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20 stimulating desires of fundamental studies and technological applications. This feature article 

21 provides a general overview of the myriad of luminescent ions-based advanced composite 

22 materials recently investigated. It is demonstrated that the improved or additional properties 

23 may be achieved via implementing a strategy of incorporating luminescent ions (lanthanide, 

24 transition and main group metal ions) into various types of materials, such as flexible 

25 polymers, two-dimensional atomically thin layers, porous materials and so on. We outline the 
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Abstract 

Luminescent ions doped materials have been widely applied in many areas, both scientific 

research and practical fields. Recently, incorporating luminescent ions and advanced materials 

into versatile and multifunctional systems seems to be a tendency, motivated by the 
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1 design principles, synthesis and processing of various systems joined by luminescent ions 
1 
2 
3 
4 
5 
6 
7 
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2 doped phosphors. A number of recent works indicate that those novel composite materials 

3 allow one to conceive and develop multifunctional applications in a broad area, including 

4 optoelectronics, photonics, clean energy, biomedicine, and new types of sensors. Lastly, some 

5 challenging issues are discussed and potential directions are suggested for further developing 

6 advanced composite materials incorporated with luminescent ions. 
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ions, and main group metal ions. [5] The resulted luminescence attributed to metal ion dopants 20 

21 can cover a broad range of optical spectra, including UV, visible, and NIR regions. 

22 Accordingly, such luminescent features make metal-ion-doped phosphors maintain their 

23 dominant position in the phosphors used for widespread application from optoelectronics to 

24 biomedicine, through to approximately every aspect of human life. 
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1. Introduction 

 
Luminescence is a phenomenon in which the excitation energy of a substance excited by 

external energy is given off as photon, resulting in the form of light emission. Here light 

consists of not only electromagnetic waves in the visible range between 390 and 700 nm, but 

also those in ultraviolet (UV) and near-infrared (NIR) spectra.[1] Luminescence has been 

playing a major scientific and technological role for humankind. A large group of widely used 

luminescent materials also called phosphors, is composed of luminescent ions namely 

activators and a suitable host, named as metal-ion-doped phosphors. [2] To date, studies on 

metal-ion-doped phosphors have covered almost all branches of luminescence. Numerous 

kinds of metal-ion-doped phosphors have been synthesized in different forms, such as glasses, 

crystal bulks, powders, nanoparticles (NPs), [3] and thin films, [4] in which the luminescence 

properties primarily depend on the energy transition of luminescent ions. Mostly, three kinds 

of metal ions may serve as activators, namely, lanthanide (Ln) ions, transition metal (TM) 
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1 It is noticeable that the ability to fabricate or tune materials to acquire improved or 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

2 multifunctional properties is highly desired in the materials science community. It has become 

3 a conventional strategy in a variety of research fields to combine two or more different 

4 compounds, or materials into a composite form while maintaining the beneficial aspects of 

5 each constituent. Recently, numerous emerged advanced materials, such as NPs and two 

dimensional (2D)  materials, have  been widely studied.[6] It is an important approach to 6 
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21 that some reviews associated with this area regarding organic materials have already been 

published, and interested readers can refer to these references.[9] Here, we will mainly focus 22 

23 on the combination of recently advanced emerging materials with luminescent ions doped 

24 phosphors. Up to now, there has been no specific review to provide a comprehensive 

25 coverage of the progress in the novel types of luminescent composites. This feature article is 

26 set out as follows. Further to this section of instruction, we will present the fundamentals of 
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combine luminescent ion doped phosphors with those advanced novel materials, aiming at 

optimizing the performance and processing of optical materials. [7] The formed composites not 

only complement different functional properties in one system, but also highly offer a 

possibility to manufacture high-performance and low-cost materials. For instance, the 

composite materials associated with Ln dopants, such as upconversion/magnetic 

luminescence and porous with multifunctional properties have recently been reported. [8] 

The study of luminescent ions in composite materials is not limited to fundamental interests 

in materials. Moreover, these modified materials with potential coupling effects are also 

promising for multifunctional applications, including novel display, multimodal bioimaging, 

phototherapy, drug delivery, biodetection, photocatalysis, and optical sensing. In principle, 

these composite materials may possess superior mechanical, luminescent, or thermal 

properties, and possess a better processability than the single system of phosphors in 

multifunctional application. One group of these kinds of composite materials is organic and 

organic-inorganic metal-ion doped hybrid phosphors, such as metal-organic frameworks. Note 
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1 several luminescent ions and considerations of the related composite material design in 
1 
2 
3 
4 
5 
6 
7 
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13 

2 Section 2. Furthermore, Section 3 will describe the synthesis of advanced composite materials 

3 incorporated with luminescent ions, while Section 4 will highlight the applications of 

4 luminescent   ions   in   advanced   composite materials. Finally,   we will   conclude with 

5 perspectives. 

6 2. Luminescent ions in advanced composite materials 

47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

20 photon. In case of an active ion without efficient absorption matching the available pump 

21 energy, a sensitizer ion can be incorporated into the host material to transfer the excitation 

22 energy to the activator (Figure 1 (d)). As shown in Figure 1 (e), when luminescent ions are 

23 doped semiconductor host, emission can occur under band-to-band excitation. The excitation 

24 energy transfers from the semiconductor host to the doped luminescent ions. On the whole, 

25 luminescent ions can absorb the supplied energy and then  give specific light due to the 
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2.1. Principles of luminescent ions 
 

Luminescent ions are generally capable of responding to photon excitation and 

subsequently emitting light, also called photoluminescence (PL). Depending on the decay 

time (r) of photon emission, PL can be classified as fluorescence and phosphorescence. 

Fluorescence possesses a short time lapse (r <10 ms) after the excitation source is removed, 

whereas phosphorescence has a much longer decay time (r >0.1 s). [10] According to the 

fundamental mechanisms, the luminescence of active ions can be basically classified into 

several types. As shown in Figure 1, the emissions of luminescent ions include (a) down- 

shifting, (b) down-conversion, and (c) upconversion. Down-shifting and -conversion 

processes feature Stokes emissions with photon energy smaller than the excitation source. 

One kind of down-conversion emissions is called quantum cutting, meaning an excitation 

photon to generate two or more low energy photons. Upconversion luminescence is an anti- 

Stokes emission which needs two or more excitation photons to produce a higher energy 
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1 variation in the energy-level structure. As mentioned above, luminescent ions mainly include 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
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13 
14 

2 lanthanide, transition metal, and main group metal ions. Figure 2 shows the luminescent ions 

3 highlighted in a periodic table. Their typical luminescent ions and their emissions 

corrosponded to energy transitions are listed in Table 1. [11-25] 4 

5 The Ln series contain 15 metallic ions, from lanthanum (atomic number 57) to lutetium 

(atomic number 71). Besides La3+ being equivalent to Xe in electronic configuration, the Ln 6 

7 ions characterized by a partly filled 4f shell are shielded from their surroundings by the filled 
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21 optical fiber communication. In addition, the red and green emissions correspond to 4f 

4F9/2     4I15/2 
2H11/2/4S3/2     4I15/2 of Er3+ ions, respectively.[28] Hence, visible 22 transitions of and 

Er3+ 23 emissions ascribed to ions have widely been utilized in optical sensor, display and 

Eu3+ 24 bioprobe. On the other hand, phosphors containing ions can display superior red 

emission around 616 nm. The characteristic emission bands of Eu3+ ion in hosts are located at 25 

5D0     7Fj transitions ( j =0, 1, 2, 3, 26 around 579, 593, 614, 652 and 705 nm, corresponding to 
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5s2 and 5p6 orbitals, giving rise to a weak electron-phonon coupling and resulting in narrow 

and sharp emission lines of 4f-4f transitions.[26] In comparison, the emission bands originating 

from 5d-4f transitions (e.g., Ce3+) are broad, because the 5d electrons are unshielded and 

hence greatly influenced by their surroundings. The emission lifetimes of 4f-4f transitions are 

substantially long-lived, typically in the range of milliseconds because of the forbidden 

character of f-f transitions in free 4f ions. In cases where luminescence arises from parity- 

allowed transitions, such as 5d-4f transitions, a much shorter lifetime (~10-5 s) is recorded.[4] 

Due to their abundant ladderlike energy levels, Ln ions, such as Er3+, Eu3+, Nd3+, Ho3+, Tm3+ 

and Pr3+, have been widely studied as active ions for luminescent materials. [27] To date, Ln3+- 

doped phosphors have demonstrated amazing down-conversion and upconversion 

luminescence covering from UV to NIR region. For example, Er3+ ion is well-documented 

and most extensively used luminescent dopant for the following reasons. Its characteristic 

emission at 1.55 µm matches the minimum attenuation of silica optical fibers mostly used in 
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[29] Nd3+ 1 and 4). ions can present NIR emissions at 800, 870, 946, 1064, and 1320 nm, 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

respectively. [30] 2 

Besides Ln ions, TM ion is another kind of mostly recognized luminescent ions. [31] In 3 

history, the luminescence of Cr3+ 4 doped Al2O3 was utilized for the first generation of solid- 

state lasers. In general, TM ions have a partly filled d-shell (dn, 0<n<10). [32] The 3d TM ions 5 

utilized in phosphors have three electrons (Cr3+ and Mn4+), or five electrons (Mn2+ and Fe3+), 6 
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21 particular, Bi-doped phosphors have drawn much attention due to their ultrabroadband NIR 

luminescence, covering the whole windows of optical fiber communications. [36] 22 

23 2.2. Materials design 

24 In the past decades, phosphors based on luminescent ions have played a vital role in various 

25 applications, including solid-state lasers, fiber communication, display devices, solid state 
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occupying the outermost 3d orbitals. In contrast to lanthanide ions, the 3d orbitals are not 

shielded from the host lattice. Thus, the energy level structures of TM ions are sensitive to 

their coordination environment. Environmental perturbations, including chemical or structural 

modifications, can lead to the changes in bond lengths, bond angles, covalence, and 

coordination number. As a result, the luminescence of TM ions is featured by broad and 

undefined characteristics. Specifically, with an increase in crystal field strength, the emission 

between 4T1 and 6A1 can shift from green to deep red. For instance, Mn2+-doped ZnS with 

orange emission is one of typical phosphors in PL and electroluminescence (EL) applications. 

[33] Another interesting phenomenon is the observation of broadband NIR luminescence from 

Ni2+-doped phosphors. The NIR luminescence of Ni2+ ions can be modified by fine-tuning the 

crystal field strength through chemical ways or strain engineering. [34] 

Apart from lanthanide ions and TM ions, main group metal ions containing 6p (Bi, Pb) and 

5p (Sb, Sn, In, Te), are promising as a new type of active ion, due to the broadband NIR 

luminescence originating from the unsheltered outer 6s or 6p electron transitions. [35]  In 
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1 lighting, and biomedicine. To realize more opportunities for luminescent ions, readily scalable 
1 
2 
3 
4 
5 
6 
7 
8 
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2 composite material is important alternatives to be fabricated into a new material platform for 

3 further investigation through a coupling approach. Incorporating luminescent ions into several 

4 advanced functional materials while keeping the beneficial aspects of each component can 

5 form novel multifunctional materials. Figure 3 shows the considerations of material design to 

6 fabricate advanced composite materials with luminescent dopants. Through incorporating the 
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21 luminescence of the fabricated composite may be modulated by magnetic field. The prepared 

22 composite with  the multifunctional  properties can be considered in some areas, such as 

23 biomedicine and magnetic sensors. 

24 3. Synthesis and characterizations of various materials 
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luminescent ions with some advanced materials, improved or multifunctional properties of the 

prepared composite enable to be applied in many applications, including novel type of display, 

optical sensing, multimodal bioimaging, biodetection, photocatalysis, etc. [37] 

In general, there are several material selections for designing advanced functional 

composite materials. As summarized in Table 2, some functional materials, including 

polymers, magnetic materials, porous materials, catalysts, and 2D materials, can be 

considered to combine with the luminescent ion phosphors. [38-42] And some new merits could 

be added to the luminescent ions. As a typical example, when mixing the luminescent 

materials into polymer polydimethylsiloxane (PDMS) matrix, the synthesized composite 

usually possesses useful properties of flexible, easy processabilty, and low-cost compared to 

traditional regid inorganic hosts doped with luminescent ions. The prepared composite can be 

processed as optical waveguides on wafers for photonic application. Additionally, both 

magnetic and luminescence properties can be realized in a two-phase system consisted of 

magenetic materials (Fe3O4, etc.) and luminescent ions doped phosphors. And then the 
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1 In this section, the synthesis of luminescent ions in advanced composite materials will be 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

2 introduced as a sequence of the combining materials. 

3 3.1. Polymer matrix composite 

4 A variety of polymers are popular materials in research and industry, even in our daily life. 

5 Broadly, polymers possess significant characteristics of corrosion resistance, low density, or 
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21 particle agglomeration while keeping a good spatial distribution in the polymer matrix. The 

22 drawback of this route is that the unreacted educts of the in situ reaction might influence the 

23 physical properties of the final composite material. 

24 Another main approach for the fabrication of polymer matrix composite is to disperse pre- 

25 prepared luminescent ions doped particles directly into polymers. This route is defined as ex 
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electrical insulating behavior. In polymer matrix composite, the polymer forms a continuous 

phase in which the luminescent ion doped component can be embedded. The latter is usually 

present as the form of NPs or microparticles, or fibers. The processabilty and diversity of 

polymers together with remarkable luminescent properties of inorganic luminescent ion doped 

phosphors make them highly possible to fabricate high-performance and low-cost photonic 

and optoelectronic devices or systems. [43] In order to fabricate polymer matrix composites, 

either particles or fibers or the polymer matrix or all components can be prepared either in situ 

or ex situ. [44] 

In situ fabrication of luminescent ions doped phosphor particles in polymer matrix is a 

simple route to prepare the composites. Mixing of the precursor components can proceed in a 

polymer melt. In such processes, the conversion of the precursors to the final luminescent ions 

doped inorganic particles can take place in solutions, polymer melts or polymeric solids. This 

method allows one-step preparation of luminescent composites with in situ generated 

phosphor particles from corresponding precursors. In this case, the particles can be 

synthesized inside the selected polymer matrix. The benefit of this method is that it avoids 
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1 situ preparation of luminescent ions doped composites. The  ex situ preparation is more 
1 
2 
3 
4 
5 
6 
7 
8 
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2 suitable for large-scale application. For example, metal-ion-doped ZnS microparticles were 

3 uniformly dispersed into PDMS matrix to produce a flexible phosphor composite, as shown in 

(a).[45] 4 Figure 4 ZnS is an excellent semiconductor with non-symmetrical crystal structure, 

5 giving rise to inner piezoelectric potential when applying external strain. Metal-ions-doped 

6 ZnS can present different colors, depending on the energy transitions of various dopants. 
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oC 21 Post-annealing of 2 min at 90 was applied to solidify the polymer. Finally, waveguides 

22 with dimensions of 11 mm height and 13 mm width were prepared by standard 

23 photolithography. 

24 3.2. Combining with 2D materials 
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Typically, ZnS doped with Cu and Mn (ZnS:Cu,Mn) or Cu (ZnS:Cu), can emit orange and 

green colors, respectively. PDMS can be selected as a matrix to encapsulate the metal-ion- 

doped ZnS microparticles and also transfer external stimuli to the luminescent centers. PDMS 

features high flexibility, high optical transparent, durable, and low cost characteristics, which 

has extensively been utilized in the fields of flexible biological sensor, solar cell, and 

piezoelectric nanogenerators. The prepared flexible phosphor composite can be either used 

individually or coated on arbitrary substrates. More interestingly, multiple stimuli, including 

electric field, photon, various types of strains (pressure, friction, etc.) can trigger the 

fabricated luminescent composites and therefore generate light. As shown in Figure 4 (b), 

when dispersing the rare-earth-ions doped nanocrystals into the KMPR® polymer, the 

nanocrystal-doped KMPR polymer composite can be fabricated for the optical waveguide.[46] 

The KMPR® polymer combined with luminescent ions doped nanocrystals was spin-coated 

on a silicon substrate with 6 µm thick silicon dioxide layer and pre-annealed at 90 oC for 5 

min. Then, the waveguide channels were defined by the photo mask under UV exposure. 
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1 Nowadays, graphene and graphene-like 2D atomic materials have been considered 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

2 promising candidates for next-generation electronics and optoelectronics devices, owing to 

3 their amazing structural, electrical and optical properties. Graphene is one of the thinnest 

4 materials ever made. It's 100 times stronger than steel, a better heat and electrical conductor 

than copper, flexible, and largely transparent. [47] In contrast to gapless graphene, a variety of 5 

6 2D layered semiconductors have bandgaps. In particular, 2D-layered transition metal 
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21 An example for the composite of luminescent ions in graphene-like materials is the synthesis 

22 of NaYF4:Yb,Er-graphene oxide (GO) multifunctional composite materials by in situ growth 

of luminescent ions doped NPs in the existence of GO.[51] In this process, GO was mixed with 23 

24 the precursor components, and the conversion of the precursors to the final luminescent ions 

25 doped NPs can take place in solutions. Since GO is rich in hydroxyl and carboxylic groups, it 

can coordinate with rare earth ions to form a complex.[52] 26 
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dichalcogenides (TMDs) present a desirable luminescence, a high current on/off ratio in field- 

effect transistors (FETs). Researchers envision a future for 2D materials in everything from 

the potential applications of electronics, photonics, and energy to biomedicine. [48] 

Mostly, the luminescent ions doped 2D materials are in situ prepared. For instance, taking 

the benefit of the rather large surface area of TMDs nanosheets, metal-ion- doped WS2 

nanoflakes were fabricated for cancer theranostics.[49] As shown in Figure 5 (a), a WCl6:MClx 

(M= Fe, Co, Ni, Mn, and Gd) mixture at desired ratios was added into the pre-mixed solvent 

of 20 mL oleylamine and 10 mL 1-octadecene at room temperature. And then the solution 

was heated to remove oxygen and water under vigorous magnetic stirring in the present 

protection of nitrogen. Afterward, the temperature of the solution was fast raised up to 300 oC 

and sulfurized with sulfur solution. Finally, metal-ions-doped WS2 nanoflakes with 

polyethylene glycol (PEG) modification can be employed as multifunctional agents for 

biomedicine. In addition, 2D graphene nanosheets can also be utilized as scaffolds for the 

assembly of luminescent ions doped upconversion nanocrystals, as shown in Figure 5 (b).[50] 
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1 3.3. Grafting into porous materials 
1 
2 
3 
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2 Porous materials are good choices for fabricating luminescent composite materials. Porous 

3 materials are known to compose small pores, in which the surface area can be largely 

4 increased. As a result, porous materials are ideal matrix to load different types of luminescent 

5 materials with high capturing density to meet the needs for diverse applications. Very recently, 

6 our group fabricated a hybrid material by anchoring amine functionalized upconversion NPs 
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20 Mesoporous silica coating can be grown by using cetyltrimethylammonium bromide (CTAB) 

as surfactant[58] while hollow mesoporous silica coating can be implemented by using a two- 21 

22 step approach, involving the formation of two silica shells and a surface-protected hot water 

23 etching process. Liu and co-workers fabricated a yolk nanostructure with mesoporous SiO2 

shell.[59] They obtained different cavity sizes by modifying the etching durations. Apart from 24 

25 combining with other materials, nanoporous composite can be fabricated by novel techniques. 

26 Cheng et al. recently reported on the fabrication of porous aerogel monolith consisted of Eu 
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(UCNPs) into the hollow channels of nanoporous anodized alumina membrane (NAAO) to 

form hybrid structure for subsequent biological application.[53] Amine is a popular surface 

group for biological application because it can be readily linked to different types of 

biological species.[54] The anchoring process was initiated via etching hydrogen peroxide 

followed by surface salinization. Then, the UCNPs are linked by glutaraldehyde to the surface 

of the NAAO channels (Figure 6 (a)). In addition to NAAO, the luminescent NPs can be 

combined with porous polystyrene (PS) microspheres.[55] The preparation of the composite is 

relatively simple when considering the attraction of the PS microspheres and UCNPs is based 

on hydrophobic-hydrophobic interaction (Figure 6 (b)).[56] Therefore, the incubation of 

swelled PS microspheres and oleate-UCNPs in organic solvent is sufficient for forming the 

composite. Besides, porous silica is a common class of porous materials to enhance the 

functionality because of their high porosity and surface area. Moreover, porous silica has the 

advantages   of   low   toxicity,   biocompatibility   and   facile   surface   functionalization.[57] 

7 

9 

14 

16 

18 



and Tb-doped Y2O3 nanosheet. [60] They showed that such porous structure can be fabricated 1 
1 
2 
3 
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2 by a simple centrifugation-induced gelation method, followed by supercritical drying in CO2. 

3 The porous structure can readily accommodate gold NPs (AuNPs) for multifunctional 

4 applications. Figure 6 (c) shows the as-fabricated porous nanocompsite with AuNPs. The red 

5 color is the inherent color of AuNPs due to plasmonic absorption. Another study suggested 

6 that polymethylmethacrylate (PMMA) could be used as a template to form marcoporous 
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structure by sol-gel method. [61] The as-prepared composite possesses a periodic luminescent 

structure, which allows modulation of luminescence. 

 
3.4. Surface modification and functionalization 

 
Surface functionalization and modification techniques are essential to conjugate other 

materials with luminescent materials for multifunctionalities, particularly in biomedicine 

application. Note that core-shell growth, silanization, combining with organic small molecules 

(e.g. fluorescent dyes and chemodosimeter molecules) and other surface modification 

techniques had been reviewed in many review articles. We omit the detailed description in 

this article and interested readers may find the relative information for fabricating the 

nanocomposites in the previously published review.[62] 

4. Multifunctional applications 
 

In recent years, there is a growing trend to apply luminescent materials to advanced 

materials and the synthesized composites have been demonstrated to be very promising in 

multifunctional applications, ranging from optoelectronic to biomedical areas. The purpose of 

this section is to briefly describe some research examples in these areas and to anticipate that 

d along this direction in the near future. 
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1 This part will review the novel applications of luminescent ions in composites for 
1 
2 
3 
4 
5 
6 
7 
8 
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2 optoelectronic and photonics devices. Luminescent composites possess multifunctional 

3 optical and electrical properties, which are very attractive for fabricating devices to meet the 

4 increasing needs in optoelectronic and photonics applications, including light emitting diodes 

(LEDs), photodetector, waveguide, and novel display.[63] The selected application samples are 5 

6 listed as follows. 
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4.1.1. Electroluminescence device 
 

It is well-known that various kinds of EL are fundamental to display and solid-state lighting. 

Recently, EL devices made from the luminescent ions doped phosphors have been developed. 

From ZnS:Cu in PDMS, highly stretchable and self-deformable alternating current EL devices 

have been fabricated.[64] Our group has demonstrated a flexible EL device based on a polymer-

phosphor composite. [65] The structure of flexible EL device is composed of a single- layer 

graphene as a top electrode and an optical transparent polyethylene terephthalate (PET) 

substrate. The as-prepared flexible polymer composite containing metal ion-doped ZnS 

(ZnS:Al,Cu,Mn) and PDMS was used as the phosphor layer, and an Au thin film on PET was 

employed as the bottom electrode. Conventionally, indium tin oxide (ITO) film is commonly 

utilized as a transparent conductive electrode. However, the brittle property of ITO hampers 

its bending in flexible optoelectronic devices. Differing from ITO film, the large-area 

chemical vapor deposition (CVD)-grown graphene used here owns good flexibility, excellent 

mechanical properties, high optical transmittance, and electrical conductivity. The 

configuration of the flexible EL device is simpler than that of traditional alternate current 

electroluminescence (ACEL) rigid device where inorganic dielectric layer is usually needed. 

When an alternating voltage of 100 V at the frequency of 1 kHz is applied to the EL device, 

white light-emission was detected. Figure 7 (a) displays the EL spectrum of the device. The 

inset photograph presents the bright white light-emission which can be observed by the naked 

eyes, even though the flexible device was greatly bent. Note that the white EL spectrum 
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1 includes two main peaks of 512 nm and 588 nm, plus one minor shoulder band located at 
1 
2 
3 
4 
5 
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2 around 460 nm. The emission bands originate from the corresponding energy transitions of 

3 luminescent ions. Obviously, further works are needed to reduce threshold voltage and 

4 increase luminous efficacy of the devices. 

5 4.1.2. Optical limiting 

6 With the development and application of high power laser sources, efficient optical limiting 
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materials are increasingly needed to protect human eyes and numerous delicate photonic 

devices. Optical limiter should have high transmittance for low-input optical intensity while 

blocking the intense laser beam. Till now, both organic and inorganic optical limiting 

materials have been studied. Among them, graphene consisted of sp2-hybridized carbon atoms 

with 2D structure has shown unique optical, and mechanical properties. Meanwhile, optical 

limiting performances of graphene-based materials can be enhanced through functionalized 

with organic molecules or inorganic nanomaterials via covalent bonding. Considering the 

long lifetime (~ ms) of Ln ions in NaYF4 nanocrystals under NIR laser excitation, it is highly 

feasible to combine GO with upconversion NPs to develop a novel nanocomposite working in 

a broadened channel for optical limiting. GO functionalized with luminescent NPs was 

fabricated by in situ growth of NaYF4:Yb3+/Er3+ NPs.[51] Figure 7 (b) presents the optical 

limiting curves of NaYF4:Yb3+/Er3+, GO, and GO/NaYF4:Yb3+/Er3+ (GO-Er) excited under 

800 nm femtosecond laser, with 70% linear transmittance of all the solutions. Apparently, 

both GO and GO-Er display super optical limiting behavior. With an increase in high input 

power, the output powers are held at 137 and 48 mW for GO and GO-Er, respectively. The 

optical limiting threshold was determined to be 380 and 134 mW for GO and GO-Er, 

54 23 respectively. This result means that GO-Er possesses much better optical limiting effect than 
55   

56 24 GO. The observations are interpreted as the reasons, including nonlinear scattering, nonlinear 
57   
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61 26 

refraction, and nonlinear absorptions, including free-carrier absorption, two-photon absorption, 
 

consecutive two-quantum absorption by impurities/dopants, and reverse saturable absorption. 
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1 4.1.3. Optical waveguide 
1 
2 
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2 Optical waveguide  amplifiers are fundamental devices for the optical communications 

3 technology. In particular, Er-doped waveguide amplifiers (EDWAs) are dominating products 

Er3+ 4 in this field. Because NIR emission of the ion at around 1550 nm is the best choice 

5 suiting for long distance communications in low loss silica fibers. Note that the utilization of 

6 polymeric matrix for the fabrication of optical waveguide amplifiers provides more benefits, 
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such as simplified processing steps, low fabrication costs, and compatibility with patterning 

techniques. Polymer composite optical waveguides dispersed by Yb-Er nanocrystals were 

examined. The recorded optical gain at 1.53 µm confirmed the promising waveguide 

amplifiers. [66] Molard et al. fabricated Er3+ doped Mo6-PMMA hybrid copolymer pellets 

through bulk copolymerizing method.[67] As shown in Figure 7 (c), the prepared composite 

polymers are optically transparent, suggesting the absence of macroscopic segregation of the 

inorganic moieties in the organic hosts. Under UV light, Er3+ doped Mo6-PMMA composites 

present red luminescence. More importantly, Er3+ doped Mo6-PMMA composites show 

efficient emission at 1530 nm, which originates from Er3+:4I15/2 4F7/2 transition. The results 

suggest that the fabricated composite can be potentially applied in optical amplifiers. Based 

on the upconversion luminescent NaYF4 NPs, arrayed waveguide gratings on the luminescent 

layers were fabricated. As shown in Figure 7 (d), the prepared devices allow for fabricating 

transparent upconversion displays operated in nonprojection mode by pumping patterned 

upconversion luminescent composite layers on the cross-point of the waveguides with two 

NIR lights at 850 and 1500 nm through X-axis and Y-axis waveguides, respectively. [68] 

4.1.4. Novel display 

Developing luminescent materials with tunable emission colours is of great significance 

for novel colour display technologies. More recently, Liu's group in Singapore found that 

dynamically fine-tuning emission in the full colour range can be achieved by adjusting the 

pulse width of infrared laser beams.[69] This work represents an exciting advance in tuning 
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1 luminescence since it greatly differs from traditional chemical   route, i.e. changing 
1 
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2 composition of the phosphors. As shown in Figure 8 (a), when pumped by an 808 nm c.w. 

3 laser, the blue emission at 470 nm is generated as a result of energy transfer from the core to 

Nd3+  Yb3+  Tm3+:1G4. 4 the first shell by Interestingly, the colour-tunable emission from 

Ho3+ can be realized under 980 nm excitation with changed pulse widths. A non-steady-state 5 

Ho3+ 6 upconversion process take responsibility for colour-tunable emission, in which 
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deactivation of the excitation energy and the energy transfer process do not happen at the 

same rate. Because the population of excited states at a specific energy level demands 

successive pumping of its lower-lying energy levels, radiative transitions from different 

energy levels may occur at different time intervals. In the view of application, the experiment 

provides an opportunity of employing the both multiprimary temporal and spatial colour 

combination demanded for full-colour volumetric three-dimensional displays. In their 

experiment, the prepared luminescent nanocrystals were incorporated into a PDMS monolith 

to create a transparent display matrix. Owing to the nonlinear nature of signal generation in 

photon upconversion, only nanocrystals within the focal volume of the laser beam can be 

excited. By accompanying the 808 nm c.w. laser with a pulse-modulated 980 nm beam, a 

novel three-dimensional image can be produced by moving the focal point of the beam within 

the volume of the display matrix. As shown in Figure 8 (b), luminescence colour images 

generated in the nanocrystal/PDMS composite monolith show the ability to display three- 

dimensional objects with wide colour gamuts using the as-developed display system. 

Apart from the above lanthanide doped composite, TM ions doped ZnS was also utilized in 

novel display system. Based on flexible luminescent composite of metal ions doped ZnS 

microparticles and PDMS matrix, a novel display system with mechanoluminescence (ML) is 

illustrated by Jeong et al. in Korea.[45] When applying pressures, piezoelectric polarization 

charges are generated within piezoelectric ZnS. The potential originated from the piezo- 

charges effectively tilts the band structure and consequently facilitates the detrapping of 
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1 electrons into the conduction band of metal ions doped ZnS. The energy produced by 
1 
2 
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2 recombination between detrapped electrons and holes can be transferred to the luminescent 

3 ions. Finally the emissions are produced from energy transitions of the materials. The 

4 emission color of the polymer composites can be modulated by tuning the mixing ratio of 

5 different ions doped ZnS particles (e.g., green for ZnS:Cu; orange for ZnS:Cu,Mn) and 

6 specific stimuli conditions (e.g., vibration frequency). As shown in Figure 8 (c), using the 
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desirable for sensitizers to improve the device's performance. Previous work on DSSC reports 
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patterned ML composite, a new type of harnessing wind-activated display is presented. [70] 
 

4.2. Energy and photocatalysis 
 

Searching renewable and sustainable energy is highly desirable for solving the crucial 

problems of energy shortage and environmental pollution. In this regard, solar cells and 

photocatalysis may provide a solution owing to their potential in solar energy conversion. An 

effective utilization of solar energy had long been attempted through an approach of spectral 

conversion. In particular, proper spectral manipulation can be employed via mixing 

luminescent ions into composites for better solar light harvesting.[71] 

4.2.1. Solar cell 
 

Dye-sensitized solar cells (DSSCs) have been regarded as one of third generation of 

photovoltaic devices in the solar energy conversion sector, owing to their transparent 

configuration, relatively high performance and low fabrication cost.[72] In DSSCs, dyes as 

sensitizers are usually attached to the surfaces of a semiconductor (typically TiO2) film to 

assist sunlight absorption. After light absorption, the electronically excited dye will inject 

electrons into the conduction band of the film. Considering this, the efficiency of the DSSCs 

to a great extent is determined by the sensitizer. However, the light absorption edge in the 

most frequently used Ru-based dyes (e.g., N3 and its derivatives) is limited to ~700 nm due 

to their optical bandgap (~1.8 eV). Hence, harvesting of the infrared region of sunlight is 
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that Yb3+ and Er3+ 1 ions as upconversion converters were doped into the TiO2 hollow sphere 
1 
2 
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by a sol-gel process (Figure 9 (a)).[73] The system under simulated solar light irradiation 2 

3 yields a maximum quantum efficiency (QE) of 9.12%, which marked a 32.7% improvement 

4 as compared to the pristine P25 photoanode (Figure 9 (b)). The enhancement in short-circuit 

5 current density (Jsc) can be reasonably considered as a result of the upconversion effect of the 

NPs-TiO2 composite. Photons around 980 nm are absorbed by Yb3+ ions, and then the energy 6 
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22 such as abundance, chemical stability, environmentally friendly, high oxidative power and 

23 low cost. However, TiO2 has a wide band gap of 3.0-3.2 eV and needs to be excited by UV 

24 light, which only occupies 5% of solar light. Besides the UV region, the residual 45% and 

25 50% of solar light are comprised by visible light and NIR light, respectively. The limitation of 

26 intrinsic properties of TiO2 renders it photocatalytic applications for the removal of organic 
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transfer is occurred from Yb3+ to Er3+ ions. The excited Er3+ ions generate green and red 

upconversion emission bands placed around 533/547 nm and 658 nm, respectively. These 

bands can be ascribed to the radiative transitions of Er3+:4S3/2/2H11/2 4I5/2 and 4F9/2 4I15/2, 

respectively. Finally, the light harvesting efficiency will get enhanced since the NIR light is 

converted in situ to the dye-absorbable visible light. The challenge within this cell is that the 

typical red upconversion emission originating from the transitions of Er3+:4F9/2    2I15/2 at 650 

nm cannot be absorbed by the dye in the system. This issue might be incompletely addressed 

through the employment of dye molecules with an absorption at the red emission range. As 

presented in Figure 9 (c), Luoshan et al. used /3-NaYF4:Er3+/Yb3+ (NYFYE) and graphene 

multi-functional composite layer as photoanodes in a DSSC.[74] Graphene doping here can 

improve the dye absorbed. Accordingly, NYFYE@SiO2 composite enhanced light scattering 

and NIR light upconversion harvesting. Finally, Jsc got apparently enhanced, as displayed in 

Figure 9 (d). 

4.2.2. Photocatalysis 
 

As aforementioned, TiO2 is widely used compound due to its fascinating characteristics, 
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1 and inorganic pollutants, hydrogen generation, as well as in DSSCs. Hence, there is still a 
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2 plenty room for TiO2 to be enhanced for photocatalysis using solar light. To address this issue, 

3 some strategies, such as heterostructure, dye sensitizing, and luminescent ions doping have 

4 been proposed. For example, (Yb,Er)-NaYF4/C-TiO2 composite was considered so that not 

5 only UV but also weak visible and NIR lights are effectively stimulated, due to the improved 

6 carbon doping concentrations and photon energy transfer between upconversion phosphor and 
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21 of (Yb,Er)-NaYF4/C-TiO2 was also studied by using NIR laser, red LED, both NIR laser and 

22 red LED as irradiation sources (Figure 10 (b)). It was clearly shown that about 19% of NOx 

23 gas was destructed under red LED. While further 4.5% of NOx gas reduction was appeared 

24 when NIR laser was combined with red LED as the light source. This result suggests that the 

25 (Yb,Er)-NaYF4/C-TiO2 composite can simultaneously present the outstanding continuous 

26 NOx gas destruction ability under the irradiation of UV, visible and NIR lights. 

19 

 

 

14 7 
15 
16 
17 8 
18 
19 9 
20 
21 
22 
23 
24 11 
25 
26 
27 
28 
29 13 
30 
31 
32 
33 
34 15 
35 
36 16 
37 
38 
39 17 
40 
41 18 
42 
43 
44 
45 
46 20 

carbon doped TiO2.[75] Under the irradiation of UV, visible and NIR lights, the photocatalytic 

performances of as-prepared samples were studied by recording the NOx gas destruction 

ability. Figure 10 (a) presents the deNOx activity of several samples utilizing varied 

wavelengths of light sources and all the samples were reserved in dark for 30 min before 

irradiation to reduce the impact of absorption of NO species by samples. For (Yb,Er)-NaYF4, 

there was no obvious deNOx activity regardless of irradiation wavelengths. As for pure C- 

TiO2, 0%, 6.2%, 23.2%, 28.3% and 32.9% of NO were decomposed under the excitation of 

NIR diode laser, red, green, blue and UV LED, respectively. The good visible light stimulated 

photocatalytic activity for this sample was mainly ascribed to the excellent absorption of C- 

TiO2, while no NIR light driven deNOx activity was achieved, and pure C-TiO2 could not be 

excited by NIR light. However, when combining C-TiO2 photocatalyst with (Yb,Er)-NaYF4 

upconversion phosphor, about 8.5% of NOx gas was successfully obtained even when using a 

NIR diode. This NIR light stimulated activity could be ascribed to the synergetic effect of C- 

TiO2 photocatalyst and (Yb,Er)-NaYF4 upconversion phosphor. In addition, the deNOx ability 
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NaYF4:Yb3+,Er3+,Tm3+-core@porous-TiO2-shell 1 In addition, plasmonic Au NP decorated 
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composite was fabricated as photocatalysis.[76] The designed structure could favor the 2 

3 efficient charge or energy transfer among constituent nanocomponents due to plasmon and 

4 upconversion effects. The prepared composite exhibits good stability, high surface area, 

5 broadband absorption from UV to NIR, and excellent photocatalytic activity, considerably 

6 better than the benchmark P25-TiO2. Figure 10 (c) shows the mechanism for NIR-driven 

photocatalysis of the prepared composite. First, Yb3+ ions absorb the 980 nm illumination due 7 
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21 transfer to close TiO2 and Au NPs from the luminescent ions assists to progress the NIR 

22 photocatalytic activity. 

23 4.3. Biomedicine 

24 This part will review the novel applications of luminescent composites in the biological 

25 field. Although the low luminescence of near infrared-triggered upconversion (UC), very 
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to a large absorption cross section, leading to the population of the 2F5/2 

 
level in Yb3+. After 
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that, the efficient energy transfers from Yb3+ to Tm3+ and Er3+ ions, resulting in the excited 

Tm3+ and Er3+. Then the transitions of 1I6   3F4, 1D2   3H6, 1D2   3F4, and 1G4   3H6 of Tm3+ 

generate UV and blue emissions, centered at 345, 361, 451, and 477 nm, respectively. For the 

green emission peaked at 521 and 540 nm, which covers the surface plasmon resonance band 

of the Au NPs, are originated from the transitions of 2H11/2 4I15/2 and 4S3/2 4I15/2 of Er3+, 

respectively. The upconverted UV emission from the luminescent NPs can be efficiently 

absorbed by the TiO2 shell closely surrounding the core, as demonstrated by the experimental 

and theoretical investigations. Such energy transfer can yield electron/hole pairs in the TiO2, 

same as under UV irradiation, which can consequently contribute to catalytic reactions. 

Simultaneously, the upconverted green emission from the luminescent ions can be absorbed 

by neighboring Au NPs to excite their surface plasmon resonance. Then photo-induced hot 

electrons from the Au NPs are transferred to the CB of TiO2. Consequently, both the energy 
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1 recent work indicated that dye-sensitized core-shell structure can improve the luminescence 
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efficiency.[77] Moreover, luminescent nanocomposites possess multifunctional physical and 2 

3 chemical properties, which are important for building the platform to meet the increasing 

4 needs in biological applications, including multimodal bioimaging, biosensing, drug delivery 

5 and therapies. 

6 4.3.1. Multimodal bioimaging 
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21 suffer from some drawbacks, such as ionizing radiation and poor resolution. The development 

22 of   luminescent   nanocomposites   can   overcome   such   problems.   The   combination   of 

23 luminescent materials with radioactive isotopes enables positron emission tomography (PET) 

24 and single photon emission computed tomography (SPECT). Li's group in China has done 

25 influential works on multimodal bioimaging. They fabricated nanocomposite comprising 

Gd3+/Yb3+/Er3+ doped 26 NaYF4 and radioactive fluorine-18 isotopes for multimodal 
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Bioimaging is a useful bio-diagnostic tool for visualization of internal organs and 

functional information. The development of multimodal bioimaging is of prime importance 

because the synergetic effect of different modes can compensate the weakness of specific 

modes.[78] The physical properties of luminescent ions, especially Ln ions, possess additional 

properties, for example, the series of Ln ions can absorb X-ray and gadolinium ion presents 

magnetism. [3] These properties contribute to the multimodality for biological diagnostics at 

different depths. So far, bi- or tri-modal upconversion luminescence (UCL)/X-ray or X-ray 

computed tomography (CT)/magnetic resonance imaging (MRI) are reported by various 

groups. [79] The emission from Ln-doped nanoparticles played important role in the optical 

imaging depth. It is desirable that the emission from such nanoparticles fall into the NIR-I and 

NIR-II window, because the scattering effect of visible light in biological tissue greatly limit 

the imaging depth.[78]b There are a few Ln ions that possess emissions in the NIR regime, for 

example Yb3+, Nd3+, Tm3+ and Er3+ ions (Table 1). The imaging depths of these ions can be 

extended up to 2 mm in vivo.[78]c Despite their respective strength, these imaging modes still 
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PET/MRI/UCL bioimaging. [80] In addition to MRI/UCL imaging, PET imaging expanded the 1 
1 
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2 study of the injected imaging probe from cellular to whole body. The biodistribution of the 

153Sm 3 nanocomposite can be visualized by using PET imaging. In a later work, radioactive 

4 was doped into the shell of core-shell NaLuF4:Yb/Tm@NaGdF4 as nanocomposite for four 

[81] 5 modal SPECT/MRI/X-ray/UCL bioimaging. SPECT imaging can provide not only 

6 biodistribution information, but also absolute quantification of imaging ability. Importantly, 
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21 h at the lymph node, all of the imaging modes suggested the accumulation of the 

22 nanocomposite in the lymph node. Despite the excellent imaging quality and various imaging 

23 modes in the material system, further assessment of in vivo toxicity is needed to conclude the 

24 biosafety of this nanocomposite for potential clinical application. 

25 4.3.2. Biodetection 
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the synergetic effect of the four imaging modes was demonstrated in the tumor angiogenesis 

analysis and proved the high potential of clinical application of the nanocomposite. Besides, it 

is worthwhile to note that the successful integration of photoacoustic (PA) imaging into 

luminescent nanocomposites has provided new opportunities for the researches in multimodal 

bioimaging because PA is an emerging clinical technique combining the merits of optical and 

acoustic imaging. This technique displays good planar resolution and large imaging depth. 

Maji et al. presented their work on using UCNPs for PA imaging. [82] Their results 

demonstrated combining UCNPs with inclusion complex a-cyclodextrin. The nanocomposite 

can be excited by 980 nm excitation to give UCL and PA signal simultaneously. However, the 

number of modalities in a single material should be as large as possible because it can avoid 

injection of multiple contrast agents. Recently, Rieffel et al. developed a hexamodal 

bioimaging system by using porphyrinphospholipid (PoP)-coated upconversion nanoparticles. 

[83] Figure 11 shows the six imaging modes, including fluorescence (FL), UCL, PET and CT, 
 

Cerenkov luminescence (CL) and PA imagings after the injection of the nanocomposite for 1 
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1 In addition to multimodal bioimaging, luminescent nanocomposites may also contribute to 
1 
2 
3 
4 
5 
6 

2 the field of biodetection. Nowadays, there are many developed proof-of-concept biodetection 

3 readout systems; optical system is one of the ideal choices mainly because of its high sensitive. 
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21 structure of the paper device is presented in Figure 12 (c). The area of the detection platform 

22 and droplet of UCNPs were firstly confined by printing hydrophobic copper sulphate 

23 nanoparticles on a filter paper. In their platform, UCNPs and FITC were used as the energy 

24 donor and acceptor, respectively. By utilizing the antibody-antigen interaction, the UCNPs 

25 and FITC are in proximity and the upconversion luminescence was effectively absorbed by 

26 FITC, yielding a LOD of 0.89 ng/ml. Furthermore, multi-channel paper device was fabricated 
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[84] There are mainly two types of luminescent biodetection systems divided into 

homogeneous and heterogeneous system. [85] The former is a type of assay performs in liquid 

phase while the latter is in solid phase. Recently, we reported a novel heterogeneous assay 

design by using BaGdF5:Yb/Er UCNPs-anodized alumina nanoporous membrane (NAAO) for 

Ebola virus oligo detection. [53] The UCNPs are anchored in the hollow channel of the NAAO 

substrate for detection of Ebola virus oligo. Then, the AuNPs with Ebola virus oligo are in 

proximity with the UCNPs, which manifested luminescence resonance energy transfer 

(LRET) for detection. Importantly, the design showed improved limit of detection (LOD) 

from picomolar (pM) to femtomolar (fM) level (Figure 12 (a)). Moreover, we demonstrated 

that the NAAO-based luminescent platform can be used to detect clinical samples of Ebola 

virus RNA with extremely high sensitivity down to fM level (Figure 12 (b)). Apart from the 

reported Ebola clinical sample detection, our heterogeneous design may be regarded as a 

general approach based on upconversion luminescence nanocomposites, opening a new 

possibility for detecting various types of viruses. In addition to NAAO, the use of paper as 

template for biodetection could effectively reduce the cost and increase the robustness of 

luminescent biosensors in nature. Very recently, Song's group presented a paper-based 

upconversion LRET biodetection platform for carcinoembryonic antigen (CEA). [86] The 
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1 for simultaneous detection of three types of mixed cancer biomarker by the same method 
1 
2 
3 
4 
5 
6 
7 
8 
9 
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2 (Figure 12 (d)). As a result, this paper device appeals to clinical point-of-care detection for 

3 cancer markers. Apart from the aforementioned biodetection systems, more advanced 

4 biodetection can be carried out in living cells or even mouse models. For example, Zhang's 

5 group demonstrated that the use of UCNPs-SiO2 core shell structure for intra-cellular DNA 

detection.[87] The DNA loaded UCNPs acted as cargo to deliver the gene into the cell 6 

7 cytoplasm, in which the DNA release can be monitored by LRET. Apart from DNA release, 

26 brushes gated mesopores for thermo/pH dual-responsive drug controlled release and 61 
62 
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UC-based LRET can also be used for the detection of hypochlorous acid (HOCl).[88] The 

UCNPs were modified with RBH1 via hydrophobic interaction to form a nanocomposite. The 

intracellular studies suggested that HOCl can be detected by a ratiometric UCL method. The 

detection of heavy metal ions are of great importance because of the cytotoxic and 

accumulation effects of such ions. Li's group reported a sensitive UCNPs-cyanine dye system 

for the detection of methylmercury ions (MeHg+).[89] Interestingly, the interaction of the probe 

and the target MeHg+ led to the increase in red and decrease in near infrared emission. The 

two wavelengths both yield high LOD. To further validate the in vivo detection ability, the 

MeHg+ was injected intravenously into Kunming mice. The results indicated that the system 

worked well at both in vivo and ex vivo conditions. 

4.3.3. Drug delivery and phototherapy 
 

Despite the development of sensitive biodetection schemes, drugs are required to cure the 

diseased sites. A carefully designed drug delivery system should be able to prevent possible 

digestion, absorption or degradation of the drug by organs before reaching the diseased site. [90] 

As a result, luminescent nanocomposites should be an option to face the challenge. 

Doxorubicin (DOX) has been routinely used as a drug model for many proof-of-concept anti- 

tumor drug delivery systems. [91] Lin's group has done man e cellent or s along this 

direction. They fabricated a multifunctional upconversion nanocomposite with smart polymer 

10 

12 

14 

23 

25 



bioimaging application. [57c] The dual responsive mechanism is stemmed from the poly[(N- 1 
1 
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2 isopropylacrylamide)-co-(methacrylic acid)] copolymer. Firstly, the brushes can be opened at 

3 low pH value because of high acidity at tumor sites. Then, the low critical solution 

4 temperature characteristic of the copolymer allows the system to release the loaded DOX 

5 upon increased temperature due to the shrinkage of the polymer brushes. Moreover, they 

6 showed that the release rate of the DOX can be enhanced by using NIR radiation because 980 
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nm laser excitation posed heating effect to water. As a result, the drug release rate can be 

further increased up to 9.55 % in 40 min. Careful spectral designs may also benefit to photo- 

triggered drug release systems. Yang et al. designed a photo responsive drug release system 

by using UCNPs with mesoporous shell.[92] DOX is firstly conjugated to the shell via a UV 

cleavable theo-nitrobenzyl (NB) caged linker. The NB linkage is cleaved upon UV emission 

from the UCNPs. The conjugation of folic acid on the system further enhances the antitumor 

ability as evidenced in the HeLa and NIH/3T3 cell lines. The use of photoactivatable prodrug 

can be another approach to design photo-triggered drug release systems. Dai et al. conjugated 

the trans-platinum (IV) pro-drug to UV emitting UCNPs for near infrared triggered drug 

release.[93] It is important to highlight the use of prodrug can reduce the cytotoxicity due to 

leakage during delivery to disease site. Therefore, this drug release system not only possess 

the inherent merits of photo responsive drug release but also able to reduce the unwanted side 

effects. In addition to upconversion luminescence (UCL), long persistence luminescence 

nanophosphors (LPNP) are drawing increasing attention in biological application owing to 

their unique luminescent property. [94] In fact, such persisting luminescence may be useful for 

prolong biological experiments, such as cell tracking, cell growth and drug release monitoring. 

It is reported the mesoporous silica-coated long persistence phosphors could be used for drug 

delivery and tumor imaging. [95] The afterglow of the folic acid (FA) modified- 

Zn1.1Ga1.8Ge0.1O4:Cr3+, Eu3+ @SiO2 LPNPs showed duration up to 15 days after ultraviolet 

excitation followed by red light emitting diode (LED). The DOX was loaded in the 
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1 mesoporous silica shell and then the LPNPs were subsequently injected into the mouse via 
1 
2 
3 
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2 intravenous injection. Figure 13 (a) shows the in-vivo and in-situ monitoring of DOX in the 

3 H22-tumor bearing mouse. Owing to the targeting ability of FA, the afterglow signal can be 

4 detected at the tumor site as indicated by the yellow arrow. Figure 13 (b) is the corresponding 

5 image after secondary excitation by using red LED for 2 min. Their study indicated that long 

6 persistence phosphors are potential candidate for trackable drug delivery. 
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In addition to drug delivery application, nanocomposites are attractive class of material for 

phototherapies. Photodynamic therapy (PDT) and photothermal therapy (PTT) are the two 

commonly used types of phototherapies. The former requires photon sensitizer to produce 

oxygen singlets (1O2) to kill tumors[96] while the latter involves the production of heat by the 

photon sensitizer to kill tumors by extensive heating effect.[97] However, it should be noted 

that NIR-triggered phototherapies offer larger penetration depth than UV/visible light excited 

ones. [98] Idris et al. developed a hybrid system composed of NaYF4 UCNPs and two photon 

sensitizers, merocyanine 540 (MC540) and zinc (II) phthalocyanine (ZnPc) for improved PDT. 

[99] 1O2 was produced efficiently owing to the good spectral overlapping of the UCL and 

absorption spectra of MC540 and ZnPc. Moreover, the tumor suppression effect was assessed 

by monitoring the tumor volumes of the different treatment group of mice over a period of 

two weeks. Figure 13 (c) indicates the differences in the tumor size of different testing groups 

before and after PDT treatment. It is clear that the nanocomposite with FA and polyethylene 

glycol (PEG) surface modification (group 1) demonstrates better PDT effect than that with no 

modification (group 2) because of tumor targeting effect. Similar findings were presented by 

other researchers on the use of NaYF4-ZnPC for in vivo PDT applications. [100] In this 

experiment, ZnPC is the key element for production of 1O2 and they found that the 

nanocomposite can achieve PDT for 1 cm depth tumors. On the other hand, gold nanoshells 

and nanorods are well-documented examples for PTT because of their ability to produce heat 

under illumination of NIR excitation. [101] By layer-by-layer growth method, Cheng et al. 
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1 developed core-shell-shell multifunctional nanoparticles (MFNPs) consisted of a 
1 
2 
3 
4 
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core/iron oxide shell/gold nanoshell structure. [102] Unlike other reported PTT 2 NaYF4:Yb/Er 

3 work, this nanocomposite can perform magnetically-guided PTT effect under magnetic field. 

4 Figure 13 (d) presents the 4T1 tumor bearing mice in different testing groups. It is obvious 

5 that the mouse with injected MFNPs showed substantial tumor shrinkage under magnetic 

6 guidance and laser illumination for PTT. They also observed no tumor re-growth over 40 days. 

NaYF4:Yb3+,Er3+@Ag 7 In addition, core/shell nanocomposites were fabricated for UCL 
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25 coatings or adhesives on load-bearing structures. Raghavan et al. embedded photoluminescent 
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imaging and PTT application. [103] The silver shell can not only provide heating effect for PTT, 

but also reduce the toxicity. It is apparent that PDT and PTT are two powerful tools for tumor 

suppression. As a result, the combination of the two phototherapeutic techniques can further 

enhance their abilities in theranostics. It is showed that the two techniques can be 

synergistically combined in their obtained core-shell UCNPs-nanographene oxide/ZnPC 

composite. [104] The 808 nm laser excitation is absorbed for bioimaging and PTT application 

while the PDT is triggered by illumination of 630 nm laser. Compared to PDT and PTT alone, 

the integration of PDT and PTT can enhance the efficacy towards cancer therapy. 

 
4.4. Sensors 

 
Recently, novel fluorescent sensors based luminescent ions have been demonstrated, 

particularly utilizing the stimuli responsive properties of luminescent composites. In principle, 

fluorescent sensors can provide the output luminescence performances with a high spatial 

resolution, non-destructive, and real-time modes. In this part, selected luminescent sensors 

based luminescent ions doped composites will be introduced. 

4.4.1. Stress sensor 

Stress-sensing materials with high spatial resolution enable one to monitor structural health 

and impending failure through the dispersion of nano-sensor particles when used as surface 
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Cr3+ 1 doped a-alumina nanoparticles into a polymer matrix to monitor the stress distribution 
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21 made a breakthrough to develop a new dynamic pressure mapping of personalized 

handwriting by a flexible composite sensor based on the ML process. [106] They developed the 22 

23 pressure sensor through mixing ZnS:Mn microparticles with positive photoresist. Therefore, 

24 this pressure sensor based on the ML composite can record pressure mapping using self- 

25 generated light emission. Figure 14 (d) presents dynamic pressure visualization by capturing a 

26 handwritten letter 'e' in real-time. The corresponding gray scale of the real-time captured 
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within the composite material in an in situ configuration. [105] Their idea is shown in Figure 

14 (a) and (b). An adhesive and fiberglass substrates were used in this single lap-shear 

experiment. The integrity monitoring technique can be utilized to predict the eventual and 

weakening failure of a bonded joint by relating obtained quantitative stress measurements 

from PL with the stress evolution of the composite (Figure 14 (c)). This nondestructive 

technique with piezospectroscopy records stress-induced shifts of the photostimulated 

emission lines of Cr3+ doped a-alumina during laser excitation. These characteristic R- 

emission lines are originated from optical transitions between excited states and the ground 

state of Cr3+ ions within a-alumina. One of the most important features for this approach is 

the presence of high spatial resolution, because the excitation laser beam can be focused on 

the composite with an optical microscope or fiber optic probe. The quantum efficiency of Cr3+ 

luminescence is very high so that an abundant emission signal can be measured from the 

polymer composite. Therefore, this luminescent composite sensing system will enable 

quantitative measurement and non-invasive monitoring of stress distributions applied as 

adhesives or as coatings on a substrate under loading conditions. 

Electronic signature for identity verifications is necessary to collect more-personalized 

information during signing, with an extensive promising applicability in human-machine 

interfaces and artificial intelligence. It is desirable to make highly sensitive, large-size, fast- 

response, and high-spatial-resolution pressure sensor arrays. Recently, Wang and Pan's group 
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1 image based on the ML intensity can be used to record both handwritten signatures and the 
1 
2 
3 

2 signing habits of a few signees (Figure 14 (e)). 
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Nd3+/Yb3+ codoped materials[110] also have outstanding temperature responsive properties. 26 
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4.4.2. Thermometer 
 

Traditional liquid-filled and bimetallic thermometers are normally not appropriate for 

temperature quantities at scales belo 10 µm. Therefore, it demands developing new non- 

contact accurate thermometers with high spatial resolution. Fortunately, the temperature 

dependence of metal-ion-doped phosphor luminescence is a non-invasive and accurate 

alternative method that operates remotely by way of an optical detection system, even in fast- 

moving objects, strong electromagnetic fields, and biological fluids. [107] For instance, Carlos 

et al. developed a luminescent nanothermometer based on Eu3+/Tb3+ doped NPs. [108] The 

nanothermometer consisted of Eu,Tb codoped y-Fe2O3@TEOS/APTES nanocomposites. 

Under the excitation, the intensity of the green Tb3+ luminescence obviously shrinkages as the 

temperature rises, whereas the intensity of the red Eu3+ lines starts to rise at precisely the same 

temperature at which the Tb3+ emission for NP3-1.3 (1.3 means Eu:Tb=1:3) starts to decline. 

Figure 14 (f) shows the temperature dependence of the Commission Internacionale 

d'Eclairage (CIE) ( , ) color coordinates of the composites. Apparentl , the composite 

thermometer presents variable color depending on temperature, due to different energy levels 

in Tb3+ and Eu3+ ions. The Tb3+ ions own an excited triplet state with energy slightly above 

that of 5D4 emitting state, thus warranting the occurrence of thermally-driven 5D4        host 

energy transfer. Therefore, the Tb3+: 5D4 emission is temperature dependent. Whereas the 
48 
49 21 
50 

energy difference between that triplet state and the Eu3+: 5D0 excited level is too large to 
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permit thermally-driven depopulation, the Tb3+/Eu3+ relative intensity warranties the absolute 

quantity of temperature. Meanwhile, the spatial resolution of the thermometer can be varied 

by tuning the size of the luminescent nanocomposites. Besides Eu3+/Tb3+ codoped NPs for 

temperature sensing, other Ln3+ doped NPs such as    Er3+/Yb3+ codoped NPs[109] and 
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1 4.4.3. Magnetic sensor 
1 
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2 Compared to the PL and EL as aforementioned, little work is reported on the light emission 
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by another common source, i.e. magnetic field. The correlation between light emission and 

magnetic field stimulation has often been ignored. Very recently, our group has developed a 

magnetic-induced luminescence (MIL) device based on flexible composite laminates, by 

coupling the magnetic field to piezo-phototronic process.[111] We fabricated multiphase rods 

15 7 consisted of the luminescent composite of metal-ion-doped ZnS microparticles mixed to 
16   
17 8 PDMS and another magnetic composite of Fe-Co-Ni alloy particles mixed to PDMS. When 
18   
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applying magnetic fields with varied frequency f, the luminescence spectra of ZnS:Al,Cu 

phosphors combined with Fe-Co-Ni+PDMS are presented in Figure 14 (g). The main peak is 

observed at 509 nm, which can be ascribed to the donor-acceptor (D-A) recombination of 

AlZn-CuZn as displayed in the inset of Figure 14 (g). MIL originates from synergistic effect 

between magnetic field and piezophotonic process. Under magnetic fields, the strain produced 

by the magnetic elastomer trigger an inner piezoelectric potential in the metal-ion-doped ZnS 

particles. And then the luminescence is generated within the composite without need of using 

a power unit. Importantly, we demonstrated the linear relationship of MIL intensity versus f 

39 17 and H 2, as presented in Figure 14 (h). The inset in Figure 14 (h) displays photograph of 
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displa ing green colored logo "PU" from MIL materials driven b   lo  magnetic field. The 

good linear relationship between the input and output signals, and self-generated light suggest 

that this luminescent composite should be benefit to develop novel MIL-based magnetic 

sensors. In real world, magnetic fields exist in many systems, and therefore the detection of 

magnetic field is essential for environmental surveillance, mineral exploring, and safety 

monitoring. In contrast to conventional magnetic sensors employing the conversion from 

magnetic field input to electric signal output, the MIL based sensors proposed by our group 

enjoy competitive merits, including real-time visualization, remote sensing without making 
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1 electric contact, nondestructive and noninvasive detection. Therefore, this work presents a 
1 
2 
3 
4 
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new opportunity for magnetic materials. [112] 2 
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5. Summary and outlook 
 

In this feature article, luminescent ions in advanced composite materials for multifunctional 

applications have been comprehensively reviewed. Combining two or more phases of 

different materials into one composite is a complementary strategy for advanced functional 

materials research. The developed methods allow fabricating or tuning the composite systems 

with improved or additional properties, which may result in multifunctional applications. For 

luminescent ions doped phosphors, careful engineering of luminescence profiles attributed to 

active dopant ions permits the applications of these optical materials in various fields. In fact, 

those composites by coupling luminescent ions with various types of materials, such as 

polymers, porous and 2D materials, have generated considerable and widespread interests in 

many fields, due to their luminescent, superior mechanical, and multifunctional properties. 

Specifically, luminescent composites with additional optical and electrical properties have 

been used to fabricate devices to meet the growing needs in novel optoelectronic and 

photonics applications, such as EL devices, waveguide, optical limiting, novel display and so 

on. Luminescent ions with upconversion or downconversion in composite materials have been 

well recognized in making sustainable energy devices for effective solar light harvesting. In 

biomedicine field, optical techniques based on luminescent ions have recently been exploited 

for diagnosis, imaging, nanocomposite biosensors, and medical treatment. Apart from the 

above applications, luminescent ions have also played a significant role in various novel 

sensors, such as stress, temperature, and magnetic field by luminescence spectra. 

Despite encouraging progress on the luminescent ions based advanced composite materials 

in the past decade, the fast development in nanoscience and biotechnology in the 21st century 

has aroused increasing number of research into the applications of the new optical composite 
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1 materials down to the nanoscale. To follow the research trend, the study of luminescent 
1 
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2 composites should be further developed. In this connection, surface and interface of the 

3 advanced composites are essential to be investigated and modified for optimizing the 

4 material's performances. And more types of novel advanced functional materials with the 
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luminescent ions could be designed and fabricated for expanded applications. Hence, there is 

a plenty room for the applications of luminescent composites in the new forefront of sensor, 

optoelectronics, solar energy, and biological sciences. For biomedical application, the 

biosafety of the luminescent nanocomposite should be taken further assessment of in vivo 

toxicity. Optimization of synthesizing luminescent composite materials is a time-consuming 

task and sometimes it is a technically difficult to carry out. To overcome the obstacles, it 

demands comprehensive understandings of the fundamental physics and developing related 

theoretical models, for predicting and interpreting the related synergistic effect in the 

luminescent composites. For instance, theoretical calculations based on first principles density 

functional theory (DFT) may be expanded to serve multifunctional luminescent composite 

systems beyond phosphors for LEDs. [113] In conclusion, advanced composite materials based 

luminescent ions will become increasingly energetically efficient, miniaturized, sophisticated, 

reliable, eco-friendly, and low-cost. It is hoped that this feature article will stimulate the 

research and novel functional materials will play an important role in the cutting-edge 

technologies. 
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Figure 1. Luminescent ions upon excitation. (a) Down-shifting process. (b) Down-conversion 

process. (c) Upconversion process. (d) Sensitized emission from an activator through energy 

transfer. (e) Emission from a luminescent ion doped semiconductor after band-to-band 

excitation. The upward and downward arrows denote the excitation and emission, respectively. 

The dashed line denotes a non-radiative relaxation process. LI represents luminescent ions. E 

and G represent the excited and ground states of the luminescent ions, respectively. S is a 

sensitizer. ET means the energy transfer. CB and VB denote the conduction and valence 

bands of the metal-ion-doped semiconductor, while D and A represent the donor and acceptor 

energy levels, respectively. 
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Figure 2. The luminescent ions are highlighted in the periodic table. 
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Figure 3. Incorporating luminescent ions into advanced functional materials. 
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Figure 4. (a) Schematic illustration of the color tunable mechanoluminescent metal-ion- 

doped ZnS-polymer matrix composite films. Copyright 2013, Wiley-VCH. Reproduced with 

permission.[45] (b) A tilted SEM image of the as-prepared Er-Yb doped NPs dispersed polymer 

composite waveguide amplifier. Copyright 2010, Royal Society of Chemistry. Reproduced 

with permission.[46] 
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Figure 5. (a) Scheme showing the bottom-up synthesis of metal-ion-doped WS2 nanoflakes. 

Copyright 2015, American Chemical Society. Reproduced with permission. [49] (b) Combining 

graphene nanosheets with rare-earth-ions doped upconversion NPs. Copyright 2015, Nature 

Publishing Group. Reproduced with permission.[50] 
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Figure 6 (a) Functionalization of NAAO and the subsequent anchoring of amine- 

functionalized UCNPs into the hollow channels of NAAO. Copyright 2016, American 

Chemical Society. Reproduced with permission.[53] (b) Preparation of porous luminescent 

composite by utilizing the hydrophobic-hydrophobic interaction of oleate UCNPs and swelled 

PS microspheres. Copyright 2013, Nature Publishing Group. Reproduced with permission. [61] 

(c) Formation of Y2O3   nanosheets gel after centrifugation. Copyright 2016, American 
 

Chemical Society. Reproduced with permission. [59] 
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Figure 7. (a) Luminescence spectrum of the flexible composite device biased at 100 V and 1 

kHz. The inset presents the photograph of white light-emission. Copyright 2015, Elsevier. 

Reproduced with permission. [65] (b) Optical limiting response of NaYF4:Yb3+/Er3+, GO, and 

GO/NaYF4:Yb3+/Er3+ solutions. Copyright 2012, Wiley-VCH. Reproduced with permission. 

[51] (c) Digital photos of the Er3+ doped PMMA composite pellets under visible (top) and UV 
32 
33 7 
34 

light (bottom, Aex =365 nm); with Er3+ complexes (1.3, 0.5, 1.3 wt %) from left to right; the 

35 8 
36 
37 
38 
39 
40 10 
41 
42 
43 
44 
45 12 

right two with Mo6 cluster. Copyright 2013, Wiley-VCH. Reproduced with permission. [67] (d) 

Illustration of arrayed waveguide gratings-upconversion luminescent devices for the 

fabrication of flexible transparent displays. Copyright 2015, Wiley-VCH. Reproduced with 

permission. [68] 
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Figure 8. Schematic illustration of temporal multicolour emission in NaYF4-based core-shell 

nanocrystals under c.w. and pulse excitation. (b) Full-colour volumetric 3D display using a 

composite based pulse-duration-sensitive luminescent ion doped NPs. Copyright 2015, Nature 

Publishing Group. Reproduced with permission. [69] (c) Harnessing wind-driven display based 

on luminescent ion doped mechanoluminescence (ML) composite. Copyright 2014, Royal 

Society of Chemistry. Reproduced with permission. [70] 
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with different photoanodes. Copyright 2015, Elsevier. Reproduced with permission. [74] 9 
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Figure 9. Ln3+ doped upconversion NPs-TiO2 composite dye-sensitized solar cells (DSSCs). 
 

(a) Schematic of the thin film with TiO2 (P25) particles as under-layer and upconversion NPs- 

TiO2 composites as top layer. (b) Performance of the prepared cells. Copyright 2013, Wiley- 

VCH. Reproduced with permission. [73] (c) Schematic structure of the DSSC incorporated with 

core-shell NYFYE@SiO2 and graphene in the composite of TiO2 film, along with graphene 

oxide (up-right corner) and the cross section of a NYFYE@SiO2 hexagonal prism and the 

schematic of the upconversion process (lower part). (d) Performance of the prepared DSSCs 
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Figure 10. (a) Time dependence of NOx destruction activity of C-TiO2 (black), 

(1:1)@(Yb,Er)-NaYF4/C-TiO2 (red), (Yb,Er)-NaYF4 (blue) (b) DeNOx ability of composite 

(1:1)@(Yb,Er)-NaYF4/C-TiO2 with response to the different irradiation lights. Copyright 2013, 

Nature Publishing Group. Reproduced with permission. [75] (c) Schematic illustration of the 

photocatalysis mechanisms under NIR irradiation. Copyright 2015, Wiley-VCH. Reproduced 

with permission. [76] 
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3 in the rear left footpad and imaged in six modalities 1 h post-injection. Accumulation of PoP- 

4 UCNPs in the first draining lymph node is indicated with yellow arrows. (a) Traditional FL 

5 and (b) UCL images with the injection site cropped out of frame. (c) Full anatomy PET, (d) 

6 merged PET/CT, and (e) CL images. (f) PA images before and (g) after injection showing 

7 endogenous PA blood signal compared to the contrast enhancement that allowed visualization 
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Figure 11. In vivo lymphatic imaging using PoP-UCNPs in mice. PoP-UCNPs were injected 
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1 of the previously undetected lymph node. Copyright 2015, Wiley-VCH. Reproduced with 
1 
2 2 permission. [83] 
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Figure 12. (a) Comparison of the homogeneous and heterogeneous assays for Ebola virus 

oligo detection; (b) UCL spectra of Ebola clinical sample detection. Notice that the LOD of 

the detection system can be improved from pM to fM level by the use of NAAO membrane. 

Copyright 2016, American Chemical Society. Reproduced with permission.[53] (c) The 

structure of the LRET paper device based on UCNPs and FITC; (d) Changes in luminescent 

intensity in the presence of the mixture of three cancer biomarkers. Copyright 2016, Nature 

Publishing Group. Reproduced with permission. [86] 
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4 Secondary excitation by red LED for 2 min after 2 h of circulation. The yellow arrow in the 

figure indicates the tumor site. Copyright 2015, Elsevier. Reproduced with permission. [95] (c) 5 

6 Photos of the mouse in testing group 1, 2 and 3 intravenously injected with FA-PEG-UCNPs, 

7 unmodified UCNPs or PBS showing the change in tumor size. Copyright 2012, Nature 

Publishing Group. Reproduced with permission. [99] (d) Representative photos of 4T1 tumor 8 
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Figure 13. (a) In vivo luminescence images of H22 tumor-bearing mice after intravenous 

injection of the (FA) modified-Zn1.1Ga1.8Ge0.1O4:Cr3+, Eu3+ @SiO2 with DOX loading. (b) 3 
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1 bearing mice in different test groups with different treatment. Copyright 2012, Elsevier. 
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2 2 Reproduced with permission. [102] 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 

3 



46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

3 application in a single lap-shear configuration. (b) A stress-spectral mapping. (c) Stress 

distribution with increasing load through contour maps of R1 peak positions from Cr3+ ions. 4 

Copyright 2011, American Chemical Society. Reproduced with permission.[105] (d) Visualized 5 

6 pressure distributions produced from a hand ritten "e". (e) The corresponding 2D mapping of 

7 luminescence intensity from (d). Copyright 2015, Wiley-VCH. Reproduced with permission. 

[106] 8 (f) CIE chromaticity diagram presenting the temperature dependence of the (x,y) color 
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Figure 14. Sensor application of luminescent composites. (a) Stress-sensing adhesive 
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coordinates of nanocomposites. Copyright 2010, Wiley-VCH. Reproduced with 

permission.[108] (g) Luminescence spectra of Al,Cu-doped ZnS phosphor mixed with Fe-Co- 

Ni and PDMS composite laminate activated by ac magnetic field. The inset shows the energy 

level diagram. (h) MIL intensity at 509 nm measured from Al,Cu-doped ZnS-based composite 

as a function of frequency under ac magnetic field. The inset shows photograph of displaying 

green colored logo "PU" from MIL materials driven b lo magnetic field. Copyright 2015, 

Wiley-VCH. Reproduced with permission.[111] 
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1 1 Tables 
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3 Table 1 Typical luminescent ions and their emissions corrosponded to energy transitions 
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Types Ions 
Emissions 
Jem (nm) 

Corresponding energy 
transitions 

Examples References 

 
 
 
 
 
 
 
 
 
 
 

Lanthanide 
(Ln) 

Yb3+ 950-1050 2F5/2     2F7/2 
NaYbF4: Yb3+; GdF3: 
Yb3+, Jem=980 nm 

[11] 

 
Tm3+ 

450, 475, 
644, 800, 
1750-1900 

1D2      3F4, 1G4      3H6, 
1G4   3F4, 3H4      3H6, 
3F4    3H6 

BaTiO3: Tm3+, Jem=450, 
475, 644, 800 nm 

 
[12] 

 
Er3+ 

525, 542, 
655, 980, 
1540 

2H11/2      4I15/2, 4S3/2      4I15/2, 
4F9/2   4I15/2, 4I11/2   4I15/2, 
4I13/2     4I15/2 

Er3+ doped germanate 
glass, Jem=525, 542, 655, 
980, 1540 nm 

 
[13] 

Ho3+ 542, 655, 
1980-2100 

5F4, 5S2     5I8, 5F5      5I8, 
5I7    5I8 

Ba2YbF7: Ho3+, Jem=542, 
655, 2050 nm 

[14] 

Eu3+ 620 5D0    7FJ (J=0-6) 
NaGdF4: Eu3+, 
Jem=620 nm 

[15] 

Nd3+ 1064 4F3/2     4I11/2 
Ga2O3: Nd3+, 
Jem=620 nm 

[16] 

 
Tb3+ 

381, 415, 
438, 489, 
541, 584, 
619 

 
5D3    7FJ, (J=6-4), 
5D4    7FJ, (J=6-3) 

 
Sr2B5O9Cl: Tb3+, 
Jem=546 nm 

 
[17] 

 
Sm3+ 

520, 541, 
555, 590, 
646, 657 

4G7/2      6H5/2, 4F3/2      6H5/2, 
4G5/2      6H5/2, 4G5/2      6H7/2, 
4G7/2      6H9/2, 4G5/2      6H9/2 

Srn+1SnnO3n+1: Sm3+, 
Jem=520, 624 nm 

 
[18] 

Pr3+ 485, 605, 
1300 

3P0     3H4, 1D2      3H4, 
1G4    3H5 

Ba0.77Ca0.23TiO3: Pr3+, 
Jem=612 nm 

[19] 

 
 
 

Transition 
metal (TM) 

Cr3+ 670-1800 4T2, 2E 4A2 
NaAl(WO4)2: Cr3+, 
Jem=700-1150 nm 

[20] 

Mn2+ 510-630 4T1    6A1 
KZnF3: Mn2+, 
Jem=585 nm 

[21] 

 
Mn4+ 

 
650-730 

 
2Eg    4A2 

K2TiF6: Mn4+, 
Jem=650-730 nm, 
quantum yield ~ 98 %. 

 
[22] 

Ni2+ 1000-1800 3T2(3 ) 3A2(3F) 
BaxSr1-xTiO3: Ni2+, 
Jem=1100-1650 nm 

[23] 

 
Main group 

Pb2+ 370-380 3P1    1S0 
Silicate oxyapatites: Pb2+ 
Jem=370-380 nm 

[24] 

Bi ions 1000-2000 Transitions of Bi species 
Bi doped glasses, 
Jem=1100-1700 nm 

[25] 
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Table 2 Material selection for luminescent ions in composite materials design 
 

Material Choices Example Merits Application References 

 
Polymers 

Polydimethylsiloxane 

(PDMS), poly(methyl 

methacrylate) (PMMA) 

Flexible, easy 

processabilty, low- 

cost 

Photonic and 

optoelectronic 

devices 

 
[38] 

Magnetic materials Fe3O4, Fe-Co-Ni alloy Magnetic properties Sensors [39] 

 
 

Porous materials 

Nanoporous anodized 

alumina membrane 

(NAAO); mesoporous 

SiO2 

 
Small pores, large 

surface area 

 
Biosensing, drug 

delivery 

 
 

[40] 

Catalysts TiO2 
Photocatalyst under 

UV light 

Improved 

photocatalysis 
[41] 

 
2D materials 

Grapheme; 2D-layered 

transition metal 

dichalcogenides (TMDs) 

Atomic layer, large 

surface area 

Optical limiting, 

phototherapy 

 
[42] 
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Integrating luminescent ions and advanced materials into multifunctional systems seems 

to be a tendency, motivated by the stimulating desires of fundamental studies and 

technological applications. This feature article provides a general overview of luminescent 

ions-based advanced composite materials recently investigated, which have promising 

multifunctional applications in a broad area, including optoelectronics, photonics, clean 

energy, biomedicine, and new types of sensors. 
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