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ABSTRACT: More complete recycling of plastic waste is possible only if new 
technologies that go beyond state-of-the-art near-infrared (NIR) sorting are 
developed. For example, tracer-based sorting is a new technology that explores the 
u pconversion or down-shift lu minescence of special tracers based on inorganic 
materials codoped with lanthanide ions. Specifically, down-shift t racers emit i n the 
shortwave infrared (SWIR) spectral range and can be detected using a SWIR camera 
preinstalled in a state-of-the-art sorting machine for NIR sorting. In this study, we 
synthesized a very efficient SWIR tracer by codoping Li 3Ba2Gd3 (MoO4)8 with Yb3+
and Er3+, where Yb3+ is a synthesizer ion (excited near 976 nm) and Er3+ emits near
1550 nm. Fine-tuning of the doping concentration resulted in a tracer (Li3Ba2Gd(3−x−y)(MoO4)8:xYb3+, yEr3+, where x = 0.2 and y = 
0.4) with a high photoluminescence quantum yield for 1550 nm emission of 70% (using 976 nm excitation). This tracer was used to 
mark plastic objects. When the object was illu minated by a halogen lamp and a 976 nm laser, the three parts cou ld be easily 
distinguished based on reflectance and luminescence spectra in the SWIR range: a plastic bottle made of polyethylene terephthalate, 
a bottle cap made of high-density polyethylene, and a label made of the tracer Li3Ba2Gd3(MoO4)8:Yb3+, Er3+. Importantly, the use of 
the tracer in sorting may require only the installation of a 976 nm laser in a state-of-the-art NIR sorting system.
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1. INTRODUCTION
The luminescence of lanthanide (Ln3+) ions is characterized by 
spectral features with precise excitation and emission peaks as 
the occu pied 5s and 5p orbitals effectively p rotect t he 4f 
orbitals from the external environment. Owing to these feature 
properties, Ln3+ ions have gained attention in the fields of laser 
optics,1,2 light-emitting diodes (LEDs),3,4 biosensing,5 bio-
imaging,6 anticounterfeiting,7 photocatalysis,8 photovol-
taics,9,10 and food safety detection.11 Plastic recycling is one 
of the more recent applications of phosphors doped with Ln3+
ions.12 In 2021, more than 29 million tons of postconsumer 
plastic waste were collected in the European Union (EU). Of 
this waste stream, only 35% is recycled, 42% is reprocessed for 
energy, and 23% is dumped into landfills ( although, over the 
past 15 years, landfill disposal has decreased s ignificantly).13 At 
the same time, only 9.9% of Europe’s total demand for plastic, 
some 55.6 million tons, is covered by recycled polymers, 
creating a huge obstacle in realizing a circu lar economy.13 In 
2018, the EU adopted ambitious targets: to increase the reuse 
and recycling of plastic waste to 50% by 2025 and 55% by 
2030.14 With the state-of-the-art near-infrared (NIR) sorting 
technology, packaging waste can only be sorted according to 
the main polymers−polyolefins, polyethylenterephthalat 
(PET), polystyrene, and polyvinyl chloride.15 However, full 
recycling is only possible by differentiating b y specification, 
su ch as PET for food applications (trays) versu s nonfood

applications (personal care), or even by brand. Sorting
technologies that can achieve this differentiation are still
under development.
The core measurement behind NIR sorting is a comparison

of the reflectance spectra of plastics in the 1000−1700 nm
range under halogen lamp illumination. Importantly, a new
sorting technology, tracer-based sorting (TBS), can be
implemented on existing sorters without complex upgrades.
To improve the quality of plastic sorting based on NIR
reflectance, optical signatures from luminescent tracers, either
doped into the bulk polymer or applied via a printed label, can
be used.16 Further away, several different sorting codes should
be established to increase the palette of sorted materials with
similar reflectance spectra.17 Here, Ln3+ luminescence with
distinct and narrow emission spectra over a wide spectral
range, from ultraviolet (UV) to shortwave infrared (SWIR;
1000−2000 nm), can provide an excellent solution for the TBS
process. In particular, detection of Ln3+ luminescence in the
spectral range where state-of-the-art SWIR sorting machines



operate can increase the sorting quality and provide additional
economic benefits by combining new and already established
technologies (Figure 1). Ions such as Er3+, Tm3+, and Ho3+
have emission peaks in the SWIR at 1450−1650, 1700−1900,
and 1150−1250 nm, respectively. All of these Ln3+ ions are
characterized by a rather small absorption cross section, which
results in a low emission signal and usually causes an increase
in the required marker concentration on a label. For this
reason, the Yb3+ ion, which has the highest absorption cross
section in a Ln3+ series, is typically used as a sensitizer, while
other doping ions serve as activators and benefit from the
energy absorbed by Yb3+.
Although the energy of optical 4f−4f transitions in Ln3+ ions

shows weak sensitivity to the environment, their radiative
properties, a rate of radiative transitions and luminescence
quantum yield (PLQY), are sensitive enough to the
surrounding crystal field and provide plenty of opportunities
for tuning when different inorganic crystal hosts are employed.
Among inorganic phosphors, molybdate hosts generally have
many attractive features, including easy solid-state growth and
synthesis of the compounds with high Ln3+ doping
content.18−20 Furthermore, ternary molybdates with the
structural formula Li3Ba2Ln3(MoO4)8 have garnered consid-
erable attention in recent years because they exhibit a large
amount of structural diversity combined with outstanding
thermal and chemical stability, a high degree of crystallinity,
and a moderate phonon energy of approximately 1000
cm−1.21−23 The family of ternary cationic molybdates
Li3Ba2Ln3(MoO4)8 was initially reported by Klevtsova et
al.,24 and Garcıá-Corteś et al.23 They explained that partial
replacement of the Ln3+, Ba2+, and Li+ cations in the ternary
molybdate system makes it possible to construct a wide variety
of structures with more complex compositions. In the ternary
cationic molybdate system, there is no inversion center
geometry at either the Ba2+ or Gd3+ site, which are connected
by five and eight O2− ions, respectively. Specifically, two crystal
point locations for Ln3+ with significantly distinct symmetries
(8f and 4e) were reported in this Li3Ba2Ln3(MoO4)8 system.23

The degree of distortion around these Ln3+ crystal sites is
rather significant, which is possibly evidence of a strong crystal
field interaction around the 8f and 4e sites, making them an
excellent phosphor candidate. Mo6+ ions are located at

different 8f general locations over two separate sites (Mo1,
Mo2), with coordination from oxygen ions to create
significantly distorted tetrahedral surroundings.22,25 This
causes a spatially disordered environment surrounding the
Ln3+ dopant ions, resulting in an inhomogeneous broadening
of the spectral peaks.26,27

The outstanding luminescence performance of Eu3+-doped
Li3Ba2La3(MoO4)8 was demonstrated by Katelnikovas et al.28

Under 465 nm excitation, these materials (with variable
concentrations of Eu3+) demonstrated a PLQY of nearly 100%.
The remarkable advantage of ternary molybdate systems in
achieving high Ln3+ ion doping without concentration
quenching was also recently demonstrated.21,28−30 In addition,
the incorporation of high concentrations of Ln3+ ions increases
the absorption cross section, resulting in brighter lumines-
c e n c e . 2 7 T h e L i 3 B a 2 Y 3 ( M o O 4 ) 8 : Y b 3 + , 3 1

Li3Ba2La3(MoO4)8:Dy3+,32 Li3Ba2Y3(MoO4)8:Er3+,
2 and

Li3Ba2Nd3(MoO4)8,
33 crystals were reported as being potential

candidates for solid-state laser materials, exhibiting both large
absorption and emission cross sections. Therefore, this ternary
molybdate system with the formula Li3Ba2Ln3(MoO4)8 has the
potential to provide suitable sites for Yb3+/Er3+ substitution
and is an excellent host if selected for bright Er3+ emission in
the SWIR region.
When excited in the 940−980 nm range, Yb3+- and Er3+-

activated phosphors are expected to emit SWIR luminescence
with reasonable efficiency due to energy transfer from Yb3+ to
Er3+ and the Er3+:4I13/2 → 4I15/2 transition with a broad
emission band centered at approximately 1530 nm. However,
the high doping concentration of Yb3+ and Er3+ ions in many
materials leads to a situation in which the activator Er3+ ion
transfers most of its energy to another Er3+ via energy
migration34 and/or to the sensitizer Yb3+ via back energy
transfer.35 As a result, the downshift (DS) emission of Er3+ at
about 1530 nm is reduced. Fine-tuning of the doping
concentrations of Yb3+ and Er3+ is often required to achieve
the strongest luminescence.
Because of its universal applicability, the PLQY has become

a critical metric for the objective comparison of the efficacy of
different types of luminescent phosphors.36 It should be noted
that absolute PLQY values for Er3+ SWIR emission measured
directly with an integrating sphere are scarce. Recently, PLQY

Figure 1. Schematic of an NIR sorting machine equipped with a 978 nm laser. The InGaAs camera measures the reflectance (R) of objects (where
absorption contributes as signal R < 100%, while luminescence contributes as R > 100%), while the conveyor belt moves at a speed of up to 3 m/s.
For example, under simultaneous illumination with a halogen lamp and a 978 nm laser, the absorption peak of polyethylene terephthalate
contributes to the minimum at 1630−1700 nm and the luminescence of Er3+ from a tracer contributes as a peak at 1460−1630 nm. Thus, among
all PET objects, objects carrying an additional tracer can be identified and sorted out by compressed air.



values ranging from 4.3 to 9.3% were reported for the SWIR
Er3+ emission for a series of perovskite and CaS micro-
crystals.37−39 Another example of efficient SWIR luminescence
of Er3+ was demonstrated for NaCeF4:Er3+,Yb3+ nanocrystals,
which exhibited 1530 nm luminescence with a PLQY = 33%
under 980 nm excitation.40 However, such nanomaterials are
usually composed of core/shell/combinatorial structures41,42

and therefore lengthy synthesis techniques prevent the
preparation of the phosphor in a single gram-scale step.43

Thus, it is critical to develop Er3+/Yb3+ ion-doped micro-
crystalline phosphors that combine simple synthesis with an
enhanced quantum yield for SWIR applications.
To address this knowledge gap, the current study appears to

address the following two research questions: (i) How does
the fine-tuning of the Er3+/Yb3+ doping concentration aid in
achieving a high PLQY of SWIR luminescence in a
Li3Ba2Gd3(MoO4)8 (LBGM) host? (ii) How does the
simultaneous laser (976 nm) and halogen lamp irradiation of
plastics with printed LBGM:Yb3+,Er3+ tracers improve plastic
sorting?
To the best of our knowledge, this is the first study to

demonstrate the solid-state synthesis of the LBGM phosphor
with a focus on enhancing the NIR luminescence at 1530 nm
and improving the PLQY by changing the Yb3+ and Er3+ ion
concentrations.

2. RESULTS AND DISCUSSION
2.1. Structural Analysis. Figure 2 provides a summary of

the results obtained on a representative sample
Li3Ba2Gd(3−x−y)(MoO4)8:xYb3+,yEr3+, where x = 0.2 and y =
0.4 (LBGM-0.2Yb_0.4Er). The XRD results in Figure 2a and
Figures S1 and S2 show a perfect monoclinic crystalline phase,

with all significant reflections easily indexed from LBGM
material with the C2/c space group (JCPDS card 077-
0830).22,24,25,28 High-quality single-phase LBGM phosphors
are present, as demonstrated by the intense, narrow peaks in
the XRD patterns. All of the XRD patterns showed no
indication of any contamination peak, which is a clear sign that
Yb3+ and Er3+ ions were accommodated in the materials
replacing Gd3+ ions. The incorporation of Yb3+ and Er3+ ions
into the LBGM replacing Gd3+ ions caused a slight shift in the
peak position toward a high 2θ angle. For instance, the most
intense reflection observed at 26.4° corresponds to the plane
(114̅) shifted to 26.8° when the doping concentration of Yb3+
was increased with a fixed Er3+ concentration. A similar trend
was also observed when the Er3+ ion concentration was
changed to a fixed Yb3+ concentration or vice versa (Figure
S4).
The surface morphology of the LBGM-0.2Yb_0.4Er sample

is represented in Figure 2b. SEM analysis revealed that the
phosphor was composed of micron-sized particles. The average
size of the particles was found to be ∼4−5 μm, and there was
also evidence of the existence of larger clusters, with sizes
reaching as high as ∼10 μm. These larger clusters are probably
consistent agglomerations that originated from strong
interactions between the fragments. Energy-dispersive X-ray
(EDX) spectroscopy performed for the representative LBGM-
0.2Yb_0.4Er sample (Figure S4) shows characteristic peaks for
Ba, Gd, Mo, Yb, and Er elements that are located within a
microparticle.
Figure 2c shows the room-temperature Raman spectrum

obtained for the undoped LBGM powder. This is due to the
fact that all samples containing Yb3+/Er3+ dopants exhibited an
intense signal at >1000 cm−1 in the Raman spectrum, which is

Figure 2. Characterization of the representative LBGM-0.2Yb_0.4Er sample: (a) Powder XRD patterns; (b) SEM image; (c) Raman spectrum of
undoped LBGM material; (d) XPS spectrum.



attributed to Ln3+ luminescence, excited by 785 nm laser of the
Raman spectrometer. The strong, easily distinguishable bands
in the Raman spectrum indicate that the synthesized
micrometer-sized particles were in good crystalline form. The
Raman spectrum is used to estimate the maximum phonon
energy (930 cm−1) of the LBGM host. A more detailed
description of the Raman and FTIR spectra can be found in
the Figures S5 and S6, respectively.
High-resolution XPS scans were performed to evaluate the

chemical states and binding energies of all of the constituents

in the LBGM:Yb3+,Er3+ materials. The occurrence of all of the
key chemical components in the as-synthesized material was
confirmed by the survey scan XPS spectrum, as illustrated in
Figure 2d and Figure S7.
2.2. Optical Properties of Li3Ba2Gd3(MoO4)8:Yb3+,Er3+.

All LBGM samples exhibited diffuse reflectance spectra similar
to those of the representative LBGM-0.2Yb_0.4Er sample,
with typical peaks corresponding to absorption peaks in Er3+

and Yb3+ ions (Figure 3a). The luminescence of the
representative sample LBGM-0.2Yb_0.4Er is shown in Figure

Figure 3. Characterization of the representative LBGM-0.2Yb_0.4Er sample. (a) Diffuse reflection spectrum. (b) Luminescence spectrum under
940 nm laser excitation.

Figure 4. (a, b) Corrected PLQY for the Er3+:4I13/2 → 4I15/2 (1400−1700 nm) transition and Yb3+:2F5/2 → 2F7/2 + Er3+:4I13/2 → 4I15/2 transitions
(950−1700 nm) in Li3Ba2Gd(3−x−y)(MoO4)8:xYb3+,yEr3+ samples. (c, d) ePLQY for the Er3+:4I13/2 → 4I15/2 (1400−1700 nm) transition in
Li3Ba2Gd(3−x−y)(MoO4)8:xYb3+,yEr3+ samples.



3b, whereas the luminescence spectra of the other LBGM
samples are shown in Figure S8. All LBGM samples exhibited a
1537 nm peak corresponding to the Er3+:4I13/2 → 4I15/2
transition and a 1012 nm peak corresponding to the
Yb3+:2F5/2 → 2F7/2 transition when the samples were excited
with a 940 nm laser, as shown in Figure 3b.
Although the choice of the two excitation wavelengths used

(940 or 978 nm) is not essential for the PLQY measurements,
it should be noted that the 978 nm laser excitation is more
important for practical applications because this laser wave-
length corresponds to the absorption maximum of Yb3+
(Figure 3a), while excitation with a 940 nm laser allows an
integration of the luminescence peak of Yb3+ (which spans
from 950 to 1100 nm) for a more accurate calculation of its DS
PLQY.
The results of the PLQY measurements in the integrating

sphere for the powder samples are shown in Figure 4 and
Figure S9. It should be noted that measurements in the
integrating sphere for the powder sample often underestimate
the PLQY due to two reasons: (a) reabsorption of
luminescence by the sample before the light exits from the
sample and (b) reabsorption of luminescence by the sample
due to multiple scattering/reflection events on the wall of the
integrating sphere. To evaluate these effects, two sets of
measurements for the same sample were performed in addition
to the integrating sphere measurements: (a) luminescence
spectra outside the integrating sphere and (b) luminescence
spectra outside the integrating sphere for a diluted powder
sample (the dilution was made using an undoped LBGM
sample with a mass ratio between doped and undoped samples
of 1:9) (Figures S10−S13). The correction of the PLQY
considering the reabsorption process was performed as
described by Wilson and Richards.44 Briefly, the long-

wavelength tail of the luminescence peak obtained outside
the sphere was adjusted to the spectra obtained inside the
sphere, and PLQY for a powder sample and a diluted powder
sample (both outside the integrating sphere) were calculated
using eq 1

=
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1 PLQY
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0 with I0 is the normalized emission

intensity of a sample and Id is the normalized emission
intensity of a 1:9 diluted powder sample. The integration
ranges are 920−1100 nm for the {Er3+:4I11/2 and Yb3+:2F7/2}
band and 1430−1700 nm for the 4I13/2− 4I15/2 emission band.
Figures S10−S13 show that only a small part of the emitted

photons is absorbed after reflection from a wall of the
integrating sphere while a much larger part of the luminescence
is absorbed inside the sample before the light leaves the
sample. The dilution experiment (with different ratios between
doped and undoped powders) shows that the shape of
luminescence peaks does not change anymore when the mass
of undoped powder exceeds nine parts to one part of the
doped sample (Figure S14). The corrected PLQY values
(using eq 1) are shown in Figure 4 and Figure S15. Figure 3a
demonstrates the PLQY values for samples with a fixed amount
of Er3+ where the concentration of Yb3+ gradually increased.
PLQY of the Er3+:4I13/2 → 4I15/2 transition decreases from 55
to 24% with increasing Yb3+ concentration. A rather unusual
result is shown in Figure S15b; the PLQY of Yb3+ emission
increases from 36 to 61% with increasing Yb3+ concentration
and only decreases down to 54% for two samples with the
highest Yb3+ concentration (LBGM-2.5Yb_0.1Er and LBGM-

Figure 5. (a) Image of a plastic bottle obtained with a hyperspectral SWIR camera in the intensity measurement regime. A halogen lamp and a 976
nm laser (2 W/cm2) were used for illumination. Each pixel in the image carries additional spectral information. (b) Reflectance spectra extracted
from pixels corresponding to bottle, bottle cap, and label with LBGM:Yb3+,Er3+ tracer. (c) False-color style classification of objects: bottle (PET,
gray), bottle cap (HDPE, violet), and label with LBGM:Yb3+,Er3+ tracer (green).



2.8Yb_0.1Er). In general, the Yb3+:2F7/2 and Er3+:4I11/2 levels
have very similar energy. Thus, their relative amounts are
regulated by the rate of direct energy transfer (Yb3+:2F7/2 →
Er3+:4I11/2) and the rate of back energy transfer (Er3+:4I11/2 →
Yb3+:2F7/2). As a result, as the Yb3+ concentration increases, the
rate of back energy transfer also increases, resulting in a higher
PLQY for Yb3+ emission (from the Yb3+:2F7/2 state) and lower
PLQY for Er3+ emission (from the Er3+:4I13/2 state). The
higher Yb3+ doping is generally associated with concentration
quenching and a lower PLQY, which can also be observed for
LBGM-2.5Yb_0.1Er and LBGM-2.8Yb_0.1Er samples.
It is interesting to note that the sum of the PLQYs of

Er3+:4I13/2−4I15/2 and Yb3+:2F5/2 → 2F7/2 transitions (Figure
4a) for the LBGM-1.45Yb_0.1Er sample is very close to unity
(PLQY = 96%). This high value indicates that the LBGM-
1.45Yb_0.1Er sample exhibits a very efficient radiative process
in the SWIR region with very little contribution from
concentration quenching and multiphonon relaxation (MPR)
to the ground state. This observation is consistent with the
previously observed results on near-unity PLQY for Eu3+
emission in the visible region.
Another concentration series shows the effect of the Er3+

concentration (Yb3+ concentration is fixed) on the PLQY of
the Er3+:4I13/2 → 4I15/2 and Yb3+:2F5/2 → 2F7/2 transitions
(Figure 4b and Figure S15d−f). As the Er3+ concentration
increases, the PLQY of the Yb3+:2F5/2 → 2F7/2 transition
decreases (from 17 to 10%) due to the enhancement of the
direct energy transfer with increasing acceptor (Er3+)
concentration. The PLQY of the Er3+:4I13/2 → 4I15/2 transition
also slightly decreased from 70 to 61% with increasing Er3+
concentration due to concentration quenching. Overall, the
highest PLQY = 70% for the emission in the wavelength range
1450−1500 nm was observed for sample LBGM-0.2Yb_0.4Er.
This value is nearly six times higher than the previously
reported value measured in an integrating sphere (9.3%) for
the CaS:Yb3+,Er3+ crystals41 and two times higher than the
PLQY in NaCeF4:Yb3+,Er3+ nanocrystals (32.8%).42 For a
practical application, PLQY is not the only important
parameter. A phosphor should have a high PLQY in
combination with strong absorption to provide a good external
PLQY (ePLQY). In our work, we defined ePLQY (%) as the
multiplication of PLQY (%) and absorption (%), both
parameters measured in the integrating sphere. Figure 4c,d
demonstrates that the highest brightness is observed for
samples LBGM-0.8Yb_yEr with relatively broad concentration
of Er3+-y = 0.3−0.6.
2.3. Li3Ba2Gd3(MoO4)8:Yb3+,Er3+ Phosphors for Plastic

Sorting. A proof-of-concept application of the SWIR tracer for
plastic sorting is shown in Figure 5, which displays an image of
a plastic bottle captured using a halogen lamp, a 978 nm laser,
and a SWIR hyperspectral camera with characteristics similar
to those used in plastic sorting systems. In Figure 4a, each pixel
shows the integrated intensity (over the spectral range 1200−
1700 nm) of the photons reaching the camera. At the same
time, each pixel also carries spectral information�reflectance
spectra. For example, a pixel assigned to the bottle has a
relatively flat response in the 1200−1630 nm range, with a
clear minimum at 1657 nm. This spectral signature
corresponds well to the reflectance spectra of polyethylene
terephthalate (PET). A pixel assigned to the bottle cap shows a
different spectrum with an additional unique minimum at 1217
nm. This feature can be identified as belonging to the
reflectance spectra of high-density polyethylene (HDPE).

Thu s, PET and HDPE can be distingu ished and sorted 
based on their reflectance spectra. However, how c an objects 
made of identical plastic materials (food grade vs nonfood 
grade plastic or object made by a brand “KIT” vs unknown 
brand) be sorted? Figu re 4 shows the spectru m of a pixel 
associated with a SWIR LBGM:Yb3+,Er3+ tracer. The 976 nm 
laser excites the tracer, which produces strong SWIR 
luminescence (contribu ting to the spectrum as a broad peak 
in the range of 1460−1630 nm with reflectance >100%). An 
object carrying such a tracer can be easily identified and sorted 
out with a feasible modification of an existing sorting system; it 
requires an installation of a 976 nm laser capable of providing 
excitation intensity in the range of a few W/cm2. Figu re 4c 
shows the false-color classification of objects according to the 
characteristics of their reflectance spectra with well distinguish-
able (1) bottle, (b) bottle cap, and (3) label. It is worth 
mentioning that the cu rrent concentration of tracer and 
printing area in Figu re 5 is excessive for SWIR luminescence 
measurement. In practice, much lower concentrations of tracer 
and labeled area can be u sed while maintaining a reliable 
classification.

3. CONCLUSIONS
To sum u p, a new luminescent Li3Ba2Gd3(MoO4)8:Yb3+,Er3+ 

tracer with an excellent shortwave infrared photoluminescence 
qu antu m yield of 70% was fou nd after optimization of the 
concentrations of Yb3+ and Er3+ in the high-temperature solid-
state synthesis of the Li3Ba2Gd3(MoO4)8 host. To demonstrate 
its practical application, the tracer was su ccessfu lly applied to 
PET plastic bottles, where its shortwave infrared photo-
lu minescence cou ld be easily detected by a hyperspectral 
camera in conju nction with the reflectance s pectra o f the 
plastic. Moreover, when used for plastic sorting, the integration 
of this tracer requ ires only one modification t o t he existing 
state-of-the-art sorting equipment: the installation of a 976 nm 
laser. This addition allows for reliable identification o f both 
plastic and the tracer. This proposed enhancement to the 
plastic sorting process provides a valuable method of 
separating plastics based on specific r equ irements, s u ch as 
distingu ishing between PET for food applications (trays) and 
PET for nonfood applications (personal care), or even 
distingu ishing between different b rands. A s a  r esu lt, this 
advancement offers a promising solution for optimizing plastic 
waste recycling.

4. EXPERIMENTAL PART
4 . 1 . S o l i d - S t a t e S y n t h e s i s o f

Li3Ba2Gd(3−x−y ) (MoO4)8 :xEr3+,yYb3+ Phosphors. The
Li3Ba2Gd3(MoO4)8 microsized luminescent phosphor powders were
obtained by a typical high-temperature solid-state synthesis
procedure. By variation of the doping concentrations of Yb3+ and
Er3+ ions, a series of Li3Ba2Gd3(MoO4)8 phosphor materials were
synthesized by replacing Gd3+ ions. The starting materials of Li2CO3,
BaCO3, Gd2O3, MoO3, Yb2O3, and Er2O3 were all purchased from
Sigma-Aldrich (99.9% purity). The stoichiometric proportions of all
the oxide ingredients were placed in an agate mortar and pestle, mixed
well, and ground. The raw material blends were then shifted to
cylindrical ceramic crucibles and annealed at 800 °C for 3 h in a high-
temperature furnace (Thermconcept, KLS-05/11). In the final step,
the samples were remilled using an agate mortar pestle before they
were analyzed. To explore DS luminescence properties in
Li3Ba2Gd(3−x−y)(MoO4)8:xEr3+,yYb3+ and to achieve the high PLQY
initially, we fixed x = 0.1 for the Er3+ ion concentration and varied the
Yb3+ ion concentrations (y = 0.20, 0.40, 0.80, 1.20, 1.45, 1.90, 2.50,



2.90, respectively). To explore further, we maintained the y = 0.20
mol Yb3+ ion concentration and changed the Er3+ concentrations (x =
0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80).
4.2. Structural Characterization of Samples. To identify the

crystallographic phase, a powder diffractometer (Bruker, D8
DISCOVER) was used to collect X-ray diffraction (XRD) patterns
from the as-synthesized materials throughout the range of 10 to 80°.
The particle size, sample surface morphology, and EDX analyses were
performed using an ambient scanning electron microscope (SEM)
(Zeiss, SUPRA 60VP) equipped with an SE-II detector. The samples
were sputter coated with a thin layer of silver to aid SEM imaging.
EDX spectroscopy was performed using a Bruker AXS XFlash
Detector 5010 and an accelerating voltage of 10 kV.

High-resolution and survey scans for X-ray photoelectron spec-
troscopy (XPS) were carried out with the dynamic scanning X-ray
photoelectron microprobe (PHI Quantes), having a pass energy of
280 eV, energy steps of 1 eV each increment, and a dwell duration of
50 ms/step for each energy step. The XPS Peak 4.1 program was
employed to perform the functions of peak fitting and evaluation of
the XPS scans. The Raman spectrum of an undoped
Li3Ba2Gd3(MoO4)8 sample was recorded using 785 nm excitation
and with a 3.5 cm−1 resolution (Polytec, i-Raman instrument). The
FTIR spectrum of the undoped Li3Ba2Gd3(MoO4)8 sample was
recorded using a Vertex 70 (Bruker) spectrometer equipped with an
attenuated total reflection sample holder.
4.3. Optical Characterization of Samples. The diffuse

reflectance spectra (DRS) and the absorbance spectra of the samples
were obtained using a UV/vis/NIR spectrophotometer (PerkinElmer,
Lambda 950) equipped with an integrating sphere.

The PLQY value, a metric defined as the ratio of the number of
emitted photons to the number of photons absorbed by a sample, was
determined using a custom-built optical setup based around an
integrating sphere (Labsphere, Ø 6″, 3P-LPM-060-SL). The sample
was placed in the middle of a sphere and excited with a continuous-
wave laser diode operating at 940 nm (Thorlabs, M9-940-0200). The
laser diode was mounted on a temperature-controlled mount
(Thorlabs, TCLDM9) and driven with a laser diode controller
(Thorlabs, ITC4001). The Er3+:4I13/2 → 4I15/2 and Yb3+:2F5/2 → 2F7/2
luminescence were measured using an NIR spectrometer (Ocean
Insight, NIRQuest). The same spectrometer was used to detect both
the emission spectrum of the sample and the excitation laser intensity.
To reduce the intensity of the excitation wavelength during the
measurement of the emission, a 980 nm long-pass filter (Semrock,
LP02-980RE-25) was placed between the output port of the
integrating sphere and the collecting optical fiber. The PLQY was
calculated using the 3M method.45

The spectrometer was irradiance calibrated along with the
integrating sphere and optical fiber by using an irradiance calibration
lamp (Ocean Insight, HL-3plus-INT-CAL-EXT).

A quartz wedge (reflection ∼4%) was used to reflect a fraction of
the laser beam onto a silicon photodiode power sensor (Thorlabs,
S121C). The power of the excitation laser was monitored with a
power meter (Thorlabs, PM320E). The beam sizes were determined
using a beam profiler (Thorlabs, BP209-IR/M) using a 2σ definition
for the semiminor and semimajor axes. The beam area of the 976 nm
laser diode was calculated to be 57.4 × 10−3 cm2. The beam area of
the unfocused 940 nm laser was 88.5 × 10−3 cm2.

To obtain the intensity-dependent PLQY, the same setup and
measurement techniques were used at each excitation intensity
ranging from 0.04 to 2 W/cm2. The power of the incident laser light
was varied with a neutral density (ND) filter wheel (Thorlabs, NDC-
100C-2) attached to a stepper motor. The whole system was
automated and controlled with custom software developed in-house
using the LabVIEW environment.
4.4. Optical Characterization of the Plastic Bottle. The label

was prepared by dispersing 25 mg of the LBGM-0.2Yb_0.4Er particles
in 2.5 g of transparent nail polish to achieve 10,000 ppm
concentration. The bottle was then labeled with a dispersed tracer
using the nail polish.

The SWIR image of the plastic bottle was obtained as follows: The
bottle was placed on a moving platform, and data was acquired using a
hyperspectral camera (Specim, FX17). The sample was illuminated
with two light sources�a 150 W halogen lamp (Elro, HL150) and a
978 nm fiber laser (CNI Laser, FC-W-980H) with an intensity of 3.3
W/cm2. The sample was scanned at a rate of (2 cm/s). The
integration time for a frame was set to 20 ms. The process was
controlled using in-house-developed software. Reflectance spectra
were obtained by dividing the spectra in each pixel by the reference
spectrum of a white calibration tile (Specim, OPRS 200.25.10).
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