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Luminescent inorganic materials are used in several technological applications such as light-emitting displays,
white LEDs for illumination, bioimaging, and photodynamic therapy. Usually, inorganic phosphors (e.g., complex
oxides, silicates) need high temperatures and, in some cases, specific atmospheres to be formed or to obtain a
homogeneous composition. Low ionic diffusion and high melting points of the precursors lead to long processing
times in these solid-state syntheses with a cost in energy consumption when conventional heating methods are
applied. Microwave-assisted synthesis relies on selective, volumetric heating attributed to the electromagnetic
radiation interaction with the matter. The microwave heating allows for rapid heating rates and small temperature
gradients yielding homogeneous, well-formed materials swiftly. Luminescent inorganic materials can benefit
significantly from microwave-assisted synthesis for high homogeneity, diverse morphology, and rapid screening of
different compositions. The rapid screening allows for fast material investigation, whereas the benefits of enhanced

homogeneity include improvement in the optical properties such as quantum yields and storage capacity.

Luminescent Inorganic Materials Microwave-Assisted Synthesis

| 1. Introduction

Luminescent materials, also known as phosphors, usually refers to inorganic materials that emit light after external
physical stimuli, such as UV-VIS, IR-Lasers, X-rays, y-rays, and e-beams [, These materials are composed of a
host lattice with intentionally added optically active impurities (dopants). The dopants act as luminescent centers,
converting the incident excitation into a characteristic light emission that depends on the dopant’s identity [&. The
most common dopants for luminescent materials are the f-metals, such as the trivalent rare-earths (RE3*: Pr, Nd,
Eu, Th, Dy, Er), that emit light after optical transitions within the f-electron manifold [&. The f-electrons are strongly
shielded from the chemical environment and retain atomic characteristics, yielding sharp emission lines with
wavelengths nearly independent of the host's composition. The f-f electronic transitions are parity forbidden and,

thus, the emission decay times are long (us-ms).

Some rare earth ions (e.g., Ce3*, and Eu?*) behave as crystal-field sensitive ions, having intense broad emission
bands with emission color dependent on the host's composition. In these cases, the emission is governed by
parity-allowed 4f-5d transitions, yielding intense emission bands with fast decay times (ns-us). Figure 1 provides

the comparison between the f-f and f-d transitions for the Eu* and Eu?* ions.
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Figure 1. Emission spectra of Eu®* in Eu(TTA)3:(H,0), complex (left), and Eu?*-doped BaAl,O, host (right). Eu3*
sharp lines spectra is attributed to f-f transitions whereas the Eu’* broad emission band is attributed to f-d
transitions. Adapted from references B4, Copyright © 1997 Published by Elsevier B.V.

Various transition metals also act as luminescent centers, e.g., Mn**-doped K,SiFg &, and Cr3*-doped ZnGa,0,
Bl In these cases, parity-forbidden d-d electronic transition is responsible for the emission. The d-orbitals broadly
interact with the chemical environment leading to strong crystal field splitting according to the composition of the
materials. Thus, most of the transition metals’ absorption and emission bands are broad. However, sharp
emissions can also be observed, such as Mn**-doped K3ScFg red phosphors [,

Luminescent materials can act as light converters due to different photophysical processes, such as
downconversion (or quantum cutting) BRI ypconversion LUMR2M3] and down-shifting L4138 (Eigure 2A-C).
Downshifting is the most conventional photoluminescence mechanism, where high-energy photons are converted
into low-energy photons. Ideally, all excited photons are converted to emitted photons without losses in the optical
process, obtaining a quantum yield of 100% 1871181191 On the other hand, the first experimental evidence for
quantum yields higher than 100% was reported for YF5:Pr3* material 1729, This optical phenomenon proposed by
Dexter consists of the high-energy photons splitting into two or more lower-energy photons. This mechanism,
called downconversion or quantum cutting, involves single or multiple ions (e.g., in YF3:Pr3* 720 or YPQO,:Yb3*,
Th3* 19 respectively).
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Figure 2. (A) Downshift mechanism consisting of excitation (1), non-radiative decay (2), and emission (3). (B)
Quantum cutting mechanism where the emission of two photons (3,4) occurs after the excitation. (C) Upconversion

emission after energy transfer (2) of two lower energy quanta to a higher excited state (3).

Upconversion (UC) is a nonlinear optical phenomenon that converts two or more low-energy photons to a higher-
energy photon 3l This optical process, known as anti-Stokes emission, was theoretically proposed by the
physicist Nicolaas Bloembergen in 1959 21, The first experimental result, reported by Francois Auzel in 1966,
consisted of the energy transfer from Yb3* to Er3* and Tm3* ions 28, The UC process has since inspired light
conversion mainly from near-infrared (NIR) to UV-visible-NIR light, suitable for bioimaging, solar cells,

anticounterfeiting, photocatalysis, and photodynamic therapy (221,

Persistent luminescence (PelL) materials continue to emit light after removing the excitation source due to stored
energy in the structural defects that act as charge carrier traps 231124251 After the removal of the excitation, the
material absorbs available thermal (kT) or optical (hv) energy to release the trapped charge carriers that recombine
with the emitting centers. The radiative decay of the excited states emits a photon with a characteristic wavelength.
The most efficient PeL phosphors are dominated by Eu?*-doped inorganic materials, exhibiting 24 to 48 h of
persistent emission after few minutes of excitation in the UV-VIS range 23, However, plenty of examples for d- and

f-metals are available, and extensive reviews on the topic have been published [23124],

Luminescent materials have several applications in technology, telecommunications, and health sciences, and are
the subject of extensive research. Specific applications can be in light-emitting diodes [26l27]28] |aser [29])

thermometry B9, thermoluminescence dating 2132, dosimetry 23!, bioimaging €34, and photodynamic therapy 22!
(361137,

For instance, phosphor converters for LEDs (pc-LEDs) work as light converters where an excitation source, e.g.,
blue emitting-LEDs, excites the luminescent material that emits broadband in the yellow region. This kind of
phosphor has defined characteristics, such as high quantum yields and fast excited-state decay times. The most
efficient light converters for pc-LED are inorganic hosts doped mainly with Ce3* and Eu?2*+ [Z7B8I3940] The parity-
allowed (f—d) electronic transition in Ce3* and Eu?* ions results in high-intensity emissions with short excited-state
lifetimes (us-ns). However, other examples can be easily found in trivalent rare earths, Eu3*, Th3*, Pr3*, Dy%*, and
d-metals (Mn**) doped materials [RI7141[42143][44] pe| materials are in evidence nowadays due to vast and
unexplored bioimaging applications B2, theranostics 42, and photocatalysis [8l. When it comes to application,

persistent phosphors must have high quantum yield and high storage capacity 4748l

| 2. Concepts and Mechanisms of Microwave Heating

Microwaves (MW) are electromagnetic radiation in the frequency interval of 300 MHz (1.24 peV; 1 m) to 300 GHz
(1.24 meV; 1 mm). Radiation in this range is mainly used in wireless telecommunication protocols, such as
Bluetooth and wi-fi modems “2. A narrow part of the microwave spectrum is used for industrial, domestic,

scientific, and medical purposes (ISM bands) Y. The industrial and domestic uses of microwaves come from the
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ability to heat certain materials depending on their dielectric properties 4951, For instance, the radiation in a
domestic microwave oven (2.45 GHz; A: 12.2 cm) interacts with the water contained in the food, heating it swiftly
due to the intrinsic dielectric properties of the water molecules. Further, a precise tuning of microwave radiation
parameters enables microwave heating of different materials, such as metal oxides (2253 carbon (42541551 gnd

organic solvents 58],

Microwave heating properties differ significantly from conventional heating ones. In conventional heating, the
external source, such as a resistive furnace, heats the material’'s surface, leading to a large temperature gradient
compared to the material’'s core. Instead, dielectric heating occurs volumetrically, meaning that the material
irradiated by the microwaves is heated locally, leading to a small temperature gradient 28 (Eigure 3). Microwave-
assisted heating rates are drastically steeper than conventional heating because of the absence of heat transfer

from an external source.

Conventional heating Microwave heating

High

Temperature

Resistive heating Sample Sample
element

Figure 3. Representation of the temperature gradient in conventional (left) and microwave-assisted (right) heating

of a solid sample.

The combination of these properties can be highly beneficial to the synthesis of inorganic materials using
microwave-assisted approaches. For instance, solid-state methods benefit significantly from dielectric heating,
shortening the synthesis time from days and hours to tens of minutes. In addition, it can yield more uniform,

homogeneous materials 27,

The principles of microwave heating are based on the material’'s response to the electromagnetic fields’ alternating
nature. Bhattacharya et al. 9 discussed in detail the microwave heating mechanism in several materials. The
relevant parameters for the heating include the dielectric constant (¢') and dielectric loss (¢"). The parameters can
be interpreted as the ability of the material to store (¢) and convert (¢") the electric energy from the microwave

irradiation.

The main mechanism of dielectric heating is attributed to the polarization losses that comprise dipolar, interfacial,

ionic, and electronic losses 4B A|l these contributions are related to the intrinsic properties of the materials.
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Thus, a corrected assessment of the microwave interaction with a particular material must include a detailed
analysis of its dielectric properties. Additionally, if the material to be irradiated has high conductivity, then the
conduction loss enters the summation in the dielectric loss constant (¢"). Magnetic contributions must be
considered when the material presents a magnetic moment. Most luminescent materials are not intrinsically

magnetic, making it possible to simplify the equation to only the electric contribution.

The interaction of microwaves with matter can be understood as how much a microwave can penetrate in a
specific material. The penetration depth of a microwave within materials interacting only with the electric field (u", =
0) can be expressed by Equation (1):

o () ]

where f is the frequency of the microwave, (¢',) is the relative dielectric constant, and (") is the relative dielectric

loss. The loss tangent ( is an important parameter that denotes the dissipation of the electrical energy

quantitatively due to multiple physical processes 28, and can be defined by Equation (2):

tand, = — ()

The dp parameter will then classify the materials’ interaction with the microwave in three different classes, (i)
opaque or reflector, (ii) transparent, and (iii) absorber 9, If the penetration depth is shallow (micrometer range),
the microwave is reflected by the material’'s surface. Typical examples of microwave reflectors are metals like Cu
(dp = 1.3 ym) and Al (dp = 1.7 pym). Alternatively, if the penetration depth is too large, then the microwave goes
through the material without any interaction being transmitted. Materials like alumina, borosilicate glasses, and

zirconia are excellent examples of microwave-transparent materials, with penetration depths larger than 10 m.

Neither of these situations is ideal for heating the materials and therefore performing microwave-assisted
synthesis. To interact with microwaves, the radiation’s penetration depth must be optimal to dissipate the electrical
energy efficiently. Absorber materials have penetration depths in the order of centimeters, such as SiC (dp = 1.9
cm), water (3.0 cm), and carbon black (5.7 cm) BB The tangent loss of the materials in terms of reflector,

transparent and absorber have typical values of
< 0.01 (transparent), >0.1 (absorbers), and >>1 (reflectors).

The fact that the dielectric properties of the materials can vary with temperature increases possibilities of
interacting with materials by changing their reactional medium temperature. For instance, yttria-stabilized zirconia
is microwave-transparent up to 200 °C (

: ), suffering a transition to an absorber material at 600 °C ( :
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). The principle of intrinsic tangent loss modulated by the materials’ temperature is beneficial for synthetic
purposes. A synthetic precursor consisting of a mixture of low-lossy materials (transparent) can be in close contact
with a high-lossy (absorber) material that will initially interact with the microwave, generating local heating. The
heat transfer to the low-lossy material can inflict a change in the tangent loss, transitioning from transparent to
absorber. This type of heating can be denominated as hybrid microwave heating, and it is the most-used method in

microwave-assisted solid-state (MASS) synthesis [42[511[62](63]

| 3. Properties of Microwave Heating

Microwave-assisted heating can be characterized by a combination of unique properties offering faster and more
efficient heating, often leading to more crystalline, homogeneous materials 64!, Firstly, the direct energy conversion
into heat leads to a smaller temperature gradient throughout the precursors. In conventional resistive heating, the
large temperature gradients make the reactions sluggish, taking a long time to reach equilibrium and generate the
products. Dielectric heating works in the opposite manner, heating the materials from the inside to the outside.
Dielectric heating leads to minimal energy consumption and faster reaction rates [62l. The thermal efficiency is an
appealing point when considering laboratory work for sample screening and compositional tailoring. High
throughput can be obtained with specialized setups, allowing the synthesis of tens of samples in few minutes. The
fast screening in compositional tailoring can be beneficial for luminescent materials with a strong correlation of the

optical property with the composition and structure.

Dielectric heating is also volumetric by nature, meaning that the heating is uniform throughout the sample, in
theory. In actual samples, the volumetric heating is not perfect due to inhomogeneity in the precursors and
temperature dependence of the dielectric properties 8. However, compared with conventional heating, the MASS
method has more uniform heating and, therefore, a more homogeneous composition of the final products. For
luminescent materials, this property is of utmost importance once the homogeneous dispersion of activator and
sensitizer ions in the material’s host leads to higher quantum yields and increased brightness 4. Homogeneous
luminescent materials offer a more defined local structure that can lead to precise control of the emitting color of

crystal field-sensitive ions, such as Eu?* 7,

The ionic diffusion limit encountered in conventional heating methods is also a significant problem in solid-state
synthesis 84168 Usually, the diffusion is exceptionally slow if the temperature of the synthesis is lower than two-
thirds of the precursor’s melting point (Tamann’s rule) 2, which translates to temperatures usually higher than
1000 °C. The microwave radiation effect on ionic diffusion in bulk inorganic materials was investigated by Whittaker
et al. 19, The use of polarized MW irradiation combined with x-ray fluorescence technique has shown a preferential

ionic migration in the polarized axis of the radiation (Figure 4a—b).
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Figure 4. lonic diffusion in a ceramic heated by polarized microwave irradiation (a) and conventional heating (b).
Adapted from reference 19, Reaction rates of NiFe,O, synthesis under microwave heating (orange) and resistive
heating (blue) at 850 °C (c). Adapted from ref. [Z2]. Copyright © 2005, American Chemical Society.

The increased diffusion is related to increased reaction rates in microwave-heated synthesis in comparison with
resistive furnaces. Vanetsev et al. 4. studied the kinetics of NiFe,0, formation by conventional and microwave-
assisted solid-state reaction. Besides the faster reaction rates, microwave irradiation also promotes changes in the
rate-controlling stage of the synthesis. By removing the diffusion hindrances due to non-thermal ponderomotive
forces, the rate-controlling step of the synthesis changes from ion-diffusion to the interfacial chemical reaction step
(Eigure 4c) 31,

Instantaneous heating is also an essential feature of dielectric heating, swiftly converting the MW energy into heat.
Correspondingly, once the microwave irradiation is ceased, the heating stops immediately, causing the reaction to
guench instantaneously. This could lead to metastable phases, otherwise impossible to synthesize using
conventional methods. The temperature quenching can be greatly beneficial for persistent luminescence

phosphors because of the defect structure caused by rapid heating and cooling rates.

Once the dielectric constant and tangent loss vary with the material composition and structure, microwave
irradiation allows for selective heating of the reactants 4], This effect can find incredible applications on heating
specific sites in supported metal catalysts 2. The synthesis of chalcogenides greatly benefits the selective

heating, allowing the reaction to occur before the sulfur evaporation 3],

The properties of microwave-assisted heating are summarized in Eigure 5. The combination of features allows for

the synthesis of highly efficient luminescent materials with singular properties, as will be discussed in detail in the
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next sections.
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Figure 5. Fundamental microwave-assisted heating properties that are beneficial in preparing luminescent

materials.
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