ceramic samples, the excitation
bands (Fig. 4(c), A, = 720 nm) are different from those in
Fig. 4(a) because of a further shift toward near-UV to 400 nm.
Excited with 320 nm, the emission spectra (Fig. 4(d)) also exhibit
two separate broad bands, one at approximately 620-860 nm
(deep-far-red), which is quite similar to that of Fig. 4(b), but the
other in the violet-blue region, which is at approximately 370-
480 nm with a peak at approximately 405 nm.

The deep-far-red emission bands at approximately 620-860 nm
in Figs. 4(b) and 4(d) have almost the same FWHM and should
be ascribed to the T} > °A, transition of Mn* because Mn*
occupies  six-coordinated surroundings through isomorphic
substitution for Mg* [37]. It can be clearly observed that the
excitation (A, = 720 nm) and deep-far-red emission band
intensities all closely depend upon the Eu** doping concentration
(20). As x = 0.01-0.03, the excitation and deep-far-red emission
band intensities gradually increase with increasing x and reach the
top at x = 0.03. Then, further increasing x to 0.04-0.05 results in a
decrease in the emission band intensities. Therefore, the optimal
Eu** doping concentration is concluded to be x = 0.03 for all mica
ceramic samples. When excited with 320 nm and x = 0.03, the
maximum emission intensities (approximately 720 nm) of Mn-
mica and Na—Mn-mica are enhanced by approximately 22- and
210-fold, respectively, which means that doped Eu* plays a vital
role in promoting Mn* red emission in mica ceramic samples.
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The wide excitation bands of Figs. 4(a) and 4(c) as well as the
emission bands in the violet-blue region of Figs. 4(b) and 4(d) are
relevant to Eu* doping, which can be further confirmed through
the PL results of Eu*-doped (x = 0.03) FP and Na-FP (Figs. 4(e)
and 4(f)). Without the introduction of Mn*, the singly Eu*-doped
FP and Na-FP exhibit quite similar excitation and violet-blue
emission bands to those of the Mn-mica and Na-Mn-mica
ceramic series. According to the crystal fields theory, the Eu* ion
with the 4f configuration generally exhibits a broad absorption
cross section in the excitation spectra owing to the parity-allowed
nature of the 4f'-4f5d (4f-5d) transition and an electric-dipole
allowed 5d-4f (d-f) transition band emission in inorganic
materials [38,39]. The excitation bands (black lines in Figs. 4(e)
and 4(f)) are ascribed to the 4f-5d absorption of Eu* [40], and the
excitation band of Eu*-doped Na-FP is evidently shifted toward
the near-UV region (~400 nm) compared to that of Eu**-doped
FP (~360 nm). On the other hand, their emission spectra in the
violet-blue region (blue line in Figs. 4(e) and 4(f)) also possess
different features. The emission for Eu*-doped FP is practically
composed of two interwoven narrow bands at approximately
340-440 nm, which originate from the 4f-4f (f-f) and 5d-4f (d-f)
transitions of Eu™. In certain typical fluorides or oxide host
surroundings, the lowest component of the 4f5d configuration
can shift to higher energy, so that the excited energy level (°P,;,) of
the 4f configuration lies below it. As a result, the f-f narrow-band
emission (approximately 360 nm) from the °P,;, > *S;, (ground
state) transition may occur and coexist with the d-f transition
[41,42]. In this work, the mica ceramic host belongs to the
oxyfluoride, and the f-f transition emission peak emerges as tiny
Eu* is doped in the FP and Mn-mica series because the lowest
excited position is at approximately 360 nm, which is quite close
to the °P,;, excited energy level of Eu**. However, as Eu™ is doped
in the Na-FP and Na-Mn-mica series, only the d-f transition
emission band at approximately 360-480 nm with a peak at
approximately 405 nm is observed. The reason for this is due to
the lowest excited wavelength shifting to approximately 400 nm,
which is much lower than that of the ‘P, excited level of Eu*. In
other words, Eu** doping in the Na-FP and Na-Mn-mica series
results in a decrease in the lowest component of the 4f5d
configuration in comparison with that in the FP and Mn-mica
series, and therefore, the excitation range is enlarged toward the
near-UV region.

As shown in Fig. 4, the deep-far-red emission bands of Mn* in
the Eu*-doped Mn-mica and Na-Mn-mica series samples are
clearly observed under a large excitation range from the short-
wavelength UV to near-UV region. In particular, the emission
intensities for the Eu**-doped Na-Mn-mica series samples are
dramatically enhanced when excited from 350 to 390 nm.
Therefore, the selection of the excitation wavelength is a crucial
factor in modulating the deep-far-red broadband emission
intensities of mica ceramic samples.

Figures 5(a)-5(d) compare the excitation and emission
intensities of the Eu**-doped (x = 0.03) Mn-mica and Na-Mn-
mica samples. Despite the same Eu* doping concentration, the
excitation band intensities for Na—Mn-mica are basically superior
to those for Mn-mica (Fig. 5(a), Ay, = 720 nm). The enhanced
extent depends closely upon the location of the excitation
wavelength. When excited with a short wavelength of 254 nm, the
deep-far-red emission is only somewhat enhanced (Fig. 5(b), A, =
254 nm). Under medium-wavelength 320 nm excitation, the
maximum emission enhancement is approximately 1.7-fold
(Fig. 5(c), Aex = 320 nm). When excited with a long wavelength of
365 nm, the emission is extremely enhanced and reaches
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approximately 12.8-fold (Fig. 5(d), A, = 365 nm). Moreover, the
dependence of the deep-far-red broadband emission intensity on
the content of Na* substituting for K* (z = 0-1) in Mn-mica is also
considered in Fig. 5(d). It can be clearly seen that the deep-far-red
broadband emission intensity evidently increases with the increase
in the z value and gets to the top as z = 1. This result firmly
indicates that the complete substitution of Na* for K* in Mn-mica
is beneficial for achieving the maximum enhanced luminescence
of deep-far-red emission.

According to the PL data of Eu**-doped mica ceramics (Fig. 4),
the tiny Eu” in the host first absorbs UV energy and then
promotes the remarkable enhancement of the Mn* deep-far-red
emission band. This implies that the effective energy transfer from
Eu* (sensitizer) to Mn* (activator) should take place in the mica
ceramic samples. To clarify the energy transfer phenomenon and
optimize the Mn* content in synthetic-mica, the sensitizer Eu*
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2+

doping concentration is kept stable (x = 0.03), the activator Mn
content (y) varies from 0.25 to 0.75 in the Mn-mica and Na-Mn-
mica series, and their emission intensities are compared. In
Fig. 6(a), the emission bands (A, = 320 nm) of Eu*-doped Mn-
mica are in agreement with Fig. 4(b), which contain the
interwoven f-f and d-f transitions of Eu* at approximately
340-440 nm and the deep-far-red broadband of Mn* at
approximately 620-860 nm. The increase in the activator Mn*
content (y) leads to a monotonic reduction in Eu* emission
intensities at approximately 340-440 nm and the subsequent
enhancement of Mn* deep-far-red emission intensities at
approximately 620-860 nm. The deep-far-red emission intensities
reach a maximum at y = 0.50 and then obviously decrease with a
further increase in y (y = 0.60, 0.75) due to concentration
quenching. Similar phenomena also occur for the Eu*-doped
Na-Mn-mica series, as shown in Fig. 6(b) (A, = 365 nm). The
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results demonstrate the successful transfer of Eu™ excitation
energy to Mn*, and the optimal Mn* content is y = 0.50.

It can be concluded from the above analysis that the optimal
mica ceramic phosphor excited with near-UV 365 nm should be
the Eu**-doped Na—Mn-mica sample, in which the Eu*-doping
concentration x is 0.03 and the Mn* content y is 0.50. Therefore,
the following discussion will mainly focus on the Eu*-doped
Na-Mn-mica series.

The energy transfer mechanism involved in the sensitization
process and the energy transfer efficiency between Eu** and Mn**
in Eu*-doped Na-Mn-mica can be evaluated from the
luminescence decay dynamics of Eu*. Figure 6(c) plots the
luminescence decay curves (A, = 358 nm, A, = 405 nm) of Eu*
in the Na-FP (y = 0) and Na—Mn-mica (y = 0.25, 0.50, and 0.75)
series ceramic samples. Without the incorporation of Mn*, the
luminescence decay (black line) of Eu* exhibits a good linear
relationship, indicating that Eu* mainly occupies a single lattice
site when acting as the luminescent center in the crystal structure,
and the decay is fitted with a typical single exponential function,
whose fluorescence lifetime (7y,) can be simply calculated with

Eq. (2):
I = Aexp (,i) (2)

Ts0

where I represents the luminescent intensity at time (¢), and A is a
constant. Through Eq. (2), 7 is calculated to be 1.0 ps. With
increasing Mn** content, the decay gradually becomes fast, and the
decay curves deviate from the single exponential manner, which
implies the activation of an additional de-excitation pathway for
the Eu* 5d excited state through an energy transfer process [43].
The decay average lifetime (7,) follows the double exponential
function [44] and can be calculated with Egs. (3) and (4):

https://doi.org/10.26599/JAC.2026.9221254

t t
I(t) = Aiexp (—?1) + Asexp <7T—z> (3)
AT+ A
= = 4
An+ AT ( )

where I(f) is the PL emission intensity at time (f), A; and A, are
constants, and 7; and 7, denote the fast and slow decay
components of the fluorescent lifetime, respectively. The decay
average lifetime (7;) of Eu*-doped Na—Mn-mica (y = 0.25, 0.50,
and 0.75) decreases to 0.54, 0.39, and 0.30 s with increasing Mn**
content. The rapid decrease in the decay lifetime of Eu* in the
Na-Mn-mica phosphors means that a nonradiative (NR) energy
transfer process occurs from the sensitizer Eu** to the activator
Mn™.

The energy transfer efficiency (7r) from the sensitizer Eu* to
the activator Mn* can be calculated in accordance with Eq. (5)
[45]:

TS
Ner = 1 To (5 )
where the 5gp values for the Eu*-doped Na-Mn-mica (y = 0.25,
0.50, and 0.75) are 46%, 61%, and 70%, respectively.

Figure 6(d) shows the energy level scheme of the energy
transfer process from Eu* to Mn* in the Eu*-doped Na—Mn-
mica samples. First, the electrons from the sensitizer Eu* were
pumped to the 4f°5d excited state upon near-UV excitation. With
some of the excited electrons returning to the 4f'(*S;,) ground
state, Na—Mn-mica emits violet-blue light. In the meantime, the
electrons of the activator Mn* in the °A; ground state were
prompted to the *T, excited state by a resonance energy transfer
(RET) from the sensitizer Eu** owing to the similar energy gap
between the 4f5d-4f transition of Eu* and the ‘T, > °A;
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Fig.6 (a) Emission spectra (A, = 320 nm) of Eu**-doped Mn-mica (x = 0.03, y = 0.25-0.75), (b) emission spectra (A, = 365 nm) of Eu**-doped Na—Mn-mica (x = 0.03,
y =0.25-0.75), (c) luminescence decay curves (A, = 405 nm) of Eu** in Na-FP (y = 0) and Na—Mn-mica (y = 0.25-0.75) series samples, and (d) schematic diagram of
energy transfer process from Eu* to Mn* in Eu**-doped Na—Mn-mica samples.

transition of Mn* [46]. Then, the electrons from the ‘T, state relax
to the “T; lower excited state of Mn* through a NR process and
finally return to the °A; ground state. Thus, the deep-far-red
broadband emission from the ‘T > °A; transition of Mn* is
greatly enhanced.

The luminescence QY, chromaticity coordinate and optical
thermal stability are crucial factors to evaluate the applicability of
phosphor materials in pc-LEDs. The internal QY of the optimal
Eu**-doped Na—Mn-mica (x = 0.03, y = 0.50) was measured under
365 nm excitation (Fig. 7(a)) and is determined with Eq. (6):

L
T B JE

where L refers to the emission spectrum of the phosphor, and E
and Ey denote the excitation spectra of the phosphor and BaSO,
reference, respectively. The QY value is approximately 87.4%,
which is much higher than those of recently reported Mn*-doped
phosphors in double-perovskite structures (20%-40%) [47-49].
Figure 7(b) depicts the Commission International de L’Eclariage
(CIE) chromaticity coordinate of the optimal Eu*-doped Na—Mn-
mica ceramic phosphor. Under near-UV 365 nm excitation, the
CIE chromaticity coordinate is (0.721, 0.279), which is located in
the deep-far-red region. Moreover, the digital image of the Eu*-
doped Na—Mn-mica ceramic phosphor is also given in the inset of
Fig. 7(b) as irradiated with 365 nm light, indicating that the Eu*-
doped Na—Mn-mica ceramic phosphor shows bright deep-far-red
light when excited with near-UV 365 nm.

Figure 7(c) plots the temperature-dependent emission spectra
(Aex = 365 nm) of the optimal Eu**-doped Na—Mn-mica ceramics
from room temperature 303-563 K, in which the Mn** deep-far-
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red and Eu** violet-blue emission bands are quite similar to those
in Fig. 4(d). With increasing testing temperature, all the deep-far-
red and violet-blue emission band intensities are gradually
reduced, exhibiting the typical high-temperature quenching effect
due to the increase in the NR transition probability [50,51].
Furthermore, the deep-far-red emission peak blueshifts with
increasing testing temperature, shifting from 720 to approximately
690 nm as the temperature is increased from room temperature
303 to 563 K. The temperature-induced emission peak blueshift
may originate from the electron-phonon interaction between the
ground state and excited state in the Mn* emission center, which
needs to be further investigated. The dependence of the Mn** deep-
far-red emission intensity on the testing temperature is displayed
in Fig. 7(d). As the temperature increases to 373 K, the emission
intensity remains at 94% of its initial value, indicating that the
luminescence is quite stable from room temperature up to 373 K.
After the testing temperature is raised to 423-473 K (the
operation temperature of pc-LEDs), the relative emission intensity
still retains 62%-78% of the initial value. Moreover, the quenching
temperature (T},), representing half of the initial intensity, reaches
500 K, which is much better than that of the Eu**-doped Mn-mica
ceramic sample (Fig. $4 in the ESM) and recently reported Mn*-
doped phosphors with a  double-perovskite structure
[9-11,46-48], confirming the optimal Eu**-doped Na—Mn-mica
ceramic sample with excellent optical thermal stability.

Green plants perceive light through several organic pigments,
which originate from photosynthetic prokaryotes. The deep-red
(620-700 nm) and far-red light (700-760 nm) critically match the
absorption zones of red phytochrome (Pr) and far-red
phytochrome (Pfr), respectively [52]. To evaluate the performance
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Inset: digital photograph of the as-fabricated LED device.
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of the synthetic-mica ceramic phosphor in practical uses, the
emission spectrum of the optimal Eu*-doped Na-Mn-mica
ceramic phosphor is compared with the absorption spectra of the
plant Pr and Pfr (Fig. 8(a)). It can be seen that its emission range is
highly matched with the absorption spectra of plant Pr and Pfr,
which shows that the Eu**-doped Na—Mn-mica ceramic phosphor
can be effectively used to prepare customized deep-far-red pc-
LED:s for indoor plant cultivation.

The LED devices were successfully fabricated by coating the
optimal Eu**-doped Na—Mn-mica ceramic phosphor on a 365 nm
LED chip. Driven by a 60 mA current, the emission spectrum of
the LED device is shown in Fig. 8(b). The electroluminescence
emission spectrum clearly exhibits a deep-far-red emission band
with a peak location at approximately 720 nm, which is almost the
same as that of the PL result. Additionally, the inset of Fig. 8(b)
also includes a digital photo of the LED, which emits bright red
light at a 60 mA working current. By using pc-LEDs, near-UV
light can be effectively converted into deep-far-red light, which
endows the phosphor based on mica ceramics with great potential
in the plant cultivation lighting field.

Moreover, latent fingerprint identification was also explored
with Eu**-doped mica ceramic phosphors. Figures 9(a)-9(f) show
the latent fingerprint images developed by Eu*-doped (x =
3 mol%) Mn-mica and Na—Mn-mica on tinfoil under irradiation
with daylight, UV 254 nm, and near-UV 365 nm light,
respectively. Owing to the mica with strong adhesive ability, the
ceramic phosphors enable the observation of latent fingerprints
under daylight (Figs. 9(a) and 9(d)), which is useful for rapid on-
site investigation. Irradiated with 254 nm, the ceramic phosphor
can emit the typical red light to highlight fingerprint contours, and
the display effects are basically consistent (Figs. 9(b) and 9(e)),
which is in accordance with the emission spectra of Fig. 5(b).
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Fig.9 Fluorescence images of latent fingerprints on tinfoil substrates under daylight, 254 and 365 nm light irradiation of Eu**-doped (a—c) Mn-mica and (d-f) Na-Mn-
mica (x = 0.03, y = 0.50) and (g-1) magnified detailed images of latent fingerprint patterns on Na—Mn-mica under 365 nm near-UV light irradiation.

However, under near-UV 365 nm light irradiation, there is a
marked difference in the luminescence performance of the
ceramic phosphors (Figs. 9(c) and 9(f)). The Eu**-doped Mn-mica
has relatively weak fluorescence signals, leading to the easy loss of
key fingerprint information. In contrast, the Eu*-doped Na—Mn-
mica displays extremely strong fluorescence brightness. Although
the mica ceramic powders are uniformly distributed across the
latent fingerprints, they are mainly attached to the ridges of the
fingerprint rather than the furrows, resulting in fluorescence
images with clearly distinguishable boundaries between ridges and
furrows. On the other hand, the red fluorescence intensity is
strong enough to resist background interference, including the
light reflected from UV light into the substrates. Figures 9(g)-9(1)
show magnified structural detail images (Fig. 9(f)) of the tinfoil
substrate. In principle, the structural details of fingerprint ridges
are classified into three levels, among which the level-2 and level-3
structural details are unique to individuals and possess individual
identification. Not only are the level-1 details (whorl (Fig. 9(g))
clearly visible, but the level-2 (bridge (Fig. 9(h)), bifurcation (Fig.
9(i)) and ridge end (Fig. 9(j)) and level-3 details (scar (Fig. 9(k)
and sweat pores (Fig. 9(1)) are also distinctly presented. It can be
concluded that the Eu*-doped Na-Mn-mica ceramic phosphor
exhibits high sensitivity in latent fingerprint development and
holds potential application in this field.

4 Conclusions

In summary, a series of novel Eu*-doped Mn-mica and Na-Mn-
mica ceramic phosphors derived from nonluminescent FP were
successfully fabricated by a high-temperature solid-state reaction.
All the synthetic-mica ceramic samples possess similar lamellar
structures and morphologies. Owing to the close ionic radius and
same valence state, Mn* and Na* would substitute for Mg* in six-
coordinated MgOj lattice surroundings and K* sites sandwiched
with T-O-T units through isomorphic cation substitution. The
doped Eu™ is liable to occupy the interlayer K* or Na* sites.
Without the introduction of Eu™, both Mn-mica and Na-Mn-
mica have almost negligible luminescence when excited with UV
light. Nevertheless, the tiny Eu** doping results in a strong deep-far-
red emission band at approximately 620-860 nm peaking at
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720 nm with an FWHM of 102 nm when excited with UV light,
which is ascribed to the intrinsic “T| - °A,; transition of Mn*.
Under the optimal Eu* doping concentration (x = 0.03), the
maximum emission intensity at approximately 720 nm (A, =
320 nm) of Mn-mica and Na-Mn-mica is enhanced
approximately 22- and 210-fold, respectively, which means that
the doped Eu* plays a sensitizer role in promoting the activator
Mn™ red emission in mica ceramic samples. More interestingly,
through the complete substitution of Na* for K*, the Eu*-doped
Na-Mn-mica ceramic phosphors exhibit an enlarged excitation
range toward the near-UV region (to ~400 nm) and extremely
enhanced deep-far-red broadband emission (more than 12-fold)
under near-UV 365 nm excitation. The excited energy from the
sensitizer Eu™ to the activator Mn* involves a NR RET process
due to the similar energy gap between the 4f°5d-4f transition of
Eu? and the *T,—°A, transition of Mn*. The optimal mica ceramic
phosphor is Eu*-doped Na-Mn-mica, in which the Eu** doping
concentration x is 0.03 and the Mn* content y is 0.50. The
luminescence internal QY reaches 87.4%, and the emission
intensity at 423 K (150 °C) retains 78% of that at ambient
temperature, indicating that the modified synthetic-mica has
superior luminescence and high optical thermal stability through
the cooperative effects of isomorphic cation substitution and
doping engineering. The intense deep-far-red broadband
(620-860 nm) emission, wide UV excitation range (240-400 nm),
desirable thermal stability and excellent adhesion endow the
modified mica ceramic phosphor with tremendous potential for
application in plant cultivation lighting and latent fingerprint
identification.
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