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Site-Engineering for Controlling Multiple-Excitation
and Emission in Eu?*-Activated CaSrSiO, Phosphors

in Marine Fisheries

Shuifu Liu, Dawei Wen, Rongkai Du, Chunyan Jiang, Jun Chen, Junhao Li, Lei Zhou,*

Maxim S. Molokeev, and Mingmei Wu*

1. Introduction

Artificial light fishing technology has been used in marine fisheries for

thousands of years. The light source with multi-color adjustable output is
expected to become a new generation of fish-attracting lamps. Herein, a

new method of crystal-site engineering through reducing atmospheres is
proposed for the development of Eu?* doped single-phase phosphor with
multi-excitation and multi-emission properties. Following this approach,

the distribution ratio of Eu* at Ca?* and Sr?* sites in CaSrSiO, (CSO) can

be modulated. Importantly, Eu?* at both lattice sites exhibit non-interfering
optical properties, CSO:Eu?* phosphor realizes multi-color output from green
to yellow and then to red when Eu?* occupies the Sr** and Ca?* sites in a
relatively balanced ratio. Benefitting from the tunable color range covering the
spectral sensitivity regions of most marine fishes, this phosphor may eventu-

ally be applied in futuristic innovative fish-attracting lamps.

S. Liu, R. Du, C. Jiang, ). Chen, L. Zhou, M. Wu

School of Marine Sciences/School of Chemical Engineering
and Technology/School of Chemistry

Sun Yat-sen University

519082/Guangzhou, Zhuhai 510006, P. R. China

E-mail: zhoul8@mail.sysu.edu.cn; ceswmm@mail.sysu.edu.cn
D. Wen

School of Applied Physics and Materials

WuYi University

Jiangmen 529020, P. R. China

J. Li

Guangdong Province Key Laboratory of Rare Earth Development
and Application, Institute of Rare Metals

Guangdong Academy of Sciences

Guangzhou 510651, P. R. China

M. S. Molokeev

Laboratory of Crystal Physics

Kirensky Institute of Physics Federal Research Center KSC SB RAS
660036 Krasnoyarsk, Russia

M. S. Molokeev

Department of Engineering Physics and Radioelectronics
Siberian Federal University

660041 Krasnoyarsk, Russia

M. S. Molokeev

Department of Physics

Far Eastern State Transport University

680021 Khabarovsk, Russia

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.202203151.

DOI: 10.1002/adom.202203151

Adv. Optical Mater. 2023, 11, 2203151

2203151 (1 of 8)

The trapping of fish at night with artificial
light according to the phototropism of fish
is an important technique in marine fishing,
which has been employed for thousands
of years!! Initially humans discovered
that torches could be used to illuminate
fishing work at night while simultaneously
attracting fish. Subsequently, fishing with
light has emerged as an advanced and effi-
cient industrial approach to catching com-
mercially important fish species. With the
development of society and technology, fish-
attracting lamps have undergone a process
of renewal from paraffin lamps, tungsten
strip lamps, metal halide lamps, and incan-
descent lamps to light-emitting diode (LED)
lamps. At present, white LEDs have become the mainstream
fish-attracting lamp light source owing to their low energy con-
sumption, long operating lifetime and environmental friendli-
ness, etc.l3l However, there are differences in the phototropism of
the various species of fish to light. For example, squid, pointhead
flounder, and masked greenling are sensitive to green, yellow, and
red light, respectively.! Therefore, traditional white light sources
are not the best option for fish-attracting lamps, as the redundant
spectral components of white light sources will result in energy
loss and may scare fish. Alternatively, fish-attracting lamps with
color-adjustable output depending on the target fish species have
the advantage of being more targeted and more energy-saving."!
Unfortunately, the development of such fish-attracting lamps is
still a challenge.

It is well known that the phosphor, as an important compo-
nent part of the LED device, determines the light color output
of the LED device. Single-phase phosphors with multi-excita-
tion and emission properties are ideal candidates for the con-
struction of futuristic innovative fish-attracting lamps with tun-
able light color output. At present, the development of single-
phase phosphors with multi-excitation and emission properties
is generally based on a combination of multiple dopants.l®
Although this method is simple and effective, single-phase
phosphors doped with multiple dopants are often accompanied
by low efficiency and poor color stability.”! In contrast, a single-
phase phosphor with a single activator that can be multi-color
tunable output is a more ideal option due to its more promi-
nent color stability as well as higher efficiency.
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Among the numerous activating ions, such as lanthanide
ions and transition metal ions,’®! Eu?* may be a more desirable
activating ion for the development of single-phase phosphors
with multi-excitation and emission properties. Eu?* is typical
of the 4f-5d transitions, which are characterized by high lumi-
nescence efficiency and sensitivity to the local structural envi-
ronment.’) The luminescence of Eu?* covers the entire visible
region and even extends to the NIR region.l%l Theoretically,
Eu?* occupying lattice sites in different coordination environ-
ments possess different excitation and emission character-
istics, thus, have the potential to enable multi-excitation and
emission of a single-phase phosphor. Nevertheless, owing to
factors such as ionic radius, chemical valence, and polyhedral
size, Bu?* is usually preferentially occupied in a more suitable
site, leading to phosphors exhibiting fixed-emitting color char-
acteristics."l In recent years, it has been reported that some
crystal-site engineering methods can well regulate the distribu-
tion of Eu?" on multiple cationic sites in the matrix lattice.l?
However, even though Eu?' is simultaneously distributed in
more than one site with different local coordination environ-
ments, the similar coordination environment and the interac-
tions between Eu?' in these sites, such as energy transfer, will
lead to a significant overlap of the excitation spectra, and limits
the tunable range of light colors.'®l Therefore, the design of
single-phase phosphors doped with a single activating ion
with multi-excitation and multi-emission properties requires a
rational regulation of the distribution of Eu®* in different cati-
onic sites. Simultaneously, the Eu®* distributed on these sites
should have optical properties that do not interfere with each
other.

Herein, we present a crystal-site engineering method
to develop Eu?" activated single-phase phosphor with
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multi-excitation and emission characteristics. Our strategy
breaks the tendency of Eu?* to preferentially occupy suitable
sites and induces Eu?" into the disliked sites by simply reducing
atmosphere modification. Eu?" is designed with a suitable ratio
to enter two sites with different coordination environments.
Due to the non-interfering luminescent properties of Eu?*
at these sites, CSO:Eu?" phosphors featuring a wide range of
multicolor tunable output by manipulating the excitation wave-
length are achieved. The tunable range of light colors covers the
spectrally sensitive range of most marine economic fish, which
means that CSO:Eu?" phosphors prepared by this method have
great potential for application in fish-attracting lamps. The
mechanism behind reducing atmosphere-related luminescence
tunability is revealed by experimental analysis and DFT calcula-
tion. The results suggest that Eu** plays an important role in
the crystal site engineering of Eu?" in CSO. This work not only
proposes a peculiar site-selective modulation method that is
valuable for phosphor design but also points to a new applica-
tion direction for phosphors.

2. Results and Discussion

In this work, o/L-CaSrSiO, (¢o/L-CSO) is selected as the host
material for the synthesis of Eu?* doped phosphors. ¢/L-CSO
belongs to the orthorhombic crystal structure with a space
group of Pna2,* Figure la shows the crystal structure of
o/L-CSO. There are three kinds of Sr (Srl, Sr2, and Sr3) and Ca
(Cal, Ca2, and Ca3) sites in the o/L-CSO, respectively. All of the
Sr is surrounded by ten O atoms to form SrO,, polyhedrons,
and these polyhedrons are interconnected by vertex- and
face-sharing with the SiO, tetrahedra (Figure S1, Supporting
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Figure 1. a) Crystal structure of CSO and the coordination polyhedrons of Sr and Ca. b) Calculated energy band structure of CSO. ¢) PLE and PL spectra
of CSO-HH and CSO-CC. The insets show the digital photographs of CSO-HH and CSO-CC under UV and blue light excitation, respectively. d) PL
spectra of CSO-HH, CSO-CH, and CSO-CC under 420 nm excitation. €) Gaussian fitting PL spectrum of CSO-CC.
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Information). Three kinds of CaOg polyhedrons formed by linking
with eight O atoms are connected to each other in the form of
shared vertices and faces. SrOyy and CaOg polyhedrons are associ-
ated with each other by means of shared vertices or faces.

CSO:Eu?* phosphors were prepared under three different
reducing atmospheric conditions; the detailed experimental
procedure is described in the section “Materials and Synthesis”
in the Supporting Information and is graphically illustrated in
Figure S2, Supporting Information. The sample prepared under
hydrogen atmosphere and with subsequent re-sintering under
hydrogen atmosphere is denoted as CSO-HH, while those pre-
pared under thermal-carbon atmosphere and with subsequent
re-sintering under hydrogen and thermal-carbon atmosphere
respectively are denoted as CSO-CH and CSO-CC, respec-
tively. To characterize the structure of the synthesized samples,
o/L-CSO (ICDD #01-072-2260) was taken as the initial structure
model for Rietveld refinement using TOPAS 4.2 (Figure S3,
Supporting Information). The relevant Rietveld refinement data
are listed in Table S1, Supporting Information. Refinements
were stable and gave low R-factors, showing the credibility of
the results. The microscopic morphology and elemental distri-
bution of the synthesized samples were characterized by SEM
and EDS (Figure S4a, Supporting Information). The sample
powder exhibits a smooth surface and particle size of around
10 pm. In addition, EDS mapping images reveal a homoge-
neous distribution of elements in the samples. The fine struc-
ture and crystallinity properties of CSO:Eu?* phosphors are fur-
ther characterized via a high-resolution transmission electron
microscopy (HRTEM) as shown in Figure S4b, Supporting
Information. The HRTEM image shows clear and continuous
lattice fringes with d-spacings of 0.2550 and 0.3222 nm, corre-
lating well with the (331) and (321) lattice planes of ¢/L-CSO,
respectively.

The band-gap structure of ¢/L-CSO has been calculated via
the density functional theory (DFT) calculation (Figure 1b). The
band gap value for o/L-CSO is calculated to be around 76 eV.
The band structure and atomic orbital contributions in the
valence and conduction bands are also revealed by the total and
partial density of states (Figure S5, Supporting Information).
Further, the host exciton absorption band of the ¢/L-CSO is
detected by synchrotron vacuum ultraviolet-ultraviolet (VUV-
UV) excitation spectrum, as displayed in Figure S6, Supporting
Information. The asymmetric band with the maximum peak at
around 170 nm (7.3 eV) originates from the host exciton absorp-
tion. Taking into account the electron-hole binding energy
of the exciton, the band gap of ¢/L-CSO can be estimated as
1.08 x 73 =79 eV.’l The experimental band gap values are close to
the theoretically calculated values (76 eV). This result implies that
o/L-CSO is a suitable host material for phosphors to accommodate
the ground and excited states of Eu?" in its wide band gap.

Different luminescence in CSO:Eu?* is found in the different
reducing atmospheres. The insets of Figure 1c display that
CSO-HH and CSO-CC phosphors present green and red colors
under near-ultraviolet (about 365 nm) and blue (about 450 nm)
light excitation, respectively. The normalized photoluminescence
excitation (PLE) and photoluminescence emission (PL) spectra
of CSO-HH and CSO-CC are presented in Figure 1c. CSO-HH
shows green emission with the maximum emission peak at
514 nm under the excitation from 250 to 450 nm. Interestingly,
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CSO-CC mainly presents a red emission ranging from 550 to
800 nm with the strongest emission at around 637 nm under
465 nm excitation. In addition, CSO-HH can be detected with
faint red emission under 465 nm excitation and CSO-CC exhibits
weak green emission under 350 nm excitation (Figure S7,
Supporting Information). Previously it was reported that
CSO:Eu?" was a typical yellow-green emitting phosphor,i®
while, herein, its red-emitting potential has been successfully
activated (CSO-CC). This difference in luminescence character-
istics indicates that Eu?* is distributed to different cationic sites
(either Sr?* or Ca?"), corresponding to two types of luminous
centers. Figure 1d shows the emission spectra of CSO-HH,
CSO-CH, and CSO-CC under 420 nm excitation. The emission
spectra profiles of the CSO:Eu?* synthesized under different
reducing atmospheres show significant differences. The spec-
trum of CSO-HH covers mainly the green light region, while
CSO-CH and CSO-CC are mainly concentrated in the red light
region. The red emission intensity of CSO-CC is higher than
that of CSO-CH, and the green emission intensity is weaker
than that of CSO-CH. Similar phenomena can be observed in
the emission spectra at other excitation wavelengths (Figure S8,
Supporting Information). Under 350 nm excitation, the inten-
sity of green emission varies as follows: CSO-HH > CSO-CH >
CSO-CC, while under 465 nm excitation, the intensity of
red emission shows the opposite trend. These spectral varia-
tions indicate that the distribution of Eu?* at lattice sites can be
modified by the reducing atmosphere. For o/L-CSO, the three
types of Sr?* sites have similar local coordination environments
due to the same coordination number (CN = 10) and similar
Sr-O bond lengths (Table S2, Supporting Information). Analo-
gously, the sites of the three types of Ca’* are roughly iden-
tical. The average bond length of Ca-O is shorter than that of
Sr-O (Table S2, Supporting Information), meanwhile, the Ca?*
(CN = 8) has a lower coordination number than Sr?* (CN = 10),
suggesting a stronger crystal field strength.l”] The Eu?* occu-
pying the Ca?* site suffers from a stronger crystal field splitting
effect, resulting in longer wavelength emission. Therefore, it is
concluded that the green emission originates from Eu?" occu-
pying the Sr?* site whereas the red emission from Eu?* at the
Ca?* site (Figure 1le).

To elucidate the origin of the different luminescence char-
acteristics of CSO:Eu?* phosphors, the distribution of Eu?* on
the cationic sites was investigated. The XRD patterns of the
CSO:Eu?" phosphors synthesized under different reducing
atmospheres are displayed in Figure 2a, all of them can be
indexed with the o/L-CSO phase. However, the strongest XRD
diffraction peaks of CSO-HH, CSO-CH, and CSO-CC are
shifted in different directions with respect to the strongest dif-
fraction peak of the pure o/L-CSO phase. From the viewpoint
of ionic radius, the radius of Eu?* (ry = 1.35 A, rg = 1.25 A) is
smaller than that of Sr** (rp = 1.36 A) and larger than that of
Ca’* (rg = 1.12 A). When Eu’* replaces larger Sr’** or smaller
Ca’*, the diffraction peaks will be shifted to higher or lower
angles due to the lattice contraction or expansion, respectively.
Therefore, these XRD results imply that there are variations
in the distribution of Eu?". For the hydrogen-reducing atmos-
phere (CSO-HH), Eu?* mainly occupies the Sr?* site, causing
the XRD diffraction peaks to be shifted to a higher 26 angle.
Yet in the thermal carbon-reducing atmosphere (CSO-CC), Eu?*
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Figure 2. a) XRD patterns of CSO:0.015Eu?" phosphors. The right inset is the magnified XRD patterns in the region of 32.2°-32.8°. b) PLE spectra
of CSO-CH monitored at 514 and 637 nm. c) Excitation wavelength-dependent PL spectra of CSO-CH. d) CIE chromaticity coordinates of CSO-CH at

different excitation wavelengths.

is distributed in the Ca?" site, which leads to a low-angle shift
of the diffraction peaks. As for CSO-CH, the diffraction peaks
of CSO-CH are more significantly shifted to lower angles than
CSO-CC. It is pointed out that, compared to CSO-CC, CSO-CH
exists with fewer Eu* (This is confirmed in the later content).
The small ionic radii of Eu?* (rg = 1.07 A) slow down the ten-
dency of CSO-CC to shift to lower angles. Besides, as a result of
this difference in the distribution of Eu?*, the cell volume and
average ionic radius of the samples obtained by Rietveld refine-
ment show a corresponding trend (Figure S9 and Table S1,
Supporting Information). The cell volume and average ionic
radius of CSO-HH are smaller than these of the pure matrix
(CSO). While the cell volumes and average ionic radius of both
CSO-CH and CSO-CC are larger than these of CSO. Also, dis-
turbed by Eu?', the cell volume and average ionic radius of
CSO-CC are only slightly larger than those of CSO-CH. Fur-
thermore, this distribution regularity of Eu?" is also reflected
in the doping concentration-dependent PL emission spectra
(Figure S10, Supporting Information). The longer wavelengths
of red emission arise when higher contents of Eu** occupy the
Ca?" site. As a result, CSO-CC exhibits red emission at longer
wavelengths than CSO-HH under 465 nm excitation (Figure S7,
Supporting Information). The above results convey that the
reducing atmosphere can induce the site-selective occupation
of Eu?* at either Sr?* sites or Ca?' sites. Under the strongly
reducing atmosphere (hydrogen), Eu?" selectively occupies the
Sr?* site (CSO-HH), while under the weakly reducing atmos-
phere (thermal-carbon), Eu?* is mainly located at the Ca?" sites
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(CSO-CC). Unfortunately, the distribution of Eu?" on either the
three Sr?* or the three Ca?" sites is indistinguishable even at
low temperatures (=78 K) due to the similar local coordination
environment of the three kinds of Sr?* or the three kinds of
Ca?" sites (Figures S11 and S12, Supporting Information).

In addition to different emission characteristics, Eu?*
exhibits distinct excitation characteristics at Sr** and Ca?* sites.
As shown in Figure 2b, the excitation wavelength of Eu?* at
the Sr?* site is 250-450 nm, while the excitation range of Eu?*
at the Ca?*site is 400-600 nm. It is worth mentioning that for
Eu?*-activated phosphors with multiple luminescence centers,
there is usually a significant overlap in the excitation spectra
due to the similar coordination environment and the interac-
tion between Eu?* at different lattice sites.**!8] Herein, Eu?*
ions either at the Sr?* or Ca?" sites possess independent excita-
tion characteristics, implying that the Eu?* at each of these two
different types of sites have optical properties that do not inter-
fere with each other. The simultaneous distribution of Eu?*
in these two different types of sites enables a wide range of
multi-color tunable output by tuning the excitation wavelength.
As displayed in Figure 2c, it is noticed that the luminescence
of the CSO-CH exhibits a pronounced excitation wavelength-
dependent behavior. As the excitation wavelength increases,
the intensity ratio of red to green emission gradually rises.
The green emission is stronger than the red emission under
short-wavelength excitation (A, < 410 nm). In contrast, the
red emission is stronger than the green emission under long-
wavelength excitation (4., > 410 nm). Under 410 nm excitation,

© 2023 Wiley-VCH GmbH
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the green and red emissions are nearly equal in intensity
(Figure S13, Supporting Information). The emission peak is
composed almost exclusively of the red emission band when
the excitation wavelength exceeds 450 nm. More visualized
luminous color tunability of CSO-CH from green to red by
modulating the excitation wavelength is observed in CIE chro-
maticity coordinates (Figure 2d).

The samples were prepared under the same experimental
conditions, including the identical raw material ratio, sintering
temperature, heating rate, etc., except for the different reducing
atmospheres. The difference in reduction atmosphere is found
directly affect the extent of Eu®" reduction. As illustrated in
Figure 3a, under excitation at 394 nm, CSO-CC shows distinc-
tive emission peaks of Eu** Dy to ’F; (J = 1, 2, 4) transitions
at around 588, 612, and 703 nm. Compared to CSO-CC, the
intensity of the Eu*" emission peak of CSO-CH is significantly
weakened while the green emission of Eu?* is enhanced, indi-
cating that some of the Eu?* ions are further reduced under the
hydrogen atmosphere. Most of the europium ion in CSO-HH
is reduced to Eu®*, thus CSO-HH shows strong green emis-
sion of Eu?* and weak red emission of Eu*". The XPS results
reveal similar information (Figure S14, Supporting Informa-
tion). The variation in the intensity ratio of the XPS peaks
of Eu** 3ds;, and Eu** 3ds), in the samples is presented in
Figure 3b. CSO-CC displays the largest intensity ratio (Eu**
3»d5/2/Eu2+ 3ds),), followed by CSO-CH, and the smallest by
CSO-HH. Furthermore, the valence state variation of europium
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ions induced by the reducing atmosphere is demonstrated by
the X-ray absorption near-edge structure (XANES). The Eu-L;
edge XANES spectra of samples are presented in Figure 3c.
The two signals located at 6974 and 6982 eV are assigned to
2P3;, — 5d electron transitions of Eu?* and Eu*', respectively.!"”
The spectra reveal that the Eu*" content in CSO-CC is higher
than that in CSO-CH and CSO-HH. The reduction effect of the
hydrogen atmosphere is better than that of the thermal carbon-
reducing atmosphere, thus Eu*" is reduced to a higher degree
under the hydrogen-reducing atmosphere.

The different residual amounts of Eu** and significant dif
ferences in optical properties in the samples under different
reducing atmospheres infer that Eu** may play a key role in
the distribution of Eu?* in the CSO. To confirm this conjec-
ture, a validation experiment was carried out. The samples
were reduced under thermal carbon-reducing atmospheres,
one with a more carbon block (CSO-CC) and the other with a
less carbon block (named CSO-CC-less). More Eu’* is present
in CSO-CC-less because the decrease in the carbon block leads
to less CO being produced, and decreasing degree of reduc-
tion of Eu** (Figure S15, Supporting Information). As men-
tioned above, EuZ* at both Sr%* and Ca?* sites can be excited
by 420 nm, so the PL emission spectra of CSO-CC and CSO-
CC-less under 420 nm excitation are detected for the analysis
of optical properties (Figure 3d). The emission spectrum of
CSO-CC contains both green and red emission bands, while
CSO-CC-less exhibits only a single red emission band. This

N2
I

(EU®" 3dg,)/((EU** 3dsp,)

et 11

$0-CC
CSO-CH cs0-HH

Normalized Intensity (a.u.

450 500 550 600 650 700 750
Wavelength (nm)

Figure 3. a) PL emission spectra of CS0:0.015Eu** phosphors under 394 nm excitation. b) XPS peak intensity ratios of Eu** 3ds/, and Eu** 3ds; in
CSO-HH, CSO-CH, and CSO-CC. c) Eu L3-edge XANES spectra of CSO-HH, CSO-CH, and CSO-CC. d) PL emission spectra of CSO-CC and CSO-CC-

less under 420 nm excitation.
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result implies that Eu?" in CSO-CC-less is almost entirely occu-
pied at the Ca?* site. The weakening of the reducing atmos-
phere leads to more residual Eu**. The unreduced Eu?* further
helps to break the Eu?* propensity to occupy the Sr?* site and
induces Eu?t into the Ca?* site, resulting in most of the Eu?*
preferentially occupying the Ca?* site corresponding to the pre-
dominant red emission.

In order to further verify the effect of Eu** on the site occu-
pation of Eu?*, the formation energy was calculated by DFT+U.
The formation energy of Eu?* at different cationic sites was first
calculated when only Eu?" is in the o/L-CSO crystal structure.
The lower formation energy of Eu?* in Srl, Sr2, Sr3, and Ca3
sites supported the major and minor distribution of Eu?* in
Sr and Ca sites (Figure 4a), respectively, in line with the pre-
dominant green emission of CSO-HH. Before investigating
the effect of Eu*" on the site occupation of Eu®*, the location
of Eu** was analyzed, and the result implies that Eu*" ions
tended to occupy the Sr?* sites (Figure 4b). Further, the effect of
Eu’* on the site-selective occupation of Eu?* was analyzed. The
existence of Eu** increases the formation energy of Eu?" substi-
tuting Sr ions, indicating Eu** helps Eu?* enter into the Ca sites
of red emission (Figure 4c). Based on theoretical calculations,
it was found that Eu?" preferentially enters the Sr?* site in the
absence of Eu*, while Eu* contributes to the Eu?* entry into
the Ca?" site in the presence of Eu**. The above experimental
analysis and theoretical calculations show that Eu** plays a cru-
cial role in the distribution of Eu?" in ¢/L-CSO.
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The interfering role of residual Eu?* in the distribution of
Eu?* is further elucidated in the view of the structure. A pos-
sible mechanism for reducing atmosphere-induced site-selec-
tive occupation of Eu?* is shown in Figure S16, Supporting
Information. In the absence of Eu** (hydrogen atmosphere),
Eu?* will prefer to occupy the Sr?* site due to the fact that Eu?*
and Sr?* have the same valence and almost the identical ionic
radius (CSO-HH). In the presence of Eu®" (thermal-carbon), the
unreduced Eu** will preferentially enter the Sr?* site (as shown
in Figure 4b). The aliovalent substitution of the small ionic
radius Eu" for the large ionic radius Sr?* will form cationic
vacancies (V), leading to a local contraction of the outer SrOy
polyhedrons. In consequence, the central CaOg polyhedron
neighboring the outer locally contracted SrO,, polyhedron will
become looser to minimize the lattice strain, which creates an
opportunity for Eu?* to enter the Ca®" site (Figure 4d). Thus,
Eu?* will be gradually distributed to the Ca?" site (CSO-CH
and CSO-CC). Eu?", which occupies the Sr’* and Ca?" sites,
possesses quite different optical properties. Eu?* occupying
the Sr2* site emits green light under 250-450 nm excitation,
while Eu?* in the Ca?* site emits red light under 400-600 nm
excitation (Figure 4e). CSO-HH exhibits mainly green emis-
sions under UV excitation stemming from the fact that Eu?*
is mainly distributed in the Sr?* site. CSO-CC presents red
emission under blue light excitation due to the fact that Eu?*
is mainly distributed in the Ca2* site. As for CSO-CH, Eu®* is
relatively uniformly distributed in the Sr** and Ca?* sites and
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Figure 4. a) Formation energy of Eu?* substitution for cationic sites (Sr?" and Ca?* sites). b) Formation energy of Eu3" substitution for cationic sites as
a function of Fermi energy. c) Formation energy of Eu?* substitution for cationic sites in the presence of Eu**. d) Schematic diagram of the regulation
mechanism of site-selective occupation of Eu?* by Eu3". e) Schematic illustration of the optical features corresponding to Eu?* at the Sr?* and Ca?" sites.
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ex

Figure 5. a) Light sensitivity spectra of squid, tuna, pointhead flounder, cod, and masked greenling, as well as the emission spectra of CSO-CH
phosphor at 350, 395, and 465 nm excitation. b) LEDs fabricated by CSO-CH phosphor. ¢) Schematic diagram of CSO-CH phosphor applied to the

fish-attracting lamp.

thanks to the optical property of non-interference between Eu?*
on Ca’* and Sr?* sites, CSO-CH exhibits a wide range of multi-
color output capability by adjusting the excitation wavelength.

The attractive dynamic multi-color tunable performance
of CSO-CH grants it great potential for application in fish-
attracting lamps. The natural phototropism of fish can be
exploited to enable more efficient fishing. The tunable color
range of CSO-CH already covers most of the spectral sensitivity
regions of most marine fish (Figure 5a). Based on the CSO-CH
phosphor, LED devices were fabricated (Figure 5b). Compared
with traditional fish-attracting lamps, CSO-CH application in a
fish-attracting lamp can ensure more energy-saving and more
productive fishing by flexibly emitting the required light color
according to actual requirements while avoiding unnecessary
light loss (Figure 5c). This single-phase phosphor with multi-
excitation and emission characteristics offers the possibility of
developing higher-quality next-generation fish-attracting lamps
and other innovative optical devices.
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3. Conclusions

In summary, we propose a crystal-site engineering method
that regulates the distribution of a single activator (Eu?*) in
a single-phase host matrix (SrCaSiO,) by simply reducing
atmosphere modification. Based on this approach, three
CSO:Eu?" phosphors with different optical properties were
synthesized. CSO-HH shows green emission under UV exci-
tation because Eu?* is almost distributed in the Sr?* site, while
Eu?" in CSO-CC occupies mainly the Ca®* site and thus pre-
sents red emission under blue light excitation. And further,
owing to the relatively balanced distribution of Eu’* in both
Sr?* and Ca?' sites and the optical property that Eu?" in both
sites do not interfere with each other, which endows CSO-CH
phosphor with a wide range of multi-color output capability
from green to yellow to red light by altering the excitation
wavelength. Both theoretical analysis and experimental veri-
fication point to the residual Eu** inducing migration of Eu?*

© 2023 Wiley-VCH GmbH
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from the preferentially selectively occupied Sr?* site to the
Ca?* site. Benefiting from the unique optical properties, the
tunable color range of CSO-CH phosphor covers the spec-
tral-sensitive region of most marine fish, which suggests the
potential application value of this phosphor in higher-quality
next-generation fish-attracting lamps.

4. Experimental Section

The detailed materials and synthesis, measurement and characterization,
and theoretical calculation are available in the Supporting Information.

Supporting Information
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