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Metal Halide Perovskite-Based
Phosphors and Their Applications
in LEDs

Jizhong Song and Leimeng Xu

Abstract Electric lighting has become a significant part of human daily life,
accounting for approximately 15% of global power consumption. Among various
illumination, white light-emitting diodes (WLEDs) have become a major research
focus of the industry due to their long lifespan and high energy efficiency. Current
commercial WLEDs are fabricated mainly through utilizing blue LEDs with
phosphor coatings. Under the environment of energy-saving emission reduction,
according to the haitz’s law of LED industry, LED will follow the development
process of aiming high brightness and low cost. Thus, exploring new phosphors for
lightings, compatible with the cost reduce, is highly desired. Metal halide perovskite
phosphors have attractedwide attention due to their outstanding luminescence feature
and low-cost solution-processing. In this chapter,wefirst introduced perovskite phos-
phors of different colors, including three primary colors (blue, green, red), and other
colors (e.g. white, yellow and orange). Then, we further summarized the stability
improvement strategies of through hybrizing perovskite phosphors with inorganic
materials, organic molecules and polymer, and the non-luminous perovskites and
luminous perovskites. Finally, we presented some strategies of perovskite phosphor
applications in WLEDs, such as by combining GaN chip with three-primary-color
perovskite phosphors, through energy transfer in one perovskite, and by doping ions
in perovskites.

Keywords Metal halide perovskite · Phosphors · Hybrid phosphors · Composite
materials · Light-emitting diodes · Backlight · Lighting · Different colors

1 General Aspects

Light is always what human persuade for, especially electric lighting is a vital part of
human daily life, according to statistics, illumination consumes 15% of the world’s
electricity, among which white light-emitting diodes (WLEDs) have superiorities
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of long lifespan and high energy efficiency, leading to a major research focus in
photoelectric industry [1–5]. To realize white emitting, different materials have been
exploited, the most primary method is to coat the blue chip with phosphors, the
efficiency ofWLEDsmainly depend on the performance of phosphor coatings.Under
the environment of energy-saving emission reduction, according to the haitz’s law of
LED industry, LED will follow the development process of aiming high brightness
and low cost [6, 7].

As technology developing, traditional materials could not satisfy the operating
requirements any more. For example, the traditional incandescent lamp emits visible
light by heating the filament electrically to incandescent state through thermal radi-
ation, which has a very low energy-utilization rate, and the filament temperature ups
to 3000 °C, which is a dangerous degree in some industries. For another example,
the most common energy-saving lamps in our daily life are based on plasma conduc-
tion and phosphor luminescence, such luminescent materials have lower working
temperature (1160 K) and higher energy-conversion efficiency than incandescent
lamps, but their efficiency is still low and the pollution is serious. Hence, exploring
new luminescent materials is highly important and urgent. In this field, many mate-
rials have achieved much progress, but few could reach the commercial grade.
High-efficiency luminescence did not get enough recognition until perovskite phos-
phors were reported. Perovskite phosphors have attracted wide attention due to
their outstanding luminescence feature (such as high efficiency and brightness) and
low-cost solution-process.

Perovskite materials are particularly attractive and promising materials in optical
field, high photoluminescence quantum yield (PLQY), easily tunable spectra and
simple synthesis make them ideal luminous materials. Compared with the synthesis
methods of other lighting materials, perovskite phosphors are fabricated by solu-
tion process, which allow low-cost and large-scale manufacture [8–21]. Speaking of
highly luminescent and efficient phosphors, many progresses have been achieved, a
lot of comparative mature technologies have been exploited to synthesize perovskite
materials, which have been widely applied in light-emitting diodes (LEDs).

The earliest perovskite phosphor materials are organic–inorganic hybrid
perovskites [22–24]. In 2007, Parashkov and his coworkers found (RNH3)2PbX4

with perovskite structure could act as luminous materials, and Pierre synthesized
(RNH3)2PbX4 nanoparticles through nebulization/lyophilization method in 2009
[22]. However, this kind of structure was unstable, which limits the practical appli-
cations. Until the end of 2014, researchers sostenuto developed stable organic–inor-
ganic perovskite (e.g. FAPbX3, MAPbX3) [25, 26] and all-inorganic perovskite (e.g.
CsPbX3) [27, 28] system. The crystal structures of perovskites are shown in Fig. 1.
Figure 1a demonstrated the chemical formula of three-dimensional (3D) ABX3

perovskite (purple A = cesium (Cs), formamidine (FA), methylamine (MA); black
B = Pb, Sn; green X = Cl, Br, I, the black B atoms and the green X atoms form
the B-octahedrons ([BX6]4−), A-site cations are filled between B-octahedrons) [29].
Figure 1c demonstrated the chemical formula of two-dimensional (2D) perovskite,
(A′)mAn−1BnX3n−1 (A′ represents large organic cation; A represents small organic
or inorganic cation such as Cs+, MA+, FA+, Rb+; B and X represent metal anions and
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Fig. 1 a The crystal structure of 3D perovskites. b The high-angle annular dark-field scanning
transmission electron micrograph (HAADF-STEM) [29]. c The structure of 2D perovskites [31]. d
TEM images of 2D Ruddlesden–Popper (RP) perovskite with Br series; herein the expression for
2D perovskite is (BA)2(MA)n −1PbnBr3n+1 [32]

halogen elements, respectively.). Figure 1b, d exhibited the TEM images of typical
3D and 2D perovskite structures [29, 30]. Besides 3D and 2D structures, perovskite
structures of 1D and 0D were also successively prepared, as well as other derived
structures such as double-perovskite structures.

In 2015, Kovalenko et al. firstly designed highly luminescent perovskite-based
colloidal quantum dots (QDs) by hot-injection method, which pushed the research
of perovskites into a hot trend [33]. The as synthesized all-inorganic perovskite
exhibited uniformly dispersed grains, high PLQY, narrow full width at halfmaximum
(FWHM) and tunable spectra. Especially, the tunable spectra, covering the whole
visible range, could be realized by differentmethods, such as composition adjustment
[33], shape transformation [34] and size control [35, 36]. For instance, by adjusting
ingredient proportion of Cl, Br, and I during synthesis, entire-visible spectra of 410–
700 nm could be easily realized. The as synthesized CsPbX3 colloidal solutions and
their PL spectra are shown in Fig. 2a. For another instance, Tisdale et al. found that
nanoplatelets with only few unit cells in thickness exhibited narrow and blue-shifted
absorption/emission, and hence allowed lead-bromide-based and lead-iodide-based
nanoplatelets to cover the whole visible range. Figure 2b showed the bandgaps of
perovskite nanoplatelets with different thickness. Furthermore, Yang and Sargent
et al. reported that size effect of QDs could also effectively affect light emission,
CsPbBr3 QDs emitted a sky-blue light by decreasing the size of nanocrystals (NCs).
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Fig. 2 a Spectra adjusted by composition engineering for CsPbX3 NCs [33]. b Spectra adjusted
by dimension [34]

However, despite these attractive advantages of lead halide perovskites (LHPs)
in photoluminescent (PL) applications, one of the key challenges is the toxicity of
Pb. Pb exposure during the fabrication process of optoelectronic devices is huge,
which threats the human and the environment. Thus, to further extend the family of
perovskite phosphors without the presence of toxic Pb, various lead-free perovskites
have been developed, including tin- (Sn), bismuth- (Bi), copper- (Cu) and indium-
based (In) perovskite system. Sn-based perovskites are suitable for fabricating broad-
emission LEDs (e.g. yellow LEDs), but Sn-based perovskites face a problem of self-
oxidation of Sn2+ to Sn4+, which severely damages its metallic behaver. Bi-based
perovskites have high bandgap, usually are applied in blue emitters (e.g. MA3Bi2Br9
blue LEDs). In addition, using the energy transition between Bi and other ions (such
as Tb3+, Eu3+, Er3+), we can fabricate other perovskites (e.g. orange and red). Cu-
based perovskites are new-type perovskites with many interesting PL properties (e.g.
Cs2CuI3 and Cs3Cu2I5) [37–43]. Furthermore, two perovskite structures could nest
together to form a metal halide double perovskite (MHDP) structure (usually Bi-
and In-based double perovskite) [44–46], which exhibited promising prospect in
luminescence and LEDs for its good water-oxygen and thermal stability.

In this chapter, we introduce the basic structures and optical properties of
perovskite phosphors according to color classification, such as blue phosphors, green
phosphors, red phosphors, and other color system. Meanwhile, different strategies
to enhance the optical properties and stabilities of perovskite phosphors were also
presented, for example, ion doping, ligands passivation, ion exchange, alloying and
so on. Finally, LED backlight applications based on perovskite phosphors are exhib-
ited, which tremendously show the development of perovskites and illuminations.
All these perovskite phosphors and applications motivated the development of new
lightings in the future.
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2 Different Color Perovskite Phosphors

Light is one of the foundations of our life. For more than thousands of years, human
attend to control light instead of depending on the sun, until the creation of elec-
tric lamp. However, more efficient light sources are what human always persuades
for, perovskite, as a more energy-efficient luminescent material, attracts increasing
attentions, many synthetic methods of high-quality perovskite phosphors have been
reported.After several years of development, perovskite phosphors can showavariety
of different light emission colors, including primary blue, green, red (RGB), and other
colors, such as white, orange, and yellow light. In all the colors, the three-primary
colors are the most attentional, white is the basic color for illumination applications.

The perovskite phosphors with different colors and their synthesis and improve-
ment methods are described in detail below.

2.1 Blue Perovskite Phosphors

As one of the three-primary color, blue is the key, not only for its application in
industry and biology, but also because there are more difficulties and bottlenecks
in blue perovskite phosphors. The general problems of blue perovskite phosphors
are low brightness, low luminous efficiency, and poor stability. So far, many break-
throughs have been achieved, but the efficient and stable blue perovskite phosphors
are still scarce.

2.1.1 Lead Halide Perovskite

Structure of blue perovskites can be described as APbBr3−xClx, where Cl− plays a
vital role in tuning spectrum from green to blue. Because of smaller ionic radius and
stronger bonding of Cl−, blue perovskites have smaller NCs. However, compared
with green and red perovskite phosphors, mixed halogen perovskites of Cl and Br
exhibit lower efficiency. So, research on blue perovskite is lagging behind and still
has a long way to go.

Synthetic methods of blue LHPs are similar to those of green and red, which
can be classified into hot-injection, room-temperature synthesis and anion exchange.
The emission wavelength of perovskite can be tuned from 400 nm to ~520 nm by
controlling the proportion of Cl and Br [47]. Besides altering the spectra by adjusting
the component during synthesis process, post-processing can also achieve the same
effect. For instance, the anion exchange after synthesis can effectively modulate the
spectrum without changing the crystal structure [48], and the final QDs exhibit a
higher efficiency and stability. The schematic diagram of anion exchange shown in
Fig. 3a, b exhibited the TEM and PL spectra of NCs after anion exchange. We can
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Fig. 3 Schematic diagrams of methods and spectra of blue LHP. a Anion exchange in
CsPbBr3−xClx perovskites [48]. b The corresponding TEM and PL spectra of anion-exchange
NCs [33, 47, 48]. c PL spectra and samples of perovskite structures (usually 2D perovskites) [62]

clearly see that CsPbBr3−xClx NCs have smaller grain size and still maintain the
same morphology with CsPbBr3.

Anion-exchange can easily adjust anion species of perovskites, thereby control
the spectrum [49]. For the anion-exchange of LHPs, inorganic salts are generally
used as halide source, such as LiX, ZnX2, PbX2 and CuX2. Parthiban et al. [50]
used lithium salts (LiX, X = I, Cl, and Br) as halide source at room temperature to
carry out the anion exchange, this method could tune the green emission (CsPbBr3)
at 508 nm over the entire visible spectral region (425–655 nm). In addition, Wang
et al. [51–54] reported that metal halide or halide acid could effectively regulate the
spectra by anion exchange post-treatment, leading to enhanced stability and PLQY
of LHP.

In addition, organic molecules can also affect the anion-exchange process [48,
50, 52, 55–60]. In 2015, Georgian et al. testified the feasibility of anion exchange in
CsPbX3 NCs, they realized blue emission at 468 nmand even violet light at 404 nmby
inorganic and organic halide, including PbX2 and organometallic Grignard reagents
(MeMgX) and oleylammonium halides (OAmX) [48]. Yang et al. further exploited
the anion exchange mechanism, which could occurr easily due to three reasons:
firstly, halide anions have high diffuse/migrate ability in perovskite lattice, secondly,
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the perovskite structure and cation framework are rigid and highly defect-tolerant,
and finally, the effective vacancy-assisted diffusion mechanism [55–57, 60].

Apart from NCs, adjusting the number of layers (n values) of low-dimensional
low-dimensional perovskite structures could effectively tune the spectra from green
to deep blue arrange. The quantum confinement effect and blue shift of spectra
resulting from low-dimensional perovskite structure, make it a worthy method to
fabricate blue-emission perovskites. As is shown in Fig. 3c, with the n values varying
from ∞ (bulk) to 1 (2D), the PL spectra of CsPbX3 blue shift to ~420 nm. These 2D
and quasi-two-dimensional (quasi-2D) structure can be realized by introducing large
organic cations. For example, William et al. synthesized L2[FAPbBr3]PbBr4 (where
L is an organic ligand (octylammonium, butylammonium)) nanoplatelets, which
exhibited continuous emission over a 1.5 eV spectral range, from 2.2 to 3.7 eV. The
dimension control provided an approach to adjust the spectra of low-dimensional
perovskites [61].

As a matter of fact, in 2016, Sudhir Kumar and his coworkers had elaborated
the possibility and validity of this strategy [62], they found that with reducing the
stacking number to n≤ 5, there would be an obvious blue shift, and sharper excitonic
absorption feature. They further illustrated that the two main methods were benefi-
cial to obtaining efficient blue emission, (i) precisely controlling the stacking layer
through separating ligand co-surfactant colloidal chemistry to yield a high degree of
blue shift by the quantum confinement effect [63]; (ii) using the fluorescent, wide-
band-gap, and low-dielectric-constant organic hosts as the barrier materials to form
perovskite dielectric quantum wells and then generate efficient radiative recombina-
tion by the dielectric confinement effect and the near-field Förster resonance energy
transfer (FRET).

In order to make the blue QDs meet the application requirements, it is not enough
to rely on composition engineering, anion exchange, and morphology engineering
merely. More methods are needed to improve the performance of blue perovskite
in terms of brightness and efficiency, strategies such as ligand engineering and ion
doping have been proved effective and promising.

Edward and his coworkers reported a strategy of surface ligand engineering in
2016, which achieved high efficiency at 490 nm [64]. In their work, they firstly
find an extremely effective ammonium salt, didodecyl (dimethyl) azanium bromide
(DDAB). They demonstrated that the deprotonated acidic oleic acid (OA) protons
facilitated the removal of the oleylamine (OAm) ligand by protonation, and promoted
the coordination of the Br− with the positively charged surface metal centers (Cs+

or Pb2+), and the existence of DDA+ on the crystal surface helped to maintain their
solubility in solvent (toluene, octane, hexane and so on). Other halide molecules can
also act as ligands [65], such as PEABr [66], IPABr [66],BABr [67],Octylammonium
bromide (OCTABr) [61], etc.

Despite of ligand engineering [68], efficient blue emission also can be realized by
ion doping. Ion doping can be divided into three types according to the different posi-
tions of the doping/substitution ions in the crystal: X-site doping, A-site doping and
B-site doping [61, 69, 70]. The role of halogens in adjusting the spectra and bandgap
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is the most obvious. However, it is not enough for highly efficient perovskite mate-
rials, especially mixed halogens are unfavorable to stable spectra and high efficiency.
Here we would not introduce X-site doping in detail. Candidates of A-site cations
are mainly FA+ andMA+, which lead to a better stability [71, 72] and slight red-shift
(due to bigger ion radius [73]) in blue perovskite.

A-site ions mildly influence the absorption and emission, so the spectra of A-site
doped perovskites exhibit blue shift or red shift slightly. FA+ and MA+ are often
used to finely tune the spectra, or to improve the brightness. However, all-inorganic
lead halide perovskite (LHP) is more stable compared to organic–inorganic hybrid
ones [33, 74, 75]. Weidman et al. [73] varied A-site cation between Cs, MA, and FA
(cation size: Cs <MA< FA, whose corresponding effective ionic radii are 1.67, 2.17,
and 2.77 Å, respectively) to enhance the stability and PLQY of nanoplatelets. Rela-
tively, the FA-doped perovskite exhibited higher PLQY than MA-doped perovskite.
In addition, Sang-Wook et al. synthesized Rb+ doped CsxRb1−xPbX3 blue perovskite
QDs with a high PLQY of 86%, extended the range of A-site doping ions [76].

Relatively, B-site doping is a promising method in enhancing properties of lead
halide perovskites, which can be used to regulate the spectra, and the currently
promising ions are Mn2+, Ni2+, Zn2+, Al3+, Bi3+, Cd3+, Co2+ and rare earth elements
[77–91]. In 2017, Liu et al. synthesized CsPbxMn1−xCl3 NCs by improved hot-
injection method which enhanced the PLQY of CsPbCl3 from 5 to 54% [92]. Al and
Ni doping were also effective ways to improve the performance of blue perovskites.
Meng et al. proposed Al3+-doped blue-emitting CsPbBr3 perovskite NCs, where a
small amount of Pb2+ were substituted by Al3+, this method generated a blue shift
in the spectrum from 515 to 456 nm. The possible reason of spectral shifts in such
quantum-confined particles may be associated with electronic doping by aluminum
ions or size changes upon doping [80]. Furthermore, many other cations such as
Cd3+, Co2+, Yb3+ also have important effect on the blue emission of CsPbX3 (X =
Cl, Br or mixture) [77, 78, 81, 93–96].

In conclusion, blue Pb-based perovskites still face the problems of instability
and low efficiency, methods in enhancing the properties of blue 3D perovskites are
significantly needed to be explored. For example, optimal surface engineering and
doping are highly desired.

2.1.2 Lead-Free Halide Perovskite

Toxicity of lead is themain concern of LHPmaterials, the lead exposure in fabrication
process and devices may lead to many healthy problems. Therefore, replacing lead
with other atoms and without destroying the outstanding properties of perovskite
becomes a hot research direction. Lead-free perovskites can be ideal alternatives
for perovskite-based lightings. The lead-free halide perovskites (LFHPs) are mainly
classified into several systems: Sn-based,Bi-based [46, 97–101], In-based [102–106],
Cu-based [107–111], and antimony-based (Sb) [112, 113] perovskites. Sn-based
perovskites are barely applied in blue perovskite phosphors.But doping other element
couldmake Sn-based perovskite emit blue light. For example, Tang et al. synthesized
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Cs2SnCl6:xBi perovskite [114], with a deep blue light under UV light, and acquired
a high PLQY of 78.9% with 2.75% Bi-doping, as shown in Fig. 4a. Relatively, Bi,
In, Cu and Sb-based system are usually used as blue lead-free perovskite phosphors
[10, 114]. The main structure of lead-free perovskites are given as follows, A3B′

2X9,
A2BB′X6, A3B2X5 (A = MA, FA, Cs, B is univalent cation such as Ag+, Na+, Cu+,
B′ is trivalent cation such as Bi3+, In3+, Sb3+).

In 2016, Tang and his coworkers used Bi in organic–inorganic perovskite, and
synthesized MA3Bi2Br9 blue perovskite, which solved the problem of low PLQY
in blue light perovskite (≈12%). Figure 4b presented the structure of MA3Bi2Br9,
where blue globule is anion of Cs, FA or MA, green and purple globule constitute
gradient octahedron, which represent the Sb, Bi, Sb and Cl, Br respectively. Figure 4c
demonstrated the absorption and PL spectra of MA3Bi2Br9 [101, 115]. And then, in
2018, they applied Cl-passivation strategy and further boosted the PLQYup to 54.1%
at 422 nm. By kinetic controlling during the synthesis, Cl− locating on the surface
of QDs act as passivating ligand to effectively suppress surface defects and enhance
the PLQY [98, 100]. Afterwards, Zeng et al. synthesized FA3Bi2Br9 QDs with a
blue emission at 437 nm, a high PLQY of 52% and good air stability [46]. Zhang’s

Fig. 4 a The PL images of and PL Cs2SnCl6:xBi [114]. b Crystalline structure of A3B2X9 [101].
c The absorption, PL spectra of MA3Bi2Br9, the illustration showed the solution photograph [101].
d PL and PL excitation (PLE) spectra of Cs3Cu2Br5, illustrations are schematic diagrams of crystal
structure and sample photograph [111]
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group further used weak-polar solvent at room temperature method to synthesize
blue Cs3Bi2Br9 QDs with a PLQY of 29.6% [97].

Except A3B2X9, recent investigators found that Cu can also be used to prepare
lead-free blue perovskite phosphors. The all inorganic Cu-based perovskite Cs2CuX4

(X = Cl, Br, I) QDs were first facilely synthesized in 2018 [108], and then, blue-
emitting Cs3Cu2I5 films were fabricated. Cu-based perovskites have much higher
PLQY than Bi-based perovskite [101], up to 92.1% for single crystals and 62.1%
for thin film at 445 nm [110]. Especially, the PLQY of Cs3Cu2Br5 can achieve near-
unity PLQY [111]. The crystal structure and PL spectra of Cs3Cu2X5 is demon-
strated in Fig. 4d, the 0D Cs3Cu2X5 crystal structures contained unique [Cu2X5]3−
dimers made of a trigonal planar CuX3 sharing an edge with a tetrahedral CuX4

unit, surrounded by Cs+. This Cu-based perovskite phosphor presented a very high
PLQY accompanied by a large Stokes shift and has a high conversion efficiency and
a low self-absorption. Relatively, Cu-based perovskites had much more superiority
than Bi-based ones, which may originate from the unique 0D electronic structure
(each Cu-I photoactive site is separated by Cs ions, combined with the embedded
core/shell structure).

Not only Bi-based and Cu-based perovskites, but also metal halide double
perovskites (MHDPs) perform well in blue emission. Theoretical calculations
demonstrated that a lead-free halide double perovskite structure could be formed
through replacing two toxic Pb2+ in the crystal latticewith a pair of nontoxic elements.
The expression is A2B+B3+X6 (e.g. Cs2InSbCl6, Cs2AgInBr6, Rb2AgInBr6, and
Rb2CuInCl6) [116–119]. The double perovskite ismainly prepared through hot injec-
tion. Zhou et al. used this method to synthesize Cs2AgBiBr6 NCs with pure cubic
shape and high crystallinity [120]. Through deliberately controlling the ligand ratio
and reaction temperature, the quality of Cs2AgBiBr6 NCs could be improved tremen-
dously. Furthermore, Liu and Tang et al. reported the preparation of Cs2AgInCl6
by using HCl as the solvent [103, 105]. Considering ion-exchange reactions have
well-established advantages, Creutz et al. explored the colloidal heterometallic
Cs2AgBiX6 NCs(X = Cl or Br) [121–123] through ion-exchange.

In addition, Bi3+, Sb3+, Eu2+, Ce3+ are also commonly used as doping ions in
double perovskite for blue-emitting phosphors [109, 124, 125]. Zou et al. designed
a Sb3+-doped Cs2NaInCl6 double perovskite with a bright blue emission, the PLQY
is up to 75.89%. The Sb3+ in Cs2NaInCl6 led to a narrow and relatively unusual blue
emission of self-trapped excitons (STEs). According to density functional theory
(DFT), the doped Sb3+ ions broke the parity-forbidden transition rule and effectively
modulated the density of state (DOS), hence boosted the PLQY [109, 118]. The
improved PLQY is attributed to the fact that the optimized Sb3+-doping concentra-
tion could effectively modulate the relaxation of parity-forbidden transition. Further-
more, Kovalenko et al. investigated the role of Sb3+, and the impact of Na+ and
K+ in Cs2MInCl6:xSb(M = Na, K). The Cs2KInCl6 crystalline is tetragonal double
perovskite phase, while Cs2NaInCl6 is cubic structure, which results in distinct emis-
sion colors of broad blue and green emission in Cs2NaInCl6:xSb, andCs2KInCl6:xSb
compounds, respectively [106, 126].
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Blue perovskite phosphors aremainlyLFHPs based onBi, Cu andSn, andMHDPs
based on monovalent cations (Ag, Na, K) and trivalent cations (In, Bi, Sb). Different
fromLHPs, the spectra of LFHPs could be adjusted by ion doping and alloying. Inter-
estingly, from the optical properties of the above perovskite materials, we can find
that no matter Bi-based or Cu-based perovskite, halide element seems unimportant
in adjusting the spectrum. This is because both the valence and the conduction bands
are dominated by the Cu or Bi states [107, 110], which lead to small differences in
PL emission peaks.

3 Green Perovskite Phosphors

Different from blue perovskites, green perovskites made more achievements, espe-
cially LHPs. The efficiency of perovskite-based LED devices has reached nearly
to their theoretical limits. Green LHP phosphors exhibit the best-performance, and
many works have reported near 100% of PLQY and highest luminance of up to
3.8 × 105 cd/cm2 [127]. However, the toxicity and instability of LHP are always
inevitable shortcoming. Therefore, the development of green lead-free perovskites
is still extremely important.

3.1 Lead Halide Perovskite

Lead halide perovskites have many advantages, such as tunable spectra, narrow
FWHM, and high luminescent efficiency [27, 33]. Figure 5 showed the PL properties

Fig. 5 a Absorption (red line) and PL spectra of CsPbBr3 NCs. (Inset) Photograph of CsPbBr3
solution under UV lamp [128, 129]. b and c Photographs of mass prepared green LHP powders and
dispersions [131, 132]
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of typical green LHPs. Figure 5a demonstrated the absorption and PL spectra of lead
halide perovskite, whose PL peak is usually at 516–520 nm with a narrow FWHM
of 19–29 nm [128–130]. The illustration is the photograph of CsPbBr3 QD solu-
tion [128, 129]. Fig. 5b, c displayed large-quantity synthesized perovskite powders
[131] and dispersions [132]. For the synthesis of APbBr3 (where A = Cs, MA, FA),
the two most common methods are hot-injection method [27, 33, 129, 130, 133]
and room temperature synthesis method [74, 75, 134–136]. In addition, some other
methods are also explored, such as solvothermal synthesis [21, 137, 138], solvent-free
mechanosynthesis [139], microwave-assisted synthesis [140], vapor-phase growth
method [133], ball grinding method and so on. Generally, perovskites synthesized
by hot-injection exhibited more outstanding optical properties and more uniform
grain distribution. For hot-injection, long chain organic molecules are necessary, the
common used molecules are octadecene (ODE), OAm and OA, which guaranteed
the integrity of ionic crystal structure of APbX3. As for room-temperature synthesis,
it has many advantages, such as simple operating conditions, low reaction tempera-
ture. Profiting from flexible modifying strategies on the surface or component of the
perovskite crystals, the performance of the perovskites synthesized at room temper-
ature has been comparable to that of the hot injection method [48, 52, 53, 65, 70, 75,
135].

Since the first report in 2015, green perovskites, CsPbBr3 NCs, have achieved a
very high PLQYmore than 60%.Then, ligand engineeringwas introduced to improve
the optical properties [17, 75, 141–148]. Ligands are indeed essential in the prepara-
tion of perovskite emitters. OA and OAm are the most traditional ligands, and they
can control the morphology of NCs [35, 149–152]. OA and OAm chelated with the
NCs surface, which protected the nanostructure from polar solvent. However, ligand
loss resulting from proton transfer between OA and OAm lead to deteriorative emit-
ting properties. To further enhance the PLQY and brightness of perovskite quantum
dots (QDs), various ligands were introduced. For example, Bakr et al. introduced
DDAB by ligand-exchange strategy, because of the excellent passivation of DDAB
on NCs, the PLQY was increased by near 50% and higher brightness were reported
[64]. Other ligands such as tetraoctylammonium bromide (TOAB) [134], octylphos-
phonic acid (OPA) [153], 3,3-diphenylpropylamine bromide (DPPA-Br) [154] etc.
were also reported to be efficient ligands.

In addition, cation doping is another effective method for controlling photolumi-
nescence [65]. The ions used in APbBr3 are Sn4+ (Sn2+), Na+, Rb+, Ag2+, Mg2+,
Fe3+, Zn2+, Cd2+ and so on [155–159]. Yu et al. reported that Sn partially substi-
tuted Pb in CsPbBr3, which showed a significantly improved PLQY [159]. However,
Sn ion is an easily oxidized ion, it is sensitive to the operation requirement and the
proportion of replacement. On this basis, Dong et al. investigated the ion exchange by
metal halides [155]. Halogens guaranteed the halogen-rich environment to exchange
cations between metal halide and perovskite NCs. Other transition metal halides
(FeX3, CoX2,NiX2, CuX2) could be used as halides sources efficiently aswell, which
not only efficiently controlled the PL spectra, but also significantly improved the
stability of NCs [155–157]. Up to now, green lead halide perovskites have achieved
a high efficiency with PLQY up to near 100%.
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3.2 Lead-Free Perovskite

In terms of green emission, replacing Pb is also an urgent task in perovskite phos-
phors. According to previous reports, Sn, Mn and Cu were successfully applied to
fabricate green perovskite phosphors. Different from LHPs, LFHPs achieved green
emission via quantum limiting effect through reducing the dimension of NCs. For
example, Xia et al. reported a lead-free 0D hybrid metal halide (C8H14N2)2SnBr6 to
replace toxic Pb-based perovskite, whose emission peak located at 507 nm with a
PLQY of 36 4% under the excitation of 365 nm UV light [160]. Figure 6a demon-
strated the structure of (C8H14N2)2SnBr6, and the green emission came from excited-
state structural distortion of [SnBr6]4− octahedral units. The PL spectra and crystal
graph are shown in Fig. 6b [160]. Organic cations protected Sn2+ in [SnBr6]4− octahe-
drons from being oxidized to Sn4+, and intermolecular interactions such as hydrogen
bonding and π–π stacking further stabilized the oxidation resistance of Sn2+.

Fig. 6 a Crystal structure diagrams of (C8H14N2)2SnBr6, b The excitation and emission spectra
of (C8H14N2)2SnBr6. Inset: sample photograph of (C8H14N2)2SnBr6 crystals under 365 nm UV
irradiation [160]. c Unit cell structure model of (C9NH20)2MnBr4. d PL spectra of as-synthesized
(C9NH20)2MnBr4 crystals in the daylight and upon 365 nm UV excitation [162]
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Mn-based perovskites are promising to be green emitters. Lin et al. further
explored (C7H13N2)2MnCl4 metal halide compound, which emitted a broad PL emis-
sion at 536 nm with a high PLQY up to 70.8% (upon 365 nm light excitation) [161].
Xia et al. also synthesized 0D (C9NH20)2MnBr4 lead-free perovskite with a PL peak
at 528 nm and a higher PLQY of 81.08% [162]. The crystal structure and optical
spectra of (C9NH20)2MnBr4 are demonstrated in Fig. 6c, d. A general perspective is
that the emission peak springs from the Mn, whose emission peak is about 580 nm,
due to the quantum confinement effect, the spectrum blue shift to green-light range.
Interestingly, the chemical structure and optical properties of these 0D compounds
are very stable, the phase structures remained nearly invariable after exposing to air
and moisture conditions for 90 days and the PLQY still maintained 68.66%. More-
over, on the basis of (C9NH20)2MnBr4, Xia’s group designed the Zn/Mn alloying to
inhibit the concentration quenching caused by the energy transfer ofMn2+, this novel
method successfully acquired a near-unity PLQY at 518 nm [163]. In addition, Cu
also has some attractive properties in lead-free perovskite. Han’s group fabricated
β-Cs3Cu2Cl5 with excellent optical and thermal stability by hot-injection method,
which exhibited a near-unity PLQY at room-temperature, which is one of highest
record in green all-inorganic LFHPs [164].

4 Red Perovskite Phosphors

4.1 Lead Halide Perovskite

Red is the last color of three-primary color we introduce here. The structure of
red perovskite is the same as that of blue and green perovskite except for different
halogen ions, where the X in APbX3 is I, or mixture of I and Br. Through adjusting
the composition of halogen ions, the spectra of red perovskite can be adjusted in
the range of 630–700 nm. Illustrations of Fig. 7a and b demonstrated the typical
fluorescent photographs of red perovskites [165, 166].

Generally, red APbX3 perovskites are synthesized by hot injection, the α-APbI3
phase are obtained by rapid cooling to room temperature. In 2014, Kovalenko
et al. reported all-inorganic LHP nanocrystals, which have considerable application
prospects in light-emitting and photoelectric devices [33].

Though red LHPs have many outstanding properties and application prospects,
there still a severe problem: it is hard to acquire stable phase. Both theoretical calcula-
tions and experiments exhibited that luminous phase APbI3, e.g., α-APbI3 only exist
with the temperature above 300 °C, which can easily transform into nonluminous
δ-APbX3 phase at operative environment [95, 167, 168]. So APbX3 is at metastable
state, which means that obtaining the phase stability APbI3 is highly difficult. Based
on this situation, ligand engineering and ion doping are used to enhance the phase
stability of red perovskite phosphors.



Metal Halide Perovskite-Based Phosphors and Their Applications … 17

Fig. 7 a Absorption and PL spectra of CsPbI3 and OPA-passivated CsPbI3 colloidal solutions.
Illustration demonstrated solutions under UV-light excitation [165]. b Optical absorption and PL
spectra of FAPbI3 NCs and FA0.1Cs0.9PbI3 NCs before and after 6 months of storage. The insets
contain photographs of the FAPbI3 NCs and FA0.1Cs0.9PbI3 NCs colloidal solutions in toluene
under daylight (upper image) and under a UV lamp (λ = 365 nm; lower image) [166]

Passivation engineering is a feasible approach [95, 167, 169, 170], as mentioned
before. Organic molecules, long-chain cations and amine played vital roles in passi-
vating the surface of nanocrystals or films [35, 149–151]. During the process of
fabricating perovskites, solvent, ligands such as acid and amine have great influ-
ence on QDs. Luther used methyl acetate (MeOAc) as purification solvent to remove
excess unreacted precursors without inducing agglomeration and keep cubic phase
for months [95].

Acidic ligand, such as octylphosphonic acid (OPA) and bis-(2,2,4trimethylpentyl)
phosphinic acid (TMPPA), have been proven to be effective ligands to stabilize the
phase [171, 172]. For example, OPA formed a strong interaction with undercoordi-
nated Pb atoms on the surface and resulted in a nearly uniform PLQY and better solu-
tion stability [165]. As demonstrated in Fig. 7a, as the increase of OPA, the PL peaks
blue shift from 685 to 667 nm, and the PLQY increase from 75 to 98%. Meanwhile,
OPA passivated LHP colloidal QDs demonstrated higher luminance [165]. Likewise,
Gao and coworkers found that, by weakening the hydrogen bonding between the
functional moieties of passivators and the organic cations/molecules and molecules
in the perovskite, the defect sites were significantly passivated and the non-radiative
recombination losses was minimized [169]. Except for acid, amine ligand also exert
influence on stability of α-CsPbI3 [168, 170, 173].

Researches have proved inorganic cations can also passivate LHPs. Stranks
et al. firstly found that KI passivated the triple-cation perovskite thin films
((Cs0.06FA0.79MA0.15)Pb(I0.85Br0.15)3), the experimental results exhibited that K+

did not incorporated into the perovskite lattice, but formed passivation layers with
halogen on the surfaces [174]. After being passivated, LHPs demonstrated a near-
100% PLQYwith extremely stable PL spectra. This phenomenon could be explained
by the interaction between potassium bromide and LHP films [175]. The potassium
halide passivated surface halide vacancies in mixed halide perovskites, improved the
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optical properties and suppress the ion migration in perovskite film, which lead to
high PLQY and improved stability. However, as a matter of fact, only a few cations,
such as K [174, 175] and Ag [93], were found to have passivating effect on surface of
perovskite, most cations usually be thought of a good dopant rather than passivators.

When it comes to ion doping, doping smaller cations to stabilize the lattice and
phase structure is a general strategy in blue and green perovskites, but for red lead
iodide perovskites, too small doping cations would lead to severe lattice distortion
and deteriorated optical performance. According to defect tolerance theory, small
organic cations likeMA+ and FA+ are conductive to stabilize the crystalline structure
of perovskite, and also help to decrease lattice defects and increase the PLQY of red
perovskite. Kovalenko led the way of synthesizing stable FAxCs1−xPbI3 NCs, as
demonstrated in Fig. 7b. The FA0.1Cs0.9PbI3 QDs solution had a PLQY of 70% at
685nm, even after 6months of storage.BothFAPbI3 andFA0.1Cs0.9PbI3 NCs retained
their high QY in solution (with less than 5% relative decrease) [166]. Moreover, Ag+,
Ni2+, Cu2+, Sr2+ and Ti2+as dopant are used to enhance the phase stability of CsPbI3
NCs [93, 176–179].

In brief, phase instability is themain problem of red LHPs. Although solvent engi-
neering, ligand passivation, inorganic doping are valid methods to stabilize radiative
α-CsPbX3 phase, there still need more researches to lucubrate the mechanism of
phase decomposition and enhance stability of red lead halide perovskites.

4.2 Lead-Free Halide Perovskite

Similarly, there have been many reports about lead-free red perovskite, Sn-based
LFHPs and MHDPs (which can be further classified into 3D, 2D and 0D according
to crystal morphology) still play important roles in red LFHP system.

Sn has a suitable ionic radius and similar electron structure with Pb, which makes
it an ideal choice for red perovskite [180]. Inspired by hot-injection method of lead
halide perovskite, Deng et al. used tetravalent tin (Sn4+) instead of divalent lead
(Pb2+) to synthesize stable Cs2SnI6 perovskite NCs. Simultaneously, by controlling
reaction time, the shapes of Cs2SnI6 NCs were easily tuned from spherical QDs,
nanorods, nanowires, and nanobelts to nanoplatelets, and the light emission could
be tuned from bright red to dark red [10].

2D LFHPs have better photoelectric properties comparable to 3D
ones. Researchers synthesized superior-photoluminescence 2D (PEA)2SnI4
perovskite with tunable visible emission properties (from ∼635 to ∼468 nm)
via different I/Br ratio. Figure 8a showed crystalline structure of (PEA)2SnIxBr4–x,
the organic–inorganic layers are arranged alternately (light gray balls represent −
NH3+ groups, red polyhedral represent corner-sharing [SnX6]4– octahedra and X
represents halide). Figure 8b demonstrated the spectra and LED device photograph
of (PEA)2SnIxBr4–x [181]. Interestingly, PEA cations provided a physical barrier
to slow down oxygen diffusion and subsequent degradation, which lead to superior
stability.
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Fig. 8 a Crystal schematic of (PEA)2SnIxBr4–x perovskite. b PL spectrum of (PEA)2SnIxBr4–x.
(Inset) Image of the (PEA)2SnIxBr4–x based LED under operation [181]. c Crystal structure of
(C9NH20)2SnBr4. d Excitation and emission spectra of (C9NH20)2SnBr4 bulk crystals. Illustration
is the image of (PEA)2SnIxBr4–x bulk crystals under ambient light (left) and UV irradiation (right)
[182]. e Crystal structure of Cs2InBr5·H2O viewed along the (001) axis. f Excitation (monitored at
695 nm) and emission (excited at 355 nm) spectra of a Cs2InBr5·H2O single crystal. Illustration is
the image of Cs2InBr5·H2O single crystals under ambient light (top) and UV light (bottom) [183]
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However, in both 3D and 2D Sn-based perovskites, the oxidation of Sn2+ to Sn4+

was still an insurmountable problem, and researchersmade huge efforts in this aspect.
Ma and coworkers synthesized 0D (C9NH20)2SnBr4 LFHPs as shown in Fig. 8c. The
structure of (C9NH20)2SnBr4 is similar to green (C9NH20)2MnBr4 (Sn is red, Br is
blue, N is orange, C is gray, red polyhedral represents [SnBr4]2−; hydrogen atoms are
omitted for clarity). As shown in Fig. 8d, through photoexcitation, the NCs exhibited
a highly strong broadband deep-red emission peaked at 695 nm, with a high PLQY
of around 46% and large Stokes shift of 332 nm [182]. Due to the barrier effect
of large organic cations, [SnBr4]2− anions were surrounded by C9NH20

+, such a
0D structure protected Sn(II) from oxidation, and hence improved the stability of
Sn-based perovskites.

Although Sn based LFHPs reduced the toxicity of lead-base ones, they still face
the questions of instability. In recent years, MHDPs attract more and more attention,
andmuch progress has been achieved. For example,MHDPs serving as red phosphors
have received considerable attention.

As the typical structure of double perovskite, A2BB′X6 (respectively, B and B′
are monovalent cations like Ag+, Na+, Rb+ et al. and trivalent cations like In3+, Bi3+

et al.) is easy to adjust the component. For example, Cs2AgInX6 (X = Cl, Br, and I)
got much attention because of excellent stability and high PLQY, which opened the
way to the development of MHDPs [103–105]. The as synthesized single crystals
could maintain 90% of the initial PL intensity for a long-time storage, exhibited
an excellent stability. Bi3+ is another attractive cation in A2BB′X6, direct bandgap
transition resulting from Bi3+ is responsible for the efficient broadband red PL. Zhao
et al. innovatively developed the broad-band Na-Bi Cs2NaBiX6 (X = Cl, Br) double
perovskite NCs. Meanwhile, the PL spectra could be easily tuned from violet to red
by adjusting the halogen elements [184].

Not only halogen could tune the spectra, some cations could also realize tunable
emission by adjusting band gap. Sapra et al. reported tunable emission via alloying
of Cs2AgBiCl6 NCs with Na, the ration of Ag and Na could easily tune the band gap
from 3.39 eV (Cs2NaBiCl6) to 3.82 eV (Cs2AgBiCl6), these series of alloyed double
perovskite exhibited a broad PL ranging from 440 to 850 nm [185]. Zhang et al. also
successfully tuned the emission of A2BAlF6:Mn4+ (A = Rb, Cs; B = K, Rb) double
perovskite from blue to red [186].

In addition, A2BX6 perovskite could be viewed as a special double perovskite,
except that B cation and B′ cation are the same ones. Many researchers believed that
A2BX6 has superior luminescent properties result of quantum confinement. A2B′X5

is similar to A2BX6 in structure, so it should have similar properties. Su et al. reported
a luminous indium-based Cs2InBr5·H2O perovskite with a broad emission peak of
≈695nmand ahighPLQYof 33%[183]. Figure 8e demonstrated the crystal structure
of Cs2InBr5·H2O viewed along the (001) axis (cyan: Cs, brown: Br, pink: In, red: O,
green: H), and Fig. 8f exhibited the optical properties and images of Cs2InBr5·H2O
single crystals under ambient light and UV light.
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5 Other Color Perovskite Phosphors

Although blue, green and red are the most important colors in light emission, some
other colors of light play vital roles in lighting and dispaly field. For example, white
is a better light source for lighting rather than blue, green or red. Orange or yellow
are also suitable for fabricating white LEDs, integrating blue and orange or yellow
can effectively realize warm white emission. Even a single yellow or orange light
can be used as an LED in industry.

5.1 White Perovskite Phosphors

White light is the most widely used color in lighting, so a high-efficiency white
emission is urgent pursuit in both industrial and academic areas [5, 75, 187–189].
Generally, broadband is an essential condition for white emission, which typically
originates from STEs that exist in semiconductors with localized carriers and a soft
lattice [188]. Mn2+-doped LHPs and MHDPs containing Bi3+, Sb3+, as well as Cu-
based LFHPs are the main white emitters.

For LHPs, achieving white emission by integrating the mixture of blue, green
and red emitting NCs is a more comprehensive strategy. The energy transfer of
Mn2+ can effectively tune the spectra of APbCl3 from blue to orange, which exhib-
ited enticing prospect in white-emission. Im et al. [190] obtained a obtained Mn-
doped (CH3NH3)PbBr3−(2x+1)Cl2x+1:Mn2+ QDs with a Mn-dissolution limit of 90%,
as shown in Fig. 9a. The synthesized collodial LHPsQDs emitted blue fromorange as
doping ratio changed. By subtly adjusting the doping concentration, a white emission
could be acquired. Furthermore, Wang and Zhang et al. [191] successfully synthe-
sized white-emission Zn/Mn-codoped CsPb2ClxBr5−x perovskites, which demon-
strated a white spectra consisting of bimodal emission at 474 and 598 nm [85,
191].

In the respect of broad emission, LFHPs are suitable for fabricating white-light
emitters. As mentioned before, STEs and energy transfer can give rise to white
emission, which could be achieved by ion doping or alloying, and cations like Na+,
Bi3+, Sb3+ are suitable choices. Tang and Yella et al. found thatMHDPs could exhibit
efficient and stable white-light emission by exciting STEs originating from the Jahn
Teller distortion of the [AgCl6]− octahedron, and the Na-alloyed Cs2AgInCl6:Bi
exhibited a high PLQY of 86 ± 5% [5, 192, 193]. Due to effective energy transfer
of Mn2+, Xu et al. reported Sb/Mn-codoped Cs2NaInCl6 MHDPs with tunable dual-
emission, whose emission covered the white-light spectrum with PLQY up to 84%
[126].

Cu-based LFHPs also could realize white light by mixing two phases of Cs3Cu2I5
and CsCu2I3. For instance, White et al. produced blue-emitting Cs3Cu2I5 nanoplates
and yellow-emitting CsCu2I3 nanorods by a hot-injection route [194], the mixed
phases obtained an excellent white emission.
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Fig. 9 a Image of 3D-MAPb1–xMnxBr3–(2x+1)Cl2x+1 QDs in the visible (top) and 365 nmUV light
(bottom), respectively [190, 191]. b Absorption and PL spectra of five samples (samples obtained
by dripping toluene at different times). c Statistical PLQYs of the CsCu2I3 thin films prepared with
different conditions. The insets present the photographs of the CsCu2I3 thin films under UV lamp
(254 nm) excitation [195]

5.2 Yellow Perovskite Phosphors

Yellow-emitting perovskite can be used to fabricate WLEDs by combining a blue-
light excitation source. Although it is possible to adjust the Mn2+ concentration in
the LHP to achieve yellow light emission, we prefer to synthesize LFHP materials
with yellow intrinsic luminescence. Sn-based, Cu-based, and In-based perovskites
with broad-band emission are all ideal yellow-emitting perovskite materials. In addi-
tion, 1D and 0D Pb-based LHP single crystals have also been found to exhibit yellow
emission recently [196–199].

Self-trapped-exciton emission is an effective method to achieve bright and high-
efficiency emission, which can be realized through rational ion doping. For example,
(PMA)3InBr6 (PMA+: (C6H5CH2NH3)+) has been reported, which possesses the
characteristic of wide direct band gap (3.78 eV) and strong yellow-light with a PLQY
of ~35% [200]. In addition, Xia and Han’s group reported Sb3+-doped Cs2InCl5·H2O
single crystals andAg+-dopedCs2NaInCl6 NCs. The PLQYs of thesematerials could
be up to 95.5% at yellow range [125, 201].
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According to the previously reported research, the PL spectrum of Sn is the closest
to the yellow range. Hence Sn-based perovskites are the most suitable materials for
yellow emission. In addition, 2D perovskite significantly improved the oxidation
resistance of Sn, the Sn-based lead-free 2D perovskite (OCTAm)2SnX4 (OCTAm =
octylammonium cation) with high stability has been synthesized. Furthermore, the
PL intensity did not decay after 6 months of storage in environmental conditions
[202], which was almost one of the best performances in Sn-based perovskite.

Furthermore, many studies have reported that Cu-based perovskites exhibited
yellow emission. Shan et al. fabricated stable CsCu2I3-based yellow LEDs. Experi-
mental results and theoretical characterizations indicated that the yellow electrolu-
minescence originated from the broadband emission of STEs centered at 550 nm
[195]. As seen in Fig. 9b, c, the PL spectra exhibited an excellent stability, a relative
PLQY varied as experimental conditions change, and the maximum PLQY reached
20.6%.

5.3 Orange Perovskite Phosphors

Orange is also suitable for fabricating WLEDs, and it is more comprehensive than
yellow, especially in warm white LEDs. Almost all orange perovskite luminescence
comes from the energy transfer of doped ions. Except forMn2+-doped LHPs we have
mentioned before [82, 86, 87, 89, 92, 203–206], energy transfer from Bi3+ to other
cations (e.g. Sb3+, In3+ and Tb3+) is also important for orange emission [200, 201,
207]. According to energy transfer between Bi3+ and Sb3+, we can find that emissive
light of Sb3+ is close to orange [208]. In addition, some Sn-based LFHPs are reported
to emit orange light as well [209–211].

Although PL performance of Bi-based double perovskite is poor (the high energy
level (3.4 eV) of Bi3+ lead to a weak emission), effective energy transfer between
Bi3+ and other cations provide a new way to study light emission of perovskites
[200, 201, 207, 208]. For example, Xia et al. established relationship between doped
ions and MFDP NCs, which provided a guide in tuning optical performances of
double perovskites in the visible light region. They found that Bi3+ and Tb3+ doping
demonstrated some special properties. Although Bi3+ is harmful to PL of double
perovskite, its interaction with Tb3+ actually improves perovskite performance, and
the STEs resulting from Bi3+ led to an efficient energy-transfer channel from Bi3+ to
Tb3+ ions. Thus, the emission of Cs2Ag-(In1−xTbx)Cl6 could be continuously tuned
from green to orange by adjusting Tb3+ concentration [207].

Sb-based double perovskites have good prospects in orange emission. Xie et al.
reported two kinds of Sb-based 0D LFHPs, (TTA)2SbCl5 (TTA = tetraethylammo-
nium) and (TEBA)2SbCl5 (TEBA = benzyltriethylammonium). These phosphors
have a broad orange emission and an additional dual-band blue emission with near-
unity PLQY up to 68% even in the single-component compound’s dual-emission
WLEDs, which made them candidates for single-component WLEDs [208]. As
shown in Fig. 10a, b, (TTA)2SbCl5 and (TEBA)2SbCl5 have the same structure,
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Fig. 10 a and b PL, PLE spectra and optical sample pictures of (TTA)2SbCl5 and (TEBA)2SbCl5
[208]. c Photograph of the colloidal suspension and film of (OAm)2SnBr4 perovskites under UV
light. d Normalized absorption, PL (excited by 365 nm) and PLE spectra of the (OAm)2SnBr4
perovskite [211]

the nuances of spectra originate from large organic cations. In Fig. 10a, b, the exci-
tation and emission spectra of (TTA)2SbCl5 and (TEBA)2SbCl5 are demonstrated
at left, and the PL images of powders (under ambient light and 365 nm UV light)
are showed at right, in addition, the illustrations exhibited the corresponding crystal
structures.

Inherent broadband emission of Sn-based perovskite makes it a candidate for
orange PL [209, 210]. For example, Rogach et al. demonstrated a lead-free 2D
Ruddlesden Poppertype (C18H35NH3)2SnBr4 perovskite. The orange emission orig-
inated from the insulating character of the organic OAm cations, which prevented
electronic band formation between the [SnBr6]4− octahedron layers. Meanwhile,
because of the strong self-trapped effect, PLQYsof the perovskite in colloidal suspen-
sions and in films were 88%, and 68%, respectively [211]. The photographs of the
colloidal (OAm)2SnBr4 QDs and film are demonstrated in Fig. 10c, and the optical
spectra of (OAm)2SnBr4 are shown in Fig. 10d. The excellent Sn-based perovskites
further extended the application prospect in WLEDs.

In conclusion, different color-emission perovskites have a great potential in fabri-
cating WLEDs. Here we summarized the luminescent properties of perovskite
with different color-emission, such as PL spectra, PLQY and FWHM etc. of
different-color-emission perovskites in Table 1.
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6 Hybrid Perovskite Phosphors

In fact, at present, perovskite-based phosphors are highly promising for practical
application, but some problems still need to be overcome, such as optical and thermal
stability. Therefore, in addition to finding a solution from the perspective of the
materials themselves, combining perovskite with other materials to make hybrid
perovskite phosphors is also a feasible strategy [245, 246]. We can divide these
strategies into three types: hybrid perovskites by combining inorganicmaterials [179,
223, 247–256], hybrid perovskite by combining small organic molecules and poly-
mers, and hybrid perovskite phosphors by combining non-luminous and luminous
perovskite.

6.1 Hybrid Perovskite by Combining Inorganic Materials

With the widespread application of perovskites in the field of lightings and displays,
stability problem has increasingly become an urgent issue, which limits its further
application. Inorganic materials (especially inorganic oxides) have excellent stability
in air, wrapping highly stable inorganic substances on the perovskite is a feasible
strategy to improve the stability [247].

We first introduce the perovskite@glass hybrid phosphors. Many works synthe-
sized PQDs in glass to further protect QDs from environmental damage [179, 254].
However, researchers found that the PLQYof hybridCsPbX3@glass is only 20–30%,
whichwasmuch lower than the pure perovskite phosphors. This phenomenonmay be
due to the unmatched structure between glass and perovskite phosphors. Meanwhile,
surface modification or silica encapsulation can also form a non-dense protective
layer, which does not adequately avoid the influence of the external environment.
To solve this problem, Xu et al. grew CsPbBr3 QDs among a specially designed
TeO2-based glass matrix, which could maintain a PLQY of ~70% [223, 255].

In addition, SiO2 and Al2O3 are the main composition to protect perovskite phos-
phors in glass [257]. Xia et al. synthesized stable CsPbX3@SiO2 hybrid perovskite
phosphors to enhance the stability and PLQY [250]. Further, Liang et al. significantly
enhanced the stability of PQDs by hybridizing SiO2/Al2O3 monolith (SAM), through
a simple sol–gel process in nonpolar solvent hexane [248]. As seen in Fig. 11a–c,
the PL spectra of perovskite colloidal solutions and phosphors did not drift and the
PL intensity did not decrease.

Some researchers also proposed that surface passivation of the NCs by inor-
ganic ligands could maintain a high PLQY [250]. Young et al. demonstrated the
surface-passivated QDs, whose barrier layer were formed of dual-silicon nitride and
silicon oxide ligands of the polysilazane (PSZ). Finally, these compound-structure
QDs maintained a high PLQY and greatly improved the environmental stability of
CsPbBr3 [249]. The reaction process is demonstrated in Fig. 11d, and the reaction
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Fig. 11 Hybrid perovskites compositing with inorganic materials. a Mn-doped CsPbCl3 PQDs
and corresponding PL spectra, b Orange PQDs@SAM composite and corresponding PL spectra,
c Orange PQDs@SiO2 composite and corresponding PL spectra under the UV light [248]. d
Schematic diagram of the sol–gel process (moisture-induced hydrolysis) to obtain the CsPbBr3
QDs/PSZ composites. e Normalized PL intensity of CsPbBr3 PeQD/PSZ composite. Inset: actual
images of the PeQD/PSZ powder in the sun and with UV light [249]

occurred with the exist of SiNX PSZ andQDs, and the product of the hydrolysis poly-
merization reaction protected the perovskite phosphors.What’smore, Fig. 11e shows
that the hybrid perovskite phosphors exhibited a stable and bright emission.

Other strategies such as spontaneous encapsulation, epitaxial growth, etc. have
been reported, all of which have beneficial effect on improving the stability
of perovskite phosphors [251–253, 256]. In conclusion, inorganic materials can
effectively improve the stability of perovskite phosphors.
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6.2 Hybrid Perovskite by Combining Organic Molecules
or/and Polymers

Organic polymers in enhancing the stability of perovskites are getting more and
more attention because of their excellent isolation from water, and almost all
organic polymers are water-insulated. Especially many polymers are suitable for
encapsulating perovskites and optoelectronic applications due to their transparency.
Colella et al. found that polymers can enhance the stability of perovskites, and they
further explored the feasibility of the interaction between the two materials [258].
The prospect of using polymers to stabilize perovskite structure has received wide
attention. According to the different combination process, hybrid perovskites with
polymer can be divided into two categories: polymer-perovskite hybrid phosphors,
and perovskite phosphors coated by polymer.

The polymer-perovskite hybrid phosphors can be synthesized by adding poly-
mers to the reaction precursor to interact with perovskite precursors. For instance,
Zhang et al. explored a one-pot method synthesized perovskite/polymers composites
(CsPbBr3 composite with poly (methyl methacrylate) (PMMA), polystyrene (PS),
and poly(butylmethacrylate) (PBMA)) [259].According to Fig. 12a, PMMA,PBMA
and PS are separately used to synthesized polymer-CsPbBr3 hybrid perovskites. The
good resistance of polymers to moisture, air and light greatly improve the environ-
mental stability of hybrid perovskites. For another instance, Liu et al. adopted an
in-situ-synthesis hot injection method to synthesize composite perovskite nanorods
by replacing OA with polyacrylic acid-grafted graphene oxide (GO-g-PAA) [260].

Fig. 12 Hybrid perovskites combining with polymer. a Photographs of transparent disks from
the perovskite–polymer composite under ambient room light (up) and UV illumination (down)
[259]. b Schematic illustration of the preparation process of PQDs@PS composite spheres via
swelling–shrinking strategy. c CsPbBr3@PS composites in large scale. The photographs of large-
scale production and hybrid phosphor powders under normal indoor light (up) and UV light (down)
illumination [261]
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Compared to previous works, the perovskite compounds have much higher PLQY
and thermal stability.

Another strategy is coating perovskite with polymers to form core–shell struc-
ture. This strategywould not change the structure of perovskite phosphors. Alivisatos
et al. dropped the synthesized polymers (e.g. PS and its derivative (poly (styrene-
ethylene-butylenestyrene) (SEBS), and hydrophobic silicone resin) on perovskites
to enhance the stability [257, 262, 263]. Xie et al. further used PMMA, which is well
matched with perovskite, to enhance the combination between perovskites and poly-
mers for the better stability of perovskites [264]. In fact, in-situ polymerized strategy
could effectively improve the weak bonding between polymers and perovskites. For
example, Lin et al. reported an in-situ synthesis method for forming perovskite-
polymer hybrid materials. They prepared a highly luminous perovskite PS composite
beads with uniform morphology by a simple swelling shrinking strategy [261]. The
schematic diagram is demonstrated in Fig. 12b.When PS swells in toluene,QDs enter
the inside of PS, and then PQDs@PS shrinks in hexane. Hybrid perovskites with
perfect stability and high PLQY can be obtained without inert gas or baking/heating
operations. Figure 12c showed the massive powders of PQDs@PS.

In addition, small organic molecules also could be considered as a candidate for
enhancing luminescent properties of perovskite phosphors. However, we usually do
not consider these small molecules as the substrates of composite materials, but as
ligands for analysis [149–151, 165, 173, 265]. A classic example is bilateral inter-
facial passivation strategy in PQDs film. Song et al. proposed a bilateral passivation
strategy, drastically enhanced the efficiency and stability of QD-based light-emitting
diodes (QLEDs) [266]. Besides TSPO1, DPEPO, TPPO and DMAC-SPS have been
revealed to have passivation effect, which further demonstrates the feasibility of
perovskite composite organic small molecules.

6.3 Hybrid Perovskite by Combining Non-luminous
and Luminous Perovskites

Coating perovskites with stable perovskites is also an effective way to prevent them
from water, light and heat. Currently, only cesium lead halide perovskite has been
found to have this capacities so far [246], mainly in CsPb2Br5 [224, 225, 267] and
CsPb4Br6 [215, 226, 268–272].

CsPb4Br6 as a perovskite material has better stability than the luminous
perovskites CsPbBr3. The passivation of CsPbBr3 was achieved in robust and air-
stable rhombic prism hexabromide (Cs4PbBr6) microcrystals was achieved, which
led to a PLQY up to 90% [270, 271]. The dominant perspective is that Cs4PbBr6
limited excitons in CsPbBr3 and hence enhanced the radiative recombination
[226, 269, 272].

In 2019, Song et al. reported a new anion cation reaction method to synthesize
CsPbBr3@Cs4PbBr6 composite. They found that the phase transformation between



32 J. Song and L. Xu

CsPbBr3 and Cs4PbBr6 is temperature-dependent. Lower temperature was suitable
for preparing Cs4PbBr6 NCs, while increasing the temperature was favorable to form
CsPbBr3 NCs [268, 271]. The composite displayed a much higher luminescence,
narrow FWHM(19 nm), and better stability. The nanostructure and optical properties
of CsPbBr3@Cs4PbBr6 are shown in Fig. 13a–d.

In addition, hybrid perovskite can be formedby combiningCsPbBr3 andCsPb2Br5
[224]. The interaction between CsPbBr3 and CsPb2Br5 is shown in Fig. 13e. Yao
et al. synthesized a CsPb2Br5 coated CsPbBr3 hybrid perovskite by ligand-assisted
precipitation. The high-quality dual-phase perovskite NCs were synthesized in the
bromide-rich circumstance with a PLQY as high as 92% and a narrow FWHM
of 19 nm (showed in Fig. 13f) [267]. In addition, the as-synthesized dual-phase
perovskite NCs exhibited extremely high thermal stability [225].

In summary, Cs4PbBr6 and CsPb2Br5 exhibit higher stability than CsPbBr3 NCs,
simultaneously, excellent lattice matching makes them ideal materials to encapsulate
CsPbBr3 NCs and then improve the stability.

Fig. 13 a Crystal structure of CsPbBr3 and Cs4PbBr6. b The PL spectra and inset photographs of
CsPbBr3@Cs4PbBr6, monoclinic CsPbBr3 and cubic CsPbBr3 films (from left to right). c Typical
CsPbBr3@Cs4PbBr6 solution dispersed in toluene under UV light. d PL and absorption spectra
of CsPbBr3@Cs4PbBr6 powders, inset: photographs of powder sample under day light and UV
light, respectively [268, 271]. e Schematic illustration of the interfacial stability of dual phase
CsPbBr3/CsPb2Br5 [224]. f Absorption and PL spectra of CsPbBr3/CsPb2Br5 hybrid perovskite.
Inset: the as-obtained products and light emission of CsPbBr3/CsPb2Br5 deposited on the glass and
tube excited with UV light [225]
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7 Applications of Perovskite Phosphors in LEDs

Perovskite has exhibited promisingprospect in the newgenerationof lightingdevices.
Perovskite-based WLEDs continually serve as alternative to traditional incandes-
cent lights and energy-saving lamps because of their excellent characteristics and
low cost solution process [187]. Here we only focus on the WLEDs based on
perovskite phosphors. According to the different white-emission generation mecha-
nism of the perovskite LEDs,WLEDs can be divided into three types: LEDs prepared
by combining perovskite with GaN chips, LEDs prepared by self-capture (energy
transfer) of perovskites, LEDs prepared by doped perovskites.

7.1 WLED by Combining GaN Chip with Perovskite
Phosphors

WLEDs can be constructed by integrating perovskite phosphors on GaN chips
[187, 273–275]. The device structure and WLED are shown in Fig. 14a, b. Chen
et al. synthesized high-quality FAPbX3 and mixed-organic-cation FAxMA1–xPbBr3
perovskite QDs with blue, green and red emission and successfully fabricated
WLEDs based on GaN chips [274]. The single-emitting GaN-based LEDs of blue,
green, pink and red are shown in Fig. 14c–f [276]. Furthermore, integrating blue and
yellow or orange perovskites on the GaN chips can also produce white LEDs.

Fig. 14 Pe-LEDs composite GaN chip. a Device structure of WLED Based on the three-primary
color QDs. b The as-fabricated Pe-WLED device and the corresponding electroluminescent spectra
[274]. c–f MAPbX3 PQDs serve as fluorescent material for multicolored LED. A spectrum of cyan
(c), pink (d), green (e) and red (f) MAPbX3 perovskite QDs was excited by a blue GaN LED [276]
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7.2 WLED Through Energy Transfer in One Perovskite

Energy transfer has been discovered in Mn2+-doped LHPs and some Bi3+-doped
LFHPs. As previously mentioned, a self-trapping level from Mn is provided,
which emits orange light at wavelengths of 570–610 nm, through coupling with
the perovskite’s own luminescence of 410–450 nm, the white light emission can be
obtained when excited by UV light. Wang et al. reported a new type of Mn-doped 2D
CsPb2ClxBr5–x perovskite nanoplatelets with a high energy-transfer efficiency from
perovskite to Mn impurities at the required emission wavelengths (about 450 nm for
perovskite emission and 580 nm for Mn emission). The as synthesized perovskite
exhibited a high PLQY of 49%. Furthermore, the perovskite could be blended with
PS to improve the stability without changing the white light emission [191]. The
principle and broad photoluminescence of Mn-doped WLED are showed in Fig. 15
[87, 191, 277].

7.3 WLED by Doping Ions in Perovskites

Ion-doping perovskites could also be used to synthesize white-emission perovskites,
especially Bi3+-doping. However, unlike Mn2+, Bi3+ provides a high new energy
level (3.4 eV) in the bandgap, where excitons transit from energy level of Bi3+ to a
lower energy state (energy levels of Tb3+, Eu3+, etc. or ground state) for emission. By
adjusting doping concentration of Bi3+, white-emission perovskites could be fabri-
cated, which are ideal luminous materials for WLEDs. The emissive principle and
optical properties of Bi3+-doped LFHPs are showed in Fig. 16. Figure 16a exhibited
the emitting principle of Bi3+-doped LFHPs, 30% of Bi doping provides an appro-
priate bandgap and emits a white light. Figure 16b, c demonstrated the PL spectra
of Cs2AgIn1–xBixCl6 and white-light perovskite phosphors [192, 278].

8 Conclusion

Electric lighting assumed approximately 15% of global power consumption. Among
various illumination, white LEDs (WLEDs) have become one of the focus research
in the lighting and display industry due to their long lifespan and high energy effi-
ciency. Under the environment of energy-saving emission reduction, according to
the haitz’law of LED industry, LED will follow the development process of aiming
high brightness and low cost. Thus, exploring new phosphors for lightings, compat-
ible with the cost reduce, is highly desired. Metal halide perovskite phosphors have
attracted wide attention due to their outstanding luminescence feature and low-cost
solution-processing. According to whether containing lead element, metal halide
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Fig. 15 Self-capture and energy transfer in Mn-doped WLEDs. a Schematic diagram of self-
capture and energy transfer in Mn-doped perovskite. b Normalized PL spectra (λex = 360 nm)
of self-capture perovskites with different Mn2+ concentrations [277]. c Images of the samples
(perovskite solutions, powders andmixture of perovskites andPS-toluene solution) under the irradia-
tion of a 365 nmUV lamp.dWLEDs fabricated by coating self-capture perovskites nanoplatelets-PS
composites on the hemispheric lamp-chimney, inset: optical image of theWLED and lamp-chimney
[191]
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Fig. 16 Emissive principle and optical properties of Bi3+-doped Cs2AgIn1–xBixCl6. a Principle of
Bi3+-doped LFHPs emits light [278]. b PL spectra of Cs2AgIn1–xBixCl6 perovskites doped with
different concentrations of Bi3+. c PL photos of Cs2AgIn1–xBixCl6 perovskite under UV light [192]

perovskite can be classified into two categories lead halide perovskite and lead-free
halide perovskite.

Metal halide perovskites can be identified as a highly promising luminescent
materials so far due to high PLQY. In this chapter, we introduced different color
perovskite phosphors, including three primary colors of blue, green, red, and other
color (e.g., white, yellow and orange). Among which green and red perovskite have
much progress in PL and PLQY. While deep blue-light perovskite still cannot solve
obstacle of instability and low PLQY. Then, we further summarized different-color
hybrid perovskite phosphors through combining perovskite with inorganic materials,
organic molecules and polymers, and the non-luminous and luminous perovskites.
These hybrid strategies make perovskite phosphors with high stability. Finally, we
presented some strategies of perovskite phosphors applications in WLEDs, such as
combining three-primary-color perovskite phosphors with GaN chips, preparing by
energy transfer in one perovskite and doping ions in perovskites.

Progress in perovskite phosphors have greatly promoted the development of LED
devices. We believe perovskite phosphors can be the ideal materials for future light-
ings and displays, and would further motivate researches in chemistry and physic
field.
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Mechanoluminescent Phosphors

Yuan Deng, Hanlu Zhang, and Lin Dong

1 Introduction

Mechanoluminescence (ML) is a well-known phenomenon of light emission induced
by the deformation when certain solids suffer external mechanical stress. Mechano-
luminescent materials which could convert mechanical energy directly into photons
have attracted increasing attention in recent years for their wide potential applications
in stress sensing and imaging, structural damage monitoring, wearable illuminating
devices, self-powered display, mechanical energy collection and conversion, bio-
imaging and photodynamic therapy [1–7]. Great progress has been made in devel-
oping novel materials with strong mechanoluminescence emission and their applica-
tions. This chapter introduces mechanoluminescent phosphors from six aspects, i.e.,
a brief history, the major material categories, the synthesis methods, the fundamental
mechanism, the applications and the outlook of mechanoluminescence.

2 A Brief History of Mechanoluminescence

Mechanoluminescence is a phenomenon of light emission upon external mechanical
stimuli. The major excitation of mechanical energy includes friction, stretching,
compression, shearing, shanking, bending, impact and other forms of deformation
[8–10]. Hence, mechanoluminescence can be generally classified into fracto-ML,
plastic-ML, elastic-ML, and tribo-ML [11].
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Some fracture-correlated luminescence phenomena such as earthquake lumi-
nescence have been recorded since ancient times. China is the earliest country to
record earthlights in the world. In the Book of Songs, Xiao Ya, Suburbs of October,
the strange acousto-optic phenomenon occurred in Qishan earthquake in Shaanxi
2800 years ago was recorded. Similar foreign records first appeared in The Annals
by a Roman historian Tacitus, which recorded the strong seismic light in Asia Minor
in AD 17. The True History of Three Reigns of Japan also recorded the lumines-
cence phenomenon during the earthquake and tsunami in the Mutsu area in AD 869
[12]. The clear ML phenomenon was first recorded in the book The Advancement of
Learning by British scientist Francis Bacon published in 1605, “When a sharp knife
quickly runs across the sugar cube surface, a flash of light can be seen.” [13–15]. As
those luminescence phenomena are caused by mechanical force, B. P. Chandra put
forward the uniform name of “Mechanoluminscence” in 1978 [16].

Although ML has been a very long historical period since the first observed ML
phenomena, quite limited attention has been attracted. The absence of non-destructive
ML materials with strong and repeatable light emission greatly hinders the practical
application. It was not until 1999 that Xu’s group successfully prepared two kinds
of high-brightness ML materials that could be observed by the naked eye, which
attracted the interest of researchers once again [17].

3 Categories of Mechanoluminescent Materials

Generally, over half of all inorganic solids and 30% of the organic polymer solids
exhibit ML, including crystalline solids, non-crystalline solids, insulators, semicon-
ductors, and certain conductors [18]. According to their chemical composition, most
ML materials can be categorized into three types: Metal-organic compound ML
material, organic ML materials and inorganic ML materials.

3.1 Metal Organic Compound Mechanoluminescent
Materials

The two representative metal organic compound ML materials are rare earth metal
organic complexes and transition metal organic complexes [19].

Rare earth complexes are widely studied in the ML field because of their
strong light absorption capacity, high conversion efficiency and luminescence in
the visible region. Europium dibenzoylmethide triethylammonium (EuD4TEA) [20]
and Eu(HFNH)Phen (HFNH:4,4,5,5,6,6,6-heptafluoro-l-(2-naphthy1) hexane-1,3-
dione; phen:1,10-phenanthroline) [21] are relatively common rare-earth complex
materials. This kind of material is generally a complex with an annular structure,
which is obtained by chelating cooperation between two or more ligands and the
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same metal ion (Eu) to form chelating rings. EuD4TEA was discovered by Hurt in
1966, which is one of the brightest triboluminescent materials. It has potential appli-
cation prospect in damage sensor [22]. Eu(HFNH)Phen is a new europium complex
and a kind of triboluminescent material with a central symmetric structure. Transi-
tionmetal organic complexes have been widely studied for their emission in different
molecular configurations. There aremainlyMn,Cu andPt complexes. Figure 1 shows
the chemical structures of several rare earth metals and transition metal complexes,
respectively.

3.2 Organic Mechanoluminescent Materials

According to the length of the molecular chain, organic ML materials are composed
of organic small molecular materials and organic polymer materials. Organic small
molecule ML materials mainly include carbazole derivatives, phenothiazine deriva-
tives, N-phenylimide derivatives, tetraphenryl derivatives and so on. Carbazole and
its derivatives are very popular in the field of organic optoelectronics because of their
advantages such as high trilinear energy level, luminous quantum efficiency and long
phosphorescence life. In 1981, Inoue and Tazuke [25] found that carbazole deriva-
tives hadMLproperties and studied their luminescencemechanism by comparing the
materials before and after doping. Not long ago, Yang et al. [26] group synthesized
compounds with phenothiazine structure as the luminescent group, and realized the
dual emission of ML and phosphorescence. Nishida’s group successfully synthe-
sized blue-emitting ML materials using N-phenylimide derivatives based on the
dipole structure and non-central symmetric molecular arrangement. In view of the
strong electron-absorbing properties of carbonyl groups, which are conducive to the
formation of large molecular dipole moments and strong intermolecular hydrogen
bonds, Nakayama’s [27] group took tetraphenyl as the core and introduced aldehyde
groups containing carbonyl structures to obtain a series of ML materials. In 2012,
Chen’s [28] group introduced 1, 2-dioxy cyclobutane into the polymer and used it
as the backbone chain of the polymer. When it was stretched by an external force, 1,
2-dioxy cyclobutane polymer broke, emitting weak blue light and achieving ML of
the polymer material.

OrganicMLmaterials can be divided into aromatic hydrocarbon and non-aromatic
hydrocarbon organic crystals, according towhether themolecular structure of organic
materials contains aromatic rings. Non-aromatic hydrocarbon organic ML mate-
rials mainly contain sugar cubes [29], tartaric acid (dipotassium tartaric acid, etc.),
cis-4-octene, esters (cholesteryl salicylate [30, 31], organic salt (lithium acetate,
potassium hydrogen malonate, etc. [32]), organic acid (L-ascorbic acid). Aromatic
hydrocarbon organic ML materials mainly contain hexaphenylcarbodiphosphorane
[33], coumarin [34], phenol derivatives (resorcinol, m-aminophenol, etc. [35]),
N-isopropylcarbazole, N-ethyl-3-vinylcarbazole, N-isopropyl-3-vinylcarbazole and
3,6-dibromocarbazole, etc. [36] (Fig. 2).
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Fig. 1 Chemical structures of Eu and Mn complexes [23, 24]
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Fig. 2 Chemical structures of some organic mechanoluminescent materials [26, 27, 37, 38]

3.3 Inorganic Mechanoluminescent Materials

Since Xu’s group discovered three kinds of elastic-ML materials Ca2Al2SiO7:Ce3+

[39], ZnS:Mn2+ [17] and SrAl2O4:Eu2+ [40] in 1999, inorganic ML materials have
attracted the attention of researchers and been continuously developed. Existing
inorganic ML materials can be classified into aluminate, silicate, phosphate, sulfide
and so on. These materials are doped with transition metals (Mn2+/Cu2+/Cu+) or
lanthanide ions (Tb3+/Eu3+/Pr3+/Sm3+/Er3+/Dy3+/Ho3+/Nd3+/Tm3+/Yb3+) to achieve
their ML properties. Its ML color almost covers the entire visible range, as high-
lighted in the following list (in accordance with the reported order): SrAl2O4:Ce3+

(375 nm) [41], Ca2Al2SiO7:Ce3+ (402 nm) [39, 42], (Ca,Sr)Al2Si2O8 (403–
428 nm) [43], SrMg2(PO4)2:Eu2+ (412 nm) [44], CaYAl3O7:Ce3+(421 nm) [45],
CaAl2Si2O8:Eu2+ (428 nm) [46], CaYAl3O7:Eu2+/SrBaMgSi2O7:Eu2+ (440 nm) [47,
48], ZnS:Cu+/2+ (456, 505, 520, 586 nm) [49], Sr2MgSi2O7:Eu2+ (464 nm) [49],
CaZr(PO4)2:Eu2+ (474 nm) [50], ZrO2:Ti4+ (478 nm) [51], CaZnOS:Tb3+ (485, 545,
580, 619 nm) [6], BaSi2O2N2:Eu2+ (493 nm) [52, 53], CaZnOS:Cu+/2+ (498 nm) [54],
SrCaMgSi2O7:Eu2+ (499 nm) [55], ZnGa2O4:Mn2+ (505 nm) [56], MgGa2O4:Mn2+

(506 nm) [56], ZnAl2O4:Mn2+ (512 nm) [57], ZnS:Al3+, Cu+/2+ (512 nm) [49],
SrAl2O4:Eu2+ (520 nm) [40], Ca2MgSi2O7:Eu2+ (530 nm) [58], CaZnOS:Er3+ (530,
560 nm) [6], Zn2(Ge0.9Si0.1)O4:Mn2+ (535 nm) [59], CaZnOS:Sm3+ (566, 602, 610,
620, 649, 670 nm) [6, 60], Sr3Sn2O7:Sm3+ (570, 582, 610, 624, 665 nm) [61],
BaZnOS:Mn2+ (584, 610 nm) [62], ZnS:Mn (585 nm) [17], CaZnOS:Mn (610 nm)
[63], (Ba,Ca)TiO3:Pr3+/CaNb2O6:Pr3+/Ca2Nb2O7:Pr3+/Sr2Nb2O7:Pr3+/Ca3Nb2O8:
Pr3+/NaNbO3:Pr3+ (613 nm) [64–68], Ca3Ti2O7:Pr3+ (615 nm) [69], LiNbO3:Pr3+

(619 nm) [70], ZnS:Mn2+, Te2+ (648 nm) [71], SrAl2O4:Eu2+, Nd3+ (883 nm) [49],
CaZnOS:Nd3+ (908 nm, 1094 nm, 1390 nm) [6], SrAl2O4:Eu2+, Er3+ (1530 nm) [72]
(Fig. 3).
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Fig. 3 Development of mechanoluminescent materials

4 Methods of Materials Synthesis

The most commonly used synthesis methods of inorganic ML materials mainly
include the high-temperature solid-phase reaction method and the sol–gel method.
The size of the materials prepared by these two synthesis methods is in the micron
range (10–100µm). To further expand the application of MLmaterials in the biolog-
ical direction, it is very important to realize the sub-micrometer-sized ML materials.
In 2006, Xu’s group reported the synthesis of nano-sized (10–30 nm) SrAl2O4:Eu2+

via ultrasonic spray pyrolysis technology [73]. However, this synthesis method has
not been speculated in the preparation ofML, sowewill not give a detailed example of
this method in the following content. In the following sections, we describe the solid
reaction method and the sol–gel method by synthesizing ZnS:Mn and SrAl2O4:Eu2+.
This is the first and best studied of all ML materials.

4.1 Solid-State Reactions

A solid-phase high-temperature reaction, the most common method to prepare ML
materials, is a process in which the mixed powder or sample material diffuses with
each other at high temperature so that the microscopic discrete particles gradually
form a continuous solid structure.

Most inorganic ML materials have been prepared using this method. Take
ZnS:Mn, which is widely studied, as an example. Firstly, an appropriate amount
of MnCO3 (99.95%, AR) and ZnS (99.99%, AR) powders were thoroughly mixed
by wet grinding in ethanol. Then, the mixed powders were loaded into an alumina
boat compactly and sintered at a series of temperatures for 3 h in nitrogen/argon
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atmospheres. The particle size of ZnS:Mn powder prepared by this method is about
micron level (10–30 µm) [1, 74].

Although thismethod is simple to operate, the particle size of the resultingmaterial
is large, and there will be segregation of components. In this way, the luminous
efficiency will be reduced. If the burning temperature is too high, it will be sintered
seriously. In the final grinding, the lattice position where the activator is located will
be destroyed, resulting in the reduction of luminous efficiency.

4.2 Sol–Gel Method

The sol–gel method, suitable for preparing small size (<10 m) ML materials, is an
important method for the synthesis of inorganic compounds or materials under low
temperature or mild conditions. It plays an important role in soft chemical synthesis
and is widely used in the preparation of nanoparticles. The chemical process of
the sol–gel method is firstly to disperse the raw materials in the solvent, and then to
generate the active monomer through a hydrolysis reaction. The active monomer is
then polymerized to become the sol, and then to generate the gel with a certain spatial
structure. After drying and heat treatment, nanoparticles and the required materials
are prepared.

After dissolving Al(O-i-C3H7)3, Sr(NO3)3, Eu(NO3)3·2.9H2O in ammonia water
according to mass weighing, Xu’s research group dispersed the obtained nanoparti-
cles in N, N-dimethylformamide (DMF). The sol particles were dried at 200 °C, and
then the dried particles were calcined under 700 °C in the air atmosphere. Finally,
it was placed in a hydrogen atmosphere (5% H2–N2) and sintered at 750–1400 °C
for 2 h. The particle size of SrAl2O4:Eu2+ prepared by this method is about 1–2 µm
[75].

This method is simple and easy to master. The prepared products are uniform and
of small particle size, but it takes a long time, produces samples and requires high
cost.

5 Fundamental Mechanisms of Mechanoluminescence

According to the different modes of mechanical force acting on the excitation ML
phenomenon, ML can be divided into two types: Deformation ML and tribo-ML
[76]. According to the degree of recovery of the deformation of the material during
the stress process, the deformation ML can be divided into elastic-ML, plastic-ML
and fracto-ML. Tribo-MLmay be caused by triboelectricity, tribochemical reactions,
frictional heat generation, etc., and can be divided into electrically induced tribo-ML,
chemically induced tribo-ML and thermally induced tribo-ML. There are different
opinions on the luminescence mechanism of tribo-ML, and this phenomenon is
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Fig. 4 Classification of mechanoluminescence [77]

more only considered as a phenomenon to be discussed and not too much systematic
research has been done, so the deformation ML is mainly introduced below (Fig. 4).

5.1 Mechanism of Fracto-ML

Fracto-ML refers to the phenomenon that light is emitted when the material is frac-
tured or damaged under the action of external mechanical force. The main reason for
its luminescence is that when thematerial is damaged, its internal chemical bonds are
broken, making its cracks in an excited state with high energy, and this excited state
may excite the gas in the environment or the luminescent center of the material in
different ways. According to different excitationmodes, fracture stress luminescence
can be divided into eleven different types: (i) Piezoelectrification-induced fractoML;
(ii) Defective phase piezoelectrification-induced fractoML; (iii) Charged dislocation
electrification-induced fracto ML; (iv) Baro-diffusion electrification-induced fracto
ML; (v) Chemically-induced fracto ML; (vi) Thermally stimulated fracto ML; (vii)
Incandescent fracto ML; (viii) Stress perturbation-induced fracto ML; (ix) Thermal
excitation-induced fracto ML; (x) Mechanically excited fracto ML (True ML); (xi)
Deep trap-induced fracto ML. Most of these mechanisms are theoretical specula-
tions, some of which can correspond to some experimental phenomena; Some are
just theoretical assumptions [76].

5.2 Luminescence Mechanism of Plastic-ML

Plastic-ML refers to the phenomenon that the material emits light in the process
of plastic deformation when subjected to external forces. The process of plastic-
ML of a material can also contain many different luminescence mechanisms. The
luminescent mechanism of plastic-ML materials can be divided into four types:
(1) mechanism of mechanical interaction between dislocation and defect center;
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(2) Thermodynamic excitation induction mechanism; (3) The crystal surface elec-
trification induction mechanism caused by the movement of charged dislocation;
(4) Induction mechanism of electrostatic interaction between dislocation and defect
center, etc. [76].

The plastic-ML spectrum can be divided into impulse type and continuous type,
in which the impulse type luminescence is caused by the crystal surface acting on
electricity caused by the movement of a charged dislocation. The whole process of
action can be explained as follows: During plastic deformation, dislocations with
different electric charges move in opposite directions to the surface of the crystal,
thus making the surface of the crystal charged and creating an electric field inside the
crystal. With the increase of the shape variable, the internal electric field gradually
increases until it reaches the breakdown threshold, which makes the surface emit an
electroluminescent pulse. On the other hand, continuous luminescence is caused by
dissociation of electron trap through tunneling effect under the action of a strong
electric field of moving dislocation line charge. Related scholars have carried out a
series of experimental studies and theoretical derivation on this phenomenon.

5.3 Luminescence Mechanism of Elastic-ML

Elastic-ML refers to the phenomenon of emitting light during the elastic deforma-
tion of materials under external forces. The research of elastic-ML started rela-
tively late, and several typical materials that have been widely studied are ZnS:Mn,
ZnS:Cu, SrAl2O4:Eu2+, etc. The luminescence mechanisms of elastic-ML materials
are summarized in B. P. Chandra, and are almost identical to those of plastic-ML. In
recent decades,more andmore people have paid attention to elastic-MLmaterials and
conducted some in-depth studies on them. Some new luminescence mechanism of
elastic-ML has been proposed, among which the piezoelectric induction mechanism
is the one most recognized by researchers [78–80]. Piezoelectric induction mecha-
nism refers to when a stressed luminescent material with piezoelectric properties is
strained, the valence band is tilted due to the potential generated by the piezoelectric
charge, so that the bound carriers become free carriers. When these free electrons
and holes recombine, they release energy in a non-radiative manner, and the released
energy excites the luminescent center to produce light (Fig. 5).

6 Applications of Mechanoluminescence

MLmaterials can emit light under one ormore types ofmechanical stimuli (compres-
sion, twisting, bending, impact, touch, friction, vibration, etc.). Over the past two
decades, researchers have demonstrated ML materials in many applications, such as
stress sensors [82, 83], stress imaging distributions [1], visualization of crack prop-
agation [84], structural health diagnosis [85], excitation sources [86], light sources
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Fig. 5 Schematic diagrams of ML mechanism of ZnS:Mn [1] and SrAl2O4:Eu2+ [40, 81]

and displays [4, 87], anti-counterfeiting [88] and NIR-ML imaging [89]. Most of
these applications are based on ZnS-based and SrAl2O4-based ML materials. Here,
we take a brief introduction to the high-impact applications of the last two decades.

6.1 Stress Sensor/Imaging Stress Distributions

Based on the linear relationship between instantaneous ML intensity of the ML
material and stress, ML composite materials formed by ML materials and polymers
can replace the strain gauge based on electric or optical fiber.ML compositematerials
can be coated on the surface of the target, which is more flexible and easy to adjust.

In 2009, Xu’s group coated SrAl2O4:Eu2+ composite material on the surface of
the bolt. During the bolt tightening process, the instantaneous axial force of the bolt
was detected by the different light intensities emitted by the composite film. This
study proved that ML imaging can be used to analyze real-time stress distribution.
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Fig. 6 Axial force sensor based on SrAl2O4:Eu2+ ML. a Schematic diagram of an experimental
system to measure ML, torque and axial force simultaneously. b Relationship of ML area on the
axial force at different tightening speeds (inset: linear relationship of ML area on the square of axial
force) Reproduced with permission from Ref. [90], Copyright 2010, SPIE

This novel system can also monitor the health of load-bearing structures in real-time,
such as buildings and bridges [90].

In 2015, Wang et al. designed a signature recording system based on ZnS:Mn
ML materials [1]. This system emits different intensities of light when humans are
writing to analyze the difference in force during the writing process, and it can also
quantify the difference in the pressure rate of the written letters. Thereby improving
the security of electronic signatures (Figs. 6 and 7).

6.2 Structural Health Diagnosis

The failure of social infrastructure (buildings, bridges, etc.) is related to its aging
structure. Xu group used ML-imaging technologies to realize monitoring and diag-
nosis of the structural health of themacroscopic social infrastructure. Thismonitoring
and diagnosis system is realized by encapsulating the ML sensor and camera in a
black box. The ML sensor uses SrAl2O4:Eu2+ ML material, so an ultraviolet exci-
tation source is also installed in the black box to restore the ML of SrAl2O4:Eu2+2

(Fig. 8).

6.3 Light Sources and Displays

The colors of the ML of these materials cover the entire visible range, which is
ideal for the multi-color display. When several ML materials of different colors are
combined, the emission of white light can be realized.
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Fig. 7 ML mapping of handwriting. a Test system diagram. b ML mapping of 2D planar pres-
sure distributions. c ML distributions generated from a handwritten “e”. d The corresponding 2D
distribution of relative ML intensity from c. e The line profile of relative ML intensity from the
marked area in d. f and gDynamicML frames under different speeds, respectively. Reproducedwith
permission from Ref. [1], Copyright 2015, WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim

In 2014, Jeong et al. combined ZnS-based ML materials of different colors with
PDMS, andused gas-flowexcited composite film to realizewind-driven stress display
of different colors, and realized gas-flow driven white light emission by mixing ratio
of powder of different colors [4]. The research suggests that the use of wind-powered
mechanical luminaries in actual displays or lighting systems could pave the way for
new types of environmentally friendly lights, reducing energy waste and promoting
sustainable development (Fig. 9).

6.4 Photodynamic Therapy

Xu group proposed that ML generated from ML materials can be used to drive
photochemical reactions related to prodrug activation. A hybrid material composed
of ML nanoparticles and photosensitizer is proposed. When using ultrasonic exci-
tation, the hybrid material emits activator photons. SrAl2O4:Eu2+, CaYAl3O7:Eu2+

and CaZnOS:Mn2+ [63, 91, 92] can produce ML under the stimulation of ultra-
sound, which is a more suitable material for this hybrid material. In 2019, Guosong
Hong et al. synthesized ZnS:Ag,Co nanoparticles with ML using a combination
of hydrothermal method and high-temperature heating, and coated the surface of
the nanoparticles with a ZnS shell to improve ML intensity of ZnS:Ag,Co. Using
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Fig. 8 MLsensor field quantitative strain imaging and effective diagnosis of highway joint sections.
a Outside view of the diagnosed highway. b Future status of on-site inspections of infrastructure.
Before and after repair of ML device and its corresponding stress distribution. Reproduced with
permission from Ref. [2], Copyright 2018, WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim

ZnS:Ag,Co@ZnS nanoparticles achieve motor activities of acousto-optic stimula-
tion in mice. This research not only promoted the application of ML materials in
the biological field, but also promoted the development of acousto-optic genetics [7]
(Fig. 10).

ML materials have application prospects in wearable light-emitting devices, anti-
counterfeiting, NIR-ML imaging and other fields, so we won’t describe them one by
one here.
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Fig. 9 Wind-driven ML display. a Schematic diagram of a wind-driven display device. b Display
of ML under nitrogen flow. c–e Photographs and f, gML images of two patterned display devices.
h ML spectra captured from spots A and B in frames f and g. Reproduced with permission from
Ref. [4], Copyright 2014, The Royal Society of Chemistry

7 Outlook

Based on the special luminescence properties ofMLmaterials, they have broad appli-
cation prospects in many fields, and they have gradually attracted the attention of
researchers. In the past two decades of research, certain research progress has been
made in the field of ML. Among them, more than 40 kinds of high-performance ML
materials have been developed, and a newMLmechanism in piezoelectric MLmate-
rials, a piezoelectric induced de-trapping model, has been proposed. Its application
has also been continuously developed, which not only realizes ML-driven by pres-
sure andwind, but also realizesML-driven by ultrasound, and realizes the application
of ML materials in the biological field. Although the development of ML materials
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Fig. 10 Sono-optogenetic stimulation of the motor activity in rats. a A schematic diagram of
acousto-optic stimulation in a rat. b Photograph of in vivo sono-optogenetic stimulation setup. c
The equivalent power density of the 470 nm emission of ZnS:Ag,Co@ZnS nanoparticles under
FUS repeated excitation under 400 nm continuous activation. d and e were the photos of sono-
optogenetic stimulation of Thy1-ChR2-YFP mouse (d) and a wild-type (WT) mouse (e) before and
after injected by ZnS:Ag,Co@ZnS nanoparticles. f and gHindlimb kinematics of Thy1-ChR2-YFP
mouse (f) and a wild-type (WT) mouse (g) under sono-optogenetic stimulation. Reproduced with
permission from Ref. [7], Copyright 2019
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has made preliminary achievements, the size of most ML materials is at the micron
level, which hinders the application of ML materials in the field of fine devices and
biology to a certain extent. Therefore, in future research, the universal realization
of the nanometerization of ML materials will help promote the development of ML
materials.
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Molecular Hybrid Phosphors

Saroj Kumar Kushvaha and Kartik Chandra Mondal

Abstract Phosphors constitute themost important component of organic light emit-
ting diodes (OLEDs), therefore, there has been continuous development in this field.
Molecular hybrid phosphors are basically transitionmetal complexes that are formed
by complexation of heavy metal ion with suitable ligand system. The cyclometalated
transition metal complexes constitute the major chunk of molecular hybrid phos-
phors. This chapter covers molecular hybrid phosphors based on complexes of heavy
metals such as gold, iridium, platinum, rhodium and ruthenium.

1 Introduction

Phosphors are the materials that show the phenomenon of luminescence on exposure
to radiant energy. When these materials exhibit luminescence phenomena imme-
diately on exposure to the radiation, they are called fluorescent materials. Fluo-
rescent materials stop glowing immediately after the supply of the exciting radi-
ation is switched off. However, when they show continuous emission even after
being exposed to the photon radiation, they are called phosphorescent material. The
phosphorescent materials keep glowing for milliseconds to days even after stop-
ping the supply of external radiation. Five hundred years ago (1603) luminescence
was first documented by V. Cascariolo while he was burning baryte with coal. The
ZnS and CaS were identified as phosphors in 1866 and 1870, respectively. In 1880s
bioluminescence was documented in fire flies.

In this context it is necessary to mention that instead of supply of the photon
energy for excitation of electron in a material, a high energy electron beam can be
utilized to obtain the emission of visible light. This phenomenon is well known as
cathodoluminescence. The beam of high energy electron acts similar to photon. The
electron is excited fromvalence band to the conductance band and is recombinedwith
hole in the conductance band. The energy difference of this process can be emitted

S. K. Kushvaha · K. C. Mondal (B)
Department of Chemistry, Indian Institute of Technology Madras, Chennai 600036, India
e-mail: csdkartik@iitm.ac.in

© Springer Nature Switzerland AG 2022
K. Upadhyay et al. (eds.), Hybrid Phosphor Materials, Engineering Materials,
https://doi.org/10.1007/978-3-030-90506-4_3

73

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-90506-4_3&domain=pdf
mailto:csdkartik@iitm.ac.in
https://doi.org/10.1007/978-3-030-90506-4_3


74 S. K. Kushvaha and K. C. Mondal

as visible light. This was implemented in cathode ray tube of computer (aperture
grille) to give rise to monochrome display in 1980s.

The processes of fluorescence and phosphorescence in the phosphor materials
have been utilized in making solid-state lighting devices such as light-emitting
devices (LEDs) and solar cells. Fluorescence is the fundamental phenomenon that
occurs in white LEDs, fluorescent lights, Cathode-ray tubes (CRTs), scintillation
sensors. The phosphorescence is the fundamental phenomenon of the devices where
continuous luminescence is required, such as radar screens, aircraft instruments,
glow-in-dark watches. Since white LEDs are in greatest demand due to their high
luminous efficiency with low power consumption, environmental friendliness, and
longevity, scientists have been working tirelessly to improve over the quality of
LEDs by suitable modifications in phosphor materials. The most important part of
a solid-state lighting device is the emitting layer, which is made by blending with
a conducting material. The quality of phosphor used in the emitting layer controls
the light produced. Therefore, the preparation of phosphors requires a great deal
of control and care. The phosphor materials are of pure organic nature as well
as hybrid. The phosphor materials which are made by blending or coordination
of two standalone chemical moieties to form a periodically ordered material are
called hybrid phosphors [1]. The complexation of suitable organic molecule with the
heavy metal ion to prepare hybrid phosphors is very common strategy. The hybrid
phosphors prepared by introduction of a heavy metal into the organic material are
advantageous than pure organic phosphors due to enhanced emission properties. The
literature survey reveals that the majority of hybrid phosphors have been prepared
by adding a suitable guest activator to the host material. The controlled blending of
dopant/activator to the host on nanoscale level enables tuning of electronic and optical
properties; hence, hybrid phosphors are the most versatile class of luminescent mate-
rials. The host–guest combinations can be made by utilizing organic–inorganic or
inorganic–inorganic components. Recently, somuch of the research has been directed
towards the syntheses of hybrid phosphors in which rare-earth ions (REIs) have been
used as dopant. In this chapter, we will focus on metal complex-based hybrid phos-
phors, which are generally prepared by the complexation of metal ions with the
organic ligand systems. This type of organic–inorganic framework has promising
applications in solid-state lighting devices, for example, in white LEDs. With the
continuous improvement in absorption/emission and charge transport properties by
controlled molecular design, this field is becoming more and more promising for
solid-state lighting purposes.

1.1 Fundamental Phenomena Involved in Luminescence

Before going to the detailed discussion about hybrid phosphors, it is imperative
to discuss the fundamental phenomena involved in the working of phosphors. The
absorption of electromagnetic radiation by a material is governed by Beer-Lambert
law, which is given by the equation, A = log10(I0/I ) =∈ Cl, where A is the
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absorbance of light through the material of path length í and concentration C and
∈ is the molar absorptivity or extinction coefficient of absorbing material (I0 and
I are the intensities of incident and final radiation, respectively). On absorption of
electromagnetic radiation, the luminescent materials exhibit two major phenomena:
fluorescence and phosphorescence. When a material is irradiated with the radiant
energy, electron gets excited to the higher energy level. Once, irradiation of mate-
rial is switched off, electron comes back to the original energy level by emission of
extra energy in the form of light or heat. When electron comes back to the ground
state without changing spin state throughout this journey via a radiative pathway, the
phenomenon is known as fluorescence. Fluorescence is a spin allowed process that
happens in a short span of time (10−9–10–7 s). Alternatively, the excited electron can
return to the ground state by following another pathway which involves a change in
the spin state. It can go to the triplet state by non-radiative process which ultimately
decays ground state by radiative emission. This process is known as phosphorescence
and takes longer time than the fluorescence. The phosphorescence lifetime (10−5–
103 s) is longer because electron has to flip its spin orientation while decaying to the
singlet ground state from an excited triplet state. Though, singlet–triplet spin relax-
ations are quantummechanically spin forbidden, but due to the spin–orbit or vibronic
coupling, they become allowed [2]. Such spectra appear at higher wavelengths when
compared to fluorescence. Often in luminescent materials, a long-lived emission
band is obtained, which has frequency similar to fluorescence but lifetime similar
to phosphorescence, this type of emission is called delayed fluorescence which is
usually observed when emission takes place in a rigid and viscous media. In addition
to the radiative processes, excited electron can also lose energy through non-radiative
pathways such as internal conversion and inter-system crossing. Basically, each elec-
tronic energy state is consisting of several vibrational levels (υ) and energy dissipates
fromhigher vibrational level to lower vibrational levelwithin the electronic level; this
process is called internal conversion. The lifetime of internal conversion is shorter
than the fluorescence lifetime.After absorbing a photon of suitable energy an electron
undergoes transition to the excited triplet (T1) state from an initial excited singlet
state (S1) by losing energy in the form of heat. This change in nature of the spin
state is known as inter-system crossing (ISC). The geometrical parameters of an
excited singlet state are significantly different than those of excited triplet state. All
the photophysical processes which occur in luminescent materials are shown in the
Jablonski diagram (Fig. 1) and the time scale for these photophysical processes has
been given in Table 1. An important generalization about emission has been given in
Kasha’s rule, which states that electrons can get excited to any of the excited elec-
tronic states (like S1, S2, S3 etc.) depending on wavelengths of absorbed radiation,
however, most of the photons will emit from lowest excited electronic state (i.e. S1
or T1). This happens due to rapid internal conversions from higher excited states
to lower excited spin states. In other words, emission wavelength is independent of
absorption wavelength. The fluorescence material does not glow after switching of
the source of radiation.
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Fig. 1 Jablonski diagram depicting different photophysical phenomena (solid arrows represent
radiative decay and dotted arrows represent non-radiative decay)

Table 1 The time scale of
various photophysical
processes (adopted from Ref.
[2], copyright: Elsevier B.V.,
2009)

Transition Process Time scale (s)

S0 → S1 or Sn Absorption (Excitation) 10−15

S1 → S0 Fluorescence 10−9–10−7

T1 → S0 Phosphorescence 10−3–100

Sn → S1 Internal conversion 10−14–10−10

S1 → T1 Inter-system crossing 10−10–10−8

S1 → S1 Vibrational relaxation 10−12–10−10

S1 → S0 Non-radiative relaxation
Quenching

10−7–10−5

T1 → S0 Non-radiative relaxation
Quenching

10−3–100

In contrast, the phosphorescent materials keep glowing even after irradiation
source is switched off, this is why phosphorescent materials are used where contin-
uous luminescence is required. The efficient phosphors are characterized by high
fluorescence lifetime and high fluorescence quantum yield. The lifetime is defined
by the amount of time an electron spends in the excited states before it comes back
to the ground state. The fluorescence lifetime (τ ) of such materials can be calculated
by the equation, τ = (kr + knr)−1, where kr and knr are decay constants for radia-
tive (fluorescence) and non-radiative emissions. Fluorescence quantum yield is one
of the parameters that describes the quality of fluorophore, higher quantum yield is
associated with the better fluorophore. The fluorescence quantum yield is defined as
the ratio of the number of photons emitted to the photons absorbed. The fluorescence
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lifetime (τ) and quantum yield (φ) are related to each other that can be expressed by
the Eq. (1).

φ = Kr

Kr + Knr
= τ

τ0
(1)

The quantum yield of any fluorophore can never be ≥1. The quantum yield equal
to unity means 100% quantum yield which implies that all the photons absorbed are
emitted back. In other words, the total number of molecules excited are equal to the
number of photons absorbed. However, this is practically impossible since some of
the photons are used up in thermal motions. This is why excellent fluorophores have
near 100%quantumyield but not exactly 100%. Frank–Condon Principle governs the
electronic and vibrational transitionswhich produce absorption and emission spectra.
According to the Frank–Condon principle “the absorption of light is an instantaneous
process that allows only rearrangement of electrons but not heavy nuclei, therefore,
internuclear distance do not change. Thus, electronic transitions between two levels
have more probability to occur when vibrational wave functions of both electronic
levels significantly overlap with each other.” For example, if υ = 0 vibrational level
of one electronic level and υ = 2 vibrational level of another electronic level fall in
same vertical line, then their vibrational wave functions will have maximum overlap,
hence υ = 0 to υ = 2 will be most favored electronic transition. Such transitions are
called vertical transitions (Fig. 2, top). It is also important to note that the transitions
which are most likely during absorbance are also most likely transitions during
emission/fluorescence. For instance, if υ = 0 (S0) to υ = 2 (S1) transition is most
likely during absorbance, then υ = 2 (S1) to υ = 0 (S0) will be most likely transition
during fluorescence. Therefore, fluorescence and absorption spectra are usually a
mirror image of each other (Fig. 2, bottom). This condition is known as the mirror
image rule.

1.2 Singlet and Triplet Excitons

In OLEDs, voltage is applied across organic semiconductor layer that generates
positive holes and electrons. These holes and electron come across each other while
traveling through the semiconductor layer and form strongly coupled electron-hole
pairs called excitons. The hole and electron have half spin and called fermions.
Depending upon the orientation of spin, hole and electron can couple to have either
spin state zero (S= 0, singlet) or one (S= 1, triplet), resulting in formation of singlet
or triplet excitons [3]. There are three spin combinations possible which give spin
state S = 1 and there is only one combination that gives spin state S = 0, therefore
theoretically 75% triplet excitons and 25% singlet excitons are formed in OLEDs
(Fig. 3) [4]. Since, decay of triplet excited states to singlet ground state is forbidden, so
only singlet excitons candecay to singlet ground state.Hence,maximum25%internal
quantum yield is obtained and 75% of triplet excitons are wasted. The mechanism
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of thermally activated delayed fluorescence (TADF) has been utilized to minimize
the wastage of triplet excitons.

1.3 Thermally Activated Delayed Fluorescence (TADF)

Due to limited quantum yield from singlet excitons, it is necessary to harvest triplet
exciton emission so that the internal quantum yield can be increased. To accomplish
triplet state harvest, different strategies have been used such as introduction of heavy
metal ions to the pure organic emitter that increases spin-orbit coupling resulting
to the emission from triplet states. Such triplet state emitters have high quantum
yield and are called phosphorescent materials. And another strategy is to design
such an organic emitter that has less singlet-triplet gap so that reverse inter-system
crossing (RISC) can be possible, leading to the TADF [3, 5]. Pure organic compounds
capable of showing TADF have become highly demanding since they can achieve
nearly 100% quantum yield. The phenomena of TADFwas first introduced by Perrin
et al. in 1929 [6]. In the TADF, thermal activation prompts the triplet excitons to
convert into singlet excitons and then decay to the ground singlet state. Since, the
process of RISC is a slow process, therefore, conversion of once excited triplet (T1)
to excited singlet (S1) then decay to the singlet ground state takes time (Fig. 4). This
is why this type of emission is called delayed fluorescence. This pathway enables all
the excitons (singlet and triplet) to undergo radiative decay, giving almost 100% of
quantum yield.

Fig. 4 Thermally activated
delayed fluorescence [7]
(adopted from Ref [5],
copyright: Nature Publishing
Group, a division of
Macmillan Publishers
Limited, 2012)
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1.4 Triplet–Triplet Annihilation

Fluorescent OLEDs fabricated from fluorescent transition metal complexes are not
viable since the small portion of excited states are singlet in nature, the rest being
triplet states. Theoretically, in luminescent emitters 25% of excitons are singlet,
and 75% are triplet excitons. Thus, theoretically, quantum yield should not exceed
25%, however, there are reports with higher singlet quantum yields. The reason for
exceeding of theoretical quantum yield is the process of triplet–triplet annihilation
(TTA) [8]. The concept of TTA was first introduced while explaining delayed fluo-
rescence in anthracene derivatives in the 1960s [9]. TTA is an energy transfer process
between two molecules in triplet excited states, in which one molecule transfers its
excited state energy to the other molecule. This energy transfer process results in
one molecule going to the higher excited states (singlet, triplet or even quintet) and
the other molecule going to its ground state. The molecule in the singlet excited
state decays to the singlet ground state that increases the quantum yield in fluores-
cent OLEDs. In this way, singlet emission supported by TTA increases experimental
quantum yield of fluorescent materials. The mechanism of TTA can be induced by
adding a suitable sensitizer to the emitter (annihilator). Basically, sensitizer absorbs
the low energy photon to populate first excited triplet state through inter-system
crossing which subsequently facilitates TTA. The sensitizer chosen for the purpose
should be able to absorb light in the visible-to-near-IR region affording low energy
excitations and the lifetime of excited triplet states should be high, typically in
microseconds. The mechanism of TTA has been utilized to convert two photons
into one photon with higher energy, which is known as photon upconversion.

2 Luminescent Transition Metal Complexes

Luminescent metal complexes can emit light from singlet as well as triplet excited
states while coming back to the ground state. Most of the excited states formed after
exciton formation are triplet in nature. Only about 25% excited states are singlet in
nature. Therefore,maximumexternal quantumyield that can be obtained from singlet
state is about 25% [10]. Hence, singlet state light harvesting for lighting purpose
does not fulfill the purpose of quality and commercial viability of lighting devices.
Although, Earlier the phosphors used in the fabrication of electro-optic devices were
based on singlet emitters [11]. Now a days, excited triplet state harvesting for light
emission applications is being done due to its obvious advantages including high
quantum efficiency. In principle, harvesting of both singlet and triplet excited states
will give nearly 100% quantum efficiency and therefore, it is being investigated
intensively. In the year 1998, Ma and co-workers fabricated a phosphorescent light-
emitting device which was made by using osmium complex doped with PVK [12].
Subsequently, Thompson andForrest showed that platinumporphyrin doped in tris(8-
hydroxyquinoline)aluminum (Alq3) can be used as triplet emitters in light emitting
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devices [13]. Since then, a vast number of phosphorescentmetal complexes have been
reported which have been used as triplet excited state emitters in solid state lighting
devices. The observations revealed that if we use a heavy metal in preparation of
luminescent complexes, the metal induced spin-orbit coupling will enable singlet-
triplet mixing, the singlet triplet mixing will enable radiative transition from triplet
to singlet [14]. In this way triplet state decay can be harvested and quantum yield
can be increased. The majority of the phosphorescent complexes which have been
used in OLEDs fabrication belong to the class of cyclometalated complexes. The
cyclometalated complexes based on iridium, platinum and coinage metals constitute
the majority of phosphorescent complexes. Therefore, in this chapter we will discuss
cyclometalated metal complexes and their applications in OLEDs in detail.

2.1 Cyclometalated Complexes

The term cyclometalation is used for the intramolecular (or rarely intermolecular)
ligand metalation in the transition metal complexes that results into formation
of a new metal—carbon sigma bond and chelate rings [15]. The cyclometalated
complexes of heavy metals such as iridium and platinum are the potential candidates
for the chemo-sensors [16], sensitizers [17] and photocatalyst [18]. This class of
complexes are most widely employed molecular hybrid phosphors for OLEDs fabri-
cation, therefore, it is imperative to discuss the strategies applied in the synthesis
of these complexes. The most crucial factor for any material to be used in fabri-
cation of OLEDs is its quantum efficiency and emission color. Therefore, chemists
always focus on improving quantum yield and tuning of emission color. Although,
the factors which determine these properties are complicated and difficult to control;
However, molecular rigidity is the primary factor which determines these factors. As
a result, suitable ligand design for synthesis of rigid complexes becomes an essen-
tial step during preparation of cyclometalated complexes. Basically, rigid molecules
have lesser geometric distortion, hence, they do not accelerate non-radiative relax-
ation by vibrational coupling between excited and ground state. The degree of non-
emissive d-d transitions is also affected by ligand field; therefore, it should be taken
care of. The energy gap between HOMO and LUMO of cyclometalating and ancil-
lary ligand should be managed in such a way that it allows participation of heavy
metal in the emissive transition state [19]. The involvement of metal is very essen-
tial to ensure phosphorescent emission. It is necessary to understand the energy gap
law, which states that the quantum yield is expected to decrease with decrease in
emission energy. This implies that the preparation of Near infra-red emitters with
high quantum yield is challenging to accomplish. The specific modifications in the
ligand are done, for example, introduction of a functional group for increasing solu-
bility of the complexes, so that solution processability is improved. The introduc-
tion of hydrophilic group increases its water solubility, hence, enhances usability in
biological applications (Fig. 5 and Table 2).
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Table 2 Selected cyclometalated Ir(III) complexes with high quantum efficiencies [18–20]

Name τ(μs) λ max (nm) ∅ References

fac-Ir(ppy)3 1.6 518 0.97 Ref. [18]

fac-Ir(ppz)2(ppy) 1.7 500 0.95 Ref. [18]

fac-Ir(ppy)2(acac) 1.6 516 0.85 Ref. [19]

Ir(dpyx)(dppy) 3.9 585 0.21 Ref. [20]

2.1.1 Cyclometalated Iridium (III) Complexes

The vast variety of transition metal complexes have been investigated for their
emissive properties and their applications in solid-state emitting devices; among
them Ir(III) complexes have shown most promising emissive properties, due to their
most efficient triplet excited states which induce the phenomena of phosphorescence
[21–24]. In fact, Ir(III) based cyclometalated complexes have achieved commercial
applications in the LEDs. The observations reveal that the spin-orbit coupling in
heavy atoms can induce high triplet emission, hence improved phosphorescence
quantum yield (PLQY). In fact, 100% internal quantum efficiency has been achieved
by using Ir(III) complexes in converting electric energy into photons [14, 25]. The
harvesting of highly emissive triplet along with singlet is the key to achieve 100%
quantum yield. The PLQY in Ir(III) complexes is lowered due to vibronic-coupled
non-radiative decay and crossing from emissive state to upper non-emissive excited
state. Hence, the vibronic coupled non-radiative decay can be reduced by utilizing
rigid ligand system that will restrict intramolecular motion and strong sigma donor
ligand molecules can be used which will destabilize upper excited state, thus
crossing will be avoided. The literature survey says that most of the cyclometalated
Ir(III) complexes have C∧N type donor system. Some of the illustrative examples
are shown in Fig. 6 [10, 26, 27]. Generally, the highest occupied molecular orbital
(HOMO) of these complexes is located at the π-orbital of phenyl moiety of ligand
system and d orbital of iridium metal. However, the lowest unoccupied molecular
orbital (LUMO) is located at electron-deficient pyridyl moiety. The electronic
transitions which occur on the absorption of light are ligand-to-metal charge transfer
(MLCT) and intra-ligand/ligand centered (CT) π–π* transitions in the range of
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Fig. 6 Structures of cyclometalated octahedral Ir(III) complexes with various emission colors
(adopted from Ref [8], copyright: Wiley-VCH Verlag GmbG & Co. KGaA, Weinheim, 2014)

250–350 nm [28]. The lowest triplet excited state is the source of phosphorescence,
which may originate either from 3MLCT or 3π-π* transition.

The cyclometalated Ir(III) complexes of type 1 and 2 represent the basic Skelton
present in most complexes. Complexes 3 and 4 belong to the category of Ir(L)3
and Ir(L)2L’ type complexes with substituted ligands [29]. The complexes 3 and
4 were synthesized from diphenylaminoflourenylpyridine, and the complex 3 is
amorphous in nature that gives improved compatibility with different phospho-
rescent hosts and organic dopants. The OLED devices fabricated from 3 shows
strong orange color emission with power efficiency (PE) = 21 lm W−1, current
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Fig. 7 Structures of cyclometalated octahedral Ir(III) complexes with various emission colors

efficiency (CE) = 30 cd A −1, and external quantum efficiency (EQE) = 10%.
The device based on 1 performs better than the one fabricated from 2. A white
OLED device was also fabricated from 1. In a subsequent report, charged complexes
5a–b were synthesized using C∧N type of ligands. The fabricated OLED device
from 5a exhibited an improved current and power efficiency of 20 cd A−1 and
19 lm W−1. The development of blue emitters is essential for both multicolor
display and white-OLEDs. This is a bit challenging task in OLEDs area since
operational lifetime for blue light emitting materials are usually shorter than the
yellow or red-light emitting materials. The reason behind shorter lifetime is that
the high energy excited states for charge transport/host/light emitting materials
have to be generated. The complex FIrpic (2) is one of most representative Ir(III)
complex that emits in the blue region. The complex 2 was designed by introducing
a fluoro group on the phenyl ring and replacing acetylacetonate ancillary ligand
by picolinate. This substitution resulted into increase in HOMO–LUMO gap. The
different strategies for improving blue emitters have been adopted over the time.
The most frequently applied strategy is to introduce electron withdrawing groups
on the phenyl ring or electron donating groups on the pyridine ring of the C∧N
ligand.

The seminal report of heteroleptic (C∧N)2Ir(NHC) type of complex by Bielawski
et al. is an interesting example of NHC based Ir(III) complex where they have used
one NHC ligand and two cyclometalating 2-phenylpyridyl (C∧N) ligands [30]. This
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Fig. 8 Partial excited-state diagram for cyclometalated Ir(III) complexes, showing partially occu-
pied 3MC states and destabilization of these states when stronger s-donor ligands are incorporated
(Reproduced from Ref. [30]). Copyright (2019) The Royal Society of Chemistry

complex emits at 497 nm in THF with the emission yield approximately 19%. More-
over, Zuo et al. have reported a series of heteroleptic (C∧N)2Ir(NHC) complexes
[31]. The major blue organic light emitting diodes (OLEDs) reported recently are
NHC based homoleptic tris-cyclometalated Ir(III) complexes. It has been observed
in several complexes of iridium that phosphorescence energy decreases when an
electron donating group is present a phenyl moiety or an electron withdrawing
group is present on N-heterocyclic carbene (NHC) ligand. Hence, substitution of
ligand molecules greatly affects the emissive region of these luminophores and
gives a pathway for color tuning. The incorporation of stronger σ -donor ligands
such as NHCs destabilizes metal centered triplet (3MC) that allows efficient photo-
phosphorescence and higher photostability (Fig. 8). Ideally, where σ -donor only
perturbs the unoccupied antibonding d-orbitals and does not affect frontier molec-
ular orbitals (FMO) involved in the luminescent T1 excited state, the 3MC pertur-
bation does not affect luminescence spectra but should enhance quantum yield. The
absorption spectra of complexes 24a–24 g has been studied in different solvents such
as toluene, THF, DCM and acetonitrile. The toluene solutions of these complexes
exhibit absorption maxima in the range of 540–555 nm. The concentration depen-
dent absorption spectra recorded in the range of 5 × 10−6–1 × 10−4 mol L−1 in
toluene show that the absorption follows Beer-Lambert law without undergoing
ground state aggregation [27]. The absorption spectra in all solvents show intense
bands in the range of 290–420 nm and weaker bands in the range of 420–500. The
molar absorption coefficient (ε≈ 104 Lmol−1 cm−1) values suggest that these intense
bands appear due to ligand centered and spin allowed 1π–π* transitions. However,
weaker bands observed in the range of 420–500 nm are due to charge transfer spectra
(3MLCT/3LLCT).

2.1.2 Platinum (II) Based Cyclometalated Complexes

The solid-state lighting technology has continuously emergedwith the understanding
of simultaneous harvesting of singlet and triplet state. In recent times, triplet state
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harvesting has enabled us to in-cash the phenomena of phosphorescence to synthe-
size high yielding phosphors. The triplet state harvesting along with singlet state
harvesting has made possible to achieve 100% internal quantum efficiency. In this
regard, platinum like other heavy metal ions has proved to be instrumental in synthe-
sizing highly emissive metal complexes. The spin–orbit coupling in Pt(II) triggers
triplet state emission and hence high quantum yield is obtained. The Pt(II) based
phosphors have highest potential in electroluminescence (EL) applications due to
their higher quantum yields, relatively low triplet state lifetime and color tunability.
Although, the first phosphorescent emitter reported was based on Pt(II)-porphyrin
[13], however, there are fewer reports of cyclometalated Pt(II) complexes compared
to the Ir(II) analogues. Despite of excellent developments in Ir(III) based emitters,
there are still pressing challenges which remain to be addressed for example; (i)
preparation of efficient and stable deep-blue emitters, (ii) efficient and high color-
qualitywhiteOLEDs, and (iii) achieve sufficiently long operational lifetime ofOLED
devices. These issues could not be completely resolved. However, cyclometalated
Pt(II) complexes have potential to be address these issues due to their square planar
geometry. The properties of Pt(II) cyclometalated complexes can be tuned due to
their unique square planar geometry and hence there is high scope of OLEDs appli-
cations. Themost commonexamples of cyclometalatedPt(II) complexes are prepared
by utilizing C∧N, C∧N∧N, C∧N∧C and N∧C∧N type of ligand systems. It is impor-
tant to note that the tridentate ligands of type C∧N∧N, C∧N∧C and N∧C∧N form
more rigid square planar Pt(II) complexes thanC∧N type bidentate ligands, therefore,
tridentate ligands aremore emissive. The controlledmodification of ligand structures
enables us to fine tune excited state in the complexes. To make study systematic, the
Pt(II) complexes have been classified in different ways. The Pt(II) complexes have
been grouped based on chelating atoms of ligand molecules as well as emission
region. The most common classification that is used for Pt(II) phosphors is based on
chelation/denticity of ligands.

2.1.3 Bidentate Pt (II) Complexes

C∧N Type Bidentate Pt (II) Complexes

The strong ligand field of C∧N chelation makes dual C∧N chelated Pt(II) complexes
highly robust and they strongly emit in the solution state. This kind of ligand chelation
increases energy gapbetweenmetal centered d–d states. The energy gapbetweenhigh
lying d–d states and emitting states (π–π* and MLCT) should be as high as possible
because low energy gap can lead to the thermal equilibrium that eventually leads to
the quenching through non-radiative decay along the metal centered d-d states [33].
It is noteworthy that C∧N chelated complexes are mostly in square planar geometry
where metal can interact with solvent and can also undergo reversible coordination
that enables other deactivation pathways. One of the representative complex of such
kind, cis-[Pt(ppy)2(26), was synthesized in comparatively low yield by the reaction
of trans-[PtCl2(SEt2)2] with 2-(o-phenylpyridine)lithium [34]. In this complex. the
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phenyl rings in ppy chelate are in a cis-manner in the complexwhich can be attributed
to strong trans effect induced by phenyl ring. The studies revealed that the C∧N
homoleptic complexes exhibit low emission efficiency, therefore, chemists turned
their attention to prepared analogous heteroleptic complexes with improved emission
properties [35]. Some of the representative homoleptic and heteroleptic C∧N ligated
platinum complexes are shown in Fig. 9. The desired properties of Pt(II) complexes
can be fine-tuned by modification of ligand based frontier orbitals in analogous Ir(II)
complexes. The most important strategy is to add electron withdrawing groups on
ligand molecule, to lower the position of HOMO. Brooks et al. applied this proven
color tuning strategy which is frequently used for Ir complexes to heteroleptic Pt
complexes with bidentate cyclometalating ligands [36]. His group prepared blue
emitters by adding electron withdrawing groups such as fluoride group to the specific
positions of ligand, which lowered position ofHOMOand therefore, reducing energy
gap (Fig. 10). Another way to reduce HOMO–LUMO energy gap is to substitute the
pyridine by azole to raise LUMO, resulting into reduction in HOMO–LUMO gap.

N∧N Bidentate Pt(II) Complexes

Pyridyl-azole are interesting molecule which make N∧N type of ligand systems for
preparation of luminescentmetal complexes. These ligands have been used to prepare
bidentate homoleptic blue emitting Pt(II) complexes [37]. For example, 29 and 30
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are two bidentate homoleptic complexes capable of efficient emission. Complex 29
emits at 475 nm with high phosphorescence quantum yield of 0.58 in powder form
while it weakly emits in solution phase. The OLEDs prepared from 29 gives a peak
EQE of 9.1% with Commission International de L’Eclairge (CIE) coordinates of
(0.19, 0.28). Complex 30 is strongly emissive when used in doped thin films. The
devices made from 30with about 1% doping concentration exhibit an emission peak
at 482 nm and a peak EQE of 11.5% with CIE coordinates of (0.19, 0.45).

Tridentate Cyclometalated Pt(II) Complexes

Tridentate cyclometalated Platinum have been reported in various coordination
patterns and combinations with the coordination environment of C∧N∧N, C∧N∧C,
N∧C∧N, N∧C∧N, and C∧C∧N. The cyclometalated coordination complexes with
C∧C∧N coordination environment are rarely reported. The tridentate platinum
complexes are comparatively more rigid than the bidentate C∧N or N∧N cyclomet-
alated complexes [38]. The rigidity suppresses non-radiative relaxation hence
improves emission efficiency. Therefore, photo-optic devices based on tridentate
cyclometalated platinum perform better than the analogous bidentate complexes.
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C∧N∧N Cyclometalated Pt(II) Complexes

Several C∧N∧N based cyclometalated platinum complexes have been reported by
Che et al. [38] and their photophysical properties have been studied. These tridentate
C∧N∧N metal complexes have been shown to emit in the range of 550–630 nm
depending upon steric and electronic factors of ligand system. Although, the device
performance of C∧N∧N cyclometalated platinum complexes has been less efficient
that those of N∧C∧N cyclometalated complexes but these complexes have been
really crucial in understanding color tuning strategies. The performance of these
complexes has been markedly improved by increasing conjugation in the ligand
system. For instance, 33 had phosphorescence quantum yield (∅p) 0.68 [39] and
maximum current efficiency (CE) 20.2 cd A−1, that is a better performance than
the tetradentate Pt(II) Schiff base phosphors [40]. The emission efficiencies have
also been improved by extending π-conjugation in the ligand adding fluorene to it,
evident by increased triplet emission and EL efficiency. The ∅p for 34 was found
to be 0.73 that is a high value for platinum cyclometalated phosphor, therefore, this
complex was used to fabricate vacuum processed device that showed EQE 5.5%, CE
14.7 cd A−1, PE 9.2 lm W−1 [41] (Fig. 11).

N∧C∧N Cyclometalated Pt(II) Complexes

N∧C∧N platinum complexes prepared by 1,3-dipyrid2-ylbenzene and its analogous
ligand systems are the class of phosphors that give highest triplet quantum yield,
therefore, they have been used in fabrication of highly efficient OLEDs [42]. It is
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established fact that the tridentate cyclometalated complexes are comparatively rigid,
therefore, they exhibit better luminescence properties with high phosphorescence
quantum yield. The observations reveal that the carbon-platinum bond distance also
play an important role in the device performance [43]. Williams et al. noted that the
carbon-platinum bond distance in N∧C∧N complexes is about 1.9 Å that is shorter
than the typical bond lengths of corresponding bonds in C∧C∧N complexes [44].
The shorter carbon-platinum bond distance is expected to raise energy of d-d states
therefore deactivating them, that result in the better performance of devices fabricated
by N∧C∧N Pt(II) complexes (Fig. 12) [45].

Tetradentate Phosphorescent Pt(II) Complexes

Aswediscussed that the increased denticity gives higher rigidity to themetal complex
hence helping in reducing non-radiative emission. In case of tetradentate ligands,
Pt(II) complexes get extra rigidity to maintain square planar shape, without using
monodentate/axillary ligands. Although, cyclometalated platinum complexes are
considered less efficient than the analogous Iridium complexes, however, tetradentate
ligand-platinum complexes of type Pt[ppy-O-POPy] (46–49, Figs. 13 and 14) have
shown quantum efficiencies in the range of 0.39–0.64 and emission lifetime in the
range of 2–9 μs, that are comparable to the quantum yields and lifetimes of iridium
complexes [46]. Moreover, they have shown superior emission properties than the
similar bidentate and tridentate complexes. In fact, 46 has shown emission with
nearly 100% quantum yield in device setting. As per our survey, the first blue emit-
ting tetradentate platinum complexes were synthesized from a simple ligand which
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was formed by bridging of two CˆN bidentate ligands with an aryl-amine linker
(49–51) [47]. These platinum complexes exhibit triplet quantum yield in the range
of 0.37–0.63 and much lower emission energies than the analogous blue emitting
bidentate platinum complexes. In the 50, the addition of methyl group 3-position
of pyrazolyl ring induces bathochromic shift by 10 nm, giving emission peak at
474 nm and reducing quantum yield to 0.37. This happens due to increase in LUMO
energy. In order to achieve deep blue emission, the general strategy is to replace
bridging amino group by a linker that reduces degree of conjugation or the replace
nitrogen bridge with the oxygen or functionalized carbon. The complex 52, has been
prepared by utilizing phenyl-methyl-imidazole carbene ligands. The emission peaks
for measurement at 77 K and room temperature were obtained at 464 nm and 471 nm
respectively [48]. The phosphorescence quantum yield was recorded to be 0.77. The
triplet energy was calculated to be 6.3 eV which is ideal for obtaining maximum
power efficiency. This compound is well qualified candidate for efficient white and
blue emitting devices.

π-extendedporphyrin platinumcomplexes are another class of important tetraden-
tate complexes which have been used to fabricate OLEDs. The work by Reynolds
et al. that includes the series of π-extended tetrabenzo, tetranaphtho, and tetraan-
thro Pt-porphyrins (53–55) shown excellent luminescence properties [43, 49]. They
incorporated these complexes into solution processed polymer light emitting diodes
(PLEDs) and vapor deposited multilayer organic light emitting diodes (OLEDs). As
the π-system is extended across the series Pt-TPTBP, Pt-TPTNP, and Pt-Ar4TAP the
solution emissionwavelengthmaxima shift from773 to 891 to 1022 nm, respectively.
The maximum external quantum efficiency (EQE) for 53–55 were obtained in the
range of 7.8–9.2%. Other than cyclometalated compounds, there are some reports of
Schiff base complexes which have employed in OLEDs fabrication.

2.2 Cyclometalated Au(III) Phosphors

Cyclometalated Ir(III) and Pt(III) complexes have been extensively investigated for
their applications in OLEDs and solid state lighting devices and near-unity quantum
yields have been realized. However, cyclometalated transition metals complexes of
silver, gold and copper are underdeveloped. Gold being a precious metal with chem-
ical inertness and environmentally benign nature shows fascinating organometallic
chemistry. Despite the higher abundance of gold than that of iridium and platinum,
the phosphorescent gold complexes for OLEDs have rarely been reported. In 2005,
the first cyclometalated Au(III) luminescent complexes (56 and 57) were reported
by Tang et al. [50]. Recently, cyclometalated complexes Au(III) have been reported
with bidentate, tridentate and tetradentate ligands, demonstrating color tuning and
highly efficient solution processable and vacuum deposited OLEDs. These solution
and vacuum processable devices could achieve external quantum efficiencies (EQE)
of up to 23.8% (58) [51] and 14.7% (59) [52] respectively which are comparable
to the iridium and platinum analogues. Cheung et al. reported two yellow emitting



Molecular Hybrid Phosphors 93

cyclometalated Au(III) complexes that have been used as phosphorescent dopant
for white OLEDs [53]. The fabricated devices give current efficiencies of 26.0 and
25.7 cd/A corresponding to EQEs up to 11.0 and 10.5%, which can be maintained
at 19.8 and 25.3 cd/A at a high brightness level of 10,000 cd/m2. The computational
studies show that the classical Au(III) complexes with C∧N∧C denticity such as the
one mentioned above, undergo non-radiative decay via triplet distorted state, that
hampers photophysical properties. Recently, C∧C∧N type of Au(III)complexes (60–
64) with various ancillary ligands have been reported which show the suppression
of non-radiative decay, hence improvement in photophysical properties [54]. These
complexes show excellent color tunability from sky blue to redwith high PLQYup to
80% in thin films. The solution processable and vacuum-depositedOLEDs fabricated
with these complexes have achieved maximum EQEs of 11.9% and 21.6% respec-
tively. The literature reveals that the fabrication of efficient blue emitting OLEDs is
difficult than the red and green counterparts. The main reason being deactivation of
high lying excited triplet states through different pathways. To overcome this draw-
back, Tang et al. demonstrated the triplet state harvesting via thermally stimulated
delayed phosphorescence (TSDP) mechanism [55]. The TSDP involves up conver-
sion of excitons from lower excited triplet state to higher excited triplet state that
generates blue emission. Tang et al. synthesized Au(III) complexes (65–67) (Fig. 15)
and demonstrated that TSDP mechanism enabled blue emission can be achieved by
efficient spin allowed reverse interconversion(RIC). The improved color purity and
high EQEs up to 7.7% with operational lifetime of 7h at initial brightness of 940 cd
m−2. This was first ever case in which chemists showed that the TSDPmaterials have
potential to be efficient phosphorescent dopant for OLEDs. Furthermore, Ertl et al.
[56] also synthesized a bipolar alkynylgold(III) complex (68) that has been applied
as phosphorescent dopant in the fabrication of highly efficient OLEDs with EQE
up to 10%. The optimized devices show superior electroluminescence performance
with small EQE roll off values.

2.3 Cyclometalated Ru(II) Phosphors

C∧N type cyclometalated Ru(II) complexes are less reported than the N∧N type
diamine complexes. [Ru(bpy)2]2+ (bpy= 2,2′-bipyridine) are the most reported N∧N
type complexes. Recently, a renewed interest in cyclometalated Ru(II) complexes
has been seen among chemists, therefore, cyclometalated complexes analogous to
[Ru(bpy)2]2+ have been reported and their applications in n-type dye-sensitized solar
cells (DSCs) have been demonstrated [57, 58]. The dye sensitized solar cells have
emerged as promising alternative to the conventional photovoltaic technologies. The
representative cyclometalated Ru(II) complexes [59] are shown in Fig. 16.
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2.4 Cyclometalated Rh(III) Complexes

The use of phosphorescent material in the fabrication of OLEDs in today’s tech-
nological world has given impetus to the research in the field of phosphors. The
strong spin-orbit coupling, which enhances phosphorescence quantum efficiency,
has enabled rapid development of cyclometalated heavy metal complexes. Now a
days, cyclometalated heavy metal complexes are being used in smart phones and
other display devices. The cyclometalated Ir(III) complexes have been studied most
widely due to high phosphorescent quantum yields that makes them suitable for
OLEDs applications.However, cyclometalatedRh(III) complexes have been sparsely
studied due to their poor emission properties. The poor emission properties of Rh(III)
complexes can be due to several reasons such as: (i) The lower spin–orbit coupling
(SOC) constant of Rh compared to Ir, that results in smaller triplet radiative rate
constants, kr (ii) For a given type of complex, the RhIII|RhIV couple will lie at
higher potential than the corresponding IrIII|IrIV couple, so that the MLCT states
will be higher in energy. Therefore, mixing with low lying 3π–π* excited states is
reduced resulting in to less spin-orbit coupling, decreasing the triplet emission. (iii)
The weaker ligand-field splitting of 2nd row rhodium than the corresponding 3rd
row iridium metals means that metal-centred d–d excited states—which are strongly
distorted relative to the ground state and hence potentially highly deactivating for d6

complexes—aremore likely to be thermally accessible forRh(III) than for Ir(III) [60].
The brightest cyclometalated rhodium complexes that are reported till now are based
on [Rh-(pba)2(NˆN)]+ type of systems, where pba is 4-(2-pyridyl)benzaldehyde and
NˆN is a diimine ligand such as a 2,2′-bipyridine or 1,10-phenanthroline. This type
of systems have shown quantum yield in the range of 1 to 3% and lifetime in few
microseconds at 298 K. The improved emission properties of these systems are ratio-
nalized based on aldehyde group leading to pba-localized states [61]. Recently, some
reports have appeared in the literature where chemists have shown ligand mediated
improvement in emission properties. Williams et al. have achieved high lumines-
cence efficiencies in cyclometalated Rh(III) complexes (73) synthesized by utilizing
N∧C∧N type of ligands [60]. Sano et al. [62] have reported improvement of lumines-
cence properties in cyclometalated Rh(III) complexes (74, 75 and 76) by judicious
choice of a strong σ-donor cyclometalating ligand with a lower-lying intraligand (IL)
state that would raise the d−d excited state and will introduce a lower-lying emis-
sive IL excited state (Fig. 17). The ligand choice gives high thermal stability and
quantum efficiency as high as 0.65 in thin films, that offers promising applications in
OLEDs. The EQEs up to 12.5 % and operational lifetime over 3000 h at 100 cd m−2.
This report presents a breakthrough in the field of rhodium complexes as emitter in
OLEDs.



96 S. K. Kushvaha and K. C. Mondal

Rh

N N

N

Cl

N

N

Rh

N

N

O

O

R

R

73 R = CH3 (74)
R = CF3 (75)
R = C6H5 (76)

Fig. 17 Cyclometalated rhodium(III) complexes

2.5 Zn(II) Complexes Based Phosphors

Recently, phosphors based on cyclometalated heavy metal complexes have been
reported on large scale, most of them are cyclometalated iridium or platinum
complexes. The heavy metal salts used in synthesis of these metal complexes are
very costly, whichmake phosphor production a costly affair. Therefore, it is desirable
to look for economical alternatives. Zn(II) complexes appear to be cheap alternative
to the costly metal complexes of iridium, platinum, gold or osmium. Development
of low-cost OLEDs by using cheap emitting layer is one of the highly desirable
component of lighting technology. The metal complexes of metals with the atomic
number more than 40 are only phosphorescent. The lower metal complexes are fluo-
rescent with the exception of zinc which is phosphorescent. The reaction yields of
synthesis of tris-cyclometalated iridium complexes, which are known to be most
stable emitter for OLEDs, are only in the range of 10–25%. On the contrary, zinc
complexes can be synthesized with the yields up to 50–90% [63]. Therefore, use of
zinc complexes in OLEDs as emitting material can be most economical choice. The
first report on the use of zinc based emitters in OLEDs was published in 2000, where
a series of Zn(II) complexes were used to fabricate white OLEDs [64]. Notably,
Znq2 (77) with strong yellow fluorescence, 78 and 79 with blue fluorescence and 80
with white greenish fluorescence, were studied as singlet emitters in bilayer struc-
tures (ITO/HTL (50 nm)/EML (50 nm)/Al) where two different materials i.e. the
hole (N,N-bis(3-methylphenyl)-N,N-diphenyl1,1-biphenyl-4,4-diamine(TPD)) and
the emissive layerwere sandwichedbetween the electrodes. Thedevices fabricated by
these complexes showed a maximum brightness of 420 cd/m2 (at 22 V), 1460 cd/m2

(at 16 V) and 10,190 cd/m2 (at 8 V) respectively for 2AZM-Me, 1AZM-Hex and
Zn(BZT)2. Among them, Znq2 proved to be most brilliant, showing intense yellow
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Fig. 18 Selected Zn(II) complexes used for OLEDs applications

emission of 16,200 cd/m2 at 20 V. Lee et al. achieved a major breakthrough in the
device performance Fabrication made up of Zn(II)-chelated complexes based on
benzothiazole derivatives [65]. They fabricated a multilayer device utilizing 81–84
complexes and tested their performances (Fig. 18). Among these complex 84 showed
best emission properties with remarkable brightness of 10,400 cd/m2 at 14 V. It is
evident from literature survey that the Zn(II) complexes were earlier investigated as
single emitter or emitter for bilayer devices. However, single emitters suffer from low
emission efficiency. Recently, Zn(II) complexes have shown promising applications
as dopant in fluorescent and phosphorescent materials. In the recent time, record
breaking EQEs of Zn(II) complexes as phosphorescent dopants have proved that
these complexes can be low cost alternatives for heavy metal based cyclometalated
complexes.
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2.6 Carbene Metal-Amide (CMA) Based Phosphors

Carbene metal-amides (CMAs) are coinage metal based linear metal complexes
that are synthesized by utilizing a heterocyclic amide and cyclic alkyl amino-
carbene(cAAC) ligand. CMAs being linear geometry complexes are represented
by a general formula, L-M-X (where L = carbene, M = Cu, Ag or Au and X =
anionic ligand). These complexes have emerged as highly photo-emissive phosphors
for OLEDs. This class of phosphors are efficient emitters owing to the process of
TADF occurring due to charge (electron) transfer from an electron-rich amide ligand
(HOMO) to a LUMO of the carbene p-orbital. This transition is favored by coplanar
ligands (amide and cAAC) and coupling through the metal d-orbitals. CMAs are
being used to fabricate solution and vacuum processed OLEDs [66–72]. The major
chunk of such OLEDs is based on copper [70, 73, 74], gold [67, 73, 75–78] and
silver [69]. Recent reports by Di et al. and Thompson et al. show that copper based
CMA formed by combination of adamantyl [67] and menthyl [70] CAACs afford
very emissive materials (Fig. 19). As evident from Fig. 19, the emission properties
are tailored to the rigidity of the ligand.

The coinage metal ion in CMA acts as redox innocent center that serves as
monoatomic electronic channel communicating between two ligands. Since, metal
ion do not play redox active role, emission spectra can be tuned by simple modifi-
cation of carbazole moiety (Fig. 20) [77]. Romanov et al. have successfully tuned
luminescence from blue to deep red by combiningmetal carbenemoiety with sulfone
(89), dibenzazepine (91), phenothiazine (92), phenoxazine (93), or phenazine (94),
as conformationally flexible 7-membered carbazole surrogates [77]. The OLEDs
devices based on CMA emitters have shown external quantum efficiencies up to
25%.

TheCMAs based on carbazole dendrimers have also been synthesized and utilized
in fabrication of solution processed OLEDs [73]. The thermal stability and high solu-
bility of carbazole dendrimers provide excellent solution-processability (Fig. 21).
The solution processed OLEDs fabricated using carbazole dendrimers have shown
EQEs = 10% and practical brightness of 1000 cd/m2; maximum luminance of
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Fig. 21 Dendrimer based emitters

29,000 cd/m2. The photophysical properties of 95 and 96 indicate that these CMAs
can be used for the engineering of flexible OLEDs through inkjet or roll-to-roll
printing.
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3 Conclusion

Molecular phosphors constitute key component of OLEDs, since emitting
layer/phosphors control emission efficiency and color quality of fabricated device.
Therefore, improving emitting layer material is one of the most critical component
of OLEDs fabrication. Chemists are continuously improving emission properties
of phosphors by adopting different strategies such as changing ligand structure.
Today, cyclometalated Ir(III) and Pt(II) complexes are being used in smart phones
and other display devices. However, heavy metal such as iridium and platinum are
very costly, therefore, their use in preparation of cyclometalated complexes is not
economical. This factor hinders the development cheap phosphors for OLEDs fabri-
cation. However, CMAs are being recognized as an alternate class of compounds
with good emission properties. Additionally, Zn(II) based complexes are also being
explored as phosphors for OLEDs application but these complexes suffer from poor
emission properties. Therefore, till now heavy metal complexes are only source of
molecular phosphors.
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Organic–Inorganic Hybrids
for White-Light Phosphors

Geeta Sharma and Pankaj Poddar

Abstract The lighting industry is largely revolutionized with the advent of Light-
emitting diodes (LEDs) and organic light-emitting diodes (OLEDs). The white
light phosphors are being designed with an aim to get better colour stability. The
process involved in the synthesis should be easy applicable to large scale as well.
This chapter summarizes extensively explored popular classes of organic–inor-
ganic hybrid phosphors. These include: coordination compounds obtained from
small organicmolecules, organically coated nanoparticles, hybrid-carbon phosphors,
organic polymer-based hybrids. The limitations of currently used phosphors for
white-light emission and the possible remedies are discussed.

1 Introduction

Newenergy saving technologies are needed to address the increasing energy demands
of the planet. Solid state lightening is a reliable technology for energy demands.
Light-emitting diodes (LEDs) and organic light-emitting diodes (OLED) are mostly
used for solid-state lighting (SSL) applications. It has revolutionized the lighting
and display industries. Because of its far reaching impact it is looked upon as tech-
nology of the future [1]. The first attempt to study the principle of SSL was done
almost a century ago in 1907, (by H. J. Round) by passing electrical current through
silicon carbide crystal [2, 3]. Later in 1920, O. Losevtried to scientifically explain the
phenomenon of electroluminescence in a p–n junction. Whereas, the first practical
LED was invented by N. Noloyak several years later in 1962 [2, 3]. The popular
categories of SSL includes light-emitting diodes (LEDs) and organic light-emitting
diodes (OLEDs) [4–9]. These exhibit long life, are robust and highly efficient than
the incandescent bulbs and fluorescent lamps. The first white light emission from a

G. Sharma · P. Poddar (B)
Physical & Materials Chemistry Division, CSIR-National Chemical Laboratory, Dr. Homi Bhabha
Road, Pune 411008, India

P. Poddar
Academy of Scientific and Innovative Research, Postal Staff College Area, Sector 19, Kamla
Nehru Nagar, Ghaziabad 201002, Uttar Pradesh, India

© Springer Nature Switzerland AG 2022
K. Upadhyay et al. (eds.), Hybrid Phosphor Materials, Engineering Materials,
https://doi.org/10.1007/978-3-030-90506-4_4

105

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-90506-4_4&domain=pdf
https://doi.org/10.1007/978-3-030-90506-4_4


106 G. Sharma and P. Poddar

semiconductor is due to the LED obtained from gallium nitride (GaN) [3]. The white
light LEDs (WLEDs) are desirable for lighting applications. Presently the white light
emission is obtained from rare earth doped inorganic phosphors. However, there are
several potential risks related to supply of these materials. Moreover these are very
costly and poses serious environmental issues [10]. Different strategies utilized for
designing white-light LEDs include mixing of primary colour LEDs however, it
results in expensive and complicated device. Other popular strategy is based on
single chip technology, where complementary coloured LEDs are combined with a
blue LEDor electrical activation of several phosphors in one OLED. Even after all
these efforts, the resulting devices need complicated fabrication technologies, have
poor colour stability, and low reproducibility. The quality and colour of the emitted
light is defined by two parameters: the colour-rendering index (CRI) and the corre-
lated colour temperature (CCT) of light. CRI measures the ability of a light source
to reveal the colours of various objects in comparison a natural light source. CCT
describes the dominant colour tone and varies from warm (yellow and red) to cool
(blue). It is defined in Kelvin but it is not related to temperature. The white light
emission from a phosphor should be according to the human eye sensitivity curve.
The white light emission from a phosphor is largely limited due to its incapability to
get simultaneously low and high energy emissions.

There are several sources to these emissions: (I) Emissions originating from
different excited states of a monomer. These states can be excited by various transi-
tions such as transitions within ligand centres (π → π* and n→ π*), charge transfer
transitions between ligands, charge transfer transitions between ligands and metals,
d-d, f-f and d-f transitions inmetals, metal tometal charge transfer [12]. Except for f-f
transitions, the emissions from these processes depend upon molecular structure. (II)
Band-edge emission from the semiconductors: The organically modification of the
band-gap can control the dimensions of inorganic skeleton such as remarkable struc-
tural tunability is allowed by PbX component [13]. The quantum size effect largely
affects the band-edge emission [14]; (III) Emissions originating from defects and
impurities: Emissions from solid-state materials is highly influenced by defects. The
heat treatment during synthesis of these materials introduces various point defects
and substitutional defects [15]. Whereas, in case of nanoparticles the surface sites
are common defects. The popular strategies employed to get simultaneous LE (low
energy) and HE (high energy) emissions include [11]:

(i) Assembling two or more familiar luminescent species such as organic dyes,
metal ions (Mn2+, rare-earth ions), metal-complexes (iridium complex etc.).

(ii) Increasing the decay path of the excited states by introduction of heavy metals
(which increases the probability of intersystem crossing), addition of groups
such as keto and enol will also initiate the above process. This will result into
emission of HE along with LE luminescence from the phosphor.

(iii) The HE emission from the monomer and a LE emission from the excited
stacked species can be easily achieved by creation of closely stacked
π-conjugated planar groups.
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(iv) Creation or elimination of defects via thermal annealing treatment of the host
material etc.

Concentration of dopants [16] and extent of aggregation [17, 18] also affects HE
and LE emission. Further by using a phosphor having double emissions for a single
excitationwavelength also balances theHEandLEemissions [19].Hence, combining
two ormore emissions in a single phosphor alongwith the balance of complementary
LE and HE emissions ensures emission of white-light from a phosphor.

Formation of hybrids of organic–inorganic components is a popular approach
to design new materials [4, 9, 12, 11, 16] with desired properties. The novel and
improved white-light phosphors can be obtained by manipulating the matter at the
dimensions of nanometre. Alteration at the molecular level is also a wise strategy to
obtain new white-light phosphors. Incorporation of organic–inorganic components
in a singlematrixmakes them structurally versatile and their unique propertiesmakes
them fundamentally interesting and technologically viable. The combination of inor-
ganic and organic components brings several excellent features to the new phosphors.
The new phosphors have flexibility in their structure, are easily processible and light
weight. These materials posses the functionalities of organic components [4, 5, 20].
The photoluminescence and electroluminescence properties of these materials are
particularly interesting and important. These materials can easily find applications
in lighting phosphors for phosphor-converted WLEDs (pc-WLEDs). The emissive
layers in hybrid LEDs (HLEDs) can be designed using these materials. The organic–
inorganic hybrid phosphors are classified as follows: (i) coordination compounds
obtained from small organic molecules; (ii) organically coated nanoparticles; (iii)
hybrid-carbon phosphors; (iv) organic polymer-based hybrids.

(i) Coordination compounds obtained from small organic molecules

Molecules which possess metal centres bound to ligands are termed as coordination
compounds. Ligands (atoms, ions or molecules) donate electrons to the metals. It is
easy to structurally tune these compounds over organic and inorganic compounds
hence are used for white-light phosphors [17, 18, 19]. Such as coordination geometry
and the ligand metal centres can be deliberately chosen to design the new compound.
Depending upon the type of interaction between organic and inorganic components,
these materials falls into two categories, Class I and Class II. In Class I, hydrogen
bond and Van derWaals forces binds the organic component to the inorganic compo-
nents.Whereas the organic and inorganic components in Class II hybrids, are bonded
by covalent bonds. To get a better luminescence intensity, one needs to select the
organic ligands correctly. There should bewell organized binding sites so as to ensure
complete saturation of the lanthanide ion sphere coordination sites. This arrangement
will lead to efficient energy transfer due to minimization of the non-radiative deac-
tivation of the molecule (which can lead to quenching). It also inhibits the back
energy transfer which may lead to deactivation. An appropriate energy gap between
the triplet state of the ligand and the resonance level of the Ln3+ cation will increase
the luminescence intensity. Since materials of Class I category suffer numerous
problems. There is tendency of cluttering of emitters, dopants may leach out and
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organic components may be present in limited concentration in them. Hence the
present research pertaining to hybrid materials is mainly focused on Class II mate-
rials using lanthanide-organic complexes. Among the synthesis techniques, sol–gel
is a powerful and most popular technique for the synthesis of these materials. It is
a low temperature synthesis method and forms highly homogeneous samples and
maintains high purity. Specific functions such as complexes, organic functions can
be easy incorporated using this method. Escribano et al. [20] has systematically
explained the various routes for synthesis of hybrid materials. These materials can
be designed with and without rare-earth elements, as discussed below:

a. Rare-earth (RE)-containing compounds

The transitions in lanthanide ions (f-f ) are forbidden by Laporte rule. This leads
to weak oscillator strength of lanthanides. Their intensity of luminescence can be
greatly increased by incorporating them into a complex through antenna effect [21].

First rare-earth ion incorporated coordination compounds were prepared by
Coppo et al. [18]. The CIE coordinates of Ir-Eu triad complex in CD3OD solu-
tion are (0.28, 0.30). The quantum yield is found to be 7% at λex = 400 nm.
The energy transfer is observed from Ir(III) to Eu(III). A single-component white-
light-emitting compound is reported by Wang et al. [22]. It has a high CRI of 96.
The authors prepared two hybrid crystalline materials: (H2DABCO) (Pb2Cl6) (1)
and (H3O)(Et2DABCO)8(Pb21Cl59) (2), (where, DABCO= 1,4-diazabicyclo[2.2.2]-
octane; Et= ethyl). These materials have organic blue light emitting component and
the inorganic component possessed yellow/orange emission. Their tunable emis-
sion characteristics maintained high CRI white-light emission. The CRI value
for Hybrid 1 and Hybrid 2 are 96 and 88 respectively. Ma et al. [23] used
solvothermal method to obtain preparing metal–organic framework based phosphor
{[Zn2(L)·H2O]·3H2O·3DMAc·NH2(CH3)2}n (Zn(II)–MOF). Trapping of Eu3+ and
Tb3+ ions into the pores of the Zn(II)-MOF is used for obtaining white-light emitting
materials.

A bright white-light emitting diode is synthesized by using a europium doped
phosphor by Devi et al. [24]. The reported parameters of the phosphor are CRI (95),
CCT (5457 K), and CIE (x = 0.33, y = 0.33). However, red light with CIE value
of x = 0.58, y = 0.31 is displayed by the triangle Eu-phosphor. A single-phase
white-light-emitting molecular complex with excellent color quality is displayed by
dual emission of a europium complex with a butterfly structure. It is found that there
is a energy transfer from ligand to the Eu(III) ion which causes partial lighting up
of europium ion due to antenna effect. Enhanced lanthanide emission intensity and
lifetime due to fluoride ions in multifunctional hetero pentanuclear Al3Ln2 (Ln =
Nd, Eu, Yb) clusters is reported by Xu et al. [21]. These complexes show bright
white-light emission in both diluted solutions and solid-stat. It is found that there
is an incomplete energy transfer from Al(Mq)2-based chromophore to lanthanide
centre.

b. Rare-earth (RE)-free compounds
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High purity RE ions is hard to achieve. Their production process is very tedious.
Hence it is highly desired to develop white-light phosphors without RE ions. Studies
related to the emission of white-light from RE-free coordination compounds are
very scanty. Noble metal [25] coordination compounds and MOF [9] have been
explored for non-rare-earth-based white-light emission. White-light emission from a
non-rare-earth-based material are recently in focus. These materials have low power
consumption and are cheap to manufacture. Moreover, these are safe for the envi-
ronment. Studies on zinc-based MOF is reported by Mondal et al. [9]. White-light
emission from these compounds are obtained at λex = 260 nm. The CIE index of
the phosphors is (0.31, 0.33) and quantum yield of 32.5% is achieved. The white
light emission is obtained due to three emissions at 384, 468 and 570 nm. The first
two peaks are due to π – π* and n – π* transitions of N3-ipa whereas emission at
570 The white emission arises due to three peaks in which two peaks at 384 nm and
468 nm come from π – π* and n – π* transitions of N3-ipa, respectively, whereas,
charge transfer phenomenon from pyridine moiety to the linker is responsible for
the new peak at 570 nm. Composites of carbon dots (CDs) with Zr(IV)-based MOF
are synthesized by Wang et al. [17]. The phosphors are RE free and shows white-
light-emission at λex = 365 nm. The solid-state phosphors show a PL quantum yield
of ~37%. These phosphors are further used to construct the WLEDs. The CDs/Zr-
MOF nanocomposite are deposited on a commercial UV LED chip. The features of
obtained WLEDs are found to be: CIE chromaticity coordinate at (0.31, 0.34), high
color rendering index (CRI) of 82 and luminous efficiency of 1.7 lm/W.

(ii) Organically coated nanoparticles

The properties of materials at nanoscale are largely different then their bulk coun-
terparts. The properties of these materials depend upon size. Further large surface
to volume ratio and availability of large surface sites gives ample opportunity to
modify their luminescent properties. This makes them suitable candidates for white-
light emission. A new class of hybrid materials formed by organically modified
nanoparticles is being reported by several authors [26–31]. The organic compo-
nent provides passivation and control on the size or acts as luminophores. T. Wang
et al. have used electron coupling of defect states in colloidal Ga2O3 nanocrystals
RhodamineB (RhB) [26] to obtainwhite-light-emitting nanophosphorsThe tuning of
chromaticity is achieved by manipulation of size of the nanocrystals and the organic
dye molecule used. Forster resonance energy transfer is observed between the two
molecules due to which white-light with quantum yield of ∼30%, CRI up to 95, and
color temperature of 5500 K is obtained. Figure 1 below shows the PL spectra of
Ga2O3–RhBNCs for different concentrations of RhB; FRET efficiency as a function
of the spectral overlap; white light emission is indicated in the CIE coordinates; and
a white LED prepared from the same sample.

The luminescence of Ga2O3 nanocrystals as the function of size is done by Chir-
manov et al. [27]. The authors have studied the Forster resonance energy transfer
through variations in the bound dye molecules. The white light emission is achieved
due to generation of tunable blue-orange emission. The size of the NC and the molar
extinction coefficient of the bound acceptor moiety affects the efficiency of energy
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Fig. 1 a PL spectra of Ga2O3–RhB NCs (3.6 nm) for different concentrations of aqueous RhB,
as indicated in the graph (λexc = 230 nm). The black spectrum corresponds to pure white-light. b
FRET efficiency as a function of the spectral overlap J. c CIE-1931 diagram corresponding to the
spectra in (a) (black dots) which indicates the pure white-light (0.33, 0.33). The red dots designate
Ga2O3 NCs emission color for sizes ranging from 3.3 to 5.6 nm, and the blue dot the emission of
aqueous RhB solution. d Photographs of a colloidal suspension of white-light-emittingGa2O3–RhB
NCs (top left) and an LED prepared from the same sample (Ref. [26])

transfer and the spectral properties of nanoconjugate. Layek et al. [28] have obtained
white light emission from ZnO-based nanoconjugate. Due to the electronic coupling
between ZnO NCs and the organic dye, both acted as a single nanophosphor. FRET
is observed due to the spectral overlap between a broad native defect-induced emis-
sion band of ZnO NCs and S0 → S1 absorption of conjugated dye molecules. The
white-light characteristics were tuned by the NC size modulated blue ZnO emission
and the orange-red dye emission by the type and concentration of molecular conju-
gates. The process of energy transfer from the defect states of NC to the attached
dye molecules due to excitation of ZnO NCs is shown in Fig. 2.

Two different approaches of bright white-light emission are reported by Sapra
et al. [31]. In the first approach, double colour emission from the CdSe core and shell
of an onion-like CdSe/ZnS/CdSe/ZnS NC has been described and in the second one
describes broad surface state emission associatedwith the trap centres of CdS. A high
quantum yield of 30% and 17% is obtained for them, respectively. Tuning of white
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Fig. 2 Schematic representation of a ATTO 590-conjugated ZnO NCs, indicating possible energy
transfer processes fromNCdefect-based excited states to the attached dyemolecules upon excitation
of ZnONCs into the band-gap (grey balls in themolecularmodel represent carbon, red balls oxygen,
and blue balls nitrogen atoms). b Encapsulation of ZnO-ATTO 590 nanoconjugate in a protecting
layer of silane to obtain stable single white-light-emitting nanophosphor under UV-excitation (NC
is shown in blue, ATTO 590 in red, and silane layer in purple) (Ref. [28])

light is by varying the diameter of the core and the thickness of the shell. This is easily
achievable by controlling the synthesis parameters. Due to their intrinsic broadband
emissions, low-dimensional lead halides have gained attention as potential candi-
dates for application in photoelectric devices specificallywhite-light-emitting diodes.
Xing-Yu Sun et al. assembled two new hybrid lead halides of [H2BPP]Pb2X6 (X =
Br, 1, and Cl, 2) containing one-dimensional double [Pb2X6]2– chains using optically
active 1,3-bis(4-pyridyl)-propane (BPP) as an organic cation. Broadband yellowish-
green emissions were exhibited by compounds 1 and 2 under UV-light excitation
subsequently verified by photoluminescence quantum efficiencies (PLQEs) of 8.10%
and 4.84%, respectively. Combination of both higher-energy (blue) and lower-energy
(yellow) light spectra led to broadband light emissions which can be ascribed to indi-
vidual contributions of the organic and inorganic components, respectively. Growing
into magic size is another important approach adopted by many material scien-
tists [30]. Magic Size nanocrystals (MSNCs) of cadmium selenide (CdSe) have size
between 1 and 2 nm are semiconducting, thermodynamically stable, and possess
unique physical properties. Coordination in the intrinsic energy and surface energy
of MSNCs provides them excellent structural and thermodynamical stability. Due
to extremely large surface-to-volume ratio in magic sized nanoparticles, interac-
tion between electrons and holes is confined mainly at the surface. Thus, domi-
nance of broadband emission from surface trap states over the band edge emission is
observed. Michael J. Bowers et al. have reported white-light emission from magic-
sized cadmium selenide nanocrystals [29]. Figure 3 depicts the white-light emission
from commercial UVLED (400 nm) illuminating a thin coating ofmagic-sized CdSe
in polyurethane.

(iii) Hybrid-carbon phosphors

Graphene quantum dots (GQDs), graphene oxide (GO), carbon dots (C-dots) are
most prominent carbon materials. These are extensively used for variety of lumi-
nescent applications such as as LEDs, potential biological markers, drug delivery
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Fig. 3 White-light emission
from magic-sized CdSe. a
The thin film of magic-sized
CdSe in polyurethane excited
by a frequency-doubled
titanium: sapphire laser
(400 nm) with white-light
clearly seen reflecting off the
table surface. b A 5 mm
commercial UV LED
(400 nm) illuminating a thin
coating of magic-sized CdSe
in polyurethane (Ref. [29])

vehicles, removal of heavy metal ions, etc. [32–42]. Their hybrids with other mate-
rials such as polymers [40], rare-earth ions [42], and inorganic materials such as
ZnO, SrBaSi2O2N2:Eu2+, NaCl [39], etc. have further opened new avenues for these
materials. C-dots and GQDs have exciting properties such as tunable luminescence,
low cytotoxicity and excellent biocompatibility. These materials belong to a class
of environmental friendly materials and are cost effective. These properties make
them suitable for white-light emission [43, 44]. Carbon nano particles having size
less than 10 nm are called C-dots. The show some exciting properties such as they
do not show photobleaching, their photoluminescence is very stable and they can
be easily functionalized with various functionalities. The luminescence of C-dots
is hampered by self-aggregation [45]. Molecular functionalization causes surface
passivation which in-turn enhances the dispersibility of C-dots [43, 44, 46, 47].
Further C-dots show improved photoluminescence performance upon doping with
heteroatoms [48]. Zero- and two-dimensional hybrid carbon phosphors are obtained
by hydrothermal synthesis by Ding et al. [32]. These hybrid carbon phosphors emit
bright white luminescence in the solid-state. The white light emission obtained from
the phosphor-coated blueLEDs exhibit high colorimetric purity. The color coordinate
for the white light obtained are (0.33, 0.33). The obtained characteristics indicates
its suitability for white-light applications. Zhai et al. [36] embedded red emissive
C-dots (with PLQYs of 23%) into polyvinyl pyrrolidone (PVP). This arrangement
increased the PL quantum yield. These red emissive phosphors are used to obtain
the WLEDs. The CRI of the LEDs are found to be 92 and the colour coordinates of
(0.33, 0.33). Figure 4 shows the schematic of preparation of C-dots based phosphors
for WLEDs.

Orange-emissive C-dots phosphors are synthesized by Chen et al. for WLEDs
[41]. The authors used 2,7-dihydroxynaphthalene as the carbon source and for
nitrogen source N, N-dimethylformamide is opted. The features of WLED device
designed using orange-emissive C-dots phosphors are: colour coordinate of (0.41,
0.39) and emitwarmwhite-light; the value ofCCTis 3330K.Chen et al. [49] obtained
uniform blue-green emissive GQDs with high quantum yield (52.4%) and modified
efficient orange-emitting GQDs derived from fullerene (C60). A blend of GQDs



Organic–Inorganic Hybrids for White-Light Phosphors 113

Fig. 4 Preparation of C-dots based phosphors. These are used for WLEDs (Ref. [36])

in polyvinyl alcohol (PVA) is used to obtain transparent photoluminescent films.
Highly flexible film exhibit white emission characteristics suitable for commercial
standards. Multifunctional N-doped GQDs are synthesized by Yang et al. [50]. The
synthesis method opted is one-pot hydrothermal treatment. Benzimidazole is used as
the precursor. The GQDs obtained are for high-performance WLEDs. The WLEDs
are fabricated by dissolving commercially available yellow phosphors and the as-
prepared N-GQDs in the epoxy resin solution. The epoxy resin ispopularly used as
a binder and sealant in electronic devices. The obtained WLEDs are having the CIE
coordinates at 0.35, 0.31 and CCT of 4427 K. Luo et al. [51] utilized microwave
assisted hydrothermal procedure for synthesizing GQDs with white fluorescence.
Graphite is used as the precursor.White light emitting diodes are fabricated using 4,4-
bis(carbazol-9-yl) biphenyl doped GQDs. The WLED show brilliant performance.
The luminance of 200 cdm−2 at an applied voltage of 11–14 V is obtained. The
parameters obtained make these GQDs a suitable candidate for WLEDs which can
be used for solid-state lightening purposes. Most of the C-dot materials exhibit low
CRI due to absence of long wavelength emission. This limits C-Dot for white light
applications. Moreover, there are not sufficient reports related to light stability and
life time of C-dots [34].

(iv) Organic polymer-based hybrids

White-light organic polymers have great flexibility. These can be easily coated over
large area. These characteristics make them suitable for OLEDs. The hybrids of
organic polymers can be formed with metals halides/sulphides and QDs, etc. [52–
58]. Chou et al. [55] used luminescent polyfluorene polymer and QDs for obtaining
hybrid white-light-emitting-LEDs. A multilayer structure of core–shell CdSe/ZnS
QDs is used to fabricate white-light-emitting hybrid organic/inorganic LEDs. The
multilayer structure of core–shell CdSe/ZnS QDs acts as a yellow-emitter whereas
blue emission is obtained from polyfluorenes. FTO/PEDOT: PSS/PbS/Alq3/Ni is
used to fabricate hybrid white-light-emitting devices (HWLEDs) by Kadim et al.
[54]. Excitons in lead sulphide NCs induced an energy transfer in HWLED. A set of
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three layers are present in HWLED. Poly (3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT: PSS) blended with polymethyl methacrylate (PMMA) organic
polymer formed the first layer. PbS NCs formed the second layer. While the third
layer of Tris (8-hydroxyquinoline) aluminium (Alq3) layer is above the PbS layer.
Due to confinement effect good efficiency white-light is generated. The values of
CIE and CCT are found to be 0.31, 0.33 and 6250 K, respectively. The opera-
tion of white-light HWLEDs happen due to the electron injection from the organic
molecules (Alq3) while the hole injection is from organic polymer (PEDOT: PSS
with PMMA). Tunable bright white-light emission from bulk hybrid semiconduc-
tors of Cd and/or Se substituted double-layer [Zn2S2(ha)] (ha = n-hexylamine) is
reported by Fang et al. [57]. In the ternary hybrid compounds Zn2−2xCd2xS2(ha) the
contribution to PL (inform of two peaks) comes from band-gap emission. Emissions
from surface sites and doping of Cd also contribute to the photoluminescence. The
optical band-edge (band-gap) is largely affected by dopant (Cd) concentration, which
inturn modulates the intensities and position of the emission bands. The emission of
bright white-light with significantly enhanced photoluminescence quantum yield is
found in ZnS-based hybrid structures (with Cd mole fraction = 0.25) as compared
to its CdS-based hybrid analogues. A synergetic effect between doped Cd and Se
atoms is observed in quaternaryZn2−2xCd2xS2−2ySe2y(ha) compounds. This provided
a better tunability in the band-gap and emission spectra. High quantum yield for the
white light is obtained. Hybrid semiconductors show promising results for white
light emission. Sun et al. [52] used one-dimensional organic–inorganic hybrid silver
halide. The phosphors obtained are suitable for broadbandwhite-light emission. They
have synthesized hybrid compounds [H2DABCO] [Ag2X4(DABCO)] (X = Br (1),
I (2)). These compounds have one-dimensional [Ag2X4(DABCO)]2−charged struc-
tures. These structures are in turn balanced by balanced by [H2DABCO]2+ cations.
Compound 1 showwhite light emission and the quantum yield is found to be 2.1%. It
is having good photochemical stability. Comp ound 2 yields broad band yellowwhite
light emission which is centrered at 556 nm. A third compound [HDABCO]3Ag5Cl8
(3) is also synthesized with a high quantum yield of 6.7% and the emission is centred
at 585 nm. The organic and inorganic components exhibit good synergy to yield
broadband white-light emissions. Encapsulation of dye molecule in the polymer
matrix also a popular strategy to obtain white-light emission. Pallavi et al. [56] have
prepared reported a new porous organic polymer TPDC-BZ. The surface area is
found to be of 610 m2 g−1. The materials exhibit tunability in the emission colour.
The hybrid materials offer high quality and cost-effective strategy for white light
generation.

Sarih et al. [58] obtained white light from a mixture of fluorescent organic
molecules. Three fluorescent compounds are mixed furocoumarin (FC), dansyl
aniline (DA), and 7-hydroxycoumarin-3-carboxylic acid (CC). The results light
obtained is pure white light. Low cost WLEDs are fabricated using immobilized
mixture in silica aerogel coatings which are put on a UV LED. The obtained value
of CIE chromaticity index (0.27, 0.33) indicates white light emission.
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2 Summary

In summary, we have described the evolution of SSL and strategies to get white-
light LEDs. The parameters used to define white-light (CCT and CRI) are defined.
Factors affecting the white-light emissions (LE and HE) are discussed in detail. A
brief introduction to different types of organic–inorganic hybrid white-light phos-
phors is presented (coordination compounds obtained from small organic molecules,
organically coated nanoparticles, hybrid-carbon phosphors, polymer-based hybrids).
Some recent research related to above categories is briefly presented. The structural
tunability obtained from coordination compounds of small organic molecules make
them suitable for WLED applications. Good processibility and film forming proper-
ties are seen for organic polymers functionalized with metals and organically coated
nanoparticles. These makes them suitable for lighting devices. These materials are
also explored for large area display applications. Hybrid-carbon phosphors are also
extensively explored for WLED applications but these are still far their suitability
for commercial exploitation. Details of some popular synthesis methods such as sol–
gel is also presented. The qualities for an ideal white light phosphors include high
quantum efficiency (≥90%) and high CRI value (≥80). It should also possess high
CCT with reasonably long illumination. It should be stable in different atmospheric
conditions. The studies pertaining to white light emissions are unstructured. Most of
the authors have only studied the properties of phosphors and have not used them
for white-light LEDs. QE and of most of the materials are not defined and reports
for CCT and CRI are also scanty.
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Synthesis of Phosphorus-Based
Phosphors

Vasile Simulescu, Simona Funar-Timofei, Vlad Chiriac, and Gheorghe Ilia

Abstract The present chapter describes phosphorus-based phosphor compounds
focused especially, on their synthesis, properties and applications. One of the main
properties of phosphor materials is the photoluminescence. The phosphorus-based
phosphors have already many applications in medicine (imaging techniques) and
also in high power light-emitting diodes (LEDs) as light source for illumination
or plant growth, field emission displays (FEDs), cathode ray tubes (CRT), X-ray
detectors, projection televisions (PTV), fluorescent lamps, laser technologies, plasma
display panels (PDP), ultraviolet-visible photocatalysts or temperature sensing, and
so on. The LEDs technology significantly reduced the energy consumption for elec-
tric lighting. By using novel phosphor compounds, high emission-efficient fields in
displays and UV devices are already produced. On the last two decades the impor-
tance and therefore the interest for those compounds increased significantly. While
most of them are synthesized via the classic solid-state method, in the last years
other synthesis routes developed also, as for instance the combustion method, the
sol–gel method, the precipitation method, the hydrothermal method, ultrasonic spray
pyrolysis, extraction pyrolytic technique, hydrolysis, and decomposition.

1 Introduction

Phosphors are used daily in our life most commonly as light source for interior
illuminationor for displays.The interest for phosphorus-basedphosphors compounds
increased in the last decades, mainly due to their applications in modern medicine
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and in laser or light emitting diodes (LEDs) technologies. Such compounds are
usually used for example as red-light sources in displays. In the recent years, liquid
crystal displays (LCD) started to be replaced by LEDs. Moreover, the white light
emitting diodes (WLEDs) are now used to substitute the traditional incandescent
lamps. Usually, W-LED represents the combination of a yellow emitting phosphor
compound with a blue LED chip. In this way, the yellow light from the phosphor is
mixed with the blue light from the LED chip, resulting in a white light emission.

Phosphorus-based phosphors may contain phosphates and in general rare-earth
metal ions. As host, phosphates offer several advantages: low price, easy synthesis,
and high thermal, chemical and physical stability. The luminescence properties of
phosphors are determined, among others, by the crystal matrix. The phosphate-
based phosphors have excellent luminescent, dielectric, semiconducting, catalytic,
magnetic, fluorescent and ion-exchange properties. Such luminescent materials are
generally obtained by doping rare-earth metals (mostly lanthanide ions) into a crys-
talline structure as host. The rare-earth elements are considered the 15 lanthanides
and also scandium (Sc) and yttrium (Y). Both, scandium and yttrium have different
electronic and magnetic properties than lanthanides, but similar chemical proper-
ties. Moreover, Sc and Y are metals found in rare-earth minerals, together with
lanthanides. On the other hand, lanthanide elements (sometime referred as Ln) are the
transitional metals from lanthanum (La) to lutetium (Lu). They are called lanthanides
because all the elements in the series are chemically similar to lanthanum (La). In
general lanthanides form trivalent cations (europium for instance can formboth, diva-
lent and trivalent ions). Usually lanthanides are found in rare-earth minerals together
with thorium (Th), an actinide element [1–19].

Aswe alreadymentioned, the phosphorus-based phosphors containing phosphates
and rare-earth metals, are very interesting materials for many important applications
in modern technologies, due to their light emissions. The spectra of their emissions
can be modified and controlled by the method of synthesis, host, dopant ions, and
ratio of the used reagents, reaction conditions and synthesis environment. The most
used method for the synthesis of phosphorus-based phosphors are the solid-state
synthesis, the combustion method, the aqueous solutions techniques (sol–gel, co-
precipitation and hydrothermal methods), and the molten salts method [1–19]. The
sol–gel, co-precipitation and hydrothermal syntheses are so-called wet chemical
methods. In comparison with the solid-state syntheses, the advantages of aqueous
solution technologies are that they require mild conditions. Moreover, properties as
size, morphology, homogeneity and purity of products, could be easily controlled.
Very rarely, phosphors were synthesized in melts (alkali metal chlorides and nitrates,
boron oxide) [20].

In the preparation of phosphate-based phosphors byusing the solid-state synthesis,
the initial reagents are salts (in general nitrates or carbonates, but also chlorides
or oxides of elements forming the cationic part of the compound), and ammonium
hydrogen and dihydrogen phosphates. At high temperature, the salts are decomposed
[21–24]. On the other hand, the sol–gel method takes place in mild conditions and
consists in mixing certain amounts of aqueous salt solutions of elements forming
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the cationic part with a phosphorus-containing reagent, followed by the coagula-
tion of the formed sol [25–29]. In addition, several procedures were developed by
replacing or adding steps of the process, as follows: introduction of salting-out agents
(for example alcohols), or organic complexants [30–34]. The Pechini method [31]
is a version of the sol–gel synthesis, based on the ability of tricarboxylic acids to
form chelate complexes with cations, and to enter in polycondensation or esterifica-
tion reactions [29–31, 34–36]. In general for Pechini sol–gel method, citric acid is
commonly used as tricarboxylic acid [29–31]. The hydrothermal method is another
synthetic route developed for the synthesis of phosphorus-based phosphors. It allows
synthesizing crystal phosphates in an autoclave. The method of synthesis determines
the structure, composition, particle size and light emissions of the obtained phos-
phors. All of thesemethods commonly used nowadays for the synthesis of phosphors,
will be described further in details. Once obtained, the phosphorus-based phos-
phors compounds could be analyzed by employing several methods, as XRD, SEM,
TEM,TG/DTG, photoluminescence excitation (PLE), photoluminescence (PL) spec-
troscopy, energy dispersive spectroscopy (EDS), fluorescence lifetimemeasurements
and so on [37–41].

2 Solid-State Synthesis

The solid-state synthesis used for obtaining phosphorus-based phosphors compounds
became already a classic method in this field [1, 21–24, 34, 42–65]. The solid-state
synthesis in almost all cases requires a high temperature. It is still one of themost used
in the fields of phosphors. In general, during the solid-state synthesis of phosphors,
the mixture of the used reagents is heated at an elevated temperature for several
hours, and then the reaction mixture is cooled naturally at room temperature and
subsequently heated again at 900–1200 °C. Among the rare-earth (RE) elements, on
solid-state synthesis of phosphorus-based phosphors, europium (Eu), terbium (Tb),
samarium (Sm), dysprosium (Dy), holmium (Ho), praseodymium (Pr), cerium (Ce)
and ytterbium (Yb) are the most used as dopant ions.

The phosphorus-based phosphors synthesized by using the solid-state method in
the last decades have applications in LEDs and laser technologies, and also in the
field of radiation dosimetry. Currently Al2O3:C is still one of the most used phos-
phor for optically stimulated luminescence (OSL) dosimetry. Due to its advantages
(efficiency, possibility of multiple readout, simpler instrumentation, it requires no
heating, fast resetting of the dosimeter and so on) OSL became during the recent
years one of the most studied techniques for radiation dosimetry. In order to replace
Al2O3:C, new phosphors LiMgPO4 (LMP) containing different dopants, as terbium
(Tb), europium (Eu) and samarium (Sm), were synthesized by using the solid-state
method [43–47]. The development of new LiMgPO4:Tb,B based dosimeter systems
has been reported in [43, 47]. Lithiummagnesium phosphate (LiMgPO4) phosphors,
dopedwith terbium and boron, synthesized by solid-statemethod, are of great interest
for optically stimulated luminescence (OSL) dosimetry, because such compounds
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offer linearity over a range of nine orders of magnitude and also an excellent sensi-
tivity. The OSL signal of LiMgPO4:Tb,B phosphors decreased with only 15% from
its initial OSL intensity, after a long period of using [43].

The other main applications of phosphorus-based phosphors are for LEDs and
laser technologies. A special category of phosphate luminophores synthesized by
solid-state method is the class of compounds calcium containing. Many researchers
focused on their synthesis on recent years [48–59]. Zhang et al. [48] proved that
potassium calcium phosphate (KCaPO4) doped with europium (Eu) emits green
light. In another report, this phosphor co-doped with Eu, Tb and Mn showed a white
light emission under ultra-violet excitation [49, 50]. Malik et al. [51] prepared by the
conventional solid-state method, the phosphor KCaPO4:Dy doped with dysprosium
at different concentrations of the dopant element, ranging from 0.1 to 0.4 mol%.
The starting reagents K2CO3, CaCO3, NH6PO4 and dysprosium chloride (DyCl3)
were mixed and heated in two steps: first at 650 °C for 6 h, and subsequently at
950 °C for 10 h. The Dy3+ concentration influenced both, the thermoluminescence
(TL) and the photoluminescence (PL) intensities. Under UV irradiation, the sample
synthesized with 0.2 mol%Dy3+ concentration showed the maximumTL intensity at
100 °C, a relatively low temperature [51]. Hu et al. [52] also synthesized new phos-
phors containing phosphorus and calcium, by using the solid-state method. They
have used CaCO3, Ca(H2PO4)2·H2O and Eu2O3 as reagents. The obtained mixture
was placed into an alumina crucible and sintered in a tube furnace for 5 h at different
temperatures ranging from 1100 to 1450 °C. After firing, the obtained sample of
Ca4(PO4)2O:Eu2+ were cooled to room temperature and ground into fine powders.
The synthesized compound was a multi-color emitting phosphor [52]. By using
the solid-state method, also holmium (Ho) and praseodymium (Pr) doped calcium
borophosphate (CBP) phosphors were prepared [53]. CaCO3, H3BO3, NH4H2PO4,
Ho2O3 and Pr6O11 were mixed together and first heated at 650 °C for 2 h in porcelain
crucible. Then, the obtainedmixture was cooled to room temperature, and afterwards
it was heated again at 950 °C for 4 h, in an electrical furnace. The phosphor mate-
rial was obtained as powder and further characterized by several techniques (XRD,
SEM, IR, NMR and PL emission spectra). The concentrations of holmium (Ho) and
praseodymium(Pr)weremodified from0.2 to 1mol%.ThePLmeasurements showed
thatCBPphosphors dopedwith 0.6mol%ofHo3+ andPr3+ could be used as green and
red phosphor. From SEM images it was observed that the particle size increased with
the Ho3+ and Pr3+ concentration, from fewmicrons to several tens of microns. There-
fore, the luminescence properties of holmium (Ho) and praseodymium (Pr) doped
calciumborophosphate (CBP) phosphorswas strongly influenced by the particle size,
shape, concentration and crystallinity. The obtained doped calcium borophosphate
are suitable to be used for WLEDs applications [53].

Raja et al. [54] synthesized by using the solid-state method, novel Cu2+-
doped Li2CaAl4(PO4)4F4 nanophosphor. The reagents Li2CO3 and AlF3·3H2O were
grounded in a mortar for 30 min and then CaCO3 and (NH4)2HPO4 were added and
mixed together for 1 h. Afterwards, CuO was added, and then the obtained mixture
was heated in a three-step process: at 650 °C for 8 h, at 700 °C for 4 h and at 750 °C
for 2 h. Therefore the Cu2+-doped Li2CaAl4(PO4)4F4 nanophosphor was obtained
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without using lanthanides. It showed four main emission peaks, as follows: violet
at 413 nm (very strong), blue at 474 nm, green at 512 nm and orange at 618 nm
(relatively weak) [54]. Moreover, a series of Sm3+ or Eu3+ doped Ca3(PO4)2 and
Sm3+–Eu3+ co-doped Ca3(PO4)2 phosphors were prepared in the work published by
Wanget al. [55] byusing thehigh temperature solid-statemethod.Theyhaveobserved
that under excitation at 403 nm, the obtained Ca3(PO4)2:Sm3+ emits orange-red light.
The peak with the highest intensity was found at 602 nm [55]. Also, a novel single-
composition white-emitting phosphor Ca3(PO4)2:Dy3+ has been synthesized by a
high temperature solid-state reaction in the work published by Zhang et al. [56]. The
luminescent properties were changed by the presence of the charge compensators
effect of Ca3(PO4)2:Dy3+. Due to the strong excitation bands observed in the wave-
length region of 350–410 nm, Ca3(PO4)2:Dy3+ could be excited by NUV LED-chips
[56].

The novel luminescence compounds with apatite structure represent another class
of phosphors synthesized by using the high temperature solid-state method [57–
59]. Liang et al. [57] obtained Ca9La(PO4)5(SiO4)Cl2:xEu2+ phosphor materials
(abbreviated as CLPSCl:Eu2+). The starting reagents CaCO3, SiO2, (NH4)2HPO4,
NH4Cl, La2O3, and Eu2O3 were mixed in an agate mortar and further heated at
1250 °C under flowing gas (5% H2; 95% N2). After firing, the final products were
cooled down to room temperature. The product showed an emission peak in the blue
region. Due to their high thermal stability those compounds could be potentially
used as blue-emitting phosphor for applications inWLEDs [57].Another apatite-type
Ba4Gd3K3(PO4)6F2:Eu2+ phosphor (abbreviated as BGKPOF:xEu2+) was developed
in the work of Leng et al. [58] via using the solid-state method. The BGKPOF:xEu2+

phosphors cover almost the whole visible light spectrum. This makes them very
useful for potential applications on WLEDs. Such devices can be fabricated by the
deposition of BGKPOF:0.06Eu2+ and red CaAlSiN3:Eu2+ phosphors, on 395 nm
LED chip [58]. Also by using solid-state synthesis, samarium (III) doped fluorapatite
phosphors La6-xBa4(SiO4)6F2:xSm3+ (abbreviated as LBSF:Sm3+) were obtained in
the work published in [59]. The solid-state synthesis was performed at 750 °C for
1 h, and the obtained precursor was then heated at 1350 °C for 4 h. The samples
were further analyzed by X-ray diffraction, SEM and photoluminescence (PL) spec-
troscopy. The obtained LBSF:Sm3+ phosphor can be excited in the range from 300
to 500 nm, having potential application for the near ultraviolet white light emitting
diodes (NUV LEDs). The PL measurements showed that the emission spectrum
contained four peaks characteristic for Sm3+ ions, at 565, 603, 650 and 711 nm [59].

Malysa et al. [60] found out that Cr3+-doped Sr8MgLa(PO4)7 phosphor (abbrevi-
ated as SMLP) is a luminescent converter for high power near infrared (NIR) LEDs,
with potential applications in NIR spectroscopy. The microcrystalline powders of
SMLP doped with different chromium concentration (up to a maximum of 15%)
were synthesized for the first time by using solid-state method. A mixture of SrCO3,
MgO, La2O3, NH4H2PO4 and Cr2O3 was heated at 1300 °C for 6 h. The novel phos-
phormaterial showed a near infrared emission from700 to 1000 nm (with amaximum
at 848 nm), under excitation in the blue/cyan region. The increasing concentration of
chromium shifted the emission light to red, and also increased its intensity [60]. Also
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by using the conventional solid-state method, Chen et al. [61] successfully synthe-
sized an orange-red emitting phosphor, doped with samarium (Sm). The reagents
Na2CO3, SrCO3, (NH4)2HPO4 and Sm2O3 were mixed in a ball mill for 3 h, with
zirconia balls and ethanol. The obtained mixture was then heated for 3 h at 1200 °C.
After cooling and drying, the crystalline structure of NaSrPO4:Sm3+ phosphor was
identified by using XRD (the average particle sizes were in the range of 5–10 μm)
[61].

Han et al. [62] developed a solid-state method for the synthesis of a series
of novel white-emitting phosphors based on Dy3+ doped strontium tetraphosphate
(Sr3P4O13:Dy3+). The starting reagents SrCO3, NH4H2PO4 and Dy2O3 were mixed
for 30 min. Afterwards this mixture was heated for 6 h at 900 °C, and then the
obtained sample was cooled at room temperature. It was further characterized by
X-ray diffraction, photoluminescence excitation/emission spectra, decay curves and
fluorescence measurements. The obtained Sr3P4O13:Dy3 phosphors showed a white
light emission under NUV light excitation in the region of 300–400 nm. Those results
suggested that Sr3P4O13:Dy3+ phosphors might be a potential candidate for applica-
tions on NUV-based white light-emitting diodes (W-LEDs) [62]. In the last decade,
also Eu3+-doped phosphate red phosphors were found to be potential candidates for
applications in W-LEDs. Gao et al. [63] synthesized co-doped NaMgPO4:Eu3+,Al3+

phosphors by using the high temperature solid-state method. In general Eu3+-doped
phosphates are characterized by four emission peaks, at 590, 616, 650 and 690 nm.

One of the main issues of the solid-state method could be that a high temperature
is required. Zhu et al. [64] and Xia et al. [65] developed solid-state syntheses of phos-
phor materials, at relatively lower temperatures. In the work published in [64] novel
luminescent Li2NaBP2O8 phosphor doped with Eu3+ was synthesized. The mixture
of Eu2O3, NH4H2PO4, H3BO3, Na2CO3 and Li2CO3 was first heated at 400 °C for
5 h and then sintered at 600 °C for 24 h in air. After that, the reaction mixture was
cooled at room temperature. The data indicated that the obtained Li2NaBP2O8:Eu3+

is an orange-red emitting phosphor, with potential applications for warm WLEDs
[64].

Xia et al. [65] developed a solid-state method for obtaining a precursor
of phosphorus-based phosphors, at a temperature as low as 60 °C. They
have used lanthanum (La), cerium (Ce), terbium (Tb) and ytterbium
(Yb). The (NH4)3PO4·3H2O powder was introduced into a mixture of
La(NO3)3·6H2O:Ce(NO3)3·6H2O:Tb(NO3)3·6H2O:Yb(NO3)3·6H2O, at 17:1:1:1
molar ratio. Polyethylene glycol-400 (PEG-400) was further added as surfactant.
Then, the reaction environment became wet and a paste formed very fast. The
resulted mixture was kept at 60 °C for 10 h and subsequently washed with water
and ethanol. The obtained precursor La0.85Ce0.05Tb0.05Yb0.05PO4 was dried at 90 °C
for 5 h and further calcinated at 800 °C for 4 h. The phosphate-based phosphor
LaPO4:Ce3+,Tb3+,Yb3+ was obtained in the last step of the solid-state synthesis, from
the thermal decomposition of the precursor. The PL and PLE spectra of the synthe-
sized co-doped phosphor showed several emissions, at 487, 543, 563 and 587 nm.
This proved that LaPO4:Ce3+,Tb3+,Yb3+ is a yellowish-green emitting phosphor [65].
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3 Combustion Synthesis

The growing interest from the last decades for phosphor materials was mainly deter-
mined by the rapid developments of a variety of displays and other related illumi-
nation technologies, based on such compounds. For general lighting applications,
such as UV-LEDs or WLEDs, the various hosts of photoluminescent (PL) materials
play a vital role. The used hosts include silicates, phosphates, aluminates, alumi-
nosilicates, nitrides, borates and so on [66, 67]. Among all of these, phosphates were
proved to be excellent hosts for preparing phosphors, due to the fact that they offer
many advantages as good chemical stability, high thermal stability, high luminescent
brightness, and easy preparation and incorporation of the dopant ions. While the
most of the phosphor materials based on phosphates are synthesized by the solid-
state method, as already described here, other synthetic routes were also developed.
One of these methods is the combustion synthesis [68–78]. It is commonly called the
solution combustion method and represents a promising option for the synthesis of
high quality phosphors. This method is relatively fast and particularly useful for the
production of ultra-fine powders, because the starting reagents are mixed in liquid
phase. In addition, a fuel is required. The fuel is responsible for the ignition, when
the solution containing the reagents is heated. In most of the cases urea is used as
fuel.

First, the mixture of reagents is heated up to 50 °C, to obtain a homogeneous
solution. This solution is then heated more, up to 500–600 °C, or sometime even
up to 800 °C. The solution starts to boils and subsequently dehydrates. Afterwards,
at a certain time, it spontaneous ignites. After the ignition occurred, the reaction
environment is naturally cooled to room temperature and a fine powder is obtained.
This is the precursor of the phosphor and it will be subsequently annealed at 900–
1200 °C for 3–5 h. In general the phosphates-based phosphors synthesized by using
the combustion method, are doped or co-doped with europium (Eu), dysprosium
(Dy), yttrium (Y), gadolinium (Gd) and terbium (Tb) [68–78].

A series of different alkaline earth-based sodium-ortho phosphate (NaMPO4,
where M is Mg, Ca, Sr and Ba) phosphors, doped with 1 mol% Eu3+, were synthe-
sized by solution combustion method in the work published in [68]. The starting
reagents Mg(NO3)2·6H2O, Ca(NO3)2·6H2O, Sr(NO3)2, Ba(NO3)2, NH4H2(PO4),
NaNO3·9H2O and urea (NH2–CO–NH2) as fuel, were mixed by using water as
solvent. The metal nitrates were used as oxidizers. The obtained aqueous solution
was transferred to a furnace and heated up to 600 °C. The resulted fluffy product
was afterwards cooled down to room temperature, and the samples were ground
again until the fine powders were obtained. The synthesized phosphor materials were
further investigated by using XRD, FT-IR, field emission scanning electron micro-
scope (FE-SEM), photoluminescence excitation (PLE) and photoluminescence (PL)
spectroscopy. The absorption peaks observed in FT-IR spectra confirmed the pres-
ence of water of crystallization. Moreover, it showed the stretching and bending
vibration characteristic for phosphate and for metal–oxygen bonds. The PL proper-
ties of the obtained phosphors were significantly influenced by the temperature used
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for calcination and by the different alkaline metal ions. For example, the PL spectra
of NaCaPO4:Eu3+ showed a strong red emission at the wavelength of 611 nm. The
PL results of Balakrishna et al. suggested that the NaCaPO4:Eu3+ phosphors can be
used for LED applications [68].

Bedyal et al. [69, 70] studied the effects of cationic substitution on the lumines-
cence behavior of Dy3+-doped orthophosphates with general formula A3B(PO4)2
(where A = Na,K; B = Y,La) phosphors. The cation substituted dysprosium (Dy3+)
doped orthophosphate phosphors were synthesized by using the solution combustion
method, as follows: KNO3, NaNO3, Y(NO3)3·6H2O, La(NO3)3·6H2O, NH4H2PO4

andDy(NO3)3·xH2O as reagents, and urea as fuel, weremixed in an aqueous solution
for 2 h at 50 °C, until the obtained solution became transparent. This solution was
transferred to an alumina crucible and heated at 550 °C. Initially the solution boiled
and becomes thicker due to its dehydration. At a certain moment the combustion
occurred and a foamy product was obtained. This product was then heated at 800 °C
for 3 h. Bedyal et al. [70] used the same combustion method described above, for
the synthesis of K3La(PO4)2:Pr3+ phosphors for WLEDs applications (the optimal
concentration of praseodymium was found to be 1.2 mol%). The PL spectra proved
that under UV-excitation, the Dy3+-doped orthophosphates exhibited three emis-
sions, at: 481 nm (blue region), 575 nm (yellow region) and 668 nm (red region).
Those emissions are due to the 4f–4f transition of the Dy3+ ions [69]. The Dy3+ ions
showed different luminescence behavior, in different host lattices, between blue and
yellow regions. Moreover, the co-doped phosphor materials containing both Dy3+

and Eu3+ combine the effects of these two lanthanides. The combustion synthesis
of K3Al2(PO4)3:Dy3+,Eu3+ phosphors was described and published by Shinde et al.
[71]. First they have observed that the singly doped K3Al2(PO4)3:Dy3+ phosphor
exhibited emissions in the blue and yellow regions, and in the same time that the
K3Al2(PO4)3:Eu3+ phosphor showed an emission in the red region. Further they
proved from PL spectrum, that the phosphor K3Al2(PO4)3 co-doped with Dy3+ and
Eu3+ gives a combination of the blue, yellow and red light emissions. This can
be applied to produce white light, so these compounds synthesized by using the
combustion method could have potential applications for W-LEDs too [71].

Divalent europium ion (Eu2+) is also an important activator for luminescent mate-
rials. Wanjun et al. [72, 73] synthesized by using the combustion method, novel
Eu2+ doped, Mn2+-doped and Eu2+/Mn2+ co-doped Na2BaMgP2O8 phosphors. The
starting reagents NaH2PO4·2H2O, Ba(NO3)2, Mg(NO3)2·6H2O and urea as fuel,
were mixed together. Further Eu2O3 andMnCO3 were dissolved in HNO3 and added
into the reaction mixture. The obtained solution was heated at 600 °C. Its boiling was
followed by the decomposition with the evolution of large amounts of gases. There-
fore spontaneous ignition occurred and the reaction was finished in only 5 min. The
obtained phosphor was then heated slowly at 900 °C for 3 h, under a reducing atmo-
sphere (5% H2; 95% N2) [72]. The excitation spectrum showed a very broad band in
the NUV region. This is due to the f–d transition of Eu2+ ions and also due to the host
absorption. Na2BaMgP2O8:Eu2+ phosphor showed a blue emission of high intensity,
under 350 nm excitation, mainly due to the transition of the Eu2+ ion from the 5d
excited state to the 4f ground state. No emission peaks characteristic for Eu3+ were
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observed in the PL spectra. The luminescence intensity increased with increasing
the Eu2+ concentration. The Na2BaMg(PO4)2:Mn2+ phosphor, when excited by UV
radiation, it showed an emission peak at the wavelength of 614 nm. The co-doped
phosphor Na2BaMg(PO4)2:Eu2+,Mn2+ showed a blue emission and a red emission
as well, which are mainly determined by the Eu2+ occupying the Ba2+ sites and by
the Mn2+ occupying the Mg2+ sites respectively. On those phosphors, Eu2+ ion can
transfer its absorbed energy fully or partly toMn2+, obtaining a red or an orange light
emission. The efficiency of the energy transfer from Eu2+ to Mn2+ was proved by the
excitation and emission spectra, and also by the luminescence decay curves. There-
fore, the relative intensities of blue and red emissions could be tuned by modifying
the Eu2+ and Mn2+ contents, making the co-doped Na2BaMg(PO4)2:Eu2+,Mn2+ a
promising double color emitting phosphor [72]. Shanshan et al. [74] also used Eu2+

and Mn2+ to obtain phosphate-based phosphors by the combustion synthesis. The
singly doped Eu2+ and Mn2+, and the Eu2+/Mn2+ co-doped Mg21Ca4-Na4(PO4)18
phosphors, were synthesized by using this synthetic route. The Eu2+ activated sample
showed an intense blue emission under UV-light excitation (360 nm), and in the same
time the Eu2+/Mn2+ co-doped Mg21Ca4Na4(PO4)18 sample exhibited a blue emis-
sion together with a red emission [74], as showed in the work published in [72]. The
Eu2+ ion may act as an efficient sensitizer, transferring energy to Mn2+ [75]. The
aqueous solution of the initial reagents NaNO3, Ca(NO3)2·4H2O, Mg(NO3)2·6H2O
and NH4H2PO4, was introduced into a muffle furnace at 600 °C for 5 min. The
obtained precursors were further annealed at 900 °C for 3 h to form the crystalline
phosphates-based phosphors [74].

Min et al. [73] synthesized for the first time Eu2+ doped Ca4Mg5(PO4)6 phos-
phors by using the combustion technique. For the combustion synthesis, Eu2O3 was
dissolved in HNO3 to obtain its corresponding nitrate. NH4H2PO4, Ca(NO3)2·4H2O
and Mg(NO3)2·6H2O were used as sources for P, Ca and Mg, and urea was used
as the fuel. They have observed that for a complete combustion, the oxidizer/fuel
ratio should be equal to 1. The aqueous solution of the used reagents was transferred
to a porcelain crucible and introduced into a muffle furnace at 600 °C. The boiling
solution, after the dehydration, spontaneous ignited. The duration of the reaction was
around 5 min, as in the previous described syntheses which used also the combustion
technique. Therefore this method offers the advantage of a fast synthesis. Subse-
quently, the product was slowly cooled to room temperature in the self-generating
atmosphere, after the combustion synthesis was finished. The foamy precursor was
milled and afterwards annealed at 900 °C for 5 h. Ca4Mg5(PO4)6:Eu2+ phosphor was
obtained with very good yield, almost quantitatively, as a crystalline and colorless
powder. The PL spectrum of the Ca4Mg5(PO4)6:Eu2+ phosphor showed an intense
blue emission under UV excitation [73].

Even more interesting is to synthesize phosphorus-based phosphors containing
yttrium (Y), a rare-earth element which does not belongs to lanthanides. Still, yttrium
is a transitional metal with similar chemical properties as lanthanides. It is found
on rare-earth minerals, in combination with lanthanides, but never as free element.
Park et al. [76] used yttrium (Y) together with europium (Eu) and gadolinium
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(Gd), in order to obtain co-doped phosphorus-based phosphors by the combus-
tion synthesis. This time citric acid was used as fuel. The aqueous solutions of
Y(NO3)3·6H2O, Gd(NO3)3·5H2O, Eu(NO3)3·6H2O, Al(NO3)3·9H2O were used as
oxidizers. Gadolinium (Gd) was used for obtaining phosphor materials in other
studies [58, 67, 77], but not together with yttrium. NH4VO3, (NH4)2HPO4 and citric
acid were dissolved in water and subsequently used as reducers. This aqueous solu-
tionwas added to themixture of the nitrate solution and themolar ratio of the oxidizer
to reducer was controlled to be as much as possible close to 1. The reaction environ-
ment was dehydrated under heating and a highly viscous gel precursor was formed.
At a certain moment, the precursor spontaneously ignited and produced phosphor
powders. The synthesized powders were then annealed at 1000 °C for 4 h in air. The
obtained phosphor materials synthesized by the combustion method described above
showed an intense orange emission [76].

Alkaline earthmetal pyrophosphatesM2P2O7 (M=Ca, Sr, Ba) were proposed for
their potential applications as luminescent materials [78–83]. Patel et al. [78] synthe-
sized by the combustionmethod, rare-earth Tb3+-doped α-Sr2(P2O7) compounds and
investigated their thermoluminescence (TL) and photoluminescence (PL) properties.
Singly and doubly doped strontium phosphate α-Sr(PO3)2 was compared with equiv-
alently doped diphosphates α-Sr2(P2O7) and SrZn(P2O7). The used reagents SrCO3,
(NH4)2HPO4 and Tb4O7 were mixed with urea, used as fuel. This mixture was
annealed at 1200 °C for 3 h, in a muffle furnace in air. After cooling the product at
room temperature, the fine powder with crystalline structure was obtained [78]. The
PL spectra of the Tb3+-doped α-Sr2P2O7 phosphor showed several emissions, at 415,
436, 469, 491, 545 and 584 nm. The highest intensity of the emission was observed
at the wavelength of 545 nm. The PL and TL results indicated that the luminescence
properties of the Tb3+-doped α-Sr2P2O7 phosphor increased with the concentration
of Tb3+. The α-Sr2P2O7 doped with 5 mol% Tb3+ showed an excellent green emis-
sion for a given excitation, and therefore it has good potential to be used as a green
luminescent material for display systems in solid-state lighting applications [78].

4 Sol–Gel Synthesis

To avoid the high temperatures, many researchers synthesized phosphorus-based
phosphors by using the so-called “mild chemistry”methods, as sol–gel and extraction
pyrolysis techniques. In comparison with high temperature solid-state synthesis and
combustion synthesis, previously described here, the sol–gel technology is a solution-
basedmethod bywhich inorganic or organic–inorganic compositematerials aremade
at relatively low temperature. The sol–gel process was very often used during the last
decades for the synthesis of phosphorus hybrid materials [25, 84–87]. The sol–gel
method used for the preparation of phosphor materials [26–36, 88–98], includes the
version with the introduction of additional organic reagents into the reaction system.
By using the sol–gel method, a lot of rare-earth elements were used as dopants for
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Route 2

Addition of NH4H2PO4 and HOCH2CH2OH solutions

Mixture of salt solutions and (HOOC-CH2)2C(OH)COOH

Complex formation, stirring, T = 80°C

T = 90-350°C, 20 hours

Dispersing in ethanol, 30 minutes

T = 90-350°C, 20 hours Control by XRD

Route 1

Addition of precipitant

Mixture of salt solutions and ethanol

Gel formation, stirring, T = 20°C

T = 90°C, 5-20 hours

Fig. 1 Scheme of phosphate-based phosphors synthesized by sol–gel method [29]

phosphate-based phosphors synthesis, as europium (Eu), gadolinium (Gd), samarium
(Sm), erbium (Er), holmium (Ho), thulium (Tm), lanthanum (La) or cerium (Ce).

In the sol–gel synthesis versionwith a salting-out agent (Fig. 1, Route 1), stoichio-
metric ratios were used for the initial solutions of salts, metal salts and precipitants.
The obtained gel was further heated at 90 °C for dehydration, and the dry residue
was subsequently dispersed in an agate mortar for 30 min. Afterwards the dispersed
residue was heated at 600, 800 and 900 °C (sometime up to a maximum temperature
of 1100 °C) [29].

The Pechini method [31] is a version of the sol–gel technique, very often used for
the synthesis of phosphor compounds. In the Pechini version of the sol–gel method
(Fig. 1, Route 2), the initial salt solutions are mixed with an acid. For example,
Kanunov et al. [29] used citric acid (CA). First the gel is obtained, and then it is
dried by heating at a temperature ranging from 130 to 350 °C. The dry residue is
usually dispersed in an agate mortar for around 30 min and subsequently heated at a
temperature between 600 and 1100 °C [29]. Phosphorsmustmeet the requirements of
microstructure uniformity and optical “purity”. Therefore, uniform powder material
is needed to synthesize phosphor materials with high quality properties, as required
by LEDs applications. The effects of the temperature on the gel formation and on
the microstructure of phosphate-based phosphors, were studied and published in the
work of Orlova et al. [99].

The modified Pechini method was used to obtain luminescent orthophosphates
doped with rare-earth metals, starting from rare-earth nitrates and tripolyphosphate
as reagents [89]. The developed Pechini synthesis was based on the ability of the
tripolyphosphate anion (P3O10

5−) to act both as complexing agent and as orthophos-
phate precursor. A yellowish polymeric resins was then obtained by heating the
aqueous solutions containing RE3+ (RE = Y, La, Gd), Eu3+, P3O10

5−, citric acid and
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ethylene glycol. When heated at different temperatures, the luminescent orthophos-
phates YPO4:Eu3+, GdPO4:Eu3+ and LaPO4:Eu3+ were obtained by the decompo-
sition of the polymeric resin. Moreover, Filho et al. [89] obtained the deposition of
the polymeric precursors on glasses, in order to produce orthophosphate-based thin
films, very useful forUV-viz. excitation devices. Suchdevices could be further used to
synthesize phosphorus containing compounds by UV-curing [100–105]. Game et al.
[91] also used the Pechini sol–gel method for the synthesis of LiBaPO4:Eu3+ and
LiBaPO4:Eu2+ phosphors, both suitable for WLEDs fabrication. The initial reagents
Ba(NO3)2, LiNO3, (NH4)H2PO4 and Eu2O3 were converted to Eu(NO3)3·6H2O. The
dried precursors were milled and citric acid monohydrated, ethylene glycol and two
drops of glacial acetic acid were further added under stirring. The obtained mixture
was subsequently heated at 140 °C for 1 h and the gelation started. Afterwards,
the mixture was slowly cooled at room temperature and then the obtained gel was
again heated up to 350 °C in air. The polymerization took place and the yellowish
resin/foamwas finally pyrolysed into stunning black foam at 450 °C. The black foam
ignited at a temperature of around 600 °C and the pyrolysis was complete after 2 h at
780 °C. The obtained LiBaPO4:Eu3+ phosphor can be reduced to LiBaPO4:Eu2+ by
carbo-thermal reduction. The carbo-thermal reduction takes place very slowly, first
at 600 °C for 1 h and further at 980 °C for 4 h, in the presence of activated carbon
[91]. The Pechini method [31] was proved in this case to be more efficient than the
conventional high temperature solid-state synthesis. Under NUV excitation, Eu3+

doped orthophosphate showed two intense red emissions at 595 and 615 nm, and in
the same time the Eu2+ doped orthophosphate showed an intense blue emission at
472 nm [91].

Wu et al. [93] synthesized by using the sol–gel method, Eu3+ doped KCaY(PO4)2
phosphors with crystalline structure. The reagents Eu2O3 and Y2O3 were dissolved
in HNO3, to obtain their nitrates. Ca(NO3)2·4H2O, KNO3 and (NH4)2HPO4 were
dissolved in water and then mixed under stirring at room temperature with the previ-
ously obtained nitrates, by using the molar ratio K:Ca:Y:Eu = 1:1:0.97:0.03. The
citric acid and the (NH4)2HPO4 were also added to the previously obtained solution.
After 30 min, a transparent solution was obtained, which was further dried at 80 °C
and the gelation started. The gel was subsequently heated at 400 °C for 3 h and at
800 °C for 4 h in air. Under NUV excitation (392 nm) the synthesized Eu3+ doped
KCaY(PO4)2 phosphor showed an intense orange-red emission, at the wavelength of
588 nm. Due to those properties, Eu3+-doped KCaY(PO4)2 phosphor is suitable to
be used for applications in WLEDs [93]. On the other hand, Glorieux et al. [94] used
the same sol–gel method to obtain phosphor materials co-doped with Eu2+ and Sm3+.
They have synthesized singly doped Ca0.5Zr2(PO4)3:Eu2+, Sr0.5Zr2(PO4)3:Eu2+ and
co-doped Ca0.5Zr2(PO4)3:Eu2+,Sm3+ phosphors by using the sol–gel processes. The
luminescence spectra of the doped phosphate-based materials under UV excitation,
showed emissions in the range of 425–525 nm. The doped Eu2+ and Sm3+ phosphates
were synthesized by using the sol–gel method, with H3PO4 as precipitant. The solu-
tion of reagents was heated in steps, at 90, 600 and 800 °C respectively (24 h for
each step) [94].
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Orlova et al. [95] and Camacho et al. [26] used erbium (Er3+) as dopant for
phosphate-based phosphors. In addition to erbium, Camacho et al. [26] added also
gadolinium (Gd), ytterbium (Yb), holmium (Ho) and thulium (Tm), by using the
Pechini sol–gel method [31]. (NH4)2HPO4 and the oxides of the above mentioned
rare-earth metals were used as reagents. The oxides Gd2O3, Yb2O3, Er2O3, Ho2O3

and Tm2O3 were converted into the corresponding nitrates by reacting with HNO3

at 160 °C. The obtained compounds, after calcination at 1000 °C for 2 h, showed
different emission bands function of the used rare-earth metal and function of their
concentration, as follows: red emission in the range of 640–690 nm attributed to Er3+

and Ho3+, IR emissions at 760 nm due the presence of Ho3+ and at 807 nm due to
the presence of Tm3+, and green emission attributed to the overlapped bands of Er3+

and Ho3+. Camacho et al. also noticed that an increase in the Yb3+ concentration
enhanced the green emission and in the same time stopped the IR emissions. For
example, an increase of Yb3+ concentration from 5 to 20 mol% was enough to shift
the luminescence from red to green [26].

Kunghatkar et al. [97] synthesized Gd3+ activated CaMgP2O7 phosphor, by using
four different synthesis routes: the solid-state reaction method, the sol–gel method,
wet chemical and solution combustion method. The PL excitation at 274 nm of
the synthesized phosphor materials CaMgP2O7:Gd3+ produced an UV emission at
314 nm. This indicated a good incorporation of the dopant Gd3+ into the calcium
magnesium pyrophosphate host. Moreover, Kunghatkar et al. [97] proved that the
solid-state and sol–gel techniques are more suitable for the synthesis of those
phosphate-based phosphors doped with Gd3+, in comparison with the wet chem-
ical route and with the solution combustion method. Palan et al. [98] obtained by
solid-state synthesis and by sol–gel method, polycrystalline cerium (Ce3+) doped
phosphor materials. The initial reagents NaNO3, Ca(NO3)2·6H2O, NH4H2PO4 and
Ce(NO3) were added to themolten stearic acid, together with acetic acid (2–3 drops).
This mixture was heated first at 70 °C, and then at 100 °C. A transparent gel was
subsequently formed after cooling at room temperature. The gel was dried by a
slowly heating process, and the remaining residue was calcinated at 800 °C for 2 h
and at 1000 °C for 1 h, yielding a white powder of NaCaPO4:Ce3+ phosphor. The
obtained NaCaPO4:Ce3+ phosphor showed very good optically stimulated lumines-
cence (OSL) properties under α irradiation. Palan et al. [98] observed that the OSL
sensitivity of NaCaPO4:Ce3+ phosphor synthesized by using the solid-state method
was higher in this case, than the OSL sensitivity of the same compound prepared
by using the sol–gel method. When NaCaPO4:Ce3+ phosphor was used for radiation
dosimetry, theminimumdetectable dosewas 0.470mGy if obtained by the solid-state
synthesis and 1.118 mGy if synthesized by the sol–gel method. The photolumines-
cence (PL) excitation and the emission spectra of NaCaPO4:Ce3+ phosphors showed
two main UV emissions at 383 nm and at 321 nm respectively [98].
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5 Co-precipitation Method

Another route, commonly used for the synthesis of phosphors containing phosphate
derivatives and rare-earth elements, is the co-precipitation method [106–114]. It
can be performed also under microwaves (the so-called microwaves-assisted co-
precipitation) [30, 115–118]. It is important to mention that not all the phosphorus-
based phosphors synthesized by the classical precipitation method, could be synthe-
sized also by usingmicrowaves.Many rare-earthmetals were used in the last decades
as dopants of phosphate-based phosphors synthesized by using the co-precipitation
method, as for instance europium (Eu) [106–108, 110, 115–117], yttrium (Y),
gadolinium (Gd) [109, 110], neodymium (Nd) [111], terbium (Tb) [112–114, 117],
cerium (Ce) [112–114], lanthanum (La) [114], dysprosium (Dy) [108, 108, 109],
holmium (Ho), thulium (Tm), ytterbium (Yb) [30], and so on.

Van et al. [107, 108] synthesized via co-precipitation method, co-doped trical-
cium phosphate (TCP) phosphors, containing Eu2+/Mn2+ and Eu3+/Dy3+. The
Eu2+/Mn2+ co-doped TCP phosphor (abbreviated as Eu/Mn-TCP) was synthesized
by co-precipitation method, followed by thermal annealing in argon atmosphere,
at a temperature of around 1100 °C. A solution of (NH4)2HPO4 was added into
an aqueous solution containing Ca(NO3)2, Eu(NO3)3, and Mn(NO3)3 [107] or
Dy(NO3)3 [108]. They previously obtained those nitrates from the reaction of the
Eu, Mn and Dy oxydes with nitric acid. The intensity of the emission from TCP at
430 nm increased for the sample with 7.5 mol% Mn2+ and 0.3 mol% Eu2+ [107].
On the other hand, the co-doped Eu3+/Dy3+ hydroxyapatite (HA)/β-tricalcium phos-
phate (TCP) compounds synthesized by the co-precipitation method, showed the
emissions of the dominant Eu3+ ion at 590, 616, 650 and 700 nm, with the additional
emissions due to the Dy3+ ion at 482 and 572 nm. This combination of Eu3+ and
Dy3+ ions is very useful for obtaining red and yellow emitting phosphors. This is of
great interest because it has a lot of potential applications in agriculture, such as plant
cultivation, where a combination of red and yellow light is required for stimulating
the fruit production [108].

The synthesis of the Ho3+/Tm3+/Yb3+ co-doped phosphate-based phosphors by
using the co-precipitation has been described in the work published in [30]. For the
preparation of Ho3+–Tm3+–Yb3+:YPO4 phosphors, the used reagents were Tm2O3,
Ho2O3, Yb2O3, Y2O3, NH4H2PO4 and NH4OH. The oxides reacted first with HNO3

to form their nitrates, as in the previous described syntheses. The host material
YPO4 was prepared by adding an NH4H2PO4 to the yttrium nitrate solution. Then,
the nitrate solution of the dopant ions (Ho3+/Tm3+/Yb3+) was added to the solution
of NH4H2PO4 and yttrium nitrate. Ammonia solution was further added dropwise
and the mixture precipitated within 24 h. The precipitates were filtered and washed,
and subsequently calcinated at 700 °C for 3 h. The obtained nanophosphors emitted
an intense red color and also showed a good thermal stability [30].
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Ca(NO3)2·4H2O, Bi(NO3)3·5H2O, Dy(NO3)3·xH2O and H3PO4

stirring

transparent solution

white precipitated sample

washed with water

white powder

Ca3Bi(PO4)3:Dy3+

PEG 4000 ph 1

ammonia solution ph 7

dried at 100°C,
12 hours

sintered at 1000°C,
2 hours

Fig. 2 Synthesis procedure ofCa3Bi(PO4)3:Dy3+ phosphor by using co-precipitationmethod [109]

White light emitting doped Ca3Bi(PO4)3:Dy3+ phosphor was successfully synthe-
sized for the first time via the co-precipitation method in the work published in
[109]. Ca(NO3)2·4H2O, Bi(NO3)3·5H2O, Dy(NO3)3·xH2O and H3PO4 were used
as reagents. The scheme of the used co-precipitation synthesis is presented in
Fig. 2.

After 2 h the precipitation was complete. The precipitate was filtered and dried
at 100 °C for 12 h, and further sintered at 1000 °C for 2 h. The excitation spectra
proved that Ca3Bi(PO4)3:Dy3+ phosphor could be excited byNUV radiation and blue
LED chips, showing a blue emission at 484 nm and a yellow emission at 575 nm
[109]. Savvin et al. [110] used together the rare-earth metals Y, Gd and Eu in a
co-precipitation synthesis for obtaining rare-earth phosphates-based co-doped phos-
phors. The synthesis was performed at room temperature and at 4.5 ph. Yttrium
gadolinium co-doped phosphates were synthesized using an aqueous solutions of
YCl3, KH2PO4·2H2O and Gd(NO3)3. Europium was introduced also in the form of
Eu(NO3)3. The obtained precipitates Y1−x−yGdxEuyPO4 were washed, dried for 12 h
at 100 °C and further heated in air, in three steps: at 600 and 800 °C for 40 h, and at
1000 °C for 8 h [110]. The classical co-precipitation method was also employed for
the synthesis of different phosphate-based phosphors containing Nd3+ [111], Ce3+

or Tb3+ [112–114]. Those phosphors showed a green emission at the wavelength of
547 nm, when excited by UV radiation [111–114].
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In the same time, europium doped phosphate phosphors can be synthesized by
microwaves co-precipitation, as reported in [115–117]. The Sr5(PO4)2(SiO4):Eu3+

phosphor synthesized in the work of Roh et al. [115] by using microwaves,
emitted an intense red light. To add Eu3+ into Sr5(PO4)2(SiO4) phosphors by a
microwave controlled reaction, Sr(NO3)2, NH4H2PO4, SiO2 nanoparticles (60–
70 nm), Eu(NO3)3·6H2O and NaOH were used as precursors. The reaction was
performed under microwave irradiation at relatively low temperature (200 °C) for
2 h. It was observed that the microwave reaction decreases the temperature neces-
sary for the crystallization. When the P/Si ratio was close to 1, the intensity of its red
luminescence increased. The highest intensity of the red emission was found at the
wavelength of 614 nm. In comparison with Eu2+ doped apatite phosphors, the lumi-
nescence of Eu3+-doped apatite phosphors have different emission spectrum (in this
case an electric-dipole transition was the main reason for the luminescence change)
[22]. Therefore, the Sr5(PO4)2(SiO4):Eu3+ phosphor synthesized by the microwave-
assisted reaction is a promising red phosphor compound, with potential applications
for WLEDs [115].

On the other hand, Yang et al. [116] obtained novel red-emitting LiSrPO4:Eu3+

phosphors also by using microwaves (900W), but at a higher temperature (1200 °C).
The reagents Li2CO3, SrCO3, NH4H2PO4 and Eu2O3 were mixed with alcohol
as solvent, and then ball-milled for 1 h with zirconia balls. The synthesized
LiSr1-xPO4:xEu3+ phosphors showed several emissions, at 581, 595, 617, 656 and
700 nm. When the Eu3+ molar concentration was 0.05 the highest photolumines-
cence intensity was observed [116]. Dong et al. [117] synthesized a novel series of
La1−x−yPO4:xEu3+/yTb3+ phosphors (where x = 0, 0.01, 0.02, 0.03, 0.04, 0.05; y =
0, 0.05, 0.10, 0.15, 0.20) by using the microwave-assisted co-precipitation method
and diammonium hydrogen phosphate as precipitant. Under UV irradiation with the
wavelength of 350 nm, the co-doped LaPO4:Eu3+/Tb3+ phosphors showed a green
light emission at 543 nm and in the same time a red light emission at 591 nm. The
green emission is due to Tb3+ ion and the red emission is characteristic for Eu3+ ion.
On Eu3+/Tb3+ co-doped phosphors synthesized in the work published in [117] Tb3+

ions behaves as sensitizer for Eu3+ ions.
In addition to phosphors doped with europium, the microwave-assisted synthesis

was used in the recent years also to obtain Y, Gd, or Dy co-doped phosphates.
Those phosphors were synthesized via urea-basedmicrowave-assisted homogeneous
precipitation method, starting from Y2O3, Gd2O3, and Dy2O3 as reagents. The used
oxides reacted with HNO3 in order to obtain the corresponding nitrates [118]. Then,
H3PO4, urea, C16TAB and ethylene glycol (EG) were dissolved in the mixed solution
of Y, Gd, and Dy nitrates. The solution, with ph adjusted at 0.75 was then heated
at 100 °C for 10 min in a microwave oven. The resultant colloidal particles were
collected via centrifugation, washed with water and ethanol, and dried in air at 50 °C
for 24 h. The Y/Gd/Dy co-doped phosphate-based phosphor obtained after calci-
nation, showed two main emissions: one at 483 nm in the blue region, and one at
575 nm in the yellow region [118].



Synthesis of Phosphorus-Based Phosphors 135

6 Hydrothermal Synthesis

The hydrothermal synthesis represents the techniques of crystallizing substances
from high-temperature aqueous solutions, at high pressure [119]. As we previ-
ously described in the present review, in general the most used rare-earth metal for
obtaining phosphors, is europium. It is also the case when the hydrothermal method
was employed for the synthesis of phosphor materials. The main reasons are that
europium is the most reactive lanthanide, the softest also, and it is relatively non-
toxic in comparison with other heavymetals. The hydrothermal syntheses performed
for obtaining europium doped phosphorus-based phosphors, used both Eu2+ [120,
121] andEu3+ ions [122–125]. Zhang et al. [120] described the hydrothermal prepara-
tion of the co-doped Ca9Y(PO4)7:Eu2+,Mn2+ nanophosphors. They have studied the
influence of pH, as well as of Eu2+ andMn2+ concentrations on the morphologies and
on the properties of the synthesized materials. When the ph increased, the samples
morphology showed a transition from rod to spherical shape. Ca(NO3)2·4H2O was
dissolved in water, Eu2O3 and Y2O3 were dissolved in nitric acid, and MnO2 was
dissolved in a mixture of nitric acid and H2O2. Then H3PO4 was added and the
obtained solution was heated at 180 °C in an autoclave for 24 h. The final products
were washed and subsequently heated at 900 °C for 3 h. On the co-doped obtained
phosphor Ca9Y(PO4)7:Eu2+,Mn2+ an energy transfer between Eu2+ and Mn2+ ions
occurred. The work of Zhang et al. [120] can be used to provide reference for the
development of ultraviolet (especially NUV) phosphors for LEDs. Also a series of
novel green-emitting phosphate-based doped phosphors Sr8ZnY(PO4)7:Eu2+ (abbre-
viated SZYP:Eu2+) andSr7.98ZnY0.98(PO4)7:0.02Eu2+,0.02Ln3+ co-doped phosphors
(where Ln= Pr, Tm or Yb), was synthesized by Zhong et al. [121] with hydrothermal
method. A mixture of Sr(NO3)2, Zn(NO3)2, Y(NO3)3, (NH4)2HPO4 and Eu(NO3)3
were transferred into an autoclave and heated at 200 °C for 12 h. The obtained precur-
sors were sintered at 1300 °C for 5 h, in reductive atmosphere (90% N2; 10% H2).
The SZYP:Eu2+ and SZYP:Eu2+,Ln3+ phosphors obtained with the above mentioned
hydrothermal method, showed under NUV light an emission in the green region,
around the wavelength of 520 nm. It was proved that co-doping lanthanide ions as
Pr3+, Tm3+ or Yb3+, improved the thermal stability of the synthesized phosphorus-
based phosphors. Green phosphor is an essential component in phosphor-converted
white light-emitting diodes (PC-LEDs). With the increase of Eu2+ content, a small
red shift (with around 4 nm) in the emission spectra of the synthesized SZYP:Eu2+

was observed [121].
In addition to Eu2+ phosphors, also Eu3+-doped compounds were synthesized by

using the hydrothermalmethod [122–125]. BiPO4:Eu3+ phosphors for example, were
synthesized by hydrothermal route using Teflon-autoclaves at different temperatures,
for 5–8 h. The intensity of the emission light increasedwith the hydrothermal temper-
ature [123, 124]. Moreover, on the work of Hachani et al. [125] new luminescent
materials emitting in the red and orange regions were described. They have synthe-
sized YPO4 doped with Gd3+0.25% and/or Eu3+0.5% by a hydrothermal method
based on the reaction between rare-earth oxides, orthophosphoric acid and water,
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at 200 °C for 4 h, within a stainless steel autoclave with Teflon chamber. After the
reaction was complete, the product was dried and further heated at 850 °C and at
1000 °C for 2 h. Under excitation at 394 nm by using a Xenon lamp, the synthe-
sized YPO4:Gd3+0.25%, Eu3+0.50% phosphors showed an orange-red emission
[125, 126].

7 Miscellaneous

In addition to the above mentioned methods, for the syntheses of phosphorus-based
phosphors compounds, more techniques could be involved, as for instance ultrasonic
spray pyrolysis [127, 128], extraction pyrolytic technique [41], hydrolysis [122],
decomposition [125], molten salt synthesis [7, 8], conventional glass meltingmethod
[37], activated glasses and classic ceramic method [38]. In this last section of the
chapter, we will focus on the description of these methods. In the work published
by Galvez-Sandoval et al. [127] zinc phosphate films doped with Ce3+, Tb3+, Mn2+,
and co-doped with Ce3+/Tb3+ and Ce3+/Tb3+/Mn3+, were deposited at 500 °C by
using the ultrasonic spray pyrolysis method. Spray pyrolysis is a low cost deposition
technique which brings several advantages, as obtaining small particle size and high
purity [127–129]. The films deposited by using spray pyrolysis make them excellent
candidates for applications in lightning system technologies. Few examples of the
emissions characteristic for such films deposited with spray pyrolysis technique, are:
blue emission of Ce3+ singly doped film under 280 nm excitation, neutral white light
emission ofMn2+ singly doped film under 410 nm excitation, green emission of Tb3+

singly doped film under excitation at 377 nm, yellowish-green emission of films co-
doped with Ce3+ and Tb3+ under excitation at 280 nm, yellow-white emission of the
triply doped filmswith Ce3+, Tb3+ andMn2+ when excitedwith 280 nm radiation, and
so on. All of these make the Mn2+ and Ce3+/Tb3+/Mn2+-doped zinc phosphate films,
potential candidates for UV-blue LEDs pumped white phosphors [127]. In several
publications it was proved that Ce3+ ions can be excited by UVLEDs [130–134]. The
intense broad absorption bands of Ce3+ ion are due to its 4f → 5d parity. Therefore,
in co-doped materials, Ce3+ ions are excellent sensitizers of different activators,
as Tb3+ or Mn2+, for obtaining white light emission under UV excitation [130–
134]. Moreover, Tb3+ and Yb3+ ions could be used for spectral conversion in solar
photovoltaic cells, due to the photon down-conversion process [135]. The Tb3+ ions
absorb an UV photon and then give two photons to the Yb3+ ion. As a consequence,
twoNIR emissions occurred. Theweak absorption of the Tb3+ 4f–4f transitions could
be overcome by adding Ce3+ ions as sensitizers. It is well known that an efficient
energy transfer between sensitizer and activator ions can only occurs when sensitizer
(donor) emissions overlap with activator (acceptor) absorption bands. Tb3+ andMn2+

ions can be excited by Ce3+ ions, due to the strong overlapping between the Ce3+

emissions and Tb3+/Mn2+absorption bands [131, 132, 136, 137].
Park and Kim [128] synthesized (La1−xGdx)0.94PO4:Tb0.06 (0 ≤ x ≤ 1) green

phosphors by using ultrasonic spray pyrolysis technique. La2O3 and Gd2O3 powders
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were dissolved in HNO3 and the obtained solutions were heated to 80 °C until solid
nitrates of La3+ and Gd3+ were formed. Tb2O3 powders, used as an activator source,
were dissolved in HCl and further heated at 80 °C. This leads to the formation of
solid Tb3+ chloride. The obtained La3+ and Gd3+ nitrates, as well as Tb3+ chloride,
were added to an aqueous solution containing H3PO4, ethylene glycol and citric
acid. Ethylene glycol and citric acid were used as additives. The ultrasonic spray
pyrolysis system consisted of an ultrasonic nebulizer (1.75 MHz), a hot furnace
tube reactor (1000 °C) and a precipitator containing a ceramic filter. The phosphor
powders were subsequently heated at 1100 °C, for 4 h. They have observed that a
higher Gd3+ content yielded a smaller lattice parameter. The synthesized phosphors
showed four green emissions at 489, 543, 585 and 621 nm. Among the obtained
(La1−xGdx)0.94PO4:Tb0.06 phosphors, the strongest emission intensity was observed
when x was 0.75 [128].

Steblevskaya et al. [41] used the pyrolysis extraction method to obtain terbium
and europium doped phosphates. The synthesized phosphors exhibited red and
green emission, due to Tb3+ and Eu3+ ions. Terbium and europium were extracted
into mixed benzene solutions of acetylacetone and organophosphorus neutral
ligands, as triphenylphosphine oxide or tributyl phosphate, in the presence of
tris(hydroxymethyl)aminomethane. The Eu3+ and Tb3+ concentration in the initial
aqueous phase was 6 mM. The organic phase was concentrated and pyrolysed at
700–800 °C in a muffle furnace [41].

Another method used for the synthesis of phosphorus-based phosphors is the
hydrolysis. Soni et al. [122] used in their work for the synthesis of phosphors,
in addition to hydrothermal methods, also urea hydrolysis and ammonia hydrol-
ysis. In a typical urea hydrolysis used for the synthesis of 5% Eu3+-doped SrMoO4

nanoparticles, the processes were performed in four steps, as follows:

– Step 1: Eu2O3 and SrCO3 were dissolved in concentrated HNO3 solution, in order
to obtain their nitrates

– Step 2: MoCl5 was dissolved in methanol under heating at 80 °C and the resulted
solution was transferred into the solution obtained at step 1

– Step 3: ethylene glycol (EG) and urea were added, and the whole mixture was put
in the sonication 1 h, for obtaining a completely homogeneous solution

– Step 4: the reaction mixture was kept at 150 °C for 3 h in reflux conditions until
the precipitation was complete

Urea was used as source for obtaining OH− ions, from its decomposition at 60–
100 °C. The generated OH− ions reacted with Sr2+ and Mo5+ to finally yield the
SrMoO4 molecule. The reactions are showed in Fig. 3 [122].

For the synthesis by using ammonia hydrolysis, the same procedure was used
as described in the case of urea hydrolysis in ethylene glycol, except the step 3 in
which urea was replaced with ammonia solution. In both cases of urea hydrolysis
and ammonia hydrolysis, the Eu3+-doped phosphate phosphor SrMoO4:Eu3+ was
obtained. It was suggested that such compounds can be potential red phosphors for
UV excitation [122].
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H2N NH2

O

+ H+/H2O NH4OH (aq.) + CO2

60-100ºC

NH4OH (aq.) NH4
+ (aq.) + OH- (aq.)

OH- (aq.) + Sr2+ (aq.) + Mo5+ (aq.) SrMoO4

Fig. 3 Scheme of using urea as source for obtaining OH− ions [122]

In order to solve the issue of the WLEDs luminescent efficiency decreasing in
time, coupling of a NUVor blue emitting LEDwith one activated phosphor glass was
performed. The phosphor glass was activated with NUV-blue light-absorbing ions
[138]. One such example is represented by the calcium-zinc phosphate glasses doped
with Tb2O3, or Eu2O3, or co-doped with both Tb2O3 and Eu2O3 [137]. Tb3+ is one
of the most efficient rare-earth metals for obtaining green emission (at a wavelength
of around 541 nm) [139]. Moreover, Tb3+ ions can act also as good sensitizers of
NUV-blue radiation to different activator ions. Additionally, phosphors doped with
Eu3+ ions can generate red or orange-red light [140–145].

In recent years, lowmelting temperature glasses were of great interest as hosts for
phosphor converted white light emitting diodes (PC-WLED). A series of trivalent
europium doped tin fluorophosphates glasses were prepared by the classical melting
method. SnF2, NH4H2PO4, SnO and Eu2O3 were melted at 350 °C for 20 min,
in alumina crucibles. After that, the glass melts were poured into a cold stainless-
steel mold and cooled to room temperature [37]. Such phosphate glasses avoids
the yellowing and aging issues, which leads to luminescence decreasing and color
shifting in WLEDs in time [146–152]. On the other hand, the tin fluorophosphates
glasses doped with rare-earth metals has been also proved to be a promising host
for obtaining photon conversion in solar cell applications [153]. It was proved that
co-doped LnPO4:RE3+ systems (Ln = Y3+, La3+ and Gd3+; RE = Eu, Tb and Ce)
offer better photoluminescence properties [154].

Hachani et al. [125, 155] in addition to hydrothermal method used also the decom-
position synthesis for obtaining phosphorus-based phosphors. They have synthesized
YP3O9 doped with Sm3+0.25% and/or Eu3+0.50% by ultraphosphate decomposition
reaction. LnP5O14 ultraphosphates is converted into Ln(PO3)3 polyphosphates, by
heating at 900 °C. The YP5O14 transparent crystals doped with Sm3+ and/or Eu3+

were obtained at 450 °C after 150 h [125, 155]. Finally, the ultraphosphate decom-
position reaction was used to develop yttrium polyphosphates at 870 °C for 4 h in
air, as presented in Fig. 4.

Yttrium polyphosphate powder was further calcinated at 900 °C. Under UV radi-
ation, at the wavelength of around 404 nm, YP3O9:Sm3+0.25%,Eu3+0.50% phosphor
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Fig. 4 The decomposition reaction used by Hachani et al. [125]

emits orange-red light, and therefore could have applications as orange-red emitting
phosphor for Hg-free fluorescent lamps and plasma display panel (PDP) [125]. The
fluorescent glass can transform cool white light into warm white light by changing
the excitation wavelength.

Tian et al. [7] and Zhang et al. [8] obtained phosphorus-based phosphors by using
molten salt synthesis. A mixture of calcium nitrate, ammonia phosphate, terbium
nitrate hexahydrate, sodium nitrate and potassium nitrate, was heated at 350 °C for
3 h. Finally, after cooling and washing, the product was dried at 80 °C in air for 10 h.
Under UV light, the α-Ca2P2O7:Tb3+ phosphors prepared by molten salt synthesis
showed a green emission, due to Tb3+ ion [7]. On the other hand, Zhang et al. [8] used
a combination ofmolten saltmethod andfluxmethod for obtaining phosphorus-based
phosphors, as follows: a solute-flux mixture of KH2PO4, HfO2, Dy2O3, KF·2H2O
was heated at 860 °C for 5 h and then cooled to room temperature. The product was
washed and the colorless crystals of K2DyHf(PO4)3 were obtained after drying (with
the size around 0.16 mm) [8]. Moreover, the doped Li2BaP2O7:Er3+ pyrophosphate
was obtained by using the classic ceramic method in the work of Beltaif et al. [38]
Stoichiometric amounts of lithium carbonate (Li2CO3), barium carbonate (BaCO3),
erbium oxide (Er2O3) and ammonium dihydrogen phosphate (NH4H2PO4) were
mixed and slowly heated at 320 °C for 8 h in order to expel the gases. The obtained
powder was further pressed into cylindrical pellets and subsequently heated at 750 °C
for 10 h. The obtained Li2BaP2O7:x%Er3+ (where x = 0.1, 1, 3 and 5) phosphor
showedgreen light emissions underUVexcitation (at awavelengthof around400nm)
[38].
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8 Conclusions

In the last decades, rare-earth (RE) doped phosphorus-basedmaterials attractedmuch
attention for their potential applications in laser and WLEDs technologies, plasma
display panel (PDP), medicine, or as light sources for agriculture, and so on [156–
159]. The PDP for example has become a promising candidate for the large flat-
displays in the recent years, because it provides a rapid response and a large viewing
angle [160, 161]. In a PDP, a mixed Ne–Xe gas is mainly subjected to discharge
between two glass panels to generate vacuum ultraviolet (VUV) light. The three-
color rare-earth doped phosphate-based phosphors absorb this VUV radiation and
as a consequence emit visible light. The phosphate-based phosphors exhibit high
efficiency under VUV excitation due to their high absorption in comparison with
silicate, borate and oxide-based phosphors [160–165].

Inorganic phosphors contain in general a crystalline material as host, doped with a
relatively small amount of rare-earth metal ions, commonly called activators. Those
RE metal ions convert the light from shorter wavelength (usually UV radiation) to
longer wavelength (visible spectrum) via electronic transitions. This change of the
wavelength is called theStokes shift. In the case ofLED lighting, the shortwavelength
excitation is provided by a blue LED or a NUVLED, and as a consequence, radiation
in this spectral range must be strongly absorbed [166]. The increasing interest for
RE-doped phosphates has been observed since such phosphors could be used in laser
devices, not only in the form of single crystals, but also in powder and glass forms
[167–172]. White light-emitting diodes (WLEDs) have become the main lighting
source nowadays. WLEDs bring a lot of advantages as environmental protection,
energy saving and high efficiency [173]. A typical WLED light source is comprised
of a PN junction chip and a phosphor compound to generate the white light emis-
sion. The most popular phosphors are in general comprised of an activated ion and
a host matrix, including oxides, rare-earth sulfur oxides, rare-earth halogen oxides
and so on. An excellent phosphor should involve characteristics of rich spectral lines,
narrow emission bands and concentrated luminous energy in the visible spectrum
[174–178]. In comparison with other host materials, phosphates offer advantages as
simple synthesis condition, low price, as well as good chemical and thermal stabil-
ities [38, 118, 179–181]. Therefore the rare-earth doped phosphates are important
nowadays especially due to their interesting optical applications. The luminescence
properties are significantly influenced andmainly determined by the rare-earthmetal,
the host, the method of synthesis, the molar ratio of the reagents, the concentration
of the dopant ions, and nevertheless the temperature. Most of the phosphorus-based
phosphors are synthesized by using the high temperature conventional solid-state
method. In the last years also other synthesis routes were developed, as combustion
method, sol–gel method, co-precipitation method, hydrothermal method, ultrasonic
spray pyrolysis, extraction pyrolytic technique, hydrolysis, decomposition, and so
on. Among the rare-earths ions, Eu3+ is one of the most preferred sources of red light
emission. In the same time, its reduced form (Eu2+) showed a blue emission. Blue
emitting phosphors can be very useful for solid-state lighting if they can be excited
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by a NUVLED. Further they convert the radiation in the range 380–410 nm to visible
light centered in the blue region (420–500 nm), including part of the violet light. For
green emitting phosphors, also Tb3+ andMn3+ were used. They convert the radiation
in the ranges of 380–410 nm or 450–480 nm, to green light centered in the region
of 520–565 nm [166]. The Dy3+ ions have been used in recent years, because they
can offer both blue and yellow emissions. Tb3+ and Er3+ ions are employed in the
synthesis of phosphors due to their green emission, and Sm3+ ions are used because
they are emitting an orange light. Some materials are obtained by co-doping the
phosphate host with two or three rare-earth metals. By combining rare-earth metals
in co-doped phosphorus-based phosphors and by changing their position, ratio and
concentration, emissions on the whole visible spectrum could be obtained.
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1 Introduction

Graphite and its derivatives are at the forefront of scientific curiosity. Graphene
structure considered to be one atom thick two-dimensional honeycomb layer of sp2

carbon atoms [1]. Also, its derivatives graphene oxide, reduced graphene oxide,
thermally expanded graphene oxide and graphene quantum dots etc. having excep-
tional electrical, optical and mechanical properties. They are the recent thought-
provoking materials in countless applications such as field-effect transistors, trans-
parent conducting films, sensors, photovoltaic, separation membranes, catalysis,
biomedical applications etc. [2–9]. Generally, luminescent materials are an amal-
gamation of both host lattice and activator, rare earth and transition elements are the
activators in phosphors which can emit light after excitation [10]. Developing new
hybrid composites with these graphitic structures and phosphor materials having
hydrogen bond and electrostatic interactions unleash the new spectrum of appli-
cations predominantly in optoelectronics, photocatalysis and fluorescence sensors
[11–14].
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2 Synthesis

2.1 Graphene Oxide Based Phosphor

Graphene oxide is synthesized by chemical exfoliation of graphite with strong
oxidants under acidic condition and major accepted method is modified hummers
method. Which includes oxygen functionalities like carbonyl, epoxy and hydroxyl
groups, supported on the surface of a monolayer graphene sheet [15]. Due to the
presence of oxygen-containing functional groups makes the graphene oxide sheet
defective. Because of the defects present in the graphene oxide, it shows less fluo-
rescence so it can be enhanced by functionalizing with rare earth complexes [16].
Cao et al. non covalently functionalised the graphene oxide with red-luminescent [Eu
(DBM)2(Phen)(SA)] (DBM= dibenzoyl methane, Phen= 1,10-phenanthroline, SA
= stearic acid) to form GO –RE complex hybrids [17].

They have successfully synthesised the bright red luminescent GO–RE complex
(Figs. 1, 2) and appealed that it has a large prospective in countless arenas such as
biological labelling and anti-counterfeiting.

Efficient photoluminescence is required for optoelectronic devices; Rani et al.
improved the efficiency of photoluminescence by synthesising GO-Phosphor
nanoscrolls with enhanced chemical and physical properties. Rani et al. used
SrBaSi2O2N2: Eu2+ as phosphor which is embedded into GO solution employing
modest chemical practice. And the GO-Phosphor solution is spin-coated and
annealed at different temperatures. The phosphor particles attached to the graphene
sheets spontaneously twist the GO sheets. At 180° GO sheets entwined due to the
presence of phosphor which makes it very challenging to maintain the high aspect
ratio of the two-dimensional structure (Fig. 3). These hybrids exhibited extremely
robust luminescence emission in the violet and green regions (Fig. 4) [16].

Fig. 1 Schematic sketch of GO–RE complex hybrids
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Fig. 2 Digital depictions of GO–RE complex hybrids under a daylight and b 365 nm UV light.
c Luminescence emission spectra (kex = 365 nm) of GO–RE complex hybrids, GOSs and RE
complexes in their dispersions. Inset in c snapshots of the THF dispersion of GO–RE complex
hybrids under (left) daylight and (right) 365 nm UV light. d AFM image of GO–RE complex
hybrids with (inset) a height profile [17]

Fig. 3 Representation drawing display a phosphor particles attached to GO sheets, b the GO sheets
just flinch to scroll, cGO sheets wholly scrolled at 180 °C, d the bonding amongst GO and phosphor,
and e 3D interpretation of a lone GO-phosphor scroll [16]

Also, Fan et al. decorated surface carboxylated graphene oxide with luminescent
Sm3+ complexes (tris-(2-thenoyltrifluoroacetone) mono-1,10-phenanthroline-Sm3)
via covalent functionalization (Fig. 5) these red-emitting complex can be used as drug
carriers and biomarkers [18].
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Fig. 4 a SEM image and graphic displaying the GO-phosphor hybrid nanoscrolls in GP180, PL
emission spectra of bGO70 andGO180 films, cGP70 andGP180 filmsmeasuredwith an excitation
wavelength of 280 nm. d CIE chromaticity coordinates of the PL emission from the synthesized
thin films and e digital image of the strong PL emission from the GO-phosphor hybrid solution [16]

Fig. 5 Schematic diagram depicting the synthesis of GO-COOH-RE complex hybrids [18]
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Zhang et al. improved the luminescence efficiency of graphene oxide by the non-
covalent modification by using Eu3+-2-thenoyltrifluoroacetone (TTA)-pyromellitic
acid (PMA) complex. They have deposited this rare earth complex into the surface
of graphene oxide sheets and these hybrid resources result in a high enrichment in
luminescence and proposed the application as biosensors, optical devices etc. [19].

2.2 Reduced Graphene Oxide (rGO) Based Phosphor

Highly oxidized graphene oxide is reduced by physical or chemical treatments and
results in partially deoxygenated sheets, called reduced graphene oxide which is
having high surface area and thermal stability [20]. Hybrids of rare-earth complex
and reduced graphene oxide are synthesised on the way to improve photo thermal
possessions for biomedical significance. Yang et al. covalently attached vancomycin
(Van) an antibiotic and a luminescent rare-earth complex (Eu+) to the surface of
rGO (Fig. 6). They developed a novel approach to trace the pathogen as well as to
kill the bacteria under near-infrared (NIR) laser beam [21]. Naderi et al. developed
Yb2O3/RGO hybrid materials via simple sonication method (Fig. 7) to improve
the super capacitive performance. They found that the synthesized Yb-rGO hybrid
nanocomposite having super capacitance value about 240 F g−1 at the scan rate of
2 mV s−1; greater than that of pure Yb2O3 and RGO electrodes has potential use as
high-performance supercapacitor electrodes. Anoop et al. addressed the instability

Fig. 6 a Design of Eu-Van-rGO for targeted bacteria imaging and photothermal killing; b the
construction of the Eu complex; c the structure of vancomycin [21]
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Fig. 7 Schematic drawing for the synthesis of the Yb2O3–RGO nanocomposite [22]

of commercially available phosphor-converted light-emitting diodes. To improve the
thermal stability, they wrapped the phosphor ((SrBa)Si2O2N2: Eu2+) with rGO sheet
by annealingwith different temperature. This rGOwrapped phosphor shows superior
oxidation defiance because of the passage of surplus heat through rGO layers [22].

Rather than constructing hybrid compositeswith two compounds nowadays scien-
tists are interested in ternary nanocomposites. Rostami et al. developed ternary
nanocomposite La/TiO2@La/ZnO-15 wt% B–RGO for improved photocatalytic
activity. Boron is doped into RGO by hydrothermal method and mixed with
La/TiO2@La/ZnO by ultra-sonication (Fig. 8) [13]. Also, Shukla et al. developed
tertiary nanohybrid material [(La–Y2O3)–MoS2–(Methionine functionalised rGO)]
for thin film lubrication (Fig. 9) [23].

Fig. 8 Method of preparation of La/TiO2@La/ZnO–B–RGO ternary nanocomposites [13]
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Fig. 9 Synthesis protocols of the Ternary Nanohybrid (La–Y2O3)–MoS2–(M-rGO) [23]

2.3 Graphene Quantum Dots (GQDs) Based Phosphor

Zero-dimensional graphene quantum dots possess very good biocompatibility, tune-
able photoluminescence which makes it as a potential material for bioimaging and
sensing application [24].

Luo et al. synthesised a novel phosphor white light- emanating graphene quantum
dots by way of microwave assisted hydrothermal synthesis which is having high
luminescence and current density at the applied voltage 11–14 V [25]. Yin et al.
fabricated yellow-green emitting GQD for optoelectronic application [26].
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3 Applications

3.1 Sensors

Eu decorated graphene quantum dots were synthesized by Lin et al. for the deter-
mination of Cu2+ and L-cysteine (L-Cys) by using fluorescence “off–on” approach
with high selectivity and sensitivity [27] (Fig. 10).

Devdas et al. fabricated an electrochemical sensor composed of a lutetium hexa-
cyanoferrate (LuHCF) which is dispersed on to a reduced graphene oxide supported
in glassy carbon electrode for the detection of salicylic acid [28]. Yu et al. developed
a multi-layer hybrid film composed of (phthalocyanine) (porphyrinato) europium
(III) triple-decker compound (Pc)Eu(Pc)Eu[trans-T(COOCH3)2PP] (1) andgraphene
oxide (GO) using the solution-processing QLS method for the detection of H2O2

[29]. Manavalan et al. synthesized an H2O2 sensor which can detect very low
concentration (1.57 nM) of H2O2 by using Gd2O3 nanoparticles decorated reduced
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Fig. 10 Analysis of Cu2+ and L-Cys using Eu-GQDs—a schematic representation [27]

Fig. 11 Pictorial representation of fabrication of Eu2O3@RGO (a). Fabrication of Sensor (b) and
the electrocatalytic performance toward CAP sensing in real samples (c)

graphene oxide nanocomposite (Gd2O3 NPs@RGO) [30]. From the same group
Rajaji et al. synthesised a Eu2O3 nanoparticles decorated reduced graphene oxide
through microwave-assisted route and developed an amperometric sensor for the
detection of chloramphenicol (CAP) (Fig. 11) [31].

Rong et al. fabricated a fluorescence sensor as graphene oxide as acceptor and
β-NaYF4: Yb, Er UCNPs as the fluorescence donor for the detection of diazinon
which has potential use in pesticide determination in food sample [32].

3.2 Optoelectronics

Mondal et al. developed a device which is composed of Diamino pyridine func-
tionalized graphene oxide containing Eu2+ which is attached electrostatically to the
nitrogen which results in a bright blue-green emission, which can potentially use as
an optoelectronic device (Fig. 12) [33].
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Fig. 12 Schematic diagram of RGO-Amino-Pyridine-Eu2+ composite through the functionaliza-
tion of GO [33]

Fig. 13 Schematic representation of p–n junction photodiode [34]

Li et al. effectively manufactured a novel graphene-based bright rewritable p-
n intersection photodiode which is made out of graphene-covered with a formless
phosphor of 4-Bromo-1,8-naphthalic anhydride subordinate polymer (poly-BrNpA)
(Fig. 13) which can be handily deleted by a sticky nitrogen flush and furthermore
shows UV rewritable attributes [34].

3.3 Catalysis

Rostami et al. built up a ternary nanocomposite made out of La/TiO2@La/ZnO-15
wt% B–RGO for improved visible light photocatalytic action (Fig. 14) [13].
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Fig. 14 Schematic outline of proposed photocatalysis and band-hole narrowing mechanism,
photo-excited and accepted electrons, adsorption of MB, and electron and hole transfer of
La/TiO2@La/ZnO–B–RGO TNCs under sunlight irradiation [13]

4 Conclusion

Graphitic structure-based hybrid phosphors were studied extensively by various
scientists. The covalent and noncovalent functionalisation of both graphene oxide
and reduced graphene oxide with a phosphor material has an expected application in
various territories, for example biomedical, sensing, catalysis and optoelectronics.
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Synthesis, Properties and Applications
of Polymeric Matrix-Based Phosphor
Hybrids
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Abstract Phosphors are special types of compounds which emit lights when
exposed to visible light, ultraviolet radiation or electron beam. In general, these
compounds are prepared from inorganic transition metal or rare earth compounds.
The radiation causes movement of its valence electron to the conduction or exciton
band leaving behind a hole in the valence band. The electron–hole pairs moves to
the impurities in the crystal of the phosphor which rapidly de-excite by emitting
light. The inhomogeneity in the crystal structure of phosphor is created by addition
of the impurities or dopants which is also called activator. Accordingly, a phosphor
consists of a host which is oxides, nitrides, sulfides, halides, silicates or selenides
of Zn, Cd, Mn, Al, Si or different rare earth metals and an activator metal such
as Cu or Ag activated ZnS or Bi activated CaS phosphor. Apart from inorganic
phosphors, more energy efficient phosphors for lighting and other optoelectronic
applications are prepared from metal–organic frameworks (MOF) or coordination
polymers. MOF consists of single metal ions or clusters of metal ions linked by
organic ligands having multiple binding sites to form extended network structures.
However, the inorganic orMOF based phosphors have several drawbacks like limited
resources, high toxicity and also high cost. In contrast to inorganic or MOF based
phosphors, metal-free small organic molecules or polymer based room temperature
phosphors (RTP) are environment friendly and easy to process. These two types
of RTPs are characterized by its long-lived triplet excitons and larger Stokes shift.
However, easy processing, good flexibility and stretching ability, low cost, excellent
electron mobility and thermal conductivity have made polymer based RTPs more
attractive than small organic molecules based RTPs. Thus, Polymer based RTPs
are widely used in organic light emitting diodes, solar cells, field effect transistors,
memory devices andmany other similar applications. The phosphors are prepared by
(1) intersystem crossing (ICS) from the lowest excited singlet state (S1) to a triplet
state (Tn) and (2) radiative transition from the lowest excited triplet state (T1) to the
ground state (S0). The emission from T1 state is quenched at room temperature under
ambient conditions. Accordingly, the challenge to get efficient RTP is to suppress
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nonradiative decay. Polymers are of high molecular weight with long chains that can
cause entanglement and a high degree of rigidity making them ideal candidates to
observe phosphorescence from organic lumiphores. In this book chapter synthesis,
properties and applications of (1) non-doped and (2) doped polymer based RTPs will
be discussed with reference to recent literature with the following possible.

1 Introduction

1.1 History, Origin, Definition and Types

About 20% of electricity is consumed for lighting. Thus, an energy efficient and
environment friendly solid state lighting (SSL) based on phosphor converted light
emitting diode (pc-LED) is of great importance [1]. This very word ‘Phosphor’ orig-
inates from Greek mythology of morning star Venus meaning ‘light bearer’ [2].
Phosphors are characterized with emission of ‘Luminescence’ or ‘cold light’. These
compounds emit light on exposure to different kinds of radiations such as photons,
electrons with a high or low kinetic energy and X-rays [3]. A phosphor consists of
a host which is oxides, nitrides, sulfides, halides, silicates or selenides of Zn, Cd,
Mn, Al, Si or different rare earth metals and an activator metal such as Cu or Ag
activated ZnS or Bi activated CaS phosphor. Apart from inorganic phosphors, there
exist more efficient inorganic–organic hybrid, organic and polymer based phosphors.
Japanese first prepared phosphors from seashells as reported in Chinese documents
of tenth century. In seventeenth century an alchemist Casciarolo of Bologna, Italy
fired a glossy stone obtained from a volcanowith an objective to obtain a noblemetal.
However, the stone emitted light in the dark. In fact, the stone was a barite or BaSO4

which on firing turned to BaS, now well known as one of the phosphor materials.
In 1866 a young French Chemist Théodore Sidot first prepared ZnS type phosphor
for television tube. From late nineteenth century to early twentieth century, Lenard
and co-workers synthesized various phosphors based on sulfides and selenides of
alkaline earth metals. Pohl and coworkers explored thallium activated single-crystal
phosphors of alkali halide with extensive spectroscopic studies in twenties and thir-
ties of twentieth century [2]. The modern luminescence physics is based on their
research work only. After second World war-II there was a significant development
on research of phosphor compoundswith the progress in opticalmicroscopy of transi-
tion and rare earth metal ions and also semiconductor physics. Apart from inorganic
phosphors, more energy efficient phosphors for lighting and other optoelectronic
applications are prepared from metal–organic frameworks (MOF) or coordination
polymers. MOF consists of single metal ions or clusters of metal ions linked by
organic ligands having multiple binding sites to form extended network structures.
In the last few decades, there was significant development of white light phosphors
based on coordination compounds of small organic molecules, MOF, non-metal
polymer and polymer nanocomposites [4].
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1.2 Theory and Mechanism of Light Emission

The cold radiation or luminescent of a phosphor is caused by either the host lattice
or the activator impurity. In general, the emission takes place in the impurity or acti-
vator ion. However, the luminescence efficiency of a phosphor decreases at higher
concentration of the activator (concentration quenching). When the emission is low
from the activator (forbidden transition), a second ‘sensitizer’ is added. The sensitizer
absorbs the energy and transfers it to the activator. The energy transfer from sensi-
tizer (S) to activator (A) strongly depends on electrostatic and exchange interaction
between S and A. The optical absorption leading to emission can also takes place
by host lattice itself where energy is transferred from host lattice to activator. The
color of the radiation is adjusted by changing the activator without changing the host
lattice where the activator is added [5]. The emission mechanism from a phosphor
is schematically shown in Fig. 1. The luminescence consists of both sharp emis-
sion bands of around 1 nm width and broad bands with >50 nm band width. Sharp
bands are characterized with optical transitions involving same chemical bonding
character in ground and excited state and also for optical transition between elec-
tronic states without any chemical bonding, e.g. for f–f transition in rare earth metal
ions. In contrast, broad bands occur when the nature of chemical bonding differs
considerably in ground and excited states as in the case of partly filled d orbitals
of transition metal ions (d–d transition), transition between 5d and 4f orbitals of
rare earth ions (4f–5d transition) and for emission on S orbitals (S2 ions) of metal
ions like ions of lead, antimony and thallium. For a good phosphor the elapsed time
between excitation and emission should be very short to avoid afterglow which is

Fig. 1 Emission from a phosphor-containing activator (A) and sensitizer (S) [Adapted fromFig. 1.1
of Ref. [5], copyright ©2008 Wiley-VCH, ISBN 978-3-527-31402-7]
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Fig. 2 Jablonski diagram of photoluminescence of RTP [Adapted from Fig. 2 of Ref. [6], 0010-
8545/©Elsevier B.V., 2017]

efficiently met with rare earth metal based phosphor with 4f–5d transition. The 4f
states of these phosphors weakly interact with the host lattice resulting in constant
energy difference. For room temperature phosphors (RTP) consisting of metal free
organic molecules or polymer based RTP, the phosphorescence includes inter system
crossing (ISC) from the lowest excited singlet state (S1) to a triplet state (Tn) and (ii)
radiative transition from the lowest excited triplet state (T1) to the ground state [6,
7] as shown in Fig. 2 in Jablonski diagram for polymer based phosphor. For these
systems the emissions is easily quenched at room temperature. The only challenge
for these systems is to reduce nonradiative decay and promote ISC. Polymers with
its high molecular weight and hence long entangled chains and rigidity show good
phosphorescence from organic lumiphores. It behaves like a crystalline lattice to
control the molecular vibration and rotation of RTP. The polymer support of the RTP
also reduces quenching effect of oxygen and moisture allowing triplet excitons of
organic compounds for emission at room temperature.

1.3 Inorganic and MOF Based Phosphor

Inorganic phosphors consists of a crystalline host materials such as oxides, nitrides,
sulfides, halides, silicates or selenides of Zn, Cd, Mn, Al, Si or different rare earth
metals doped with a small amounts of impurities such as rare earth or transition
metal ions, called an activator. The activator shows Stokes shift by converting light
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from shorter to longer wavelength by electronic transition. For developing new inor-
ganic phosphors the following systematic strategies, i.e., (i) screening suitable candi-
date from inorganic crystal structure database (ICSD), (ii) combinational chemistry
screening with high throughput experimentation, (iii) chemical unit co-substitution
based on a structural model and (iv) single particle diagnosis approach are consid-
ered [8]. Based on ICSD several inorganic phosphors have already been commer-
cialized with various applications such as Ca-α-SiAlON:Eu+2 emitting yellow, β-
SiAlON:Eu2+ emitting green and CaAlSiN3:Eu2+ emitting red light [9–11]. Simi-
larly, novel phosphors such as Ca15Si20O10N30:Eu2+, La4-xCaxSi12O3+xN18-x:Eu2+,
Ca1.5Ba0.5Si5N6O3:Eu2+ and Ba(Si, Al)5(O,N)8:Eu2+ were developed based on
combinational chemistry screening [12–15]. Similarly, based on the structural model
several phosphors were developed, i.e., UCr4C4 model gave birth to different narrow-
bandphosphors such as red emittingnitride phosphors [16].Nitride phosphors such as
BaSi4Al3N9:Eu+2 and Ba5Si11Al7N25:Eu+2 were developed based on single particle
diagnosis approach [17]. Inorganic phosphors may be suitably modified to a more
efficient phosphor by incorporating organic ligands which is bonded to a single or
clusters of metal ions by its multiple binding sites. These kinds of phosphors are
called metal–organic framework (MOF) or coordination polymer (CP) based phos-
phors. In fact, these coordination compounds are the largest family of known white
light phosphors [4]. They aremore diverse than inorganic phosphors since the organic
ligands, metal centers and their coordination geometry can be designed in different
ways. The structures of these crystalline phosphors are characterizedwith diffraction.
The porous nature of MOF or CP allows easy encapsulation of guest species [6]. In
general, rare-earthmetals are selected for these inorganic–organic hybrid compounds
since rare-earth metals easily show white light emission. The emission of light may
be from the ligand, metal center or the guest molecules present in these phosphors.
Luminescent CP (LCP) or MOF (LMOF) are used for imaging [18, 19], sensing
[20, 21], optoelectronics [22, 23] and also in solid state lighting (SSL) device. These
apart, MOF and CP based phosphors with its multi-functionalities are also reported
for gas separation and storage [24, 25], catalysis [26, 27], proton conduction [27, 28]
and also in drug delivery [29, 30].

1.4 Organic Metal Free Phosphors

The inorganic and inorganic–organic hybrid such as MOF or CP based phosphors
has several drawbacks such as limited resources and hence high cost and use of
toxic metal ions. In contrast, room temperature (RT) metal free low cost phosphors
prepared from small organic molecules and polymers are environment friendly, non-
toxic and easy to process. For metal based phosphors includingMOF, the two critical
steps in phosphorescence, viz., spin flipping from the excited singlet state to a triplet
state and subsequent radiative decay from the excited triplet state (T1) to the ground
state occurs by spin–orbit coupling of the metal. Though organic phosphors are
cheaper than metal phosphors, they are weaker and show long lived triplets. These
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triplets are easily consumed by vibrational effects which reduces emissive decay. The
vibrational dissipation from T1 to the ground state must be reduced as it competes
with phosphorescent decay. Aromatic ketone such as benzophenon is used as base
compound for most of the organic phosphors [31] based on small organic molecules.
For these compounds triplet T2 level is close in energy with singlet S1. Further,
spin orbit coupling is localized at the carbonyl oxygen. The unwanted vibrational
dissipation of benzophenon based phosphors may be reduced by introducing some
heavy atoms like bromine or incorporating crystallinity [31]. Introduction of long
chain rigid polymer backbone also reduces vibrational dissipation. Polymer based
phosphors are more flexible and possess much better mechanical properties than
small organic compound based phosphors because of its high molecular weight and
long chain length. In fact, polymer based phosphors finds widespread applications in
electronics such as organic light-emitting diodes, solar cells, field-effect transistors,
memory devices, etc. In this book chapter various polymer based RT phosphors
developed in recent years will be discussed in detail in terms of its preparation,
properties, characterization and applications.

2 Polymer Based Phosphors

2.1 General Properties, Characteristics and Classification

Metal free room-temperature organic phosphors (RTP) are blessed with fascinating
properties with widespread applications in the field of bio-imaging, sensing and
display materials [32]. This new class of organic emitters is characterized with long
decay time (millisecond to second), inefficient spin-orbit coupling (SOC) and large
Stokes shifts which causes spectral separation of excitation and emission wave-
length and thus measurements at low interference [33]. However, high costs, toxicity
and instability in aqueous solutions limit applications of some of the RTPs. On the
other hand a pure organic compound—small molecules or polymers could be a very
goodRTP provided it meets the following requirements—(1) some functional groups
present in the organic compound should favor n-π* transition with efficient inter-
system crossing (ICS) from the lowest excited singlet state (S1) to a triplet state (Tn),
(2) it should have a very good packing or rigid structure in the solid state to stabilize
the triplet excitons since it results in much reduction in radiative transition from the
lowest excited triplet state (T1) to the ground state (S0) [34]. Polymer based RTPs are
very efficient because of the presence of the polymer structure. The long coiled chains
of high molecular weight polymer backbone provide rigidity in the structure which
inhibits undesirable nonradiative relaxation. The coiled structure of polymer easily
isolates oxygen and humidity resulting in reduced triplet excitons [7, 35]. Further, the
polymer based RTPs have excellent properties such as non-toxicity, very good flex-
ibility, stretchability, easy processing, low cost (in comparison to inorganic or MOF
phosphors) and also good thermal stability [36]. A polymer may be converted to a
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RTP by incorporation of some phosphor functionalities such as naphthalene imide, 4-
bromobenzaldehyde or difluoroboron dibenzoylmethane in the polymer as ‘guest’
[37]. These functionalities also restrain intramolecular motions so that the room-
temperature phosphorence properties are efficiently manifested. Polymer based RTP
are prepared by non-covalent, i.e., physical encapsulation of the phosphor guests in
the polymer or by chemical modification of the polymer where the phosphor func-
tionalities are covalently bonded to the main chain, side chain or at terminal groups
of the polymers [37]. These are schematically explained in Fig. 3. In physically
encapsulated polymer based RTP, the host (polymer)-guest (phosphor groups) inter-
action is governed by electrostatic, hydrogen bond or Van der Waal forces. Covalent
crosslinking between polymer and phosphors is also employed to further enhance its
rigidity as required for a good RTP [38]. Based on these criteria, the polymer based
RTPs are classified in two broad categories-namely (1) Non-doped polymer based
RTP where the phosphor lies in the backbone of the polymer itself and thus there is
no need for additional matrix bearing phosphor and (2) doped polymer based RTP

Fig. 3 Design strategy for polymer based RTP [Adapted from Fig. 2
of Ref. [37], © Chinese Chemical Society Institute of Chem-
istry, Chinese Academy of Sciences SpringerVerlag GmbHGermany, part of Springer Nature 2019]
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where the polymer is not phosphor but a phosphor is incorporated (doped) in the
polymer matrix [36].

3 Non-doped Polymer Based RTP

3.1 Polyurethane Based RTP

Long persistent or afterglow luminescent phosphors show visible light emission for
a long period of time even after the excitation has stopped [39]. These long afterglow
phosphors are widely used as night-vision materials for various important applica-
tions such as in traffic signs, display device, emergency signage, medical diagnostics,
military and also for solar energy utilization [40–43]. Most of the commercial long
lasting persistent phosphors are prepared from Eu2+ doped with aluminate or sili-
cate. However, in these phosphors the emission color is restricted from blue to green
region only [39]. This narrow color range could be widened by using polymer based
persistent phosphors. Several specialty polymers such as polyurethane may be suit-
ably modified to prepare these kinds of long persistent luminescent phosphors with
wide range of color emission.

Polyurethanes (PUs) are one of the most important functional polymers with
unique properties such as excellent mechanical strength, toughness, abrasion resis-
tance, corrosion resistance, low temperature flexibility and easy processability.
Thus, PUs are applied in a wide range of applications such as textile laminating,
leather/synthetic leather finishing, foams, coatings and adhesives [44]. Multifunc-
tional PUs are also used as long persistent luminescent phosphors. PUs consist
of urethane (–NHCOO–) repeating unit in its structure produced from the reac-
tion of isocyanate (–NCO) and polyols (–OH) along with some other additives.
Depending on the type of isocyanate, polyol or crosslinker, PUs may be used as soft
and hard segments, elastomers, adhesives, coatings and foams. PUs based phos-
phors may be classified as fluorescent and long persistent afterglow [44]. Fluo-
rescence is also generated by radiation. However, it stops immediately after the
incident radiation ceases [45]. For preparing fluorescent PUs, fluorescent dyes or
pigments are mixed with PUs where it is chemically bonded to Pus [39]. Hu
reported [46] fluorescent polymer dye prepared by reaction of a waterborne PU
with disperse violet 26 dye (DV26). The waterborne PU was prepared by reac-
tion of 2.4 toluene diisocyanate (TDI), polypropylene glycol (PPG) and dimethylol
propionic acid (DMPA). The DV 26 was covalently bonded to the PU polymer
by reacting with NCO groups of the prepolymer. This polymer dye is reported to
show stable fluorescence with little change of fluorescence spectrum after storage
at ambient temperature for one month. In a similar way PU-acrylic hybrid dye
was also prepared by core shell emulsion polymerization where the dye monomer
6- amino-2-cyclohexylbenz[de]isoquinone-1,3dione was anchored on the PU shell.
This PU dye is also reported to show stable fluorescence stability for three months
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[47]. Amino functionalized SrAl2O4:Eu2+, Dy3+ is a persistent luminescent phos-
phor having an afterglow time of 10 h with high luminescent intensity. It emits
green color at a wavelength of 520 nm. This phosphor and a red fluorescers 1-
[(2-hydrocyethly) amino]anthraquinone (HAA) was chemically bonded to the PU
prepared from isophorone diisocyanate, (IPDI), 1,6-diisocyanatohexane (H12MDI),
PPG and 1,4-Butanediol (1,4-BDO). This photochromic long persistent luminescent
polyurethane (PLPLPU) shows red in daylight and yellow in darkness with persis-
tent luminescence effect as shown in Fig. 4. In this PU, the antraquinone (HAA)
part acts as color conversion agent and the yellow color in darkness is generated by
mixing red of HAA with green of the inorganic phosphor [38]. Instead of HAA, a
thermochromic pigment and SrAl2O4:Eu2+, Dy3+ were incorporated in a similar PU
prepared from isophorone diisocyanate (IPDI), 1, 6 diisocyanatohexane and PPG.
This thermochromic PU shows an intense red color at room temperature which turns
to white when the temperature rises to 35 °C. In darkness it shows yellow light
at low temperature which changes to green at higher temperature [48]. From these
results it is evident that a luminescent dye or pigment and long afterglow inorganic
phosphors may be chemically bonded to functional PUs. In tune with these works,
PUs were prepared by polymerization of a luminophore (a) as shown in Fig. 5 [49].

Fig. 4 Photograph and emission of photochromic longpersistent luminescent polyurethane [Repro-
duced by combining Figs. 5 and 7 of Ref. [39] © The Royal society of Chemistry, https://doi.org/
10.1039/C7NJ02607B]

https://doi.org/10.1039/C7NJ02607B
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Fig. 5 Structure of some PU based RTP [Reproduced from Scheme 2 of Ref. [7], © 2018 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim]

Because of polymerization the energy level between singlet and triplet excited state
decreases resulting in enhanced intersystem crossing (ISC). Similar emission prop-
erties were reported from polymer b and c as shown in Fig. 5 [50, 51]. The ratio of
chromophore was increased in polymer film d (Fig. 4) and it showed a new phos-
phorescence band at around 520 nm with a lifetime up to microsecond. Apart from
these structurallymodified PUs, external stimuli also generated RTP fromPUs. Thus,
protonated thioflavin derivative was incorporated into a strongly polar PU matrix ‘e’
as shown in Fig. 5 [52]. The unprotonated form failed to show any RTP. In fact,
the protonation causes lower lying intramolecular charge transfer (ICT) with more
efficient ISC [7]. Similarly, green light emitting RTP with a lifetime of 0.5 s was
obtained from nonaromatic polymer of ‘f’ (Fig. 5). This PU can be used for detec-
tion of explosive and also for cellular imaging because of its emission in concentrated
solution and also in solid state [53].

3.2 Polyacrylonitrile (PAN) Based RTP

PAN is one of the most widely used thermoplastics around the world. The realm
of its applicability extends from ultrafiltration (UF) membranes to the manufac-
ture (precursor) of high-quality acrylic and carbon fibres. Being a non-conjugated
polymer, PAN exhibits bleak chances of providing sustainable RTP emission and
conceiving it still remains a daunting task. However, few reports have stated their
observations of luminescence in some non-conjugated polymers and termed it as
aggregation-induced photonic emissions (AIE) [54–56]. The exhibition of AIE emis-
sion by PAN has been reasoned in the reports as the clustering of –C≡N groups of
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PAN as well as the overlap of their π and lone pair electrons which results in rigidi-
fied conformation facilitating RTP emissions. An older perspective towards the issue
states that the heteroatom of nitrogen of PAN being electron-rich could facilitate
RTP emissions. The structure of PAN along with its Jablonski diagram for different
states of emission is shown in Fig. 6. To justify this presumption an exhaustive report
by Zhou et al. [57] was published which demonstrated luminescence in a series of
concentrated nano-emulsions of PAN inDMF/DCMsolventswhichwas not apparent
in the dilute solutions of the same. This observation exhibited the AEI property of
PAN. In the same study, RTP emission peaks were observed in solid powders as
well ranging between 440–484 nm. The plausible reason for the later event was
depicted by clustering-triggered emission (CTE) mechanism where the role of the
chromophore was played by the –C≡N groups of PAN. The RTP was induced by
the overlapping π and n electrons which rigidified the conformation of the molecule
such that lone pairs can initiate spin–orbit coupling, thereby facilitating the ISC
between the energy levels. Similar report was published by Chen et al. [58], where
the CTEmechanism for RTP was accepted and implemented to explain the phospho-
rescence of a poly-amino acid of ε-poly-L-lysine (E-PLL); which is a non-aromatic
compound. In the mid-2019, Kopeć et al. [59] reported surface-grafted PAN brushes
with solid-state AIE properties. PAN was synthesized and grafted on silicon wafers
by copper-mediated photo-induced atom transfer radical polymerization (ATRP). It
was reported that AIE was more pronounced in low molecular weight (Mn < 10 k)
PAN as well as in thin (d < 15 nm), surface-grafted polymer brushes. The revelation
was unique since AIE properties in low molecular weight PAN can be henceforth
be applied to other non-aromatic polymers as well as structural analogues like block
copolymers or molecular brushes etc.

Fig. 6 Structure of PAN along with Jablonski diagram for different states of PAN [Reproduced
from Fig. 1 of Ref. [57], https://doi.org/10.1002/smll.201601545 © 2016 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim]

https://doi.org/10.1002/smll.201601545
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3.3 Polyamide/Polyimide Based RTP

High performance polymers such as polyamides and polyimides are characterized
with high crystallinity, regularity, rigidity, melting and strong chain-chain interac-
tion. In fact, multiple hydrogen bondings in the structure of polyamide/polyimide
contribute to its structure rigidity which efficiently stabilizes the triplet excitons
resulting in generation of RTP [7]. Because of its rigid repeating unit, these engi-
neering plastics have excellent thermal, mechanical, environmental and radiation
stability [60]. These polymers are widely used in aerospace industries, electronics,
photonics, microelectronics and also as RTP because of photoluminescence (PL)
properties of some of the polyamides and polyimides. Polyacrylamide is a water
soluble low cost polymer which can also be used as RTP. Accordingly, the following
three metal free polyacrylamide based RTPs (Fig. 7 a–c) with high emissive effi-
ciencey were reported [61]. The quantum yield (�p) of these three RTPs increased
significantly (11.4%, 8.1% and 7.4%, respectively) after incorporation of heavy

Fig. 7 Polyacrylamide based RTP, structure, solid powder and encryption ink based on these RTP
[Reproduced combining Figs. 2 and 5 of Ref. [61], https://doi.org/10.1002/adom.201600427 ©
2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]

https://doi.org/10.1002/adom.201600427


Synthesis, Properties and Applications of Polymeric Matrix … 177

bromine (Br) atom in the polymer. In these cases the strong hydrogen bonding
between the polymer chain not only reduce the undesirable nonradiative transition
but also make it a water responsive RTP. The emission of the substituted polyacry-
lamide as shown in Fig. 7a occurs at 254 and 365 nm while the other two amides
as shown in Fig. 7b, c shows emission at only 254 and 365 nm, respectively. Hence,
these polyamides can be used in encryption ink. The polyacrylamide based RTPwith
bromine substitution as shown in Fig. 7d showed blue purple RTP at 453 nm with a
�p of 4.83% in air [62]. The photographs of these amorphous polyamide based RTP
along with the encryption ink is also shown in Fig. 7

From the above discussion it is evident that the presence of heavy halogen atom
such as Br increases chain rigidity resulting in improved RTP. However, the presence
of halogen in the structure also shortens the phosphorescence lifetime by increasing
the rate of radiative and nonradiative transition of triplet excitations [7]. Incorpora-
tion of oxygen containing functional groups instead of Br atom provided excellent
emission performance with a life time of 537 ms and a high phosphorescence effi-
ciency of 15.39% [63]. The quantum yield (�p) of aromatic polyimides prepared
from aromatic dianhydrides and diamines are very low (�p much less than 0.01)
because of very strong charge transfer (CT) interaction between the aromatic diamine
and the aromatic dianhydride [64]. For improved PL properties, the CT interac-
tion is to be reduced. Thus, instead of aromatic diamine, alicyclic diamine was
employed and the resulting polyimide film with reduced CT interaction showed
much higher PL [65]. However, the energy gap between the excitation and the emis-
sion wavelength, i.e., the Stokes shift for these polyimides (PI) are low. Polyimide
with higher Stokes shift was reported where the polyimide was synthesized with a
pyromellitic dianhydride containing –OH functionality. In this case higher Stokes
shift occurred due to intramolecular proton transfer from the excited state (ESIPT)
[66–68]. Similarly, a series of CoPIs were prepared by copolymerizing 3, 3′, 4,
4′-biphenyltetracarboxylic dianhydride (BPDA) and 1,4-dibromopyromellitic dian-
hydride (DBrPMDA) with 4,4′-diaminocyclohexylmethane (DCHM) as a diamine.
These CoPIs showed excellent PL properties [60].

3.4 Polylactic Acid-Based Phosphors

Polylactic acid (PLA) is a biodegradable thermoplastic obtained from the fermenta-
tion of agricultural products such as corn, potato, sugar beet and other organic wastes
which produce lactic acid (precursor) [69]. PLA is also reported to have similar
mechanical properties of commodity plastics like polyethylene (PE), polyethylene
terephthalate (PET), polypropylene (PP) and polystyrene (PS) [70]. Hence, an inves-
tigation of PLA’s rigid molecular structure to exhibit RTP was a necessity. From the
sporadic research on the luminescence of PLA, it was revealed that PLA could yield
RTP emission and also possess a dual emissive property in communion with some
functionalized luminophores having two-photon absorption and a large extinction
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coefficient value. Zang et al. [71] have reported luminescent property of a biocom-
patible polymer called boron difluoride dibenzoylmethane (BF2dbm)—PLA, which
is perhaps the fundamental work about the topic under review. Upon investiga-
tion, BF2dbm coupled with PLA showed several facets of emission which included
delayed to intense fluorescence along as well as green RTP having a lifetime of
0.17 s. The team also reported having remarkably achieved RTP persisting for about
10s even after the excitations were stopped. The staggered RTP was reasoned to
have occurred possibly due to the rigid structure of PLA harbouring BF2dbm that
resulted in restrained triplet excitons from thermal decay. More than half a decade
later, DeRosa et al. [72] investigated several halide substituents of BF2dbm-PLA
and arrived at the conclusion that the heavier was the halogen substituent, the more
efficiently BF2dbm-PLA performed ISC. The heavy atom effect increased manifold
the RTP intensity only at the cost of a decreased lifetime. DeRosa et al. further opined
on the influence of molecular weight (Mw) of BF2dbm-PLA on RTP emission wave-
length and stated that an increase in Mw can increase the singlet-triplet energy gap
thereby decreasing ISC, which resulted in long RTP lifetime. A research article by
Zhang et al. [73] gives an insight into the structural contribution of a luminophore in
RTP. The hydroxyl-functionalized aromatic diketone, dibenzoylmethane (dbmOH),
under investigation showed weakly fluorescence in the solid-state and was surpris-
ingly non-fluorescent in solution while its difluoroboron complex (BF2dbmOH) as
highly emissive in both states. The results depict that boron was contributory towards
enhancing RTP but the diketone structure initiates phosphorescence. Zhang et al.
[74] focused their investigations on PLA stereochemistry which could influence
RTP properties. The research team was able to synthesize BF2dbmPCL-PLA (D,
L-Lactide) and BF2dbmPCL-PLLA (L-Lactide) block copolymers respectively and
brought them under the ambit of RTP study. RTP measurements gave an uncanny
result; both D, L-Lactide and L-Lactide had a persistent green emission with similar
lifetimes but with different intensities. It can be asserted from the given observation
that the PLA segments reduce the local crystallinity as well as the micro-cavities
inherently present in the polymer. The resultantmolecular vibrations and rotations are
restrained and thermal decay pathways are reduced. This resulted in RTP emissions
in the D, L-PLA system to be appreciably brighter than L-PLA (PLLA) systems.

Molecular aggregates of organometallic compounds exhibit very efficient ISC.
The resultant phenomena are called ligand localized (3π–π*) phosphorescence. It is
mediated by the metal to-ligand or ligand-to-metal charge transfer (CT) present in
suchmolecular systems. Extending this paradigm, Chen et al. [75] attempted to intro-
duce an intra-molecular ICT in NNI-based PLAs for the initiation and enhancement
of RTP as shown in Fig. 8. Their investigations revealed that to obtain an effective
ISC resulting into a sustained RTP, PLA should be endowed with a heavy atom viz.
Cl, Br etc. or an ICT state must be introduced in the same. Chen et al. had reported
that out of the several NNI-based PLAs under their research ambit, only the molec-
ular species of 1, 2-OPh-PLA exhibited intense RTP due to the obvious reasons that
the referred species possessed the highest ICT due to the large singlet-triplet energy
gap (�EST) which is inherent to the π–π* transitions.
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Fig. 8 Introduction of ICT state in PLA based phosphors for sustained RTP emissions Ref.
[Reproduced from Scheme 2 of Ref. [75] © 2016 Wiley–VCH Verlag GmbH & Co. KGaA,
Weinheim]

The noteworthy contribution of nanotechnology (NT) in the field of phospho-
rescence is worth mentioning. From a deluge of reports based on phosphorescent
nanoparticles (NPs), an investigation on green RTP emission by BF2dbmPLA NPs
by Pfister et al. [76] provides an insight into the applicability of the synthesized
NPs in the field of cell internalization as well as imaging. Surprisingly, the NPs
had similar phosphorescent properties as BF2dbmPLA polymer at 22 °C. The RTP
lifetime of 200 ms bestowed on the NPs was also found to be analogous to that
of the polymer in the solid-state under vacuum. Kerr et al. [77] carried out further
investigations on difluoroboron β-diketonate polylactic acid (BF2bdkPLA) NPs. In
their study the used four dyes with varying π-conjugation (phenyl, naphthyl) and
donor groups, viz., −OMe, −NMe2 coupled to PLLA−PEG block copolymers by
post-polymerization had achieved full RTP emission along with sustained lifetimes
of phosphorescence. The NPs exhibited red-shifted RTP ranging from 520 to 556
nm which was long-lived to be utilized in oxygen concentration imaging.

3.5 Other Non-doped Polymer Based RTP

Polystyrene sulfonic acid is an ion exchange resin used in chemical industries for
separation of metal ions and also as drug for removal of excess potassium from
human body suffering from kidney disease. This resin has also the potential of being
used as RTP. Ogoshi [78] and coworkers reported a polystyrene sulfonic acid based
RTP showing one of the longest life time (1.22 s) among reported non-doped organic
RTP. The long life time was ascribed to the presence of sulfonic acid group in the
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polymer. Similarly, terephthalic acid and its derivatives shows crystallization induced
dual emission (CIDE) which prevents non-radiative motion and quenching of triplet
excitons by oxygen or humidity [37]. Accordingly, Yuan and coworkers reported
a polymer prepared from terephthalic acid, i.e., poly(ethylene terephthalate) (PET)
based RTP. It showed concentration enhanced emission and also aggregation induced
emission [79]. In recent years phosphors based on nano material filled polymers,
polymer carbon dots (PCdots) and covalent organic framework (COF) have also been
reported. Kim and coworkers [80] synthesized a polymer nanoparticle (PNPs) in a
non-rigid matrix showing bright green RTP in argon rich water. The PNPs dispersed
in aqueous solution showed high sensitivity to oxygen and hence it could be used for
oxygen quantification in various environments. In PCdots the carbon dots provide
excellent phosphorescence properties while the polymer acts as the matrix support.
Thus, a blue–green afterglow emission was reported from a covalently crosslinked
and rigid PCdots with a very long life time of 658.11 ms [81]. Wang reported a COF
with H aggregation emitting yellow phosphorescence with a life time of 0.69 ms
[82].

4 Doped Polymer Based RTP

From the above discussion it is evident that several functional polymers may be suit-
ably modified as non-doped RTP where the phosphor, e.g., different dyes molecules
is chemically bonded with the polymer. The phosphorescence is originated from
the molecular center of the non-doped polymers. However, the requirement of the
chemical reaction and subsequent bond formationbetween the guest phosphor and the
host polymer, maintaining stringent reaction conditions, use of expensive catalyst for
these kinds of selective reactions limit the widespread development and applications
of non-doped RTP. To eliminate these problems, doped RTP was developed where
the guest phosphor is physically mixed with the host polymer. In doped polymer
based RTP the function of the host polymer is to provide a rigid atmosphere so that
the nonradiative transitions are reduced. Further, rigid structure has lower probability
of rotation and possible collisions causing better phosphorescence performance [83].
In this case the phosphorescence originates only from the guest molecule which is
physically bonded with the host polymers. In general, polymers such as polymethyl
methacrylate (PMMA), polyvinyl alcohol (PVA), polylactic acid (PLA) with trans-
parency and hydrogen bonding ability is chosen as host matrix to encapsulate the
small organic RTP as guest. Accordingly, the following doped polymer based RTP
are widely reported for various applications.
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4.1 Polymethyl Methacrylate (PMMA) Based RTP

PMMA or Plexiglas has been a lucrative choice in the fabrication of several lumi-
nescent devices in the last three-four decades. PMMA is bestowed with excellent
transparency particularly in the near-UV to the near-IR spectral regions. The thermal
stability and easy processingmake it a robust and cheap alternative. An inert polymer,
PMMA finds applicability as a base material in fabricating phosphorescent devices
due to its structural robustness along with a wide band gap [84] which enables the
polymer matrix to confine the molecular-motion essential for RTP emissions. To
add to these accolades, PMMA has very close solubility parameter values towards
several organic molecules (dopants) which results in the formation of several doped
phosphorescent materials which are easy to fabricate and are frequently used across
the orient. This decade has perhaps witnessed some prolific work on RTP research,
where Reineke et al. [85] have reported high yielding dual emissions of fluorescence
and phosphorescence at room temperatures from a PMMA film doped with a semi-
conducting molecule; (N,N′-bis(4-benzoyl-phenyl)-N,N′-diphenyl-benzidine). This
work exhibited a slow lifetime of decay of about 208 ms with an estimated high
�p value of 50%. The result was in contrast to the general observation as the total
phosphorescence intensity at room temperatures was appreciably higher than what
has been observed at 77 K or below. This anomaly can be addressed by the fact that
in the present study the coupling of the triplet state to the intermolecular motion
was very weak and the ISC had to be assisted thermally to initiate phosphorescence.
Reineke et al. report was in agreement to the presumption that PMMA provides rigid
structure at low temperatures to restrict molecular mobility making RTP conducive
and emission of different colours ranging from 550–470 nm was observed from the
doped matrices. Lee et al. [31] had published an exhaustive report depicting a highly
efficient RTP with a quantum yield of around 7.5%. The study was based on the
host–guest material interactions in amorphous PMMA matrix and also helped to
establish the fact that the tacticity of PMMA had a pivotal role in enhancing RTP
emissions. Lee and co-workers introduced a guest molecule of Br6A (2,5-hexyloxy-
4-bromobenzaldehyde) into an isotactic PMMA (iPMMA)matrix and had witnessed
nearly ten times brighter RTPwhen comparedwith its syndiotactic or atactic isomers.
The percent dosing of iPMMA was increased gradually, the �p escalated from 0.7
to 7.5%. This observation was substantiated from the fact that the triplet excitons
lead to the vibrational losses which are remarkably suppressed due to the reduced
β-relaxation in iPMMA structure. This structural facet of iPMMA enables the guest
molecule phosphorescence quite efficiently. The Br6A-doped iPMMA matrix was
then employed in amicrofluidic devicemeant for temperature sensing. It consisted of
a polydimethyl siloxane (PDMS) rubber channel on a glass slide coated with Br6A-
doped iPMMA as shown in Fig. 9. Hot and cold water was made to flow through
microchannels of the device which resulted in setting up of a temperature gradient,
the outcome of which was phosphorescence occurring at room temperatures. RTP
emissions increase almost linearly across the temperature gradient which served to
be the prototype for RTPs to be utilized as temperature sensors. The versatile PMMA
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Fig. 9 Microfluide device containing Br6A embedded iPMMA coated on a glass slide on a PDMS
channel. [Reproduced from Fig. 6 of Ref. [31] © American Chemical society, 2013]

matrixwas again put to use by Joshi et al. [86], they employed conformational control
and tried to incorporate some contributory.

functional groups to a bichromophoric molecule called CBIQD; (2-(6-
chlorobenzo[d]thiazol-2-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione) and altered
its emissive properties, especially phosphorescence. The study revealed that an
interesting fact that planar and non-planar conformation of CBIQD molecule influ-
enced RTP emissions. The planar conformation contributed to fluorescence; while
nonplanar one aided in phosphorescence. The rigid PMMAmatrix induced the essen-
tial triplet state emission to initiate RTP by hindering nonradiative pathways and
restricting intermolecular motions of CBIQD respectively. On a similar footing,
coronene (a polycyclic aromatic hydrocarbon or super-benzene) doped PMMA was
studied by Mieno et al. [87] and they shared their observations by stating that both
aggregative and non-radiative transitions of planar coronene were restricted by the
rigid PMMA matrix. Mieno and co-workers witnessed a sustained RTP for about
5.58 ms by introducing only 0.6wt% of planar coronene into the PMMA matrix.
An unhackneyed approach was suggested by Koch et al. [88] which utilized singlet
fission to amplify phosphorescence. The study was based on seven metal and heavy
atom-free boron compounds synthesized from hydroxy-vinyl imines and were intro-
duced into PMMA. The report showed over 100% absolute quantum yield for some
of the candidate compounds within the purview of the study. Upon thorough inves-
tigation, the study revealed a striking facet that singlet fission can be induced by
π–π stacking interactions as well as tailored electronic structures present in PMMA
matrix,which are primarily responsible for high-efficiency emissions. The idea estab-
lished a benchmark to be used in several optoelectronic applications in near future.
A comparative study based on mainly two luminescent compounds, viz. 1-naphthoic
acid (1NA) and 2-naphthoic acid (2NA) was undertaken by Gahlaut et al. [83] to
investigate the implications of several polymer microdomains consisting of PVA,
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PMMA & CA on the optical properties of the resultant compound. The result enun-
ciated a striking conclusion that even for the same guest organic molecule different
polymers exhibit differentRTPproperties. Itwas quite apparent in the case of PMMA,
which exhibited negligible phosphorescence under nitrogen atmosphere perhaps due
to weak hydrogen bonding.

4.2 Polyvinyl Alcohol (PVA) Based RTP

PVA is a good film forming water soluble polymer with excellent hydrogen
bonding capabilities. PVA film is crystalline due to extensive intra and intermolec-
ular hydrogen bonding. However, the intermolecular and intramolecular hydrogen
bonding of PVA is lost and it turns to amorphous when a small organic phosphor
guest, a substituted functional aromatic compound containing –OH, C=O and Br
(marked as G1) is encapsulated in PVA matrix as shown in Fig. 10 [89]. As a host,
PVA shows multiple hydrogen bonding interactions with the guest phosphor which
also reduces the thermal motion of the guest molecules. The heavy halogen atom,
Br of the organic phosphor also undergoes strong hydrogen bonding interaction with

Fig. 10 Structure and image of PVA based RTP [taken from Fig. 13 of Ref. [7] © 2018, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim]
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the PVA matrix. It results in increase in rigidity of the polymer host, increased spin–
orbit coupling and intersystem crossing (ISC) between singlet and triplet states.
As a result this PVA encapsulated phosphor showed a very good quantum yield
of 24% with a life time of 5.9 ms at ambient condition [89]. As G1 is replaced
with another phosphor, 2,5-dihexyloxy-4-bromobenzaldehyde (noted in Fig. 10 as
Br6A), the quantum yield of the phosphor decreased to 12% due to reduction in
hydrogen bonding with this (in comparison to G1) phosphor having higher substitu-
tion. On the other hand crosslinking in PVA further increases its rigidity and hence
the organic phosphor doped crosslinked PVA showed higher quantum yield [90].
Similarly, more functional organic phosphor such as hexa-(4-carboxyl-phenoxy)-
cyclotriphosphazene containing six benzoic acid arms in its structure showed exten-
sive hydrogen bonding with PVA. Further, the carbonyl functionalities of the six
aromatic rings provide enough n orbitals for easy ISC from singlet to triplate states.
However, small amount of this phosphor when encapsulated in PVA showed poor
RTP with a life time of 0.28 ms and quantum yields of only 2.85%.

However, after irradiation for 65 min at 254 nm light the life time and quantum
yield increased to 0.71 ms and 11.23%, respectively. These results indicate that
crosslink polymer under external stimulus efficiently improved the performance of
physically encapsulated RTP [37, 90]. Similarly, Gahlaut et al. [83] observed strong
RTP with a life time of 55 ms for 1, naphthoic acid phosphor encapsulated in PVA
because of strong hydrogen bonding interaction between the guest 1, naphthoic acid
and PVA. Oxygen was also found to quench the RTP significantly. PVA based RTP
was further attached to carbon dot (C dots) to further improves its phosphorescence
properties. In fact, the carbonyl groups of C dots s contributes to increased phospho-
rescence while the PVAmatrix protects the triplet excitons from rotational and vibra-
tional decay through rigid hydrogen bonding. Accordingly, PVA-Cdots composite
green RTP was reported by Deng et al. [91] in 2013 which showed a long life time
of 380 ms. Amphiphilic carbon dots (ACdots)/PVA was also reported to show a
very long life time of 450 ms [92]. Patir and Gogoi prepared another Cdots-PVA
which showed green phosphorescence with a life time of 503.43 ms [93]. Because
of strong phosphorescence as well as water solubility Cdots-PVA can be used as
anti-counterfeiting and secret information carrier on various packages [91].

4.3 Polylactic Acid (PLA) Based RTP

Exhaustive research has been undertaken in the recent past to demonstrate the
viability of PLA to be used as a non-doped RTP emitter. The promising results
have resurrected the urge to investigate further into the realm of doping and utilizing
PLA as the host polymer matrix. PLA in its amorphous state provides a rigid envi-
ronment to restrict the thermal decay and impedes quenching molecules to interfere
with the triplet excitons conducive to RTP. Aromatic difluoroboron β-diketonate
complexes (BF2bdks) can be termed as the most frequently used class of fluores-
cent compounds which has fed the insatiable thirst of RTP research over the years.
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Accordingly, several BF2bdk derivatives were brought under research ambit by Xu
et al. [94] to investigate the RTP properties of doped PLA films within a dye concen-
tration range of 0.05–0.5%. Their report stated distinct green/yellow RTP emissions
being observed by all BF2bdks blended with PLA. In these phosphors a slight red
shift in phosphoresce was sighted with a higher dye load. The methoxyl (electron
donor) substituted BF2bdks were found to be accountable for the apparent red-shift
in RTP when compared with the non-substituted ones which have higher lifetimes of
phosphorescence. Not remaining restricted to BF2dbm complexes, a report by Zang
et al. [95] narrates an observation of dual RTP emissions from aromatic ketones
incorporated into PLA. Several Lewis acids like AlCl3, BCl3, BF3, and GdCl3 were
chosen to fabricate dual emissive material because they have a strong binding affinity
towards the aromatic ketone. The researchers witnessed a prolonged RTP emission
under the nitrogen environment even after UV irradiation was halted. They asserted
the plausible cause of their observation was due to rigidness of the PLAmatrix which
could suppress thermal decay or loss at room temperatures. Daly et al. [96] brought
a new perspective to the topic under review and highlighted the stereochemistry
of luminescent compounds. They reported the synthesis of BF2dibenzoylmethane
(BF2dbm) dyes with dodecylalkoxy chains in either the para- or meta-position on
one aryl moiety of the dye, with the opposing phenyl ring substituted with a halide.
When these dyes were incorporated into PLA, emission shifting to blue spectrum
was perceived with very short lifetimes as compared to the meta-counterparts. This
investigation revealed that apart from ICT state contribution, the location of substi-
tution played a key role in tuning phosphorescence. Under the purview of BF2bdks
inclusion into PLA as unsymmetrical guest species, Liu et al. [97] demonstrated the
scrupulous tuning of phosphorescence by substituting a heavy atom on the naphthyl
unit (major) of BF2bdks. Secondly, by positioning a bromide ion on the phenyl unit
of the same molecule, the authors represented a surge in triplet species population
initiating RTP.

4.4 Molecularly Imprinted Polymers (MIPs)

The advent ofMIPs (molecularly imprinted polymers) has enriched the field of mate-
rials research to great extent by penetrating several domains like chemical/biological
sensors, dye separation, artificial antibodies (pharmacological application), catal-
ysis, etc. The molecular imprinting of polymers is based on a simple principle
[98], where a functional monomer and an imprint molecule (often termed to be
a template) are combined and ultimately co-polymerized in presence of a chemical
cross-linker. The covalent interaction between functional monomer and the imprint
takes place before the polymerization. After polymerization, the template rebinding
occurs due to non-covalent interactions. These non-covalent interactions are respon-
sible for the molecular recognition phenomenon between the template molecule and
polymer due to their flexible rebinding and reversibility. Removal of the template
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molecule from the crosslinked polymer results in the formation of template recogni-
tion sites complementary to a ligand, shape and size of the template. Thus, molecular
imprinting is a facile method to impart molecular memory in a candidate polymer.
The rigid environment of the MIPs yielded by the crosslinked internal structure can
be put to deliverance for RTP emissions. Yet the topic has been explored to a limited
extent. Salinas-Castillo et al. [99] reported the use of tetra-iodo-bisphenol A and di-
phenylmethane-4,4′-di-isocyanate (MDI) as functional monomers and fluoranthene
substantiated as the template molecule. The recipe was chosen for sensing PAHs
(polycyclic aromatic hydrocarbons) which are known to exhibit RTP emissions in
the presence of fluoranthene. The investigation revealed that fluoranthene entrapped
by the non-iodinated MIP did not exhibit any RTP emissions, but a contrary result
was obtained for the iodinated one. RTP emission peaks were witnessed at around
550–593 nm for the iodinated MIP. It can be asserted that RTP emission was due to
the iodine (heavy atom) contained in the rigid environment of theMIPwhich induced
efficient RTP emission in the presence of an oxygen scavenger. Sanchez-Barragan
et al. [100] in 2005 extended the heavy atom effect analogy. TheMIPwas synthesized
using the aforementioned recipe for sensing several PAHs. The sensor demonstrated
high fluoranthene specificity and the detection limit for the target analyte of 35 ng/L.
Recently, a MIP-based nanosensor [101] for fish aflatoxins (AFs) detection was
reported as also shown in Fig. 11.

The MIP was synthesized using DMSO (dimethyl sulfoxide) with the template
DMC (5,7-dimethoxycoumarin), divinylbenzene(DVB) and methacrylic acid (MA)
in-situ coated on PEG (polyethylene glycol)-Mn-doped ZnS QDs (quantum dots) en
route polymerization. Synthesized nanosensors exhibited intense RTP with a total
decay time of 0.004 s as the AFs interacted with the recognition cavities of the MIPS
attached to the phosphorescent QDs. The RTPwas found ranging from 520 to 720 nm
(highest peak intensity of 594 nm) after excitation. The preparedMIPs exhibited high

Fig. 11 Schematic diagram of MIP-QDs synthesis [Reproduced from Fig. 1 of Ref. [101], https://
doi.org/10.1016/j.aca.2019.12.060 © 2019 Elsevier B.V. All rights reserved.]

https://doi.org/10.1016/j.aca.2019.12.060
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adsorption capacity against non-imprinted QDs, demonstrating high adsorption of
AFs.

4.5 Zeonex Phosphors

Zeonex is the trade name given to a group of cyclo-olefin polymers [102]. This class
is bestowed with the optical transparency and flexibility in processing generally
associated with polymers. Zeonex is transparent to ultraviolet A (UV-A) and near
infrared (IR) wavelengths similar to glass. To add to its merits Zeonex is gifted
with low haze and very little affinity towards moisture. It finds its applicability from
optical mirrors or lenses to optical fibers used in telecommunication. Zeonex exhibits
dimensional stability at room temperatures and has a glass transition temperature of
138 °C. It has pronounced air permeability and is virtually impermeable to oxygen.
Thus, Zeonex can serve a suitable candidate having both rigidity and inertness to
exhibit RTP emissions. Several thianthrene derivatives were studied by Pander and
co-workers [103]. Their investigation was based on the blending of such derivatives
in Zeonex and reported their RTP emissions or behaviors. They witnessed strong
yellow phosphorescence from one of the derivatives bearing an �P value of nearly
40%. Doped Zeonex films have exhibited noticeable sensitivity to oxygen, which
tends to open an operational window for prospective use in sensing applications.

5 Conclusion and Future Prospect

In this review report the recent works carried out on polymer based room temperature
phosphors (RTP) have been discussed. The metal free organic phosphors including
polymer basedRTPs are highly promising in terms of its different applications. These
RTPs may be undoped, i.e., the phosphor is covalently bonded with the polymer
or doped where the phosphor is physically encapsulated with the polymer with
hydrogen bonding or other similar ionic interactions. From the above discussion
it is evident that non-doped RTPs are limited to few polymers such as polyurethane,
polylactic acid (PLA), polyamide/imide, polyacrylonitrile, some nanocomposites,
polystyrene sulfonic acid ion exchange resins, polyethylene terephthalate (PET)
derivatives, carbon dots and some covalent organic framework (COF) polymers
while doped polymer RTP are limited to polymethyl methacrylate, polyvinyl alcohol
(PVA), PLAs, some molecularly imprinted polymers (MIF) and few cyclo-olefin
polymers (zeonex). However, there are many limitations of polymer based RTPs.
The exact structure of the polymer based RTP, its mechanism of phosphorescence,
role of polymer and the phosphor component and their structure properties relation-
ship are yet to be fully explored. The application areas of polymer basedRTPs are also
narrower than inorganic or small organic compound based phosphor. In fact, the color
range of polymer based RTPs is not as wide as observed for non-polymer phosphors,
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e.g., polymer based RTPs with blue or red emission is very rare. The application
areas are also limited to only data encryption and sensing materials. Because of the
absence of efficient red or near- infrared emission in aqueous solution, polymer based
RTP cannot be used for most of the biomedical applications. Extensive research is
going on for eliminating these limitations. Once the structure–property relationship
between phosphor and the polymer component as well as phosphorescence mech-
anism are rightly established, more polymers will be explored for development of
new polymer based doped and undoped RTP with wide range of applications.
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Upconversion Hybrid Phosphors
for Biological Applications

Kaushal Kumar, Sachin Kumar Maurya, and Manoj Kumar Mahata

1 Introduction

Thephotoluminescence emission in rare earth (lanthanide)materials has alreadybeen
explained in previous chapters of this book and here only a short introduction specific
to the frequency upconversion emission phosphors is provided to make consistency
of this chapter. The most attractive feature of the rare earth luminescent compounds
is the atomic line like emissions at several wavelengths (rare earth ions possesses
large numbers of energy levels). The emission wavelength shifts are also found less
sensitive to the host matrices and there is only the change in radiative/non-radiative
transition rates if one goes from one host to another. The rare earth (RE) ion lumi-
nescence is widely investigated and underline emission processes are well resolved
[1]. Rare earth ions based frequency upconversion phosphor (UC) technology has
grown mature and is an interesting subject for fluorescence application commu-
nity. Thanks to the advances in chemical preparation routes and nanotechnology, the
size and shape controlled nano-particles synthesis has now become possible. Use
of UC emission phosphors/particles in photo-thermal cancer therapy, bio-imaging,
latent fingerprint detection, and temperature sensing in nano/micro-volumes are the
stunning ideas, generated recently. The fact is how wisely one can mold the upcon-
version materials for these applications. Recent research in cancer therapy is focused
on the development of target specific tools to detect and cure the cancer cells simul-
taneously with minimal harm to healthy cells. Trials of using optically functional-
ized magnetic (magnetic hyperthermia) and plasmonic (photothermal) nanoparticles
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(NPs) for multimodal detection and destruction of cancerous cells have given very
appreciable results. Such studies will be continuing and will lead to advancement in
medical science.

Here it is customary to differentiate between the two emission modes viz.
frequency downconversion and frequency upconversion emission modes as in this
chapter applications of both the emission modes are discussed and particularly
the upconversion emission mode as it finds more comfortable home for biological
applications.

1.1 Frequency Downconversion Luminescence

The downconversion (or downshifting) luminescence follows well-known Stoke’s
law principle, is an emission process where a high frequency photon is converted
into low frequency photon. This energy difference between the absorbed photon and
emitted photon is termed as Stoke shift. The downconversion emission process can
easily be understood from Fig. 1. The emission (red colour in figure) has higher
wavelength than the excitation wavelength (blue colour) and hence is called down-
shifting emission. This emission mode is most common, widely studied and has
many practical applications such as lamp phosphors, white light emitting diodes
etc. One of the best examples is the red emitting Eu3+ doped Y2O3 phosphor under
UV excitation. Almost all rare earth ions in their trivalent or divalent valence states
possess this property. Sometimes two different rare earth ions are used in conjunction
to get the enhanced luminescence. In this case one rare earth ion act as sensitizer
(transfer its energy) and another works as activator (receives energy). The sensitizer
ion adequately transfers its energy to the activator ion and this process enhances
luminescence efficiency (intensity). For downshifting phosphors the Ce3+ ion is most
commonly used ascodoping ion to enhance the luminescence intensity of RE (RE
= Eu3+, Tb3+, Dy3+, Sm3+) ions, as emission wavelength of Ce3+ ion well matches
with several f − f transitions of RE ions. The Ce3+ − RE3+ combination has been
used in many hostslike NaGdF4, BaYF5, YPO4, GdF3, and Sr3Y2(BO3)4.

Fig. 1 Schematic diagram
for downconversion
luminescence process
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1.2 Frequency Upconversion Luminescence

Contrary to the downconversion emission the upconversion emission produces
photon of higher frequency (energy) than the excitation photon and the process
involves sequential absorption of two or more low energy photons. Such emis-
sion is called anti-Stokes emission in its basic statement in physics language. If
one compares the upconversion emission pattern with the downconversion emis-
sion patterns then it can easily be noticed that Stokes shift for upconversion emis-
sion is higher than the downconversion emission and this large Stokes shift makes
upconversion emissionmaterials superior over conventional luminescence. The large
Stokes shift enhances the signal to noise ratio which helps to record high contrast
upconversion emission image of the object. This upconversion emission finds novel
applications in photonic devices, temperature sensors, bioimaging, biomedical diag-
nostics and therapy, security etc. Bloembergen in year 1959 had proposed an infrared
quantum counter (IRQC) where super excitation of the energy levels was used as
a detector to detect and count the infrared (IR) photons [2]. After that F. Auzel in
year 1966 had suggested that energy exchange between the two excited rare earth
ions could lead frequency upconversion emission [3]. This discovery has opened a
new area of research and thereafter many novel applications of frequency upcon-
version emission were proposed. The frequency upconversion is the property of the
rare earth ions and no other inorganic element/ion/compound possesses this property.
However, similar frequency upconversion is observed in few organic compounds but
with different mechanism and is not a part of the present discussion. There are several
dynamical processes which result upconversion emission in rare earth ions and are
discussed in short below.

1.2.1 Excited State Absorption (ESA)

The ESA process was first proposed in 1959 by Bloembergen [2]. In ESA there is
successive absorption of two or more incident photons by a single atom/ion. The
schematic process of ESA involving two successive absorptions is shown in Fig. 2a.
Under the resonant excitation, the ground state 1 absorbs incident photon and reaches
to the metastable level 2, the excited state 2 then absorbs second incident photon
and reach to final state 3. Condition is that level 2 and level 3 should be resonant
with incident energy (energy mismatch ≤800 cm−1 could be compensated either by
phonon absorption or by phonon emission, whichever is the condition). When the
electronde-excites from the level 3 to the ground level 1, the upconversion emission
happens. Generally in rare earth ions ESA is observed in samples containing low
active ion concentration.
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Fig. 2 General upconversion emission processes: a excited state absorption, b energy transfer
followed by excited state absorption; c successive energy transfer; d cross relaxation process; e
cooperative sensitization; f and cooperative emission (from virtual level) phenomenon

1.2.2 Energy Transfer Upconversion (ETU)

Energy transfer upconversion (ETU) is rather different from the ESA process
explained above. The ESA works within a single RE ion while ETU requires two
different RE ions, one RE ion acts as sensitizer (or donor) and other works as acti-
vator (or acceptor). In this process the sensitizer ion is in one of its excited state and
activator ion is in its ground state and the interaction between the two transfers the
excitation energy from donor to acceptor ion. ETU is treated as the most efficient
UC process. Such ET upconversion processes have been reported in many materials
which were codoped with two types of RE ions e.g. Yb3+/Er3+, Yb3+/Ho3+. There
are five different types of ETU processes as illustrated in Fig. 2b–f. These are the
energy transfer process (ET) followed by excited state absorption, successive energy
transfer, cross relaxation process, cooperative sensitization and cooperative emis-
sion. The cases (b), (c) and (d) of Fig. 2 do not involve any cooperative effect. For
example, the second process in Fig. 2b is the energy transfer followed by excited-state
absorption in which sensitizer in its excited state transfers its excitation energy to
the ground state of activator and the excited activator absorbs a second input photon
and excited to a higher excited state 3. The third process in Fig. 2c contains succes-
sive energy transfer from sensitizer to the activator ion and raising the activator to a
high energy state. This is the process where only sensitizer absorbs photon from the
incident beam and then then transfers to two different levels of activator. Figure 2d
represents a process which might be termed as cross-relaxation (CR) upconversion.
The donar decays to ground state and acceptor absorbs that energy to reach from
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state 2 to state 3. Further details of the basic upconversion mechanism can be found
elsewhere [3].

The last two UC processes (Fig. 2e, f) involve cooperative effects. In the case of
cooperative sensitization (Fig. 2e), the energy accumulated in two excited donors is
transferred to one acceptor ion. The excited ion reaches to state which is just sum
of the energy of two donor ions. Figure 2f shows the case of cooperative emission
where two excited ions itself combines their energy and sum of the energy is emitted
from the virtual level. In this process second type of ion is not required. This case
is found in Yb3+ ions. Any mismatch between the energy levels of the sensitizer
and that of the activator can be counter balanced by phonons. In practice, energy
difference consideration is used to identify the excitation and emission processes.
This may also permit a method to distinguish between ET and ESA. ET mechanism
has an advantage over ESA, as only one pump beam is necessary and this permits
a simpler pumping configuration. However, RE concentration in the host should be
high enough so that ion-ion interactions can induce energy transfer.

2 Surface Modified Hybrid Phosphors

Most of the RE emission studies have done on either inorganic lanthanide phosphors
iron molecular lanthanide compounds. The ever increasing demand of high perfor-
mance phosphors and advancement in science and technology had further widened
the research on phosphors and we have witnessed so called organic–inorganic hybrid
materialswithRE ions as active centers. In suchmaterials either an organic lanthanide
complex is embedded in an inorganic hostmatrix or an inorganic lanthanide phosphor
is embedded in an organic matrix (say polymer). Likewise, inorganic RE phosphor
particles can be coated with organic compounds and this strategy has been found
quite useful for biological applications. However, there is no clear distinction among
these classes and a combination of inorganic–organic components of a phosphor can
be treated under the hybrid phosphors. Most of the applications described here in this
chapter have utilized inorganic lanthanide core coated/functionalized with organic
part. Other classes of hybrid phosphors have uses in applications such as optical
waveguides, amplifiers, OLEDs, displays etc.).

The biological applications have little bit different requirements than the other
applications for example bio-imaging using the phosphors requires phosphor sample
to be in dispersible form having particle size less than 100 nm. Now-a-days it is
not a difficult task to produce nanometer size particle size. Soft chemistry routes
have advanced enough to produce size and shape controlled nanoparticles of RE
compounds. Most laboratory synthesized inorganic phosphors are toxic to the bio
cells and hence further they need to be made in biocompatible form. So, for this
purpose rare earth doped nanoparticles are coated with long chain organic molecules.
The organic coating also improves the colloidal stability of the nanoparticles (NPs).
The organic coating isolates the nanoparticles from interacting with other nanoparti-
cles and thus avoids particle aggregation which leads to segregation. The attachment
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of organic molecules or metal complexes through covalent bonding to the surface of
nanoparticles can also be done and this results additional functionality in the phos-
phor. It is also possible to attach luminescent RE complexes via a linking group
on non-luminescent nanoparticles such as Gold. The NaYF4:(Tm3+/Yb3+) nanopar-
ticles functionalized with glucose have been developed as fluorescent labels for
the determination of glucose in blood [4]. Liu et al. [5] have proposed a glucose
detection scheme using polydopamine (PDA) coated upconversion nanoparticles
(UCNPs). In this scheme, first oleate group capped UCNPs were prepared through
high temperature coprecipitation method and then oleate group was removed from
surface through acid treatment. The oleic acid during synthesis was used to control
the particle size. After removing of the oleate group the bareUCNPsweremixedwith
dopamine monomer and after polymerization PDA capped UCNPs were obtained.
PDA has strong absorbance in the visible region and thus promotes luminescence
quenching in UCNPs. The presence of H2O2 in solution inhibits the polymeriza-
tion of DA monomers and leads intense upconversion emission from UCNPs under
976/980 nm excitation. The UCNPs-PDA system can be well explored as effec-
tive bioassay nanoplatform for glucose detection that produces H2O2 through the
reaction with glucose oxidase (GOx) enzyme. The concentration of glucose can be
monitored by measuring the emission intensity. Liu et al. have found that upconver-
sion emission intensity of the UCNPs-PDA system increases linearly with glucose
concentration from 0 to 300 mM and having limit of detection (LOD) of 0.8 mM.
The proposed scheme is applicable for human serum and whole blood with high
accuracy and precision. In a similar way Chen et al. [6] have reported a nanosensor
using UCNPs and squaric acid (SQA)-iron (III) combination for high sensitivity
glucose detection in human serum. In the assay formed, GOx-catalyzed oxidization
of glucose produces gluconic acid and hydrogen peroxide (H2O2). The H2O2then
catalytically oxidize iron (II) to iron (III) which rapidly (<1 min) coordinate with the
SQA to produce (SQA)-iron (III). The absorption band of (SQA)-iron (III) largely
overlap with the emission band of UCNPs and hence there is emission quenching of
UCNPs. The glucose level can be monitored by measuring the SQA-iron (III). The
fluorescence quenching is found to show linear response with glucose concentration
in 7–340 μM range and detection limit of 2.3 μM. The developed technique was
further applied to monitor glucose levels in human. Compared with other fluores-
cence methods, this method has displayed high sensitivity and signal-to-noise ratio.
In Fig. 3 one such scheme of the use of UCNPs in glucose detection has shown. There
are numerous other schemes available in literature where upconversion emission of
UCNPs is utilized to sense the biological objects [7–9].

Before start of the discussion on biological applications of the hybrid phosphors,
here it is customary to mention the specific benefits of the upconversion emission
in biological applications over the conventional downconversion emission found in
semiconductor quantumdots, carbon nanoparticles andREphosphors. Upconversion
emission has following advantages:
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Fig. 3 Schematic mechanism showing how UCNPs can be used in glucose detection after surface
modification. Reproduced with permission [6] Copyright 2016, Elsevier

1. Upconversion emission in rare earth ions has large Stoke’s shift (e.g. excitation
wavelength: 980 nm; emission wavelength: 550 nm for Er3+ ion) and hence
factors such as excitation light scattering do not affect the detection of emission.

2. The biological samples are prone to give fluorescence on visible excitation and
hence can interfere in the detection process. The upconversion emission can only
be produced from rare earth ions and hence in principle there is no background
emission in upconversion emission mode. It gives high contrast and high signal
to noise ratio.

3. The UCNPs are quite stable under high excitation powers and there is no
unwanted photoblinking as found in luminescent quantum dots.

4. The upconversion phosphors are excited around near infrared (NIR) region
and biological samples are transparent to NIR wavelengths except at certain
wavelengths (water absorption bands). Hence NIR radiation receives more
penetration depth inside the tissue cells than the visible radiation.

5. Rare earth phosphors can emit at several wavelengths with sharp bands and
hence detection can be done at the choice of wavelength.

In the following table a comparative chart is provided which shows the superiority
of UCNPs over the other luminescent tools used for various biological applications
(Table 1).
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Table 1 A comparison of specialties of UCNPs with other luminescent probes used for biological
applications

Types of emission
probes/parameter

Organic
dyes

Silica
nanoparticles
with dye

Quantum dots Lanthanide
chelates

UCNPs

Size (nm) 5–10 nm 25–500 nm 2–6 bare
Up to 30 nm
with functional
groups

5–10 nm 20–200 nm
(size does not
impact
emission
property)

Cost Low Low High Medium Medium

Applications

Cell imaging High Low Medium Medium High

Tissue/animal
imaging

Low Low Low Low High

High resolution
imaging

Medium Low High Low High

Therapies PDT – PHT PDT PDT, PHT

Excitation UV–Vis UV–Vis UV–Vis UV–Vis NIR

Background
emission
interference

High High High Medium NIL

Photostability Very low Medium High
photoblinking

High Very high

Chemical stability Medium Medium High Medium High

Detection mode E E E E E/MRI

Clearance from
body

Fast – – Fast Few days

Biocompatibility Very high High Medium Medium Low;
biocompatible
shell required

Symbols: PDT: photodynamic therapy, PHT: photo-thermal therapy, E: fluorescence emission,MRI:
magnetic Resonance Imaging

3 Synthesis Methods of Upconversion Hybrid Phosphors

Preparation ofmono-dispersed upconversion nanoparticles is themajor challenge for
practical applications ofUCNPs. For biological applications, theUCNPs should have
narrow size distribution, dispersible and stable in aqueous medium [10–12]. Among
the studied upconversion host materials, the fluorides have been found most suit-
able for the strong upconversion emission because they have low phonon frequency
and good chemical stability. For example, NaYF4:Yb3+/Er3+ and NaYF4:Yb3+/Tm3+

have been found most efficient upconversion materials to give intense green, red
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and blue emission [13, 14]. Recent research focus has been done on the improve-
ment of synthesis methods, surface modifications and colloidal stability to improve
the efficacy for different applications. Out of several synthesis methods for fluo-
ride based UCNPs, the coprecipitation, hydrothermal and thermal decomposition
methods are most popular and are discussed here. Other important preparation
methods are tabulated in Table 2.

Table 2 Ln-dopedUCNPs can bemade using variety of synthetic approaches.Here some important
methods are described along with some of their benefits and drawbacks

Synthetic method Process Benefits Drawbacks

Precipitation Chemical reaction
forces soluble salts
to precipitate in the
form of compound
within a template or
in a confined space

Easy to handle, fast
reaction, cost
effective, require
low/moderate
temperature and
pressure

Less control on particle
size and shape,
aggregation is obvious,
needs postreaction
annealing to remove
organic content,
annealing leads to
further growth in size

Combustion synthesis Nitrate salts are burnt
in the presence of
organic fuels which
produce oxide
compounds

Easy to work, rapid
synthesis, cost
effective and low cost

Almost no control on
particle size and shape,
high degree of
aggregation, less
possibility of phase
purity repeatability

Sol–gel method Dissolved salts are
converted to gel
through hydrolysis
and polymerization
processes. Chemical
reaction produce
metal oxides

Simple reactions,
suitable to prepare
thin coatings, easy to
control doping, slow
reaction leads high
degree of
homogeneity and
purity

Pure metal
acetates/metal
alkoxides precursors
are little expansive,
Little control over
shape and size of
particles

Microwave synthesis Uses microwaves to
produce heat to start
reaction

Fast reaction rates and
uniform heating, Low
energy consumption,
high reproducibility

Requires microwave
generator, limited
solvent choice

Spray pyrolysis/Flame
synthesis

Liquid solution with
hydrocarbon fuel is
sprayed and passed
through a flame
source. Burning
produce fine
crystalline powder

High-purity samples,
Fine size distribution,
cost effective and fast
synthesis, good
control on shape, high
yield

Considerable
aggregation is
observed, synthesis of
complex materials is
difficult
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3.1 Coprecipitation Method

The coprecipitation method is a simplest method to prepare the samples as it has
simple reaction conditions, effortless protocols and fast reaction rate. The coprecip-
itation method does not require expansive equipment; only few glassware items are
required. In the technique, the metal precursors are taken in the form of salt and
mixed altogether in water medium. Base (e.g. NH4OH) is then added dropwise in
the solution to form metal hydroxide. The metal hydroxides are insoluble and can
be separated from the solution via centrifugation.

The release of anions and cations during the reaction can be regulated with the
help of reaction arrestors (e.g. Ethylenediaminetetraacetic acid EDTA, a long chain
hydrocarbon) to control nucleation and particle growth kinetics. This control could
produce desired size and shape of the particles; however it is little bit difficult in
this technique. In order to get better control on the particle size and shape several
modifications such as use of surfactants, sonochemical methods etc. are proposed.

The collected precipitate could be dried in an oven to get the desired compound.
Drying process removes the hydroxide from the sample. If one considers the suit-
ability of this method for upconversion emission phosphors then it is found that
samples prepared through this technique produce lowupconversion emission because
of the small presence of volatile compounds in the sample. Hence, in order to get the
desired upconversion emission intensity samples need to go for heat treatment. This
heat treatment although removes the volatile impurity but in same time increases the
particle size and agglomeration. Hence, for biological applications this technique is
not so useful. Yi et al. have reported the synthesis of NaYF4:Yb3+/Er3+ phosphor
through this method [15] and used EDTA to obtain controlled size particles.

3.2 Hydrothermal/Solvothermal Method

Due to the simplicity and capability of producing colloidal particles, the hydrothermal
method is evolved as a popular synthesis technique. In this technique chemical reac-
tions occur in a sealed environment under high temperature and pressure, usually
above the critical point of the solvent. The reaction vessel is known in various names
as hydrothermal synthesis reactor, digestion bomb, high temperature and pressure
digestion vessel, teflon lined autoclave etc. and is made up of thick stainless steel to
handle water temperature upto 250 °C and pressure upto 2–3 Mpa. The precursors
are taken in the form of nitrates, fluorides, and chlorides. In order to control size
&shape surfactants like ethylenediaminetetraacetic acid (EDTA), cetyltrimethylam-
monuim bromide (CTAB), trisodium citrate (Na3Cit), linoleate acid, oleic acid etc.
are utilized. Using this technique various shapes of NaYF4 crystals such as rod,
prism, tube, disk, octa dechedral shapes etc. were obtained [16–18] and used for
various applications. In Fig. 4 it is shown that how just precursor pH changes the
morphology of NaYF4 UCNPs and it is the beauty of hydrothermal synthesis.
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Fig. 4 The effect of pH on the morphology of NaYF4 crystals containing NH4F as the fluoride
source. a and bAt pH= 3, prismatic microrods with fractured ends were produced. c, dAt pH= 7,
prismatic microrods with conical ends were produced. e and f At pH = 10, hexagonal microprisms
were produced. These samples were treated hydrothermally for 24 h at 180 °C (1:1 molar ratio for
Cit3−/Y3+). Reproduced with permission from [18], Copyright 2007, American Chemical Society

The hydrothermal route has the advantages as: (a) use of simple instrumenta-
tion (b) relatively low reaction temperature (commonly below 200 °C) (c) easy
control on size, and shape of particles (d) good yield and (f) high reproducibility.
The UCNPs prepared through this technique may contain hydrophobic organic
ligands (for example, OA) at the surface of the nanoparticles and hence biological
applications require further surface modifications of these particles.

3.3 Thermal Decomposition Method

The hydrothermal method uses water as a reaction medium and hence synthesized
UCNPs may contain water molecules which reduce the upconversion emission dras-
tically. The thermal decomposition or thermolysis process uses organic liquids as
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Fig. 5 Representative steps shows how α-NaYF4:Yb3+/Er3+ nanocrystals grow via nucleation
process. Reproduced with permission from [30], Copyright 2007, American Chemical Society

a reaction medium and hence prepared UCNPs are free from water molecules. The
preparation of –OH free samples through thermal decomposition route produces high
upconversion emission intensity and hence this technique is mostly used in upcon-
version phosphor research. Many alkali lanthanide tetrafluoride (AREF4) UCNPs
such as LiYF4 [19], NaYF4 [20, 21], NaGdF4 [22, 23], NaLuF4 [24], KGdF4 [25],
BaYF5 [26] and CaF2 [27] have been synthesized through this route. This method
also provides best control on the particle size and shape with comparatively faster
reaction time [28]. The method employs thermolysis of organometallic precursors
like Ln-trifluoroacetates [12, 20, 29] in a high boiling point organic medium such as
1-octadecene (ODE). The reaction solution needs to be heated upto 300 °C in oxygen
free environment to form crystalline particles. During the reaction, nucleation and
particle growth happen and organic ligands present in solution encapsulate grown
particles and further particle growth sustains [12, 20, 29–31]. Synthesis stages of
cubic NaYF4:Yb3+/Er3+ UCNPs are depicted in Fig. 5. Different shapes and sizes
of NaYF4:Yb3+/Er3+ UCNPs can be obtained by varying the reagent concentrations,
reaction duration, and reaction temperature.

3.4 Surface Functionalization of UCNPs
and Biocompatibility Testing

The surface modification of the rare earth doped upconverting nanoparticles is
required to develop a bioconjugation of the nanoparticles. Thus, the UCNPs may
gain functional groups or become strongly charged on the surface that helps to conju-
gate biomolecules. Such modification improves colloidal stability of the UCNPs
and generates a nanoplatform for biological applications [32–35]. Several biocon-
jugation strategies are used for UCNPs. Out of which chemical binding is one
of the specific compared to the physical interaction (e.g. electrostatic adsorption
method). A number of strategies have been proposed so far for surface modification
of UCNPs which includes layer-by-layer self-assembly method, ligand exchange,
ligand oxidation reaction, and amphyphilic polymers coating. In ligand exchange
process, original ligand is displaced by bifunctional polymeric molecules on the
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nanocrystal substrate which results hydrophilic surface and proficient for bioconju-
gation. Recent study found that theNaYF4:Yb/Er can be used for obtaining carboxyl-
functionalized water-soluble surface [36]. On the other hand, the ligand oxidation
process involves carbon–carbon double bond oxidation of the ligand by Lemieux-
von Rudloff reagent. The oxidation process converts carbon–carbon double bond
into carboxylic acid group and that provides reactive functional moieties following
biofunctionalization. A simple and versatile strategy for converting hydrophobic
UCNPs into water dispersible sample is reported using this platform in reference
[37]. Using the oppositely charged linear polyions, another group developed a layer-
by-layer assembly strategy which can produce water-soluble UCNPs. In this tech-
nique electrostatic absorption of alternately charged polyions occurs and is useful
for hydrophilic nanocrystals. Silica coating on the surface of nanocrystal produced
by hydrolysis and condensation of siloxane monomers can be also functionalized.
Zhang et al. have reported that polyvinyl-pyrrolidone stabilized NaYF4nanocrystals
could be directly coated with silica to facilitate a suitable surface for bioconjugation
[33].

4 Biological Applications of Hybrid Phosphors

Conventional fluorescence-based probes/agents including organic dyes, quantum
dots etc. have no longer importance in biological applications and in place of
newer generation inorganic–organic hybrid fluorescent particles are receiving atten-
tion. Organic fluorescent dyes undergo photo-bleaching and long-term applications
including live-cell bioimaging become troublesome. Also with organic dyes multi-
color labeling and imaging is not possible. Same is also true for inorganic luminescent
quantum dots. The organic dyes also suffer change in excitation and emission wave-
lengths with the change in pH, temperature etc. of the analyte. Rare earth based
upconversion emission probes as mentioned above overcome these limitations and
hence gaining their importance. Few interesting applications of UCNPs in biology
are discussed below.

4.1 UCNPS as Biomolecule Sensors

Biomolecule sensors are developed based on FRET (fluorescence resonant energy
transfer) technique where the donor’s fluorescence is quenched by the acceptors in
the nanometer distance range. A large number of experiments have been dedicated
to design such novel sensors. Initialy, Wang et al. have constructed a FRET system
using UCNPs as energy donors and gold nanoparticles as acceptors for the detection
of trace amounts of avidin [38]. The sensor’s principle was utilizing gold NPs as
quencher forUCNPs.A separate study on cyclodextrin-decoratedUCNPs platform to
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detect cysteine has been done byNi et al. [39]. Rhodamine-oxaldehyde conjugated β-
NaYF4:Yb3+/Er3+ FRETmodelwere developed to detect cysteine in aqueous solution
through FRET method. Here, rhodamine-oxaldehyde and β-NaYF4:Yb3+/Er3+ were
used as an donor and acceptor respectively (Fig. 6).

Increasing the concentration of cysteine, the quenching of UC luminescence was
observed increasing upon NIR light excitation and was testified by absorption spec-
troscopy. The developed cysteine nanosensor is a potential biomolecular sensor due
to avoiding background fluorescence interferencewhich is because of theNIR excita-
tion source. It was reported that graphene oxide (GO) quenches significantly through
light emission of DNA-functionalized UCNPs, where β-NaYF4:Yb, Er were used as

Fig. 6 a Surface modification and FRET: donor UCNPs and acceptor rhodamine. b UC emis-
sion spectra under 980 nm, (Inset: the variation of relative upconversion emission at 540–651 nm
ratio upon various amount of Cys.) and c titration spectra of UV–Vis absorption (Inset shows the
response of the ratio with Cys concentration.) of Rhodamine-oxaldehyde functionalized UCNPs
with gradual increment of Cys. Reproduced with permission from [39], Copyright 2015, Royal
Society of Chemistry
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Fig. 7 a Scheme for upconversion FRET between GO and ssDNA-UCNPs for ATP sensing. b
Upconversion spectra of ssDNA-UCNPs before (solid line) and after (dashed line) addition with
GO. c Upconversion spectra of PAA-UCNPs before (solid line) and after (dashed line) addition of
GO. Reproduced with permission from [40], Copyright 2011, Royal Society of Chemistry

the donor [40]. Furthermore, surface of the β-NaYF4:Yb, Er UCNPs were function-
alized by polyacrylic acid which is a carboxylic acid group. Under 980 nm excitation,
the ssDNA as adenosine triphosphate-specific aptamer exhibit upconversion lumi-
nescence which can be quenched when GO is added. When adenosine triphosphate
is added, the luminescence is recovered (Fig. 7).

This study also infers that the assay of UCNPs-GO can be used as a probe for
various targetmolecules by cross-linking suitable aptamers andUCNPs.TheUCNPs-
based sensing is useful for tyrosine detection based on photo induced electron-
transfer mechanism between melanin-like polymers and UCNPs [41]. Moreover,
Guo et al. have developed UCNP-based sensing material for glycoprotein detection
[42]. Theseworks suggest thatUCNPs canbe applied to different biomolecules detec-
tion, and it has also been proven to exhibit good sensitivity in a range of chemical
and biological analysis. Less toxicity of polymer coated UCNPs permits long-term
live imaging monitoring. Hence, UCNPs are promising materials for imaging probes
or sensors in biomedical application [43, 44].

The UCNPs can also be functionalized with proteins and such system can be used
to the detection of antigen and antibody. Zijlmans et al. [45] have first time utilized
UCNPs asmarkers to detect specific antigens in cells and tissue sections through solid
phase immunologic fluorescent assay (IFA) and immunohistochemistry methods,
respectively. The researchers have also used specific primary antibodies to target the
antigens and biotin-conjugated antibodies as the secondary antibody. UCNPs coated
avidin was then allowed to bind with secondary antibody. The obtained images had
shown morphology of the tissue and cells and were easily marked because of the
absence of fluorescence interference. This study shows feasibility of UCNPs for
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fluorescent staining of proteins. However, researchers have given extensive effort to
the development of such designs. The detection speed is comparatively faster than
other techniques like enzyme-linked immunosorbent assay (ELISA). Thus, it is stated
that UCNPs are potential for designing rapid diagnosis methods [46]. Several other
researchers have used similar schemes to detect different virus and bacteria e.g.
respiratory syncytial virus [47], hepatitis B virus [48], human immunodeficiency
virus, and human cytomegalovirus [49], Mycoplasma tuberculosis bacteria [49],
Yersinia pestis bacteria [50] and Brucella bacteria [51].

4.2 UCNPs as ROS (Reactive Oxygen Species) Sensors

The ROS has significant effects in cell signalling and homeostasis and its high
level can lead lipid peroxidation, DNA, RNA, and amino acids oxidation. Thus,
the amount of reactive oxygen species is important in biosystem. As natural by
products ROS are formed by normal metabolism. Some of the examples of reac-
tive oxygen species are H2O2, HClO, –OH, etc. To detect H2O2 and glucose, Shuang
Wu’s group has fabricated UCNPs based hybrid system [52]. In that work, nanocom-
posite was developed by combination of DNA-templated silver nanoparticles (DNA-
AgNPs) and NaYF4:Yb/Tm@NaYF4 UCNPs where DNA-AgNPs acts as quencher
and NaYF4:Yb/Tm@NaYF4 as donor. On the other hand, to obtain bare UCNPs,
OA ligands coated NaYF4:Yb/Tm@NaYF4were treated with HNO3. A cytosine
rich DNA sequence was used for nucleation of AgNPs and to increase the acces-
sibility to UCNPs, poly (adenine) sequence was added at the 3′ end of the C-rich
sequence. To form DNA-AgNPs/UCNP nanocomposite based on the interactions
between the negatively charged phosphonate groups of DNA-AgNPs and the RE
ions on UCNPs, DNA-AgNPs could be assembled on UCNP’s surface. This design
is based on modulation of H2O2 of DNA-AgNPs induced luminescence quenching
of UCNPs (Fig. 8).

A spectral match between the blue upconversion and the DNA-AgNPs’s absorp-
tionwas observed from absorption spectrum ofDNA-AgNPs and upconversion spec-
trum of the NaYF4:Yb/Tm@NaYF4, as a result UC luminescence can be quenched
by DNA-AgNPs as shown in Fig. 8b. With the addition of H2O2 the UC lumines-
cence can be recovered. Researchers [53] have reported MnO2

− modified UCNP
sensor for detection of H2O2 and glucose in human blood. This design works on
H2O2 modulation of luminescence quenching of UCNPs. NaYF4:Yb,Tm@NaYF4
was employed in this scheme as energy donar and MnO2nanosheets on the UCNP
acted as quencher. Absorption band of MnO2 nanosheets in 250–500 nm range over-
laps the blue emission of UCNPs, whereas UCNPs emission is quenched by H2O2,
that help to form Mn2+ from MnO2, and the glucose is detected from the enzymatic
conversion of glucose by glucose oxidase for the generation of H2O2.

The –OHradical can damage biomolecules in living systems therefore,monitoring
of –OH radical is very important to understand its physiological roles. Researchers
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Fig. 8 a H2O2 concentration dependent spectra of DNA-AgNPs/UCNP, b variation of F/F0 with
changing the amount of H2O2 in DNA-AgNPs/UCNP; F and F0 are emission intensity in the
presence and absence of H2O2, respectively. Reproduced with permission from [52], Copyright
2016, Royal Society of Chemistry

have developed UCNP probe to detect the –OH radicals [54]. In this mechanism the
UC emission from theUCNP is suppressed due to carminic acid and can be recovered
in the presence of –OH. In 2017, a high-sensitive multifunctional probe was reported
byZhou and co-workers to detect –OHconcentration in a broad linear detection range
[55]. Hypochlorous acid (HOCl) is an important microbicidal agent in the immune
systems but its misproportion could damage the tissues. Therefore, many efforts have
been done on developing HOCl sensor. Zhang’s group has reported a novel UCNP-
based probe for ratiometric detection of HClO [56]. In this work, a water-soluble
detection system containing rhodamine modified UCNPs were synthesized.

4.3 UCNPs in Intra-Cellular pH

Detection of cellular pH is of great importance in biomedical research and designing
appropriate pH nanoprobes that work under NIR excitation [92]. Optical pH sensors
are usually based on the of materials that are sensitive to pH [91]. UCNPs based pH
sensor was first suggested by the group of Wolfbeis in 2009 [56]. They designed a
sensor film (~12 μm) by using NaYF4: Er, Yb nanorods, pH indicator- bromoth-
ymol blue. The pH probe exhibited a large spectral shift and specific color change
with pH. In a separate study, a ratiometric pH probe was developed by combining
porphyrin derivatives and NaYF4:Yb, Er UCNPs [58]. In this work, it has been
reported that by monitoring the change in the red/green ratio of upconversion, pH
can be detected. Mahata et al. [59] have reported a rationally designed and effective
upconversion system (Fig. 9) that combines NaYF4:Yb3+/Tm3+ @ NaYF4:Yb3+ @
NaYF4:Yb3+/Nd3+ ore-shell-shell UCNPs with fluorescein-5-isothiocyanate (FITC)
dye and evaluated its pH sensing ability upon NIR light excitations, as illustrated
in Fig. 9. The blue upconversion luminescence bands from the Tm3+-ions showed
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Fig. 9 a Design of the nanoprobe and its working principle, b black line- upconversion emission
upon 980 nm, blue line-absorption spectrum of FITC, redline-FITC emission upon 488 nm laser
excitation; c absorption spectra of FITC at various pH, d variation of 808 nm excited upconversion
emission spectra of FITC conjugated nanoprobes with pH; inset shows the 474 nm band. e pH
dependent variation of 474, 643 nm and their ratio (474–643 nm). Reproduced with permission
from [59], Copyright 2019, Royal Society of Chemistry

pH dependent variation because of absorption of blue light by the FITC molecules
while the other bands at the red or near-infrared regions remained unchanged. Thus,
a ratiometric and self-referenced sensor was developed by considering 474, 643, and
802 nm emission bands upon longwave light excitations. The black line fit of the
experimental points in Fig. 9 indicates a linear relation of the ratio (474 to 643 nm)
and pH. This approach will help to broaden the applications in pH sensing for further
development of nano-bio probes.
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4.4 UCNPs as Contrast Agent in OCT Imaging

The potential of UCNPs can be utilized by several ways due to the versatility of these
particles. The UCNPs can be made to work in multi-modal/-functional way. As an
example NaGdF4:Er3+/Yb3+ UCNPs can show at least two properties, (1) frequency
upconversion optical emission and (2) paramagnetic property. First belongs to the
optical functionality and second belongs to the magnetic functionality and both can
be explored at the same time. This has introduced multimodal imaging using UCNPs
in biology. Gadolinium (Gd3+) host based compounds are commonly employed as
contrast agents for magnetic resonance imaging (MRI) [60–62]. The Gd3+ is among
those four elements that can be magnetized at room temperature (gadolinium, nickel,
iron, and cobalt). This offers alternatives to high energy ionizing radiationmethods of
tomographic imaging such as computed tomography and positron emission tomog-
raphy. Several groups have utilized lanthanide UCNPs as multimodal imaging [63,
64]. It is not limited to here and further UCNPs have potential to work as contrast
agent for multiple bio-imaging techniques. The UCNPs can generate heat (due to
non-radiative transitions) on suitable excitation and hence can be used to enhance the
photoacoustic imaging [65]. In a very recent study UCNPs were used to enhance the
contrast of images recorded by optical coherence tomography (OCT). This is indeed
an important study and the results of the study are summarized here.

Optical coherence tomography (OCT) has evolved as an important imaging tech-
nology for biomedical imaging of the skin, blood vessels (angiography), malignant
tumours, and other tissues. The OCT uses near-infrared light to provide unrivalled
spatial resolution without sacrificing penetration depth [66–68]. OCT generally has
two configurations; one uses broadband excitation source and a grating for disper-
sion and other uses swept source (varying wavelength) excitation, popularly known
as SSOCT. The SSOCT works on the principle of Fourier transform interferometry
and has increased sensitivity over the conventional OCT [69]. The SSOCT in itself
is not free from shortcoming, at many occasions it also produces lower contrast
and hence researchers are further trying to enhance the image contrast with various
additive methods. The use of contrast agents is one of those methods to improve the
contrast. The idea behind using of UCNPswas that when nanoparticles come close to
the cell surface there is amismatch in the refractive index and it results phase-contrast
between the two different region [70]. The refractive indexmismatch can induce light
scattering and may enhance the contrast [71]. The Gold nanoparticles (with visible
wavelength plasmon band) were used for the purpose and idea has worked but low
penetration depth of visible light into tissue has not increased depth resolution. If
one tries to select the excitation within the biological transparency window (650–
1300 nm) thenmore depth resolution could be achieved. This NIRwindow could effi-
ciently be used with UCNPs and particularly Er3+/Yb3+ doped UCNPs excited with
976 nm wavelength. Jiyoung et al. have investigated NaGdF4: Er3+/Yb3+ nanopar-
ticles on HeLa cells for in vitro imaging application [72]. They have observed that
colloidal stability of UCNPs is an important factor for imaging and the presence of
polar functional groups e.g. –OH, –COOH and –NH2 usually enhance the colloidal
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stability. Maurya et al. [73] have prepared NaGdF4:Er3+/Yb3+ through solvo thermal
method using ethyleneglycol (EG) and oleic acid (OA) as the reaction medium. Two
samples viz. polyvinylpyrrolidone (PVP) coated NaGdF4:Er3+/Yb3+ (sample named
as NaGdF-I) and oleic acid coated NaGdF4:Er3+/Yb3+ (sample named as NaGdF-II)
were prepared for this purpose. Two thin slices (about 12 mm) of chicken breast
tissue were prepared for in vitro tissue imaging. NaGdF-I and -II concentrations of
50 μg/mL were prepared separately in ultra pure ethanol. To see if UCNPs might
be used as an OCT contrast agent, a tissue sample without UCNPs was scanned first
using the SSOCT system (control experiment). Following that, few drops of NaGdF-
I and –II colloidal solution were placed on the tissue surface and then were allowed
to penetrate deeper into tissue layers. The imaging of tissue was done using 1060 nm
wavelength but this wavelength does not excite UCNPs and hence 976 nm wave-
length radiation is required to excite UCNPs during the imaging. OCT images were
recorded at the intervals of 0, 5, 10, 20, and 30 min after placing of UCNPs. During
the recording, images were recorded with and without the use of excitation (976 nm)
of UCNPs, means one image of tissue was taken without 976 nm excitation and at
the same time another image was taken with 976 nm excitation. The SSOCT B-scan
pictures of the control sample are shown in Fig. 10a, d. Figure 10b, e shows the
SSOCT image after a 30-min interval without excitation of NaGdF-I & -II, respec-
tively. Figure 10c, f shows a high-contrast SSOCT image taken while NaGdF-I & -II
were excited at 976 nm. SSOCT images demonstrate increased depth of penetration
and high contrast image indicating the diffusion of UCNPs into inner layers of tissue
after a 30-min period.

Fig. 10 SSOCT B-Scan images of chicken breast tissue; a control sample for first sample; b
without excitation of NaGdF-I UCNPs after 30 min of application; c excitation of NaGdF-I UCNPs
after 30 min of application; d control sample for the second experiment; e without excitation of
NaGdF-II UCNPs after 30 min of application; f with excitation of NaGdF-II UCNPs after 30 min
of application (Scale: 200 μm). Reproduced with permission from [73], Copyright 2020, American
Chemical Society
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Fig. 11 AveragedA-scan profile plot of SSOCT image over region of interest at different interval of
time 0, 5, 10, 20 and 30min. A-scan for sample with aNaGdF-I without excitation; bNaGdF-I with
excitation; c NaGdF-II without excitation; d NaGdF-II with excitation. The X-axis in all spectra
represents depth in millimetres, whereas the Y axis represents normalised intensity in arbitrary units
(au). Reproduced with permission from [73], Copyright 2020, American Chemical Society

The B-scan pictures could not be easily read and hence A-scan pictures were
created from B-scans. Figure 11 shows A-scan profiles corresponding to Fig. 10.
From the figure it can easily be observed that as time increases from 0 to 30 min
the second peak shifts towards higher depth. It indicates incremental penetration of
UCNPs with time. Moreover intensity of the second peak is found higher when
sample is excited with 976 nm (Fig. 11b). The increase in intensity indicates
the increase scattering of recording wavelength (1060 nm) from excited UCNPs.
Comparison of Fig. 11b, d gives that NaGdF-I UCNPs are superior over NaGdF-II
UCNPs as intensity is found higher for the case of NaGdF-I. The studies made here
are the just initial efforts to extend the application of UCNPs in OCT imaging and
the results are inspiring. It is expected that further investigations may lead to real
world application.

4.5 UCNPs in Photodynamic and Photothermal Therapy

The applications of UCNPs are not limited to sensing and imaging areas but further
extended to targeted drug delivery systems and maligned cell destruction through
photothermal therapy. The non-targeted drug administration e. g. oral drugs work
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equally on healthy and unhealthy cells and hence possess severe side effects, general
chemotherapy is one example. Chemotherapy works on two principles: photody-
namic effect and photothermal effect. In photodynamic therapy (PDT) there is in-situ
generation of singlet oxygen which kills the cells, on the other hand in photothermal
therapy (PHT) generated heat destroys the cells. The PDT has long been used in
clinical practice while PHT is still under the research stage. For cancer treatment
various diagnosis techniques like X-rays imaging, computed tomography (CT) scan,
magnetic resonance imaging (MRI), positron emission tomography (PET) scan and
fluorescence imaging are used. These techniques are complete in it but just are
in situ diagnosis techniques. The present day need is more than this and we need
multi-modal techniques that could diagnose and treat the targeted area simultane-
ously. The imaging probes attached with the drugs have been investigated much
for this purpose and several efficient schemes were proposed [74]. The UCNPs-
based drug delivery systems possess good therapeutic value and enable tracking and
drug release in real-time. The magnetic nanoparticles based drug delivery systems
works efficiently under magnetic hyperthermia effect but magnetic nanoparticles do
not possess luminescence itself and designed system needs additional luminescence
entity for real time imaging. On the other hand UCNPs can produce luminescence
as well as heat (or singlet oxygen) on photo-excitation and hence here single entity
performs two jobs simultaneously. This makes UCNPs more useful for multimodal
cancer treatment.

Wang et al. have shown how folic acid (FA) attached onto the surface of PEI-
modified UCNPs and loaded with camptothecin (CPT)/doxorubicin (DOX) can effi-
ciently be used for targeted cancer treatment [74]. In this review article more details
about the use of UCNPs in therapeutics could be found. Yang et al. have used UCNPs
with a mesoporous shell to create a photoresponsive drug release device [75]. Bao
et al. have attached UCNPs and DOX on starch-based gel nanoparticle. The PEI and
2,3-dimethylmaleic anhydride (DMMA)were also used to decorate the nanoparticle.
Their results show that multiple modifications in system enhance the circulation time
of drug in the body as well as chances of drug to reach the tumor site [76]. In Fig. 12
the scheme of drug carrier structure preparation and processes of drug release and
cell destruction is shown [76].

Along with the use of UCNPs the long persistence luminescence nanophosphors
(LPNP) have also gained interest in biological applications [77]. Indeed, long-lasting
luminescence could be valuable for scientific research including cell tracking, cell
development, andmedication releasemonitoring. Themesoporous silica-coated long
persistence phosphors could be employed for medication administration and tumour
imaging, according to the study [78]. After UV stimulation followed by red LED,
the afterglow of the folic acid (FA) modified-Zn1.1Ga1.8Ge0.1O4:Cr3+:Eu3+@SiO2

has lasted up to 15 days. The DOX was first placed into the mesoporous silica shell,
and then the LPNP was delivered intravenously into the mouse. The in-vivo and in-
situ monitoring of DOX in the H22 tumor-bearing mice has shown in Fig. 13a. The
afterglow signal was detected at the tumor site, as illustrated by the yellow arrow,
due to FA’s targeting capacity. Figure 13b shows the identical image after 2 min



Upconversion Hybrid Phosphors for Biological Applications 217

Fig. 12 a Figure showing Fe3+ linked UCNPs as core and DOX drug attached at the polymer shell.
b Figure showing anticancer mechanism of created structure. (1) Accumulation and circulation
of particles in channel. (2) Conversion of –ve charged particle to +ve charge particle at tumor
site through pH change and cellular uptake. (3) Lysosome escape through proton sponge effect.
(4) Deconstruction of structure through NIR radiation. (5) Released of DOX and (6) Ferroptosis
process. Reproduced with permission from [76], Copyright 2019, American Chemical Society

of secondary stimulation with a red LED. Studies indicate that long-persistence
phosphors can be promising candidates for trackable drug delivery.

As discussed aboveUCNPs are appealingmaterials for phototherapies. The photo-
dynamic therapy (PDT) requires photon sensitizer to produce oxygen singlet (1O2) in
order to kill tumors [79], whereas photothermal therapy (PHT) requires photon sensi-
tizer to produce heat in order to kill tumours via an extensive heating effect [80].
The NIR-activated phototherapies have greater penetration depth than UV/visible
light-activated phototherapies [81]. For improved PDT, Idris et al. have created a
hybrid system with NaYF4 UCNPs and two photon sensitizers, merocyanine 540
(MC540) and zinc(II)phthalocyanine (ZnPc) [82]. The good spectral overlap of the
upconversion emission and absorption spectra of MC540 and ZnPc allowed for effi-
cient production of 1O2. Furthermore, the tumour suppression effect was evaluated
bymeasuring tumour volumes in different treatment groups of mice over a two-week
period. Other researchers have presented similar findings on the use of NaYF4-ZnPC
for in-vivo PDT applications [83]. In this experiment, ZnPC is the key element for
producing 1O2, and they have discovered that the nanocomposite can achieve PDT for
tumours with a depth of 1 cm. Cheng et al. have used a layer-by-layer growth method
to create coreshell-shellmultifunctional nanoparticles (MFNPs)with aNaYF4:Yb/Er
core/iron oxide shell/gold nanoshell structure [84]. Unlike other reported PHTwork,
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Fig. 13 a In-vivo luminescence images of H22 tumor-bearing mice after giving intravenous injec-
tion of (FA)-Zn1.1Ga1.8Ge0.1O4:Cr3+/Eu3+@SiO2 with DOX drug. Reproduced with permission
[78] Copyright 2015, Elsevier. b Secondary excitation by red LED for 2 min after 2 h of circulation.
The yellow arrow in the figure indicates the tumor site. Reproduced with permission [78] Copyright
2015, Elsevier. c 4T1 tumor bearing mice photos in different test groups with different treatment.
Reproduced with permission [84] Copyright 2012, Elsevier. d Pattern of change in UC emission
of green bands with temperature of NaGdF4:Er3+/Yb3+sample, Reproduced with permission [87]
Copyright 2014, Elsevier. eVariation of fluorescence intensity ratio (FIR)with external temperature.
Reproduced with permission [87] Copyright 2014, Elsevier
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this nanocomposite can execute magnetically guided PHT under magnetic field.
Figure 13c depicts 4T1 tumor-bearing mice in various testing groups. The mouse
with injected MFNPs clearly showed significant tumour shrinkage under magnetic
guidance and laser illumination for PHT. Authors have also observed no tumour
regrowth after 40 days. Furthermore, NaYF4:Yb3+/Er3+@Ag core/shell nanocom-
posites for upconversion imaging and PHT applications were created [85]. The silver
shell not only gives PHT but also reduces its toxicity. PDT and PHT are undeniably
effective tumor-suppressing agents. As a result, combining the two phototherapeutic
techniques has the potential to improve their theranostics capabilities. It is demon-
strated that the two techniques can be used in tandem to produce a core–shell UCNPs-
nanographene oxide/ZnPC composite [86]. For bioimaging and PHT applications,
808 nm laser excitation is absorbed, whereas PDT is triggered by 630 nm laser illumi-
nation. In comparison to PDT and PHT alone, combined PDT and PHT can improve
cancer therapy efficacy.

4.6 UCNPs in Micro Volume Temperature Sensing

Asmentioned above that UCNPs can generate heat and hence this property could also
be used to measure the temperature of the environment. The UCNPs can be prepared
upto several nano/micrometer diameter and a single micro-particle can be sufficient
to measure the temperature. The microvolume temperature measurement is the need
for biomedical field. The use of luminous microsized particle at the tip of scanning
thermal probe or at the tip of an optical fibre has been searched for the past decade.
Two commonly used approaches, decay time and fluorescence intensity ratio (FIR),
are used to determine the temperature sensing through UC materials. The FIR tech-
nique uses temperature dependent variation of UC intensity ratio of two thermally
connected levels and is themost widely acceptedmethod for temperature sensing due
to its simplicity. The FIR approach uses low excitation power or short pulsed radiation
to excite the sample. Er3+ has thermally linked 2H11/2 and 4S3/2 levels and is the most
studied ion for temperature sensing applications. Figure 13d compares temperature
dependent upconversion spectra of Er3+/Yb3+codopedYVO4sample [87]. Thermally
coupled electronic multiplets exhibit a noticeable change in emission intensity. The
plot of the intensity ratio vs. absolute temperature is shown in Fig. 13e. The system
displays the Boltmann distribution of populations at the 2H11/2 and 4S3/2 levels, which
is as expected. Few submicron scale luminous thermometers have been success-
fully demonstrated for temperature sensing with a scanning microscope [88–90]. In
coming years more advances in this filed is expected to come in light.
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Abstract Hybrid phosphors have gained large interest in the field of biomedical
systems owing to their excellent physicochemical features. The potentiality of hybrid
phosphors also lies in gathering favourable features of varied nanoforms in a single
construct. An advantage of polymer as one of the components as host material for
luminescent phosphors is their simple method of preparation, superior mechanical
properties, higher flexibility and lighter density. The polymer films are prepared by
melt casting or spin coating and materials of any desirable size or shape can be
prepared from polymers. Moreover, manufacturing of polymers is cheaper and the
energy consumption of making polymers is much lower. Different types of optically
transparent polymers can easily be incorporated with phosphors. In a hybrid matrix it
has higher thermal stability and luminescence output. Besides, being an agent for in-
vivo imaging, hybrid phosphor based fluorescent materials also demonstrate several
advantages for use in bioassay and therapy. Amongst different phosphor-based nano-
materials, upconversion phosphors are potential optical contrast agents for uses in
biomedical appliance due to their long emission lifetime, sharp emission peaks, and
their photostability. In this chapter, a comprehensive overview on hybrid upconver-
sion phosphor is discussed with the basic conceptions that include the mechanisms
for the illustration of different fluorescent behaviours, the different methods applied
for the preparation of these phosphors, and finally the uses of these materials in
biological arena. In addition, new trends in these type of materials are summarized
with future perspectives.
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1 Introduction

Luminescent nanomaterials have attracted large interest of research community
owing to their excellent utilizations in innumerable area. Recent development of
fluorescent elements have been focused on their improved design and diverse appli-
cations such as metal complexes [1], organic dyes [2], metal nanoparticles [3], fluo-
rescent proteins [4], polymers [5] metal organic frameworks (MOF) [6], etc. have
been modelled and improved for diverse applications [7]. Upconversion (UC) phos-
phors have found applications in multifunctional hybrid nanocomposites. The addi-
tion of different subject matters into the nanocomposite materials can utilize UC
nanophosphor as a wavelength transformation matters to further enhance the func-
tional range of the additional matters or integrating the additional active elements in
one nanocomposite materials. This increases the field of potentiality in applications
of UC nanomaterials.

Most of the conventional nanomaterials are downconversion (DC) fluorophores
because they demonstrate fluorescence emission through emitting light of longer
wavelength into shorter wavelength. Therefore, provide desirable properties such as,
greater molar extinction coefficient, wide excitation spectra, tuneable emission peak
and enhanced fluorescence lifespan, etc. [8]. However, there are specific disadvan-
tages for example, little permeation into the biological cells because of the excitement
of light at high energy, wide band of emission, auto fluorescence, short Stokes-shift
overlaps of emission and excitation bands and phototoxicity, etc. [9]. Near infra-
red light is invisible, non-destructive, and huge abundance in nature compared to
other electromagnetic radiations of light. Furthermore, when in laser radiation it can
be produced simply compared to visible and ultraviolet radiations. Therefore, it is
considered suitable source of electromagnetic radiation for the excitement of lumi-
nescent material [10]. The indicated challenges mentioned above for conventional
fluorophores could be subdued by applying phosphors that are capable of irradiating
with lower energy light irradiation to emit high energy radiations [11]. The mate-
rials of these kinds are known as anti-Stokes shift or up-conversion (UPC) phospors.
Near infra-red radiation is utilized as a source of excitement for emitting ultraviolet
or visible radiationst [12]. In contrast, long lifetime is presumed to be required for
upholdingmore higher density for the absorptionof the second excitation energy from
transitional excited states [13]. Upconversion happens for the sequential absorption
of low energy radiations to excite the photon to the higher energy levels and also
for having longer life-time. Radiative relaxation delivers higher energy-light emis-
sions from the higher energy levels which lie in the wavelengths of 800–300 nm.
Illustration of conventional UC luminescence is shown in Fig. 1 [13].

The photon UC process is an in testing phenomenon due to the emission of the
higher-energy visible (Vis) and ultraviolet (UV) photons from the lower energy and
near infrared (NIR) photons [14]. This strange anti-Stokes emissionmakes theway to
wide scope of uses spanning deep tissue imaging [15], light-triggered nanomedicine
[16], and optogenetics [17]. UC nanoparticles (UCNPs) systems depend on the
various ladder-like and long-lived electronic states to allow wide anti-Stokes shifts
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Fig. 1 a Conventional
photoluminescence and b
UC luminescence processes.
[13] Reprinted with
permission. Copyright 2015,
American Chemical Society

from near infra-red excitation to the visible and ultraviolet light emission [14]. More-
over, upconversion nanoparticles absorb the radiation very inadequately, and their
comprehensive UC efficiency are often <5%. Therefore, the aim is to develop well-
built methods which enable the system in photon sensitization with higher energy
that leads to higher brightness and enables conversion of broadband near infra-red
light into visible and ultraviolet, to correspond with the essential requisition of the
desired appliance explained earlier. For this, integrative researches have commenced
to design and synthesize hybrid UC nanosystems (HUCNs) [18, 19], which can
change UC properties that are not possible in their homogeneous parent molecules.
In this book chapter, we mention recent advancement in HUCNs. Organic–inor-
ganic nanohybrids constituting of organic and inorganic components [20–26] have
gained intense attention in the field of bio-related systems owing to their favourable
physicochemical properties [26–31].

1.1 Synthetic Methods

(i) Thermal Decomposition Method (TDM): Thermal decomposition method
is a promising method to produce superior nanocrystals less than 10 nm in
size, which nanocrystals can be effectively removed from the human body and
the application of upper dose is permitted [32]. This organic-phase synthetic
process is carried out in absence of oxygen, which contains dissolving organic
templates into the organic solvents of high boiling point temperatures with the
help of surfactants and the decomposition of those templates at higher temper-
ature. Mostly, organic templates are organic acid salts, for example, trifluo-
roacetate, acetylacetonate, oleate, and acetate. Non-coordinating octadecene
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of high boiling point (315 °C) is applied to produce the high temperature
environ. Oleylamine and oleic acid with polar capping elements and long
chain of hydrocarbon are used as surfactants and coordination solvent. For
successful synthesis, both the choice of fine-tuning of coordination behavior
of the solvents and organic templates are important and mostly acceptable.

(ii) Solvo/hydrothermal Synthesis (SHS): This method is utilized for the prepa-
ration of UCNPs because of simple operation and requirement of very little
experimental skills (Fig. 2). In SHS method, high pressure and high temper-
ature above critical point are needed; that allows the significant increment of
the solubility of solids fastens the reaction for the nucleation of nanoscaled
nanoparticles [33]. But the temperature applied in this method is lower than
that of TDM [34]. The morphology and size of NPs can be fine-tuned with the
control over the reaction atmosphere such as template-concentrations, pHvalue
of the solvent, temperature and time, etc. [35]. By adding the capping agents
that show heat resistivity, narrow-size distribution with surface functionalized
NPs are possible in one-pot process [32].

(iii) Coprecipitation Method: Compared to TDM, coprecipitation method is
facile and simple approach without the application of severe reaction condi-
tions, expensive arrangement and complicated systems [36]. Growth of
nanocrystals is controlled by adding capping ligands like PVP, EDTA, PEI

Fig. 2 Synthesis of NaYF4:Yb/Ho/Mn in different conditions. [34] Reprinted with permission.
Copyright 2017, ACS Publishers
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etc. [37, 38]. This method can be applied for the synthesis of Ln-doped NaYF4
crystals as well as for the synthesis of Ln-ions doped YbPO4 and LuPO4 NCs.
In order to get high grade crystals for improvedUC emissions, post fabrication
heat treatment is essential [39].

(iv) Microwave Synthesis (MS): This approach possesses two processes, liquid
and solidmicrowave, namely. In the process of liquidmicrowave, Ln-complex
salts and fluorides are first diffused in solvent and then microwave is applied
to heat the total solution to obtain NPs in the solvent. On the other hand,
Ln-oxides are added to fluorides to obtain NPs directly from microwave in
solid microwave process. Monodispersed Ln-doped NaYF4 and other fluo-
rides (GdF3, PrF3, etc.) with various kinds of morphology have been obtained
through microwave [40]. The advantages of applying microwave for the fabri-
cation ofUCNPs are, (i) it consumes less energy to generate rapid heat (Fig. 3),
(ii) free of the by-products as microwave provides heat to the entire system
uniformly, and (iii) the properties and structures of UCNPs can be enhanced
by the addition of suitable surfactant [41].

(v) Flaming Synthesis (FS): In FS method, all reactions happen in gaseous state
and take place in four steps for example, precursor reaction, seeding, polymer
growth and ion deposition, for fine powder containing NPs. The basic advan-
tage of FS approach is time-efficient, inexpensive, and mass production of
NPs. Besides oxideNPs, thismethod cannot be applied for other host material
(vanadate, fluoride, phosphate, etc.) for UCNPs preparations [42].

Fig. 3 Schematic of themicrowave-supported fabrication ofNaYF4:Yb/ErUCNPs. [41]Reprinted
with permission. Copyright 2017, Springer Publishers
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(vi) Mechanochemical Preparation (MP): Mechanochemistry is a quick way
for the fabrication of monodispersed NPs by easy grinding and mixing an of
the precursor substances. NaYF4:Gd3+/Yb3+/Tm3+ and SrFCl:Yb3+/Er3+ NCs
were prepared through the ball milling at the ambient temperature. Hexagonal
phasedNCs ~20 nm sizewere obtained [43].Mechanochemical approachwas
applied for the synthesis of rare earth oxide UCNPs. Such as Y2O3:Er3+/Yb3+

nanocrystals size ~25 nm, employing ball milling technique [44].

(vii) Ionic-Liquids-Based Synthesis (ILBS). Ionic liquids (ILs) are organic salts
that are non-volatile, non-flammable, and have the thermal stability. ILs are
represented as “green solvents” which is a replacement of organic solvents
in number of chemical reactions due to their uncommon properties, such as
lower viscosity, melting point lower than100 °C, low viscosity, broad elec-
trochemical site, moreover adaptable polarity of solvent [45]. ILs contain
great tendency for the dissolution and acquiring the stability of metal ions,
which gives them the greater chance of playing role as solvents, surfactants
or capping agents in inorganic synthesis [46].

1.2 Luminescent Properties of phosphors

1.2.1. Down-Conversion Luminescence (DCL): Down-conversion luminescence
particles consists of activated Ln3+ doping ions and an inorganic matrix and [47].
The inorganic matrix holds the Ln3+ ions tightly as a host crystal and also but also
sensitizes the luminescent properties. Different types of inorganic materials, such as
rare-earth oxides, fluoride, oxysulfide, vanadate, and phosphate have been utilized as
host matrix. Activators are implanted deep into the host lattice in lower concentration
(≤5 mol %) to decrease the concentration quenching of luminescence, and not allow
any alteration in the crystal lattice of the host materials [48].

1.2.2. Up-ConversionLuminescence (UCL): UCL is an effective system to produce
visible electromagnetic radiation from the low energy excitation of near infra-red
radiation. The utilization of long wave length excitation is connected with various
favourable benefites, such as insignificant photodecomposition to living organisms,
high radiation excitation deep penetration with high light excitation and low autoflu-
orescence background [49]. These types of anti-Stokes UCmethods can be classified
into the three categories in Fig. 4: excited state absorption (ESA), photon avalanche
(PA), and energy transfer up-conversion (ETU). ETU has been hugely utilized to
generate up-conversion luminescence. In contrast, PA is subjected to pump power
and manifests steady feedback to excitation, while ESA shows very less efficiency
[50].
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Fig. 4 UC processes for Ln3+ doped crystals. Reproduced with permission [50]. Copyright 2014,
ACS Publishers

2 Hybrid Phosphors

2.1 Polymer Materials

2.1.1. Polymeric Blends with Complexes: Simple processability of polymer using
as a host material makes them suitable for luminescent lanthanide complexes blend.
Polymer films are easy to fabricate through melt casting or spin coating and mate-
rials of any wanted size (sheets, fibers, rods etc.) or structure can be obtained from
polymer. Polymeric materials have numerous benefits compared to glasses in addi-
tion to higher flexibility and lighter density as well as the better processability. The
requirements of lesser energy to produce polymers than that of glasses make it cost
effective. Lanthanide (Ln) compounds can be inserted in many polymers which are
optically transparent. For example, polystyrene (PS), poly(vinyl alcohol) (PVA),
poly(methyl methacrylate) (PMMA), polyethylene (PE) [51], polyurethanes, poly-
imides„ polyesters, epoxy resins and polycarbonates. Fluorinated or deuterated poly-
meric materials are considered as the important materials for IR luminescent Ln
complexes as a host matrix (Scheme 1).

2.1.2. PolymerMatrixCovalentlyBonded to theComplexes: This is the favourable
method to decrease the aggregation of Ln ions in polymer matrix compared to the
blending of Ln compound with the polymer matrix (Fig. 5) [52]. Ligand having
the ability of polymerized is primarily copolymerized with a polymer matrix. The
pendant-coordinating group of the polymer-matrix is then reactedwith aLn salt of the
complex to obtain the final product. Moreover, it is probable to obtain Ln complexes
with the active groups combined to a polymer with the active groups themselves [52,
53].
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Scheme 1 Fluorinated and deuterated polymeric materials applied as host for NIR emitting
lanthanide complexes

Fig. 5 [Eu(tta)3(phen)] [52]
covalently attached to a
Merrifield resin moiety

2.1.3. Dendrimeric LigandsComplexes: Aggregation of Ln ions is a drawback for
Ln ions dispersion in polymers or sol–gel derivative materials due to the cooperative
energy-transfer processes. This aggregation may quench the luminescence effect by
non-radiative relaxation of the excited states. Organic ligands are used to decrease
the aggregation of Ln ions by capping the ions. The organic ligands capping are
more advantageous in decreasing the impact of aggregation, as organic ligands have
tendency to hold and exchange excitation energy by protecting the Ln ion to make
coordination complex with H2O2 ligand or with other ligands having high-energy
vibrations (Fig. 6) [54, 55].

2.1.4. Coordination Polymers Complexes: The coordination polymers containing
Ln have been researched upon more than a decade [56]. The attention has mostly
gone to the characterization of the structure of these compounds and investigation
on luminescent of these compounds have been overlooked until very recent time
[57]. Moreover, there are certain coordination polymers with carboxylate ligands
that exhibit standard luminescence features. Similarly, coordination polymers with
pores such as metal–organic frameworks [58] allow the fine-tuning of luminescence
behavior by entrapping in the network pores (Fig. 7).
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Fig. 6 Lanthanide complexes having dendritic polymers with carboxylate groups (Ln = Eu, Tb,
Er) [55]

Fig. 7 Ln-containing
coordination polymers
obtained from
tetraazacyclotetradecane-
tetraproprionic acid. Ln =
La, Sm, Eu, or Gd

2.2. Organo-gels and Hydrogels: Organo-gels and hydrogels and are kind of
substances which are synthesised by immobilization of organic solvents and/or water
with the use of gelator [59]. Commonly gelator is a organic compound with lower
molecular mass, that forms self-assembly polymer-like fibres with dimensions that is



232 S. H. Mir et al.

length on the micrometre scale and diameter on the nanometre range. The entangle-
ment of the fibres allows the creation of a framework that binds solvent particles in the
fibrillar networks respectively. The organogels or hydrogels synthesised by gelators
with low molar mass are known as supramolecular-gels or physical gels. There is an
another class of gels known as polyelectrolyte gels, for example from poly(acrylic
acid) or by poly(methacrylic acid) [60], are synthesised by polymeric materials like
poly(N,N-dimethyl-acrylamide) (PNIPAM). The gels are generally very viscoelastic,
where solvent is the bigpart. Luminescent hydrogels and organogels are possible to
avail by mixing of luminescent compounds in the water phase or organic solvent
phase or by integrating of luminophores in the gelator. Hydrogel prepared from
cross-linking alginic acid in water by (paramagnetic) Ho3+ ions was exhibited to be
responsive to an outside magnetic field. But no luminescence of these materials was
observed, these were latter added with emissive Ln ions to convert into luminescent
magnetic-field-responsive matters [61].

2.3. Nanocomposite Materials: Nanoparticles with luminescent properties
dispersed in a polymer backbone have attracted attention because they impart the
extra advantage to both polymeric materials (fine mechanical characteristics and
better processability) and inorganic luminescent (long-term chemical stability and
high luminescence tendency). Microsized polymers particles show powerful light
scattering, whereas nanoparticles polymers are more transparent [62]. Nanopar-
ticles less than 40 nm in size are good to decrease the Rayleigh scattering to
obtain transparent materials. However, size requirements also depend on the vari-
ation of refractive index between the nanoparticles and polymer matrix, as larger
the difference, higher the light scattering happens. Goubart et al. studied on green-
emitting poly(ethylene oxide) films which were doped with Gd2O3/Tb3+NPs [63].
Dekker et al. synthesised near-IR emitting PMMA films which were doped with
LaF3/Nd3+NPs [64].

3 Biomedical Applications

3.1 Bioimaging

Photoluminescence (PL) imaging has found significant applications in biomedical
studies, for example they are effective for screening, prior identification and image-
guided therapy of life-taking diseases [65]. Fluorophores of stoke-shifted (fluorescent
proteins, metal complexes and organic fluorophores,) or quantum dots were not
suitable for bioimaging because excitation was in the visible or UV region, which
has restricted light penetration and gives rise to a powerful imaging framework (that
means light scattering and strong autofluorescence) (Fig. 8) [66].

3.1.1. In Vitro and In Vivo Toxicity Assessment: The toxicity of UCNPs
in vitro cytotoxic functionality and long-term in vivo toxicity has been screened
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Fig. 8 a Image of bright field, b image of PL, and c image of superimposition (spectrally unmixed
and PL image bright field image). [66] Reprinted with permission. Copyright 2017, ACS Publishers

[67]. Methyl thiazolyl tetrazolium (MTT), 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophen-yl)-2H-tetrazolium, sodium salts (MTS),
and CCK-8 mitochondrial metabolic functionality studies are employed to check
different verities of cells such as human breast cancerMCF-7 cells, human pancreatic
cancer Panc-1 cells (HPC), human glioblastoma U87MG cells, and human nasopha-
ryngeal epidermal carcinoma cells (KB cells) [67, 68]. Incubation of UCNPs with
cells for atleast 24 h, then cellular viabilities were screened, which were found to
be higher than 90% at upper doses, showing the less cytotoxicity of UCNPs [67,
68]. The in vivo toxicity of UCNPs is must for theranostic applications of UCNPs
[69, 70].

3.1.2. Whole-Body Photoluminescent (PL) Imaging: PL imaging has shown the
potential ofUCNPs for different kinds of tiny animal imaging and the bio-distribution
features of UCNPs. Tail vein or subcutaneous injection was applied to administer the
dose of upconversion nanoparticles into smaller animals to observe in vivo upconver-
sion photoluminiscent imaging. Surface-engineered dendritic upconverting nanopar-
ticles are also capable to work with CW laser sources of low-power for in vivo
multiphoton microscopic vascular imaging [71].

3.1.3. Active Targeting: Active targeting of the tumor is crucial for the detection of
cancer and possible therapy, where the target-specific recognition is facilitated by
antigen− antibody interactions and specific ligand− receptor. Here, bioconjugation
chemistry plays an important role to present precise recognition biomolecules onto
the surface of UCNPs. Active targeting of specific framework in vivo has been in
focus. Nevertheless, in vitro target imaging uses a wide spectrum of recognition
biomolecules but it is limited to the conjugation of FA and RGD peptides with
UCNPs.
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3.2 Applications of Hybrid Phosphors for Drug Delivery
and Therapy

3.2.1. Drug Delivery: The incorporation of luminescence in drug delivery (DD)
have explored significant prospective theranostics [72]. Carrying drugs to deliver at
particular area with the tracking of luminescence properties is excellent for efficient
treatment, and as such tracking DD efficiency (Scheme 2). Additional to the appli-
cations of Ln-doped UCNPs in bioimaging, these are also applied for DD uses in
cancer therapies [73]. Different processes are employed for transporting the drug,
for example deposition of drug in nanopores of silica coated on UCNPs, loading
drug in hollow sphere of UCNP with porous shell [73, 74]. The release of drug in
the delivery system have been reported to be activated with various parameters such
as magnetic field, near infra-red radiation, pH and temperature [75]. These stimuli
were introduced to confirm drug release at specific site. Due to the strong penetration
depth of near infra-red radiation, photodynamic therapies (PDT) have been proved
effective therapies for cancers [76].

3.2.2. Upconversion Nanocomposites for Chemotherapy: Chemotherapy is a ther-
apeutic treatment through chemical drugs for cancer cells treatment [77, 78]. At
present, numerous investigation has been carried out using UCNPs as a drug deliv-
ering agent due to their upconversion luminescence, distinctive physicochemical
properties and their size, and uses in vitro and in vivo becauseeasy tailoring surface
chemistry to drug-delivery [79]. Basically, three approachesof drug delivery method
based on UCNP are designed: (1) UCNPs encapsulated by hollow mesoporous-
coated spheres. (2)UCNPs integratedwithmesoporousSiO2, and ((3)UCNPs capped
with polymer.

Scheme 2 Schematics of surface functionalized UCNP-based DDS. Reproduced with permission
76]. Copyright 2011, Elsevier Publisher
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3.2.3.FutureDirections forTherapeuticsOneof themajor hinderance ofUCNPs in
biomedical application is the long-period bioeffects on the human body. Specifically,
when we have to consider the complexity of several kinds of theranostic systems
basedonUCNP,whether structureswould be stabilized enough in the harsh biological
environment for long time raises a biosafety question. Therefore, it is imperative
to study the long-period degradability of UCNPs in biological systems. Moreover,
when UCNP-based nanoparticles are disinterred, how they interact with nervous
and immune system and work in body requires a thorough investigation. Hence,
the way in which the UCNPs make interaction in system and control the action of
different kinds of cells needs deeper study. Developing novel strategies and suitable
architectures to synthesise small and brighter UCNPs is one of the approaches for
the future research. For example, emission dye-sensitization method makes way to
greater quantum yield increment in smaller UCNPs [80], which inspires new UCNP
architecture and throughs open practical approach to improve UC performance of
tiny UCNPs.

4 Conclusion and Outlook

Therapeutic applications based on UCNP have demonstrated success in DDS, light-
controlled drug release, PDT, and PTT. Moreover, therapeutic experiments were
performed extensively in vitro buts in vivo there are limited works. Therapeutic
research of UCNPs in rodents will further explore the details. In order to enhance the
chemotherapeutic efficiency, new constructs of therapeutic agents based on UCNPs
are necessary, with higher dose of drugs and facilitate targeted therapeutic drugs
release. Moreover, it is highly recommended theragnostic materials for simulta-
neous medical diagnosis and therapy is required in the future. An immense investiga-
tion of imaging-guided drug delivery or therapy for cancer treatment or malignancy
treatment will be desirable to research.
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Hybrid Phosphor Materials
for Optoelectronic Application

Jemy James, Sharin Maria Thomas, Ajeesh Kumar Somakumar,
Blessy Joseph, Nandakumar Kalarikkal, and Sabu Thomas

Abstract You might be reading the article on a computer screen or on a book.
On both the cases, light is required, be it the light on screen or the light required
for reading. You might go to a supermarket and now you may not need to stay in
large ques, thanks to the modern laser scanners and barcode readers. You might
be browsing the internet, Thanks to the fibre amplifier in optical cables. When you
think of hybrid phosphor materials in daily life, you will be able to see many devices
helping you directly or indirectly in many ways. This chapter gives a short insight
into the Luminescent thin films, Polymer optical amplifiers and LEDs.

1 Introduction

The eyes are one of the natures wonders. Similarly, photosynthesis. Each has its
own science to say. As the mankind progressed many innovations happened and one
of it was light emitting diodes (LEDs). The LEDs came into picture around 1960s
where even though they were highly inefficient, expensive and tiny, they were used
as indicator lamps on machines, especially the red and green. Its been a long journey
for LEDS and White LEDs (WLED) rule the world of lighting with an enormous
decrease in cost and increase in efficiency. But the current WLEDs are based on
toxic phosphors which are inorganic like Cd Qds, or rare earth elements, which can
cause critical issues related to the sustainable development. Hybrid WLEDs based
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Fig. 1 Various application
of hybrid phosphors for
optoelectronic applications
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Table 1 Some materials used
for LED and their emission
wavelengths

Material Emission wavelength Colour

AlInGaP 626–630 nm
615–621 nm
605 nm
590–592 nm

Red
Red–orange
Orange
Amber

InGaN 525 nm
498–505 nm
470 nm

Green
Blue green
Blue

on coordination complexes, or organic phosphors, conjugate polymers need to be
developed as alternative to existing manufacturing materials for lighting (Fig. 1).

Some of the conventional LED materials are shown below with their emission
wavelength (Table 1).

In the case of AlInGaP LEDs, as the temperature of the LED P–N junction
increases, the luminous intensity decreases, and also the dominant wavelength shift
towards longer wavelength whereas in the case of InGaN LEDs, as the LED current
increases, the dominant wavelength moves towards shorter wavelength. There is a
need for a more stable, eco-friendly, energy efficient, LEDs. Hybrid Phosphors are
the answer to this need of the hour.

2 Detectors

During the early 1980’s there was many problems associated with the semiconductor
industry. AW White describes in detail the issues associated with the materials and
its development [1]. The interaction of visible and infrared radiation is initiated by
three different ways.
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Fig. 2 Detectors

Table 2 Some materials for
detectors and their mode of
detection

Materials Mode of detection

GaAsCr Photoconductivity

GaAsAl Schottky junction

InAs P–N junction

InSb P–N junction

1. Thermal effect
2. Optical effect
3. Electro Magnetic Wave interaction.

In the thermal effect, the temperature change caused due to the absorption of
the photons can be used for sensing. In the second case, the photons interact with
electrons after transferring their energy. In the third case the E.M. field causes field
dependent parameters to change (Fig. 2).

Some parameters of binary-semiconductor detectors are given below (Table 2).

3 Luminescent Thin Films

Luminescent thinfilms are particular type of thinfilms having a dimension of few
hundred microns coated or packed with luminescent materials. These films show
visible color emission when they are excited with energy sources [1]. The major
applications of luminescent thinfilms are lighting, display, sensors, solarcells, electro-
chromic windows, scintillating screens etc. Generally these films are of two types,
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either coated on glass, quartz, silicon and polyethylene terephthalate (PET) like
substrates or as a free standing film [2–6]. Not only the single layer films but also
multi-layer films are getting popular since these films are stacked as very thin layers
so that the thickness and the interface between layers offer some unique properties
which are inaccessible in their bulk form [7]. These films are commonly prepared by
dipcoating, spin coating spraypyrolysis, thermal evaporation, atomic layer deposition
(ALD), pulse laser deposition (PLD) and chemical vapor deposition (CVD) and
various types of epitaxial growth methods. Good quality luminescent thin films must
have following features such as, the films should be thin and transparent in nature, no
substrate emission, very low surface roughness, multicolor emission, film flexibility
and good quality emission. Luminescent films are always consist of a material which
is highly sensitive to light and that particular inorganic material is either purely
coated as a film or applied along with some other agents like polymers. These light
emitting materials are commonly called as phosphor materials. The material’s band
gap, doping and selection of substrate have an important role in the development of
luminescent thinfilms [2–9] (Fig. 3).

Rare-earth and transition metal based materials, some inorganic halides and some
highly luminescent P3HT like polymeric compounds are the major building blocks
used for thin filmmaking. The sharp luminescence emission bands, extreme quantum
efficiencies and the presence of 4f-4f and 4f-5d transitions in rare-earth materials
make them an ideal candidate for opto-electronic applications [10]. The polymer like
materials which are inherently not so luminescent can be turned in to luminescent
materials by doping them with rare-earths [11, 12]. For example, the Fig. 4 shows
the multicolor luminescence emission from a rare-earth nano-phosphor (Eu3+)—
polymer (PVA) composite filmon a glass substrate. The film shows different emission
colors from two different luminescent centers. The film shows a blue emission from

Fig. 3 Multi-color emission from a dip coated polymer rare-earth nano-phosphor film
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Fig. 4 Photoluminescence emission spectra of a polymer rare-earth nano-phosphor film on glass
substrate

the polymer when it is excited with 360 nm wavelength and shows purple color
by the direct excitation (393nmof Eu3+) of rare-earth. The usage of quartz substrate
instead of glass substrate can guarantee a very good and sharp red emission at 616 nm
by eliminating blue emission which is incorporated due to the glass substrate since
glass is a very good absorber of UV radiation. Figure 4 shows the photoluminescence
spectra of a polymer- nano phosphor composite thin film.

But nowadays researchers are in search of new rare-earth alternatives due their
high cost and toxicity. Transition metal ion based phosphors are the front runners
in this category [13]. Manganese is a well-known and promising rare-earth alter-
native in this group since it shows multicolor emission for various oxidation states
(Mn+2, +3, +4, +6, and +7). Perovskite basedmaterials doped with rare-earths and transi-
tion metal ions are also popular in making luminescent thinfilms [14, 15]. The lumi-
nescent centers in phosphor have an important role in the emission properties of thin
films. The infrared (IR) emission exhibited by some thin films can also be exploited
for highly sensitive applications such as, night vision devices, IR sensors in mili-
tary and photodynamic therapy in cancer treatment. The photo response of phosphor
contained films towards x-rays, alpha and gamma irradiation can be used for fabri-
cating scintillating screens. These scintillating thin film materials have paramount
potential applications such as big particle detectors, x-ray imaging of cancer tissues,
radiation monitoring and gamma energy harvesters [16–19].
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3.1 Polymer Optical Amplifier (POA)

Optical amplifiers are utilized infiber optical transmission lines tomagnify the signals
and hence minimize the unavoidable attenuation amid transmissions. Optical ampli-
fiers can also be named repeaters, when the device regenerates the optical signal
directly without conversion to an electronic signal [20]. Apart from the convention-
ally availed inorganic materials, organic polymers are more sought after material due
to their flexibility, easy processibility, low-cost and significant mechanical strength
[21]. Different polymers of varying characteristics are exploited according to its
desired properties in order to facilitate effective transmission. Photorefractive (PR)
polymers are used as optical amplifier due to its distinct two-beam coupling effect.
Independent of the active layers, the beamwill be amplified due to the energy transfer
from the pumping source beam alone. One such example of PR is a high perfor-
mance polymer composite PVK:PDCST:BBP:C60 [poly (n-vinyl carbazole)]: chro-
mophore: plasticizer: fullurene C60 [22]. Broadband amplifiers have been reported
using semiconducting Conjugate Polymers (CP). A CP such as poly [2-methoxy-5-
(2’, 6’-dimethyloctylloxy)-paraphenylene vinylene]-[OC1 C10-PPV]was reported as
a cost-effective amplifier medium for short haul data transmissions [23]. Moderately
solid-state polymer amplifiers are found to be more probable amplifiers than liquid
solutions [24].

3.2 How Is Hybrid Phosphor Used in POA?

Hybrid materials are advantageous due to the combination of distinct optical
responses along with various mechanical properties. Hybrid phosphor is promising
due to the combined benefits from an industrial and environmental perspective. They
facilitate less transmission loss and for greater bandwidth essentially in the visible
and NIR region [25]. On comparison with the organic counterpart, the hybrid phos-
phor is significant due to photosensitivity that permits direct writing [7], tunability in
large refractive index, enhanced photo stability at the expense of greater incorpora-
tion of ions as Ln3+ [26]. One of the main bottlenecks is the reduction of numbers of
OH, CH, NH and CO oscillators in the hybrids. These oscillators display strong radi-
ation absorption in the NIR spectral region within the telecommunication window
i.e., 1330–1550 nm, thus leading to increased attenuation and propagation losses
[27]. The hybrid phosphors are useful mainly in case of fiber to home solution and
for short haul telecommunications [28].
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3.3 Polymer Optical Fiber Amplifier (POFA)

Polymer Optical Fiber Amplifier with a multimode graded index (GI) have been
first developed via an interfacial gel based polymerization technique [29]. When
an organic dye is doped in polymer optical fiber (POF), the amplifier will have a
gain in the visible region and can emit fluorescence. Rhodamine B dyes [30] and
Er3+ in GeO2-SiO2 [31] are a few examples of dyes that lead to high efficiency
light amplification. The main aim is to achieve a high gain with high conversion
efficiency [32]. In addition to organic dyes, rare earth elements are also used in
POFA. The organic corresponding part is sought-after as the dye doped POFA due
to its high saturation power is independent of the input signal power. At an optimal
length, the gain is amplified. The pump and signal wavelength can also determine
the amplification gain. At an optimal wavelength, range of 550–600 nm is best suited
for the signal amplification. A high power pump like Nd-YAG laser is required due
to the low metastable lifetime [33].

3.4 Polymer Optical Fiber Lasers and Detectors

Tunable fiber lasers can be devised due to the spectral shift of the emission in POF.
TheAmplified Spontaneous Emission (ASE) gives information about thewavelength
that provides high power in POF laser. The POF laser doesn’t require an input signal
rather it is pumped [34]. One of the prominent examples of dye doped POF laser
was reported by Kuriki et al. [35]. They fabricated GI POF with a diameter of 0.6
and 1 mm, which was doped by various organic dyes. At an optimal length of 5 cm,
the POF was transversely pumped using millijoule pulses at 532 nm. The laser
performance is highly dependent on the resonator quality and doping concentrations
to recognize the suited configurations for effective lasing. Figure 5 displays a RB
(Rhodamine B)-POF laser, studied by Spelthamm et al. [36]. This 10 mm dye doped
POF generated an OC efficiency of 35%, upon greater slope efficiency (56 and 50%
lifetime) produced high output energy (1.65 mJ).

Fig. 5 Schematic of the RB:POF laser transversally pumped with an optical parametric oscillator
(OPO). The resonator mirrors are both butt coupled to the fiber facets. OC: output coupler; HR:
high reflective mirror [36]
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Fig. 6 Overview of FBG sensing and the effect on the transmitted spectrum [37]

Due to low acoustic impedance, higher acoustic sensitivity and reduced Youngs
Modulus at 1 and10MHz, Polymer optical fibers are utilized for detectors and sensors
[37]. POF with intrinsic configurations such as Braggs grating [38], Fabry Perot
cavities [39], interferometric fiber sensors [40], micro ring resonators [41] are well
suited for point detection applications. POF laser finds application in opto-acoustic
endoscopic imaging with possibility for a customizable bandwidth. Figure 6 shows
a Bragg Grating inscribed Fiber (FBG) that generates a stop band around the Braggs
wavelength in the transmission spectrum. Upon reflection, a pass band is generated
at the Bragg wavelength. When the fiber is under strain or pressure, there is a phase
change in FBG profile due to the shift in the refractive index of fiber. This method
possesses low attenuation and greater repeatability. Integrating detectors based on
photoacoustic imaging, the POF displayed high sensitivity and yield compared to
the glass fiber [42]. pH sensors based POF was demonstrated wherein a pH sensitive
fluorescence dye-doped cellulose acetate thin film was synthesized. The detector
displayed varying fluorescence intensities at pH range of 2.5–4.5 [43]. Ultrasonic
wide band sensors based on single mode POF with potential biomedical applications
were studied. The single-mode PMMA showed high ultrasonic phase sensitivity 12
times greater than silica in 1–5 MHz range [44].

3.5 Erbium Doped Fiber Amplifier (EDFA)

Erbium Doped Fiber Amplifier (EDFA) is a vital technology used to lessen the loss
during long distance optical transmissions. It operates in the C-band and L-band of
the telecom optical wavelength. EDFA plays multiple roles as booster, in-line and
pre- amplifier in the transmission. These are placed in several kilometres as seen in
Fig. 7. The change in energy levels of Er3+ ions directly influence the amplification
of Er doped fiber. The more the energy absorbed, higher the energy level attained.
The absorption of pump photons will lead to the excitation of Er3+ ions to greater
energy states. Depending on the configurations EDFA can be categorized as one stage
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Fig. 7 Booster, inline, and pre-amplifier EDFAs used in optical transmission line [46]

EDFA, Single pass, Double pass, Triple pass, Quadruple pass etc. The light emission
can be attributed to either spontaneous emission or stimulated emissions. The light
generated by stimulated emission is of the same polarization, frequency, and phase
due to the identical energies produced. There is an additional liberated energy due
to the stimulation that adds up for constructive amplification. Several amendments
on various performance parameters are being investigated to optimize the EDFA
for different applications. EDFA doped with Zr, Yt, Al was evaluated against Silica
doped EPFA. Zr-EDFA displayed higher gain and low noise at longer wavelength
in varying configurations. A flat gain of 19.5 dB was attained for single pass and
gain of 17.5–21 dB at low noise for double pass configuration was prominent [45].
The main challenge is to reduce the noise at high pump power and to control the
performance parameters for high gain. The transmission can be enhanced by high
pump power, however due to the non-linear effects of transmission fiber, the system
performance deteriorates.

3.6 Latest Advances in the Field of POA

The integration of polymers in the optical telecommunication have been highly bene-
ficial due to low-cost, flexibility and ease in processing [47]. Low-cost waveguide
amplifiers based onEr-doped nanocomposite thin films have been reported [48].High
gain fiber amplifiers doped with Yb3+ ions have been reported. Various parameters
such as fiber core diameter, numerical aperture, dopant concentration, etc. govern
the threshold power for transverse mode instability [49]. Wave guide optical ampli-
fier with ability to act as filter for signal communications and as channels when in
case of communication are devised for highly secure transmissions [50]. Organic
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ligands facilitate high optical gain due o the high efficiency in absorption of the
polymers compared to inorganic structures i.e. absorption is of 10–22 and 10−23m2 at
405 nm. Advanced POFA functioning in 614 nm have been developed for in-house
communication systems.

4 Prospects

The new challenges to the hybrid phosphor is to incorporate multiple properties
and functionalities to these materials. A recent work by Zhang et al., on optical-
electrical response in 2D hybrid perovskites throw some light into this area. The
integration of luminescence and dielectric switching properties was achieved on the
2D hybrid perovskites. Thus, a slight mechanical stimulus results in the formation of
thematerials with dielectric switching ability and luminescence control, which can in
future lead to low cost high efficient electronics. There is also newer research into the
leadfree materials for the development of perovskites in optoelectronic applications.
Li et al., has described about the lead free halide perovskites (LFHP) due to the
environment friendly nature and good optoelectronic properties. Another aspect to
look is the integration of the new generation luminescent material using artificial
intelligence. Zhuo et al., has discussed deeply on the option and possibilities for the
integration of these materials using artificial intelligence [AI], which can lead to sole
some of the challenges in the employment of the AI in the lighting industry. There
are plethora of applications for the hybrid phosphor materials for optoelectronic
applications and it’s the scientific community along with the industrial fraternity
who constantly improves the technology and thus enabling better life for the people
(Fig. 8).

Fig. 8 Future prospects
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Functionalised (ZnO:Dy@AuNP)
Nanoassembly for Sensing Nitro
Aromatic Compound

G. L. Praveen, Kanchan Upadhyay, Sony George, and Sabu Thomas

Abstract Sensing of analyte molecules via monitoring the turn-on fluorescence
produced by magneto-luminescent and plasmonic nanoassembly for the analyte,
when present in aqueous medium is depicted in this study. Donor–acceptor FRET
phenomenon first provides a turn-off fluorescence followed by a turn-on fluores-
cence exhibited as a consequence of meisenheimer complex formation between the
functionalized AuNp of the nanoassembly and nitro groups of the analyte. Here,
UV–Visible, Photoluminescence, TCSPC, TEM, DLS, zeta potential, and FT-IR
analytical techniques were employed for substantiating the observed phenomenon.

1 Introduction

Advancematerial science employed gold nanoparticle (AuNP) in its various branches
for its applications in the field of catalysis, medicine, environmental science, elec-
tronics, optics and photovoltaic [1–3]. Size, shape, interparticle distance and interac-
tion mechanism matters well for AuNps extensive usages. Optical band (absorption
band) ofAuNps in the visible region of the electromagnetic spectrum is called surface
plasmons formulated byMie, and is so calledMie theory [4, 5]. Collective oscillation
of free conduction electrons occurs as a result of resonant electromagnetic field is
notes as surface plasmons (SP). The SP results in a dipole formation which vastly
depends on a number of parameters such as nanoparticle composition, morphology,
concentration, solvent refractive index, surface charge, and temperature [6, 7].

Depending on the angle of the electric field, plasmons appears as transverse and
longitudinal bands. Transverse plasmons occurs at a wavelength region close to
that of spherical AuNps and longitudinal band spans between 600–900 nm as per
the AuNps aspect ratio. Colorimetric sensor for identifying food suitability were
already established through AuNps [8]. Detection of proteins, pollutants, and other
molecules free to label make use of surface enhanced raman spectroscopic (SERS)
applications of AuNps.

G. L. Praveen (B) · K. Upadhyay · S. George · S. Thomas
International and Inter University Center for Nanoscience and Nanotechnology, Mahatma Gandhi
University, Kottayam, India

© Springer Nature Switzerland AG 2022
K. Upadhyay et al. (eds.), Hybrid Phosphor Materials, Engineering Materials,
https://doi.org/10.1007/978-3-030-90506-4_11

255

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-90506-4_11&domain=pdf
https://doi.org/10.1007/978-3-030-90506-4_11


256 G. L. Praveen et al.

Among the different metal oxide nanoparticles, Zinc oxide (ZnO) nanoparticles
were well established for its applications in gas-chemical sensor, biological sensors,
drug delivery systems and in electrical devices [9, 10]. At room temperature, prop-
erties of ZnO lies on 3.37 eV wide band gap, large band strength and large exciton
binding energy of 60 meV. Electromagnetic coupled sensors and actuators make use
of ZnO for its piezoelectric property [11]. With narrow and tunable emission lines,
higher photostability along with high quantum yield allows the QDS to overrule
molecular dyes from their both physical and biological senseronic fields of applica-
tion [12, 13]. In addition the distance dependent fluorescence emission quenching
and enhancement of QD by nearby metal NPs were also explored [17]. Distance
between single class QD and metal nanoparticles (MNPs) plays a vital role in QD
emission-quenching by forming an assembly between them [14]. The nonradiative
energy decipation mechanisms happens between dipoles through fÖrster resonance
energy transfer (FRET) [15] and nanometal surface energy transfer (NSET) [16, 17]
comes into play for the quenching process of QDs-MNPs nanoassembly.

Dextermechanism starts once thewave functions of donor and acceptormolecules
overlaps leads to charge carrier exchange. Unlike dexter transfer, FRET needs a high
spectral overlap with low concentration of donor to acceptor moieties (Scheme 1). In
FRET mechanism the QD and AuNPacts as point dipoles and for a pair the energy
transfer rate is expressed as:

kFRET = τ−1
D

(
R0

rDA

)6

where
τD = (Knr + Kr)−1 is the intrinsic lifetime of the quantum dot emission decay.
rDA is the center to center separation between the QD and AuNP. R0 is the

Förster radius.Where, 50%, energy transfer happens.This efficientResonance energy

Scheme 1 Criteria of
fluorescence resonance
energy transfer (FRET)
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transfer is possible only when the donor and acceptor molecules are separated by a
distance of 100 A0.

The Förster radius is given by

R0 = 0.0211

(
k2QY

n4
J

)1/6

K2 is the orientation factor of the dipole. QY is the photoluminescence (PL)
quantum yield of the QDs and n is the refractive index of the surrounding medium.

J =
∞∫
0

îQD(λ).εAuNP(λ)λ4dλ

where, îQD is the normalized donor emission spectrum of the QD, εAuNP is the
acceptor (AuNP) molar extinction coefficient and J is the spectral overlap of the
area normalized donor QD emission spectrum and the acceptor AuNP extinction
spectrum.

Todetect a bright signal in a darkbackground is quite easy andprecise,whichover-
ruled the turn-off sensors from the scenario. The pictorial representation of the turn-
on sensing mechanism of nitro aromatic compounds by the quantum dot-plasmonic
nanoassembly is shown in Scheme 2. The amine-terminated AuNP (λabsorption =
526nm) and carboxyl-terminatedZnO:Dy (λemission =536nm)first forman assembly
through amine-carboxyl electrostatic interaction, switch on to FRET between QD to
AuNPs and almost complete emission of the QD is quenched. Next, the added 2,4,6-
trinitrotoluene (TNT) molecules break the assembly and replace the QDby forming

Scheme 2 Pictorial representation of FRET ON and FRET OFF as part of Meisenhiemer complex
formation
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a meisenheimer complex between TNT and the primary amines of the cysteamine
cappedAuNPs [18]. This complex formation breaks FRET and a corresponding fluo-
rescence recovery is obtained. The magnitude of fluorescence recovery depicts the
concentration of the analyte molecule present.

2 Results and Discussion

2.1 Photoluminescence Study of MPA Capped ZnO:Dy

The emission spectrum of dysprosium doped ZnOQD capped with mercaptopropi-
onic acid was derived through 367 nm range excitation entity.

Figure 1 depicts the emission profile of Dy doped ZnO QD capped with MPA.
Maximum fluorescence emission is recorded at a spectral range of 536 nm. As part
of 5d-4f transition and the 5d state is easily affected by the outer crystal field [19], the
fluorescence of Dy3+ ions happens. The luminescence efficiency of rare earth doped
materials depends mostly on the host matrix nature. When Dy3+ ion (0.99A˚) are
introduced into ZnO host (0.75A˚), only a minor fraction of Dy3+ could substitute
the Zn2+ sites and the major fraction resided on the surface or on the grain boundaries
of the ZnO nanocrystals yielding optimum strain relief [20]. The characteristic QD
emission is confirmed by obtaining green light from the aqueous sample irradiated
with 367 nm UV light as shown in the digital photograph.

Fig. 1 Emission spectrum
of Dy doped ZnO capped
with MPA and the direct
photograph showing its
fluorescence under the UV
lamp
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Fig. 2 Absorption spectrum
of AuNP@cysteamine

2.2 UV–Visible Absorption Study of Cysteamine Capped
AuNP

The Fig. 2 shows that cysteamine capped AuNP exhibits the absorption maximum at
the wavelength region of 526 nm. Usually AuNPs exhibit surface plasmon resonance
at UV–Visible region approximately at 520 nm which corresponds to the transverse
oscillation of the free-conduction electrons induced by an interacting electromagnetic
field, and their resonances (Mie 1998). Here, the cysteamine capped AuNP gave the
absorption band which is almost matched with emission band of Dy:ZnO@MPA.

In order to analyse surface functionalisation done on the donor and acceptor
moieties of the nanoassembly FT-IR spectral studies were carried out.

2.3 Functional Group Analysis of MPA Capped QD Using
FT-IR

The Fig. 3 shows the FT-IR spectrum of MPA modified ZnO:Dy QD. The absorp-
tion peak occurs at 3170 cm−1 corresponding to O–H stretching of –COOH group,
and absorption peak at 637 cm−1 corresponding to C-S vibrations of mercaptopro-
pionic acid respectively. In MPA modified ZnO:Dy, the characteristic peak of S–H
vibration around 2650 cm−1 is absent which indicates the successful binding of the
MPA towards the ZnO:Dy QD surfaces. The peaks observed around 3500 cm−1 and
562 cm−1 corresponds to free –COOH group and the metal-oxide (Zn–O) vibration
respectively.

The surface charge obtained for theMPA capped ZnO:DyQDwas evaluated using
zeta potential (ξ) measurements which is shown in Fig. 4. It was found that the
particles were negatively charged having a zeta potential value of −35.4 mV. The
obtained negative potential depicts the stability and successful MPA capping.
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Fig. 3 FT-IR spectrum of MPA modified ZnO:Dy

Fig. 4 Surface charge analysis of MPA capped ZnO:Dy

2.4 Functional Group Analysis of Cysteamine Capped AuNP
Using FT-IR

Figure 5 shows the FT-IR spectrum of cysteaminemodified AuNP. The characteristic
peak of–NH2 vibration in cysteamine was observed at 3403 cm−1. The characteristic
peak of S–H vibration around 2650 cm−1 is absent which indicates the successful
binding of the cysteamine towards the AuNP surfaces.
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Fig. 5 FT-IR spectrum of AuNP@cysteamine

The surface charge obtained for the cysteamine capped AuNP was evaluated
using Zeta potential (ξ) measurements which is shown in Fig. 6. It was found that
the particles were positively charged having a Zeta potential value of+27.7 mV. The
obtained positive potential depicts the successful MPA capping.

Fig. 6 Surface charge analysis of cysteamine capped AuNPs
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2.5 Quenching Studies of Dy:ZnO@MPA
and AuNP@cysteamine Assembly

TheFT-IR and zeta potential spectral data supportswell forQDandAuNPpossessing
oppositively charged surface groups. Thus the amine terminated AuNPs stands as a
good scaffold for the negatively charged QDs. The quenching studies between QD-
AuNps nanoassembly is achieved by the merging of emission–absorption peaks of
QD-AuNps respectively. Figure 7 shows the emission and absorption peaks merging
obtained for the as optimised (QD536) and (AuNP526) nanoassembly depicts the
possibilities of FRET within our system.

Addition of picomolar (pM) concentrations of AuNP to the nanomolar (nM)
concentrations of QD within a constant volume of the system resulted in quenching
studies by keeping the volume of the system a constant. The spectra thus obtained are
shown in Fig. 8. As the concentration of AuNP grows the emission intensity of QD is
deminishes. The maximum quenching of the emission intensity of QD was observed
for 12.6 pM concentration of AuNP added system. It is evident from the spectrum
that a turn-off mechanism via FRET is operating between the surface modified QDs
and AuNPs [21].

If the QDisin the close proximity of metal nanoparticle i.e. AuNP (less than a
few nm), then the possibility exists that the excited state QD electron and hole can
tunneled to the AuNP through non-radiative relaxation [22]. Thus in this systemwith
a reasonably good spectral overlaps between the donor and acceptor moieties which
results in the prevailence of non-radiative energy transfer between QD to the AuNP
causing the quenching of the fluorescence of QD molecules (Donor moieties). The
computational studies calculated that the length of cysteamine andMPA are 0.40 and
0.48 nm respectively [21]. Thus, the MPA modified QDs and cysteamine modified

Fig. 7 Graphical
representation of FRET
mechanism
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Fig. 8 Concentration dependent fluorescence emission quenching in QD-AuNp assembly

AuNPswill be almost far apart by anm.Hence, itwill provide an effective electrostatic
attraction between AuNP and QD resulting in a high FRET efficiency system.

Stern–Volmer equation Fo
F = 1 + kq τ0 [Q] opens the picture of quenching of QD

fluorescence in the presence of AuNP. Here F0 and F are the fluorescence intensity
of ZnO:Dy QD in the non-availability and availability of AuNP respectively. τ0 is
the life time of nanophosphors in the absence of quencher. Q is the concentration
of AuNP and kq is the quenching constant. A linear Stern–Volmer plot is obtained
when Fo

F is plotted against concentration of AuNp as shown in Fig. 9.

Fig. 9 Stern–Volmer plot
for the fluorescence
quenching of QDs with
variable concentration of
AuNP
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A linear Stern–Volmer plot is an indication of the accessibility of quencher
(AuNP) for the single class of fluorophores (ZnO:Dy). The quenching mechanism
is also explained from the measurement of fluorescent life time studies, a method to
distinguish static and dynamic quenching.

2.6 Detection of the Analyte (TNT)

Addition of variable nMconcentrations of TNTmolecules towards the nanoassembly
of the donor–acceptor (ZnO:Dy@AuNP) moiety caused highest quenching of the
donor luminescence. These spectral changes (emission recovery) is evaluated using
PL emission data as are shown in Fig. 10. An increase in the QD luminescence from
the maximum quenched nanoassembly is observed for each nM concentrations of
TNT addition. Hence a clear linear increase in the amount of fluorescence turn-on
is seen with an increasing amount of analyte concentration (TNT) in the aqueous
medium.

The fluorescence enhancement is attained as the TNT molecules break AuNP-
QD assembly and switch off the FRET from QD towards AuNP (Scheme 1). TNT
molecules fall in love with primary amines of the cysteamine capped AuNP and form
Meisenheimer complex and this covalent interaction is stronger than electrostatic
binding between amine and carboxyl groups of the cysteamine functionalised MNP

Fig. 10 QD replacement by TNT analyte (fluorescence recovery)
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Fig. 11 The direct UV
photograph of the system
which enabled maximum
fluorescence quenching
(FRET on) and fluorescence
recovery (FRET off)

Turn-off Turn-on

FRET on FRET off

and the MPA capped QD respectively [23]. Thus, QD electrostatically attracted
towards AuNPs were substituted by TNT molecules. The recovery of the green
emission of the QD through the replacement of AuNPs by the analyte molecule can
be clearly visualized from the direct photographs taken under 367 nm UV radiation
(Fig. 11) of the samples which enabled maximum FRET on and FRET off.

Detection limit for analyte was calculated using the following equation

Limit of detection (LOD) = 3 × standard deviation × lower limit

volume taken in cuvette × emission intensity in lower limit

The fluorescence turn-on is immediate and the limit of detection is as low as 1.46×
10−8 M.Observations such asfluorescence recovery of 45.45%with a high quenching
constant (Ksv) of 1.25 + 0.01 × 1010 M−1 depicts the sensitivity acceptability of
developed sensors.

2.7 Selectivity Study

The fluorescence response and selectivity of the nanoassembly (AuNP-ZnO:Dy)in
the detection of the analyte 2,4,6-trinitrotoluene is tested by taking the fixed volume
of an aqueous solutionwhich contained analoguemolecules of TNT such as nitroben-
zene (NB) and 2-nitrophenol (2-NP), along with commonly seen metal ion impu-
rities such as alkali (K+), alkaline earth (Ba2+) and transition metal ion (Fe3+). The
selectivity responses obtained were shown in Fig. 12. The corresponding fluores-
cence response of the system is shown in Fig. 13. The excellent selectivity of the
nanoassembly towards TNT is because the fact that high electrostatic interactions
between the carboxyl terminated QD and the amine terminated AuNP, which lacks
in the case of NB and 2-NP. Here only one electron withdrawing groups is present
in each aromatic rings.
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Fig. 12 Response of Fluorescence of AuNP-QD assembly to cations (K+, Ba2+ and Fe3+) and nitro
aromatic (NB, 2-NP) compounds. The concentration of K+, Ba2+ and Fe3+ are 10 μM and NB and
2-NP are 40 nM

Fig. 13 The selectivity of AuNP-QD assembly for TNT in the presence of cations (K+, Ba2+ and
Fe3+) and nitroaromatics (NB and 2-NP). The concentration of K+, Ba2+ and Fe3+ are 10 μM and
NB and 2-NP are 40 nM. F0 and F are the fluorescence intensities of AuNP-QD assemblies before
and after addition of corresponding substances. The concentration of AuNP is 12.6 pM and QD is
1 nM
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2.8 Morphological Study

To visualise the AuNP@QD nanoassembly and the replacement of QD by TNT we
go for the TEM study.

From the Fig. 14 it is clear that both the nanoparticles are spherical in shape. The
TEM studies were carried out on three types of samples (1) AuNP alone Fig. 14a
(2) AuNP+QDnanoassembly Fig. 14b and c corresponds to maximum quenching
concentration of AuNP (12.6 pM) added system and (3) AuNP+QD+TNT system.
Figure 14d corresponds to maximum turn-on enabling concentration (40 nM) of
TNT added system. From the given scale of TEM images the average size of AuNP
is calculated to be 30 nm and QD to be 10 nm. From Fig. 14b and c it is clear that the
QDs and AuNPs are very much close together ought to the electrostatic interaction
among them. The replacement of QD by TNT can be clearly visualised from the
corresponding sample (Fig. 14d).

Thus, the TEM study clearly substantiates the turn-off and turn-on phenomenon
working in our chemosensor.

Fig. 14 TEM images of a AuNP@cysteamine b Dy: ZnO@MPA+AuNP@cysteamine quenched
(turn-off) system c specified region of the quenched system d The quenched+TNT added (turn-on)
system
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Fig. 15 Size distribution curve of functionalised a AuNP alone b AuNP+ZnO:Dy

2.9 Size Distribution Analysis

Dynamic light scattering (DLS) analysis is an important method for determining
the size of particle present in solution. DLS works by shining a laser at sample
solution and observing the scattered light. Figure 15a shows the DLS distribution
curve of cysteamine modified AuNP alone which gave the characteristic peak at
33 nm indicates its hydrodynamic diameter, and Fig. 15b shows the DLS distribution
curve of the cysteamine capped AuNP in presence of MPA modified ZnO:Dy QD
which gave a characteristic peak at 55 nm. This increase in the AuNP size can be
attributed to the fact that due to electrostatic attraction the MPAmodified QDs come
close to the oppositively charged cysteamine modified AuNP and act as a single
system.

Thus the DLS profile further substantiates the proposed turn-off phenomenon
working in our chemosensor.

2.10 Fluorescence Life Time Study

ZnO:Dy@MPA system and the ZnO:Dy@AuNP were subjected for Time correlated
single photon counting, the decrease in emission intensity at high metal nanoparticle
concentrations (AuNP) is underlined by measurements of the emission life times of
theQDwith andwithout theAuNPs. TheQDwithoutAuNP exhibited bi-exponential
lifetime decay but the QD with maximum AuNP quenching concentration showed
tri-exponential decays, which were summarised in Table 1 and Fig. 16.

Emission quenching and decay life time shortening is evidenced by the occurrence
of non-radioactive energy transfer in the optical emitter [24].
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Table 1 Fluorescent life time of the pristine QD, QD+AuNP and QD+AuNP+TNT

Samples τ1(ns) τ2(ns) τ3(ns) A1 A2 A3 χ2

ZnO:Dy alone 8.249 5.645 – 53.44 46.56 – 0.995

ZnO:Dy@AuNP 5.342 5.008 6.028 61.65 10.73 27.62 0.954

ZnO:Dy@AuNP@TNT 7.098 5.591 6.961 64.84 7.96 27.20 1.01

Fig. 16 TCSPC spectra of ZnO:Dy alone, ZnO:Dy+AuNP and ZnO:Dy+AuNP+TNT

Our study support these two characteristics in QD-AuNP assembly at optimal
quenching concentration. The emission life time measurements emphasises the exis-
tence of distinctive states for the QD-AuNP at the maximum AuNP quenching
concentrations in the nano assembly shown in Table 1. By concentration increase of
AuNPs a subset of excited state QDs transfer the excited electron and hole to the
AuNP by non radiative relaxation.

In the case of MPA capped ZnO:Dy a bi-exponential pathway is dominant. The
first is of ZnO:Dy (τ1 = 8.249 ns) and the second is contributed by the capping
agent (τ2 = 5.645 ns). Here the capping agent can change the luminescence of QD.
When AuNP is introduced to the system the decay profile exhibits a tri-exponential
pathway, the third decay channel is provided by AuNPs. Moreover, the decay time
changes from τ1 = 8.249 ns to 5.342 ns and τ2 = 5.645 ns to 5.008 ns. The decrease
of lifetime points that luminescence of QD gets quenched by the acceptor AuNPs.
The shortening of life time is dynamic as only the excited state of the fluorophore is
affected.When the analyte TNTwas introduced to the AuNP-QD system, it also gave
a tri-exponential decay and a good recovery in the fluorescent lifetime was obtained
(τ1 = 5.342 ns to 7.098 ns and τ2 = 5.008 ns to 5.591 ns). A good recovery of
lifetime indicates that the additional decay channel becomes less strengthened with
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the disintegration of the hybrid assemblies between QD and AuNP (τ3 = 6.028 ns
to 6.961 ns).

2.11 Magnetic Measurements of Mercaptopropionic Acid
Capped ZnO and ZnO:Dy Quantum Dots

Magnetization curves as shown in the Fig. 17 are measured on powder sample of
QD@MPA nanoparticles at room temperature using vibration sample magnetometer
(VSM).Magnetic hysteresis [M-H] curve of undopped ZnO nanoparticle recorded at
room temperature is shown in the Fig. 17a. The sample shows diamagnetic behavior.
Figure 17b reveal hysteresis with enhancement in saturation magnetization for 5%
Dy doped ZnO nanocrystals. The saturation magnetization (Ms) value, obtained for
the Dy doped ZnO nanocrystals was 21.41 emu/g and the undoped ZnO nanocrystals
was only 4.634 emu/g. ZnO is a promising host material for ferromagnetic doping at
room temperature [25, 26]. ByDydoping the diamagnetic undopedZnOnanoparticle
is changed to paramagnetic substances. That is increase in concentration of Dy3+ ions
in ZnO nanocrystals leads to an increase in paramagnetic behavior may be due to
presence of Dy at near surface sites. This paramagnetic nature of the donor moiety
can be explored for the magnetic concentration of the analyte molecules which will
even increase the accuracy of the detection of analyte from natural surroundings.
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Fig. 17 Magnetization curve for MPA capped a ZnO b ZnO:Dy QDs
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3 Conclusions

In summary, Meticulous optimisation of the emission wavelength of Magnetic-
Luminescent nanoparticles with the absorption wavelength of plasmonic nanoparti-
cles provides promising FRET enabled nanosensors.

4 Experimental

4.1 Reagents

Zinc acetate dehydrate [(CH3COO)2Zn·2H2O], dysprosium (III) chloride hydrate
[DyCl3], hydrogen tetrachloroaurate [HAuCl4·3H2O] and N-Cetyl N,N,N trimethyl
ammonium bromide [CTAB] were used of Oxford Laboratory, Alfa Aesar, Aldrich,
and Otto respectively. Sodium borohydride [NaBH4], sodium hydroxide [NaOH],
potassium hydroxide [KOH], methanol [CH3OH], ascorbic acid [Vitamin C],
mercaptopropionic acid [MPA] and cysteamine hydrochloride employed were of
Spectrochem. Hydrochloric acid [HCl] and nitric acid [HNO3] were purchased from
Spectrum, tri sodiumcitrate [C6H5Na3O7·2H2O] from Nice and TNT [2,4,6-trinitro
toluene] was obtained from Forensic Laboratory. Milli-Q water was used to prepare
all the solutions in this study. All the materials and chemicals were used as received.

4.2 Synthesis of MPA Capped Dysprosium Doped ZnO QD

In order to synthesis dysprosium doped ZnO first prepared dysprosium oxide from
lanthanide halides i.e.; dysprosium chloride. For that added 1.5 mL (0.05 M) NaOH
solution to the 5 mL (0.005 M) DyCl3. White precipitate will obtained indicate
the presence of Dy2O3. The above obtained Dy2O3 is added to 9 mL (0.1 M) of
precursor complex such as zinc acetate dihydrate (ZnAc2•2H2O). Stirred vigorously
for about 10 min. To the stirred solution added 1 M KOH (22 mL) drop by drop
and magnetically stirred for about 1 h. Then centrifuged, washed three times with
1:1 methanol water solution. The resultant product is the dysprosium doped ZnO,
(ZnO:Dy). It is then dried and powered. To this added 40 mL (0.1 M) MPA and
stirred for about 10 h then centrifuged and washed with 1:1 ethanol water solution.
The resultant product is the MPA capped dysprosium doped ZnO (ZnO:Dy@MPA).
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4.3 Synthesis of Cysteamine Functionalised AuNPs

AuNPs are prepared in aqueous solution using a seeded growth protocol with slight
modification [21]. Specifically the seed solution was first made by addition of 0.01M
HAuCl4 solution (0.25 mL) into 0.1MCTAB (9.75 mL) in a 15 mL plastic tube. The
solution was gently mixed by inversion. A freshly prepared ice cold 0.01 M NaBH4

solution (0.6 mL) was then injected quickly into the mixture solution followed by
rapid inversion for 2 min. The resultant seed solution was kept at 30 °C for 2 h before
use. To grow AuNPs0.01 M HAuCl4 (2 mL) was first mixed with 0.1 M CTAB
(40 mL) in a 100 mL beaker mix gently. 1 M HCl (0.8 mL) was then added for
adjusting the pH, followed by the addition of 0.01 M ascorbic acid (0.32 mL) and
mixedwell by inversion. After the growth solution wasmixed by inversion the CTAB
stabilized seed solution (0.096 mL) was rapidly injected. The resultant solution was
gently mixed for 10 sand kept undisturbed for 12 h in 30 °C water bath.

Amine terminatedAuNPswere obtained by amodified literature procedure (Wang
and Irudayaraj 2010). Briefly 5 mL of AuNP sample was centrifuged twice at
10,000 rpm for 15min to removeCTABand other ions in the solution. The precipitate
was redispersed in water (5 mL) and subsequently an aqueous solution of cysteamine
(20 mM, 10.5 mL) was added drop wise under vigorous stirring. The mixture was
sonicated for 0.5 h at 50 °C, which was further heated in a 50 °C water bath for 3 h.
The resultant AuNPswere collected by centrifugation twice at 13,000 rpm for 15min
to remove excess cysteamine and desorbed CTAB. The purified amine-terminated
AuNPs were dried under vacuum at 40 °C overnight. The cysteamine-AuNPs were
then redispersed in water.

4.4 The Spectrofluorometric Determination of Turn-Off
Fluorescence

Different volumes of AuNP (1.0 × 10–9 M) solution such as 27, 36, 45, 54, and
63 μL were placed in a series of 10 mL calibrated test tubes. Various amounts of
ZnO@MPA (1.0 × 10−7 M) were mixed with the test tubes. The mixture was then
diluted to 5 mL with water and mixed thoroughly. Five minutes later, the mixed
solutions were transferred into the quartz cuvette and the fluorescence was measured
at an excitation wavelength of 367 nm.

4.5 The Spectrofluorometric Detection
of 2,4,6-Trinitrotoluene

72μL of AuNP (1.0× 10−9 M)were placed in a series of 10mL calibrated test tubes.
Then ZnO@MPA (1.0 × 10–7 M) of various amounts were mixed with the solution.
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Five minutes later the analyte (TNT) with different concentrations (10, 20, 30, and
40 nM) from 1.0 × 10−6 M TNT solution with volumes respectively were added
to the mixture. The mixtures were then diluted to 5 mL with water and mixed thor-
oughly. After 5 min the mixed solution were transferred to the quartz cuvette. Their
fluorescence spectra were recorded by operating the fluorescence spectrophotometer
at an excitation wavelength of 367 nm.
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Hybrid Nanostructures for Biomedical
Applications

R. Rajakumari, Abhimanyu Tharayil, Sabu Thomas,
and Nandakumar Kalarikkal

Abstract Nanoparticles have great potential in the biomedical field owing to its
superior properties. Hybrid nanomaterials can be used to perform both diagnostic
and therapeutic function by a single system. These materials will have the syner-
gistic beneficial features of the different nanomaterials incorporated. In this chapter,
we have categorised the inorganic/organic hybrid nanomaterials which are being
developed in the field of biomedical applications. In addition, summarized the most
recently reported hybrid nanomaterials, nanoparticles and nanocomposites with their
synthesis methods and physicochemical properties. This chapter will summarize the
recent advances in the synthesis, design and applications of hybrid nanomaterials
in the biomedical field. The applications especially the imaging, drug delivery and
cancer therapeutic applications will be highlighted.
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1 Introduction

The biomaterials such as polymers, metals, ceramics and composites are used in the
biomedical applications for the treatment of various diseases. There are different
types of polymers are established in the biomedical field because of its improved
biocompatibility and biodegradability. In the biomedical applications, these biomate-
rials are used in the field of drug delivery, drug targeting, imaging, theranostics. There
are several polymer based drug delivery systems which are available commercially
and also few are clinically approved for the medicinal use [1–5].

The inorganic biomaterials which are used for the biomedical applications such
as minerals, metals, metal oxides, glasses, ceramics and other inorganic components.
These type of materials have number of advantages than the organic materials which
includes mechanical, thermal, magnetic, optical properties and the porous structures
[6]. There are also other class of biomaterialswhich is called as hybrid biomaterials or
functionalised biomaterials which contains a mixture of organic and inorganic mate-
rials used for the biomedical applications [7, 8]. The inorganic nanoparticles such as
gold, iron oxide nanoparticles, carbon dots, quantum dots etc. is easily dispersible in
the water with the organic polymers for the surface modification. This type of hybrid
biomaterials are used for the diagnostic and therapeutic purposes. Moreover, this
type of hybrid materials leads to prepare a novel therapeutic molecules which can
be used for imaging because of the excellent properties of inorganic nanoparticles
and the surface modification. For fabricating bone graft materials the hybrid bioma-
terials were used which contains the inorganic ceramic nanoparticles along with the
polymer nanocomposites [9, 10].

These hybridmaterials containing the organic polymer and the inorganicmaterials
are used particularly in the manufacturing of pharmaceuticals such as drug delivery
carriers, scaffolds for tissue engineering etc., and medical devices such as dental
implants, vascular stents etc. The organic/inorganic hybrid biomaterials are classified
as nanoparticles and nanocomposites and these materials were prepared by many
synthesis methods [11]. The reported methods are complex and difficult to process
in an industrial level whereas the current scenario demands simpler, cost effective
and also requires reproducibility. In addition, there are also some studies they are
in continuous efforts to develop a novel class of hybrid materials by overcoming
the drawbacks and limitations of the already existing methods. As it is used for the
biomedical applications, it should be used safely by all for the clinical purposes. So,
it is very important to use the biocompatible materials and also the in-vivo studies
are very important to know the pharmacodynamics and pharmacokinetic behaviour
of the molecules. Moreover, the interaction studies should be performed with the
biological cells, tissues and proteins to understand the complexity and nature of the
biomaterials [12, 13].

The hybrid biomaterials containing organic and inorganic nanomaterials were
used for the drug delivery applications with different imaging concepts. This
approach can also be useful for the theranostic applications for the treatment of
various diseases. Therefore, this approach represents a novel strategy for the cancer
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immunotherapy with the application of hybrid biomaterials. And also, the very novel
artificial intelligence is an emerging technology which can contribute in developing
personalised biomaterials with themixture of polymer and inorganicmaterials. Thus,
multidisciplinary approach by involving experts in various fields frombiotechnology,
medicine, physics, chemistry, pharmacy professionals are necessary for the clinical
development of hybrid nanomaterials [14].

2 Organic/Inorganic Hybrid Nanomaterials

The organic/inorganic hybrid nanomaterials can be divided into two groups based
on their interaction between the organic and inorganic moieties. The hybrid mate-
rials interacts very strongly by formation of covalent bonds or ionic bonds between
the organic and inorganic components. This type of materials comes under type 2
hybridmaterials inwhich they can be used to synthesise newmaterials from alkoxide,
minimises the separation of phases and easier to identify the interface between the
organic and inorganic components. The type 1 materials are classified as the hybrid
materials which interacts with the organic and inorganic components very weakly
by the van der Waals, hydrogen and electrostatic bonds. These type of hybrid mate-
rials were divided into hybrid nanoparticles and hybrid nanocomposites. The hybrid
nanoparticles consists of organic and inorganic nanoparticles or nanomaterials where
the hybrid nanocomposites consists of organic and inorganic components which are
larger than or in the micro scale. Based on the bonding strength and the process
through which they are formulated, these kind of materials were further divided into
two different classes [15, 16].

2.1 Hybrid Nanoparticles

Generally the nanoparticles are in the size range of 1–100 nm which can be of
organic or inorganic materials. This category of nanoparticles affords a wide range
of opportunities to examine the material properties with respect to the particle size.
For the biomedical applications, mostly the metal groups consists of Au, Ag and Cu
nanoparticles were used because of their unique optical, catalytic and electrical prop-
erties based on their size [17, 18]. This kind of nanoparticles differ completely from
the category of nanocomposites or bulk materials which completely depends on their
shape, size, distance and the nature. If these nanoparticles has to be used in the bioap-
plications it is very important that these particles should be completely dispersed in
the aqueous phase. They should have very good chemical stability and it also should
be devoid of oxidation or sintering (avoidance of degradation process). To make it
stable the polymer stabilizers were used in the synthesis of inorganic nanoparticles
in which it improves the dispersion in the aqueous phase and thereby improving the
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chemical stability. Moreover, these hybrid nanoparticles also improves the process-
ability and biocompatibility of the materials by surface modification process. These
kind of nanoparticles have the unique characteristics such as it can behave as both
inorganic and organic nanomaterials. Therefore, this type of hybrid nanoparticles
could be useful in different kinds of biological applications which also includes
imaging, photodynamic therapy. Image assisted delivery, drug delivery applications
[19–21].

2.2 Hybrid Nanocomposites

Generally the nanocomposites are combination of organic and inorganic nanomate-
rials. This type of nanocomposites consists of homogenous and heterogenous struc-
tures of organic and inorganicmaterials. Eachorganic and inorganicmaterial domains
are in the range of nanometer scale. Because of the synergy between the organic and
inorganic nanomaterials they are considered to be the stronger hybrid nanocom-
posites. The physicochemical properties of the hybrid nanomaterials depend upon
their nature and contents of the individual components of the organic and inorganic
materials. When compared to the individual organic and inorganic components, the
hybrid nanocomposites have very good mechanical and thermal stability. Moreover,
the physicochemical properties (magnetic, electrical, redox) of the hybrid nanocom-
positeswere controlled by the inorganic components because of their porous network.
These porous nanostructures of the hybridmaterials were used as a suitable candidate
for the drug delivery applications. In addition, the hybrid nanocomposites as scaf-
folds can also be used in tissue regeneration and cell therapy. The porous structures
of the hybrid nanomaterials are useful for encapsulation of osteoinductive compo-
nents which stimulate the cells differentiation for the regeneration of tissues. For
example, the hydrogels containing organic and inorganic materials that can be used
in an extensive range of biomedical applications [22]. The organic and inorganic
hybrid nanocomposites are categorised as matrix materials and hydrogels which are
explained in detail below.

2.3 Hybrid Nanomaterials

The studies prove that the researches have utilised the both organic and inorganic
nanoparticles for the biomedical applications. To achieve the desirable properties, the
position, design and arrangement of individual nanoparticles should be controlled to
use in the different fields. There are various synthetic methods were used and they are
self-assembly, surface modification, physical blending, metal–organic frameworks
(MOFs) and in-situ deposition. These methods are utilised to obtain the desired
physicochemical properties by modifying the surface properties and thereby control-
ling its arrangement. The surface incompatibility between the polymer materials and
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nanoparticles can be overcome by introduction of polymer or small molecules on
the surface of the nanoparticles and this process is called as surface modification.
This process improves the nanoparticles dispersion in the polymer matrix and also
facilitates the modifications in the matrix which is useful for the wide range of
applications [23, 24]. There are several methods to control the aligning of nanopar-
ticles with respect to their physicochemical properties. Hence, there are different
kinds of hybrid nanoparticles have been formulated to control the arrangements of
nanoparticles using metal organic frameworks (MOFs) and self-assembly methods.
Likewise there are methods to develop nanocomposites with the polymer matrix for
the improvement of mechanical and other physicochemical properties. The nanopar-
ticles should be well dispersed in the polymer matrix with a high stability to get the
desired nanocomposites with the well-defined properties [25, 26]. The homogenous
hybrid nanocomposites were categorised into two major classes such as physical and
chemical. The synthetic methods of preparing hybrid nanocomposites by means of
physical means involves solution and melt blending process and chemical process
involves the in-situ deposition methods.

2.3.1 Hybrid Nanoparticles

The surface properties of the inorganic nanoparticles such as the colloidal stability
and biocompatibility were not suitable for the biomedical applications. Because of
their high surface area to volume ratio, the inorganic components are susceptible to
the formation of agglomerates and aggregates. Thereby these inorganic nanoparti-
cles undergoes a very rapid clearance by the reticuloendothelial system (RES). So to
improve the biocompatibility, circulation time and stability of the inorganic nanopar-
ticles, it is very important to modify the physicochemical properties by coating
with organic polymers. And also, this section deals with the methods like surface
modification, metal organic frameworks (MOFs) and self-assembly for polymers
hybridization and stabilise the inorganic nanoparticles [27, 28].

Surface Modification Method

The inorganic nanoparticle surfaces could be improved by two different kinds of
methods consists of adsorption (physical) and grafting (chemical) methods (Table
1). The surface modifications by physical methods were attained by the surface
adsorption and reaction with the small molecules. And the surface modifications by
chemical methods were achieved by the grafting of polymer molecules in which the
functional groups acts as a site for chemical bonding (Fig. 1). Themost commonagent
used for the inorganic nanoparticles are the silane coupling agents which has bifunc-
tional groups forms a bridge/bond between the two phases [29]. The silane coupling
agent contains R–Si-(OR)3 in which the R= CH3O–, CH3CH2O– acts as an anchor
and it reacts with the –OH groups present on the surface of the metal oxides (M)
forming a Si–O–M bond. The R forms an alkyl bridge between the functional group
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Table 1 Synthesis of hybrid nanomaterials by surface modification method

Polymer Inorganic material

Hybrid nanoparticles (surface
modification)

APTES, TEOS SrAl2O4:Eu2+ [34]

DSPE-PEG Fe3O4 [35]

Poly(N-isopropyl acrylamide) AuNPs [36]

PMAGal-b-(PMAGal-co-PPyMA) γ-Fe2O3 [37]

Poly(2-(methylsulfonyl)ethyl
acrylate)

Fe3O4 [38]

PEG-PEI-Chitosan Fe3O4 [39]

Aminosilane, PEG Fe3O4 [40]

Carboxyl methylated PVA Fe3O4 [41]

Fig. 1 Surfacemodificationof nanoparticles for biomedical applications (reprintedwith permission
from MDPI nanomaterials [42])

and the silicon atom through a condensation reaction. The surface modification by
the silane molecules undergoes by the four different types and they are (i) the alkoxyl
groups should be hydrolysed in the water for the liberation of alcohols and producing
a reactive silane molecule, (ii) self-condensation of silanol groups takes place during
hydrolysis, (iii) the reactive silane groups were adsorbed by means hydrogen bond
formation in the hydroxy groups of themetal oxide surfaces, (iv) and thesemolecules
liberates water during heating then the remaining silane groups condensedwithmetal
oxide groups through the conversion of hydrogen bonds into covalent bonds. Chen
et al. prepared a nanoscintillator which is silica coated for the photodynamic therapy.
For the synthesis of nanoscintillator, nanoparticles SrAl2O4:Eu2+ (SAO)were coated
with silane precursors such ad tetra ethyl orthosilicate (TEOS) and aminopropyltri-
ethoxysilane (APTES). These nanoscintillator which are coated with silica have a
large number of functional amine group results in positively charged surface [30].
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Table 2 Synthesis of hybrid nanoparticles by self-assembly

Polymer Inorganic material

Hybrid nanoparticles
(self-assembly)

Diethylene glycol
Tetra thiafulvalene

AuNPs [39]

PEG-PBLA-Ce6 Fe3O4 [8]

Gd-DTTA, polystyrenesulfonate [Ru(bpy)3]Cl2 [48]

NH2–Leu–Aib–Tyr–OMe peptide AuNPs[49]

Diethylene glycol dioxynaphthalene AuNPs [50]

Chemical method is another approach for the surface modification of nanoparti-
cles. It includes the grafting of polymers to the surface that improves the functional
characteristics and modifies the surface morphology of the inorganic nanoparticles
[31]. There are two methods for chemical grafting and the first one is that it links
the polymers with the surface of the inorganic nanoparticle. This process tends to
low grafting density because of the reactivity of the functionalised polymer chains.
The second approach is that to increase the grafting density the surface initiated
polymerisation process is involved. This process includes radical, cationic, anionic
polymerisation methods which involves the distribution of the functionalised grafted
polymers from the nanoparticle surface. The monomers which are polymerised from
the inorganic nanoparticle surface in the grafting method. They will easily penetrate
the aggregated nanoparticles which reacts on the activated surface on the polymer
because of its low molecular weight. The density and the thickness of the polymer
could be controlled by the rate of polymerisation and the nature of monomer. In
a study they have grafted poly (2-(methylsulfonyl) ethyl acrylate) using 12-(2-
bromoisobutyramido) dodecanoic acid on the surface of superparamagnetic iron
oxide nanoparticles through the polymerisation reaction [32, 33].

Self-Assembly

This method involves the controlling of accumulation of inorganic nanoparticles
by improving their properties in a controlled way (Table 2). The nanoparticles or
other distinct constituents in which they unite together via directly or indirectly
through the specific interactions [43, 44]. The block copolymers play an important
role in self-assembly of nanoparticles because ABA triblock chemical structures
along with the nanoparticles provides well-defined interactions. Through the specific
interactions these block copolymers self-assemble into the ordered nanostructures.
Those specific interactions occurs by the block copolymers and they are dipole–
dipole, covalent, non-covalent, steric hindrance, columbic attraction or repulsion.
Balancing the hydrophilic and lipophilic balance (HLB) of the block copolymer has
a great influence on the self-assembly of nanoparticles. Moreover, by controlling the
HLB of the block copolymer, the morphology of the self-assembled nanoparticles
can be maintained. In addition to the block copolymers, the inorganic nanoparticles
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Fig. 2 Self-assembly nanomaterials for biomedical applications (reprinted with permission from
RSC advances [51])

are also used for the functionalization or as the templates to provide stable self-
assembled nanostructures. Mostly, the magnetic nanoparticles were combined with
the block copolymers to produce a well-defined nanostructures. In a report, they
have used pH sensitive magnetic nanoparticles (PMNs) as a functionalising agent
on the block copolymers to obtain a self-assembled iron oxide nanoparticles. PMNs
exhibited improved imaging for targeting the cancer cells through the self-assembly
of iron oxide nanoparticles. This is because of the selective targeting ability of the
PMNs which also showed photodynamic activity which kills and prevent the growth
of cancer cells (Fig. 2) [45–47].

Metal–Organic Frameworks (MOFs)

The MOFs has the ability to protect the active moieties from degradation and also it
improves the drug loading efficiency. Because of their even porosity, it has a good
pore volume and shell surface to increase the drug loading capacity. And also, the
metals are connected by the strong coordination bonds with the multidentate organic
ligands which results in the high mechanical and thermal stability [52]. There are
various functional materials such as graphene based materials, carbon nanotubes,
quantum dots, metal nanoparticles and biomolecules were combined to form the
hybrid nanomaterials (Table 3). So, it will be easy for the drug molecules in which
it can be loaded in the MOFs which acts as a drug carriers to target the disease
region and also it improves the stability. This leads to the commercialisation of few
nanodrugs such as Abraxane, Ambisome and Doxil [53, 54]. In addition, MOFs
can be attained by the single-component nanostructures with good physicochemical
properties, intriguing morphological structures, improved BET (Brunauer–Emmett–
Teller) surfaces and high porosity. Moreover, the fabrication methods for the MOFs
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Table 3 Synthesis of hybrid nanomaterials by MOFs method

Polymer Inorganic material

Hybrid nanoparticles (metal
organic frameworks (MOFs))

Terephthalic acid,
1,3,5-tris(4-carboxyphenyl)benzene

Zn4O cluster [63]

BTC Fe3O trimer [64]

Naphthalene-2,6-dicarboxylic acid Zinc nitrate [65]

Lipoic acid, PEG Zirconium nodes, AuNPs

AzTPDC Zinc nitrate [66]

2-methylimidazole Zinc nitrate [67]

Amino-TPDC Zrcl4 [68]

include solution, diffusion and hydrothermal techniques [55]. The solution method
is the most widely used method in which it contains organic ligands, metal elements
and other materials in a solvent were stirred at a specified time and temperature. The
purification process involves the filtration method in which the solvent is evaporated
and whereas the diffusion method involves the long reaction process under mild
condition which can be of liquid, gas or gel diffusion. Firstly, the gel diffusion
method is a process in which the organic ligands are dispersed in the gel containing
metal ion solution which forms a crystals of MOFs. Secondly, in the liquid diffusion
process the organic ligands are dissolved in the solvent containing metal ions to
form MOF crystals. Thirdly, the gas diffusion involves the process of mixing metal
ion with the volatile organic ligand solution to form MOFs. An another method of
preparingMOFs is the hydrothermal method in which it can be obtained by involving
the organic ligands, metal ions, solvents and the other required materials in the
polytetrafluoroethylene liner. Thesematerials are kept in the high temperature reactor
for the initiation of reaction process to form MOFs [56–59]. In a study, they have
used an autophagy inhibitor 3-methyladenine (MA) in the MOFs (zeolitic imidazole
framework) which has high drug loading capacity and they found that it has a strong
anticancer activity. The MOFs have high encapsulating efficiency, particles with
uniform size and shape, exceptional biocompatibility and high stability. Furthermore,
the MA-ZIF exhibits strong anticancer effect by inhibiting the autophagy in the
tumour bearingmice and also delivers the drug in a controlled manner with improved
permeability. In addition, because of the improved permeability and retention, the
active molecule accumulates in the tumour tissue more than normal because of the
angiogenesis in the tumour tissue (Fig. 3) [60–62].

2.4 Hybrid Nanocomposites

The hybrid nanocomposites are intended to increase the optical, magnetic, electrical,
rheological and mechanical properties. In this type of nanocomposites, the inorganic
nanoparticles such as metal and metal oxides were incorporated in the polymer
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Fig. 3 Biomedical applications of MOFs (reprinted with permission from Wiley Interdisciplinary
Reviews: Nanomedicine and Nanobiotechnology [69])

matrices. The only disadvantage in this type of hybrid nanocomposites is that it
undergoes agglomeration if there is any inadequate distribution of nanoparticles
in the polymer matrices. And also, this may leads to affect the physico chemical
properties of the nanocomposites. Therefore, to increase the dispersion behaviour,
the surface modification process is followed to create a strong repulsion between the
nanoparticles on the polymermatrices. There are differentmethodswere developed to
get a well-defined characteristics to obtain an improved physico chemical properties
[29].

2.4.1 Physical Blending

The conventional method for the preparation of hybrid nanocomposites is physical
blending and this consists of solution and melt blending. Solution blending involves
the direct mixing of polymer and inorganic nanoparticles in the solvent [29]. Then
the hybrid nanocomposites is obtained by precipitation, filtration and removal of
solvents. The main disadvantage of the solution blending method is that identi-
fying a suitable solvent, its removal and the toxicity of the solvents. In a study,
they have prepared polystyrene-zinc oxide nanocomposites by solution blending
method and then they were casted as film. Firstly, the ZnO nanoparticles dissolved
in the dimethylacetamide and polystyrene with vigorous stirring. After mixing, the
obtained polystyrene-zinc oxide mixture were casted into films at 90 °C to get the
nanocomposite film. This technique evenly distribute the ZnO nanoparticles in the
polymer matrix and it also has improved stability [70].
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Table 4 Synthesis of hybrid
nanomaterials by physical
blending method

Polymer Inorganic material

Hybrid nanoparticles
(physical blending)

PMMA, PVPh POSS [73]

Polydopamine AuNR [74]

PS ZnO [70]

PP SiO2 [72]

Polybenzoxazine POSS [75]

OBT, OBA POSS [76]

2.4.2 Melt Blending

This technique is a very simple, cost-effective method which effectively removes
the toxic solvents. In this method, the inorganic nanoparticles are dispersed in the
polymer which is melted by the extrusion technology [71]. Because of the high
viscosity of the polymers, it’s difficult to regulate the dispersion of inorganic nanopar-
ticles in the polymer matrix. In a study they have used polypropylene incorporated
with nano silica by melt blending method with the addition of maleic anhydride
which forms an amino functionalised polypropylene silica nanoparticles (Table 4).
The grafting was done by condensation method by the incorporating maleic anhy-
dride functionalised polypropylene and amino functionalised silicon dioxide. Then
these blended mixture is dispersed in the polypropylene matrix using Haake Polylab
at 140 °C which is refluxed with xylene and completed the blending at 200 °C. The
rheological results proved that it increased the melt strength of polypropylene [72].

2.4.3 In-Situ Deposition

The in-situ deposition technique is one of the simple and effective method for
dispersing the inorganic nanoparticles in the polymermatrix (Table 5). In thismethod
the nanoparticles are uniformly distributed inside the polymer matrices and this
method does not involves the usage of solvents [71]. Firstly, the inorganic nanoparti-
cles are mixed with the monomer and this mixture is incorporated into the polymers
through the liquid or the gas phase. The in-situ deposition method are prepared by

Table 5 Synthesis of hybrid nanomaterials by in-situ deposition method

Polymer Inorganic material

Hybrid nanoparticles (in-situ
deposition)

Polylactic acid AgNPs, GO [78]

Polyaniline MnO2, Cr2O3 [79]

Polypyrrole, Polyaniline Fe3O4 [80]

BisGMA-TEGDMA resin
mixture

Silver 2-ethylhexanoate [77]

Polyindole, PVA ZnFe2O4 [81]
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the methods such as stirring, ultrasonication and UV curing (photo initiation) which
contains the blend of inorganic nanoparticles with the monomers. In addition, the
hybrid nanocomposites or the polymer which cannot be processed under the melt
mixing or the solutionmethod can be fabricated by the in-situ depositionmethod [29].
In a study by Cheng et al., the preparation method involves the mixing of crosslinked
dimethacrylate and silver nanoparticles through the photo initiated free radical poly-
merisation. The silver 2 ethyl hexanoate is mixed with the resin mixture BisGMA-
TEGDMA (bisphenol A glycerolate methacrylate-triethylene glycol dimethacrylate)
and this mixture undergoes photo polymerisation reaction using visible light. The
X-ray photoelectron spectroscopy (XPS) and the morphological analysis proved that
the silver nanoparticles are dispersed on the surface of the polymer matrix [77].

3 Biomedical Applications

3.1 Detection and Treatment of Cancer

Hybrid nanoparticles contain twoormore differentmaterials in the nanometer dimen-
sion, which will have the advantages of both individual nanoparticles (Table 6). In
the medical field it is believed that this material will have superior properties of
individual nanoparticles and is very useful in cancer detection and treatment [82,
83]. Many nanoparticles are manufactured which have the ability to circulate in the
blood stream and detect cancer causing tumors [83]. Nanoparticles are used as a drug
delivery agent as it can carry comparatively higher drug loads and deliver at targeted
tumor sites [84]. Liposomes based on lipid bi layer have high load carrying capability
combined with minimum toxicity [85]. Similarly the inorganic mesoporous silica
nanoparticles were used and were proven to have targeted drug delivery properties
[86]. Nanoparticles can also be engineered to produce thermal energy from optical or
radio frequency sources and can be used in photothermal therapy to destroymalignant
tumors (Fig. 4) [87]. The nanoparticles produce outstanding results in the treatment
of cancer, but the single functionality limits their use; as a result a synergistic multi
component system is required to detect, monitor and treat malignancies that arises
[88, 89]. This is where the hybrid systems come into play where multiple nanostruc-
tures and components are integrated into a single component to form a therapeutic
and diagnostic system commonly referred to as theranostic device [90–93].

The functional nanostructures which are used as a contrast agent, fluorescence
imaging etc. are incorporated onto the surface to the another inner compartment
of another structural nanocomponents[94]. These structural nanocomponents could
be a polymer, liposome, micelle etc. that serve as a drug carrier or components
like gold nanoparticles that can be used in photothermal therapy [95, 96]. These
hybrid nanostructures when administered intravenously should circulate in the blood
stream for more than two hours and have the ability to be readily filtered out by the
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Table 6 Hybrid nanostructure based systems for theranostic applications

Nanocomponent Functional
nanocomponents

Function Target
cells/area

Referencess

Phospholipid liposome Gold NP Plasmonic
investigation,
optical imaging

Jurkat cells [144, 145]

DSPC/DPPC phospholipid
liposome calcein drug

Gold NP Light triggered
drug release

ARPE 19 cells [146]

Phospholipid liposome
[6-carboxyfluorescein drug]

Gold NP Photothermal
drug release

NA [147]

Phospholipid liposome
[xylenol orange sodium salt
drug]

Superparamagnetic
iron oxide
nanodots

Ultra sound
triggered MRI

NA [148]

Bilayer decorated magneto
liposomes

Hydrophobic
superparamagnetic
iron oxide
nanoparticle

NP heating
using AC
electromagnetic
fields

[149]

PEGylated liposome JPM 565 Ferrimagnetic iron
oxide

Non-invasive
drug delivery

MMTV-PyMT
tumour

[150]

Phospholipid liposome Quantum dot Optical
imaging

A549 lung
cells

[151]

Phospholipid liposome
doxorubicin

NA NA MCF-7/HER 2
cells

[152]

Polybutyl cyanoacrylate
microbubbles/paclitaxel

Iron oxide
nanoparticles

Magnetic
resonance and
ultrasound
imaging

MLS human
epithelial
ovarian cancer
cells

[153]

MAL-PEG-PLA block
MPEG-PLA/doxorubicin

Superparamagnetic
iron oxide
nanoparticles

Magnetic
resonance
imaging

SLK cells,
Avβ3 integrins

[154]

Phospholipid micelle Oleic acid coated
magnetic
nanocrystal

MKN-74 [155]

PEG-PAsp(DIP)-CA/Paclitaxel Quantum dot Optical
imaging

Bel 7402
human
carcinoma
cells

[156]

PEG-phospholipid micelle Magnetic
nanoparticle, TOP
coated quantum
dot

Optical and
magentic
resonance
imaging

MDA-MB-435
human cancer
cells

[157]

PS(16)-b-PAA(10)/doxorubicin Magnetic
nanocrystal

Optical
imaging

4T1 cancer
cells

[158]

Adenovirus MnMEIO
magnetic
nanoparticle

Gene delivery CAR positive
cells

[104]

HIV-1 DNA-Au
nanoparticles

Photothermal
imaging

NA [159]

(continued)
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Table 6 (continued)

Nanocomponent Functional
nanocomponents

Function Target
cells/area

Referencess

PLGA/methotrexate RGD attached gold
nanoparticles

Photothermal
healing

A 431
carcinoma
cells

[160]

PS-PLGA/paclitaxel QD and Iron oxide
nanoparticles

Optical and
magnetic
resonance
imaging

LNCaP
prostrate
cancer cells

[161]

Magnetic gold nanoshells and
PEG linker

Iron oxide
nanoparticles

Magnetic
resonance
imaging

SKBR3 and
H520 cells

[162]

SWNT/cisplatin Quantum dots Optical
imaging

EGFR
antibody

[163, 164]

Fig. 4 Polymer-Lipid hybrid nanocarrier system showing the monolithic polymer matrix and the
core shell type (redrawn from [143])

liver and kidneys [97]. The theranostic agents provide both diagnosis and treat-
ment with the same material. A hybrid nanoparticle composite of doxorubicin and
calcium carbonate hybrid nanoparticles were used for chemotherapy and cancer
related imaging applications [98]. The enhanced permeability and retention effect
causes the nanomaterial to selectively attach to the tumor tissues [99]. In the in-vivo
studies the hybrid nanomaterial composites showed excellent anticancer properties.
Antigens were encapsulated inside nanoparticles and delivered to improve the B and
T cell responses. These materials can directly act on antigen presenting cells thereby
triggering the activation of antigen specific T cells [100].
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A uniform core shell spherical nanoparticles made of bovine serum albumin and
polymethylmethacrylate core was made. This protein hydrophobic polymer conju-
gate functions as a drug delivery agent and possess additional features owing to
their amphiphilic molecular structures and island growth. In the in-vivo studies
camptothecin encapsulated BSA/PMMA nanohybrid material showed enhanced anti
tumor activity [101]. Kang et al. prepared gold nanoparticle based vaccines where
conjugated with a recombinant ovalbumin for the analysis of CD8+ T cell response
and delivery into lymph nodes [102]. The in-vivo mice study showed remarkable
tumor inhibition properties and a higher interferon gamma production. The study
also showed the importance of nanoparticle size in the therapeutical applications.
In another study, Zhang et al. constructed a novel mannose targeting LPNP vaccine
system based on a biodegradable polymer PCL-PEG-PCL and cationic lipid DOTAP
for the delivery of an antigen and a toll like receptor (TLR 7/8). The vaccine had a
hydrophobic inner core of PCL-PEG-PCL with imiquimod, a lipid layer, a cationic
DOTAP lipid and a mannose targeting moiety. The vaccine delivery withMonophos-
phoryl lipid A (MPLA) and imiquimod (IMQ) with a hybrid nanoparticle system
showed promising antigen delivery [103].

Yong Min Huh et al. developed adenovirus based hybridised magnetic nanopar-
ticle systembased onmanganese doped iron oxide that had the capabilities of targeted
infection andmagnetic resonance imaging. The adenovirus was selected as it showed
specificity to the cellswith overexpressionof coxsackievirus receptor andoutstanding
gene delivery capability [104]. Polydopamine coated nano star shaped gold nanopar-
ticles showed improved photothermal efficiency. When doxorubicin were adminis-
tered alongwith polydopamine coated gold nanoparticle thematerial showed remark-
able antitumor immune response. The in-vivo studies also showed a long term anti
tumor immunity response [105]. In another study byWu et al. gold nanoflowers with
Chlorin e6 and a polydopamine coatingwas used in the photothermal therapy applica-
tions. The material showed lower cytotoxicity and phototoxicity and had a combined
effect for killing cancer cells [106]. A poly (ethylene glycol)/ poly (ethylene imine)
co grafted iron nanoparticles were prepared and shown to have improved tumor
resistance. This magnetic hyperthermia based material produced tumor associated
antigens and elicited anti tumor immune response [107].

Photosensitizers used in the non-invasive photodynamic therapy has low selec-
tivity for tumors and also aggregates under physiological conditions [108].
Lanthanide ion doped upconversion nanoparticles acts as a transducer by up
converting absorbed near infra-red light to the high energy visible light. A highly
efficient NIR-triggered PDT system based on LiYF4: Yb/Er upconversion nanopar-
ticles were coupled with a photosensitizer of a β-carboxyphthalocyanine zinc (ZnPc-
COOH)molecule by a direct electrostatic interaction,which produced singlet oxygen
(1O2). This helps in the deep tissue penetration of visible light to treat deep tumors.
The infra-red photons absorbed by lanthanide ions in a host lattice produces high
energy photon [109]. Nano scintillated ionizing radiation was used which overcame
the issue of low skin penetration depth in the photodynamic therapy [110]. The
ionizing X-rays showed tissue penetration which was multiple times deeper than
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infrared radiations. The interaction of high energy X ray photons with nano scin-
tillator occurs through a cascading of photo electric effect and Compton scattering
that generates many electron hole pairs [111]. This trapping of electron and hole
creates luminescence and leads to the production of 1O2 which is cytotoxic in nature
[112]. The microenvironment of the tumor plays a big role in the efficacy of the
photodynamic therapy as a low oxygen microenvironment increase tumor metasis
and promote resistance to chemotherapy [113, 114].

Perfluorocarbon based oxygen nanoparticles were delivered to improve the
hypoxic tumor microenvironment even though the efficiency is quite less as the
oxygen quantity is less [115]. Human serum albumin, chlorin e6, and manganese
di oxide nanoparticles (HSA-MnO2-Ce6) were prepared to overcome tumor related
hypoxia and treat bladder cancer by a photodynamic therapy. Manganese dioxide
nanoparticles reacted with hydrogen peroxide improved the PDT efficiency by the
production of O2. These were performed in an in-vivomouse experiment and showed
good PDT efficiency [116]. Hyperthermia is another factor that causes destruction
of cancer cells [117]. The thermal gradient that develops will be maximum at the
body surface and reduces as it penetrates the tissues. Indocyanine green (ICG) dye in
combination with a nanocarrier is used to improve its photothermal efficiency. These
was shown in an in-vivo studywhen the ICGnanohybrid particles targeted large tumor
particles. An Indocyanine green, 1,2 distearoyl-sn-glycero-3-phosphethanolamine-
N-[methoxy (polyethylene glycol) coated iron oxide nanoparticles were constructed
for dual modal imaging as a theranostic agent. The hybrid material showed excellent
photostability and temperature increment upon treatment with NIR laser [118].

A gene editing nanohybrid system prepared by Mout et al. had a CRISPR/Cas9-
ribonucleoprotein with cationic arginine gold nanoparticle based system. The system
showed an improved cytoplasmic delivery for the gene editing system [119]. A
nanohybrid containing PEGylated triangular gold nanoparticles conjugated with
a peptide P75 was prepared (TGN-PEG-P75). The system had an affinity towards
epidermal growth factor receptor and is overexpressed in non-small cell lung cancer
(NSCLC) cells due to the interaction between anti-epidermal growth factor receptor
(EGFR) and the peptide. The material behaved as an efficient theranostic device
showing visual guidance and inhibition of the NSCLC cells by the photothermal
therapy effect [120].A3Dbioprintingmethodwas adopted to produce nanohybrids of
PEGDA, laponite and hydroxyapatite. The material was intended for usage as a bone
scaffold [121]. A nanocomposite scaffold made of 3D printed porous calcium phos-
phate polylactic acid conjugatedwith human bonemorphogenetic protein-2 (rhBMP-
2) showed delivery of both rhBMP-2 and calcium ions and promoted differentiation
of stem cells [122].

In another study functionalized graphene oxide (GO) nanosheets that has angio-
genic genes incorporated into GelMA hydrogel showed good revascularization
in the diseased heart [123]. Also, graphene oxide and reduced graphene oxide
embedded PEG/PA hydrogel showed good chondrogenesis and adipogenesis [124].
Liu et al. prepared crosslinked functionalized graphene oxide acrylate (Goa) with
CNT and poly (ethylene glycol) acrylate with oligo (polyethylene glycol) fumarate
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hydrogel. The material showed excellent biocompatibility as enhanced prolifer-
ation and spreading of PC12 cells were observed on the conducting hydrogels
[125]. Gold nanoparticles embedded in GelMA to form hybrid nanostructures and
showed improved cell matrix adhesion. The amount of gold nanoparticles decides
the proliferation and osteogenic differentiation of the stem cells [126].

A hybrid nanostructure based scaffold made of PLGA/Mg(OH)2 showed good
anti-inflammatory properties. In the in-vivo study using a mouse model the hybrid
material showed regeneration of renal glomerular tissue and had a very low inflam-
matory response [127]. Starchmodified hyperbranched polyurethanewith carbon dot
silver nanomaterials based hybrid structures shows improved thermal, mechanical
properties along with high biocompatibility and infection resistance [128]. Owing
to these features the material can be used as a material for self-expandable stents.
A vascular stent made of cobalt-chromium, Sirolimus loaded PLGA with a surface
modified coating of Mg(OH)2 nanoparticles showed less inflammatory response by
in stent restenosis as part of intimal hyperplasia [129]. Improving the endothe-
lialisation is one of the most sought after way to improve the efficiency of the
vascular stent implantation [130]. A collagen/gold nanocomposite material showed
excellent biomechanical and thermal properties [131]. The in-vivo studies in a rat
model showed excellent vascular regeneration, higher antifibrotic ability and anti-
inflammatory responses. A polyhedral oligomeric silsesquioxane poly (carbonate-
urea) urethane nanocomposite was attached with anti CD34 antibodies to improve
endothelialisation by capturing the endothelial progenitor cells. Thus this material
can be used as an ideal coating for catheter stents due to its superior biocompatibility
and biophysical properties [132].

Naturally occurring viral nanoparticles like cowpea mosaic virus and bacterio-
phage Qβ particles were linked with C60 fullerenes to improve their solubility. The
bio conjugation was realised by a click chemistry involving poly (ethylene glycol)
modified propargyl-O-PEG C60 units. This material had the potential to be used in
photo activated tumor therapy applications [133]. A nanohybrid system comprising
of a hydrophobic PLGA core loaded with fluorescent quantum dots and with a posi-
tive charged glycol chitosan shell. The loaded DNA was released as the pH of the
system changes. An in-vivo study using a mouse model confirmed the transfec-
tion of DNA into the Langerhans cells present on the skin surface [134]. A treatment
device for Rheumatoid arthritis was developed bymaking amethotrexate drug loaded
PLGA with RGD conjugated gold half shell nanoparticles. The developed nanohy-
brid was injected into an arthritic mouse and the nanoparticles selectively adhered
at the inflammation sites. The drug was delivered by a photothermal method after
being exposed by near infrared radiation (NIR). The nanohybrid material showed
excellent therapeutic efficiency even when smaller dosage of drug is used [135].
A ferromagnetic iron oxide nanoparticle prepared using saline crystal hydrate were
encapsulated in a steric stable PEGylated liposome. The intracellular delivery of the
targeted ferri liposome in an in-vivomice mammary tumor cell was observed with a
significant reduction in tumor growth [136]. A dumbbell like gold-iron oxide hybrid
nanoparticles were prepared and coupled with Herceptin and platin complex. These
material could be used as potential nanocarriers for theranostic applications [137].
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In a study by Zhu et al. a bifunctional iron oxide silver 125I heterodimers
were prepared to be used as imaging modules. The Fe3O4/Ag/125I heterostructured
radionuclide nanoparticles showed high radiolabeling combined with a low cell toxi-
city, where 125I served as the contrast agent. The SPECT images ofmice in-vivo study
showed the nanoparticles were taken readily by liver and spleen [138]. AnAg–Fe3O4

heterodimer nanocomposite heterodimer system was prepared where nanocrystal
sizes could be varied by the synthesis conditions. This material has the advantage for
simultaneous two photon fluorescence imaging and magnetic manipulation [139].
A multimodal contrast agent’s i.e. thiol modified gold nanocages and iron oxide
nanoparticles were prepared for simultaneous T1–T2 contrast imaging. The prepared
hybrid nanoparticles showed excellent biocompatibility with very less aggregation
and has good contrast properties [140].

Li etc. prepared gold coated iron oxide nanoroses which can be used in
optical imaging, magnetic resonance imaging, photothermal therapy, chemotherapy
and aptamer based targeting. The anticancer drug doxorubicin is integrated with
nanoroses and is released due to a rise in temperature when near infrared light is
absorbed by the gold shell. The aptamers present on the surface provides efficient
and selective drug delivery and imaging with high specificity [141]. A theranostic
devicemade of Polystyrenewhichwas embeddedwith superparamagnetic iron oxide
nanoparticles and the drug paclitaxel was loaded in a poly (lactic-co-glycolic acid).
The targeting was by conjugating nanocarriers with anti-prostrate specificmembrane
antigen. The detection studies and the nanocarrier binding activity was carried out in
the LNCaP prostrate cancer cells. This material has the advantage of dual modality
within the same nanosystem for cancer diagnosis and chemotherapy [142].

4 Conclusions and Clinical Prospects

The hybrid nanoparticle based systems have made significant development in the
field of biomedical applications especially cancer therapy.These hybrid nanoparticles
show significant function in in-vitro based studies, but once testing is done inside the
body environment the behaviour of these materials change. Inside the dynamic body
environment the nanoparticles interact withmany cells, tissues, proteins andmajority
of them are cleared out from the body before reaching the targeted site. It requires
careful engineering of the chemical and surface properties to improve the efficiency
and residence time of thesematerials. The hybrid nanomaterialswill have a combined
size larger than individual nanomaterials and are designed in such a way so that they
can accumulate preferentially at the tumor sites due to the enhanced permeation and
retention (EPR) effect. The biggest challenge is that all the components of the hybrid
system should work in tandem and coherently to achieve the desired biomedical
function. All the materials individually and together should not elicit any adverse
reactions and cause an immunological response. Thus it is imperative to have reliable
and biocompatible material and the design and its in-vivo behaviour should be given
considerable weightage.
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Progress on Lanthanide Ion-Activated
Inorganic Hybrid Phosphors: Properties
and Applications

Preeti Padhye Kulkarni, Monika Malik, and Pankaj Poddar

Abstract The exploration of multifunctional platforms for diverse applications
has gained tremendous advancement towards the designing and engineering of
numerous versatile materials with many functions combined into nanostructured
hybrid systems. Such materials combine the benefits of different components to
improve the efficiency, reliability, cost-efficiency, and scalability of the hybrid
system. Trivalent lanthanide ion (Ln3+)-activated hybrid phosphors are important for
designing new multifunctional materials with modulated optical and magnetic prop-
erties. Thus, their studies open up new directions in material sciences and related
technologies. This chapter presents a broad overview of the recently investigated
various Ln3+-based inorganic hybrid materials. It covers the hybrids of Ln3+-doped
inorganic phosphors, including oxides, fluorides, phosphates, vanadates, sulfides,
with materials such as (a) semiconductors (TiO2/ZnO), (b) magnetic nanoparticles
(Fe3O4), (c) metal/plasmonic nanoparticles (Au/Ag), (d) graphene and its deriva-
tives, (e) quantum dots, (f) polymers, and others. We will present the study of these
materials for their modulated luminescence efficiency and respective advantages in
the applications of sensing, optical telecommunication, energy harvesting, multi-
modal imaging, biomedicine, etc. Furthermore, this chapter will also focus on the
synthesis methods and approaches, including surface functionalization and modi-
fication, core–shell processing, controlled assembly, and the relationship between
the composition, structure, and properties. We anticipate that a fusion of distinctive
structural aspects and integrated functions will compel researchers to create smart
hybrid materials and exploit this opportunity in all three realms of science: physics,
chemistry, and biology.
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1 Introduction

1.1 Lanthanide Ion-Activated Inorganic Phosphors

The research on lanthanide ion (Ln3+)-doped inorganic phosphor materials is moti-
vated by a fundamental significance in the optical properties and the promise for
broad-ranging applications in various technologies. Ln3+-doped phosphors stand
dominant among various optically active materials because of unique and riveting
electronic and optical features. Their intricate spectroscopic properties emerge from
their parity forbidden f–f transitions, which are shielded by filled 5s and 5p orbitals
[1]. This electronic configuration renders intriguing features that involve emissive
transitions in the broad spectral region, least sensitivity from the surrounding, narrow
emission linewidth (with FWHM ~ 10 nm), tunable emission with long luminescent
lifetime (ranging from microseconds up to several milliseconds), large anti-Stokes
and Stokes shift (>200 nm; down/upconversion), high photostability, low autoflu-
orescence, low cytotoxicity, and low photo-blinking [2–6]. These features make
Ln3+-activated luminescent materials as efficient complementarities and compan-
ions to dyes, biological fluorophores, and semiconductors. Accordingly, Ln3+-doped
phosphors uphold their dominant position in the widespread applications in optical
waveguides, opto-electronics, solid-state lasers, light-emitting diodes, biomedical
diagnostics and imaging, sensing, catalysis, photovoltaics, anti-counterfeiting, secu-
rity printing, and so on [7–12]. Despite significant optical properties and research
progress, Ln3+-activated phosphors generally suffer from low quantum efficiencies,
mainly because of low molar absorption coefficients (E = 1–10 M−1 cm−1) [13], as
a limited amount of radiation is absorbed by the direct excitation in the 4f levels of
lanthanide ions. Some of the innovative approaches developed to enhance lumines-
cence efficiency include manipulation in Ln3+-doped phosphor systems via surface
passivation, host lattice manipulation, surface plasmon coupling, photonic crystals,
etc.

1.2 Significance of Ln3+-Activated Inorganic Phosphors
Based Hybrids

Recent technological breakthroughs and the aspiration for new functions render
an extensive demand for advanced materials. Research in advanced novel multi-
functional hybrid materials, their new structures, and exploration of the structure–
property-performance relations is a rapidly growing area and are the fundamental
driving forces that are fetching hybrid science into a new era [14–17]. The devel-
opment of multifunctional hybrid materials has allowed the researchers to engineer
diverse nanomaterials with multiple discrete functions of different constituents inte-
grated into one system to overcome the limitation of single-mode applications [18].
They have the ability to tailor and acquire improved properties and functions as
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well as to enhance the effectiveness of diverse types of targeted applications. The
strategy to prepare hybrid materials is to intentionally combine two or more different
active functional materials into a composite form while maintaining the beneficial
aspects of each constituent. Thus, they are expected to possess the caliber to exhibit
additional functions that should be better than their components. Hybrid materials
typically consist of two or three components connected to each other with physical
and/or chemical interactions. Hybrid materials are generally classified according to
the possible interfacial interactions between the components present in the material.
One class of materials demonstrates weak interactions between the two components,
such as hydrogen bonding, van der Waals, or weak electrostatic interactions. The
other class of hybrid materials exhibits strong chemical interactions between the two
components, such as covalent bonding, and differentiation can also be made on the
basis of their composition [19].

The research of hybrid materials is constantly and rapidly expanding, connecting
diverse research communities together with their specific subjects and approaches
[20, 21]. It is worth noticing that the multifunctional materials of Ln3+-doped phos-
phors that unite many characteristics have come to the forefront. Indeed, the exploita-
tion of Ln3+-activated phosphors-based hybrids has strongly emerged in the last
decade [22–24]. The need for materials demonstrating improved efficiency, reli-
ability, possessing superior physical, chemical, thermal and optical properties, and
being highly suitable for new functions has progressed. The study of the distinctively
luminescent Ln3+-based phosphors in hybrid materials is not only of fundamental
interest due to their modulated properties but also of the potential for widespread
applications in biological and material sciences. It is also evident that to realize even
moreopportunities forLn3+-dopedphosphors, the fabricationor tuningof their hybrid
materials is required to acquire improved or multifunctional properties. In particular,
the synergistic combination of Ln3+-activated phosphors with different active mate-
rials has high luminescence output and better processability and application, which
are unattainable by either of the individual materials [25].

The integration of phosphors with other functional components using chemical
approaches mainly includes surface modification and functionalization, core–shell
processing, and controlled assembly. This chapter targets to review the various
types of Ln3+-based inorganic hybrid materials and their different applications.
Here, the attention is primarily focused on the multicomponent assembly of the
Ln3+-based phosphors with different nanomaterials or other photoactive materials,
which includes semiconductors (TiO2/ZnO), magnetic nanoparticles (Fe3O4), metal
nanoparticles (Au/Ag), graphene and its derivatives, quantum dots (QDs), metal–
organic frameworks (MOFs), polymers, etc. Here, Fig. 1 gives an illustration of the
components used for the design and functions ofmulticomponent Ln3+-based hybrids
in this chapter. The literature has been covered until September 2020. We wish to
mention here that while browsing the literature for this chapter, we realized that in
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Fig. 1 Various hybrids of lanthanide ion-doped phosphors for their enhanced applications

many reports, the term hybrid is used in a broader aspect spanning a wide area of
different materials with or without the interactions between the components. So, to
maintain the flow, we are delimiting to use this broadly used term by considering
the other terms such as composites, where bonding in the nanomaterials is not well
defined.
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2 Various Types of Ln3+-Based Inorganic Hybrid Materials
and Applications

2.1 Ln3+-doped Phosphor-Semiconductor Hybrids
for Energy Applications

2.1.1 Ln3+-doped Phosphor-Semiconductor Hybrids for Photovoltaics

It is a challenge to develop and design the materials for broad region solar radiation
absorption with increased efficiency for most of the energy applications such as solar
cells, water splitting, and photocatalysis. Generally, the photon-absorbing species,
such as dyes, semiconductors, perovskite materials, QDs, etc., absorb photons only
in a particular spectral region. Thus, the major constraint in enhancing the energy
conversion efficiency in solar cells and photocatalysis lies in the underutilization of
the photons of the incoming solar light and the bandgap of the photoactive semi-
conductor materials. The visible and near-infrared (NIR) lights occupy about ~45%
and ~50% of the solar light, respectively, while the percentage of UV light is only
~5%. Owing to the wide bandgap of the conventional semiconductors used in the
photovoltaic applications, they can utilize energy only in the UV region, which is
nearly 5% of the solar radiation impinging on the surface of Earth crust. Modified or
doped semiconductors can absorb in the visible region of the solar energy as well;
however, the NIR portion (~50%) of clean and sustainable solar energy remains
unutilized [26]. Contrarily, to attain the harvesting of NIR photons, novel sensi-
tizers such as thienothiophene- and thiophene-based dyes, indoline-based dyes, and
squaraine dyes, QDs, and co-sensitizers have been utilized [27–29]. However, the
dyes easily degrade, and the QDs are sensitive to the surrounding chemical species
such as ions, water, and oxygen to a certain extent [30]. Thus, to harvest the complete
solar spectrum, Ln3+-doped phosphors-semiconductor hybrids have been developed.
Lanthanide-doped materials are the leading candidates for efficient spectral conver-
sion owing to their rich electronic structures that permit facile photon management
[31]. Specially, composites of TiO2 with upconverting (UC) phosphors are popular,
wherein UC phosphors absorb NIR and convert it to UV and visible light via anti-
Stokes emission by sequential absorption of two or more photons. These photons are
absorbed by UV–vis photoactive materials such as dyes or semiconductors, conse-
quently harvest the complete solar spectrum and enhance photocatalysis and solar
cell efficiency. Thus, the utilization of UC phosphors is the simplest approach to
enhance the performance in all the classes of solar cells, including gallium arsenide
solar cells, crystalline and amorphous silicon-based solar cells, dye-sensitized solar
cells (DSSC), and all other types of solar cells. Although, in this overview, we are
primarily discussing the DSSCs.

Demopoulos and co-workers in the year 2010 made an important effort on devel-
oping the Ln3+-based solar upconverters [30]. They first explored the upconver-
sion effect by utilizing LaF3: Yb, Er UC nanocrystals in DSSCs. They proposed



308 P. P. Kulkarni et al.

a multiple-layer structure for enhancing the harvesting of NIR photons in conven-
tional DSSCs. In this approach, LaF3: Yb,Er phosphors were integrated with TiO2;
and so formed LaF3: Yb,Er-TiO2 nanocomposites were utilized as the UC layer to
construct a “triple-layer” working electrode on fluorine-doped tin oxide (FTO) glass.
Four kinds of working electrodes were prepared and studied to optimize the UC-
TiO2 layer modified working electrode structure. The four different arrangements of
solar cell devices were as follows: (i) FTO/UC-TiO2/transparent TiO2/scattering
TiO2/Pt/FTO; (ii) FTO/transparent TiO2/UC-TiO2/scattering TiO2/Pt/FTO; (iii)
FTO/UC-TiO2/scattering TiO2/Pt/FTO and; finally device (iv) FTO/transparent
TiO2/scatteringTiO2/Pt/FTOwas taken as a control, i.e., withoutUC-TiO2 composite
layer. In all the structures, the transparent layer of TiO2 consists of control TiO2

nanoparticles (NPs) of ∼10 nm–15 nm size, and the scattering TiO2-layer contained
∼350 nm–450 nm sized TiO2 particles. Among the four different tested devices,
arrangement (ii) showed an improved performance. In experimental arrangements (i)
and (iii), the UC-TiO2 nanocomposites were incorporated directly on the FTO-glass
that resulted in the electronic conduction of the UC itself, affecting the separation of
charges in the DSSCs. Thus, the enhancement in the photocurrent was not observed
in such an arrangement. This indicated that the incorporation of the UC layer at an
appropriate place in the DSSC structure plays a crucial role. Since the presence of the
UC layer at thewrongplacemay lead to counterproductive recapturing of the photoin-
jected electrons by the electrolyte. In this study, the authors conveyed that the intro-
duction of the layer of UC-TiO2 nanocomposites between scattering and transparent
layers in a multiple-layer DSSC structure yielded the best performance.Wherein, the
LaF3: Yb,Er UC phosphors converted the NIR light to high energy photons in visible
and UV regions, which was further absorbed by the dyes/sensitizers, such as N719
dye, which subsequently injected electrons to TiO2. This mechanism improved the
current output and conversion efficiency of the DSSCs. However, the overall effi-
ciency of the DSSCs was not that appreciable, probably due to the recombination
of charge-carrier at the interfaces of the triple-layer. Thus, the same group further
tried to enhance the photovoltaic efficiency by tuning the morphology of the Ln3+-
doped inorganic phosphor. They developed a novel DSSC configuration, wherein
they applied a layer of NaYF4: Yb,Er hexagonal nanoplatelets as an external layer,
and a single internal transparent TiO2 layer [32]. In this arrangement, the photocur-
rent and overall DSSC efficiency were improved by approximately 10%, which were
attained by adding the UC external layer, which exhibited two roles, i.e., light reflec-
tion and harvesting of NIR light. In addition, to allow complete utilization of the
upconverted light and simultaneously avoid the charge recombination, the research
progressed towards constructing hybrids via core–shell nanostructures, morphology,
and composition tuning of UC hybrids and other modifications to improve the solar
cell efficiency further. In general, these hybrids mainly eliminated or diminished
the serious recombination of electrons and holes, causing loss of the photocur-
rent. Some of the examples are discussed here. Liang and co-workers designed β-
NaYF4: Er,Yb@SiO2@TiO2 core/double-shell (CDS) structured hexagonal submi-
croprisms abbreviated as NYEY@S@T HSMs [33]. This structure consisted of β-
NaYF4: Yb,Er HSM as a core having ~400 nm diameter, ~10 nm thick amorphous
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Fig. 2 Schematic diagram of bilayer DSSC photoanodes with β-NaYF4: Yb,Er/SiO2/TiO2 submi-
croplates for light scattering. Reprinted with permission from Ref. [34]. Copyright 2013 The Royal
Society of Chemistry

insulating SiO2 as inner shell, and ~30 nm thick interconnected grains of anatase
phased TiO2 as an outer shell. For device configuration, optimization was done by
introducing various amounts of these HSMs into TiO2 NPs of size (20–40) nm to
form nano/submicrometer composites that to be deposited on a transparent TiO2

layer. The mixing ratio of β-NYEY@S@T HSMs corresponding to mass-fraction
levels with respect to TiO2, changed from X = 5% to 20% (DSC-NYEY@S@T-X),
and their photovoltaic performances were compared with the reference cell (DSC-
NYEY@S@T-0), which was constructed in the absence of HSMs. When the mixing
ratio was 10%, the DSSC efficiency was improved by 10.9% in contrast to the refer-
ence cell. Additionally, the efficiency of this system was improved by 120% as
compared to that of the device made up of bare NaYF4: Yb,Er crystals. In parallel,
the same group fabricated double-shell β-NaYF4: Yb,Er@SiO2@TiO2 microplates,
which were sandwiched between a transparent TiO2 layer and a counter electrode
as shown in Fig. 2, and the system achieved nearly 29.4% increment in DSSCs effi-
ciency [34]. In this hybrid structure, β-NaYF4: Yb,Er played a role as scattering
and upconverting layer, and so, the β-NaYF4: Yb,Er core absorbed the NIR light
and re-emitted visible-light, which matched the absorption of the N719 dye. Thus
the absorption spectrum was broadened, and more photogenerated electrons can be
produced to amplify the photocurrent. Moreover, the submicron dimensions of plates
like structures acted as efficientMie scatterers, which lead to an overall improvement
in the light-harvesting capability. Further, the recombination effect was eliminated
by insulating the SiO2 layer, which isolated the UC cores from the external envi-
ronment. The outer TiO2-shells facilitated the electron diffusion. In this way, such
composite constructor film can increase the harvesting of the photons of the solar
spectrum in the NIR region and generate significant light scattering by incorporating
UC phosphors. The studies and results discussed and revealed that the concentration,
morphology, and size of UC phosphors, as well as SiO2 and TiO2-shell thicknesses,
play a critical role in increasing the overall efficiency of DSSCs.
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In 2016, our group attempted to develop a broad-spectrum responsive photoac-
tive multifunctional platform based on β-NaGdF4: Yb,Er, and mesoporous anatase
TiO2 (mTiO2) composite for biomedical and energy applications [35]. Wherein, β-
NaGdF4: Yb,Er/mTiO2 nanocomposites were developed to improve the absorption
of photons in a broader region of the solar spectrum. The UC phosphors harvested
NIR photons and stimulated visible emission; at the same time, mTiO2 absorbed
UV and weak visible light, thus increased the overall photon-capture for photocatal-
ysis and photon conversion efficiency (PCE) for DSSC. Furthermore, it was esti-
mated that the mTiO2 could increase the number of active sites, thereby improved
the photocatalytic activity and enhanced the dye adsorption in the DSSC. In addi-
tion, it was also expected to increase the drug-loading capacity for photodynamic
therapy (PDT) and chemotherapy for cancer treatment. Concurrently, the upcon-
verting nanoparticles (UCNPs), β-NaGdF4: Yb,Er, can favor the cancer therapy
guidedby luminescence- andmagnetic resonance-based imaging.The as-synthesized
nanocomposites exhibited an enhancement in the photocurrent density and solar cell
efficiency by ~24% and ~17%, respectively, in comparison to pristine mTiO2. For
photocatalysis, theRhodamineB (RhB) dyewas degraded ~99% in the presence ofβ-
NaGdF4:Yb,Er/mTiO2 nanocomposites under the sunlight irradiation for 50min.The
dyemixturewas also efficiently degraded to about 89%by the nanocomposite system.
In another work, Yu et al. designed YbF3: Ho/TiO2 (UC/TiO2) nanoheterostructures
and analyzed themas an effective photoelectrodematerial rendering enhanced perfor-
mance of DSSCs [36]. The overall PCE showed ~23% increment as compared to the
pristine devices. The surface and transient photovoltage techniques were utilized to
study the photogenerated charge transfer properties of UC/TiO2 nanoheterostruc-
tures. Moreover, the electrochemical impedance spectra and open-circuit photo-
voltage decay techniques were used to investigate the interfacial dynamics of charge
transfer and recombination processes in DSSCs. In another approach, NaxGdFyOz:
Yb,Er@TiO2 shell/shell hollow spheres were fabricated by W. Liao et al., where
they showed an improved solar cell performance via harvesting of NIR photons
from the solar spectrum [37]. In all of these studies mentioned above, the main aim
behind utilizing Ln3+-activated inorganic phosphors in their respective systems is to
improve the harvesting of photons across the solar spectrum viz. UV, visible, and
NIR regions. These materials also act as a scattering layer, which ultimately helps to
produce more photoelectrons to improve the PCE of the solar cell. A similar notable
study was reported by P. Ramasamy et al., wherein a rear reflector structure was
utilized that combined β-NaGdF4: Yb,Er,Fe UCNPs for harvesting of NIR light,
and silver (Ag) particles for light reflection to improve the DSSC performance [38].
The PCE of DSSC with a rear reflector increased by ~21.3% when compared with
the cell without a rear reflector. The doping of Fe-ions in β-NaGdF4 increased the
luminescence efficiency by 30 times, which ultimately improved the photon-trapping
of the system. Moreover, the presence of Ag particles increased the upconversion
emission intensities, and this effect was predominantly attributed to significant scat-
tering and surface plasmon coupling (explained in subsequent sections). Similarly,
Y2O3: Er/Au@TiO2 (SYE/A@T) composite, exhibiting star-like morphology, was
developed, which displayed effective upconversion and light scattering when used
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Fig. 3 Schematic representation of the synthesis procedure for SYE/Au@TiO2 and the photoanode
configuration of DSSCs. Reprinted with permission from Ref. [39]. Copyright 2016 Elsevier

in DSSCs [39]. The schematic representation of the synthesis procedure and config-
uration of the photoanode film is shown in Fig. 3. In the synthesis method, firstly,
the star-like Y2O3: Er (SYE) was prepared, followed by the Au layer on the surface
of Y2O3: Er NPs. Finally, the core–shell structured Y2O3: Er/Au@TiO2 composite
was synthesized via solvothermal process at 180 °C for 6 h. This was followed by
the calcination reaction at 500 °C for 3 h. The TiO2-shell reduced the recombination
of charges on the SYE surface, while the Au-NPs layer increased the light absorp-
tion at around 515 nm due to the local electric field enhancement effect, thereby
increasing the UCL. This overall significantly improved the PCE of DSSC by 27.6%
as compared to the pristine cell.

In parallel, Luoshan and co-workers developed multi-shell-coated β-NaYF4:
Yb,Er—NFYE@SiO2@Au@TiO2 (NSAT) hexagonal submicroprisms decorated by
Au-NPs, which were incorporated into the DSSCs as photoanodes [40]. The overall
efficiency was enhanced by 28.1% in comparison to the DSSC with pure TiO2.
The improved efficiency of this system was expected owing to the high emission
efficiency of hexagonal phase NaYF4 compared to other hosts. The coating of SiO2-
shell provided insulation to the UC core, and thus the electron trapping induced
by surface defects and luminescence quenching from ligands of bare β-NaYF4:
Yb,Er crystals can be avoided effectively. Further, the coating by Au-NPs improved
the upconversion luminescence (UCL) by surface plasmon resonance (SPR) effect.
This configuration enhanced the utilization of upconverted photons and ultimately
enhanced the solar cell efficiency.

A variety of other hybrid materials based on Ln3+-doped phosphors for photo-
voltaic applications have been presented by different research groups, such as β-
NaYF4: Yb,Er@TiO2 composites [41], Y2O3: Yb,Er UCNPs and TiO2 composite
with PCE of 6.68% [42], NaYF4: Yb,Er@NaYF4 core–shell and TiO2 composite
with PCE of 12.5% sensitized with N749 dye [43], Y2CaZnO5: Yb,Er and TiO2
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composite with maximum PCE of 7.21% [44], NaYF4: Yb,Er with TiO2 hollow
microspheres [45], β-NaYF4: Yb,Er and TiO2 composite with PCE of 7.17% [46],
Y2O3: Yb,Ho and TiO2 composite with PCE of 10.33% [47], etc.

2.1.2 Ln3+-doped Phosphor-Semiconductor Hybrids for Photocatalysis

Similar to photovoltaics, photocatalytic systems with Ln3+-doped phosphors as
energy converters can improve the photocatalytic efficiency by the same working
principle as described earlier. Wherein the drawback of insufficient sunlight utiliza-
tion and photogenerated charge separation and the poor quantum efficiency of single-
component semiconductor photocatalyst is reasonably overcome by the implemen-
tation of a multicomponent composite photocatalyst system. In 2010, Qin and co-
workers developed a NIR to UV upconverting system—YF3: Yb, Tm/TiO2 core–
shell nanostructure as an efficient photocatalyst [48]. The efficient energy-transfer
from the UC core to the TiO2-shell helped to improve photocatalytic activity. The
core–shell YF3: Yb,Tm/TiO2 NPswere prepared using amodified hydrolysis process
employing polyvinylpyrrolidone (PVP) as a coupling agent. In the beginning, in the
dye decolorization process, Yb3+ ions absorbed the NIR light, and then the energy
was transferred to Tm3+ ions, which emitted the UV light. The UV emissions from
Tm3+ ions activated TiO2-layers to generate reductive electrons and oxidative holes.
The hole reacted with H2O adsorbed on the surface to produce a free radical ·OH and
H+. The radical ·OH and e− were able to destroy the chromophore of methylene blue
(MB). The as-fabricated hybrid system led to about 61% photodegradation of MB
upon 980 nm illumination for 30 h, while the pure TiO2 used as a control did not show
noticeable photocatalytic activity. Among the various UC phosphors, the NaREF4
(RE = Y, Gd), specifically, hexagonal NaYF4 is considered as one of the excel-
lent host materials with better luminescence efficiency due to its low lattice phonon
energy and wide bandgap [49]. Thus, it is observed that many researchers have
predominantly utilized the judicial coupling of β-NaYF4 based phosphors with other
photoactive material in this field for achieving enhanced efficiency in their respective
applications. Guo et al. reported β-NaYF4: Yb,Tm@ZnO composites synthesized
using the thermolysis method [50]. The composite showed 65% RhB degradation
in 30 h under NIR irradiation. They also compared the photocatalytic activity of
NaYF4: Yb,Tm, and ZnO mixture; the activity was found to be only 35% under
constant experimental conditions. The generation of ·OH radical, in the presence of
NaYF4: Yb,Tm@ZnO composites under NIR illumination, were monitored using
terephthalic acid (TA) as a fluorescence probe. TA does not exhibit any fluorescence,
although when it reacted with ·OH radical, it produced hydroxyterephthalic acid
that emitted fluorescence upon excitation at 312 nm. Luminescence dynamic curves
determined the energy-transfer efficiencies of pristine, mixture, and composites. Wu
et al. presented NaYF4: Yb,Er/C-TiO2 hybrid as a promising potential photocata-
lyst for NOx gas destruction induced by UV light and also weak visible and NIR
lights [51]. The composite was synthesized via a calcination-assisted solvothermal
route. The improved efficiency was resulted from the increased carbon doping in
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TiO2 and effective energy-transfer between UC phosphor and C-doped TiO2. The
composite possessed NOx destruction ability much greater than P25 titania, C-TiO2,
and NaYF4: Yb,Er/N-TiO2 hybrid, due to the promising synergistic effect of NaYF4:
Yb,Er and C-TiO2. In another work, core–shell NaYF4: Yb,Tm@TiO2 composites
were prepared by a wet-chemical method [52]. The core NaYF4: Yb,Tm for UCL
was formed by a solvothermal process, while the anatase TiO2-shell was synthesized
through controlled hydrolysis and condensation of a titanium alkoxide in ethanol
solution (Stöber’s process). This process was followed by a solvothermal method
for the crystalline shell of TiO2. The core–shell NaYF4: Yb,Tm@TiO2 composites
showed 65% MB degradation, which was 2 times greater than the physical mixture.
This was ascribed to efficient energy migration in a core–shell structure, where
NaYF4: Yb,Tm, and anatase TiO2 were in proximity forming the compact inter-
faces, hence, exhibited efficient FRET processes. While, no contact interfaces were
present in the physical mixture of TiO2 and NaYF4: Yb,Tm particles, and thus, TiO2

was excited via radiation-reabsorption. The schematic shown in Fig. 4 explained the
dye-degradation mechanism for MB. The NaYF4: Yb,Tm absorbed NIR light and
emitted UV light, which activated the TiO2 via FRET. The activated-TiO2 produced
electrons and holes in the conduction band (CB) and valence band (VB), respectively.

The electrons and holes reacted with water and oxygen adsorbed on the TiO2

surface and generated reactive oxygen species (ROS). The CB of TiO2 is located
above the redox potential of MB (E°

MB·+/MB = 1.08 V vs. standard hydrogen
electrode), which allowed TiO2 to be catalytically active. Consequently, the ROS,
such as O2

·−
, ·OH, and H2O2, especially ·OH, oxidized the organic molecules and

Fig. 4 Illustrative diagram showing energy-transfer process among Yb3+, Tm3+ ions, and TiO2,
and the generation of ·OH radicals via reaction of electron and hole with the surface species of
TiO2. Reprinted with permission from Ref. [52]. Copyright 2013 American Chemical Society
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performed photocatalysis. In another study, the NaLuF4: Gd,Yb,Tm/TiO2 composite
was designed, and degradation of dyes includingMB,RhB, andmethyl orange (MO),
dye mixtures, and dye wastewater were evaluated under irradiation using simulated
solar light [53]. The NaLuF4: Gd,Yb,Tmwas synthesized by solvothermal route, and
then the anatase phased TiO2 NPs were attached to NaLuF4: Gd,Yb,Tm nanocrys-
tals via hydrolysis process and hydrothermal method. The degradation ratio of RhB,
MB, andMOwere 98.7%, 95.5%, and 82.9%, respectively, in the presence of the as-
prepared composite under the Xe lamp illumination for 250 min. The photocatalytic
activity of the nanocomposites NaLuF4: Gd,Yb,Tm/TiO2 was observed to be 1.7
times higher than their physical mixture due to the efficient energy-transfer between
them in the nanocomposite. In another work, a β-NaLuF4: Gd,Yb,Tm@SiO2@TiO2:
Modouble-shell-structured nanocomposite as a potent photocatalystwas designed by
Yin et al. [54]. The nanocomposite consisted of β-NaLuF4: Gd,Yb,TmUC nanocrys-
tals as a core, SiO2 as a middle-shell, and anatase TiO2 as the outer-shell modified by
Mo-doping. This modification narrowed the bandgap of TiO2. Consequently, TiO2

acted as an electron-trapwhich resulted in the improvement of overall light absorption
and reduction in the rate of recombination of the photogenerated charge carriers. A
different model for improved NIR photocatalysis was proposed by preparing NaYF4:
Yb,Tm/CdS/TiO2 composites, wherein TiO2 and CdS nanocrystals were linked to
the surface of NaYF4: Yb,Tm microcrystals to form a heterojunction structure [55].
The energy-transfer between NaYF4: Yb,Tm, and the semiconductors CdS and TiO2

was explored. It was observed that the combined adherence of TiO2 and CdS on the
surface of NaYF4: Yb,Tm particle displayed significantly higher catalytic activities
than the individual adhesion of TiO2 or CdS on the surface of NaYF4: Yb,Tm NPs.
The higher activity of the system was mostly ascribed to the effective electron–hole
pair separation due to the charge transfer across the CdS-TiO2 interface which was
driven by the difference in the bandpotential between them. In another report,NaYF4:
Yb,Tm UCNPs were modified with a carbon-layer using reverse-micelle method.
This carboneous polymer shell consisted of cross-linked aromatic compounds and
other functional groups such as –OH, –COOH, and –CHO, rendering hydrophilicity
and surface functionality to the UCNPs [56]. Thus, the carbon-shell on the UCNPs
provided a suitable substrate for the in situ generation of CdS nanoclusters on the
surface. The developed NaYF4: Yb,Er@C@CdS hybrid displayed significant visible
light-induced photocatalytic activity. Zhang et al. reported NaYF4: Yb,Tm@TiO2

core–shell composite photocatalysts where NaYF4: Yb,Tmmicrorods, and nanorods
were coatedwith highly crystalline and thickness-tunable TiO2-shells [57]. The crys-
tallinity and controlled thickness of the shell was essential for efficient photocatalysis
performance. It was demonstrated by Fig. 5 that if the polycrystalline TiO2-shell is
too thick, it may decrease a considerable amount of the incoming NIR light; concur-
rently, the TiO2 surface was less activated since the UV light arrived at the external
surface was weakened. The synthesis process is shown in Fig. 5b. Firstly, the NaYF4:
Yb,Tm microrods were prepared by the hydrothermal route. Then, PVP was coated
on the surface by adding microrods into the PVP solution with ultra-sonication and
stirred to stabilize them. The PVP coating ensured the uniform nucleation of TiO2

nanocrystals on the rods. Then, TiF4 as Ti precursorwas added into the solution under
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Fig. 5 Schematic describing a the upconversion-based photocatalysis process with different shells
thicknesses (left: thick shell, right: moderate shell), b synthesis of core–shell NaYF4: Yb,Tm@TiO2
composites. Reprinted with permission from Ref. [57]. Copyright 2013 The Royal Society of
Chemistry

constant stirring, as it mildly hydrolyzed under hydrothermal conditions. In the final
step, the resultant suspension was heated hydrothermally at 180 °C for 4 h. The
thicknesses of the TiO2-shell were tuned by changing the ratio of Ti precursors and
fluorides. This work discussed the significance of shell thickness in light absorption,
surface quenching process, trapping of electron–hole pair and recombination which
ultimately modified the photocatalytic efficiency. Controlling shell-thickness is an
important parameter for enhanced photocatalytic efficiency. It is quite challenging
to tune shell-thickness and is a significant research area for the material scientists
working in the field of energy applications.

In another approach, Wu reported UC phosphors coupled BiOBr composites for
nitric oxide (NO) gas degradation [58]. In their study, oxygen vacancies enriched
BiOBr NPs, a typical p-type photocatalyst with a narrow bandgap, were utilized
for photocatalytic degradation of toxic NO gas in the visible region. The as-prepared
composite displayed superior deNOx ability under irradiation ofUV, visible, andNIR
lights. A. Kumar designed and developed a multicomponent photocatalyst system
by rationally combining UCNPs, plasmonic metals, semiconductors, and carbona-
ceous support as a promising method for the effective photon-conversion of the
broadband spectrum [59]. The structure was formed of core–shell nanostructures
NaYF4@CdS decorated with Au-NPs, which were supported on reduced graphene
oxide (RGO) nanosheets. Compared to bare counterparts, these quaternary nanocom-
posites exhibited better photocatalytic activity for degradation of a typical pharma-
ceutical drug pollutant, non-photosensitizing ciprofloxacin, under visible and NIR



316 P. P. Kulkarni et al.

light. This was ascribed to synergistic effects of (a) NIR absorption byUCphosphors,
(b) spectral-overlap of UC emission and CdS absorption in core–shell structures, (c)
emission enhancement of UC via SPR effect owing to the presence of Au-NPs (d)
RGO supporting the catalyst and acting as electron-acceptor, electron-transporter,
and an adsorbent for the pollutant. The photocatalytic activity was investigated for
ciprofloxacin degradation under visible and NIR light with varied RGO content (1–5
wt%) in the nanocomposites. The concentration of RGO also affects the absorption
of pollutants; that parameter also played a significant role in improving the photo-
catalytic properties. A similar kind of system was fabricated as UC Ln3+-doped
nanophosphors; NaYF4: Yb,Tmwere coated with a porous semiconductor TiO2, and
then decorated with bimetallic plasmonic Ag–Cu NPs [60]. Apart from the plas-
monic effect from Ag–Cu bimetallic NPs, they also served to utilize visible light
emitted from active core–shell UCNPs, playing the role of co-catalyst. Thus, the
photocatalytic activity was improved, ascribed to the cooperative effect brought in
by the upconverting properties of UC core, the semiconducting properties of TiO2,

and the SPR effect of Ag–Cu bimetallic NPs.
Other rare-earth compound based photocatalysts and hybrids, including oxides,

oxysulfides, etc., have also been studied by various groups; some of them mentioned
are Y3Al5O12: Er3+/TiO2–ZrO2 composite as visible-light active photocatalyst [61],
integration of Y2O3: Er,Yb crystals into TiO2/CdSe heterostructured photoanodes
for H2 generation with NIR photons [62], Y2O2S: Eu–ZnO composite photocatalyst
[63], and so forth. A consolidated list of composites reported for photovoltaics and
photocatalysts is given in Table 1.

Furthermore, the hybrid/composites of TiO2 and Ln3+-doped UC phosphors were
also studied for biomedical applications [64, 65]. In a noticeable study by Xu et al.,
Anti-cAngptl4 Ab-conjugated N-TiO2/NaYF4: Yb,Tm hybrid was reported for NIR-
induced drug release and targeted cancer cell destruction by ROS mechanism [66].
This is an important study providing a gateway for the utilization and development of
semiconductor-based Ln3+-activated inorganic hybrids for applications in theranos-
tics. In another study byHou et al., a NIR-activated photosensitizer for PDT based on
UCNPs@TiO2 core–shell nanocomposites was designed [67]. In this work, NaYF4:
Yb,Tm@NaGdF4: Yb core–shell UCNPs converted NIR light to UV emission under
980 nm illumination. TheUV emissionmatchedwell with the absorption of the TiO2.
The as-prepared nanocomposites could produce intracellular ROS under NIR light,
which decreased the potential of the mitochondrial membrane to release cytochrome
c into the cytosol. This activated caspase 3 to induce cancer cell apoptosis and
inhibited the growth of tumors in vivo. The results in this work showed that the
nanocomposites could serve as a potential photosensitizer for NIR-activated PDT in
antitumor therapy aswell as prospectiveCTandMRI contrast agents. Chen and group
reported UCNPs@mHTiO2 as a nanoplatform for chemo/PDT and imaging based on
the UCNPs, NaYF4: Yb,Tm@NaYF4 as core, coated with hollow, mesoporous-TiO2

[68]. The hollow structure helped to store the antitumor drug doxorubicin (DOX)
and thus promoted chemotherapy efficiency. Under NIR irradiation, UV-emission
obtained from UCNPs excited TiO2 to produce ROS and to achieve PDT. The results
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Table 1 A list of composites reported for photovoltaics and photocatalysts with their efficiency

S. No Hybrid material Enhancement in
photovoltaic
efficiency

Enhancement in
photocatalytic
efficiency

References

1 NaYF4: Yb,Er hexagonal
nanoplatelets as an external layer
and a single internal transparent
TiO2 layer

10% [32]

2 Core/double-shell β-NaYF4:
Yb,Er@SiO2@ TiO2 submicron
hexagonal prism

10.9% [33]

3 β-NaYF4: Yb,Er@SiO2@ TiO2
microplates

29.4% [34]

4 β-NaGdF4: Yb,Er/mTiO2 17% 99% RhB
degradation in
50 min under
sunlight

[35]

5 YbF3: Ho/TiO2
nano-heterostructures

23% [36]

6 NaxGdFyOz: Yb,Er@TiO2 11.3% [37]

7 Y2O3: Er/Au@TiO2 27.6% [39]

8 NaYF4@SiO2@Au 28.1% [40]

9 YF3: Yb,Tm@TiO2 61% MB
degradation in
30 h under NIR
irradiation

[48]

10 β-NaYF4: Yb,Tm@ZnO 65% RhB
degradation in
30 h under NIR
irradiation

[50]

11 NaYF4: Yb,Er/C-TiO2 8.5% of NOx gas
destruction for
NIR, 30% for
445 nm LED,
and 19% by the
red LED

[51]

12 NaYF4: Yb,Tm@TiO2 core–shell 65% MB
degradation
under NIR
irradiation

[52]

13 NaLuF4: Gd,Yb,Tm/TiO2 98% degradation
of RhB, 95.5%
MB, 82.9% MO
degradation in
250 min under
Xe lamp

[53]

(continued)
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Table 1 (continued)

S. No Hybrid material Enhancement in
photovoltaic
efficiency

Enhancement in
photocatalytic
efficiency

References

14 NaLuF4:Gd,Yb,Tm@SiO2@TiO2:
Mo

99% RhB
degradation in
210 min under
Xe lamp and
almost complete
degradation
under NIR
980 nm light

[54]

15 NaYF4: Yb,Tm/CdS/TiO2 100%
degradation of
MB in 50 h under
NIR light

[55]

16 NaYF4: Yb,Er-BiOBr composite 2.5% deNOx
ability under NIR
light, 1.92%
deNOx ability
under NIR light

[58]

17 NaYF4: Yb,Er@CdS-Au-RGO
(RGO concentration 3 and 4%)

90% degradation
of ciprofloxacin
under visible
light and 69%
degradation in
180 min under
NIR light

[59]

18 NaYF4: Yb,Er@CdS-Ag–Cu (For
0.5 wt% Ag–Cu concentration)

96% degradation
of MB in 60 min
under UV light,
and 65%
degradation of
MB in 180 min
under NIR light

[60]

Note: Enhancement refers to improved efficiency compared to the reference cell without the UC
materials or compared to the pristine individual counterparts

showed that the cooperative effect of chemotherapy and PDT enhanced the cytotoxi-
city to the cancer cells. These studies offer ample scope in designing and developing
novel materials to show promising applications in biological sciences.
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2.2 Ln3+-doped Phosphor-Magnetic Material Hybrids
for Multimodal Imaging Applications

Trivalent lanthanide ion-doped NPs are promising candidates as bioprobes in cell
imaging due to their intriguing merits of luminescent properties, as discussed in the
introduction part. Although optical imaging provides excellent sensitivity for in vitro
imaging, but still possesses the shortcoming of low penetration depth and is inca-
pable of acquiring physiological and anatomical details in in vivo imaging. Diversely,
magnetic resonance imaging (MRI) renders a great spatial resolution and penetra-
tion depth for bioimaging and gives detailed anatomical information; however, it
suffers from limited sensitivity [69]. The integration of the potential benefits of
MRI and optical imaging can fill gaps in sensitivity and depth of imaging between
these two modalities and offer the way to overcome the current limitations of indi-
vidual imaging. Luminescent-magnetic hybrids based on fluorescent QDs or organic
fluorophore and magnetic iron oxide are able to fulfil the bimodal imaging capa-
bilities. However, as discussed earlier about the limitations of QDs/fluorophores,
their respective hybrids suffer photobleaching and cause photodamage to the biolog-
ical tissues. On the other hand, Ln3+-doped inorganic phosphors, specifically UC
phosphors, offer deeper tissue penetration, reduced photodamage, and prolonged
photostability. Moreover, these also eliminate the autofluorescence from the biolog-
ical samples during imaging. These aspects stimulated the development of Ln3+-
activated inorganic hybrids with magnetic nanoprobes as a new approach in drug
delivery, bioseparation, and medical theranostics.

Zhang et al., in 2008, developed magnetic-luminescent nanocomposite
Fe3O4@SiO2/Y2O3: Tb by combining Fe3O4@SiO2 core–shell nanostructures with
Y2O3: Tb nanorods [70]. The as-synthesized nanocomposite integrated the advan-
tages of luminescence and superparamagnetism and thus was expected to find
applications in bioimaging and drug delivery. Another system, multifunctional
Fe3O4@Y2O3: Eu core–shell structure, was synthesized by Gowd et al. via facile
wet-chemical route followed by annealing [71]. The as-synthesized core–shell struc-
ture possessed a small size of ~30 nm NPs with red emission at 612 nm and super-
paramagnetic behavior at room temperature. The NPs were expected to possess
a prospect for drug delivery and multimodal bio-imaging applications. Later, Wu
et al. fabricated the Gd3+ co-doped Fe3O4@Y2O3: Eu bifunctional core–shell NPs,
that is Fe3O4@(Y1–xGdx)2O3: Eu composite via urea-based homogeneous precipi-
tation method [72]. The sample exhibited the amplified photoluminescence inten-
sity, which was almost 2.7 times more than the undoped composite because of
the effective energy-transfer between Gd3+ and Eu3+. This system possessed strong
red luminescence and good saturation magnetization. A multicomponent sandwich
structured Fe3O4@nSiO2@mSiO2@YVO4: Eu hybridmicrosphereswere developed
with mesoporous, luminescent, and magnetic properties by Yang et al. [73]. In this
approach, firstly, Fe3O4 microspheres were synthesized hydrothermally, and then
these microspheres were encapsulated with nonporous silica followed by meso-
porous silica layer using the sol–gel method. The outer silica-shell surface was
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further coated by YVO4: Eu phosphors. The storage and release properties were
studied for this drug-carrier multifunctional system, wherein ibuprofen was used as
a drug. This system was reported to be utilized as a targeted drug delivery system,
where the amount of drug release can be observed with the change in the lumines-
cence intensity of Eu3+ ions, since the Eu3+ luminescence intensity increased with
the released amount of drug. In another effort, a luminescence-magnetic hybrid of
YVO4: Eu/Fe2O3 was synthesized, which was investigated for hyperthermia and
bioimaging in the cancer cells [74]. The hyperthermia temperature of 42 °C was
achieved and the red emission of Eu3+ was used for bioimaging applications.

In another commendable attempt, Lu et al. described a method of synthe-
sizing UC-fluorescent magnetic NPs with covalently-coupled streptavidin (sAv).
Yb and Er co-doped NaYF4 was deposited on Fe2O3 NPs by co-precipitation of
lanthanide salts in the presence of ethylenediaminetetraacetic acid (EDTA) [75].
Then, fluorescent/magnetic NPs were coated with a SiO2 layer, formed by the
hydrolysis of tetraethyl orthosilicate (TEOS) and 3-aminopropyltrimethoxysilane.
These NPs were covalently-coupled with sAv after the activation with glutaralde-
hyde. The hybrid NPs possessed magnetic response and green/red upconver-
sion luminescence. The sAv-coated UC fluorescent magnetic NPs can be easily
linked with biomolecules such as proteins, antibodies, and nucleic acids, etc.,
via streptavidin/biotin interactions; thus can be used to detect target molecules in
samples. In another report, Mi et al. synthesized magnetic/luminescent multifunc-
tional Fe3O4/NaYF4: Yb,Er nanocomposites by linking carboxylic-functionalized
superparamagnetic Fe3O4 NPs with amine-functionalized silica-coated lumi-
nescent NaYF4: Yb,Er UCNPs via covalent linkage using EDC/NHS (EDC:
N-ethyl-N ′-[2-(dimethylamino)propyl]carbodiimide hydrochloride and NHS: N-
hydroxysuccinide) coupling chemistry [76]. The obtained nanocomposites exhibited
chemically active amine and carboxylic groups on the surface, which were benefi-
cial for facile conjugation with biomolecules. In this report, NaYF4: Yb,Er UCNPs
were utilized for bioimaging in response to irradiation by NIR light. Furthermore,
the nanocomposites were conjugated with transferrin as there were active functional
groups on the surface, which helped in the conjugation. The conjugated nanocompos-
ites specifically recognized the transferrin receptors overexpressed in HeLa cancer
cells, and thus can be used for biolabeling and bioimaging of HeLa cells. NIR light
possesses deep penetration into the biological samples without damaging them,
and its use can avoid autofluorescence from biological tissue. Thus, the UCNPs
and superparamagnetic NPs presence in the nanocomposites will endow them in
simultaneous bioimaging and separation applications. Another approach was devel-
oped by Shen et al., where they synthesized Fe3O4/NaYF4: Yb,Er hetero-NPs via
a cross-linker anchoring process with dual properties of upconversion emission and
superparamagnetism [77]. The cross-linker, 11-mercaptoundecanoic acid (MUA) or
1,10-decanedicarboxylic acid (DDA), was incorporated for anchoring Fe3O4 NPs
onto the NaYF4: Yb,Er hexagonal prismatic NPs surface, as shown in Fig. 6. In the
synthesis protocol, firstly, NaYF4: Yb,Er nanocrystals capped with oleic acid (OA)
were prepared possessing the uniform size and high dispersibility. These bound
OA could be substituted further with DDA or MUA via ligand exchange with the
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Fig. 6 Schematic showing cross-linker anchoring strategy for bifunctional Fe3O4/NaYF4: Yb,Er
hetero-NPs. Reprinted with permission from Ref. [77]. Copyright 2010 The Royal Society of
Chemistry

simultaneous anchoring of the Fe3O4 NPs during the thermolysis reaction. It was
proposed that the cross-linker is necessary to couple UCNPs and Fe3O4 NPs to yield
hetero-NPs, as in a control experimentwithout cross-linkers; hetero-structurewas not
formed. In comparison with other processes for chemical linkage, this cross-linker
anchoring strategy was found to be facile, irreversible and stable, thus it is effec-
tive for the construction of hetero-NPs. This coordination-based method is also not
restricted by lattice mismatch for different functional constituents, which is usually
regarded as the prerequisite for the synthesis of hetero-structures.

In another work, Fe3O4/NaYF4 hetero-submicrorods with a bifunctional
magnetic-luminescent property were developed via EDTA-assisted hydrothermal
route [78]. The Fe3O4 NPs were strongly attached to the NaYF4 submicro-
rods surface, generating a hetero-structure. The Fe3O4/NaYF4 hetero-submicrorods
possessed a saturatedmagnetization value of 9.4 emu g−1 andwere able to emit bright
green luminescence under irradiation at 980 nm. It is well studied that the limitation
of low penetration depth of the incident light in photoluminescent imaging can be
resolved by MRI as well as X-ray computed tomography (CT). Many studies have
utilized bi-modal imaging of luminescence and MRI. But, it is noticeable that CT
also provides better spatial resolution and 3D tomography detail about deep anatomic
structures with different contrast and imaging depth than that of MRI. Thus, a tri-
modal imaging sole probe can be helpful in different areas of application. Zhu et al.
synthesized Fe3O4@NaLuF4: Yb,Er/Tm core–shell nanostructures (abbreviated as
MUCNP) as can be seen in Fig. 7, utilized as a CT, MR, and UCL tri-modality
imaging probe [79].

The hybrid exhibited superparamagnetic property with a saturation magnetiza-
tion of 15 emu g−1, and T2-enhanced MRI capability, resulting from the Fe3O4

cores. Since Lu atom has the highest atomic number among the lanthanides, a high
degree of X-ray absorption by the NaLuF4-based UCNPs was expected. Thus, the
NaLuF4-based UCNPs provided excellent X-ray attenuation (CT imaging) and UCL
under excitation at 980 nm. An in vitro toxicity assay and in vivo CT and MRI
imaging experiments were performed in this work. Another kind of facile method
was presented by Hu et al. for the construction of NaYF4: Yb,Er/Tm@SiO2@Fe3O4

core–shell structured nanocomposites [80]. In this approach, the NaYF4: Yb,Tm/Er
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Fig. 7 Schematic illustration of the synthetic approach of the core–shell Fe3O4@NaLuF4:
Yb,Er/Tm NPs. Reprinted with permission from Ref. [79]. Copyright 2012 Elsevier

NPs capped with EDTA were mixed with the OA-modified Fe3O4 NPs in
isopropyl alcohol. This step was followed by the addition of TEOS and ammonium
hydroxide, and the solution was mixed for 2 h at room temperature. The NaYF4:
Yb,Er/Tm@SiO2@Fe3O4 core–shell nanocomposites, with NaYF4: Yb,Er/Tm as
core and SiO2-Fe3O4 as hybrid shell, were yielded directly. Otherwise, the other
methods of core–shell structure fabrication require multiple steps of functionaliza-
tion and coatings. In another report, Zhong et al. demonstrated the fabrication of
monodispersed, magnetic, and luminescent core–shell structured Fe3O4@NaGdF4:
Yb,Er@NaGdF4: Yb,Er NPs by a seed-growth thermolysis process [81]. Firstly,
Fe3O4 core NPs capped with OA were prepared by the thermal decomposition of
the iron-oleate precursors. Then, as-synthesized Fe3O4 NPs were served as the seeds
for the growth of NaGdF4: Yb,Er shell in the presence of OA, and 1-octadecene.
Besides, a luminescent shell was grown using the as-prepared Fe3O4@NaGdF4:
Yb,Er as seeds. In another effort byCheng et al., theUCNP-IONP-Aumultifunctional
nanocomposite fabricated via layer-by-layer self-assembly was developed [82]. The
schematic representation of the synthesis process of this multifunctional nanocom-
posite is shown in Fig. 8. The superparamagnetic iron oxide nanoparticles (IONPs)
were adsorbed on the NaYF4 surface by electrostatic interaction to form UCNP-
IONP complex. A thin shell of Auwas formed via the seed-induced reduction growth
method on top of the complex. The IONPs layer between theUCNPs and theAu-shell
rendered magnetic properties along with the luminescence enhancement of UCNPs
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Fig. 8 Schematic showing the strategy for multifunctional NPs synthesis and functionalization.
Adapted with permission from Ref. [83]. Copyright 2020 The Royal Society of Chemistry

by surface plasmon coupling via maintaining FRET distance. The UCNP-IONP-Au
multifunctional NPs were then coated with poly(ethylene glycol) (PEG) to impart
stability to the particles in physiological solutions used for in vitro targeted MR,
UCL, and dark-field light scattering imaging. The folic acid was conjugated further
to the multifunctional NPs through PEG linker to target the folate receptor, which is
usually up-regulated in cancer cells. The contribution of Au-shell in the composite
was employed for dual-targeted photothermal ablation of cancer cells through SPR
absorption. In vivo UCL/MR dual-modal imaging was further validated in animal
imaging experiments. The proposedmultifunctional nanocomposites may have great
use in multimodality biomedical imaging and therapy.

We have attempted to cover significant and broad types of magnetic-luminescent
hybrid materials fabricated by different chemical approaches. A variety of other
magnetic-luminescent hybrid materials have been presented by different research
groups, for example, Fe3O4@GdPO4: Eu nanoneedles hybrids [84], NaYF4:
Yb,Tm@FexOy with 20 nm NaYF4: Yb,Tm NPs as a core and 5 nm FexOy NPs
as a shell [85], Fe3O4@nSiO2@mSiO2@NaYF4: Yb,Er [86], etc.

2.3 Ln3+-doped Phosphor-Plasmonic Metal Hybrids
for Luminescence Enhancement and Sensing
Applications

Ln3+-activated phosphors have demonstrated significant potential in many fields,
including biosensing, bioimaging, and solar energy conversion, as mentioned earlier;
however, some bottlenecks such as lower upconversion efficiency should be over-
come. Using plasmonic nanostructures with phosphors presents a promising route to
highly efficient down/upconversion luminescence. Therefore, plenty of reports have
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been published in recent years to enhance the luminescence of the Ln3+-doped mate-
rials by coupling them with Au or Ag NPs/films [87–89]. The collective oscillations
of free electrons are called plasmons, and the oscillations at the interface between a
dielectricmaterial and thematerialwith free electrons are knownas surface plasmons.
The coupling of these oscillations causes the incoming light highly confined near
the interface, which may lead to the enhancement of the radiative decay rates and
absorption cross-sections. Overall, the enhancement of luminescence of phosphor
materials due to their proximity with metal NPs may be ascribed to two probable
factors: (1) a substantial increment of effective excitation/absorption flux around
lanthanide emitting ions induced by local electric-field enhancement (LFE) asso-
ciated with plasmonic resonance; (2) improvement of luminescence efficiency due
to the coupling of the down/upconversion emission with the plasmonic resonance
peak of metal NPs increase the radiative decay rate and consequently the emission
rate, resulting in surface plasmon coupled emission (SPCE) [90, 91]. Tuning of
SPR peaks of metal NPs resonant to the absorption and emission wavelength of the
phosphors can be the main principle to improve the emission efficiency of the phos-
phors. Further, the effect of the spacing between UCNPs and the surface of metal
NPs controls the interactions and the enhancement factor. These hybrid structures
also bestow a potential platform for improved applications in biological imaging,
photothermal therapy (PTT), sensing, and detection. To date, the phenomenon of
enhanced emission intensity, due to metallic (especially Ag and Au) NPs, has been
well established, and researchers have adopted many methods to obtain Ln3+-doped
down/upconverting NPs with high brightness via incorporation of noble metals NPs
due to their effective modulation of the spectral properties [92–95].

For example, in 2009, the luminescence of Y2O3: Yb thin films deposited on
sapphire substrates was improved from 970 to 1070 nm range using the Au-NPs
arrays with different aspect ratios [96]. The resonance of longitudinal localized SPR
peaks of Au NPs with multiple transition lines of Yb3+ ions enhanced the lumines-
cence efficiency. The findings indicated that the Y2O3: Yb is a promising frequency-
shifting material and thus applicable for the harvesting of solar photons. Zhang et al.
reported a facile procedure to construct core/spacer/shell metal-core enhanced mate-
rials [97]. The group synthesizedAg@SiO2@Y2O3 nanostructures and optimized the
thickness of the spacer, silica. The nanostructure synthesis is schematically shown in
Fig. 9a, where Ag-NPs were coated with a layer of silica through the modified Stöber
method to obtain Ag@SiO2 composite. The resulting composite with ~50 nmAgNP
positioned at the center has a diameter of ~190 nm (Fig. 9b). Then, the layer of Y,
Er(OH)CO3·H2Owas coated over Ag@SiO2 spheres through a precipitation method
at 90 °C for 2 h. Further heating at 700 °C for 3 h transformed Y, Er(OH)CO3·H2O
layer to the cubic phase of Y2O3. The results revealed that the luminescence intensity
of the nanostructures was sensitive to the distance between the Ag-NP and Y2O3: Er
shell, with a maximum increment obtained at an optimal thickness of the spacer of
30 nm. The reason for the increment was referred to as the higher emission rate of
Er3+ ions induced by the strong plasmon resonance scattering.
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Fig. 9 a Schematic showing the synthetic approach of the Ag@SiO2@Y2O3: Er nanostructures.
TEM images of b Ag-50 nm@SiO2 nanospheres, with inset showing 50 nm Ag NPs; c Ag-
50 nm@SiO2@Y2O3: Er nanospheres, with inset showing SAED patterns recorded on the Y2O3:
Er layer; d Ag-50 nm@Y2O3: Er hollow nanospheres, with inset showing HRTEM of the Y2O3:
Er layer. Reprinted with permission from Ref. [97]. Copyright 2010 American Chemical Society

In 2014, Ag-SiO2-ErO3 hybrid was fabricated where the interaction of E2O3

with surface-plasmon of Ag-NPs enhanced the UCL remarkably [98]. It was inter-
esting to observe that the luminescence was improved by order of 100 to 104, which
depended on the power density of excitation wavelength under 980 nm illumination.
The prepared hybrid was promised to be useful at extreme conditions such as high
temperature and high pumping power.

In the case of fluoride phosphors, a study was reported with an overall fivefold
improvement of UCL in NaYF4: Yb,Er crystals when coupled with Au-island films
[90]. It was shown that a continuous Au-film featured a plasmonic resonance peak in
the NIR rangewhere the absorption for the upconversion process is located (980 nm).
The spectroscopic studies in this work showed that there was an increase in the exci-
tation flux, which was originated from LFE and hence resulted in the improvement
of the UCL intensity. Another approach was demonstrated to modulate the upcon-
version luminescence through the heterointegration of NaYF4: Yb,Tm UCNPs with
Au-nanostructures [91]. It was shown that Au-NPs on theUCNPs surface could func-
tion as the seeds for the growth of Au-nanoshells. NaYF4: Yb,TmNPswere prepared
by the thermal decomposition method with OA as a ligand providing hydrophobic
character to the surface. This was followed by the ligand-exchange treatment with
poly(acrylic acid) (PAA), rendering the negative charge to the NPs. For the positive
charge on the surface, an extra layer of poly(allylamine hydrochloride) was coated.
Further, the attachment of Au-NPs and the growth of Au-nanoshells were performed
in an aqueous solution. Au-NPs were shown to increase the luminescence intensity
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by more than twofold, while the Au-nanoshells suppressed the upconversion emis-
sion intensity due to the excitation radiation scattering. These results, to modulate the
emission intensity, impacted the areas of biomedical imaging, sensing, therapeutics,
as well as energy harvesting and conversion, as mentioned in the above sections.
In another similar study in 2012 conducted by Li et al., plasmon-enhanced UCL
in NaYF4: Yb,Er,Gd nanorods was achieved using Au-NPs or Au-nanoshells [99].
A process for NaYF4/Au core–shell nanostructures was proposed with dispersed
Au-NPs and Au-nanoshell on the surface of nanorods. In the system with Au-NPs
on the surface, more than threefold improvement in the luminescence intensity was
observed at 540 nm under 980 nm diode laser, whereas the formation of a continuous
shell around the nanorods suppressed the intensity. Schietinger and group showed
the plasmon enhancement in single NaYF4: Yb,Er nanocrystal with the emission
peaks in the green and red regions under the excitation at 973 nm [100]. In this
work, single NaYF4 nanocrystal and Au nanospheres (30 nm and 60 nm in diam-
eter) were fabricated in a combined confocal and atomic force microscope setup. An
enhancement factor of 3.8 was achieved in this system. In another work, multicolor
UCL increment was achieved using the hybrid nanostructures Au@NaYF4: Yb,Tm,
synthesized using trisodium citrate as a surfactant [101]. The enhancement factor
at the emission wavelengths of 291 nm and 345 nm were 73.7 and 109.0, respec-
tively. The main reason for this improved luminescence intensity was the plasmon
field enhancement effect or LFE. As non-linear optical materials, UCNPs normally
require high excitation power densities for better emission intensity, which might
cause damage to the biological tissues in the applications. Consequently, the NPs
for such kind of applications should be of low pumping threshold in power density
and should able to possess high efficiency for the upconversion emission, which was
achieved in this system. In a work by Priyam and group, an improvement of UCLwas
achieved for silica-coated NaYF4: Yb, Er when coated with Au-nanoshell [102]. The
tuning of the SPR peak of Au-nanoshell was done in the NIR region, which increased
the excitation flux via the LFE effect and thereby increased the emission intensity.
The system thus prepared was promised to be used for upconversion luminescence
and dark-field light scattering imaging. In another interesting work by Kannan et al.
[103], Au-nanorods were decorated on ‘polyamidoamine generation 1 dendrimer’-
functionalized NaYF4: Yb,Tm UCNPs by seed-mediated growth of Au-nanorods.
The UCL of NaYF4:Yb,Tm@Au was improved using the shell-like structures up
to 27 times, suggesting the decoration of individual Au-nanorods to be a good way
for improving the luminescence. This system was further modified with 2-thiouracil
for the uric acid detection with a detection limit of 1 pM. In the subsequent year,
amplification of emission intensity of NaYF4:Yb,Tm and NaYF4: Yb,Er UCNPs
was observed in the presence of metal NPs [104]. In this work, a configuration was
presented where UCNPs were separated from metal NPs (Ag or Au) by the oxide
(Al2O3) layer grown by atomic layer deposition. This geometry was used to inves-
tigate the role of the thickness of the spacer-layer on the enhancement process in
which the spacer thickness was varied from 2 to 15 nm for distinct metal-UCNPs
combinations. It was expected that the luminescence improvements would be relied
on the oxide-layer thickness and the type of metal NPs used with the enhancement
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Fig. 10 Schematic describing the synthesis process ofNaYF4:Yb,Er@SiO2@Agnanocomposites.
Reprinted with permission from Ref. [105]. Copyright 2012 The Royal Society of Chemistry

up to 5.2-fold with Au NPs and up to 45-fold with Ag-NPs. To study the impact
of the oxide spacer-layer to modulate the emission intensity of UCNPs, in another
study by Yuan et al., core–shell hybrid NaYF4: Yb,Er@SiO2@Agwas prepared with
different SiO2 thicknesses [105]. For the preparation of core–shell structure, firstly,
NaYF4: Yb,Er UCNPs were prepared with OA as surfactant followed by a coating
of silica on the surface with TEOS as shown in Fig. 10. Ag-NPs were synthesized in
two sizes: 15 and 30 nm. The extent of modulation of emission intensity was greatly
dependent on the separation between the UCNPs and Ag-NPs, which was attributed
to the competition between radiative decay rates and energy-transfer process. An
increment of 14.4-fold was noticed when Ag-NPs of size 15 nm were used with a
10 nm separation distance, while 10.8-fold enhancementwas observedwhenAg-NPs
of size 30 nm were used. This system was further modified with DNA to improve
their biocompatibility to demonstrate the biological imaging of B16F0 cells.

In another exciting work, the colloidal core–shell hybrid Au–Ag
nanocage@NaYF4@NaYF4: Yb,Er nanostructures were fabricated with a different
intermediate NaYF4 shell thickness and tunable SPR peaks of metals [106]. After
optimization, an overall increment of 25-fold was achieved with ~7.5 nm inter-
mediate spacer thickness and localized SPR peak of metal NPs at ~950 nm. The
results indicated that the improvement in UCL in Ag nanocube@NaYF4@NaYF4:
Yb,Er was observed with increasing the thickness of the intermediate shell, which
was ascribed to the inhibition of energy-transfer to Ag nanocubes from Er3+ ions.
This increment also originated from the coupling of Au–Ag nanocages with the
excitation wavelength of the UCNPs.

Plasmonic modulation of luminescence was well known, where the plasmonic
nanostructures concentrated the incident light into the localized electric fields close
to the surface of the NPs. Since this is a near-field effect and thus exponentially
decays as we move far from the surface of the metal. Also, if the metal NPs density
is not high and the distance between them is larger, then the UCNPs will not be able
to interact with the metal NPs effectively. However, in the proximity of the metal
NPs, the plasmonic resonance can modify both re-radiative decay rates and non-
radiative decay rates, which stimulate the enhancement and lead to the quenching
of luminescence, respectively. In order to achieve stability, reproducibility, and high
efficiency of UCL through plasmon coupling and to increase the scattering of the
metal NPs, a porous Ag-film that consisted of randomly distributed Ag-NPs of
more than 100 nm was prepared [107]. The improved UCL of NaYF4: Yb,Er was
observed by using the near-field coupling of SPR of Ag-NPs and far-field coupling
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of poly(methyl methacrylate), PMMA opal photonic crystals. Photonic crystals can
control the propagation of electromagnetic waves and can be utilized to modulate
the luminescence intensity. A porous Ag-film was designed consisting of Ag-NPs to
effectively control the interaction distance between SPR and UCNPs, which was a
pivotal point to obtain high luminescence. The porosity in the film not only decreased
the interaction between Ag-film and UCNPs but also suppressed the local thermal
effects caused by the laser irradiation. In the far-field coupling of photonic crystals,
PMMA photonic stop band was tuned to 980 nm, which precisely matched with the
excitation light. An enhancement factor of 60-fold was observed in a hybrid system
with PMMA/Ag NPs/NaYF4: Yb,Er, while a 50-fold enhancement was noticed with
a hybrid consisting of Ag-NPs/NaYF4: Yb,Er. Overall, this work offered the funda-
mental understanding of the UCL improvement through the coupling of SPR of
metals, which have potential in photoelectric devices. In another effort, arrays of
nanoholes in Au-films were constructed and were utilized as a template to localize
and increase the UCL of NaYF4: Yb,Er UCNPs [108]. The thin metallic layers of
Au-nanoholes arrays were designed in such a way that the nanohole could take up
only one UCNP upon filling. They employed the squeegee method to precisely posi-
tion the single UCNP inside each nanohole array. The luminescence increment of up
to 35-fold was noted due to the combined effect of generation of the enhanced elec-
tromagnetic field in nanohole arrays at resonance and increase in the radiative decay
rate of the emitters. In a work by Wang et al., 2D Au-NPs arrays of various period-
icities were prepared, which improved the UCL from NaYF4: Yb,Er,Gd nanorods
(UC NR) [109]. The red emission at ~660 nm from UC NR under the excitation at
980 nm was significantly increased by 1.4-fold due to the interaction with Au-NPs
arrays. The Au-NPs arrays were prepared on indium tin oxide-coated glass by elec-
tron beam lithography. The SEM images in Fig. 11a, b show the top- and side-views
of the arrays. The UC NRs were formed by a liquid–solid reaction in ethanol and
OA; and then, the thin film was prepared by spin-coating on the Au-NPs arrays, as
shown in Fig. 11c with the substrate tilted at 60°. The relative enhancement of the
green and red emission was manipulated by varying the periodicity of 2D Au-NPs
arrays. It was demonstrated in this work that the SPR-assisted diffractive coupling in
Au-NPs arrays contributed to the overall improvement in the emission. These results
suggested that the plasmonic-excitation-emission interactions can be controlled, and
UCL can therefore be modulated accordingly.

In another effort, lithographically-fabricatedmetal–insulator-metal (MIM) nanos-
tructures were reported, which showed over the 1000-fold enhancement of UCL of
NaYF4: Yb,Er [110]. It was further demonstrated that the system had potential use in
bioimaging the bladder cancer cell by dispersing the MIM into water. Recently, the
plasmonic Au-nanohole-nanoplate bilayer arrays (PABAs) were designed by Zhan
et al. to generate the local field. This generated local field then coupled with exci-
tation and emission field of NaGdF4: Yb,Er@NaYF4 core–shell UCNPs [111]. The
theoretical simulation indicated that the PABA could generate a steady-state electric
field in the nanoholes of the arrays that overlapped efficiently with the green emission
of the UCNPs, which led to the LFE. The as-prepared PABA-supported core–shell
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Fig. 11 a Top view SEM image of Au-NP arrays, and b side view of Au-NPs on ITO substrate
(substrate titled at 45°) c UC NRs film covering Au-NP arrays (substrate titled at 60°) and the close
view of theUCNRs film d optical microscope images of aUCNRs film coveredAu-NP arrays; each
array showed different color under white light illumination at a titled angle; the numbers indicated
the periodicities of each array; the inserted image showed one UC NR film covered array under
higher magnification. Dimensions: scale bars (a) and b 200 nm; c 20 mm and 200 nm on the whole
surface and inserted SEM, respectively; d 100× 100 mm2 for each Au-NP arrays square. Reprinted
with permission from Ref. [109]. Copyright 2015 Physical Chemistry Chemistry Physics Owner
Societies

UCNPs were utilized as a sensor to detect acetic acid with much higher sensitivity
and a detection limit of 81 nmol mL−1.

Some of the other examples in this field are Al2O3: Er on Ag island films [112],
Au/SiO2/Y2O3: Yb,Er [113], Ag NPs embedded La2O3: Yb,Er phosphors [114],
YVO4: Yb,Er@Ag hybrid colloid [115], NaGdF4: Yb,Er@SiO2/Au NPs hybrid
for bioimaging applications [116], NaYF4: Yb,Er@Ag core–shell nanocomposites
[117], Au-nanoshell coated NaYF4 [102], Ag metal-capped NaGd0.3Yb0.7F4: Er
[118], hybrid of NaYF4: Yb,Er@NaYF4 and Au nanorods for PTT [119], and so
forth.
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2.4 Ln3+-doped Phosphor-Graphene (and Its Derivatives)
Hybrids for FRET Based-Sensing, and Drug Delivery
Applications

Carbon-based materials such as graphite, carbon black, carbon nanotubes (CNT),
graphene, graphene oxide (GO), graphene quantum dots (GQDs), and so on possess
unique physicochemical properties. Among them, nanomaterials such as graphene,
GO, GQDs and CNTs have engaged significant attention in the last decade in view of
their advantageous properties such as high specific surface area, mechanical strength,
high electrical and thermal conductivity due to excellent mobility of charge carriers,
high thermal stability, low density, and environmental friendliness [120, 121]. Thus,
they have fascinated a considerable interest in fundamental science and potential
applications in various new opto-electronic devices, sensors, and energy systems.
It is worth noting that various reports of carbon-based materials with Ln3+-doped
phosphors are known until now for their biosensing, bioimaging, drug delivery, anti-
counterfeiting, opto-electronic and photocatalytic applications [122–125].

The coupling of Ln3+-doped phosphors with graphene showed excellent and
amplified electrogenerated chemiluminescent intensity by taking advantage of the
electrical conduction of graphene, as depicted in Fig. 12 [126]. In this work, an
in situ one-step method was reported to fabricate ultrathin graphene and NaYF4:
Yb,Er UCNPs hybrid material with amplified electrogenerated chemiluminescence
enhanced by fivefold. The electrogenerated chemiluminescent-based sensing appli-
cation shares many superior advantages in analytical science, such as simpler
instrumentation and low limit of detection arisen from the low background emission.

Another exciting example includes the new generation hybrid material based on
UCNPs and GO covalently bonded together. The short distance described by this
covalent bond assured that the energy from the UCNPs could be effectively trans-
ferred to GO, resulting in superior optical limiting performance [127]. The supe-
rior optical limiting effect suggested applications in opto-electronic devices and in
making high-performance laser protecting products. In another study, a new approach
was demonstrated using core–shell NaYF4: Yb,Er,Nd@NaYF4: Nd UCNPs, and
monolayer graphene hybrid for broadband photodetection utilizing the multi-energy

Fig. 12 Schematic representation of the preparation procedure of the nanohybrid graphene-NaYF4:
Yb,Er, and its electrogenerated chemiluminescent property. Reprinted with permission from Ref.
[126]. Copyright 2012 The Royal Society of Chemistry
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levels of lanthanides [128]. In this system, the hybrid photodetector showed photore-
sponsitivity of 190 AW−1 under the 808 nm irradiation. This was due to the pres-
ence of a rippled structured graphene, which enabled high photon absorption. The
UCNPs showedbroad absorption spectra overUV,visible, and IR regions, as shown in
Fig. 13a,making themsuitable for broadbandphotodetection. The as-prepared hybrid
was used on prestrained poly(dimethylsiloxane) (PDMS) substrate to construct a
planar structure photodetector. To get the hybrid UCNP/rippled graphene photode-
tector, prestrained PDMS substrate was released later. The SEM image of rippled
graphene after being released is shown in Fig. 13b. The rippled structured graphene
facilitated the photon absorption for UCNPs due to the multiple scattering adding to
the value of photoresponsivity, as can be seen in schematic in Fig. 13c. The hybrid
photodetection on PDMS substrate exhibited great stretchability, wearability, flexi-
bility, and durability with high photoresponsivity. In another similar kind of study in
2019, a hybrid based on silica-coated UCNPs, NaYF4: Yb,Er@SiO2, and graphene

Fig. 13 a Absorption and photoluminescence spectra of NaYF4: Yb,Er,Nd@NaYF4: Nd core–
shell UCNPs in cyclohexane. b (i) Cross-sectional SEM image and (ii) lateral SEM image of the
rippled structure. c Schematic diagram of the rippled structure of the hybrid photodetector showing
multiple internal reflections. Adapted with permission from Ref. [128]. Copyright 2018 American
Chemical Society
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[129] was fabricated for broadband photodetection under 980 nm illumination with
photoresponsivity of 2.7 × 104 AW−1.

Ln3+-based phosphors hold promise as NIR light converters to improve the effi-
ciency of the solar cells. Despite their value, their use in solar cells is restricted by
their low emission efficiency and poor electrical conductivity. Thus, graphene and
graphene oxide can be used to achieve good electrical conductivity. Taking this road,
in 2012, NaYF4: Yb,Er-graphene composites were prepared by growing UCNPs
in interlayers of expanded graphite. This was accompanied by the exfoliation of
expanded graphite under PVP-assisted hydrothermal reaction [130]. A large number
of UCNPs homogeneously cover the surface of multi-layered graphene sheets. More
importantly, the as-prepared hybrid was used to form TiO2-NaYF4: Yb,Er-graphene
hybrid photoanodes, which had the capability to enhance the efficiency of the solar
cell. In a similar kind of study, reduced GO (rGO) and NaYF4: Yb,Er hybrids were
designed to achieve better electrical conductivity because of the high charge carrier
mobility of rGO [131]. The hybrid of UCNPs and rGO were synthesized in situ by
the hydrothermal approach, which was followed by the reduction method. Then, the
as-prepared hybrid was incorporated into the photoanode of the solar cell, which
improved the efficiency by 10% and short-circuit current density. These studies
opened new opportunities for extending the use of Ln3+-based hybrid phosphors
in the areas of solar energy harvesting.

Development of optical pH sensors based on the flexible free-standing optical
hybrid film was composed using GO and polyethylenimine (PEI)-coated NaYF4:
Yb,Er NPs (Fig. 14a–c). In this work, the high specific surface area, luminescence
quenching ability, mechanical stability of GO were used as the platform for pH
sensing [132]. Here, GO served as an acceptor in the energy-transfer pair between
GO and UCNPs hybrid and as a matrix for the free-standing film. The interaction
between theNaYF4: Yb,Er NPs andGObecomes stronger with increasing pH, which
led to the significant luminescence quenching of UCNPs. The admirable mechanical
properties of the hybrid film endowed the pH sensorwith higher stability and superior
repeatability and thus promised to be a good candidate for biological applications.

For biomedical applications, fluorescence resonance energy-transfer (FRET)-
based energy-transfer is used for sensing different biomolecules by utilizing UCNPs
and graphene and its derivatives. There have been many reports where non-radiative
energy-transfer from an excited donor (UCNPs) to an acceptor (GO) through elec-
trostatic dipole–dipole interactions takes place [133–136]. In one study in 2012,
an aptasensor for mycotoxins was presented based on the FRET between multicolor
UCNPs, BaYF5: Yb,Tm, and BaYF5: Yb,Er as a donor, and GO as an acceptor [137].
The UNCPs BaYF5: Yb,Tm, and BaYF5: Yb,Er were functionalized with immobi-
lized ochratoxin A (OTA) aptamers and fumonisin B1 (FB1) aptamers, respectively.
TheseUCNPsmodifiedwith aptamerwere brought in the vicinity to the surface ofGO
due to the π–π stacking interactions between aptamers nucleobases and sp2 carbon
atoms of GO. This resulted in the luminescence quenching of the UCNPs because of
the significant overlap of absorption of GO and emission of UCNPs in that region.
The aptamers on the UCNPs surface preferred to attach to their corresponding myco-
toxins in the presence of OTA and FB1, leading to a change in the aptamers formation.
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Fig. 14 a–c Photographs of free-standing hybrid film GO-PEI-NaYF4: Yb,Er. d Low and high-
resolution SEM images of the hybrid film (side view). e The SEM image of the hybrid film on the
surface. Adapted with permission fromRef. [132]. Copyright 2014 The Royal Society of Chemistry

Consequently, UCNPs modified with aptamers were at a distance from the surface of
GO, leading to an increase in the UCL intensity, as schematically shown in Fig. 15.
The limit of detection observed for OTA and FB1 was 0.02 ngmL−1 and 0.1 ngmL−1,
respectively.

In a separate study, GQDs and single-stranded DNA (ssDNA) linked
UCNP@SiO2 based sensor was designed for the detection of specific microRNA
(miRNA) sequence [138]. The developed sensor deliberated the interactions between
the sp2 carbon atoms of GQDs and DNA nucleobases linked to the UCNPs, which
brought GQDs near to the surface of ssDNAUCNP@SiO2. The UCNPs capacity
to interact with GQDs through π-π stacking was hindered by ssDNA in the pres-
ence of a complementary miRNA sequence, which resulted in the reduction of the
fluorescent intensity-dependent of miRNA sequence. This outcome was utilized to
design a sensor with a limit of detection of 10 fM. For bioimaging applications,
multifunctional multi-walled CNT (MWCNT)-NaGdF4: Yb,Er,Eu hybrid was devel-
oped for simultaneous optical and magnetic imaging by NaGdF4: Yb,Er,Eu NPs and
photothermal conversion from MWCNT [139]. Wang et al. reported a multifunc-
tional platform where core–shell structured UCNPs were covalently grafted with
nanographene oxide (NGO) via PEG followed by loading of phthalocyanine (ZnPc)
on the NGO surface [140]. Firstly, NaYF4: Yb,Er,Tm@NaYF4 core–shell type of
structure was prepared using the thermal decomposition procedure with OA as a
capping agent. In order to further utilize them, the ligand exchange method was
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Fig. 15 Schematic representation of the upconversion fluorescence resonance energy-transfer
(FRET) between aptamers-UCNPs and GO for the detection of OTA and FB1. Reprinted with
permission from Ref. [137]. Copyright 2012 American Chemical Society

adopted for the amine functionalization on theUCNPs surfacewith poly(allylamine).
To bestow the UCNPs with multimodal therapeutic functions, NGOwas grafted with
UCNPs, which served as PTT agent and carrier for photosensitizer. This was done via
carbodiimide cross-linking reactions between the amino group present in UCNPs-
NH2 and the carboxylic group of NGO-PEG to yield UCNPs-NGO composite, as
shown in Fig. 16a. This was finally followed by the loading of the drug ZnPc to
yield UCNPs-NGO/ZnPc composite. The obtained UCNPs-NGC/ZnPc composite
was used for diagnosis as an imaging probe with high contrast. The integration
of PTT, PDT, and imaging functions into a single hybrid nanostructure acted as a
theranostic probe, as illustrated in Fig. 16b. The combined treatment of PDT and
PTT exhibited a synergistic effect which resulted in higher therapeutic efficacy for
the in vitro cancer treatment by decreasing the tissue damage by over-heating and
dosage-limiting toxicity.

Recently, one concept for the fabrication of histidine and octadecylamine-
functionalized GQDs and NaYF4: Yb,Er UCNPs hybrid nanocage was proposed,
which was adequate for drug loading towards the controlled delivery and cancer
theranostics [141]. In this work, the biomimetic drug delivery systemwas developed,
which consisted of hybrid nanocage and Au-NPs and MGC-803 cell membranes as
the core and the shell, respectively. This system exhibited the DOX loading capacity
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Fig. 16 Schematic representation of the a synthesis process for UCNPs-NGO where numbers
of core–shell UCNPs being covalently grafted with NGO via bifunctional PEG; b UCNPs-
NGO/ZnPc hybrid as a multifunctional theranostic nanoplatform for cancer treatment. Reprinted
with permission from Ref. [140]. Copyright 2013 Elsevier

of 461.2% at nearly 100% of encapsulation efficiency. It also exhibited the selec-
tive targeting of homotypic tumor cells showing both with pH and light-stimulated
drug release. The nanocage hybrid remarkably improved the photothermal effect of
Au-NPs, which helped accelerate the NIR-triggered drug release. This study opens
a pathway to develop and synthesize ideal nanocarriers for cancer theranostics.

A range of other hybrid materials with graphene and its derivatives for different
applications have been reported by various research groups, for example, GO-
oxynitride phosphor (SrBaSi2O2N2: Eu) hybrid for opto-electronic device appli-
cations [142], NaYF4: Yb,Er-GO hybrid for glucose determination [143], NaYF4:
Yb,Er-graphene for DSSC [144], graphene oxide quantum dots and NaYF4:
Yb,Tm@NaGdF4 hybrid for PDT [145], and so forth.
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2.5 Ln3+-doped Phosphor-Quantum Dot Hybrids
for Bioimaging, FRET-Based Biosensing, and Energy
Applications

Quantum dots (QDs) have been largely analyzed because of their distinct optical
properties such as large emission/absorption cross-sections, tunable emissions, and
multiplexing capabilities [146, 147]. Also, QDs are widely studied as FRET energy-
donors or acceptors in various applications. Bednarkiewicz et al. demonstrated the
efficient FRET between UC phosphor NaYF4: Yb,Er as a donor, and CdSe QDs as
an acceptor [148]. The green upconverted emission at ~540 nm from Er3+ ion was
quenched by QDs; on the other hand, the orange emission fromQDs appeared simul-
taneously due to an energy-transfer fromNaYF4: Yb,Er donor to QDs acceptor. They
studied the FRET efficiency using lifetime measurements. The authors proposed that
this system can be utilized as nanolabels in the biodetection field. In a work by Chang
et al., NaYF4: Yb,Tm/CdS nanoheterostructures were developed, and they observed
that the red and NIR emissions of NaYF4: Yb,Tm phosphors were amplified by
7.3 times, whereas the blue emission was attenuated [149]. They proposed that the
energy-transfer process between Tm3+ ions and CdS QDs was very efficient. They
also synthesized NaYF4: Yb,Tm/CdSe nanoheterostructures to analyze the effect of
other QDs on the UCL of NaYF4: Yb,Tm, and found that in this case also the NIR
emission ofNaYF4: Yb,Tm improved greatly. TheUCNP-to-QDFRET system using
biotin-streptavidin interaction as a prototype was demonstrated by Mattsson et al.,
which can be used for rapid homogeneous optical biosensing [147]. NaYF4: Yb,Er-
streptavidin (sAv) acted as a donor and biotinylated CdSe/ZnS core–shell (biot)
QDs acted as an acceptor to form UCNP-sAv-biot-QD system. Biotin-streptavidin
recognition was utilized in the development of a competitive replacement assay to
modulate the UCNP-to-QD energy-transfer upon varying biotin concentration. This
competitive replacement assay principle is shown in Fig. 17. In this study, the biot-
QD and UCNP-sAv concentrations were optimized, resulting in a very low limit of
detection. Such technology ofUCNPs andQDs based FRET system can be employed
for the biological interactions detection. Antoniak et al. studied spectrally-resolved
femtosecond non-linear optical properties in the range 950–1350 nm for NaYF4:
Yb,Er/CdSe hybrid [150]. In thiswork, the size of CdSeQDs decorated on the surface
of core NaYF4: Yb,Er phosphors were varied, and the FRET efficiency between them
varied depending on the size of CdSe QDs. The two-photon-induced luminescent
properties and the switching of multimodal luminescence of NaYF4: Yb,Er/CdSe
hybrid nanomaterials were demonstrated. Continuous wave 980 nm laser was used
for NaYF4: Yb,Er UCNPs emission, while NIR femtosecond laser was used for
emission of CdSe QDs.

The multimodal luminescent properties of these hybrid nanomaterials were
proposed to be potentially utilized for 2D anti-counterfeiting applications. In another
report published in the year 2016, NaYF4: Yb,Tm/CdSe nanostructures were synthe-
sized where the emission from Tm3+ ions at 797 nm was observed under 980 nm
irradiation with no UV and blue emissions from it [151]. It was indicated that the
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Fig. 17 Schematic representation of principle of the homogeneous UCNP-to-QD FRET biotin
replacement assay. Excitation at 980 nm leads to emission from UCNPs and FRET to QDs, which
resulted in QD luminescence. Reprinted with permission from Ref. [147]. Copyright 2015 The
Royal Society of Chemistry

energy was first transferred from Yb3+ ions to Tm3+ ions when excited with 980 nm
laser. Then, it was transferred to CdSe QDs partially from Tm3+ ions, which excited
CdSeQDs returns/gives back to Tm3+ ions. TheNIR emission fromTm3+ was greatly
enhanced, and no emission peaks of CdSe QDs appeared. In this work, the excita-
tion wavelength and the emission wavelength were both located in the NIR region
(700–1100 nm), which is considered as the “optical window” of biological tissues.
Hence, such nanoheterostructures are expected to possess eminent potential in the
field of biological andbiomedicine applications. S.Cui designedNaYF4:Yb,Er/CdTe
UCNPs/QDs composite as a probe for the Hg2+ ions detection in serum [152]. The
PEI-capped NaYF4: Yb,Er UCNPs were prepared via solvothermal procedure. The
CdTe QDs were then grafted on the NaYF4: Yb,Er UCNPs surface. The system was
irradiated by 980 nm NIR light, which was able to overcome the interfering autoflu-
orescence from the serum. A FRET-based biosensor was able to detect Hg2+ ions
effectively with a limit of detection of 15 nM. The core–shell NaYF4: Yb,Tm@CdS
composite was demonstrated for photocatalytic application by Feng et al. [153].
As compared to pure CdS, the photocatalytic activity of NaYF4: Yb,Tm@CdS
composite was enhanced under vis–NIR irradiation by improving the absorption
of sunlight.

Some other hybrid materials with QDs for different applications includes—
NaYF4: Yb,Er and CdSe QDs nanoheterostructures [154], Ag2Se QDs-NaYF4:
Yb,Gd,Er@NaYF4: Nd,Yb nanocomposite for PDT [155], etc.
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2.6 Ln3+-doped Hybrid Phosphors with Other Materials

The other composites of Ln3+-doped phosphors with several other materials of
interest, such as metal–organic frameworks (MOFs), polymers, dichalcogenides,
etc., have also been studied by various scientific groups.

MOF: Typically, MOFs are highly porous crystalline materials comprising metal
ions or clusters coordinately interconnected by organic-linkers. An exceptionally
high surface area of up to 8000 m2 g−1 and tunable pore sizes can be obtained due
to the resultant void within these materials [156]. Due to these properties, MOFs
have been one of the most studied materials in the areas of biomedicines, photo-
catalysis, sensing, etc. Specifically, the biomedical applications requiring controlled
drug release, high drug-loading capacities, and optimal stability, the MOFs can
improve the treatment efficacy [157]. The performance of MOFs can be improved
by linking them or encapsulating them with other active materials such as Ln3+-
doped phosphors. Li et al. developed core–shell UCNPs@MOF:NaYF4: Yb,Er@Fe-
MIL-101_NH2 nanoprobes for luminescent/magnetic dual-mode targeted imaging
[158]. The framework Fe-MIL-101 comprises terephthalate linkers and Fe3O-
carboxylate trimers with octahedrally-coordinated metal ions. The core–shell nanos-
tructures simultaneously presented the optical property of the UCNPs core and the
T2-MRI property of the MOF-shell. The UCNPs core was coated with amine-
functionalized octahedral iron carboxylate MOF-shell, giving the nanostructures
good water dispersibility along with easier conjugation to PEG. The surface of
the core–shell nanostructures was further modified with poly(ethylene glycol)-2-
amino ethyl ether acetic acid and folic acid (FA), which resulted in PEGylated core–
shell UCNP@Fe-MIL-101_NH2@PEG-FA nanostructures. It was believed that the
core–shell structures open up new ways to combine the advantages of UCNPs and
MOF for various functions. Deng et al. reported an aptamer-conjugated core–shell
NaYF4: Yb,Er@Fe-MIL100 composite for the targeted delivery of DOX and for
cell imaging [159]. Here, UCNPs chosen as optical labels, emitted intense green
light under 980 nm excitation, while the MOF based on the iron carboxylate MOF,
Fe-MIL-100 possessed high porosity and low cytotoxicity, which was beneficial for
the drug delivery. The anticancer aptamer, AS1411 (a 26-mer guanine-rich oligonu-
cleotide), was conjugated covalently on the surface of the UCNP@MOF, which
helped in targeting the cancer cell and enhancing the intracellular uptake. This system
promised targeted cancer theranostics. Yuan et al. [160] demonstrated in situ self-
assembly method for the synthesis of the nanocomposites of MOFs and UCNPs
driven by only electrostatic interactions. The schematic illustration of the synthesis
procedure is shown in Fig. 18. Firstly, OA-capped β-NaYF4: Yb,Er was synthesized
by the thermal co-precipitation method followed by the acid treatment to remove
the surface ligands. The ligand-free UCNPs were mixed with the MOF precursors
to yield the nanocomposite having octahedral geometry with small UCNPs deco-
rated on the surface of MOF. This was further used to construct core–shell-shell,
MOF@UCNPs@MOF sandwiched nanocomposites via epitaxial growth of MOF
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Fig. 18 Schematic illustration of the fabrication ofUCNPs andMOFnanocomposites. The reaction
precursors of MOF and ligand-free UCNPs were mixed directly, and the nanocomposites were
formed in situ. Shaded steps show the proposed formation mechanisms: (i) MOF nucleation, (ii)
attachment of NPs ontoMOFs through electrostatic interactions, and (iii) nanocomposite formation.
Reprinted with permission from Ref. [160]. Copyright 2018 American Chemical Society

layers for the potential use in drug delivery, optical sensing, anti-counterfeiting, and
PDT.

Wang et al. developed multifunctional water-dispersible NaLnF4@MOF-Ln (Ln
= Y, Yb, Tm, Eu) nanocomposites for dual-mode luminescent properties where
MOF-Ln is a type of hybrid porous material composed of Ln3+ ion clusters and
organic ligands bonded through coordinate bonds [161]. The as-prepared nanocom-
posite showed unique Stokes (red) and anti-Stokes (blue) emission frommesoporous
MOF-Ln andNaYF4: Tm,YbUCNPs, respectively, under laser excitation at a specific
wavelength. Thus, the nanocomposite offered luminescence imaging capabilities. In
another work, UCNPs@MIL-53/FA dual-function system has been developed that
integrated bioimaging and drug delivery. For this purpose, H.L. Cong and group
prepared core–shell NaYF4: Yb,Er@NaYF4: Nd@MIL-53 microsphere system via
layer-by-layer self-assembly method [162]. Herein, NaYF4: Yb,Er@NaYF4: Nd
UCNPswere used for bioimaging under NIR light.MIL-53 acted as a drug carrier for
delivery of DOX, and further FA was functionalized as a targeting agent, which was
encapsulated to the core–shell structure to yield UCNPs@MIL-53/FA. Similarly,
in another interesting work, a core-satellite structure of NaGdF4: Yb,Er@NaGdF4:
Nd,YbUCphosphorwithUiO-68-NH2 MOF system for trimodal,MR/UCL imaging
functions, and PDT was deliberated [163]. In a work by Li et al., MIL-53(Fe)/UCNP
composites were developed, which were expected to exhibit the enhanced perfor-
mance of photocatalytic activity under the vis–NIR light [164]. In this work,
firstly, the Fe-based MOF; octahedral MIL-53(Fe) with uniform concave facets, was
prepared by the microwave-assisted method. To this interesting structural geometry
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of MIL-53(Fe), UCNPs NaYF4: Yb,Tm were anchored on their concave surface.
The nanocomposite showed efficient photocatalysis by extending its light utilization
in the solar spectrum. The same group developed core–shell NaYF4: Yb,Tm@MIL-
53(Fe) composite structure and explored their photocatalytic performances system-
atically [165]. In this approach, PVP modified NaYF4: Yb,Tm nanoplates were first
prepared, and then MIL-53(Fe) shell was employed on the as-prepared nanoplates
via a layer-by-layer growing procedure. The thickness of the MOF-shell was tuned,
and also modification of the MOF-shell was done with amino groups to improve
the photocatalytic efficiency. There are various other reports for hybrids based on
UCNPs and MOFs, for e.g., NaYF4: Yb,Tm@MIL-100(Fe)-PEG for pH-responsive
drug delivery and dual-mode imaging [166], NaGdF4: Yb,Er@MIL-53(Fe)/FA for
tumor-targeted chemotherapeutic delivery [167], and so forth.

Polymer: The ease of polymer processingwith Ln3+-doped phosphorswas demon-
strated in various reports to synthesize UCNP-polymer hybrids [168, 169]. In the
year 2007, OA-capped LaF3: Yb,Er NPs were prepared with a mean diameter
of ~7 nm and showed excellent dispersibility in the PMMA matrix [170]. The
resulted UCNPs-polymer hybrid material exhibited emission in the telecommuni-
cation window (1500 nm) and therefore acted as a promising material for optical
waveguide amplifiers. Boyer and group presented a technique to synthesize OA-
stabilized UCNPs/PMMA bulk polymer composite via in situ polymerization of
PEG-monooleate ligand [171]. The PMMA polymerization in the presence of PEG-
monooleate ligand resulted in the formation of transparent bulk polymer-UCNPs
composite, as shown in Fig. 19. This also prevented their phase separation. The tech-

Fig. 19 Photographs of UCNP-PMMA composites under ambient light (top) and 980 nm laser
irradiation (bottom) a 0.5 wt%, b 1 wt%, c 2 wt%, and d 3 wt% NaYF4: Yb,Er UCNPs in PMMA.
Reprinted with permission from Ref. [171]. Copyright 2009 American Chemical Society
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nique used in thisworkmay also be extended to different types ofNPs, such as Fe2O3,
QDs, semiconductor NPs. Kim et al. synthesized LiYF4: Eu, LiYF4: Ce,Tb@LiYF4:
Eu and LiYF4: Eu@LiYF4: Ce,Tb core–shell and LiYF4: Eu,Ce,Tb nanophosphors
and luminescence properties of these architectures were analyzed [172]. Among
these, LiYF4: Eu,Ce,Tb nanophosphors exhibited intense green and red emission
peaks, which were controlled by adjusting the concentration of Eu3+ ions. With the
increase in the concentration ofEu3+, LiYF4: Eu,Ce,Tb exhibitedmulticolor emission
from green to orange, as clearly shown in Fig. 20. These nanophosphors were incor-
porated into PDMSpolymer to yield a transparent composite that presented excellent,
bright multicolor tunability for the application in transparent display devices.

The polymer-based BaGd2ZnO5: Er/PMMA and NaYF4: Er/PMMA compos-
ites were demonstrated by Fan et al. as an efficient system to determine the

Fig. 20 Photographs of a LiYF4: Ce (13%), Tb (14%), Eu (0%)-PDMS bar (left) and disk (right)
under room light (upper panel) and UV lamp (lower panel) and b LiYF4: Ce, (13%), Tb (14%),
Eu (0–5%)-PDMS disks under UV lamp illumination [i: 0%, ii: 1%, iii: 2%, iv: 3%, v: 4%, and vi:
5%]. Reprinted with permission from Ref. [172]. Copyright 2015 Springer Nature
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Judd–Ofelt parameters [173]. The intense emission at 1553 nm was noticed upon
980 nm excitation. Using the Judd–Ofelt theory, the radiative transition proba-
bility and lifetime of the optical transitions were calculated. The results revealed
the potentiality of these composites in broadband optical amplifier application.
Li developed nanohybrids of UCNPs, and fluorescent conjugated polymer for
NIR-mediated antibacterial performance based on FRET [174]. In this approach,
NIR light-absorbing PAA-functionalized β-NaYF4:Yb,Tm UCNPs, and a fluores-
cent conjugated polymer, poly[9,9-bis(6,6-(N,N,N-trimethylaminium)-fluorene-2,7-
ylenevinylene-co-alt-2,5-dicyano-1,4-phenylene] (PFVCN) was used for the fabri-
cation of UCNP/PFVCN nanohybrid for the enhanced antibacterial activity. Highly
effective FRET from UCNPs (donor) to PFVCN (acceptor) took place. The NIR-
mediated antibacterial mechanism was demonstrated for Escherichia coli (E. coli)
bacterium. Here, the cationic PFVCNwas easily anchored on the negatively charged
PAA-UCNPs surface via electrostatic interaction to form theUCNP/PFVCNnanohy-
brids. Moreover, there existed good spectral overlap between UCNPs and PFVCN
to enable FRET. Upon excitation at 980 nm, UCNPs exhibited intense emission at
470 nm; on the other hand, PFVCN displayed emission at 560 nm upon absorp-
tion at 473 nm. Thus, PFVCN could also be excited via FRET upon excitation
of UCNPs by 980 nm light; it could then generate ROS to kill E. coli. Further,
FRET efficiency, fluorescence imaging, and antibacterial studies of UCNP/PFVCN
nanohybrids were demonstrated in this work. An important study by Dai et al.,
wherein inorganic–organic hybrid microspheres was reported, which involved lumi-
nescent NaYF4: Yb,Er as the core coated with pH-induced thermo-sensitive smart
hydrogel P(NIPAM-co-MAA) as the shell [175]. The core–shell microspheres
NaYF4:Yb,Er@SiO2@P(NIPAM-co-MAA) showed brightUCLunder 980 nm laser
illumination that is employed in the cell imaging. The hybrid microspheres were
loaded with the drug DOX. The cytotoxicity and cellular uptake were studied in
SKOV3 ovarian cancer cells. The drug release behavior is pH-induced thermally
sensitive. Upon changing the pH from normal physiological pH (7.4) to mildly
acidic microenvironment (endosome/lysosomes) at physiological temperature, the
structure of the shell deformed and collapsed, which resulted in the release of a large
number of DOX from the microspheres. This system showed pH-induced thermally
controlled drug release properties. The synthesis process and DOX release mech-
anism of NaYF4: Yb,Er@SiO2@P(NIPAM-co-MAA) microsphere is presented in
Fig. 21. First, the NaYF4: Yb,Er microspheres were prepared using the hydrothermal
route. Then after a layer of silica was coated onto the as-prepared NaYF4: Yb,Er
microspheres by the sol–gel process. Then, the silica surface was modified with the
coupling agent MPS, which reacted with the monomer of a polymer in aqueous
phase radical polymerization. This was followed by the polymerization of NIPAM,
MAA, and BIS on the silica surface in deionized water. Apart from nanoparti-
cles/nanocomposites or core–shell preparation, researchers are also working in the
formations of thin-films, which is specifically crucial for optical applications. The
thin-films UCNPs can certainly be prepared using approaches such as dip coating,
dispersion casting, spray drying, etc.However, suchfilmsmaypossess poor adhesion,
lack of thickness control, and can consequently degrade device performance.
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Fig. 21 Schematic illustrationof the preparationprocess ofNaYF4:Yb3+/Er3+@SiO2@P(NIPAM-
co-MAA) hybrid microspheres and controlled release of DOX. MPS: methacryloxypropyl-
trimethoxysilane, NIPAM: N-isopropylacrylamide, MAA: Methacrylic acid, BIS: N,N’-
methylenebisacrylamide, KPS: potassium peroxodisulfate, DOX: doxorubicin hydrochloride.
Reprinted with permission from Ref. [175]. Copyright 2012 American Chemical Society

The pulse laser deposition (PLD), atomic/molecular layer deposition
(ALD/MLD), etc., are emerging techniques for the fabrication of thickness-
controlled fine thin films. A. M. Darwish and group demonstrated the fabrication of
PMMA: NaYF4: Tm,Yb composite film deposited using double-beam pulsed laser
deposition (DPLD) technique [176]. Similarly, PMMA: NaYF4: Er,Yb and PMMA:
NaYF4: Ho,Ybwere also prepared, and the effectiveness of the deposition was inves-
tigated. The prepared polymer-UC composite films showed bright emission under
NIR excitation. The same group later demonstrated the fabrication of the nanocom-
posite film of PMMA + NaYF4: Yb,Er + aluminum-doped ZnO (AZO). The films
were deposited using concurrent matrix-assisted pulsed laser evaporation (MAPLE)
for PMMA and PLD for UCNPs and AZO [177]. Thus, triple beams, an IR 1064-nm
laser beam for the MAPLE and two 532-nm laser beams for the PLD targets, were
concomitantly used in the process. The proposed system was found to possess better
control for the deposition of different nature of materials. In a work by Tan et al.,
luminescent polymer UCP/PVA composite films were fabricated using an aqueous
solution castingmethodwherein poly(vinyl alcohol) (PVA)was employed as amatrix
polymer and NaYF4: Yb, Er UCNPs were used as the filler [178]. Firstly, water-
soluble branched structured NaYF4: Yb,Er UCNPs were prepared via hydrothermal
method using hexadecyl pyridinium chloride (CPC) and trisodium citrate (Na3Cit)
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as a capping agent. Then, the UCNPs/PVA hybrid composite films were prepared
by solution casting method. The UCNPs were well-dispersed in the polymer matrix
because of the presence of intermolecular hydrogen bonding between O–H group of
the PVA and pyridine ring in the CPC ligand on the surface of UCNPs. The fabricated
UCNP/PVA composite films exhibited strong UCL under the 980 nm laser excitation
and thus, proposed that these luminescent polymer composite films can be used for
anti-counterfeiting applications.

Dichalcogenides: In another category with Ln3+-doped hybrid phosphors, Niu
et al. synthesized the transition metal dichalcogenide-based NaYF4: Yb,Er-MoS2
film for the IR opto-electronic devices [179]. In this study, NaYF4: Yb,Er UCNPs-
MoS2 was synthesized by the thermolysis process in the mixture of oleylamine and
OA. For the device fabrication, the film of the composites capped with surfactants
was deposited on the glass substrate. This step was followed by the immersion of
the film in a dilute solution of SOCl2/DMF in hexane to remove the insulating
surface ligands of these nanomaterials. The film showed a negative IR photore-
sponse to 980 nm illumination, which was higher than that of pure UCNPs. The
results obtained in this study showed that the system has the potential for the devel-
opment of novel IR opto-electronic devices. Zhou et al. fabricated the core–shell
structured, NaYF4: Yb,Er@NaYF4: Nd,Yb UCNPs, and monolayer MoS2-based
narrowband wavelength-selective NIR photodetector [180]. In this system, UCNPs
acted as IR-light absorbers due to their narrow spectral window, while the MoS2
was used as a supporter and receiver of energy from UCNPs because of their high
specific surface area and superior photoelectric response. They showed the selective
detection of 808 and 980 nm NIR radiations and revealed that the doping of the
different lanthanides could tune the target wavelengths. This design could revitalize
photodetection research, especially in the selective response field.

Also, the utilization of 2D materials in photocatalysis has attracted researchers
around the world and has become an important topic of research interest. 2D layered
materials exhibit advantages ofmaximum specific surface area and reduced electron–
hole recombination, which can be used to enhance photocatalytic efficiency. High
specific surface area increases the number of photocatalytic sites, and the 2D nature
minimizes the distance that photogenerated carriers have to migrate, thereby reduce
the probable recombination of electrons and holes. MoS2 is one of the important 2D
transition metal dichalcogenides, the structure of which consists of Mo atoms sand-
wiched between the two layers of hexagonally close-packed sulfur atoms. MoS2
has a narrow bandgap of 1.8 eV that provides high absorption in the visible light
region of the solar spectrum. Therefore, MoS2 is expected to have the potential
for photocatalytic applications. Chatti et al. fabricated NIR active MoS2-NaYF4:
Yb,Er nanocomposites using the hydrothermal method for enhanced photocatalytic
performance [181]. The idea behind using MoS2 was its broad absorption in the
visible region, which can effectively use the upconverted emissions. Interestingly,
61% of the RhB was decomposed using the MoS2-NaYF4: Yb,Er nanocompos-
ites, which was three times greater than the MoS2-NaYF4: Yb,Er physical mixture
(18%). This was due to the presence of different energy-transfer pathways in the
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nanocomposites and the mixture. The efficient photocatalytic process from UCNPs-
MoS2 based combination was utilized by Qiao et al. Their work demonstrated the
development of β-NaYF4: Yb,Er,Gd nanorods@1 T/2H-MoS2 nanocomposite for
NIR-triggered bactericidal activity [182]. In this work, hexagonal phase negatively
charged carboxylic- functionalized β-NaYF4: Yb,Er,Gd nanorods were prepared,
and the positively charged PEI-coated 1 T/2H MoS2 nanosheets were assembled on
it through electrostatic attractions. E. coliwas inactivated effectively (approximately
99.3%) within 15 min upon NIR irradiation at a minimum inhibitory concentration
of 40 μg mL−1. Under 980 nm light illumination, β-NaYF4: Yb,Er,Gd efficiently
emitted in visible region, which was strongly absorbed by layered 1 T/2H-MoS2
nanosheets, that were capable to strongly produce reductive electrons and oxidative
holes. Thus, the photogenerated electron–hole pairs were further able to react with
O2, H2O, and OH− to produce ROS that resulted in the death of bacteria. The in vitro
cytotoxicity of the as-formed composites and the antibacterial performance were
evaluated.

In principle, as discussed, these hybrid materials possess superior electrical,
thermal, luminescent, magnetic, and catalytic properties than the single system of
phosphors in multifunctional applications.

3 Summary and Outlook

This chapter has presented significant developments in the lanthanide ion-activated
inorganic hybrid phosphors and their applications with a comprehensive overview
of the distinctive optical properties, including easy tuning of emission colors, NIR-
triggered emission, etc. It is a prerequisite for developing Ln3+-activated phosphor
hybrids to investigate their potential in different applications such as biomedicine,
environmental remediation, and chemical sensing. The hybrids of Ln3+-doped inor-
ganic phosphors with semiconductors, magnetic NPs, metal NPs, and graphene
and its derivatives are reviewed in detail. Some other hybrids with quantum dots,
polymers, metal–organic frameworks, dichalcogenides, etc., are also discussed. The
synergistic combination of Ln3+-activated inorganic phosphors with different mate-
rials possesses superior properties and applications, unattainable by its constituents
in isolation. Because of the high versatility in chemical and physical properties, Ln3+-
based hybrids open up a field of applications in many areas where their extraordinary
optical, electronic, and magnetic properties are fully explored.

The main motivation behind designing Ln3+-activated inorganic phosphor-
semiconductor hybrids for energy applications is to extend and improve photon-
harvesting across the broad solar spectrum. Ln3+-doped phosphors also act as the
efficient photon scattering layer in the fabrication of the solar cell. Better photon
absorption leads to the rise in the number of photoelectrons to increase the PCE of
solar cells. The capability of energy-transfer efficiency between Ln3+-doped phos-
phor and semiconductor is the key factor for enhanced photocatalytic efficiency, and
core–shell structures are ideal for the same. However, tuning of shell thickness is
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crucial and critical to achieve enhanced FRET efficiency and, consequently, photo-
catalytic activity. These studies are significant, challenging, and rarely explored, thus
open for future research studies. We can also further play with the morphological
and compositional tuning of Ln3+-doped phosphors to achieve increased photocat-
alytic and photovoltaic efficiency, as these are the important factors that influence
the luminescence intensity.

Upconverting luminescent-magnetic hybrids are significantly advantageous in
theranostics owing to their NIR-triggered emission along with superparamagnetic
properties. These hybrids are able to bridge the gap in sensitivity and depth of imaging
between two modalities by the integration of potential benefits of optical and MRI
imaging. As such, this offers the perspective to overcome the current limitations of
individual imaging. However, the methods for the synthesis of such multifunctional
materials involve a complex and multi-step process. So, without sacrificing optical
efficiency, it is imperative to develop more facile protocols to obtain the hybrid
materials, e.g., the one-pot method. Morphology, size, and composition tuning are
crucial factors to realize the improved efficiency of hybrids. Specifically, biomedical
functions and applications are limited by the non-perseverance of the particle size
uniformity of hybrid materials. Thus, it is still a significant challenge to design and
develop a practical multifunctional probe for the multimodal imaging and targeted
drug delivery system to realize the applications in theranostics.

Ln3+-doped UC nanocrystals have a long history of research and development,
and they have emerged as an effective and versatile tool for various applications.
However, the low upconversion quantum efficiency of these nanocrystals due to
forbidden f-f transitions and non-radiative processes, which are mediated by bulk
and surface defects, limits their applications. The coupling of UCNPs with plasmons
offered new avenues to engineer optical processes and enhance the upconversion effi-
ciency of traditional UCmaterials using the noblemetal nanostructures by increasing
the light flux in the proximity of the metal surface due to SPR. The enhancement
of many folds can be achieved by tuning the SPR peak of the metal NPs to match
with the excitation wavelength of dopant ions in UCNPs. Further, the effect of the
spacing between the metal NPs surface and UCNPs controls the interactions and
the enhancement factor. The incorporation of metal structures in the form of NPs,
films, arrays, or shells imparts additional functionalities that provide a wide range of
new opportunities for fundamental research and developing new applications such
as biomedical imaging, sensing, security ink, and photoswitching, etc. The experi-
mental and theoretical studies are rapidly revealing the mechanism with which the
environment of nanophotonics impacts numerous optical processes, such as absorp-
tion, luminescence energy-transfer, and non-radiative decays. However, the highly
complicated nature of the upconversion process anticipates further explanation. The
complete understanding of these complex dynamics in the plasmonic field could
allow the design and development of plasmon-enhanced upconversion and thus pave
the road to a wide range of applications.

The use of Ln3+-doped UCNPs as FRET donor has allowed their application
as sensors when they are integrated with appropriate FRET acceptors. A hybrid
of graphene oxide and UCNPs offered a sensitive sensing platform for various



Progress on Lanthanide Ion-Activated Inorganic Hybrid Phosphors … 347

molecules by exploiting the FRET pair formed between GO and UCNPs. The
GO-induced FRET quenching occurs due to the overlap of the UCNPs emission
and the GO absorption. Moreover, the hybrid of carbon-based nanomaterials with
UCNPs enabled the applications in the field of broadband photodetection, solar cells,
bioimaging, drugdelivery, and theranostics, etc. Somehybrids, alongwith their excel-
lent performance in different aspects of these fields, have been highlighted in this
chapter. Current research developments have clearly revealed a promising prospect
for the application of these hybrids in real-life theranostics. However, the biocompat-
ibility and toxicity of such hybrids have not been well addressed, and thus in-depth
studies need to be carried out before the real-life applications.

The Ln3+-doped phosphor-quantum dot hybrids are mainly based on FRET
between upconversion donor and QD acceptors for the applications in sensing and
bioimaging. Due to the high surface area and tunable pore sizes, the capabilities
of MOFs can be effectively utilized via UCNP-MOF composite for NIR-triggered
theranostics, PDT, and energy applications. In a nutshell, the judicial integration
of Ln3+-doped phosphors and other active material possessing appropriate compo-
sition, surface modification, and morphology can provide a single platform with
multiple discrete functions for a broad range of applications. There is still plenty
of room for facile fabrication of hybrids, interface studies and improvements, size
control, and enhancing luminescence efficiency to widen the scope of these mate-
rials. These also entail collective efforts from scientists and researchers working
in different disciplines. In the future, hybrid materials will become increasingly
miniaturized, energetically efficient, eco-friendly, reliable, and inexpensive. These
materials will undoubtedly play a vital role in cutting-edge technological endeavors.
Specifically mentioning the novel developments in luminescent waveguides, micro-
optical devices, sensors, and biosensors based on time-resolved fluoroimmunoas-
says, CT tomography, fluorescence imagingmicroscopy, bioimaging by using hybrid
nanoprobes with NIR luminescence will emerge soon. It is anticipated that this
chapter will stimulate the research and development of advanced novel multifunc-
tional materials and provide solutions to a wide range of scientific and technological
challenges.
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