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The understanding of lanthanide-related electron transfer processes is crucial for designing efficient and
functional luminescent phosphors. However, the current knowledge on those processes between Eu
ions with different oxidation states is rather scarce, which limits the progress of developing new efficient
phosphors with good stability. In this work, we report on Eu?*-doped LisSrCa(SiO4), and its solid
solutions, in which optically-induced reversible electron transfer between Eu?* and Eu®* is demonstrated
under illumination at different wavelengths. It is confirmed that the reversible electron transfer between
Eu®* and Eu®* in inequivalent sites can be initiated by exciting the corresponding Eu?*. Additionally, it is
shown that the strong increase in orange emission intensity of Euca?* with temperature can be attributed
to the thermally-assisted energy transfer from Eus,>* to Euc,>" and an increase of Euc,>" centers due to
photoinduced electron transfer. This phosphor was previously reported as a potential candidate for
luminescence thermometry but, as shown here, the temperature-dependent, reversible electron transfer
processes in combination with temperature-dependent energy transfer between Eu?* ions on two
different crystallographic sites would strongly compromise any attempt of measuring temperatures with
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this phosphor. The results of this work advance our understanding of electron transfer between Eu?* and
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Introduction

Lanthanide activators are widely used in luminescent materials.
As a commonly used lanthanide dopant, europium (Eu) can be
incorporated in both divalent and trivalent oxidation states."
Even in phosphors that are intentionally doped with Eu**, the
presence of Eu’ is often unavoidable due to incomplete
reduction during synthesis.”™* In certain cases, illumination of
the phosphor can also result in optically-induced oxidation or
reduction of Eu®" and Eu’, respectively, due to an electron
transfer between the activator ion and another dopant ion or
intrinsic defect such as a vacancy.*” If this electron transfer
occurs between two metal ions differing only in oxidation state,
the process is called intervalence charge transfer (IVCT).* How-
ever, such IVCT between Eu*>" and Eu** usually manifests itself as
a quenching effect when the two Eu ions are incorporated on the
same crystallographic site, or as so-called anomalous emission in
a few exceptions, making it difficult to be identified.” ™
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Eu®* in general, which is very relevant for other europium doped phosphors.

If the Eu ions are incorporated on two non-equivalent
crystallographic sites, one may expect IVCT between Eu*" and
Eu®" which will result in a change in emission color of the
phosphor, because the emission spectrum originating from the
4f°5d"-4f” parity-allowed transitions of Eu** is highly sensitive
to the local environment around Eu”*."** This kind of IVCT and
the accompanying change in luminescence has been reported
in Li,SrCa(SiOy),:Eu** by Shi et al.*? In Li,SrCa(Si0,),, there are
two crystallographic sites available for Eu substitution, a Sr**
site (CN = 10) with Cs symmetry in a coordination polyhedron of
distorted bicapped square antiprisms, and a Ca** site (CN = 6)
with C, symmetry in a smaller distorted octahedron (see Fig. S1,
ESIt)."* As reported in literature, Eu** ions prefer to occupy the
Sr** site (denoted as Eug>") resulting in blue emission, while
only a small fraction of Eu>" ions are incorporated on the Ca>*
site (denoted as Euc,>") resulting in orange emission.’®** Such
preferential site occupation is also consistent with the fact that
there is a smaller ionic radius difference between 10-
coordinated Eu*' (1.35 A) and Sr*" (1.36 A), than between 6-
coordinated Eu®" (1.17 A) and Ca*" (1.0 A).*® Shi et al. reported
that there is a substantial increase of Euc,>"-related orange
emission and a simultaneous small decrease of Eug,”'-related
blue emission if the sample is exposed to 330 nm illumination
at an elevated temperature of 227 °C."> Moreover they showed
that this optically induced change in luminescence is stable
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under repeated heating and cooling of the material, provided
that an equilibrium is reached under 330 nm illumination at
227 °C first. Based on these two properties it was claimed that
Li SrCa(SiO,),:Eu®" can be exploited for temperature sensing
based on the intensity ratio of the orange to blue emission
under 330 nm excitation because the intensity ratio increases
with temperature.'> However, the origin of this increase was
not discussed.'? Unfortunately, the presented emission spectra
for the temperature sensing are area-normalized, which
obscures the analysis of the thermal quenching behaviour of
Euc,”" orange emission under 330 nm excitation."?

However, following the work of Shi et al., the idea to apply
Li,SrCa(SiO,),:Eu*" for temperature sensing was adopted by Wu
et al. using the same intensity ratio method but under 363 nm
excitation.'® They also found that the orange to blue intensity ratio
increases with temperature, and the non-normalized emission
spectra at different temperatures clearly show the anti-thermal
quenching of Euc,”” orange emission, ie. an increase in
emission intensity with temperature. In this case, the anti-
thermal quenching was attributed to the temperature-
dependent energy transfer, but the optically-induced electron
transfer process, which also impacts the temperature-dependent
luminescence, was not discussed. Recently, Su et al. exploited the
luminescence properties of Li,SrCa(SiO,),:Eu”* for pressure sen-
sing based on the same intensity ratio method under excitation
with a 355 nm laser."”” Unfortunately, the influence of optically-
induced electron transfer process during the measurement was
not considered either."”

As a consequence, the effects of optical stimulation and
temperature on the luminescence changes in Li,SrCa(SiO,),:
Eu®" are still only poorly understood as the two processes that
affect it, i.e. energy transfer and electron transfer, have not yet
been considered simultaneously. Moreover, the irreversibility of
the charge transfer process reported by Shi et al is in stark
contrast to the behaviour of many other materials such as
persistent phosphors like Sr;Al;,0,5:Eu>*,Dy*", optically stimu-
lated or thermally stimulated dosimeters like SrAl,O,:Eu**,Sm**
or photochromic materials like CaF,:Eu®",Sm®" in which the
charge transfer between defects is usually reversible if the
material is heated to a sufficiently high temperature or exposed
to stimulation light with a suitable wavelength.>">'®'® Given
that the applicability of this phosphor as an optical thermo-
meter or pressure sensor highly depends on the stability of the
charge transfer state, it is highly desirable that these charge and
energy transfer processes are studied in more detail.

To study the electron transfer process responsible for the
reduction and oxidation of the Eu dopant in this system,
LisSry4,Ca;_,(Si04),:Eu** solid solutions were prepared. The
influence of illumination wavelength, illumination time, illumi-
nation sequence and the role of temperature on the charge
transfer between Eu®" and Eu®" were investigated in detail
through photoluminescence and reflectance spectroscopy. Ther-
mal quenching, thermally-assisted energy transfer and electron
transfer are all considered at different temperatures to get a
comprehensive understanding of the relevant processes at play
in these materials.
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Methods

LigSTo.00+xCa0.09_x(S5104)2:0.02Eu*" (x = —0.25, 0, 0.4) powders
were synthesized by a high-temperature solid-state reaction, using
high-purity Li,CO; (Alfa Aesar, 99.998%), Sr,COs (Sigma Aldrich,
99.9%), CaCO; (Sigma Aldrich, 99.0%), SiO, (Alfa Aesar, 99.5%)
and Eu,0; (Alfa Aesar, 99.95%) as precursors. Stoichiometric
mixtures of the precursors were weighed and ground and then
precalcined at 700 °C in air for 6 h and finally fired at 920 °C for 6 h
in a tube furnace under a flow of forming gas (10% H,, 90% N,).
Then the product was naturally cooled to room temperature and
slightly re-ground for further characterizations. A Li,Sry g97s.
Cap.9975(S104):0.005Eu*" sample with a lower doping concen-
tration was also prepared by the same procedure. In addition,
firing in air atmosphere, instead of a reducing atmosphere, was
applied to prepare Eu** doped Li,Srg.60Ca0,.06(Si04),:0.02Eu>" while
keeping other preparation conditions the same.

The phase purity was determined by X-ray diffraction (XRD)
using a Siemens D5000 diffractometer (40 kV, 40 mA) with Cu K,
radiation (4 = 0.154 nm). From XRD peaks, lattice parameters
were calculated using UnitCellWin software.”® Photolumines-
cence (PL) emission and excitation (PLE) spectra of the sample
were collected at room temperature using an Edinburgh
Instrument FS920 fluorescence spectrometer equipped with a
monochromated 450 W xenon arc lamp as excitation source.
Low-temperature PL/PLE measurements were done inside a cryostat
(Oxford Instruments Optistat CF). All spectra were corrected for
detector response. To investigate the wavelength-dependent
electron transfer, efficiency spectra for electron transfer are esti-
mated by comparing the change of orange emission intensity
before and after the illumination with the same number of incident
photons with a certain wavelength. The efficiency of this process in
the range of 300-430 nm for LisSty.001xCa.99—x(Si04)::0.02Eu”" (x =
—0.25) was recorded using the monochromated xenon arc
lamp from the FS920 spectrometer as the illumination source
of different wavelengths. The same setup was used to record
emission spectra upon excitation at 420 nm. The efficiency of the
process in the range of 410-570 nm for Li,Sry99+xCag.o0_x
(Si04),:0.02Eu*>" (x = 0.4) or 330 nm illuminated Li,Sreo:y.
Cag.oo_»(Si04),:0.02Eu*" (x = —0.25), was measured in a setup,
having a wavelength-tunable OPO laser (Ekspla NT340), shutters,
and a fiber-based detection (QE65000 spectrometer, Ocean Optics)
of the emission spectra under 420 nm LED excitation. The intensity
of the illumination light at the different wavelengths originating
from the monochromated xenon arc lamp and the OPO laser was
measured with a thermal power sensor (S401C, Thorlabs) and a
pyroelectric energy sensor (ES220C, Thorlabs), respectively, to
correct for the differences in illumination intensity. Measurements
of the reflectance at 420 nm accompanied with recording the PL
spectrum as a function of 365 nm LED illumination time under
excitation with 365 nm LED or 420 nm LED, were performed
in an experimental setup schematically depicted in Fig. S2
(ESIT), having two LEDs, two shutters and two spectrometers
(QE65000, and AvaSpec-HERO, Avantes). Temperature-dependent PL
under 365 nm or 420 nm LED excitation, were measured with a
Linkam THMS600 temperature-controlled stage (60 °C min~") and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fiber-based detection setup. To minimize the effect of electron
transfer resulted from excitation LED during temperature-
dependent PL measurement, the shutter for the excitation LED
was open only when necessary.

Results and discussion

To investigate the composition-dependent and concentration-
dependent electron and energy transfer processes, LisSrogox
Cag.00_x(Si04),:0.02Eu™" (x = —0.25, 0, 0.4) and Li,STo.0675Ca0.0975
(Si0,),:0.005Eu*" were prepared under a reducing atmosphere.
Hereinafter, these compositions will be abbreviated as Ca-rich:
0.02Eu, Ca-Sr:0.02Eu, Sr-rich:0.02Eu, and Ca-Sr:0.005Eu,
respectively. Other compositions with x outside the range of
—0.25 to 0.4 could not be synthesized as impurity phases
appear.’® In addition, LisSroeoCag.00(Si04);:0.02Eu®" (abbre-
viated as Ca-Sr:0.02Eu (air)) was prepared in an air atmosphere
to investigate the Eu®*" photoluminescence. As shown in Fig. 1a,
the XRD patterns of all samples match well with the standard
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pattern of Li,SrCa(SiO,), (JCPDS 83-0763). The corresponding
lattice parameters increase with the Sr-content due to the larger
ionic radius of Sr** than Ca®" (Fig. 1b).

When prepared in air, Eu is incorporated in its trivalent
oxidation state and low-temperature PL and PLE measurements
allow to differentiate between Eu®" ions incorporated on the two
available sites (Fig. 2). Here Euc,”" gives rise to a prominent
emission at 588.5 nm originating from the D, — “F; transition
when excited by 250 nm, while an intense *D, — “F, emission
can be observed at 692.5 nm under 280 nm excitation which can
be ascribed to Eug,>".***"?? Such a difference in Eu®" lumines-
cence is due to the difference in site symmetry, i.e. C, symmetry
for Ca®" site and C, symmetry for Sr** site.> When a reducing
atmosphere is used during the synthesis, two broad emission
bands are observed in Ca-Sr:0.02Eu, each with a distinct excita-
tion spectrum (Fig. 3a). Following the assignments by Shi et al.,
the blue emission, peaking at 433 nm, is due to Eug,”'while the
orange emission, peaking at 589 nm originates from Euc,>". The
coexistence of both emission bands is better visualized in
Fig. 3b under 365 nm excitation, a wavelength which
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Fig. 1

(a) XRD patterns of all samples and the reference pattern of Li,SrCa(SiO4), (JCPDS 83-0763). (b) The lattice parameters extracted from the XRD

patterns for the samples prepared under a reducing atmosphere with 0.02Eu concentration.
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Fig. 2 Normalized PL and PLE spectra (at —196 °C) of the Ca-Sr:0.02Eu (air) for (a) Euc,>" sites (Aem= 588.5 nM; ey = 250.0 nm) and (b) Eug,>* sites (lem=

692.5 nm; Aoy = 280.0 nm).
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Fig. 3 (a) Normalized PL (—) and PLE (---) spectra of the Ca-Sr:0.02Eu for the blue (lem= 450 NM; Zex = 330 Nm) and orange (lem= 589 NM; ey =

420 nm) emission centers. (b) PL of the Ca-Sr:0.02Eu before and after 365 nm LED illumination under the excitation of the same LED. The inset shows the
change of blue and orange emission intensities as a function of illumination time (pristine is taken at t = O s, while the final state is for t = 12000 s).

predominantly excites Eug,>". However, if we change the host
composition to Ca-rich:0.02Eu, the orange emission is absent in
the as-synthesized sample under 365 nm excitation and only the
blue emission band is observed (Fig. 4a). On the contrary, in as-
synthesized Sr-rich:0.02Eu, a pronounced orange emission band
appears, even under 330 nm excitation which favors the excitation
of the blue-emitting centers much more than the orange-emitting
centers (Fig. 4b)." It hence appears that increasing the Ca-content
suppresses the formation of orange-emitting Euc,>" centers during
synthesis while an increase of Sr-content results in an increased
formation of Eug,>" centers.'*

The intensity of the two emission bands in Ca-Sr:0.02Eu
exhibits a strong variation under continuous 365 nm excitation
(3.8 mW cm 2, inset of Fig. 3b). After 12 000 s of irradiation the
intensities stabilize. The blue emission intensity has then
decreased by roughly 50% while the orange emission intensity
has increased dramatically by 380%. A similar evolution of the
Eu®" luminescence in Li4SrCa(SiO,),:Eu®" has been reported by
Shi et al. under illumination with 330 nm light at the elevated
temperature of 227 °C, but they claimed that there is no
detectable luminescence change when applying the same illu-
mination at room temperature."> In contrast, here we demonstrate
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that a similar effect can be achieved at room temperature even
under illumination with lower energy photons. After the illumina-
tion is ended, the change is spontaneously reversed albeit relatively
slowly at room temperature (Fig. S3, ESIT). If the material is heated
to 200 °C, this reverse process can be accelerated (Fig. S3, ESIt).
Both observations contradict the results by Shi et al'> One might
argue that this is due to the different temperature at which the
samples were illuminated. Hence the sample was exposed to
365 nm (2.8 mW cm2) at 227 °C for 20 min to induce the creation
of Euc,”" centers and then kept at room temperature (60 min), 80 °C
(30 min) and 200 °C (20 min). As shown in Fig. S4 (ESIT) also in this
case the induced luminescence change is unstable.

This behaviour is also observed in Ca-rich:0.02Eu and Sr-
rich0.02Eu samples, as will be shown later. This behaviour is
very similar to what is encountered in many other inorganic
luminescent or photochromic materials, such as CaF,:Eu®",
Sm*", SrAl,OgzEu®,Sm*" and Sr,Al40,5:Eu®",Dy**.>'®'° In
accordance with the widely accepted mechanisms in these
materials, we propose a similar charge transfer process to
explain the luminescence evolution:

Eusr2+ + Euca3+ - Eusr3+ + EuCaZ+

1)

(b)
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(a) PLE (---) and PL (—) of as-synthesized Ca-rich:0.02Eu (blue lines, Zem= 450 NM; Jex = 365 nm) and of Ca-rich:0.02Eu after 330 nm illumination

(orange lines, Zem= 589 nm; iex = 420 nm). Electron transfer efficiency spectra for forward (orange spheres) and backward (blue spheres) electron
transfer. (b) PLE (---) and PL (=) of as-synthesized Sr-rich:0.02Eu for the blue (lem= 450 NM; Aex = 330 Nm) and orange (lem= 589 NM; dex = 420 nm)
emission centers, and the efficiency spectrum for backward electron transfer (blue spheres).
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To study the mechanism behind the optically induced
forward (from left to right in eqn (1)) or backward (from right
to left in eqn (1)) charge transfer, the pristine Ca-rich:0.02Eu
sample was exposed to light with different wavelengths but equal
integrated intensities. The changes in Euc,”" concentration were
monitored by recording the orange emission intensity under
420 nm excitation. Note that prior to the measurement for the
backward charge transfer in Ca-rich:0.02Eu, the sample was
illuminated by 330 nm for a sufficiently long time to maximize
the concentration of Euc,>" ions as almost no Eug,”" centers are
present in the as-synthesized material. As shown in Fig. 4a, the
efficiency spectra for forward and backward charge transfer in
Ca-rich:0.02Eu almost perfectly coincide with the PLE spectra of
the involved divalent europium ions. Small discrepancies in the
range of 340-370 nm can most likely be attributed to the overlap
between the PLE of Euc,>" and Eug,>* which results in a competi-
tion between the two opposite directions of the reaction in
eqn (1). This result indicates that the reaction in eqn (1) can be
initiated in both directions through excitation of the involved
divalent lanthanide ion. Similar results are obtained for the Sr-
rich:0.02Eu (Fig. 4b) where the charge transfer efficiency spec-
trum for backward charge transfer coincides with the PLE of
Euc,”" as well, suggesting the charge transfer can be achieved by
exciting Euc,”'. The efficiency spectrum corresponding to the
forward charge transfer of Sr-rich:0.02Eu is not measured, since
the existing high concentration Euc,”" centers dramatically
affects the recorded efficiency spectrum making it impossible
to extract reliable information from the result. It should be
emphasised that for the Srrich:0.02Eu most Euc,>" centers
already exist in the as-synthesized sample, whereas for the Ca-
rich:0.02Eu sample most of the Euc,>t centers are obtained by
illumination. It can thus not a priori be assumed that both will
behave in exactly the same way.

It is now clear that it is possible to change the ratio of blue to
orange emission intensity in the as-synthesized materials by
changing the composition of the host matrix. Naturally also the
optically induced photoreduction and oxidation of the Eu ions
are affected by the change in composition. If the as-synthesized
samples are exposed to 330 nm light (Fig. 5a), thereby almost
exclusively exciting the Eus,>", the blue emission intensity
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decreases and simultaneously the orange emission increases
in all compositions. This indicates that the reaction in eqn (1)
proceeds in the forward direction, as expected. If the samples
are subsequently exposed to 420 nm light which exclusively
excites the Euc,”" centers, the changes are reversed indicating
the reaction in eqn (1) proceeds in the backward direction.

If the sequence of illumination is changed (Fig. 5b), the
situation is slightly more complicated. For the as-synthesized Ca-
rich:0.02Eu and Ca-Sr:0.02Eu samples, illumination with 420 nm
again induces an electron transfer from Euc,”" to Eug,>* although
the changes are small due to the relatively small concentration of
Euc,”*. However, in the Srrich:0.02Eu sample the decrease in
orange emission intensity is not accompanied by an increase in
blue emission. This can be understood by considering that the
reaction in eqn (1) can only occur in the backward direction if
there are sufficient Eug;>*. The existence of a large fraction of Eu**
in Li,SrCa(Si0,),:Eu”" has previously been confirmed using X-ray
absorption near-edge structure measurement, however, site-
selective PL spectroscopy suggested a preferential occupation of
Eu®" on Ca®' sites in Li SrCa(SiO,),:Eu®"."*"* In addition, Zhang
et al. has reported the presence of narrow Eu** emission at 589 and
611 nm in Liy;Cag ¢Sty 16(Si04),:0.04Eu*", which can be ascribed to
Eug,”" according to our previous analysis in Fig. 2."* Also here only
emission related to Euc,>' could be identified in the as-synthesized
Sr-rich:0.02Eu (Fig. S5, ESIt). This suggest that the redox reaction in
eqn (1) cannot proceed in the backward direction due to a shortage
of Eug’' centers in the as-synthesized Srrich:0.02Eu. Hence,
another defect acts as an electron trapping center. Unfortunately,
the chemical nature of this defect remains unknown at the
moment. We also evaluated the repeatability of electron transfer
process by alternating 330 nm and 420 nm illumination for multiple
cycles, and the variations of orange emission shown in Fig. S6 (ESIT)
convince us that electron transfer process is optically reversible with
good repeatability for all the samples.

For the sake of completeness, the behaviour of all samples under
illumination with 365 nm LED (7.93 mW cm ), close to the
wavelength of 363 nm employed by Wu et al., was also investigated
(Fig. 6a and b).'® At this wavelength both sites are excited with a
comparable efficiency (Fig. 3 and 4). Hence, the direction in which
the reaction in eqn (1) will proceed will be determined by the initial
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330 nm for sufficiently long time, until saturation.
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concentrations of Eug”" and Euc,”" centers in the as-synthesized
samples and will result in a decrease of the most abundant species.
In the Ca-rich:0.02Eu and Ca-Sr:0.02Eu samples, illumination with
365 nm light will mainly excite Eug>" centers and hence the
behaviour is similar to that under exposure to 330 nm light. In
contrast, in the Sr-rich:0.02Eu sample mostly Euc,”* centers will be
excited and hence the behaviour is similar to that encountered
under illumination with 420 nm light.

Apart from varying compositions also the influence of doping
concentration was investigated (Fig. 6¢c and d) by comparing the
photoredox processes for Ca-Sr:0.005Eu and Ca-Sr:0.02Eu. The
increase of both orange emission intensity and the absorption at
420 nm (Fig. S7b, ESI}) are much more evident in Ca-Sr:0.02Eu than
in Ca-Sr:0.005Eu. Therefore, it is safe to conclude that a higher
doping concentration leads to the formation of more Eug,”* centers
when the same 365 nm illumination process is applied. This
concentration dependency might also offer an explanation why
Shi et al did not observe any charge transfer under 330 nm
illumination at room temperature as the doping concentration in
their sample is 60% lower than the concentration used here."
However, the intensity of the illumination light might also play a
role since a high power 365 nm LED was used in our case while they
only used monochromated 330 nm from Xe lamp."

To construct a more detailed picture of electron transfer,
and to facilitate the analysis of the following thermal quenching
(TQ) behaviour, the effect of temperature on the photo-redox
efficiency was investigated (Fig. 7 and Fig. S8, ESIt). After
365 nm (2.8 mW cm ?) illumination at 227 °C, the orange
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emission of Ca-Sr:0.02Eu significantly increased by a factor of
8.6 (Fig. 7a), while the same illumination at room temperature only
resulted in an increase by a factor of two (Fig. 7a), thus confirming
a strong temperature dependency of the forward electron transfer
in eqn (1). To test the thermal activation of the backward charge
transfer, the Ca-Sr:0.02Eu sample was first illuminated with
365 nm LED for 40 min at room temperature to maximize the
orange emission intensity and then kept in the dark at room
temperature for another 40 min to minimize the effects of fading
after which the sample was subjected to three different treatments.
If the sample was exposed to 490 nm light (21 mW cm™?) for 3.5
min at room temperature, the orange emission decreased by only
6.6% (Fig. 7b). If this illumination was carried out at 227 °C, the
decrease in orange emission intensity amounted to 25.9% (Fig. 7b)
whereas only a decrease of 14.8% (Fig. 7b) was obtained if the
sample was kept at 227 °C without any illumination. Clearly the
change upon illumination at an elevated temperature is substan-
tially larger than the sum of the two separate processes, ie.
illumination at room temperature or an elevated temperature
without illumination, thereby confirming the existence of thermal
activation of the backward charge transfer. However, the effect is
much smaller compared to the forward charge transfer. The
temperature dependency of electron transfer, as we have shown
above, is similar to what has been observed in some persistent
phosphors where there is a thermal barrier for charge trapping, for
example in Sr,MgSi,0,:Eu*",Dy*" or in SrAl,0,Eu*",Dy**.>* >
The TQ profiles (Fig. 8) for all samples were recorded under
excitation with 365 nm light (exciting both orange and blue
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Fig. 6 Variation of blue (blue lines) and orange (orange lines) emissions over time under continuous 365 nm illumination using 365 nm light (a) and (c) or

420 nm light (b) and (d) to excite the luminescence in different samples.
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(a) The orange emission spectra (lex = 420 nm, all recorded at 25 °C) of Ca-Sr:0.02Eu in as-prepared state (solid curve), and after illumination

(365 nm LED, 2 min) at 25 °C or at 227 °C separately. (b) Ca-Sr:0.02Eu was firstly illuminated with 365 nm LED (40 min, 25 °C) and then kept in dark (40
min, 25 °C). The emission spectra (lex = 420 nm, 25 °C) of this treated state (solid curve), and the state with additional treatment by illumination (490 nm
LED, 3.5 min, 25 °C) or annealing (3.5 min, 227 °C), or illumination at high temperature (490 nm LED, 3.5 min, 227 °C) separately.

emission) and 420 nm light (exciting only the orange emission,
Fig. 8f) while heating at a rate of 60 °C min~". The corresponding
emission spectra are shown in Fig. S9 and S10 (ESIt). The TQ
profiles of the blue emission recorded under 365 nm excitation
show a conventional behaviour with a quenching temperature 7y 5
of 160 °C for Ca-rich:0.02Eu, Ca-Sr:0.005Eu and Ca-Sr:0.02Eu and a
slightly lower temperature of only 148 °C for Srrich:0.02Eu. In
contrast, the orange emission intensity under 365 nm excitation
increases with temperature for all samples except for Sr-rich:0.02Eu.
This unusual anti-thermal quenching behaviour is a consequence of

(a) (c)

temperature-dependent energy transfer from the blue-emitting
Eug,”" centres to the orange-emitting Euc,”* centres in combination
with an increase of Euc,”* centers due to the photoinduced charge
transfer upon 365 nm excitation. The latter can be attributed to the
forward electron transfer shown in eqn (1), which is inevitable,
especially at elevated temperatures where the process proceeds with
a higher efficiency as shown in Fig. 7a. The contribution of the
charge transfer to the increase in intensity was quantified by
measuring the orange and blue emission intensities after cooling
down to room temperature again.
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Fig. 8 Thermal quenching profiles of blue emission (blue curves) and orange emission (orange curves) in Ca-rich:0.02Eu (a), Ca-Sr:0.02Eu (b),
Sr-rich:0.02Eu (c), Ca-Sr:0.005Eu (d) recorded under 365 nm LED excitation while heating at a rate of 60 °C min~2. The results for the blue emission are
summarized in (e). (f) Thermal quenching profiles of orange emission recorded under 420 nm LED excitation while heating at a rate of 60 °C min~%.
Ca-rich:0.02Eu in (f) was pre-illuminated by 365 nm LED for 1.5 h and then kept in the dark at room temperature for 1.5 h because there is no orange
emission in the as-synthesized material. The emission intensity after cooling back to 25 °C (without illumination during cooldown) was also recorded and
is shown using the symbol in each figure.
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However, the optically-induced electron transfer only contributes
to a small extent to such anti-thermal quenching of Euc,”* under
365 nm excitation shown in Fig. 8a, b and d. This can be
substantiated by considering the situation of Ca-rich:0.02Eu in
Fig. 8a as an example. If the TQ is recorded under excitation with
420 nm light (Fig. 8f), thereby only exciting the orange emission, the
intensity decreases to 33% of the original intensity when heated to
250 °C. After the sample is cooled down (without illumination) to
25 °C it can be observed that the orange emission intensity has
dropped to 71% of the intensity recorded prior to the TQ measure-
ment indicating that the concentration of Euc,”" centres has
decreased due to the illumination with 420 nm at an elevated
temperature. Assuming a linear decrease in concentration dur-
ing the measurement, the TQ profile can be corrected to isolate
the actual quenching behaviour of the orange emission centre
as shown in Fig. S11 (ESIt). This information can subsequently
be used to correct the TQ curve recorded under 365 nm excita-
tion (Fig. S11, ESIt) for the quenching of the orange emission
centre. It can then be seen that the orange emission intensity
doubles when heating to 250 °C while the Euc,>* concentration
increases by only 19% as a consequence of the illumination with
365 nm light as evidenced by a PL measurement at 25 °C after the
TQ measurement. Hence it can safely be concluded that the electron
transfer only slightly contributes to the anti-thermal quenching of
Euc,”, and that thermally-assisted energy transfer is the driving
force for the increase in intensity with temperature. A similar
reasoning holds for Ca-Sr:0.02Eu and Ca-Sr:0.005Eu. The different
behaviour of the Sr-rich:0.02Eu sample (Fig. 8c) can be understood
by considering that the relatively low concentration of Eug,>* centers
minimizes both the energy transfer and the charge transfer mechan-
isms that dominate in the other samples.

At the same time, the energy transfer is rather limited at
room temperature even though there is an overlap between the
PLE spectrum of Euc,>* and the PL spectrum of Eug,>*. This can
be deduced as follows. In Fig. 5, the numbers of Euc,>" centres
and Eug,”>" centers change considerably during 330 nm/420 nm
illumination, which will definitely alter the ratio of energy
donors (Eus;”") to energy acceptors (Euc,>'). This then conse-
quently changes the contribution of energy transfer for orange
emission under 365 nm excitation. However, if 420 nm light is
used to exclusively excite Eug,>" centers during the same
illumination process, the obtained orange emission intensity
variations (Fig. S12, ESIt) are almost the same as the results
shown in Fig. 5, thus confirming the limited energy transfer
between Eug,>" and Euc,”" at room temperature. However, with
increasing temperature the energy transfer is greatly enhanced,
which leads to the unusual thermal behavior of Euc,>" shown
in Fig. 8. Energy transfer between non-equivalent Eu*" ions is a
very common phenomenon for the phosphors in which Eu** is
incorporated on non-equivalent sites, such as in SrAl,O,:Eu®",
Sr,4Al140,5:Eu*", Sr5(PO,);_.(BO3)CLEU>" (x = 0-0.7), CagBaP,0;:
Eu®*, RbBaPO:Eu*", Sr58i0,Clg:Eu”’, Ba,Gd;Nas(PO4)eF,:Eu*" 2>
33 However, the detailed investigation of the temperature depen-
dency of such energy transfer is very scarce. In the case of
Li,Sr.,Ca;_,(Si0,),:Eu, there are two possible explanations for
the temperature dependency of the energy transfer. A first
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possibility is an increased spectral overlap between the
Eus,>'emission and Euc,>' absorption bands due to thermal
broadening.?”*#*¢ Secondly, it is possible that higher tempera-
tures promote the excitation energy migration from one Eug>" ion
to another which is finally followed by energy transfer to a Eug,”"
ion.**® This type of diffusion-limited energy migration can result
in a similar temperature dependency. However, based on the
available data, it is not possible to differentiate between these two
possibilities. Usually, the energy transfer process is concentration
dependent.*® By comparing the TQ curves of Ca-Sr:0.02Eu and Ca-
Sr:0.005Eu, which differ only in doping concentration (Fig. 8b and
d), it can be seen that this concentration dependency is also
demonstrated here as the orange emission intensity increases more
at high temperature if the dopant concentration is increased. All in
all, the results shown in Fig. 8 demonstrate how the excitation
wavelength, the host composition and the doping concentration of
Eu impact the thermal behaviour of Eu”" orange emission from the
perspective of thermally-activated characteristic of both electron
transfer and energy transfer, which might be instructive to develop
so-called zero- or anti-thermal quenching phosphors.®*™**

Conclusion

A series of Eu*" doped Li,Sry,,Ca;_(Si0y4), (x = —0.25, 0, 0.4) with
blue-emitting Eug,>" and orange-emitting Euc,”* were prepared. By
varying the relative contents of Sr and Ca, the occupation pre-
ference of Eu** on Sr** and Ca®" sites can be regulated, thus the
emission colour can be tuned. Moreover, illumination at different
wavelengths, which induces reversible electron transfers between
Eu”* and Eu®", is also effective in changing the emission spectra of
the as-prepared samples in a desired way. Based on the electron
transfer efficiency spectra it can be concluded that the electron
transfer from Eug.”* to Euc,®" can be initiated by exciting Eug.”",
while the reverse process can be initiated by exciting Euc,”*. Both
these processes are temperature-dependent, according to the
performed temperature-dependent illumination experiments.
Unusual thermal quenching of orange emission was observed in
Ca-rich:0.02Eu, Ca-Sr:0.02Eu and Ca-Sr:0.005Eu samples under
365 nm LED excitation. This can be explained mainly by
thermally-assisted energy transfer from Eug”" to Eug,>"
Thermally-assisted electron transfer from Eug”" to Eug,”" also
contributes to such behaviour, but to a lesser extent. Such uncom-
mon thermal quenching was not observed in Sr-rich:0.02Eu due to
the lack of Eug.>". The concentration dependency of the electron
transfer is also confirmed by comparing the illumination response
of Ca-Sr:0.02Eu and Ca-Sr:0.005Eu. Cycling measurements by
alternatively inducing forward and backward electron transfer
suggest good repeatability of the electron transfer behaviour. Overall
it can be concluded that the photo-induced and temperature-
dependent luminescence changes in LisSri.,Ca; ,(SiO4),:Eu
result in a complicated behaviour which should be carefully
considered before proposing the use of this phosphor in tem-
perature and pressure sensing applications. Finally, such an
electron transfer process may not be limited to Eu>* and Eu®* in
inequivalent sites, similar processes between Sm>" and Sm*"
probably occur in Li,Sr;.,Ca; _,(SiO,), as well.
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