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Abstract: In this work, a precursor-driven tailoring of strontium aluminate phosphors doped
with Eu?* and Dy®* to generate unique, batch-specific luminescent signatures suitable for
smartphone-detectable anti-counterfeiting tags was developed. A microwave-assisted hy-
drothermal synthesis approach was employed to explore the impact of a wide range of
alkaline hydroxide and carbonate precursors on the structure of strontium aluminate. The
resulting materials exhibited distinct differences in crystalline phase composition, morphol-
ogy, and trap depth distribution. A smartphone-based detection system was developed,
enabling rapid identification of spectral fingerprints. This study demonstrates a viable
strategy for embedding unique luminescent identifiers, offering a scalable solution for
robust, low-cost anti-counterfeiting applications in both the spectral and the time domain.

Keywords: persistent luminescence; precursor-driven tailoring; anti-counterfeiting tags

1. Introduction

Luminescent phosphors, particularly Eu?*- and Dy>*-activated strontium aluminate,
have long been recognized for their persistent afterglow and versatile applications ranging
from safety signage and emergency displays to advanced imaging systems [1-3]. The
ability of luminescent phosphors to absorb energy from both ultraviolet and visible light
and to store and gradually release it over extended periods has spurred significant research
into optimizing their synthesis, morphology, and luminescent characteristics. Traditionally
synthesized via high-temperature solid-state methods, these methods often suffer from
issues such as broad particle size distributions and high energy consumption [3-10]. In con-
trast, microwave-assisted hydrothermal synthesis offers a rapid, energy-efficient alternative
that promotes uniform nucleation, fine control over particle size, and phase composition
through careful manipulation of synthesis parameters [11].

Building on our previous work, the current study explores a novel concept of tailoring
the luminescence properties of strontium aluminate phosphors via precursor selection
to create distinct and nearly non-replicable optical fingerprints. By varying the chemical
precursors, subtle yet reproducible differences in crystalline phase formation and particle
morphology are introduced that directly influence the persistent luminescence behavior.
These differences are not only of fundamental scientific interest but also hold significant
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promise for anti-counterfeiting applications. In this context, each batch of material—by
virtue of its unique precursor-dependent luminescence signature—can serve as a secure tag
that is extremely difficult to replicate [6,12,13]. For this and similar applications, the time
response should be relatively short—of the order of seconds, and the possible individual
characteristics of interest must be in the spectrum, the color, and the rise/decay time
response [14].

To employ these tailored optical materials into a practical security feature, a low-cost
portable detection system using a smartphone equipped with a diffraction grating has
been designed. This setup enables rapid, in-field spectral analysis, where even minor
variations in the luminescence profile can be discerned, thereby verifying authenticity with
high confidence. The integration of such an accessible, low-cost detection device and our
synthesis method paves the way for simple, affordable, and innovative anti-counterfeiting
solutions, merging advanced materials science with everyday technology.

In this work, the structural and luminescent properties of Eu?*, Dy** co-doped stron-
tium aluminate phosphors are tailored by choice of precursors to create unique emission
profiles. By precisely controlling the synthesis parameters via a microwave-assisted hy-
drothermal method, fine-tuned luminescent behavior optimized for this application is
achieved. The resulting materials demonstrate strong potential as secure, persistent optical
tags detectable by a modified smartphone platform. This targeted design strategy not
only introduces a novel functionality to strontium aluminate phosphors but also addresses
the increasing demand for robust and accessible anti-counterfeiting technologies across
diverse sectors.

2. Materials and Synthesis
2.1. Materials and Methods

The SrAl,O4 phosphors, activated with 1 at.% Eu?*, 2at.% Dy?’*, and 15 at.% B?*,
were synthesized with a microwave-assisted hydrothermal method. Boron was used as a
flux, and it has been confirmed that boron incorporation in strontium aluminate materials
contributes to the creation of trapping centers, leading to prolonged afterglow times [15].
The following precursors were chosen: strontium nitrate (Sr(NOj3),, >99.6% purity, Sigma-
Aldrich, Steinheim, Germany), aluminum nitrate nonahydrate (AI(NOj3)3-9H,0, >99.6%
purity, VWR Prolabo Chemicals, Lutterworth, UK), boric acid (H3BO3, >96% purity, Sigma-
Aldrich), europium oxide (EuyO3, >99.99% purity, Alfa Aesar, Heysham, UK), dysprosium
oxide (Dy;03, >99.99% purity, Alfa Aesar), nitric acid (HNO3, 65% ACS reagent, Sigma-
Aldrich), deionized water, and ethanol (96%) were used for solution preparation and
washing. Different chemical precursors were used to control the reaction environment, as
follows: hydroxides KOH(>84.0% purity, Sigma-Aldrich), LiOH (>99.0% purity, Sigma-
Aldrich), NaOH (>98% purity, K < 0.02%, Sigma-Aldrich), carbonates K,CO3 (ACS reagent,
>99.0% purity, Sigma-Aldrich), NayCO3 (ACS reagent, >99.0% purity, Sigma-Aldrich),
(NH4)>,CO3 (>30.0% NH3 basis, ACS reagent, >99.0% purity, Sigma-Aldrich), HMTA
(Hexamethylenetetramine, >99.0% purity, Sigma-Aldrich).

2.2. Synthesis Procedure

EuyO3 and Dy,0O3; powders were dissolved in nitric acid to form a 0.08 M solution.
The ratio of rare earth oxide to nitric acid was kept at 1:20. Separately, a 0.36 M solution of
boric acid was prepared for B** doping. Two separate solutions were prepared:

e  (Cation solution: A mixture of strontium nitrate and aluminum nitrate (metal ion 0.2 M
concentrate), along with Eu?*, Dy3+, and B3* dopants in ratios of 1%, 2%, and 15%.
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e  Anion solution: Each precursor (KOH, LiOH, NaOH, HMTA, K,CO3, Na;CO3, or
(NH4)2,CO3) was dissolved in 20 mL of DI water, maintaining a Sr2* to OH™ ratio of
1:2 or Sr¥* to CO32~ ratio of 1:1.

Both solutions were combined and placed in PTFE containers inside a grinder (Mile-
stone synthWAVE) microwave reactor (frequency of 2.45 GHz with variable power from 0%
to 100% (1.5 kW)). The reaction conditions were as follows: temperature 240 °C, duration
1 h 30 min, pressure 40 bar (N, atmosphere), 30 min, heating time to 240 °C, constant
stirring speed.

After cooling, the samples were washed several times with water and ethanol and
dried at 80 °C for 72 h. The samples were subjected to pre-calcination—800 °C for 2 h
in oxygen atmosphere (to remove organics) and final calcination—1200 °C for 2 hin a
reducing atmosphere (95% Ar/5% Hy).

3. Characterization Techniques and Results
3.1. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) was performed with Rigaku MiniFlex 600 that uses a Cu target
(Ko radiation 40 kV, 15 mA) for phase identification. The Rietveld analysis was performed
with FullProf Analysis software, version 5.20 (supporting information in Appendix B),
using crystallografic information files from Materials Project homepage (mp-3393, mp-3094,
mp-5512). The morphology and elemental composition of dried powders were studied
using the Tescan Lyra (Brno-Kohoutovice, Czech Republic) scanning electron microscope
(SEM) in secondary electron (SE) and backscattered electron (BSE) mode at an accelerating
voltage of 30.0 kV. For energy dispersive spectroscopy (EDS) analysis, Oxford X-Max 50
detector was used at an accelerating voltage of 30.0 kV at x magnification.

XRD patterns were measured using a Bragg—Brentano type diffractometer, Rigaku
MiniFlex 600 (Rigaku Corp., Tokyo, Japan), equipped with a 600 W Cu anode X-ray tube
operated at 40 kV and 15 mA. Qualitative phase composition was determined by comparing
XRD data with ICCD database.

Figure 1 displays the XRD patterns of the same samples after thermal treatment at
1200 °C. During microwave heating, Sr and Al precursors form various compounds with low
solubility in water, such as oxides, hydroxides, carbonates and oxyhydroxides, depending
on the used precursors [7]. To obtain SrAl,Oy, the resulting powders have to be annealed
at higher temperatures, therefore, the ratio of Sr, Al, O, and dopants is dependent on the
composition obtained before the annealing. The results show that, in all cases, monoclinic
strontium aluminate (SrAl;O4) was formed. However, most samples also showed the
presence of additional cubic strontium aluminate (Sr3Al,Og) and hexagonal strontium
aluminate (Sr4Al140;5) phases. Based on the XRD data, it appears that the formation of
monoclinic SrAl,Oy is favored in systems where strong bases—LiOH, KOH, and NaOH—are
used for precipitation of metals (Figure 2).

In contrast, samples synthesized using carbonate precursors such as Na,CO3 and
K>COg3, or HMTA, primarily formed cubic strontium aluminate (Sr3Al,Oy) after calcination.
Interestingly, the sample prepared with ammonium carbonate ((NH4),CO3) contained
nearly equal proportions of both SrAl,O4 and Sr3Al,Og phases. The observed effect may be
associated with the formation of metal carbonate intermediates during microwave heating,
as both carbonates and HMTA produce CO3%~ ions by dissolving carbonate salts or by
heating decomposition of HMTA.
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Figure 1. XRD data for the samples, symbol color corresponding to the indicated phases (SrAl,Oy,
Sr4A114O25, Sr3Al206).
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Figure 2. Sample phase composition as obtained from Rietveld analysis.

3.2. Morphology (SEM—Scanning Electron Microscope)

The morphology of the final thermally treated samples was examined, and the SEM
images are presented in Figure 3. After final calcination distinct differences in particle
structure were observed depending on the precursor used during synthesis.

Samples prepared with hydroxide-based precursors exhibited irregular, plate-like
particle shapes. These flattened structures were consistently observed across all hydroxide-
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containing samples, indicating that the precursor type strongly influenced the final particle
morphology. The sample synthesized using LiOH also forms dense structures, as LiOH is
often used as a flux for different ceramic materials [15,16].

S_NaOH

Figure 3. SEM images (SE mode) of samples synthesized using hydroxide precursors (LiOH, KOH,
NaOH) after annealing.

In contrast, samples synthesized with carbonate-based precursors and HMTA (Figure 4)
displayed more compact, quasi-spherical, and dense structures. SEM images revealed
that these particles had a smoother surface and less-defined boundaries, giving them a
ceramic-like appearance. This morphological change is attributed to the nature of the
precursors, which affect particle growth dynamics during the microwave-assisted synthesis
and subsequent high-temperature treatment. The presence of carbon residues in these
samples may favor densification of these particles, forming ceramic-like structures.

Figure 4. SEM images (SE mode) of samples synthesized using carbonate precursors (K,CO3,
(NH4),CO3, Na,CO3) and HMTA after annealing.
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Additionally, the presence of boron likely contributed to the formation of larger
structures. During thermal treatment, boron acts as a flux—promoting material diffusion
and enhancing both dopant diffusion into structure and sintering between particles. Here,
we see that although boron was present in the synthesis, its effectiveness as a flux or
structure modifier can depend heavily on other factors, such as precursor chemistry. As a
result, the final materials show signs of softened particle boundaries and grain coalescence.

3.3. Energy Dispersive Spectroscopy (EDS)

For the acquisition of the EDS spectra, BSE mode is useful for identifying potentially
inhomogeneous distribution of elements with different atomic numbers, as the brightest
regions in the images could be rich in rare-earth elements, while the darkest regions are
associated with areas where the concentrations of dopants are the lowest [17]. The elemental
composition of all samples was compared by calculated Eu:Dy and Sr:Al weight ratios,
as shown in Table 1. The reported standard deviations were calculated based on three
repeated EDS measurements for each sample. The highest Sr:Al weight ratio was observed
for samples S_HMTA (4.1) and S_NayCOj3 (3.2) that had the highest amount of Sr3AlO¢
and SryAlj4055 phases (87.85% and 3.22% for S_HMTA and 90.09% and 0% for S_NayCO3).
Moreover, the lowest Sr:Al weight ratio was observed for sample S_KOH (1.2), which
had the highest amount of SrAl,O4 (86.68%). By comparing these data with integrated PL
relative intensities, samples S_LiOH, S_KOH, S_(NH4),CO3, and S_NaOH with lowest
Sr:Al weight ratio (1.4; 1.2; 1.6, and 2, respectively) exhibit the highest integrated PL
intensity. We observed that the highest PL intensity can be achieved by reducing the
Sr:Al weight ratio. By examining the Eu:Dy weight ratio, samples S_LiOH, S_K,CO3, and
S_HMTA have a slightly higher Eu:Dy weight ratio (1.8; 1.7; 1.3, respectively), meaning that
for these samples, Eu has been incorporated in a slightly higher ratio than in other cases.
The main drawback of the EDS technique is that Eu and Dy quantification is limited due
to low concentrations of both elements; therefore, it can be concluded that dopants were
quite homogeneously incorporated in all samples. Due to the low concentration of dopants
and the intrinsic limitations of EDS, the elemental ratios presented should be considered
semi-quantitative; nevertheless, they provide useful comparative trends across the sample
series. However, samples synthesized using carbonate precursors and HMTA contain little
carbon residue even after annealing at high temperatures, as carbon peaks at 2.83 keV
(corresponding to C K line) were observed in EDS spectra.

Table 1. Average element ratio for samples after thermal treatment.

Sample Eu:Dy Weight Ratio SD Sr:Al Weight Ratio SD
#1 HTMA 1.3 1.0 41 1.0
#2 LiOH 1.8 1.3 14 0.2
#3 KOH 0.46 0.02 1.2 0.6
#4 NaOH 0.7 0.3 2.0 0.8
#5K,CO;5 1.7 0.6 2.7 1.4
#6 NayCOs3 0.7 0.2 32 1.3
#7 (NHy),COs 0.4 0.3 1.6 0.4

3.4. X-Ray Photoelectron Spectroscopy XPS

X-ray photoelectron spectroscopy (XPS) was performed on the samples, acquiring
both wide-range survey spectra to determine overall elemental composition and high-
resolution narrow scans of individual elements. The survey spectra analysis revealed
different atomic percentages of Sr, Al, and O, confirming the presence of multiple phases in
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the sample. In Figure 5 is the comparison of the bulk phase composition determined by
Rietveld refinement with the surface composition measured by XPS for a series of samples.
For the Rietveld data, the phase percentages of Sr3Al,Og, SrAl,Oy4, and SryAl14O0s5 were
used along with their stoichiometric ratios to calculate the overall atomic percentages of Sr,
Al, and O. Calculated values were then directly compared to the corresponding XPS survey
results. The results demonstrate that, although there are differences in the absolute values
due to the surface sensitivity of XPS versus the bulk nature of the Rietveld analysis, the
overall trends in the elemental ratios are consistent across the samples.
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From the narrow scans, the most interesting case was the high-resolution O 1s narrow
scan (Figure 6). It revealed that the Ols spectra in these samples can be de-convoluted into
multiple components. In most cases, the primary component—at an effective maximum
near 530.6-530.9 eV with FWHM values around 1.7-2.0 eV—is attributed to lattice oxygen
in the strontium aluminate matrix, which is consistent with literature values for oxide
materials [18-20]. Samples like S_ NaOH and S_NH4CO3;—which have a high fraction of
SrAl,O4 according to the phase analysis—consistently show a prominent component at
approximately 532.4-532.5 eV. In contrast, samples dominated by Sr3Al,Og, such as those
prepared with KoCO3 and NapyCOs, exhibit a main peak near 530.6-530.9 eV. Additionally, a
lower binding energy component, typically in the 529-530 eV range, is observed in several
samples (NaOH, LiOH, and KOH) and may be linked to a minor phase or a defect-related
oxygen species. These differences in effective peak positions and their relative areas suggest
that each oxygen environment—in lattice oxygen of SrAl,O4 versus Sr3Al,O4 and the minor
contribution from SryAl14Oy5—is reflected in a slight shift of the O 1s binding energy.

High-resolution Eu3d spectra were acquired for all samples (Figure 7), despite the low
concentration of europium dopants, which renders quantitative analysis challenging. The
relative positions of the maxima remain the same throughout all of the samples; however.
the spectra are noisy. Therefore, it is impossible to say if there is any difference in the
binding energies. Narrow scans reveal the presence of both Eu?* and Eu* components
across the sample series [21]. This observation suggests that, even under reducing synthesis
conditions aimed at promoting the Eu?* state, a small fraction of europium remains in the
trivalent form, possibly due to incomplete reduction or surface oxidation effects.
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Figure 7. The narrow XPS scans of Eu3d region for NH;CO3 sample.

3.5. TSL Analysis

Thermally stimulated luminescence (TSL) analysis was performed in the temperature
range from 10 to 320 K to determine the trapping center depths of the samples (Figure 8).
It is well established in the literature that the primary TSL peak for strontium aluminate-
based luminophores typically occurs near room temperature, which we confirmed in our
measurements. Additionally, several lower-temperature [22,23] peaks were also detected.
To estimate the energies of the trapping centers corresponding to clearly distinguishable
peaks, we employed the Arrhenius plot method [24,25]. This involved plotting the nat-
ural logarithm of luminescence intensity (In(I)) against inverse temperature (1/T). For
regions exhibiting clear peaks, linear segments in the Arrhenius plots were identifiable,
enabling the calculation of trap activation energies directly from the slope. Specifically,



Crystals 2025, 15, 474

9 of 28

the slope corresponds to the ratio E/k, where E represents the activation energy and k
denotes Boltzmann’s constant. The calculated trapping center energies are summarized in
Table 2. Each analyzed sample showed at least one dominant peak near room temperature,
along with either additional lower-temperature peaks or a gradual increase in intensity
without distinct exponential edges. In instances where the intensity increased gradually,
the absence of clearly defined linear regions in the Arrhenius plots hindered accurate
determination of trap depths. Such gradual intensity increases suggest the presence of
overlapping or closely spaced shallow trapping centers or even a continuum of shallow
energy states. This complexity aligns with previous literature, indicating that strontium
aluminate luminophores commonly exhibit a distribution of closely spaced trapping center
energies [2,10,26].

T T T T T T T T T T s 1

1.0 #1-HMTA "
| —#2-LioH

5 .l |——#3KoH _

° o —— #4-NaOH

2 | |—#5KCO,

| =

g o6 #6-Na,CO, 1

[ =

5 | |——#7-NHCO,

(O]

N o4l _

(]

e |

o

Z 02} | : .
0.0 P |

50 100 150 200 250 300
Temperature, K

Figure 8. TSL analysis of the samples.

Table 2. Comparison table of trapping center depths.

Sample ID Traping Center Depths (eV)
#1—HMTA 0.05 0.17
#2—LiOH 0.103
#3—KOH 0.055
#4—NaOH 0.161 0.112
#5—K,CO3 0.117 0.186
#6—NayCO3 0.148
#7—(NH,4),CO3 0.150

The trapping center depth, or trap depth, in SrAl,O4:Eu?",Dy** and other persistent
luminescence materials is a crucial parameter influencing their persistent luminescence
properties. Trap depth refers to the energy required to release trapped charge carriers,
typically electrons, which then recombine to produce prolonged afterglow. Studies by other
researchers have reported varying trap depths for SrAl,O4:Eu?*,Dy** phosphors. For in-
stance, one study determined an activation energy of approximately 0.47 eV, indicating that
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the material follows second-order kinetics in its luminescence process [27]. Another study
found a trap depth of 0.37 eV for SrAl,O4:Eu?*,Dy>* phosphors [28]. Thermoluminescence
(TL) studies on Eu,Dy co-doped SrgAl14O55 have identified at least two distinct trapping
centers, with the depth 0.6-0.7 eV and about 0.5-0.6 eV for the effective traps [29,30]. Fewer
explicit trap energy values are reported in the literature for this Sr3Al,Og phase, but it is
generally inferred that the trap levels fall in a similar range (~0.5-0.7 eV). The trapping
center depth is closely related to the afterglow duration [29,30]. The optimal trap depth for
a very long afterglow is considered to be around 0.6 eV; however, for the application of
luminescent, smartphone-readable tags, the trapping centers should be more shallow.

4. Smartphone Measurements
4.1. Smartphone-Based Contactless Sensing

The basic motive behind this research is to create optically distinguishable phosphors
featuring unique properties to be used as markers for security and anti-counterfeiting ap-
plications or sensors with contactless smartphone-based interrogation of time, spectral and
intensity changes [31-36]. The 2D image sensor of smartphones allows the recognition and
analysis of images and patterns such as QR codes [37,38]. This approach allows multi-level
encoding for enhancing security. The simplest level consists in the spatial encoding like
the 1D or 2D bar-code patterns detectable under white light illumination. The addition of
colors from luminescent materials upon UV excitation [37,38] adds another level of security.
These can be both narrow-band fluorescent [3,39] or broader band phosphorescent [31]
materials. The parallel measurement of the fluorescence time response and the time decay
constant [40], for example, adds another strictly individual level of encoding. Unfortunately,
the time response of fluorescent materials is shorter than a millisecond, needs more compli-
cated detection units, and cannot be used in the case of far more affordable smartphone
interrogation. Phosphorescent time responses, on the contrary, can be fine-tuned to be of
the order of seconds, which makes them perfectly suited for smartphone detection since
most mobile phones can record at 30 FPS and 60 FPS rates, which means a measurement
each 33.3 ms or 16.7 ms. Thus, the individual characteristics of the time response can accu-
rately be recovered, which in turn makes them practically meaningful. In the general case,
combinations of different materials can be used to achieve higher levels of security [41]. In
view of the above considerations, our attention is focused on the capabilities a smartphone
offers to correctly identify the spectral and time responses of the synthesized samples as
well as to what a degree their individual characteristics as detectable by a smartphone are
distinguishable from one another.

4.2. Spectral Measurements
4.2.1. Measurement Equipment

We next perform measurements on the spectral and time-dependent responses of the
synthesized and above-characterized samples. The spectral measurements were carried
out using a standard fiber spectrometer (QE 65000, Ocean Optics, USA) and a smartphone
(Xiaomi, 11T Pro, China and Samsung, Galaxy A51, Republic of Korea). The sources used
for the spectral distribution measurement were a laser-driven white light (Energetiq, Japan)
source in combination with an Ocean Optics monochromator, which allow scanning of
the excitation wavelength from 220 nm up to 900 nm at 1 nm increments. The intensity
of the light exciting the phosphor samples was varied using an Ocean Optics optical fiber
attenuator. Large core (200 um to 800 um) quartz-polymer optical fibers were used to excite
the samples, which were placed in an array of 0.8 mm holes spaced at 2 mm in a metal sheet.
They were illuminated from one side, and the luminescence was measured on the other
side of the sample. Also, a 1 x 2 optical fiber splitter was used for reference measurements.
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For the time-response measurements, we used 380 nm LED in combination with a
glass rod serving as a cylindrical lens, which allowed us to simultaneously excite all the
samples with the same source and intensity.

The absolute power measurements were carried out with an optical fiber power meter
Hewlett Packard, USA (HP 8152A,), which allows calibrated measurements in the 450 nm
to 1020 nm range (optical head 81520A) and a Thorlabs, NJ, USA, optical power/energy
meter (PM100D) with a pyroelectric probe (5401C) featuring a flat sensitivity in the 190 nm
to 20 um spectral range.

4.2.2. Smartphone Characterization

We first performed measurements to characterize the smartphone as a spectral mea-
surement instrument using the following procedure. The monochromator was scanned
from 390 nm to 710 nm, and the light was launched into the fiber attenuator followed by
the 1 x 2 splitter. The intensity of the light coming out from one of the output fibers was
recorded by the smartphone while from the other was connected to the optical power meter.
As the wavelength varied in time, the video image was analyzed and the recorded intensity
in the R, G, and B pixels as well as for the signal in grey were separately measured. This
procedure was repeated for different levels of the signals set up with the attenuator and
controlled at 500 nm with the power meter. Figure 9 shows the recovered signals from the
blue, green, and red pixels as well as the intensity after the images were converted to grey.
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Figure 9. RGB filter responses of the smartphones: (a) Xiaomi 11T Pro; (b) Samsung Galaxy A51.

As is seen, these resultant spectra in grey are rather uneven and show peaks at wave-
lengths of maximum transmission for some of the color pixels as is the case with the red
pixels in the Samsung phone, or at the wavelengths of the intersection of the transmission
curves of B with G and G with R as is the case for the Xiaomi smartphone. The measured
RGB pixel spectral distributions shown above depend on the power level of the signal being
measured. Figure 10 shows how the resultant transmission spectrum changes as the power
level of the light was varied with the attenuator. The power levels in nW are shown in the
legends. Clearly seen is that the overall transmission spectra of both smartphones change
considerably above certain power levels and tend to reach some saturation.

In Figure 11a, we present the total power as measured by the smartphones in counts
over the 400 nm to 700 nm spectral range versus the optical power as measured by the
power meter at the reference 500 nm wavelength. This figure shows that although the filter
responses may be different, both cameras exhibit a marked nonlinearity, which over the
measurement range can be approximated sufficiently well with a logarithmic curve.

Since the responses shown in Figures 9 and 10 were measured without corrections for
the spectral power distribution of the source, the spectral distribution at the monochromator
output was measured using the pyroelectric probe of the power meter in the 220 nm to
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720 nm range over 5 nm intervals, and the normalized power is presented in Figure 12b
in blue dots. In red dots, we present the normalized intensity at each of the wavelengths
as calculated from the response of the Ocean Optics spectrometer used. The distribution
as measured by the pyroelectric probe represents the true spectral distribution at the
monochromator output that is contained also in the RGB responses and all further spectral
measurements. We clearly note the peak at 470 nm in the blue, which is very close to the
maxima of the blue pixel spectral responses of both smartphones.

3 < < 0.33nW 2 0.16 nW
Xiaomi 0.66 nW Samsung 0.22 W
1.15 nW 0.32nW
— 25 1 3.72 nW
[%) 4.09 nW
E 2 —5.16 W
=
2 15 -
L
] 1 -4
)
2
< 05 -
=]
o
O 0 T T T T
(a) 400 500 600 700 (b) 400 500 600 700
Wavelength, A (nm) Wavelength, A (nm)

Figure 10. Overall spectral responses of the smartphones vs. optical power increase: (a) Xiaomi 11T

Pro; (b) Samsung Galaxy A51.

—. 120 20
s 0 370 nm R y = 3.4082In(x) + 10.707
=99 ) ———p(%) Pyro| & R2=0.9696 _ &
.‘5 c 15 -
2 80 1(%) (FS) S _
b 9 c
£ 60 - S 210 -
o e o
2 O ©
No40 o
© o
£ £ 5 o
5 20 - © & XiaomiT11 Pro
2 5 B SamsungA51
0 - T \ \ w w 0 - r r r r r
200 3 700 800 0 1 2 3 4 5 6

00 400 500 600
Wavelength, A (nm)

(

b)

Optical Power, (nW)

Figure 11. (a) Normalized power spectral distribution of the white light source as measured by a
pyroelectric probe and the fiber spectrometer; (b) responses of the Xiaomi 11T Pro and Samsung

Galaxy A51 vs. absolute optical power at 500 nm.
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Figure 12. (a) Photograph of the phosphorescent samples and the observed spectra taken simulta-
neously with a smartphone spectrometer with 400 nm excitation. (b) Spectral distributions with a

smartphone spectrometer with 400 nm excitation.

4.2.3. Smartphone Spectral Measurements

We first illuminated the linear array with the samples with a 400 nm LED whose
light is focused along a line using a glass rod and observe simultaneously the individual
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phosphorescence and the corresponding spectra. Since the spectra of the samples are in the
blue-green range, we prefer the Xiaomi 11T Pro smartphone whose transmission spectrum
exhibits weaker irregularity. In Figure 12a, we show the images of the seven samples and
their spectra as obtained with the smartphone. As seen, the colors of the phosphorescent
samples (#1 to #7) are different and correspondingly so are their spectra, shown to the right.
Figure 12b presents the spectral distributions derived from the spectra in Figure 12a. As
the excitation and the simultaneous measurement conditions are identical, we can correctly
compare the spectra. As seen, sample #3 exhibits the strongest phosphorescence followed
by #7, while #4 exhibits the weakest. Sample #1 exhibits medium intensity, while the rest
ranked as follows: #2, #5, and #6. Both visibly and by distribution, the samples are different.

To obtain a more detailed picture about the individual phosphorescent spectra, we
measure the 3D excitation—emission spectra using both a fiber optic spectrometer and a
smartphone. For the spectrometer, the wavelength varied between 220 nm and 500 nm
with a 5 nm increment, while for the smartphone measurements, the increment was 10 nm.
In Figure 13, each row of three spectra refers to one sample. The fiber spectrometer 3D
spectra are the first in each row. Two versions of smartphone spectra are shown. Those in
the middle are at a lower signal level, while those to the right are at a higher level of the
signal. Comparing the 3D spectra measured by the fiber spectrometer, we see that samples
#1 (HTMA), #5 (K,CO3), and #6 (NapyCOs) are very similar to one another, as are #2 and
#7. On the other hand, the strongest (#3) and weakest (#4) phosphorescent samples exhibit
distinctly different 3D spectra.

Table 3 summarizes the maximum efficiency excitation (\') and emission () wave-
lengths, corresponding to the maximum point on the 3D plots. Transition from blue to red
correspond to an increase of the intensity.

Table 3. Comparison table of the maximum efficiency excitation (\’) and emission wavelengths (A).

Excitation Wavelength, A’ #1 #2 #3 #4 #5 #6 #7

Emission Wavelength, A HTMA LiOH KOH NaOH K,CO3 Na,CO3 (NHg),CO;3
A Max (nm) 362.5 362.5 367.5 367.5 365 358 367.5
AMax (nm) 523 524 492 520 523 523 521.5

The 3D excitation/emission spectra evidently depend on the level of the signal (or alterna-
tively on the integration (exposure) time and on the non-uniformity of the smartphone spectral
transmission (see Figure 11). A stronger signal causes saturation and seriously deforms the
spectral response of the smartphone spectrometer in way that broadens the 3D topographic
image. The irregularity of the transmission spectrum causes the appearance of false maxima,
especially if saturation effects are added. A comparison between the maxima of the transmis-
sion spectra in the 580-600 nm range from Figure 11 and the maxima in that range from the 3D
images from Figure 14 obtained with a smartphone reveals the presence of the false maxima.
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Thus, at low level phosphorescence (shorter exposure duration), the 3D spectra are
closer to those measured with a standard spectrometer. However, the position of the
emission maxima is not affected by the signal level, which means that if a correction for the
transmission irregularities of the smartphone camera is used, the shape of the spectrum of
a particular sample at a given excitation can be correctly identified. In all cases, saturation
effects lead to an apparent broadening of the excitation (AA’) and emission (AA) bandwidths.

4.3. Time-Dependent Responses
4.3.1. Smartphone Measurements of the Time Responses

We are next interested in the degree to which the time responses of the samples
under study differ from one another. All time responses were taken using the Xiaomi
11TPro smartphone at a 33FPS rate (At = 33.3 ms). The intensity of the excitation and the
phosphorescence was kept sufficiently low to avoid non-linearity and saturation of the
smartphone response (see Figure 12b). As we are using power law approximations for
the rise and decay time responses of the luminescence intensity, we present them and the
physical meaning of the parameters that describe it in Appendix A.

4.3.2. Experimental Results

Figure 15a—g presents the normalized rise/decay time responses with ON/OFF exci-
tation at 380 nm LED excitation modulated with rectangular pulses of period T =2 s and
duty factors 17 = 10%, 30%, 50%, 70%, and 90%.

In Figure 14a—g, the double red arrow indicates the phosphorescence level Auggr for
1 =50%, i.e., the relative share of phosphorescence of the sample, while the dashed arrow
indicates the rise of this relative share as the duration of the excitation increases with the
duty cycle.

A comparison between the responses permits the following observations to be made:

(1) The relative share of phosphorescence Auprr of the samples are clearly different and,
in all cases, rise with the duty cycle, i.e., with the excitation duration 7.

(2) A fastrise response implies a fast drop in the luminescence, i.e., a lower Augrr.

(8) The sample #4 (NaOH) with the weakest luminescence also has the lowest share of
phosphorescence (~11%). Sample #3 (KOH) with the strongest luminescence has
the second low share of phosphorescence (222%). The rest of the samples exhibit a
phosphorescence share between 40% and 52%.

As the curves shown do not reveal the type of dependence, we present a double Log
plot of the 1-uoN(t) and the ugpg(t) vs. time for # = 10% and 50% presented in Figure 16a-g.
The comparison of the plots reveals several important observations:

(1) The Log[1-uon(t)] and Log[uorr(t)] lines get closer as the duty cycle increases, which
is due to the greater probability of populating the traps.

(2) Most of the samples exhibit a change of the linear drop in the double Log plot, meaning
that the rate of decay changes, and as the slope increases, this means that some critical
time interval Af. = 0.2 5-0.3 s (indicated in Figure 16) after switching OFF the excitation
the phosphorescence decay speeds up. This critical duration is the same for both ON
and OFF responses. The change implies that after this critical moment, the probability
of electrons getting released increases.

(3) For sample #3 (KOH) with the strongest luminescence and the lowest phosphorescence
share, this change of decay rate is the weakest.

(4) Sample #4 (NaOH) exhibits a specific time decay response. Initially, it drops very
fast to a low level (Figure 16d) then slowly recovers to a phosphorescence level <3%
followed by a slow decay after one second. This behavior was observed for all duty
cycles and is indicative of some internal conversion dynamics.
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Figure 15. Double log plots of 1-ugn(t) and ugpg(t) for 7 = 10% and 1 = 50% at room temperature
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Figure 16 below summarizes the dependence of the rise and decay power law pa-
rameters Ay, ap and A, « on the duty cycle for t < At., which were revealed after power
law fitting was performed for the dependences shown in Figure 15 and repeated for all
duty cycles.
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The general observations that can be formulated are as follows:

As the duty cycle, and hence the excitation duration, increases, the A and « increase,
which means that the relative share of phosphorescence immediately prior to switching
off the excitation increases. However, after switching off, the decay rate increases with
the duty cycle.

For the rise response, the opposite is true because of the periodic excitation. The longer
the duration 7 (duty cycle increases), the smaller the relative share of phosphorescence
to saturation level, i.e., the less traps remain to be populated.

In Table 4 below, we summarize the most important characteristics of the samples as

described by the relative share of phosphorescence Augrr prior to switching excitation off

for a 50% duty cycle at room temperature and the decay power law parameters A, .

Table 4. Power law decay parameters A, «, luminous intensity L, relative share of phosphorescence

Augprp and phosphorescence intensity P of the samples under study:.

#1 #2 #3 #4 #5 #6 #7
HTMA LiOH KOH NaOH K,CO;  Nap,CO;  (NHy),COs
A 0.1434 0.1748 0.1691 0.0495 0.1903 0.2816 0.2244
w —0.334 —0.268 ~0.094 ~0.218 —0.185 ~0.192 —0.173
Luminescence ~4800 ~8500 ~10,700 ~1400 ~9600 ~7800 ~8500
Intensity, L
AUOFF 41% 42% 22% 11% 51% 52% 40%
Phosphorescence, P ~1970 ~3570 ~2350 ~155 ~4890 ~4060 ~3400

Excluding sample #4 with the weakest luminescence and phosphorescence share, the

rest of the samples can be classified as follows:

)

@

®)

4)

The product of the luminescence intensity L (in counts) and the relative share of
phosphorescence Auppr yield the phosphorescence intensity P immediately after
switching off the excitation source

P = AuOH:L

The phosphorescent intensity of the samples is shown on the last line so we can rank
them as follows:

#5 (4890), #6 (4060), #2 (3570), #7 (3400) #3 (2350), #1 (1970), and #4 (155)

Looking at their decay rate as expressed by «, we can arrange them in the following
from slowest to fastest order

#3 (—0.094), #7 (—0.173), #5 (—0.185), #6 (—0.192), #4 (—0.218), #2 (—0.268), #1 (—0.334)
The three samples that appear among the first four in the above two arrangements
are: #5 (K,CO3), #6 (Na,CO3), #7 (NH4),CO3). With Reference to Table 2, we find that
these samples have comparable trapping center depths.

4.4. Temperature Dependent Responses

We finally perform an estimation of the sensitivity to temperature changes of the

samples under study. The samples were cooled /heated using a thermoelectric cooler from

0 to 100 °C. In Figure 17, we show a selection of the time responses at three temperatures:
0°C,25°C, and 50 °C for a period modulation of T =2s, 7 = 0.5 and excitation at 380 nm.
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The curves shown in the figures confirm the following characteristics already outlined
in Section 4.2.1:

(1) The overall intensity of luminescence decreases with temperature (see Equation (A1)).
For the normalized responses, the decrease is Aut over a temperature interval AT
from which the temperature sensitivities are calculated and presented in Table 5.

(2) As temperature increases both the rise and decay responses slow down i.e., ayp and
« diminish.

(8) The relative share of phosphorescence Auggr tends to increase

Table 5. Comparison table of the temperature sensitivity of the sample.

#1 #2 #3 #4 #5 #6 #7
HTMA LiOH KOH NaOH K>COs3 Na,CO3 (NH4),CO3
Aut 54% 49% 49% 43% 29% 35% 25%
Aut/AT 1.08%/K 0.98%/K 0.98%/K 0.86%/K 0.58%/K 0.74%/K 0.5%/K

If temperature is measured as the decrease of intensity with temperature I (T), the
ranking of the samples for temperature sensing applications would be as follows:

#1 (1.08%/K), #2 (0.98%/K), #3 (0.98%/K) and #4 (0.86%/K)

These most temperature-sensitive samples are from the first group from Table 2 and
are characterized by lower trapping center depths and are suited for contactless sensing
applications [31,36].

A comparison of the temperature-dependent time-responses clearly indicate that
samples, which at room temperature appear quite similar like #1 and #2 or #5 and #6, have
a more distinct behavior at other temperatures.

5. Discussion

A clear outcome of this study is the strong relationship between precursor choice, the
distribution of trapping center depths, and the time-resolved luminescence behavior of
the phosphors. The TSL data reveal that different precursor chemistries produce distinct
trap depth profiles, which in turn govern the rise/decay kinetics of the luminescence and
the fraction of emission due to long-lived phosphorescence. Specifically, hydroxide-based
precursors (LiOH, KOH, NaOH) tended to yield predominantly shallow traps (on the or-
der of ~0.05-0.11 eV), whereas carbonate-based precursors (K,COj3, NayCOs3, (NH4),CO3)
introduced deeper traps (~0.15-0.19 eV). For example, the KOH-derived sample (#3) exhib-
ited a single shallow trap around 0.055 eV. The HMTA-derived sample (#1) interestingly
displayed a very broad trap depth distribution. This precursor-driven trap disparity is
likely rooted in the different phase compositions and defect chemistries each route pro-
duces. As noted, the strong bases favor the monoclinic SrAl,O4 phase—which may host
primarily shallower trap sites—whereas carbonates stabilize a different phase or induce
defects that create deeper energetic traps. The group of samples prepared with hydrox-
ides showed lower trap energies and were more thermally sensitive (their luminescence
output changed more with temperature), consistent with shallower traps that empty more
readily. These trap depth differences have a direct impact on the luminescence kinetics,
manifested in the rise/decay profiles and the share of phosphorescent (delayed) emission.
In general, shallower traps release charge carriers easily at room temperature, leading
to faster decay of afterglow, whereas deeper traps retain carriers longer, prolonging the
phosphorescence. Our time-resolved measurements corroborate this well-known trend:
samples with deeper trap distributions exhibited slower decays and a larger fraction of
their emission as afterglow. The carbonate-precursor phosphors showed notably extended
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phosphorescence. For instance, the K;CO3-derived sample (#5) produced a longer-lasting
afterglow (i.e., a slow decay tail), in contrast to the KOH-derived sample (#3), which faded
much more rapidly. Quantitatively, the KOH sample’s emission was dominated by prompt
fluorescence with only ~22% of the intensity contributed by long-lived phosphorescence. In
comparison, the majority of other samples—including the carbonate-based ones—exhibited
a phosphorescence share on the order of 40-52%, indicating that nearly half of their emitted
light was coming from delayed release of trapped carriers. The NapCO3 and (NH4),COs3
samples (both with ~0.15 eV traps) illustrate this point well: they demonstrated very
similar decay behavior and phosphorescent fractions, reflecting their nearly identical trap
depths. Conversely, the LiOH sample (#2) and the shallow-trapped NaOH sample (#4)
showed more rapid decay components and lower afterglow, as expected for materials
dominated by shallow traps. We observed a general trade-off between rise speed and
afterglow—materials that built up emission quickly under excitation also lost their emis-
sion quickly once excitation ceased. This is evidenced by sample #3 (KOH), which had the
fastest rise and highest initial brightness but then dropped off the fastest (yielding a low
afterglow share), whereas samples with slower, trap-limited rise (due to carrier capture
into deeper traps) maintained a higher post-excitation luminescence. This behavior is
consistent with trap-mediated dynamics: when traps are shallow or few, most excited
carriers recombine immediately (bright fast fluorescence, little storage), but when ample
deeper traps are present, a significant portion of carriers detour into long-lived trap states,
reducing immediate emission but sustaining a slower release over time. Notably, the
NaOH-derived sample (#4) was something of an outlier—despite containing a moderately
deep trap (~0.16 eV), it displayed the weakest overall luminescence and an unusually low
phosphorescent share (~11%). It also exhibited a clearly different TSL behavior compared
to the others, revealing no luminescence up to 200 K. Its decay curve dropped almost to
zero immediately after excitation, then showed a slight delayed recovery (a very dim 3%
residual phosphorescence) before decaying slowly. This anomalous behavior suggests
inefficient trap filling or competitive non-radiative losses in that particular sample, under-
lining that trap depth is not the sole factor—trap population and trap-release dynamics
(which can be affected by defect type or dopant distribution) also play a role. Nonetheless,
excluding such anomalies, a clear trend emerges: samples with similar trap energies tend
to exhibit similar time-response parameters. For example, both carbonate-derived samples
#6 and #7 (trap ~0.15 eV) not only have comparable afterglow durations, but also similar
phosphorescence fractions and decay exponents in their time profiles. Likewise, the two
samples incorporating ~0.17-0.18 eV traps (the HMTA sample #1 and K,COj3 sample #5)
each show a pronounced long-lived emission component attributable to those deeper traps.
In essence, the trap depth distribution—as tailored by the synthesis route—serves as a
fingerprint that governs how quickly the luminescence rises to equilibrium under excita-
tion and how it decays afterward. On a materials level, these findings provide a deeper
explanation of how the synthesis route impacts functional luminescent performance, which
is crucial for optical tagging applications. Different precursor chemistries lead to different
phase assemblages and microstructures, which establish different sets of trap sites (defects,
dopant environments) within the crystal.

Thus, we conclude that the ability to tune trap depth via precursor selection allows
fine control over afterglow duration and intensity. For example, a tag material made with
a K,COj3 precursor will have a characteristically slower dimming curve (deeper traps)
than one made with KOH, providing an extra dimension (time profile) to differentiate tag
signatures even if their emission spectra are similar. We effectively demonstrate that by
varying synthesis precursors we can engineer the trap landscape and thereby modulate
the time-dependent luminescent signature of the phosphor. This is highly beneficial for
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anti-counterfeiting optical tags, as it means each batch’s unique precursor recipe can
endow a distinctive combination of immediate fluorescence and delayed phosphorescence.
Such multi-component luminescence behavior can be captured and identified using a
smartphone, adding robustness against counterfeit replication.

The feasibility of employing smartphone spectroscopy for detecting spectral, time-,
and temperature-dependent fingerprints was studied, and the results demonstrate promis-
ing potential for real-world anti-counterfeiting applications, although future studies should
address precision and possible environmental interferences. Important issues and ef-
fects related to spectral distortions and non-linearity of response of different smartphone
models were investigated and show the need for corrections to be used in order to re-
cover the original characteristics of the sample. The spectral, time-, and temperature-
dependent characteristics of the different samples were found to be strictly individual
and recognizable within seconds, within which color differences and time responses
are recognizable directly without a dispersive element. The addition of the simplest
and lowest cost possible transmission grating offers additional capabilities of higher-
level spectral analysis. Also, we demonstrate that because the smartphone camera is
a 2D detector, simultaneous time and spectral analysis of a large number of tags is
fully realizable.
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Appendix A. Power Law Approximation for the Time Responses
Appendix A.1. The Power Law Approximations

In the general case, the time responses of phosphorescent materials depend on the
temperature, the excitation intensity of the sample [29], the duration of the excitation, the
period if periodic, the excitation wavelength, and on the emission wavelength [32].

Figure 15 illustrates how the ON /OFF rise/decay time responses of phosphorescent stron-
tium aluminates change with increase of temperature (T’ > T). The dependence of the lumi-
nescence intensity on the temperature I(T) and that of the ON/OFF rise/decay time responses
on temperature and the duty cycle R(t,4,T) and D(t,,T) are given below [14,31,32,35,36] as:

Ty p——lC) a=Dh
1+ Aexp (— %) Iy

(A)
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R(t,1,T) = Reo(1,T) [1 = Ao(y, )20 (A2a)

D(t,5,T) = Reo(y7, T)A(n, T)t 01T (A2b)

The normalized ON (rise) and OFF (decay) can be defined as [31,32]:

R(t,n,T) _ 1 —ag(n,T)

Ry ) = on(tn, 1) =1= Ao, Tt (A3a)
D(t,n,T) _ _ —a(y,T)
7]{00(17, T) = uopp(i’, 1, T) = A(l’], T)t (A3b)

Thus, taking in a double log presentation the normalised rise (1-ON) and decay (OFF)
responses are casted as:

log[l —uon(t)] = logAg — aplogt (Ada)
log[uorpr(t)] = logA — alogt (A4b)
A A
P(t) ON OFF =
8
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Figure A1. Normalized ON/OFF time responses: (a) R(t) and D(t) responses and their temperature
dependence. Red lines stand for fast changes, blue lines for measurable slower changes; (b) the
double log plot of typical 1-ugy (red line) and ugpp (blue line) vs. time responses.

To understand the time responses and the physical meaning beyond the parameters of
the power law approximations used, we first note that the observed luminescence contains
a fast fluorescence component lasting typically much less than a millisecond, which cannot
be detected with a standard or with a smartphone spectrometer and is followed by a slower
phosphorescent tail that lasts from tens of milliseconds to hours. Equations (A1)—(A4) above
describe the phosphorescence response after some initial moment tg, which is typically
larger than a millisecond. If taken by a spectrometer a measurement of the time response of
the spectrum can be performed at best each 170 ms, while with a phone each 33.3 ms at a
30 FPS rate or each 16.7 ms at 60 FPS rate. So, practically the phosphorescent part of the
luminescence is measured using both methods.

The samples under study have been excited by rectangular pulses of duration T and a
period T. The duty cycle 7 is then

=7 (A5)

Appendix A.2. Physical Meaning of the Power Law Parameters
The physical meaning of the Ay, ag and A, « power law parameters are as follows [32,35].

A.  The rise phase. Prior to the rise phase when the excitation is ON, no luminescence exists
as the Eu ions are not excited. As the excitation is ON, the first luminescence to be
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observed within durations less than a millisecond is the fluorescence, which is caused
by transitions form the excited Eu?** to the ground state. With some probability,
excited electrons absorb additional thermal energy kT and pass to the conduction
zone where they are captured by traps of random location and energy depth. After
some time delay, trapped electrons are released by thermal fluctuations and after
encountering an ionized Eu center relax to ground level releasing a photon. The
delayed emission constitutes the phosphorescence share. At the first moment ¢ that
luminescence of the sample is measured, the level uon o = uon(tp) is mostly due to
fluorescence. As fluorescence is a much faster process, at a constant excitation rate
(rectangular pulses), its share remains constant. Therefore, we can consider that the
remaining 1-uon is actually the relative share of phosphorescence. This level is
indicated in Figure 15 and determined from Equation (A3a) as:

Aupn =1 —upn(to) = Ag.tg™ ™ (A6)

Thus, the higher Ay, the higher the relative share of phosphorescence at the initial
moment of measurement ty. A larger power parameter oy means that the phosphorescence
share will increase faster (Figure 10a) and the rise to saturation level R = R(f >> tg) =
R(t = o0). In Figure 10b, a larger Ay and a lower ag will appear as the upper red 1-ON line
representing A’y and «’g. Lower Aj and higher « values will be represented as the red
1-ON line with parameters A” and a”.

B.  The decay phase. At the end of the ON phase, a certain proportion of the traps in the
material have captured electrons from the conduction band that are still not released.
Since no excitation is present, we have only a process of electron release and a delayed
emission—i.e., phosphorescence. Immediately after the switching OFF of the source,
the fast drop to the level Dy = D(ty) is caused by fluorescence, which means that the
quantity 1-uoppn o can be used as a measure of the relative share of fluorescence, and
correspondingly the relative share of phosphorescence Augrr is:

Auorr = uorr(ty) = At *

Thus, the higher A, the higher the initial level of phosphorescence from which it decays
to zero, and the higher «, the faster the decay. In Figure 10b, in blue lines a higher A" and a
lower o’ are described by the upper line meaning a higher level of phosphorescence with
a slower decay, while a lower A” and a higher o’ are presented by a line that describes a
lower phosphorescence that decays faster.

Appendix B. Rietveld Refinement Results

This table summarizes the results of Rietveld refinement for the synthesized Eu,Dy co-
doped strontium aluminate samples prepared with different precursors. The relative weight
fractions of the identified phases (SrsAl14Op5, SrAl,O4, and Sr3Al,Og) are presented for
each sample. Bragg R-factors were not included in the final table, as the semi-quantitative
purpose of the refinement focuses primarily on phase identification and estimation rather
than detailed profile fitting accuracy, especially in the context of multiphase, low-symmetry
systems with overlapping peaks. All samples show consistent lattice parameters for
SryAly4Og5, suggesting structural stability across the synthesis conditions.
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Table A1. The summary of Rietveld analysis on the samples.

. o o Weight
Sample Phase Space Group Crystal System  a (A) b (A) c (A) Fraction (%)
KOH SryAl14055 Pmma (No. 51)  Orthorhombic 4.8823 8.4806 24.7697 0.48
KOH SrAl,Oy P2; (No. 4) Monoclinic 5.1621 8.8156 8.4535 12.85
KOH Sr3AlLOg Pa-3 (No. 205) Cubic 15.9999 15.9999 15.9999 86.68
NH4CO; SryAl14055 Pmma (No. 51) Orthorhombic 4.8823 8.4806 24.7697 8.87
NH4CO; SrAl,Oy P2; (No. 4) Monoclinic 5.1621 8.8156 8.4535 52.08
NH4CO; Sr3Al,Og Pa-3 (No. 205) Cubic 15.9999 15.9999 15.9999 39.05
LiOH SryAl14055 Pmma (No. 51)  Orthorhombic 4.8823 8.4806 24.7697 3.7
LiOH SrAl,Oy P2; (No. 4) Monoclinic 5.1621 8.8156 8.4535 60.08
LiOH Sr3AlL,Og Pa-3 (No. 205) Cubic 15.9999 15.9999 15.9999 36.22
NayCO3 SryAl14055 Pmma (No. 51)  Orthorhombic 4.8823 8.4806 24.7697 0.0
Nay;CO3 SrAlL,Oy P2; (No. 4) Monoclinic 5.1621 8.8156 8.4535 9.91
NayCO3 Sr3AlL,Og Pa-3 (No. 205) Cubic 15.9999 15.9999 15.9999 90.09
NaOH SryAl14055 Pmma (No. 51)  Orthorhombic 4.8823 8.4806 24.7697 17.32
NaOH SrAl,Oy P2; (No. 4) Monoclinic 5.1621 8.8156 8.4535 18.4
NaOH Sr3AlL,Og Pa-3 (No. 205) Cubic 15.9999 15.9999 15.9999 64.27
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