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Abstract: A promising way to improve the performance of luminescent materials is to combine them
with noble metal nanoparticles. Herein, a set of silver/europium-doped lanthanum orthophosphate
(Ag/La0.95 Eu0.05 PO4 ) nanostructures with different concentrations of silver nanoparticles were
prepared and investigated. The presented overlap between the strongest europium (Eu3+ )
excitation line and the broad silver nanoparticle surface plasmon resonance makes the combination
prospective for coupling. X-ray powder diffraction confirmed the monoclinic monazite structure.
The transmission electron microscopy revealed particles with a rod-like shape and ~4 aspect ratio.
Photoluminescence spectra show characteristic Eu3+ ion red emission. One of the requirements
for an enhanced luminescence effect is the precise control of the distance between the noble metal
nanoparticles and the emitter ion. The distance is indirectly varied throughout the change of Ag
nanoparticle concentration in the La0.95 Eu0.05 PO4 host. The emission intensity increases with the
increase in Ag nanoparticles up to 0.6 mol %, after which the luminescence decreases due to the
nanoparticles’ close packing and aggregation leading to the displacement of La0.95 Eu0.05 PO4 from
the vicinity of the metal particles and reabsorption of the emitted light. The emission intensity
of La0.95 Eu0.05 PO4 increases more than three times when the Eu3+ excitation is supported by the
localized surface plasmon resonance in the Ag/La0.95 Eu0.05 PO4 nanostructures.
Keywords: inorganic materials; luminescence; optical properties; plasmonics

1. Introduction
Advanced materials are crucial for social and economic development, with applications in
industries aimed to meet the challenges of renewable and clean energy, climate changes, national
security, as well as human health and welfare. Therefore, the development and exploitation of
innovative materials is critical in achieving global competitiveness in the 21st century. To meet, among
others, demands for better physical and chemical sensors, brighter phosphors, or biocompatible
drug-delivery molecules, material scientists are searching for new molecular combinations and
structures [1–4].
The design and preparation of phosphors, inorganic materials activated by lanthanide (Ln3+ ) or
transition metal (TM) ions, with different particle size and/or distinctive morphology is a challenging
task that has attracted researchers’ attention. Phosphors are used in a variety of applications, such as
displays, lighting, optical sensing (physical and chemical), catalysis, and medicine, just to mention a
few [5–7]. Phosphor’s luminescent properties depend on the characteristics of the optically active ion
and its local environment provided by the host lattice. In recent years, the lanthanum orthophosphate
(LaPO4 ), non-toxic, biocompatible, thermally, chemically, and photo-stable material has been recognized
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as an excellent choice for rare-earth ion doping [8–12]. Due to the similar ionic radii and charge,
lanthanum ion (La3+ ) can be easily replaced with different rare-earth (RE3+ ) ions (e.g., Eu3+ , Dy3+ ,
Sm3+ ) at a wide range of concentrations without significantly affecting the lattice structure [13].
The optical properties of luminescent materials can be improved by different approaches,
such as by the optimization of the particle size and distribution, morphology, and crystal defects.
Moreover, the modification of the local structure based on strategies such as the control of the doping
level, cationic, anionic and cationic/anionic substitution, crystal-site engineering, and the mixing of
nanophases are also promising routes [14]. To date, to improve and optimize the luminescence properties
of LaPO4 -based phosphors, studies have focused on changing the particle size and shape, designing
core-shell structures, surface modification, and co-doping with alkali metals [15–22]. However, Ln3+
activated phosphors suffer from the very low absorption in the near-UV and visible spectral regions
due to quantum mechanically forbidden f–f electronic transitions. For this reason, they cannot be used
for the blue or near-UV excited LEDs unless their luminescence is not appropriately sensitized by
co-dopants (for example, Bi3+ , Ce3+ ), dyes, or plasmon particles. Collective oscillations of surface
electrons in noble metal nanoparticles (plasmons) resonantly interact with the incident or emitting
radiation, causing an increase in the light absorption cross-section and the radiative rate of an adjacent
emitter. Thus, the brightness of Ln3+ and TM ion-activated phosphors may be increased through more
effective light absorption when they are located in the vicinity of plasmon particles, for example noble
metal clusters. Among different plasmonic structures, Ag nanoparticles are particularly useful for the
phosphors’ research because their plasmon occurs around 430 nm that is suitable for sensitizing most
of the Ln3+ activators. To date, there is a number of reports on the phosphor/Ag nanoparticle (NP)
systems as a promising combination for the emission enhancement [23–32]. However, there are only a
few reports on the Ag plasmon-enhanced emission of LaPO4 -based phosphors. Li et al. investigated
the enhancement of luminescent properties in inverse opal and silica-coated inverse opal LaPO4 :Eu3+
structures after the addition of Ag nanoparticles [33,34]. For silica-coated inverse opal structures, they
reported the enhancement factor of ~7.
The aim of this work was to investigate how co-doping with silver nanoparticles affects the
luminescence properties of the La0.95 Eu0.05 PO4 phosphor. A simple hydrothermal method was used for
the preparation of Ag/La0.95 Eu0.05 PO4 nanostructures with different silver nanoparticles concentrations.
Lanthanum orthophosphate and hydrothermal synthesis were chosen due to the low crystallization
and reaction temperature which prevents silver nanoparticles from melting and agglomeration [23].
Structural, morphological, and optical properties were reported and discussed. The effect of silver
nanoparticles on the luminescence properties of La0.95 Eu0.05 PO4 is elaborated in terms of Ag NPs
optimal concentration and luminescence enhancement factor.
2. Materials and Methods
2.1. Synthesis of Ag/La0.95 Eu0.05 PO4 Nanostructures
A set of six samples was prepared by the conventional hydrothermal synthesis. Five samples
were prepared by using silver colloids of different concentrations (1 × 10−4 M; 2 × 10−4 M; 1 × 10−3 M;
2 × 10−3 M; 3 × 10−3 M) as a medium, while one sample was prepared in water (see Figure 1 for the
sample’s names and Ag NPs mol %). The mole percentages (mol %) of Ag NPs in the samples were
calculated relative to the overall content in the Ag/La0.95 Eu0.05 PO4 nanostructures. According to our
previous results [13], there is no concentration quenching in RE3+ -doped LaPO4 NPs and the emission
intensity increases with an increase in RE3+ dopant concentration up to the full substitution of La3+
with RE3+ . We chose the La0.95 Eu0.05 PO4 system where the Eu3+ emission is strong enough so that the
effect of Ag NPs on the luminescence efficiency can be clearly observed.
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Figure 1. Marking of the La0.95 Eu0.05 PO4 (LPO) samples with different concentrations of Ag
Figure 1. Marking of the La0.95Eu0.05PO4 (LPO) samples with different concentrations of Ag
nanoparticles (NPs).
nanoparticles (NPs).
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3.2. Microstructural Characterization
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Transmission electron microscopy images (Figure 3a–c) of the representative LPO–Ag0.6 sample
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Figure 3. Transmission electron microscopy images showing: (a–c) anisotropic rod-like shape
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Figure 4 shows the diffuse reflectance spectra of the representative LPO and LPO–Ag0.6
Figure 4 shows the diffuse reflectance spectra of the representative LPO and LPO–Ag0.6 samples.
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3.4. Photoluminescence Measurements
Figure 5 presents the UV–VIS absorption spectrum of the representative Ag colloid (1 × 10−3 M)
together with the theoretical extinction efficiency curve for 6 nm spherical Ag particles in water and
the excitation spectrum of the representative LPO–Ag0.6 sample. The UV–VIS absorption spectra of
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discussed in the Supporting Material as Figure S2). On the other hand, the high Ag NP
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concentrations (>0.6 mol %) cause the close packing and aggregation of the plasmon particles
leading to:
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(b) the normalized photoluminescent (PL) intensity as a function of the Ag NP concentration in the
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4. Conclusions
4. Conclusions
The brightness of phosphors can be increased due to stronger light absorption when phosphor
The brightness of phosphors can be increased due to stronger light absorption when phosphor
particles are located in the vicinity of plasmon particles, for example noble metal clusters.
particles are located in the vicinity of plasmon particles, for example noble metal clusters. Herein,
we
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Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/14/3071/s1,
Figure S1: UV–VIS absorption spectra of the different concentrations of silver colloids, Figure S2: Distribution of
the square of the electric field amplitude (E/E0 )2 for 6 nm spherical Ag nanoparticles (NPs) in (a) water and in (b)
La0.95 Eu0.05 PO4 (LPO).
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effects on the structure and emission of Eu3+ :LaPO4 and EuPO4 phosphors. J. Lumin. 2018, 195, 420–429.
[CrossRef]
Lin, Y.-C.; Karlsson, M.; Bettinelli, M. Inorganic phosphor materials for lighting. Top. Curr. Chem. (Z) 2016,
374. [CrossRef]
Li, J.; Yang, Z.; Shao, B.; Yang, J.; Wang, Y.; Qiu, J.; Song, Z.; Yang, Y. Preparation and photoluminescence
enhancement of silica-coated LaPO4 :Eu3+ three dimensional ordered macroporous films. Ceram. Int. 2015,
41, 8109–8113. [CrossRef]
Dorman, J.A.; Choi, J.H.; Kuzmanich, G.; Chang, J.P. High-quality white light using core–shell RE3+ :LaPO4
(RE = Eu, Tb, Dy, Ce) phosphors. J. Phys. Chem. C 2012, 116, 12854–12860. [CrossRef]
Van Hest, J.J.H.A.; Blab, A.G.; Gerritsen, H.C.; de Mello Donegá, C.; Meijerink, A. Probing the influence
of disorder on lanthanide luminescence using Eu-doped LaPO4 nanoparticles. J. Phys. Chem. C 2017, 121,
19373–19382. [CrossRef] [PubMed]
Stouwdam, J.W.; Van Veggel, F.C.J.M. Improvement in the luminescence properties and processability of
LaF3 /Ln and LaPO4 /Ln nanoparticles by surface modification. Langmuir 2004, 20, 11763–11771. [CrossRef]
[PubMed]
Yu, L.; Song, H.; Lu, S.; Liu, Z.; Yang, L.; Kong, X. Luminescent properties of LaPO4 :Eu nanoparticles and
nanowires. J. Phys. Chem. B 2004, 108, 16697–16702. [CrossRef]

Materials 2020, 13, 3071

20.
21.

22.
23.

24.

25.

26.

27.

28.

29.
30.

31.
32.
33.

34.

35.
36.
37.

38.
39.

9 of 10

Ansari, A.A. Silica-modified luminescent LaPO4 :Eu@LaPO4 @SiO2 core/shell nanorods: Synthesis, structural
and luminescent properties. Luminescence 2017, 33, 112–118. [CrossRef] [PubMed]
Zhu, X.; Yang, K.; Wu, A.; Bai, H.; Bao, J.; Qiao, Y.; Yang, Y.; Li, W.; Liu, Y. Luminescence studies and
Judd–Ofelt analysis on SiO2 @LaPO4 :Eu@SiO2 submicro-spheres with different size of intermediate shells.
Sci. Rep. 2019, 9, 13065. [CrossRef]
Deng, T.; Zhang, Q. Optimization of LaPO4 :Bi3+ single-phased white-emitting phosphor luminescence
properties by Li+ /Na+ doping. Int. J. Opt. 2019, 2019, 6. [CrossRef]
Dolgov, L.; Hong, J.-Y.; Zhou, L.; Li, X.; Li, J.; Ðord̄ević, V.; Dramićanin, M.; Shi, J.; Wu, M.
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