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Lanthanide-dependent photoluminescence and thin film
fabrication of host CaWO, micro-materials for potential
indoor plant growth applications

A set of CaWO, micro materials doped with lanthanide ions
(Th, Gd and Eu) exhibit promising visible photoluminescence
for a range of growing plants.
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A set of scheelite (CaWO,4, CWO) doped samples with formula Ca;_,,L.n,Na,WO, (x = 0 and 0.1; Ln = Eu,
Tb and Gd) (Eu@CWO, Tb@CWO and Gd@CWO) and doped phases with combinations Ln,Ln', =
EuposTboos,  EuposGdoos. TboosGdoos (Eu,Tb@CWO, Eu,Gd@CWO and Tb,Gd@CWO) and
Eug.033Tb0.033Gd0 033 (Eu, Th,GA@CWO) were prepared by a modified four-step sol-gel method followed
by calcination at mild temperatures. The solids were characterized by X-ray powder diffraction (XRPD) and
scanning electron microscopy (SEM). An in-depth analysis of the structure and the impact of the synthesis
approach on crystallite shape and size was carried out using Rietveld refinements. Besides, the solid-state
photoluminescence was studied in terms of excitation, emission 4f-4f* transitions, lifetimes (zops), radia-
tive and non-radiative constants (k, and knq), €nergy transfer migration analysis and europium quantum
yields. Finally, the Eu-containing CWO samples were selected as a potential emitter device constructed
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using a spin-coating technique giving rise to homogeneous coatings onto square glass substrates. These
results are promising for the design and construction of devices based on wolframate micro-sized
materials with emission properties and potential applications in plant cultivation LEDs, sensing, photoca-
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Introduction

Indoor plant cultivation, a relevant method for plant growth,
has been attracting increasing attention, since it can be inde-
pendent of inclement weather events such as drought, storm,
fog, flood, etc." Also, it is well known that light can affect the
growth process of plants. Blue (410-500 nm), red
(600-690 nm) and far-red (700-740 nm) light wavelengths are
critical for the phototropism, photomorphogenesis and photo-
synthesis processes in plants, respectively.>® Currently, solid-
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state light-emitting diodes (LEDs) have emerged as one of the
most effective lighting options for agricultural applications
due to their numerous advantages. These include a wide
variety of spectral types that align well with key spectral ranges
essential for photosynthesis and photomorphogenesis. LEDs
also enable the generation of specific single-color light or
complex spectra, ensuring uniform distribution of targeted
wavelengths on crops.”” In addition to these benefits, they
offer high efficiency, energy savings, environmental sustain-
ability, long lifespan, and compact design.®”® Among them,
phosphor-converted LEDs stand out as promising choices for
achieving highly efficient lighting solutions for indoor agricul-
tural environments.

Previous studies have identified two types of phytochromes:
one is the red-light-absorbing form (P,), with a maximum
absorption peak at 670 nm, which remains physiologically
inactive; the other is the far-red-light-absorbing form (Pg),
with a peak at 730 nm, which is biologically active.'®™* These
two forms can interconvert when exposed to their respective
wavelengths. The balance between red and far-red light influ-
ences the plant’s transition from vegetative to floral growth.
Therefore, adjusting this ratio effectively regulates plant devel-
opment based on its specific needs for red and far-red light.

This journal is © The Royal Society of Chemistry 2025
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Trivalent lanthanide ions are used as special building
blocks for the development of optical materials with a variety
of applications due to specific features such as pure colour
emission accompanied by fine 4f-4f transitions, long lifetime
values and tuneable optical responses over a variable wavelength
range including the UV, visible and infrared regions. The men-
tioned properties make lanthanides attractive for constructing
optical devices, sensors, lasers, up-converters, and light
displays."*?° Lanthanide ions gradually fill the 4f orbitals from
4f° to 4f™ (La®* to Lu®). Besides, the electronic configurations
[Xe]f” (n = 0-14) generate a plethora of electronic energy levels,”*
resulting in unique optical features.>* With the exception of La**
and Lu*, the remaining Ln*" ions exhibit emission signals in
the ultraviolet (UV) to visible and near-infrared (NIR) regions. It
is well known that Sm**, Eu*, Tb*", Dy*" and Tm>" ions can emit
orange, red, green, yellow and blue light, respectively. Other ions
such as Nd**, Yb*" and Er*" display near-infrared luminescence.
Also, rational combinations of lanthanide ions can achieve inter-
esting optical properties due to energy transfer pathways in up-
conversion and down-conversion mechanisms.®

Moreover, metal wolframate-based derivatives, such as poly-
oxometalates (POMs)** and scheelite structural type (CaWO,)
compounds,>*~2° have been proposed as efficient host matrixes
for lanthanide ions. The reason for selecting wolframate (with
general formula AWO, (A: Ca/Ba/Sr)) as a host is because
d-block and f-block transition elements have an advantage
over other host lattices due to the presence of a broad exci-
tation band in the UV region.>” This band is attributed to the
O-W charge transfer. Furthermore, it is well known that the
CawO, phosphor presents diverse optical applications in scin-
tillators, light-emitting diodes (LEDs), solid state lasers and
fluorescent lamps.*® Some reports have demonstrated the NIR
emission of CaWO, doped with Gd**/Er**/Yb*" or Er*'/Yb®" as
up-converting materials.”>*® Besides, CaWO, has been
employed as an efficient matrix for Eu** by controlling doping
through different synthetic approaches.*'

In spite of many investigations regarding the structure and
optical properties of CaBO4:Eu®*" (B = Mo, W) microparticles
and nanoparticles, there are very few reports focusing on an
in-depth study of photophysical parameters such as lumine-
scence lifetime (z.ps), radiative (k;) and non-radiative (kpraq)
constants and quantum yield parameters, which are important
properties to be evaluated for designing new luminescent
materials. Previously, we reported two nano-sized luminescent
CagglngNag;WO, (Ln = Eu®’, Sm*") samples synthesized
using a three-step methodology including two mechanochem-
ical treatments followed by calcination.®” The nano-sized
solids resulted in visible emitters of orange and red light
under UV excitation, respectively. The Eu**-doped sample
exhibited a hypersensitive transition (°D, — ’F,), which was
selected as a robust signal for a chemical sensor towards
cations in aqueous media. Moreover, some authors relate the
impact of the synthesis methodology onto the crystalline sizes
and shapes, and their further applications.**™*°

In this work, we report the synthesis using a sol-gel
method and overall characterization of doped-lanthanide
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CaWwO, compounds. An in-depth structural and microstruc-
tural analysis was carried out by employing powder X-ray diffr-
action accompanied by Rietveld refinements. Such an in-depth
study has not been commonly reported for scheelite samples,
which makes this one important for the design of micro-
materials and nano-materials. Also, the solid-state photo-
luminescence (SSPL) was analysed by recording the excitation
and emission spectra and calculating the 7., value from the
decay profiles. Besides, the europium quantum yields, radia-
tive and non-radiative constants, and CIE colour coordinates
were calculated and related to the energy transfer processes
between lanthanides and the host matrix. Finally, a thin film
was fabricated using a spin-coating method, by controlling
several experimental parameters to yield a homogeneous
coating on a glass substrate. These results are a contribution
to luminescence devices based on luminescent lanthanide
micro-materials.

Experimental
Synthesis

Powder samples with stoichiometries Ca;_,,Ln,Na,WO, (x = 0
and 0.1; Ln = Eu, Tb and Gd) and co-doped phases with
Lnan'y = Eug.osTbo.os, EUg.05Gdoos, TbgosGdoos and
Eug 033Tb.033Gdg 033 were prepared using a modified sol-gel
Pechini method®” in four steps. Stoichiometric quantities of
Ca(NOj3),-4H,0, anhydrous Na,COj3, (NH,)sH,W;,0,40-xH,0, Eu
(NO3)3:5H,0, Tb(NO3);-5H,0, Gd(NO3);:6H,0 and citric acid
were mixed in 50 mL of distilled water in a beaker under con-
stant stirring and heated at 110 °C. When gel formation was
observed, the mixture was removed from the hot plate. Then,
the covered beaker was placed in a furnace for 5 h at 180 °C
until the formation of a porous and spongy brown “soufflé”.
Once dried, the “soufflé” was manually ground with an agate
mortar. After that, the samples were calcined to 500 °C for
10 h. A scheme of the synthesis is shown in Fig. 1.

Eu@CWO, Eu,Th@CWO, Eu,GA@CWO and Eu,Th,
Gd@CWO were selected for thin film preparation by employ-
ing spin-coating apparatus (Laurell model WS-650-23-B). First,
the powdered samples were ground with an agate mortar for
1 h and then 50 mg of material was added to 1 mL of a
toluene-tetrahydrofuran (1:1.85 ratio) solution of 2% poly-
methyl methacrylate (PMMA). After that, the suspension was
sonicated for 1 h. For the deposition, glass substrates of
1.3 cm x 1.3 cm that had been previously cleaned with ethanol
were used. Besides, to improve the thin film quality, multiple
variables were modified during the deposition such as soni-
cation time, revolutions per minute (rpm), step time, concen-
tration and drop volume of the added suspension.

Powder X-ray diffraction (PXRD)

The solid phase identification and characterization was
carried out by PXRD using a Rigaku Ultima IV diffractometer
with CuKa (4 = 1.5418 A) radiation. The patterns were refined
with the Rietveld method using the FullProf program.*®3° The
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Fig. 1 Scheme of synthesis of Ln@CWO compounds.

profile shape was modelled using the Thompson-Cox-
Hastings pseudo-Voigt function,’® and the instrumental
resolution parameters were considered in the refinements to
obtain the microstructural parameters. The parameters U, V,
and W are fixed and correspond to the instrumental broaden-
ing; hence, only the Lorentzian isotropic strain (X) and size (Y)
were refined. From these parameters, the apparent size and
strain were calculated from the Scherrer and Stokes-Wilson
formulas, respectively.

Scanning electron microscopy (SEM)

SEM micrographs were obtained and energy dispersive ana-
lysis during X-ray spectroscopy (EDS) was conducted on FEI
Quanta 200 equipment. Samples were placed on an adhesive
carbon tape coated with gold prior to analysis.

Photoluminescence spectra and lifetime measurements

The steady-state and time-resolved luminescence measure-
ments were performed on an Edinburgh Instruments FLSP920
spectrometer setup, using a 450 W xenon lamp as the steady-
state excitation source and a 60 W pulsed xenon lamp as the
time-resolved excitation source (operating at a pulse frequency
of 100 Hz). The emission was detected using a Hamamatsu
R928P PMT photomultiplier tube for the visible range.
Excitation spectra were corrected for the xenon lamp emission
profile, whereas emission spectra were corrected for the detec-
tor response curve. All measurements were carried out at a
step size of 0.1 nm. Time-resolved measurements were per-
formed using a  Continuum®  Surelite I laser
(450 mJ@1064 nm), operating at a repetition rate of 10 Hz and
using the third harmonic (355 nm) as the excitation source.
Commission Internationale de I’Eclairage (CIE) (x,y) colour
coordinates were calculated using the MATLAB program.

7254 | Dalton Trans., 2025, 54, 7252-7262
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Results and discussion

From the synthetic approach, powdered samples were
obtained. The morphology of the particles was studied using
SEM techniques to analyse the impact of the synthesis on the
resulting size and shape of the particles. From the SEM ana-
lysis, aggregates of around 10-200 pm and some flat structures
with a cross-section of 15 pm for Eu@CWO were observed (see
Fig. 2). Similar particles were observed for Th@CWO and Eu,
Tb@CWO as shown in Fig. S1 and S2 (ESIt). In addition, the
chemical composition was verified from EDS as illustrated in
Fig. S3t for these phases. These insights highlight the influ-
ence of the synthesis methodology on the resulting particle
shape and size. In our previous contribution, the
Cay gLng ;Nay ;WO, phase (Ln*" = Sm and Eu) was obtained as
rounded nanoparticles using the grinding method.?

Crystal structure

Initial identification and crystal refinements of all samples
were achieved using PXRD data. All doped samples were
indexed to the scheelite structure (CaWO,) in the tetragonal
space group I4,/a (#88)"" and no impurities were observed. As

EHT = 15.00 kV WD= 15mm ZoneMag= 70X

20pm*

EHT=15.00kv. WD= 14 mm Zone Mag= 900 X Signal A= SE1

Fig. 2 SEM images of Eu@QCWO particles at (a) 70x and (b) 900x
magnification.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Observed (red points), calculated (black full line) and differ-
ence (bottom) Rietveld profiles for Eu@CWO at room temperature. (b)
Schematic view of the crystal structure of Eu@CWO.

is well known, in the scheelite structure, W forms tungstate
units (WO,) with a tetrahedral geometry, while Ca®* is co-
ordinated by eight oxygen atoms. This last site is co-doped
with Ln,;Na, 4, which was confirmed from occupancy factor
refinement. All samples present a crystallographic stoichio-
metry close to CagglngNay;WO,. The Rietveld refinement
plot for Eu@CWO as a representative of the family of micro-
materials is shown in Fig. 3a, while the Rietveld refinements
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Fig. 4 (a) Unit-cell volume for different doped phases. The unit-cell
volume for the pristine phase is 312.68(1) A% (b) Crystallite size for
different doped phases. The crystallite size for the pristine phase is
27 nm. (c) Crystallite shape obtained for CaWO, from SPH formalism.

for the remaining pristine CWO and doped phases are illus-
trated in Fig. S4.f The main crystallographic results for
selected phases are listed in Table 1, and the remaining phase
parameters are listed in Table S1.1 Fig. 3b shows a schematic
view of the crystal structure of Eu@CWO.

The structural impact of Ln**/Na* co-doping on the unit-
cell volume is plotted in Fig. 4a as a 3D ternary graph. As can
be seen, the doped phases present a higher volume than the
pristine phase (312.68 A®) in agreement with the variation
between Ca*' and Ln*'/Na' ionic radii (rge- = 1.12 A, rya =
1.18 A, rggsr = 1.07 A, rgas = 1.05 A and rqpee = 1.04 A).*? In

Table 1 Main crystallographic parameters of crystalline samples of CaWQ,4 and Ln/Na-doped phases with Ln = Eu, Gd and Tb

ABO, Ca Cay gEug Nag 4 Cay5Gdy Nag Cag gThy 1Nag ¢
a(A) 5.2427(1) 5.2497(2) 5.2461(2) 5.2464(2)

c(A) 11.3764(3) 11.3841(5) 11.3761(5) 11.3720(5)
140N 312.68(1) 313.74(2) 313.09(2) 313.01(2)

A(8d) 0,1/4,5/8

Occ (Ca/Ln) 1 0.828(4)/0.084(4) 0.764(4)/0.116(4) 0.832(4)/0.084(5)
U (A% 0.010(1) 0.010(2) 0.013(2) 0.008(2)

W (8c) 0,1/4,1/8

Occ 1 1 1 1

U (A% 0.0080(4) 0.0093(5) 0.0093(6) 0.0099(5)

O (16f) x,,2

X 0.754(1) 0.762(2) 0.761(2) 0.765(2)

Y 0.400(1) 0.398(2) 0.398(2) 0.400(2)

Z 0.0414(6) 0.041(1) 0.041(1) 0.040(1)

U (A% 0.018(3) 0.021(4) 0.018(4) 0.023(4)

Occ 1 1 1 1

Reliability factors

Ry, Rup, 1s Ruragg 5.5%, 7.8%, 0.6, 1.3% 5.3%, 7.2%, 0.5, 1.2% 5.3%, 7.2%, 0.6, 1.2% 5.3%, 7.2%, 0.6, 1.3%

This journal is © The Royal Society of Chemistry 2025
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addition, the increases in ionic size, from Tb*' to Eu*",
included in the phases with two and three lanthanides, are
observed in terms of the volume variations as revealed in the
ternary graph (see Fig. 4a).

On the other hand, the diffraction peaks in all patterns
present non-negligible broadening consistent with reduced
crystallite sizes. Initial refinements were made considering iso-
tropic size and strain effects yielding a proper fit in all phases;
however, closer inspection reveals that several lines are not
properly modelled showing a line of anisotropic broadening.
This suggested that using a model of crystallite size (or strain)
can enhance the pattern fitting; thus, after several tests the use
of anisotropic crystallite size with spherical harmonics (SPH)
treatment leads to a considerable improvement in the fitting.
In the refinement of the SPH formalism, eight additional para-
meters were fitted according to the 4/m Laue class. Fig. S5t
compares the results of the refinements using both isotropic
and anisotropic models for the Eu**-doped phase as represen-
tative of the series.

The main microstructural results, apparent size and strain,
are listed in Table S2.1 The average size is plotted in Fig. 4b
where the effect after Ln**/Na* doping can be observed, while
the phases doped with Gd** present lower average sizes than
the other phases (Eu®**, Tb*" and Eu®**/Tb") with respect to the
pristine phase, which present a larger size. The size anisotropy
was obtained for each sample, and that for CaWO, is shown in
Fig. 4c. For this pristine phase, the crystallite is slightly shorter
in the [001] direction than in the [100] (or [010]) direction. To
visualize differences between the obtained crystallite sizes,
Table S2+ lists the diameters in the [001], [100], [110] and [111]
directions and Fig. 4c shows a schematic view of the crystallite

View Article Online
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shape for CWO. Despite the anisotropy being subtle, this
behaviour (short along the [001] direction) is also observed in
Gd*'-doped phases. In contrast, the phases without Gd**
present the contrary deformation exhibiting a superior size
along the [001] direction than that along the [100] direction.
Therefore, a particular effect in the size (apparent and aniso-
tropic) is observed for which there is no explanation. The
unique difference found for Gd** with respect to Eu** and Tb**
lies in its electronic configuration since Gd** presents half-
filled 4f” orbitals.

Solid state photoluminescence (SSPL)

Host matrix CWO. As shown in Fig. S6,T the excitation and
emission spectra of host matrix CaWO, (CWO) were studied.
The excitation band located at 330 nm is ascribed to a charge
transfer band (CTB) associated with an electron transfer from
oxygen to tungsten atom in the WO, tetrahedral units. The
corresponding blue emission is observed as a broad band with
a maximum located at 470 nm.

Single-lanthanide Ln@CWO compounds. Eu@CWO exhibits
an emission spectrum with peaks belonging to the transitions
within the 4f shell of the Eu®" ion, *Dy — "F; (J = 0-5), with a
maximum emission at 615 nm (°D, — ’F,), as shown in
Fig. 5a. The excitation spectrum exhibits a combination of
transitions with maxima at 276, 393 and 463 nm. Notably, the
last lower energy transition is exceptionally deep into the
visible region. In addition, the same transition °D, « ’F, is
higher in intensity; for this reason, it was selected as the exci-
tation wavelength (Fig. 5a). The corresponding assignment of
the 4f-4f* excitation transitions for all the Ln@CWO com-
pounds is displayed in Table S3.f The maximum emission

a ) Eu@CWo G b ) Jmv@cwo C) Gd@Ccwo
|Excitation (_ =615 nm) Excitation (2 =544 nm) B |Excitation (2= 470 nm)
Emission (» =463 nm) {Emission (»_ =380 nm)
- . X —
= = cd =
= = e ~
< S <
2 2 & z
g A 2 ] E
| : g 1a A =
F J A c D
ape defin Ach H 3]
| AL 4
280 300 330 400 430 500 550 600 es0 700 750 30 a0 a0 40 450 0 s e0 e 20 a0 0 40 40 s0  s30 e eso 700
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d ) Eu.Qd@ CWO e) Eu.Tb@CWO D f) Tb.Gd@CWO g) Eu.Tb.Gd@CWO D
{Excitation (. _ =615 nm) Excitation (,_ = 542nm) {Excitation (3, _= 544 nm) Excitation (1. =612 nm)
Emission (1, = 392 nm) B B Emission (%= 261 nm)
| Emission (=277 nm) | Emission (A_ =331 nm)

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)
Intensity (a.u.)

Wavelength (nm) Wavelength (nm)

Wavelength (nm) Wavelength (nm)

Fig. 5 (a) Excitation (1em = 615 nm) (left) and emission (lex = 463 nm) (right) spectra of Eu@QCWO. (b) Excitation (lem = 544 nm) (left) and emission
(dex = 360 nm) (right) spectra of Tb@CWO. (c) Excitation (le,, = 470 nm) (left) and emission (lex = 380 nm) (right) spectra of Gd@CWO. (d) Excitation
(Zem = 615 nm) (left) and emission (lex = 277 Nm and Aex = 393 nm) (right) spectra of Eu,Gd@CWO. (e) Excitation (lem = 542 nm) (left) and emission
(ex = 260 Nnm and A = 350 nm) (right) spectra of Eu,Tb@CWO. (f) Excitation (ley, = 544 nm) (left) and emission (lex = 263 nm) (right) spectra of Tb,
Gd@CWO. (g) Excitation (1em = 612 nm) (left) and emission (1ex = 260 and 330 nm) (right) spectra of Eu,Tb,Gd@CWO.
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belonging to the °D, — ’F, transition in Eu@CWO exhibits a
mono-exponential decay profile with a 7., value of 1.08 ms
(see Fig. S7at). Besides, this transition is responsible for its
red emission accompanied by CIE(x,y) coordinates of 0.616
and 0.377 corresponding to red emission (Fig. 6b).

The excitation spectrum of Th@CWO was recorded in the
250-450 nm range, monitoring the D, — ’F5; emission at
544 nm (Fig. 5b). The narrow peaks labelled a-f in the exci-
tation spectrum correspond to transitions within the 4f shell
of the Tb*" ion. Under direct excitation into the 4f levels (°G;
« 7Fg, 360 nm), the typically narrow peaks of Tb®" are
observed, yielding green emission. The corresponding assign-
ments of the excitation **"'L; < “F¢ and the emission *D, —
"Fe, °Dy — 'Fs, °D, — 'F, and °D, — 'F; electronic transitions
are shown in Fig. 5b. The most intense emission peak located
at 544 nm shows a mono-exponential decay profile (Fig. S7bt)
with a 7,5 value of 1.05 ms. In comparison with the
Th@CaWO, nanowires obtained by Lin and colleagues, the
Topbs Value of Th@CWO increased by 28%.*

Eu@CWO

Eu,Tb@CWO Eu,Tb,Gd@CWO Eu,Gd@CWO

Tb@CWO Th,Gd@CWO Gd@CWO

& CaWO4:Eu

+ CaWO4:Eu-Gd

= CaWO4:Tb

x CaWO4:Tb-Gd

0 CaWO4:Eu-Tb

v CaWO4:Eu-Tb-Gd
+ CaWo4

08

Fig. 6 (a) Powder samples under UV lamp illumination. (b) CIE diagram
showing the colour performance of the studied compounds.
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In the case of GA@CWO, a broad band located at 470 nm is
observed when the sample is excited at 380 nm (see Fig. 5c).
This doped phase does not exhibit any sharp lines from the 4f
shell of the Gd*" ion, neither in the excitation nor in the emis-
sion spectrum. This fact is expected since the emissive level
corresponding to the °P,,, state of the Gd** ion lies at too high
an energy level to be populated by most antenna systems."®
Consequently, the excitation and emission spectra from Gd-
doped samples are quite similar to those of the host matrix.

Double-lanthanide Ln,Ln‘@CWO and triple-lanthanide Ln,
Ln’,Ln"@CWO compounds. Co-doped samples were prepared
to analyse potential energy transfer processes among emitting
centres toward the improvement of luminescence properties.
Eu,Gd@CWO, Eu,Th@CWO and Tb,Gd@CWO were syn-
thesized and their luminescence properties were further
studied.

First, the excitation spectrum of Eu,GAd@CWO shows a
broad band located at 277 nm accompanied by more intense
peaks related to Eu®* ions. From the set of peaks, the most
intense is located at 393 nm and is ascribed to the °Ls « “F;
transition. Two excitation experiments when A, = 277 nm and
393 nm were carried out to find a feasible way to create the
most intense emission spectrum. Direct lanthanide sensitiz-
ation seems to be an efficient pathway to yield emission with
intense peaks ascribed to the °D, — “F; (J = 0-4) transitions
(see Fig. 5d). Also, the excitation spectrum of Eu,Tbh@CWO
exhibited a broad band accompanied by peaks belonging to
Eu®" and Tb** ions, as shown in Table S3.f By excitation from
the host material (260 nm), or by selecting the maximum exci-
tation peak from the lanthanide (350 nm, °D, « ’F, (Eu’*")
transition), a typical Eu®* emission is seen, which is
accompanied by some peaks from Tb*" ions (Fig. 5¢). Due to
the emissive level of Tb** (20 492 cm™) being higher than that
from Eu®* (17271 em™), it is feasibly attributed to a metal-to-
metal charge transfer (MMCT) Tb — Eu, with consequent
increments in the emission parameters (see Table 2). This
phenomenon has been successfully explained in Tb*"/
Eu’*@Sc,(WO,); compounds.**

By monitoring the excitation spectrum of Th,GA@CWO at
an emission centred at 544 nm, the most intense signal corre-
sponded to the CWO matrix with respect to the peaks **"'L; «
"Fe from Tb*>" ions (Fig. 5g). Then, this wavelength was
selected for excitation. Upon host matrix sensitization (Aey =
263 nm), Th,Gd@CWO exhibits four intense D, — ’F,, emis-
sion transitions (Fig. 5f and Table S3}). The most intense
emission peak, D, — "Fs;, is responsible for its green emission
at 544 nm. Its mono-exponential decay profile (Fig. S7eft)
shows a 7, value of 0.76 ms.

This behaviour is also reflected when the 7., values are
analysed. The obtained lifetime from Eu,Gd@CWO is slightly
smaller than that from Eu@CWO with values of 0.96 and
1.08 ms (see Fig. S5a and S5df). Similarly, when 7,5 values of
both Th,Gd@CWO and Tb@CWO are compared, the co-doped
sample exhibited a lifetime of 0.76 ms while the Tb-doped
sample showed a value of 1.05 ms (see Fig. S5b and S5ef).
Besides, the same effect could be seen in Eu,Tb@CWO in com-
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Table 2 Table of luminescence parameters of the studied Eu-based materials herein

Eu-based material Leot/Inp 1/7, 7,/ms kst Kexpls ™ nraals ™t Tobs/MS QYo%
Eu@CWO 16.53 817.6 1.22 817.6 943.4 125.8 1.06 86.7
Eu,Gd@CWO 15.14 749.0 1.30 748.9 1043 293.8 0.959 71.8
Eu,Tb@CWO 14.90 737.1 1.35 737 751.9 14.83 1.33 98
Eu,Tb,Gd@CWO 13.90 687.4 1.45 687.4 900.9 213.5 1.11 76

parison with Eu,Th,Gd@CWO, exhibiting a decrease of Eu**
emission from 1.33 to 1.11 ms (see Fig. S5c and S5f}), but
accompanied by a slight increment of 7,y for Th** from 0.52
to 0.61 ms. All these results reinforce the quencher-role of
Gd*" ions in the set of compounds reported herein.

From the lifetime measurements, all the decay processes
were successfully fitted using a mono-exponential equation

(eqn (1)):
I=A+1-en (1)

This model suggests the presence of one emitting centre in
the structure. This behaviour can be related to the crystallo-
graphic features where each doped Ln*' is edge-connected to
four AOg polyhedra. Considering these features, the Rietveld
analysis revealed that the lanthanides occupy 10% of the Ca>*
sites. It is possible to assume that the different lanthanide
environments do not affect the emitting performance.

To qualify the ability of the host matrix to sensitize the
emission of Eu®* centres, and to acquire information on the
relationship between the structure and photoluminescence
properties, the photophysical parameters of the Eu-doped
samples were analysed.

For a suitable analysis of the photoluminescence efficiency
of the Eu-doped samples, the intrinsic europium quantum
yield, QYg,, was calculated. This parameter expresses how well
the radiative processes compete with the non-radiative path-
ways and indicates the optimized quantum efficiencies for
these materials. Assuming that non-radiative (k,;) and radia-
tive (k.) processes are essentially involved in the depopulation
of the °Dj state, QYg, can be expressed as:

QYEu - kr/(kr + knrad) (2)

Generally, non-radiative contributions, ka4, include back-
energy transfer to the sensitizer, electron transfer quenching,
lanthanide self-quenching and quenching by matrix
vibrations.*> The radiative contribution %, can be calculated
from the equation:

ke = 1/2; (3)

The so-called radiative lifetime 7,4 can be approximated for
Eu(m) using eqn (4):*°

kraa = (1/7raa) = Ampon” - (Itot/Imp) (4)

In eqn (4), Amp,o is the spontaneous emission probability of
the °D, — “F,; magnetic dipole transition equal to 14.65 s, n

is the refractive index (1.5), I is the total integrated emission
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of the °D, — "F; (J = 0-6) transitions and Iy is the integrated
emission of the D, — “F; magnetic dipole transition. Besides,
if 7paq is known, QYg, can be calculated using the 7, value.
Based on eqn (1) and (4), QYgy can be calculated as:

QYEu = Tobs /Trad (5)

At the same time, knowledge of both 7,5 and 7.,q enables
the determination of the overall rate of non-radiative de-
activation. Hence, the 7,,4 value is an important parameter in
the photophysical description of lanthanide luminescence.
The photoluminescence parameters of Eu@CWO, Eu,
Gd@CWO, Eu,Th@CWO and Eu,Tb,Gd@CWO are summar-
ized in Table 2.

As can be seen in Table 2, the influence of the gadolinium
ions on the PL properties of doped samples disagrees with the
regular performance as an enhancer of luminescence. The &,
value of Eu@CWO, is higher than that of the corresponding
co-doped samples. Nevertheless, when Tb** is added, it pro-
motes a decrease in the kg value related to the energy
migration mechanism from Tb — Eu (see Fig. 7). This fact is
reinforced when 7,5 and QYg, demonstrated higher values
from the set of samples (Table 2). Moreover, all the 7,5 values
for europium reported here (Table 2) are higher than those
from analogous CaWO,-doped compounds, making them
interesting materials for long-term red illumination
applications.***”

Besides, we have demonstrated the effect of a decrease of
concentration quenching by incorporating Gd** as a doping
ion and further improving emission of 2D-coordination poly-
mers based on carboxylates and lanthanides (Eu and Sm).*®
Also, Kaczmarek et al*® reported the improvement in the
luminescence properties in a series of co-doped Ln@Y,WOq

ENERGY

7, 7, 7, 7, 7

Fo _‘ £, LRl 'R, L F,

cwo b T Eu® Tb* Eu Eu

Tb,Gd@CWo  Eu.Th@CWO Tb@CWO Eu@CWO Eu,Gd@CWO
Eu,Tb,Gd@CWO

Fig. 7 Energy diagram of the Ln@CWO compounds studied herein.
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(Ln: Sm, Eu, Dy) by adding Gd*" ions. However, there are few
investigations regarding the quenching effect by adding Gd**
as a doping ion. Meza et al. reported quenching effects in
Eu**@Gd,0; samples, which are attributable to back energy
transfer to Eu — 0>~.°° Besides, Nosov et al. have reported the
decrease in both emission intensities and lifetime values (up
to 7%) of Sm*>" emission (°Gs;, — °Hy,,) due to the incorpor-
ation of Gd*>* as co-dopant in a family of NaY, g5_Smg o, Ln,F,
(Ln = Gd, Lu, La) compounds.® The authors explain this fact
in terms of a distortion in the local geometry of the emissive
ions due to the presence of Gd*", yielding an increase in knraq-
Moreover, high-quality light performance requires obtaining
the Commission International de I'Eclairage (CIE) x,y coordi-
nates, with correlated colour temperature (CCT) parameters for
lighting applications. The quantification of colour emission of
different luminescent materials allows their comparison by
studying the corresponding light-emitting performance. In
this sense, the colour coordinates are usually calculated using
the CIE x,y chromaticity system and plotted in a two-dimen-
sional diagram. The colour emission of all the compounds was

Table 3 CIE x,y coordinates, colour emission and correlated colour
temperatures of the studied compounds

Material CIE x CIE y Colour CCT (K)
Eu@CWO 0.616 0.377 Reddish orange 1836.4
Th@CWO 0.298 0.51 Yellowish green 6271.9
Eu,Tb@CWO 0.565 0.409 Orange 1782.3
Eu,Gd@CWO 0.656 0.343 Reddish orange 2854.1
Tb,Gd@CWO 0.321 0.591 Yellowish green 5703
Eu,Th,Gd@CWO 0.535 0.429 Yellowish orange 2049.5
CWO 0.289 0.334 Blue 7833.2

_ EHT=1500k/ WD= 14mm  ZoneMag= 15X  SignalA=SE1

EHT=1500k/ WD= 15mm  ZoneMeg= 500X  SignalA=SE1 -
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quantified as displayed in Fig. 6. Also, all the samples showed
CCT values between 1800 and 7800 K, respectively (see
Table 3), matching the human eye-friendly application range.

Finally, as a “proof of concept” for the design and fabrica-
tion of devices, Eu@CWO, Eu,Gd@CWO, Eu,Tb@CWO and
Eu,Th,Gd@CWO were selected and deposited onto glass sub-
strates using a spin-coating technique.

Spin coating is a thin-film coating technique using a flat
substrate (e.g. gold, copper, glass) applying a film with thick-
ness at the nano- or microscale. The functional thin films are
coated on glass or single-crystal substrates. To fabricate oxide
layers, the precursors are usually prepared through the “sol-
gel” route, and after spin coating, the substrates are heated at
high temperature to obtain the oxide layer.>> Homogeneity and
uniformity are critical properties of thin films for device
implementations for technological applications that require a
reproducible and confident response, such as photocatalysis,
sensing and visible light emitters.”?

After several experiments, the most optimal variables for
film design with these materials were 2000 rpm, 1 min per
step, with a volume of 0.25 mL of 20 mg mL™" concentration
added onto the glass substrate, resulting in films with the best
homogeneity and coverage.

As can be seen in Fig. 8, homogeneously uniform and flat films
are obtained with a measured cross-section of 147 pm. A retro-dis-
persed electron micrograph (Fig. 8f) can also give information
regarding the uniformity and the absence of surface defects.
Besides, under UV illumination, the films conserve luminescence
as if in powder form (see insets in Fig. 9), which is desirable for
exploring potential sensing applications for small molecules.

Finally in order to analyse the red-emission performance of
Eu-based films, steady-state luminescence measurements were

EHT=1500kV WD= 15mm  ZoneMag= 10.00KX SignalA=SE1

EHT=1500k/ WD= 15mm  ZoneMag= 1000KX Signal A= SE1 [

EHT=1500k/ WD= 15mm

ZoneMag= 500X  Signal A= SE1 EHT=1500kV WD

Fig. 8 SEM images of film | observed at 15x% (a), 500% (b) and 1000x (c and d) magnification. (e) Micrograph of the thin film observed at 500x mag-

nification. (f) Retro-dispersed electron image.

This journal is © The Royal Society of Chemistry 2025
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» JEU@CWO -Film
Emission (. =277 nm)

Eu,Gd@CWO - Film
Emission (., =277 nm)

B

<o |EMission (., =463 nm) |emission ._=392 nm)

Intensity (a.u.)
Intensity (a.u)

Wavelength (nm)

EuT@CWO - Film C
(0., =260 nm)

Intensity (a.u)
Intensity (a.u)

Wavelength (nm) Wavelength (nm)

Fig. 9 PL spectra of the films upon excitation with light of two different
wavelengths and photographs (insets) of the thin films upon UV
irradiation.

Pr (670 nm)
Eu@CWOoO

Relative absorbance

A Pfr (730 nm)

e

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 10 PL emission spectra of EuU@RCWO and Eu,Tb@CWO in addition
to the absorption of biologically active states P, and Py, in plants.

performed. As can be seen in Fig. 9, there is a particular sensit-
ization of lanthanide emission, through matrix excitation. A
direct lanthanide excitation seems not the best choice to
enhance the radiative pathways as the intensities in the emis-
sion spectra are relatively much lower. The absorption of the
biologically active states Py and P, in plants is also shown in
Fig. 10 for comparison with the D, — ’F, transition signal. A
significant overlap can be found, indicating that Eu*" emission
in both powder or thin films can be utilized as light for plant
growth.

Conclusions

A set of phases with formula Ca;_,,Ln,Na,WO, (x = 0 and 0.1;
Ln = Eu, Tb and Gd) (namely Eu@CWO, Th@CWO and
Gd@CWO) and co-doped phases with Ln,Ln’, = Eug o5Tbo.os,
Eug.05Gdo.05, Tbo.05Gdo 05 (Eu,Th@CWO, Eu,GdA@CWO and Tb,
Gd@CWO) and Eug 33Tbg.033Gdo.033 (Eu,Tb,GA@CWO) was
successfully synthesized using a sol-gel method followed by
calcination at mild temperatures yielding micro-structures of

7260 | Dalton Trans., 2025, 54, 7252-7262
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around 10-200 pm. Besides, an in-depth structural and micro-
structural analysis was carried out by employing powder X-ray
diffraction accompanied by Rietveld refinements. This study is
remarkable for its novelty in covering wolframate-type com-
pounds that are not commonly reported, which is important
for designing micro- and nanomaterials. Moreover, the solid-
state photoluminescence (SSPL) in the visible region was ana-
lysed by recording the excitation and emission spectra and cal-
culating the lifetimes from the decay profiles. Besides, the
intrinsic europium quantum yields (QYs), radiative and non-
radiative constants and CIE colour coordinates were calculated
and related to the energy transfer processes between lantha-
nides and the host matrix. The QYs fall into the 76-98% range
with the highest value obtained being that for the Eu,
Th@CWO sample. This result demonstrates an efficient energy
transfer from Tb>" to Eu®" to yield visible photoluminescence
accompanied by the longest 7,5 value in the set (1.33 ps).
Finally, the europium-based compound was selected for thin-
film fabrication by an immobilizing spin-coating method and
by controlling several experimental parameters, a homo-
geneous thin-film coating with ross-section of 150 pm on a
glass substrate was yielded. These results indicate that Eu-con-
taining CWO materials have potential for application in indoor
plant cultivation LED devices and solid-state visible-light emit-
ters with variety in their colour of luminescence.
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