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The exploitation and utilization of resources in marine environments have ignited a demand for advanced

illumination and optical communication technologies. Light-emitting diodes (LEDs), heralded as “green

lighting sources”, offer a compelling solution to the technical challenges of marine exploration due to

their inherent advantages. Among the myriad of LED technologies, phosphor-converted light-emitting

diodes (pc-LEDs) have emerged as frontrunners in marine applications. At the heart of pc-LEDs lie

phosphor materials, colour-converters that orchestrate the emission of light. In the marine environment,

blue-green light with a wavelength of 440–570 nm exhibits the deepest penetration depth, while other

wavelengths are rapidly attenuated in the shallow layer. Additionally, specific wavelengths of light are

crucial for particular applications. However, the moist marine environment as well as the demand for

continuous and stable lighting pose a formidable challenge to the environmental stability of the

phosphors. Therefore, developing blue-green phosphors with exceptional colour purity and high thermal

and moisture stability is paramount for marine applications. Herein, this review delves into the

application of LED and pc-LED technology in underwater optical communication and marine fishery,

exploring the development strategies of phosphors tailored for the marine environment. The insights

presented serve as a valuable reference for further research on phosphors and pc-LED devices.
1 Introduction

The relentless pursuit of sustainable development has
propelled coastal nations towards the rational exploitation and
utilization of marine resources, fostering a vibrant marine
economy. Solid-state lighting technology has emerged as
a transformative force in this endeavor, offering innovative
solutions for both underwater and surface marine applications,
such as light communications and marine shery.1–4 Primary
traditional marine lighting devices, relying on incandescent
and metal halide (MH) lamps, are plagued by inherent draw-
backs, including exorbitant energy consumption, limited life-
span and inefficient performances. More sustainable
alternatives, for instance, light-emitting diodes (LEDs), espe-
cially the white light-emitting diodes (WLEDs) are now replac-
ing obsolete light sources, establishing themselves as the
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frontrunners in marine applications due to their exceptional
longevity, low energy consumption, minimal heat radiation,
and rapid response time.5–8

WLEDs can be fabricated through two primary approaches:
either by combining three primary-colour (red/green/blue) LEDs
or by employing phosphor-converted LEDs (pc-LEDs) to trans-
form the blue or near-ultraviolet (n-UV) emission of a single
LED chip into white light.6,9 The latter approach offers
compelling advantages over the former in terms of cost-
effectiveness and manufacturing simplicity. Beyond white
light, pc-LEDs tted with adequate phosphors can also trans-
form the short-wavelength emission from LED chips into
a spectrum tailored to specic applications.10,11 Moreover, pc-
LEDs can be tailored with specic phosphors to emit wave-
lengths suited for various marine applications, enhancing
energy efficiency beyond the capabilities of traditional white
light sources. In addition, the marine environment, with its
pervasive humidity and salinity, poses a formidable challenge to
the stability of phosphors. To ensure the longevity and reli-
ability of pc-LEDs in marine applications, phosphor materials
must be meticulously engineered. This necessitates the devel-
opment of anti-thermal-quenching and moisture-resistant
phosphors that retain their luminescent properties whatever
the environment they are working in.
Chem. Sci., 2025, 16, 2089–2104 | 2089
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Signicant advances in pc-LED technology have been ach-
ieved recently but there is a lack of comprehensive reviews
interweaving the application of LED devices with the develop-
ment of phosphor materials for the marine environment. This
paper aims to bridge this gap by providing an overarching
perspective on the role of pc-LEDs in the marine eld, delving
into the specic requirements of marine applications, and
reviewing the development of high-performance phosphors for
pc-LEDs (Fig. 1). It also intends to serve as a valuable reference
for researchers and practitioners alike, paving the way for the
transformative application of pc-LEDs in the marine eld.
2 Application of pc-LEDs in marine
environments
2.1 Underwater wireless optical communications (UWOC)

Traditional wireless communication modes, such as acoustic
communications and radio communications, are oen limited
in their ability to simultaneously achieve high-speed and long-
distance transmission. Visible light communications (VLC)
have emerged as a promising alternative for maritime applica-
tions due to their adjustable bandwidth and long transmission
distance.13,14 Additionally, the visible-light band, with a spectral
Fig. 1 Research content of this review. The figure in the section of co
Springer Nature.

2090 | Chem. Sci., 2025, 16, 2089–2104
range between 380 and 780 nm, is unlicensed, unlike radio
frequencies, allowing for utilization without authorization, and
it also ensures high privacy and safety since it is not sensitive to
electromagnetic interferences.15 Underwater wireless optical
communications (UWOC) have the potential to play a signi-
cant role in a wide range of applications, including tactical
surveillance, pollution monitoring, oil control and mainte-
nance, offshore explorations, climate change monitoring, and
oceanographic research.16 A typical UWOC system can be
divided into three main components: the transmitter unit, the
water channel, and the receiver module. Laser diodes (LDs) or
LEDs are commonly employed as receivers and transmitters in
UWOC systems (Fig. 2a). Moreover, LEDs offer advantages in
terms of cost, and lifetime in comparison to LDs.17 In a LED-
based UWOC system, a photoelectric conversion device is
incorporated into the receiver to convert the transmitted light
signal into electric signal.

Recently, pc-LED devices have gained interest in UWOC
applications. However, the quantum-conned stark effect
(QCSE) of the InGaN/GaN LED quantum wells and phosphor
materials pose a challenge, limiting the modulation band-
width.18,19 To address this issue and improve data transmission
rates, several solutions have been proposed, which include the
lour purity is reprinted with permission from ref. 12. Copyright 2021,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Schematic diagram of a duplex UWOC system based on a LED array. Reproduced with permission from ref. 25. Copyright 2021, WILEY-
VCH. (b) Penetration of light into the water column and illustration of the depth at which different colours penetrate ocean waters. Reproduced
with permission from ref. 29. Copyright 2020, Frontiers.
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use of analogue equalizers at the transmitter and receiver sides,
the implementation of a blue-light bandpass lter at the
receiver to eliminate the phosphorescent component, and the
adoption of different modulation schemes such as quadrature
amplitude modulation (QAM) and orthogonal frequency divi-
sion multiplexing (OFDM).20,21 Minh et al. successfully
increased the bandwidth of a WLED to 50 MHz using an
analogue equalizer, achieving a transmission rate of 100
Mbps.22 Additionally, reducing the active LED area reduces
device capacitance and increases the bias current density,
thereby widening the modulation bandwidth.23 This principle
has led to the development of Micro-LED arrays.24 Tian et al.
documented a peak modulation bandwidth of 251.3 MHz and
a data rate of 660 Mbps using green micro-LEDs in a duplex
UWOC system.25 Xu et al. proposed a LED-to-LED UWOC system
based on series of connected micro-LED arrays. Zhang et al.
designed a real-time UWOC system with four blue LEDs,
achieving a maximum communication range of 25.4 m at 80
Mbps.26 The normalized detection bandwidth obtained
demonstrates that increasing the number of LEDs improves the
performance and practicability of LED UWOC systems.

Another critical aspect to consider in UWOC is the inuence
of water depth on the spectral components and light intensity.
Purple light with a wavelength below 360 nm and red light with
a wavelength above 600 nm are rapidly absorbed by surface
water, while blue-green light tends to penetrate much deeper,
reaching up to a level of 200 m in the open ocean (Fig. 2b).27–29
© 2025 The Author(s). Published by the Royal Society of Chemistry
This penetration may be adequate with respect to the distance
requirement of UWOC data transmissions. A shore-to-
underwater VLC system has been proposed by Chung et al.,
taking into account the varying light penetrability in onshore
and underwater environments.30 The signal was transmitted
from the lighthouse equipped with WLEDs and received by
a beacon that relayed the signal to the undersea receivers
comprised of positive-intrinsic-negative photodiodes (PDs). The
signal was then fed to a green LED driver and transmitted
through an undersea optical channel. This study demonstrated
that an underwater data rate transmission of up to 1 Gbps can
be achieved over shorter distances, surpassing the performance
of WLED-based VLC systems. Therefore, the development of
blue or green LED devices specically tailored for underwater
applications holds great promise for advancing UWOC
technology.

Nowadays, UWOC has emerged as a unique technology
enabling high-speed data and moderate-distance communica-
tions in undersea environments. Numerous applications that
demand high data transmission rates, such as real-time video
transmission and remote-operated vessel control, stand to
benet signicantly from UWOC. To date, UWOC has heralded
the advent of a 100 meter high-speed connectivity paradigm.
Besides, UWOC transmission of 40 m/1 Gbps and 100 m/1 Gbps
levels can be achieved using a wide-bandwidth photomultiplier
tube (PMT) and a high-bandwidth single-photon counter,
respectively.31,32 Future research direction in UWOC will focus
Chem. Sci., 2025, 16, 2089–2104 | 2091
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on LED-based transmission, optimal coding, and modulation
technologies, aiming to achieve high-speed, long-distance, and
real-time communications. In practical applications, the intri-
cacies of the subaquatic milieu, including the presence of
marine plankton, hydrodynamic perturbations, and other
disruptive elements, exert a clear inuence on the integrity and
performance of UWOC systems.33 Specically, mobile UWOC
network systems must account for the architectural parameters
of subaquatic optical systems, including the emission diver-
gence angle, the reception eld of view, and other pivotal
determinants.
2.2 Marine shery

2.2.1 Fish-attracting lamps. Light plays a vital role in the
environment inhabited by marine organisms. Spectral compo-
nents, light intensity, and photoperiod are key factors that
inuence their behaviour. Phototaxis, the movement of a living
organism in response to the presence of light and/or to its
direction, either towards the light (positive) or away from the
light (negative), plays a crucial role in several biological
phenomena, including reproduction and diet.34,35 The diversity
of phototaxis behaviours observed in marine organisms is
related to variations in their photosensitivity, as shown in Table
1, as well as to light penetration depth.36 Aquatic species living
in shallow water such as Asparagopsis taxiformis, Cherax quad-
ricarinatus, and Crassostrea gigas show moderately positive
phototaxis to red light.35,37,38 As shown in Fig. 2b, blue-green
light tends to penetrate much deeper in water than other
wavelengths. Therefore, strong positive phototaxis of most
deep-sea organisms occurs under blue or green light. For
centuries, articial light for the night-time purse seining has
emerged as a highly effective and successful method for
manipulating the movement of commercially valuable shes
like squid, hairtail, anchovy, and other phototactic shes.3

Among light sources, pc-LED devices have gained considerable
attraction due to their exceptional energy efficiency and easy
colour tuning.39,40

Most of the research in this area has focused on evaluating
the inuence of pc-LED emitting different colours and inten-
sities on sh-attracting efficiency. For instance, a study revealed
that Japanese ying squids exhibit heightened sensitivity to
blue and green light, with a peak spectral sensitivity at 482 nm.41

Additionally, research demonstrated the successful application
of combined white LED and blue LED congurations in
attracting squids, both in controlled tank settings and open-sea
Table 1 Visual sensitivity of various aquatic species

Cephalopod Fish

Visual structure Single eye Single
Identiable light colour Colour blindness Wide r

Optimum colour or wavelength Blue, green, and white Blue-g
carassi
Red: ve
silurus
marmo

2092 | Chem. Sci., 2025, 16, 2089–2104
trials.42 Furthermore, researchers have recognized the varia-
tions in phototaxis behaviour across different life stages. Juve-
nile sh typically exhibit stronger phototaxis responses
compared to their adult counterparts. This implies that
employing full-spectrum white light or inappropriate light
intensities can lead to the undesirable capture of predomi-
nantly juvenile sh, potentially jeopardizing the ecosystem and
compromising shing efficiency.43 Extensive research has
sought to unravel the phototactic patterns of various commer-
cially important sh species using LED as shing light
sources.44–46 Despite advances in understanding phototactic
behaviour, the connection between phosphors design in pc-
LEDs and sh-attracting lamp efficacy remains elusive and
understudied. This gap persists due to the limited under-
standing of the underlying mechanisms governing light-
mediated attraction and repulsion in marine organisms.36

Besides, the application of commercial sh-attracting lamps is
limited by many factors, such as light pollution caused by
excessive power of ashlights, mismatch between lighting
systems and ashboats, etc. However, recent discoveries offer
promising solutions; for instance, Liu et al. successfully
synthesized a novel phosphor material with multi-colour tune-
able emission covering the spectral sensitivity range of most
marine sh species.47 Further elucidating the fundamental
reasons behind variations in photosensitivity holds potential
for optimizing sh-attracting lamps. Such progress paves the
way for more sustainable and productive shing practices,
characterized by enhanced energy efficiency and reduced
ecological impact.

2.2.2 Aquaculture in marine ranching systems. Marine
ranches, featuring articial aquaculture platforms, represent
a modern approach to promoting sustainable shery develop-
ment.48 Pc-LEDs offer a unique opportunity to tailor the lighting
environment within these ranches, potentially enhancing the
quality and yield of cultured aquatic species. The spectral
preferences of aquatic organisms signicantly impact their
optimal growth conditions. For instance, several cultured sh
species, like clownsh Amphiprion clarkia,49 barn ounder
Verasper moseri,50 or goldsh Carassius auratus51 exhibit photo-
taxis towards short-wavelength light, while others, such as Perca
uviatilis,52 Anguilla marmorata,53 Silurus meridionalis, or Wal-
lago attu54 prefer red light. These variations are likely associated
with differences in visual pigments and the spectral sensitivity
of active substances within their bodies. Apart from the own
factors of cultured sh species above, specic light can
Crustacean

eye Compound eye
ange Blue-green (440–570 nm), purple-

ultraviolet (360–440 nm)
reen: cyprinus carpio,
us cuvieri, amphiprion clarkii

480–500 nm (deep sea), 510–525 nm
(coastal) green light (530 nm),
broadband white lightrasper moseri perca uviatilis,

meridionalis, anguilla
rata, wallago attu

© 2025 The Author(s). Published by the Royal Society of Chemistry
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positively inuence the formation of the microorganism
community and the water quality by affecting the photosyn-
thesis and nitrication process, reecting on the growth
performance of the cultured sh species.55 Beyond colour, both
light intensity and photoperiod (the period during which an
organism is illuminated) signicantly affect the growth and
survival of cultured species. Wijgerde et al. demonstrated
a positive correlation between the specic growth rate of coral
and light irradiance.56 Similarly, Dou et al. observed an
improved survival and development of Portunus trituberculatus
larvae under high-intensity full-spectrum LED lighting.57 Inter-
estingly, as reported by Ye et al., Micropterus salmoides exhibits
optimal growth under 24 h-continuous LED illumination with
low-light intensity.58 Additionally, varying photoperiods have
been shown to promote growth in different development stages
of Takifugu rubripes larvae.59 Previous studies have shown that
organisms can achieve better growth conditions under the
optimum combination of illumination conditions. For example,
Kim et al. found that compared to conventional WLED, green-
emitting LED devices with an extended photoperiod can posi-
tively affect the production of pituitary and sex hormones, and
reduce the stress response in S. japonicus.60

Despite signicant progress in understanding the impact of
light on aquaculture, further research is needed to elucidate the
precise mechanisms governing these responses. Additionally,
the design of pc-LED systems for marine ranches faces chal-
lenges associated with the long-term lighting requirements and
the harsh environment characterized by high humidity and
salinity. Continued advancements in pc-LED technology and
a deeper understanding of light-mediated responses in various
species hold great potential for optimizing the productivity and
sustainability of marine ranches.

By leveraging the versatility of pc-LEDs, marine ranches can
provide customized lighting environments for diverse aqua-
culture species. Tailoring light colour, intensity, and photope-
riod based on the specic needs of each species offers
a promising avenue for enhancing growth, development, and
Table 2 Selected rare-earth doped visible light emitting phosphors

Colour Matrix Doped activator Excit

Red M2Si5N8 (M = Ca, Sr, Ba) Eu2+ 450

SrLiAl3N4 Eu2+ 440
K2SiF6 Mn4+ 450
CaAlSiN3 Eu2+ 450

Yellow Y3Al5O12 Ce3+ 460
Sr[Li2.5Al1.5O3N] Tb3+ 460

Green NaK2Li[Li3SiO4]4 Eu2+ 450
b-SiAlON Eu2+ 325
Lu3Al5O12 Ce3+ 460
Ba2SiO4 Eu2+ 395

Blue BaMgAl10O17 Eu2+ 254
Ca4SnGe3O12 Bi3+ 383
K2SrBa(PO4)2 Eu2+ 330
Ba3Y2B6O15 Ce3+ 365

© 2025 The Author(s). Published by the Royal Society of Chemistry
ultimately, protability. Continued research efforts dedicated to
unravelling the intricacies of light-mediated responses in
aquatic organisms, coupled with further technological
advancements in pc-LEDs, are paving the way for sustainable
and efficient aquaculture.

3 Developing phosphors for pc-LEDs
in marine environments

Existing pc-LED devices are primarily designed for terrestrial
applications and oen exhibit limitations such as low energy
efficiency and short lifespans under marine temperature and
humidity conditions. Additionally, their broad emission bands
hinder precise characterization of the impact of specic light on
marine organisms. Therefore, pc-LEDs with tailored light
colours and enhanced stability are crucial for effective deploy-
ment in practical marine applications. This review focuses on
the role of phosphors, the key luminescent components in pc-
LEDs, in addressing these critical challenges. By exploiting
the tunability of rare-earth and transition metal ions, strategies
for optimizing phosphor properties can be designed that meet
the specic demands of the marine environment.

Phosphors dictate the optical properties of LEDs, such as
luminous efficiency, colour temperature and colour rendering
index (CRI). They are typically composed of host materials and
activators; the former oen include silicates, phosphates,
aluminates, borates, perovskites, and nitrogen oxides, and the
latter oen include Ce3+, Eu2+, Bi3+, Ln3+ (Ln = Sm, Eu, Tb, Dy,
.) or other transition metal ions. A large library of inorganic
phosphors with specic emission colours has been developed
and implemented in pc-LEDs, demonstrating high quantum
efficiency at room temperature (Table 2). Notably, the inherent
tunability of doping ions provides a powerful tool for manipu-
lating the photoluminescent (PL) properties of phosphors.
Several strategies can be employed to achieve the desired
characteristics for marine applications, including colour tuning
and stability enhancement.
ation maximum (nm) Emission maximum (nm) Ref.

623 (Ca) 61 and 62
640 (Sr)
650 (Ba)
650 63
630 64
650 65
560 66
578 67
528 68
540, 529 69
530 70
511 71
450 72
442 73
425 74
446 75

Chem. Sci., 2025, 16, 2089–2104 | 2093
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3.1 Blue-green phosphors with hight colour purity

Marine environment presents a unique and challenging frontier
for pc-LED applications. The inherent attenuation of light in
water necessitates the use of wavelengths with enhanced
penetration, such as blue-green light (440–570 nm). Further-
more, the various photobiological responses of marine organ-
isms highlight the importance of precise light control,
achievable through narrow-band emission of phosphors. A
series of narrow-band blue or green emitting phosphors have
been developed for the backlighting of display, and these
phosphors meet the colour requirements of the marine
eld.76–81 This section introduces such blue- or green-emitting
phosphors, as well as strategies to improve their colour purity.

For green-emitting phosphors, b-SiAlON: Eu2+ has domi-
nated commercial applications for the past decade. Xie et al.
reported Eu2+-doped b-SiAlON (Si5.6Al0.4O0.4N7.6) phosphors
with a strong response to excitation in the ultraviolet (UV)
region and blue regions, and a peak emission at 535 nm
(Fig. 3a).82 However, b-SiAlON phosphors show broadband
emission in a range from 525 to 540 nm, ultimately failing to
meet the best emission range for marine applications. Besides,
high-temperature synthesis with nitrogen oxide restricts further
development. In contrast, UCr4C4-type compounds, M(A, B)4X4,
emerge as more promising candidates for Eu2+-doped
commercial narrow-band phosphors (M is an alkali metal ion or
alkaline earth metal ion, A and B are coordinated metal ions, X
is oxygen or nitrogen ions). The corner-sharing and edge-
Fig. 3 (a) Crystal structure model of b-SiAlON. Reproduced with perm
RLSO:8%Eu2+ and the commercial b-SiAlON:Eu2+ phosphors. The inset i
UV lamp illumination. Reproduced with permission from ref. 83. Copyrig
emission upon increasing Eu concentration (left) and the preferential s
Reproduced with permission from ref. 100. Copyright 2018, ACS. (d) PL
shows the luminescence intensity and FWHM from 25 K to 300 K. Repro

2094 | Chem. Sci., 2025, 16, 2089–2104
sharing connections between [AX4] and [BX4] tetrahedra create
a highly condensed three-dimensional network achieving
narrow-band emission when doped with Eu2+. Xia et al. pio-
neered this approach with oxide-based RbLi(Li3SiO4)2:Eu

2+

(RLSO:Eu2+) and RbNa(Li3SiO4)2:Eu
2+ (RNSO:Eu2+).83,84

Compared to b-SiAlON:Eu2+, these phosphors exhibit narrower
emission bands (RLSO:Eu2+-lem = 530 nm, full width at half
height FWHM= 42 nm; RNSO: Eu2+-lem = 523 nm, FWHM= 41
nm) and more suitable emission peak positions (Fig. 3b). These
phosphors showcase narrow-band emission with high internal
quantum efficiency (IQE) and excellent thermal stability.
However, the presence of a large amount of alkali metal cations
renders them susceptible to hydrolysis, leading to poor mois-
ture resistance. To address this, surface modication or struc-
tural regulation can be applied. The detailed strategies will be
discussed in Section 3.4.

In addition to the Eu2+-doped phosphors described above,
inorganic luminescent materials doped with Tb3+ are promising
for their potential to emit narrow-band green light at 544 nm.
However, the challenge lies in the weak UV absorption of Tb3+

ions, which is due to the parity-forbidden nature of f–f electric-
dipole transitions. A common solution to overcome this is co-
doping with Ce3+ as a sensitizer to enhance Tb3+ excitation
through energy transfer. Notable examples include the borates
Sr2LiScB4O10:Ce

3+, Tb3+, Ba2Lu5B5O17:Ce
3+, Tb3+, the silicates

Gd4.67Si3O13:Ce
3+, Tb3+, the aluminates Ca2TbHf2Al3O12:Ce

3+,
CaYAlO4:Tb

3+, Ce3+, and the phosphate Na3Tb(PO4)2:Ce
3+.85–90
ission from ref. 82. Copyright 2018, ACS. (b) PLE and PL spectra of
s a digital photograph of green RLSO:8%Eu2+ phosphor under 365 nm
ht 2018, WILEY-VCH. (c) The proposed mechanism of the blue-shifted
ite-occupancy of Eu2+ into Ba(1) and Ba(2) sites when x $ 5% (right).
spectra of the LaScO3:Bi

3+ sample under 344 nm excitation. The inset
duced with permission from ref. 107. Copyright 2022, Elsevier.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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However, the 5d orbitals of Ce3+ extend beyond the electron
shell, making it highly sensitive to environmental perturba-
tions. This sensitivity leads to a broad absorption band and
a wide, tuneable emission spectrum.91 It is frequently reported
that Ce3+-activated phosphors tend to yield broadband emis-
sion, their FWHM values being usually larger than those of
Eu2+-doped phosphors. Therefore, most Ce3+/Tb3+ co-doped
phosphors have non-negligible Ce3+ emission in the UV and
blue regions, reducing green colour purity. Besides that, diva-
lent manganese (Mn2+) also emerges as an alternative dopant
for phosphors with high colour purity, due to the characteristic
narrow-band green emission of Mn2+ in tetrahedral coordi-
nating environments; on the other hand, in octahedral posi-
tions, Mn2+ emits in the red.92,93 Xie et al. reported Mn2+ doped
g-aluminum oxynitride (g-AION) emitting a green band at
512 nm with FWHM of 32 nm under 445 nm excitation,
surpassing b-SiAlON:Eu2+ in emission wavelength, bandwidth,
and colour purity.94 However, similarly to Tb3+, Mn2+-activated
blue/green phosphors oen suffer from low absorption or/and
external quantum efficiency (EQE) due to parity forbidden
electric-dipole d–d transitions.95 Strategies like ion substitution
and energy transfer can improve the external quantum effi-
ciency, as seen in g-AION:Mn2+, Mg2+ and g-AION:Mn2+, Eu2+,
96,97 but there is still a problem of low internal quantum effi-
ciency. It is noteworthy that the emission of Mn2+ is easily
affected by the host crystal. Part of host materials with a strong
charge transfer band absorption can be the ideal hosts for Mn2+,
and the optimal absorption peak has to match well with
common n-UV or blue LED chips.98 Accordingly, Wang et al.
designed a series of gallate phosphors and successfully
prepared NaGa11−yAlyO17:Mn2+ (y = 0, 1, 2, 3) narrow-band
green phosphor with an excellent external quantum efficiency
(56.1%).99

Substrates for blue-emitting phosphors encompass a range
of materials, including silicates, phosphates, aluminates,
borates, and nitrogen oxides. Eu2+, Ce3+, or Bi3+ are commonly
employed activator ions due to their favorable photo-
luminescent properties. Among commercially established blue
phosphors, BaMgAl10O17:Eu

2+ (BAM:Eu2+) stands out for its
high luminous efficiency.72 However, drawbacks such as poor
high-temperature stability and a broad emission band neces-
sitate further development. In this regard, Lin et al. reported
a promising alternative: the Eu2+-doped BaAl12O19 (BAO) blue-
emitting phosphor, exhibiting both high efficiency (IQE 90%)
and colour purity (90%).100 Due to the expansion of the Al
polyhedron, the Ba(2) site becomes unsuitable for Eu2+ ions,
favoring their preferential occupation of the single Ba(1) site,
thereby leading to narrow-band emission and high thermal
stability (Fig. 3c). Besides, several narrow-band blue-emitting
phosphors have been reported, such as AELi2[Be4O6]:Eu

2+(AE
= Sr, Ba), RbNa3(Li3SiO4)4:Eu

2+, AEP8N14:Eu
2+(AE = Ca, Sr, Ba),

Sr[B8O11(OH)4]:Eu
2+.101–104 Some, like UCr4C4-type phosphors,

suffer from limited moisture stability, and others, like nitride
phosphors, require harsh preparation conditions, hindering
their commercial application. As the promising alternative,
some perovskite-structure phosphors can be the particularly
fascinating hosts for Eu2+. Leng et al. reported a zero-thermal-
© 2025 The Author(s). Published by the Royal Society of Chemistry
quenching perovskite-like K2BaPO4F:1.5% Eu2+ phosphor with
an ultra-narrow-band (FWHM = 25 nm) blue-emission and
a high colour purity (99%), whose emission intensity can
remain 91% of its pristine value aer being exposed to the
ambient atmosphere for 4 months.105 Additionally, bismuth
(Bi3+) ions in various phosphor hosts can minimize spectral
overlap and emit light across the ultraviolet to orange-red
spectrum due to their 6p–6s transition. The ns2-nsp transition
of Bi3+ is more sensitive to local structure than 5d–4f electron
transition of Eu2+, posing a challenge in developing Bi3+-acti-
vated, narrow-band emission phosphors.73,106–109 To date, only
a few such phosphors have been identied. For example, Wang
et al. found that LaScO3:Bi

3+ perovskite-structure phosphors
exhibit a notably narrow blue emission with high colour purity
(92.26%) and internal quantum efficiency (98%) (Fig. 3d).107 Lin
et al. developed a Sr10P6O25:Bi

3+ phosphor with a narrow-band
blue emission and good thermal stability (>82% at 150 °C),
attributed to the small Stokes shi and introduction of Bi3+ into
highly symmetric lattice sites.108 Chen et al. reported that
garnet-type Ca4Hf(GeSi)3O12(CHGSO):xBi3+ phosphors show
a narrow-band blue emission with a high colour purity of ∼95%
under the excitation of n-UV LED chips.109 The large band gap,
high lattice rigidity and high symmetry of these phosphate,
perovskite, and garnet hosts make them ideal for narrow-band
emission of Bi3+ ions.

These studies provide valuable insights into the design
criteria for phosphors with narrow-band emission and high
colour purity. Generally, a rigid host crystal structure is crucial
to minimize electron-phonon coupling, while a highly
symmetrical coordination environment around the active ion
helps reduce the inuence of crystal-eld splitting.110–112

Furthermore, a single lattice site for doping minimizes spectral
overlap from multiple luminescence centres. Regarding the
activator ions mentioned above, most transition metals and
trivalent rare earth ions show weak and narrow absorption in
the UV region, while Bi3+, Ce3+/Eu2+ display broadband
absorption due to the parity-allowed s–p and 4f–5d transitions,
respectively. Furthermore, Ce3+ has a broader emission band
than Eu2+, attributed to the spin–orbit and crystal-eld splitting
of the 2F ground state. Overall, Eu2+ and Bi3+ may be the
dominant choices for developing phosphors with high colour
purity. The design of these phosphors is a cornerstone of pho-
toluminescence (PL) conversion, and the strategies for
controlling the emission peak position are explored in the next
section.
3.2 Wavelength tuning of blue-green emitting phosphors for
marine pc-LED applications

Achieving high-colour-purity blue or green light in phosphors
necessitates not only narrow emission half-peak widths but also
precise control over the emission wavelength. This control
depends on several factors, including the intricate interplay
between the crystal structure and the coordination environment
surrounding the luminescent centre. The reasons for the
emission shi can be attributed to crystal-eld splitting and
electron cloud rearrangement effects. This section explores
Chem. Sci., 2025, 16, 2089–2104 | 2095
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some common methods for manipulating PL through targeted
modications.

One such method involves cation or anion substitution
within the host lattice. This approach alters crucial parameters
like bond lengths between the luminescent centre and its
ligands, the coordination polyhedron volume, and conse-
quently, the crystal-eld strength around the centre. Such
alterations directly inuence the phosphor's emission spec-
trum. For instance, in the Ca9−xSrxLiGd2/3(PO4)7:Eu

2+ system,
the emission wavelength red-shis from 485 nm to 535 nm
because of Ca2+ ions being replaced by Sr2+ ions, attributed to
crystal-eld splitting and energy transfer between cation sites
(Fig. 4a).113 Also, an obvious blue shi of the emission bands of
Gd3TaO7:Bi

3+ (lem = 505 nm) can be detected upon cation
substitution, varying to 493 nm for Gd2YTaO7:Bi

3+, 484 nm for
Gd2LuTaO7:Bi

3+ and 471 nm for Gd2LaTaO7:Bi
3+.114 Similar

effects have been observed for anion substitution, for instance
in Sr2Ba(AlO4F)1−x(SiO5)x: Ce3+ phosphors.115 Beyond single
substitutions, a more versatile approach known as chemical
unit co-substitution involves the simultaneous replacement of
multiple atomic units within the host. This strategy offers
increased control over luminescence properties. For example,
Xia et al. successfully tuned the emission colour from green to
blue in Ca2(Al1−xMgx)(Al1−xSi1+x)O7:Eu

2+ phosphors by replac-
ing the [Al3+–Al3+] unit with [Mg2+–Si4+] (Fig. 4b).116 In another
case, Zhang et al. used chemical unit co-substitution in the
lutetium aluminium garnet (LuAG) host, replacing LuO8/AlO4

units with SrO8/SiO4, to develop the efficient and thermally
stable green phosphor Lu2SrAl4SiO12:Ce

3+ (LSAS:Ce3+), which
emits a blue-shied emission peaking at 514 nm.117 Similarly,
Huang et al. observed a noticeable wavelength-tuning from
423 nm to 525 nm in the orthosilicate-orthophosphate struc-
tured phosphor K1−x(BaSr)(1+x)/2(SixP1−x)O4:Eu

2+ (0 # x # 1) by
employing a co-substitution strategy, which also improved the
thermal stability due to an expanded bandgap and the intro-
duced defect levels associated with the higher content of the
phosphate anion group.118

Adjusting the doping concentration typically impacts lumi-
nescence intensity according to the concentration quenching
mechanism. However, in certain phosphors, this adjustment
Fig. 4 (a) Normalized PL spectra of Ba2Ca1−ySry(PO4)2:Eu
2+. Reproduced

of the phosphors Ca1.98(Al1−xMgx)(Al1−xSi1+x)O7:0.02Eu
2+ (x = 0, 0.25, 0.5

116. Copyright 2015, ACS. (c) Normalized PL spectra of CsKaNa1.98−yLiy(Li
Copyright 2019, ACS.

2096 | Chem. Sci., 2025, 16, 2089–2104
also affects the lattice site occupancy, leading to an emission
wavelength shi.119 For example, in the Ba1−xEuxSi2O2N2

system, increasing Eu2+ concentration red-shis the emission
peak from 490 nm to 500 nm.120 This phenomenon stems from
the shorter bond lengths formed between Eu2+ and its
surrounding O/N ligands when it replaces larger Ba2+ ions. The
resulting stronger crystal eld weakens the energy of the 5d–4f
transitions, leading to the observed red shi. Similar effects
occur in La3−xCexSi6N11 and Sr1−xEuxSi2O2N2 phosphor
systems.121,122 When the host matrix possesses multiple avail-
able cation sites, manipulating the activator ion distribution
across these sites, known as crystal-site engineering, offers
another avenue for photoluminescence tuning. For example,
Liang et al. demonstrated this approach in CsKNa2(Li3SiO4)4:-
Eu2+ phosphors. Introducing Li+ ions controlled the migration
of Eu2+ ions from K+ sites to Na+ sites, achieving spectral tuning
from a cyan narrow band to a green narrow band (Fig. 4c).76

Similarly, in KSrScSi2O7 phosphors, increasing the Eu2+ doping
concentration triggers its migration from the Sr2+ sites to the
Sc3+ sites through doping concentration-dependent crystal-site
engineering, enabling tuneable photoluminescence from blue
to cyan.123 Further exemplifying this principle, Ca3La3(1−x)-
Ce3x(BO3)5 phosphors exhibit different emission changes with
increasing Ce3+ concentration.124 Concretely, the emission
intensity from the Ce(2)3+ site steadily increases, while that
from the Ce(1)3+ site decreases. This behaviour arises from the
preferential occupation of Ce(2)3+ sites at higher doping
concentrations. These examples show the effectiveness of
various strategies, including cation/anion substitution, chem-
ical unit co-substitution, and crystal-site engineering, in opti-
mizing phosphor optical performances and achieving specic
blue or green emission characteristics.
3.3 Thermal stability of phosphors for pc-LED

In practical applications of pc-LED devices, in addition to the
specic requirements for emission colours and colour purity,
the stability of luminescence must also be considered, with the
most critical aspects being chemical and thermal stabili-
ties.106,125,126 In marine applications, the primary chemical
with permission from ref. 113. Copyright 2020, Elsevier. (b) PL spectra
, 0.75, and 1) as a function of x. Reproduced with permission from ref.

3SiO4)4:0.02Eu
2+ (0# y# 1). Reproduced with permission from ref. 76.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stability to consider is moisture resistance, which will be
detailed in the following section.127,128 While designing phos-
phors with high thermal stability is presented in this section.
The thermal stability of PL in phosphors is evaluated by the
thermal quenching (TQ) behaviour, which can be inuenced by
the electronic and/or crystal structures, structural rigidity, and
chemical composition of the phosphors.129 Within several years,
many efforts have been devoted to designing anti-TQ phos-
phors, and the design strategies can be summarized as defect
engineering, structural modulation, surface coating, and other
strategies (e.g., energy transfer, crystallinity enhancement,
negative/zero thermal expansion, and glass technology).112,130–134

Defect engineering in phosphor materials refers to the
deliberate introduction, manipulation, or control of defects
within the structure to enhance or modify the optical proper-
ties. For phosphors with high thermal stability, energy levels
associated with defects within the bandgap can inhibit TQ
through energy transfer (ET) between the defect levels and
luminescence centres. For example, the introduced SrBa trap
levels in K2Sr1.25Ba0.75(PO4)2:Eu

2+ (KS1.25BP:Eu
2+) phosphors

enhance the thermal stability compared to the isomorphic K2-
Ba2(PO4)2:Eu

2+ and K2Sr2(PO4)2:Eu
2+ phosphors (Fig. 5a).135

Fig. 5b illustrates that these intentionally created point defects,
mainly SrBa, serve as electron-trapping centres. They store and
transfer energy to the excitation band, leading to an emission
increase, which counteracts the usual emission losses due to
non-radiation (NR) transition at high temperatures. Some other
Fig. 5 (a) The emission retention of peak intensity and integrated
intensity of KSxBP:Eu

2+ (x= 0, 1.25, 2) as a function of temperature and
(b) a suggested model for describing the mechanism of improved
thermal stability. Reproduced with permission from ref. 135. Copyright
2022, Elsevier. (c) UCr4C4 structure, garnet structure, and b-K2SO4

structuremodel.142–144 Reproduced with permission from ref. 142–144.
Copyright 2023, ACS. Copyright 2023, Elsevier. Copyright 2018, ACS.
(d) Thermal enhancement in Er3+-doped orthorhombic Yb2W3O12 by
negative thermal expansion. Reproduced with permission from ref.
145. Copyright 2023, WILEY-VCH.

© 2025 The Author(s). Published by the Royal Society of Chemistry
blue or green emitting phosphors such as Sr2SiO4:Ce
3+/K+,

BaGa2O4:Bi
3+, Ba4(CaLa)(PO4)3Cl:Eu

2+, Na2MgAl10O17:Eu
2+ also

present high thermal stability via defect engineering.136–139

Moreover, ET can occur not only between the defect levels and
luminescence centres, but also in multiple luminescence
centres through the interaction between two activators or elec-
tric multipole interactions.140 Sensitizers can efficiently absorb
UV/n-UV light and transfer energy to other luminescent centres,
signicantly enhancing the PL thermal stability of activators. In
addition, PL thermal stability of luminescence centres can be
enhanced by crystallinity improvement through adding ux
during synthesis process of phosphors. Zhang et al. added a ux
of K2CO3 into K3YSi2O7:Eu phosphors to improve the crystal-
linity and hinder the NR quenching process, so that integral
intensity at 200 °C and quantum yield of the optimal sample
can reach up to 200% enhancement compared to phosphors
without ux adding.141 The appropriate use of ux not only
regulates the average size and shape of phosphor particles but
also suppresses the impurity formation. This results in a pure
phase with enhanced crystallinity and reduced surface defects,
signicantly impeding the non-radiative (NR) quenching
process.

The preceding strategies are mainly based on the relation-
ship between anti-TQ properties and the corresponding elec-
tronic structure of phosphor. Another aspect to be considered is
the crystal structure. The TQ properties of phosphors can be
strongly affected by structural modulations, which inuence the
local lattice environment around the luminescent ions.
Concretely, a rigid structural framework such as b-K2SO4-,
garnet-, and UCr4C4-type compound, can signicantly reduce
emission losses during the thermal processing (Fig. 5c).142–144

Besides, chemical substitution can lead to enhanced structural
rigidity and a concomitant decrease in lattice vibration
frequency, thereby increasing the quenching temperature and
moisture stability. This method and surface coating method
will be introduced in Section 3.4 in more detail. Notably, several
negative thermal expansion materials have been used as the
matrix to develop anti-TQ phosphors. A 29-fold enhancement of
green emission was observed in Yb2W3O12:Er

3+ as the temper-
ature rose from 30 to 300 °C, which may result from the
increased efficiency in the accumulation of excitation energy
due to the contraction and distortion of the host lattice
(Fig. 5d). 145
3.4 Moisture stability of phosphors for pc-LED

Considering the applications of pc-LEDs in the humid and salt-
fog marine environment, it is necessary to combine structural
regulation, surface modication, and other methods to further
improve the luminescence stability of narrow-band blue-green
phosphors. Fluoride and sulde phosphors, for instance,
exhibit strong hydrophilicity, readily undergoing hydrolysis or
oxidation of the luminescent center or the inorganic
matrix.146,147 Besides, silicate- and nitride-based phosphors
exhibit low emission efficiency under humid conditions.63,148

These limitations hinder the application of pc-LED devices
reliant on such phosphors in maritime environments. Extensive
Chem. Sci., 2025, 16, 2089–2104 | 2097
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research has identied various factors contributing to moisture-
induced degradation, including structure decomposition,149

luminescence centre oxidation,150 and surface layer hydro-
lysis.151 Consequently, phosphors for pc-LEDs oen fall short of
performance requirements in complex, humid atmospheres. To
address this challenge, researchers have explored several strat-
egies to enhance moisture resistance, including ionic substi-
tution, surface modication, and the development of glass-
ceramics phosphors, phosphor-in-glass (PiG) composites, and
single-crystal phosphors.

3.4.1 Ionic substitution. Ionic substitution within the
phosphor matrix presents a versatile approach to manipulate
not only photoluminescence properties, including emission
wavelength and bandwidth, but also crucial moisture resis-
tance. This strategy is particularly well-documented for Mn4+-
doped phosphors, as Mn4+ readily transforms into Mn(OH)4
under humid conditions. In Mn4+-activated uoride hosts like
A2XF6:Mn4+ and A3YF6:Mn4+ (A = NH4, Cs, K, Na; X = Ti, Zr, Si,
Ge; Y = Ga, Al), hydrolysis of the [MnF6]

2− group signicantly
compromises moisture stability. Cation substitution, such as
Si4+-doping in K2GeF6:Mn4+, Li+-doping in Na2SiF6:Mn4+, and
Nb5+-doping in K2TiF6:Mn4+, effectively suppress this
hydrolysis.152–154 Notably, Nb5+ incorporation signicantly
improves both moisture resistance and luminescence intensity
in K2Ti0.949Nb0.051F6.051:5.0%Mn4+ (Fig. 6a). Another prevalent
strategy involves introducing oxygen atoms into the host lattice,
forming more stable Mn4+–O− and Mn4+–O2− bonds compared
to Mn4+–F− bond.155 As illustrated in Fig. 6b, K2NbF7:Mn4+ and
K3(NbOF5)(HF2):Mn4+ exhibit distinct luminescence declines
aer 360 min of water immersion. This approach also holds
promise for enhancing moisture resistance in phosphors with
other luminescent centers, as demonstrated by the increased
moisture stability of Sr3AlO4F:Ce

3+ compared to the iso-
structural Sr2BaAlO4F:Ce

3+ phosphors.156 Liao et al. further re-
ported that substituting Rb+ with Na+ noticeably increased the
integrated PL intensity of R3NLSO:8%Eu2+ compared to
R4LSO:8%Eu2+ phosphor aer one hour in humid conditions
(Fig. 6c).157 Notably, ionic substitution in halide perovskite-
based phosphors can minimize defect density and promote
Fig. 6 (a) Relative emission intensity (lex = 466 nm) and photographs
of K2Ti0.949Nb0.051F6.051:5.0%Mn4+ (the upper illustration) and
K2TiF6:5.0%Mn4+ (the inferior illustration) after immersion in deionized
water for different times. Reproduced with permission from ref. 153.
Copyright 2021, Elsevier. (b) Normalized emission intensity and
photographs of K3(NbOF5)(HF2): Mn4+ and K2NbF7:Mn4+ red phos-
phors at 630 nm after various immersion times. Reproduced with
permission from ref. 155. Copyright 2019, the Royal Society of
Chemistry. (c) Time-dependent normalized PL intensities of
R3NLSO:8%Eu2+@ODTMS, R4LSO:8%Eu2+@ODTMS, R3NLSO:8%Eu2+,
and R4LSO:8%Eu2+ immersed in water. Reproduced with permission
from ref. 157. Copyright 2021, WILEY-VCH.

2098 | Chem. Sci., 2025, 16, 2089–2104
radiative recombination, leading to enhanced stability. Previous
studies have shown that sodium alloying followed by Bi3+

doping elevates the diffusion barrier of VCl
+ in cubic Cs2AgInCl6

perovskite, thereby improving its moisture stability.158 The
Cs2Ag0.7Na0.3InCl6:Bi

+ sample, for instance, retains ∼98% of its
initial PL intensity aer desiccation. Overall, ionic substitution
offers a versatile approach for tailoring phosphor structural
units, promoting exciton recombination rate, and enhancing
crystal structural stability, leading to intense and moisture-
resistant light emissions. This strategy is ideal for optimizing
the narrow-band-emission UCr4C4-type and aluminium oxy-
nitride phosphors mentioned previously.

3.4.2 Surface modication. While structural and composi-
tion design offer promising avenues for improving moisture
stability, surface modication presents a simpler and more
versatile approach. This technique involves altering the phos-
phor particle surface through various strategies, including
coating with heterogeneous or homogeneous materials,
passivation treatment, and employing chemical bonding,
precipitation reaction, or mechanochemistry.159–162

3.4.2.1 Protective coating layers. As mentioned previously,
alkaline earth silicate and aluminate substrates are popular
choices for blue-green phosphors due to their suitable proper-
ties for pc-LEDs. However, their instability in water hinders
their commercial viability in marine environments. To address
this problem, protective homogeneous coating layers using
materials like SiO2, Al2O3, and MgO, organo-silicone, resin,
polyurethane, oleic acid (OA), and alkyl phosphates can be
deposited.163,164 For instance, Yoo et al. demonstrated plasma
coating of SrAl2O4:Eu

2+, Dy3+ (SAO) with silane-based material,
conrming no detrimental effects on the luminescence perfor-
mance. This plasma-coated SAO phosphor retained over 50% of
its initial luminescence intensity aer 48 h in water. Ma et al.
found that aer being soaked in deionized water, the lumi-
nescence intensity of K2SiF6:Mn4+ phosphors using oleylamine
(OAm) as an organic coating layer remained 85.2% of its initial
value, while that of non-coated KSFM decreased to 15.4%.165 Xia
et al. developed a RLSO:Eu2+ phosphor with superior thermal
stability but poor humidity resistance.83 Heterogeneous
protective layers, such as those obtained using atomic layer
deposition (ALD), offer advantages like uniformity, densica-
tion, and precise control over layer thickness. By ALD strategy,
Xia et al. created a dual-core-shell structure in
RLSO:Eu2+@Al2O3@ODTMS (ODTMS is octadecyltrimethox-
ysilane), signicantly enhancing water corrosion resistance
(Fig. 7a).166 However, these heterogeneous coatings exhibit long-
term detachment issues under high temperatures and
humidity. In contrast, the homogeneous core–shell approach
offers better stability and reduces non-radiative transitions
compared to heterogeneous coatings, and does not easily fall off
in a high-humidity environment. Current reports on the mois-
ture resistance of homogeneously coated core–shell phosphors
are more common for Mn4+-doped red uoride phosphors.
Chen et al. assembled a KTF:Mn4+@KTF core–shell phosphor
via reverse cation exchange.161 The KTF shell not only protects
the [MnF6]

2− group inside the phosphor from hydrolysis, but,
also, effectively cuts off energy migration to the surface layer,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Schematic illustration of surface coating via atomic layer
deposition (ALD) for the RLSO: Eu2+ phosphor and subsequent
hydrophobic surface modification with ODTMS on RLSO:Eu2+@Al2O3

surface. Reproduced with permission from ref. 166. Copyright 2020,
WILEY-VCH. (b) Illustration of the construction of KTF: Mn4+@KTF
core–shell phosphor through a reverse cation-exchange strategy.
Reproduced with permission from ref. 161. Copyright 2019, WILEY-
VCH.

Fig. 8 (a) Digital picture and confocal laser scanning microscope
image of PiG. Reproduced with permission from ref. 179. Copyright
2020, Elsevier. (b) Luminescence behaviors of powdery (left) and
crystal phosphors (right) in WLEDs. Reproduced with permission from
ref. 183. Copyright 2020, WILEY-VCH.
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thereby increasing the luminous efficiency, especially for high-
concentration phosphors (Fig. 7b).

3.4.2.2 Passivation treatment. Weak reducing agents like
phosphoric acid,167 H2O2,168 oxalic acid,169 and mandelic acid 170

can be used to form a surface passivation shell, reduce surface
defects and improve chemical stability. This method offers
advantages such as post-processing on existing phosphors or
potential reduction of defects affecting ions like Mn4+ and Eu2+.
Li et al. demonstrated successful passivation of K2SiF6:Mn4+

with sodium sulte, the phosphor maintaining 90.8% of its
initial intensity aer 6 h in water.171 Ulteriorly, Chang et al.
found that K2SiF6:Mn4+ phosphors maintained 95.2% of their
emission intensity aer immersing in deionized water for 6 h.172

Reducing agent passivation is an environmentally friendly, cost-
effective, and simple approach for enhancing moisture resis-
tance while preserving the high luminous efficiency of pc-LED
phosphors.

In summary, surface modication presents a versatile and
effective approach for improving the moisture stability of
phosphors, paving the way for their successful application in
marine environments. Exploring and optimizing coating
materials and passivation strategies is needed for further
advancements in this eld.

3.4.3 Other strategies. In practical applications, pc-LED
devices are encapsulated into epoxy or silicone elastomers by
combining the InGaN chip, phosphors, and encapsulants to
fabricate the nal device.125 However, heat generated by
© 2025 The Author(s). Published by the Royal Society of Chemistry
phosphors and excitation sources can discolour organic
encapsulants, reducing luminous efficacy. To overcome this,
inorganic materials like transparent ceramics or glass ceramics
are realistic alternatives.173,174 Phosphor-in-glass (PiG) tech-
nology disperses phosphors within an inorganic glass matrix,
signicantly enhancing stability towards water and oxygen.175,176

This composite material retains the optical properties of the
initial phosphors while offering superior moisture resistance
compared to conventional surface modications, as well as
better transparency. Im et al. demonstrated this by fabricating
SrGa2S4:Eu

2+ PiG microcubes with improved thermal and
moisture resistance.177 Similarly, Zhang et al. embedded the
SrLiAl3N4:Eu

2+ phosphor in low-melting Sn–P–F–O glass,
maintaining 80% of the initial luminous intensity.178 Lei et al.
even developed a blue light converter using a SrLu2O4:Ce

3+, Li+,
and F− glass ceramics phosphor suitable for near-UV excitation
(Fig. 8a).179 Notably, PiG technology can also be applied to
nanocrystals, further expanding its potential in pc-LED appli-
cations. For instance, Xu et al. synthesized Cs2CuCl4 glass
ceramics showing stable blue emission even aer 80 days in
water.180 Regarding their high stability and thermal conduc-
tivity, PiG lms have been considered as suitable colour
converters in the UWOC system. Xie et al. produced a laser-
driven green light using blue laser diodes to excite the green-
emitting b-Sialon PiG lm.181 The dominant wavelength of
this green light, crucial for UWOC, can be adjusted between
approximately 520–540 nm by controlling the phosphor content
(around 60–80%) and lm thickness (approximately 150–185
mm). This research also paves the way for pc-LED light sources
in marine applications.
Chem. Sci., 2025, 16, 2089–2104 | 2099
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However, PiG and transparent ceramics face limitations in
luminescence efficiency due to light scattering and reection
losses.182 Single crystals, in contrast, offer advantages like
superior moisture stability, reduced backscattering and mini-
mized self-absorption due to fewer grain boundaries (Fig. 8b).
This, along with minimized crystal defects, makes their lumi-
nescence less susceptible to ambient moisture.183 Zhang et al.
reported a micrometre-size K2SiF6:Mn4+ (KSFM) single crystal
with excellent moisture resistance obtained via saturated crys-
tallization.184 Wu et al. reported a Cs2TiF6:Mn4+ (CTFM) single
crystal with 98.7% internal quantum efficiency and strong
moisture stability compared to the corresponding powder.185

Notably, adding a homogeneous Cs2TiF6 shell using epitaxial
growth further enhanced stability. While currently pc-LEDs are
focused on red uoride phosphors, similar materials can be
developed for preparing blue-green phosphors, such as those
with perovskite structures.

3.4.4 Comparing the various technologies proposed.
Recent developments in moisture-resistant phosphors for pc-
LEDs utilizing various technologies have been reviewed in the
above sections and typical examples discussed. Ionic substitu-
tion, based on the inuence of ion radius on structural stability,
improves optical performance and moisture resistance but may
introduce new defect states and alter the luminescence spec-
trum. Surface modication, the most widely used approach,
enhances luminescence but when using organic protective
shells, their thermal instability limits their applicability. Inor-
ganic shells offer better thermal stability but pose challenges in
controlling their formation due to higher sintering tempera-
tures and potential interaction with the phosphor matrix. More
research is needed to ensure composite materials retain the
original phosphor's luminescence properties. Ultimately, strat-
egies like PiG and single crystal phosphors offer better alter-
natives for all-inorganic pc-LED colour converters, eliminating
the need for organic encapsulation. Developing highly efficient,
chemically and thermally stable, and cost-effective phosphors
for pc-LEDs remains an important but challenging task.
Continued research in various modication and encapsulation
technologies is crucial to achieving this goal.
4 Conclusions and outlook

As the eld of solid-state pc-LED devices for marine applications
continues to grow, innovative strategies to optimize and enhance
the luminescence properties of phosphors offer exciting potential
for future advancements. This review delves into the current
applications of pc-LEDs in marine environments and explores
strategies for developing suitable phosphors tailored to the
unique demands of these environments. In underwater optical
communications systems, pc-LED devices must meet stringent
requirements of short response time, high bandwidth, and effi-
cient information transfer. For marine sheries, pc-LED devices
that can precisely control light intensity, light colour, and
photoperiod are crucial for optimizing the growth and well-being
of specic species. To address these demands, previous research
on narrow-band-emitting phosphors, photoluminescence
2100 | Chem. Sci., 2025, 16, 2089–2104
tuning, and environment-resistant phosphors provide valuable
foundations for designing acceptable phosphors.

But despite the encouraging progress in phosphor discovery,
several challenges and opportunities remain unexplored. These
include the following aspects.
4.1 Distance and scope of optical beam transmission in
UWOC

Water type, absorption, scattering, and other propagation los-
ses signicantly impact the range of the optical beam under-
water. Blue-green wavelengths from pc-LED correspond to a low
attenuation window and facilitate high-bandwidth communi-
cation over moderate distances.
4.2 Species-specic lighting needs in sheries

Diverse aquatic species exhibit varying lighting needs and
photosensitivity. The optimum light colour for most aquatic
organisms lies within the blue-green spectral range. Strength-
ening research on improving the characteristics of underwater
pc-LED light devices and on the photobiological effects of
aquatic organisms will aid in developing lighting devices with
emission wavelengths tailored to specic species.
4.3 Balancing narrow-band emission and environmental
stability

While exploring phosphors with highly rigid and ordered
structures for narrow-band blue or green emission is essential,
achieving high environmental stability remains a challenge.
Further research is warranted to develop phosphors that can
simultaneously achieve both narrow-band emission and mois-
ture resistance.

In conclusion, this review provides a comprehensive over-
view of the application directions and research progress in
phosphor materials suitable for marine environments. By
addressing the aforementioned challenges and opportunities,
the development of marine pc-LED devices can be further
advanced, paving the way for transformative applications in
underwater communication, sheries, and aquaculture.
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Opt. Mater., 2021, 117, 111184.

154 X. Zhong, D. Deng, T. Wang, Y. Li, Y. Yu, J. Qiang, S. Liao,
Y. Huang and J. Long, Inorg. Chem., 2022, 61, 5484–5494.

155 G. Pang, F. Hong, X. Liu, Y. Zhang, C. Zhang, T. Dong, Z. Fu,
G. Liu, J. Wang, D. Li and X. Dong, Dalton Trans., 2021, 50,
17290–17300.

156 W. B. Im, N. George, J. Kurzman, S. Brinkley,
A. Mikhailovsky, J. Hu, B. F. Chmelka, S. P. DenBaars and
R. Seshadri, Adv. Mater., 2011, 23, 2300–2305.

157 M. Liao, Q. Wang, Q. Lin, M. Xiong, X. Zhang, H. Dong,
Z. Lin, M. Wen, D. Zhu and Z. Mu, Adv. Opt. Mater., 2021,
9, 2100465.

158 S. Li, Z. Shi, F. Zhang, L. Wang, Z. Ma, D. Wu, D. Yang,
X. Chen, Y. Tian and Y. Zhang, ACS Appl. Mater.
Interfaces, 2020, 12, 46330–46339.

159 Y. Jia, Y. Pan, Y. Li, L. Zhang, H. Lian and J. Lin, Inorg.
Chem., 2021, 60, 231–238.

160 P. Balaz, M. Achimovicova, M. Balaz, P. Billik,
Z. Cherkezova-Zheleva, J. Manuel Criado, F. Delogu,
E. Dutkova, E. Gaffet, F. Jose Gotor, R. Kumar, I. Mitov,
T. Rojac, M. Senna, A. Streletskii and K. Wieczorek-
Ciurowa, Chem. Soc. Rev., 2013, 42, 7571–7637.

161 D. Huang, H. Zhu, Z. Deng, Q. Zou, H. Lu, X. Yi, W. Guo,
C. Lu and X. Chen, Angew. Chem., Int. Ed., 2019, 58, 3843–
3847.

162 J. Xiong, N. Liu, X. Hu, Y. Qi, W. Liu, J. Dai, Y. Zhang, Z. Dai,
X. Zhang and Y. Huang, Adv. Energy Mater., 2022, 12,
2201787.

163 Y. Liu, H. Wang, D. Chen, L. Gao, X. Wang, X. Jian, C. Mu,
X. Xu, Y. Zhao and L. Yin, Ceram. Int., 2021, 47, 3244–3251.
2104 | Chem. Sci., 2025, 16, 2089–2104
164 R. Li, X. Fang, J. Ren, B. Chen, X. Yuan, X. Pan, P. Zhang,
L. Zhang, D. Tu and Z. Fang, Nanoscale, 2021, 13, 12494–
12504.

165 C. Chang, W. Ye, C. Zuo, Y. Li, Z. Wen, L. Guo, Y. Cao and
C. Ma, ACS Sustainable Chem. Eng., 2023, 11, 15887–15897.

166 M. Zhao, K. Cao, M. Liu, J. Zhang, R. Chen, Q. Zhang and
Z. Xia, Angew. Chem., Int. Ed., 2020, 59, 12938–12943.

167 Q. Zhou, L. Dolgov, A. M. Srivastava, L. Zhou, Z. Wang,
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