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Abstract

In the field of nanomaterials, information about the local temperature in a system can be
crucial for the performance of these systems. In literature, several methods of temperature
measurements on small length scales, in the order of micrometers, have been reported. Of these
techniques, luminescence nanothermometry is a promising non-invasive technique.

For some applications, however, the working temperature range of these techniques is not yet
sufficient to be able to apply it in processes at elevated temperatures, such as catalytic reactions.

In this thesis, different lanthanide-doped rare earth phosphate nanoparticles are investigated
for the potential use as nanothermometers. Due to the small size of these particles, in the order
of ∼5 nm, very small spatial resolutions can, in principle, be obtained, while thermally coupled
energy states in the lanthanide dopants can provide a temperature dependent change in the band
shape of the emission.

Luminescent dysprosium-cerium co-doped lanthanum phosphate nanoparticles were synthe-
sized and subsequently coated with a pure LaPO4 shell, to enhance the luminescence. In these
particles, a temperature dependency of the emission from the 4F9/2 and 4I15/2 energy levels was
found up to a temperature of 250 ◦C. Incorporation of the particles in silica spheres of ∼ 40 nm
provided further thermal stability, and temperature dependent emission was observed up to a
temperature of 450 ◦C.

Additionally, europium-doped LaPO4 nanoparticles with a pure LaPO4 shell were synthe-
sized. In these particles, a temperature dependency of the emission from the 5D1 and 5D0

energy levels was found up to a temperature of ∼ 300 ◦C.
Although further studies still have to be performed, these results provide a good indication

that lanthanide-doped rare earth phosphate nanoparticles can be a useful addition to the variety
of nanothermometry techniques available today.
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Chapter 1

Introduction

The field of nanothermometry aims to obtain information about the local temperature of a system
on very small length scales, up to spatial resolutions lower than one micrometer. This information
can be crucial in the understanding of small-scale systems, of which the performance is dependent
on temperature. Examples of these systems, where nanothermometry can play a pivotal role, are
numerous in the fields of nanotechnology and cellular chemistry, such as micro/nano-electronic
systems, photonic devices and catalytic systems.1,2

In the field of micro/nano-electronics, high transistor densities and switching speeds on a chip
can lead to a large heat flux on the chip. The presence of these so-called ‘hot spots’ on the chip
can be detrimental for the performance of these systems. Here, obtaining information about the
local temperature could facilitate detailed studies and lead to a better understanding of the hot
spots, in order to repress the creation of these hot spots and thereby improve the system.

Another area where temperature fluctuations on small length scales are important, is in in-
tegrated photonic devices. The performance of these devices depends on the optical properties
of the constituting materials, such as refractive index and spectral properties of band gap struc-
tures. Because these properties can be affected by changes in temperature, knowledge about the
local temperature can contribute to the development of efficient and reliable photonic devices.

Furthermore, temperature fluctuations can play a crucial role in catalysic systems. The out-
come of a chemical reaction can be highly dependent on the temperature at which the reaction
takes place. Since these reactions are often either endothermic or exothermic, the local temper-
ature can vary from the bulk temperature and because catalytic processes typically benefit from
large surface areas (and thus small particle sizes), the measurement of temperature fluctuations
on small length scales can be vital for the analysis and development of catalytic materials.

Due to major advances towards smaller and smaller length scales in the field of nanotech-
nology, the demands on spatial resolution for temperature measurements have increased, to the
point where conventional thermometry is no longer sufficient. Therefore, the field of nanother-
mometry has developed into a very active field of research. This has led to new and interesting
studies of different nanothermometry techniques.1,2

1.1 Nanothermometry techniques

The numerous potential applications of nanothermometry have resulted in a variety of different
techniques to achieve thermal sensing. Each of these techniques has its own advantages and
drawbacks.

1
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For different fields of research, different nanothermometry techniques may be applicable. The
different techniques can be roughly classified into three main groups: electrical, mechanical and
optical nanothermometry.

Some examples of these different techniques include:

• Point contact nanoscale thermocouples

based on measurements of thermoelectric voltage3

• Liquid-in-nanotube thermometers

based on the thermal expansion of liquids4

• Luminescent nanoparticle thermometers

based on temperature dependent luminescence properties1,2

Many of the available point contact techniques use the principle of atomic force microscopy,
where the sample surface is scanned with a small tip, that responds to changes in temperature.
This method can, in principle, reach spatial resolutions similar to that of conventional atomic
force microscopy.

Despite this, there are some drawbacks for this method. First, it is a surface scanning
method, so it can only be used to produce two dimensional images of a relatively flat surface.
This puts major restrictions on the types of systems that can be measured this way. Second,
long acquisition times are necessary for the tip to scan the whole surface, making the analysis a
very time consuming process. Third, due to the requirement of physical contact between the tip
and the sample, the thermal measurement can be affected by heat transfer between the tip and
the sample, resulting in less accurate temperature measurements.4

The liquid-in-nanotube thermometry technique, on the other hand, does not have the draw-
backs of the surface scanning techniques. This technique is based on the thermal expansion of
liquid gallium within a carbon nanotube that is closed on one end and open on the other end.
The volume of gallium inside the carbon nanotubes expands as the temperature increases. When
exposed to air, the gallium is oxidized and a gallium oxide layer sticks to the inner wall of the
nanotube. The height of this gallium oxide layer within the tube can be analyzed after cooling
the system down and is a measure of the temperature that has been achieved in the system.

One major disadvantage for this technique is the fact that temperature information can only
be abstracted after cooling the system down, so temperature fluctuations can not be measured
in situ, but only the maximum achieved temperature can be determined. Furthermore, these
nanotubes have to be closed on one end and open on the opposite end, which is difficult to
achieve with the current synthesis technique. The amount of nanotubes with one open end and
one closed end in the obtained product, is reported to be only 2 – 5 vol%. Another disadvantage,
is that the process is irreversible; the carbon nanotubes can only be used once.4

1.2 Optical nanothermometry

The limitations mentioned above have led to the development of a variety of non-contact ther-
mal sensing techniques, based on temperature dependent optical properties of optically active
materials.1,2 Among the different methods of optical nanothermometry, the use of temperature
dependent luminescence is a promising technique, because a high sensitivity and spatial resolu-
tion can be obtained, whilst maintaining short acquisition times, using relatively straight-forward
emission analysis.

2
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The luminescence of these systems can depend on different luminescence parameters, some
of which are shown in figure 1.1. The temperature dependent parameters shown in this figure
include spectral position, band shape, bandwidth, intensity, polarization and lifetime.

Figure 1.1: Temperature dependent spectral parameters.2

The use of temperature dependent spectral position of cadmium selenide quantum dots emis-
sion has been demonstrated by Yang et al.5 Here, CdSe quantum dots that show emission with
a maximum intensity centred around ∼655 nm after two-photon near-infrared excitation, are
inserted in living cells. Then, a calcium complex is added to the cell culture to elevate the Ca2+

concentration and thereby induce Ca2+ shock in the cells. The heat generation within the cell,
which is a result of the Ca2+ shock, is then determined by measuring the red-shift of the emission.
This temperature dependent red-shift is attributed to various phenomena, such as the thermally
induced variation in quantum yield of different emitting levels and the solvent’s refractive index
as well as thermal expansion of the quantum dots and thermally induced variation of the band
gap energy, the latter being proposed to be the dominant effect.6 The major contribution to this
process comes from a temperature dependent electron-lattice interaction, that shifts the relative
positions of the conduction band and the valence band. According to the Varshni equation, the
temperature dependent energy gap then becomes7:

Eg = E0 −
αT 2

T + β
(1.1)

Here, Eg is the band gap energy, E0 is the band gap energy at T = 0 K and α and β are
material-specific constants.7

With this technique, a spatial resolution close to 400 nm is reported with temperatures
ranging from room temperature up to 50 ◦C. Although this technique is suitable for biological
systems, the small temperature range makes it inapplicable for systems at elevated temperatures
above 50 ◦C.

In addition to the use of luminescent quantum dots as optical nanothermometers, the tem-
perature dependent emission intensity of an organic dye molecule, rhodamine B, has been used

3
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by Ross et al. to measure the fluid temperature in a microfluidic system.8 Here, the intensity of
the emission from the rhodamine B dye, that occurs after excitation around 525 nm, decreases
as the temperature of the system increases. A dilute solution of rhodamine B in a carbonate
buffer is loaded in a microfluidic channel and, after applying an electric field over the channel,
the temperature of the buffer increases due to Joule heating. To determine the increase in tem-
perature, the fluorescence intensity is measured with a standard fluorescence microscope and a
CCD camera.

With this technique, a spatial resolution of 1 µm with temperatures ranging from room tem-
perature up to 90 ◦C is reported. This is an almost twofold increase in the temperature range
compared to the previous example, but it is still relatively narrow and the spatial resolution
for this technique is more than twice as large. Furthermore, the intensity of the dye emission,
and thus the temperature determination, can be influenced by fluctuations in both the concen-
tration of the dye and the intensity of the excitation light, which makes accurate temperature
measurements challenging.

In another study, Xu et al. showed the use of fluorescent lanthanide ions (Er3+ and Tm3+)
incorporated in α-NaYb(Mn)F4/NaYF4 nanoparticles with an average diameter of 27 nm, to
achieve temperature measurements based on the band shape of the lanthanide emission.9 Lan-
thanide ions typically show several emission peaks, of which the ratio of intensity can be depen-
dent on the local temperature (more information about band shape luminescence nanothermom-
etry and lanthanide emission can be found in chapter 2). After excitation with a 980 nm laser,
the emission was measured with a fluorescence spectrometer.

Xu et al. reported a temperature dependent emission intensity ratio over a temperature
range from -150 ◦C up to 150 ◦C. Although this is a large increase in the temperature range
compared to the previous examples, the measurement of higher temperatures is still challenging.
Additionally, information about the spatial resolution that can be achieved with this technique
is lacking and applications of this system have not yet been reported.

Of these examples, band shape luminescence nanothermometry is an effective and promising
method of temperature sensing, because it is based on the intensity ratio between two different
emission bands. The relative intensity of these emission bands is solely dependent on the tem-
perature and not on fluctuations of the local concentration of emitting centers or the intensity
of the excitation source.9,10

1.3 Towards imaging catalysis

In the field of optical nanothermometry, the use of trivalent lanthanide ions (Ln3+) as emitting
centres has been studied. A variety of nanothermometry techniques, based on this concept, has
been developed for temperature sensing in different systems.1,2

For the measurement of temperature fluctuations in catalytic reactions, however, suitable
techniques have not yet been developed. Due to the typically high temperatures in catalytic
processes, which can be in the order of hundreds of degrees Celsius,11 and the presence of (cat-
alytically) active reagents, relatively robust particles, that are chemically and thermally stable,
are required in order to measure temperatures in catalytic processes. As for now, nanothermom-
etry systems that meet these demands have not yet been synthesized.

In a more recently emerging field within the area of catalysis, the phenomenon of surface
plasmon resonance has been studied.12 In this approach, noble metal nanoparticles, such as
gold nanoparticles, are exposed to an external electromagnetic field, thereby resonantly exciting
surface plasmon modes of the particles (i.e. nearly free electron oscillations coupled to an incident
electromagnetic wave). The energy that is absorbed this way, is subsequently converted to lattice
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vibrations on a picosecond time scale, resulting in very rapid and local heating of the particle.12

However, crucial information about the behaviour of these particles, such as the temperature that
can be achieved with this technique, is lacking. Due to the small sizes of these particles (in the
order of 50 to 100 nm in diameter13) and the local nature of this effect, optical nanothermometry
potentially provides a useful tool for the study of these systems, given that an adequate spatial
resolution can be acquired, which can, in principle, be obtained by employing suitably small
temperature sensing nanoparticles.

In the work described by this thesis, band shape luminescence nanothermometry with rare
earth (RE) phosphate nanoparticles is investigated. These REPO4 nanoparticles are doped with
fluorescent lanthanide ions or lanthanide ion pairs, such as europium, dysprosium/cerium or
erbium/ytterbium, which are expected to show temperature dependent emission. In order to
enhance the luminescence of the particles, they are coated with a pure REPO4 shell on the
surface of the doped nanoparticles, which is expected to decrease surface quenching effects. To
stabilize the doped REPO4:Ln/REPO4 core-shell particles over a wide temperature range, the
particles are coated with a silica shell. This way, REPO4:Ln/REPO4/Si particles with a core-
shell-shell structure are obtained with high luminescence and stability, making them suitable for
nanothermometry applications at elevated temperatures.

5



Chapter 2

Theory

Lanthanides (sometimes referred to as rare-earth elements, although this definition includes
the elements yttrium and scandium of atomic numbers 21 and 39, respectively) are the elements
situated in the top row of the f-block elements at the bottom of the periodic table. The lanthanide
series goes from lanthanum to lutetium, with atomic numbers 57 – 71. In the 3+ oxidation state,
which is the most common oxidation state for lanthanides, the 4f orbitals gradually get filled,
going from 4f0 for lanthanum up to 4f14 for lutetium. The corresponding electron configurations
are shown in table 2.1 in the column marked “Ln3+”. Since the ions are more stable with
completely empty, completely filled or half-filled orbitals, Ce4+ (4f0), Eu2+ (4f7), Tb4+ (4f7)
and Yb2+ (4f14) are also commonly encountered.14 An overview of the lanthanide elements,
including their symbol, atomic number and electron configuration, is given in table 2.1.

Table 2.1: Overview of the lanthanide elements

Name Symbol Atomic nr. Configuration Ln3+

Lanthanum La 57 [Xe] 5d1 6s2 [Xe] 4f0

Cerium Ce 58 [Xe] 4f1 5d1 6s2 [Xe] 4f1

Praseodymium Pr 59 [Xe] 4f3 6s2 [Xe] 4f2

Neodymium Nd 60 [Xe] 4f4 6s2 [Xe] 4f3

Promethium Pm 61 [Xe] 4f5 6s2 [Xe] 4f4

Samarium Sm 62 [Xe] 4f6 6s2 [Xe] 4f5

Europium Eu 63 [Xe] 4f7 6s2 [Xe] 4f6

Gadolinium Gd 64 [Xe] 4f7 5d1 6s2 [Xe] 4f7

Terbium Tb 65 [Xe] 4f9 6s2 [Xe] 4f8

Dysprosium Dy 66 [Xe] 4f10 6s2 [Xe] 4f9

Holmium Ho 67 [Xe] 4f11 6s2 [Xe] 4f10

Erbium Er 68 [Xe] 4f12 6s2 [Xe] 4f11

Thulium Tm 69 [Xe] 4f13 6s2 [Xe] 4f12

Ytterbium Yb 70 [Xe] 4f14 6s2 [Xe] 4f13

Lutetium Lu 71 [Xe] 4f14 5d1 6s2 [Xe] 4f14

6
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2.1 Lanthanide luminescence

In lanthanide ions, generally, there are three types of electronic transitions:

• Broad 4f – 5d transitions

• Broad charge transfer transitions between metal and ligand

• Sharp, intraconfigurational 4f – 4f transitions

Of these different types of electronic transitions, the 4f – 4f transitions are responsible for
characteristic lanthanide luminescence. The origin of this luminescence lies in the partially filled
4f orbitals of the trivalent lanthanide ions cerium to ytterbium. Because these elements have
partially filled 4fn orbitals (where n = 1 – 13), transitions within the 4f orbitals are possible.

An illustration of the radial distribution functions for 4f , 5s and 5p orbitals is shown in
figure 2.1. In this figure, it can be seen that the 4f orbitals are located closer to the nucleus
(smaller value of r) with respect to the 5s and 5p orbitals. Since lanthanides have filled 5s and
5p orbitals, the 4f electrons are shielded from the surroundings by the 5s and 5p electrons. Due
to this shielding, the 4f energy levels are, to a large extent, independent of the host lattice.

Additionally, the 4f electrons do not participate much in the lanthanide to ligand binding,
so the internuclear distance remains almost the same upon excitation of a 4f electron to a
higher energy 4f state. In figure 2.2, illustrations of the configurational coordinate diagrams
for lanthanide ions (4f – 4f transitions, figure 2.2a) and for a general luminescent material
(e.g.4f – 5d transitions, figure 2.2b) are shown. Due to the small change in internuclear distance
(small ∆R in figure 2.2a), lanthanides show sharp, characteristic absorption and emission lines
in their luminescence spectra with a small, negligible Stokes shift.14,15 In contrast, most other
luminescent materials have a larger change in internuclear distance (large ∆R in figure 2.2b)
upon excitation and thus show broader emission peaks with larger Stokes shifts.

Figure 2.1: Example of radial distribution functions for 4f , 5s and 5p orbitals.16

7
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(a) 4f – 4f transitions (b) non 4f – 4f (e.g. 4f – 5d) transitions

Figure 2.2: Configurational coordinate diagrams for different types of electronic transitions.

2.1.1 Ln3+ energy levels

In lanthanides, the partially filled 4f orbitals give rise to a large number of different energy
levels. These energy levels are related to different distributions of the n 4f electrons over fourteen
possible 4f orbitals (seven orbitals, each capable of having one electron with spin up and one
with spin down). Due to electrostatic interactions and spin-orbit coupling, the energy levels
for different 4f orbitals are split. This results in the rich energy level scheme characteristic for
lanthanides.14,17

The Dieke diagram (appendix A on page 65) is a well known diagram that depicts different
energy levels for Ln3+ ions. Here, the horizontal bars represent energy levels of different Ln3+

ions (on the x-axis) and their relative energy (on the y-axis), with the thickness of the horizontal
bars indicating the magnitude of the crystal-field splitting.18

Energy level splitting

The origins of the energy level splitting, as observed in the Dieke diagram, can be divided into
three different types of interactions.

A schematic illustration of the energy level splitting, due to these interactions, is shown in
figure 2.3. Here, the labels in the form of 2S+1LJ originate from the term symbols, as will be
discussed in the next section.

The three different types of interactions include:

• Electrostatic interactions:

8
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For a given electron configuration, splitting of the energy levels occurs due to electrostatic
interactions of different spatial distributions of the electrons (i.e. occupancy of different
4f orbitals). This leads to different repulsion interactions between the electrons and thus
a different total orbital angular momentum.

• Spin-spin interactions:

For a given spatial distribution of the electrons, additional splitting of the energy levels
occurs due to spin-spin interactions of the electrons. The difference in energy, here, lies in
the different orientations of the electron spins with respect to each other, which leads to a
different total spin angular momentum

• Spin-orbit coupling:

Finally, for a given electron spin orientation, additional splitting of the energy levels occurs
due to spin-orbit coupling. This is a magnetic interaction where the magnetic moment of an
electron, that arises from its orbital angular momentum, interacts with another magnetic
moment of the electron, that arises from its spin angular momentum. Here, the difference
in energy lies in the different orientations of the orbital angular momentum with respect
to the spin angular momentum, resulting in a different total angular momentum.

Figure 2.3: Illustration of energy level splitting due to different interactions.

It is worthy to note, that, generally, the coupling of all the spins and all the orbital angular
momenta can be a complicated problem if there are multiple electrons outside a closed shell (as
is the case for most lanthanides). However, if the spin-orbit coupling is weak, all the individual

9
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angular momenta have to operate cooperatively in order for the spin-orbit coupling to be effective.
This way, the total angular momentum can be thought of as a coupling between the total orbital
angular momentum and the total spin, instead of coupling the individual angular momenta of
the electrons. This is known as the Russel-Saunders coupling scheme.19

Although the spin-orbit coupling generally is weak only for lighter atoms (atomic numbers
Z < 30), the 4f electrons in lanthanides penetrate only slightly through the inner shells of the
atom and they experience only a fraction of the electric field at the nucleus. Therefore, despite
their relatively high atomic numbers, the spin-orbit coupling is weak and the Russel-Saunders
coupling scheme remains applicable for lanthanide ions.20

Term symbols

For the discussion of the splitting of the different energy levels, term symbols will be introduced.
Term symbols, generally, are a way of describing the different energy levels, based on the quantum
numbers to describe orbitals.19 These quantum numbers are n, l and ml. Here, n is a positive
integer called the principal quantum number, which can have values of 1 ≤ n ≤ ∞. The value of
n indicates the energy and the radial expansion of the orbital. The quantum number l is called
the orbital quantum number and can have values of l = 0, 1, 2, ...(n− 1). The value of l indicates
the shape of the atomic orbital and the orbital angular momentum of the electron. The quantum
number ml is called the magnetic quantum number and gives information about the orientation
of an atomic orbital in space. This quantum number can have integral values of −l ≤ ml ≤ +l.

In term symbols, the energy levels are depicted by the general term 2S+1LJ . For example,
the ground state of cerium is written as 2F5/2. This symbol gives three pieces of information19:

1. L indicates the total orbital angular momentum, depicted by a letter

2. 2S + 1 indicates the multiplicity of the term, depicted by a number

3. J indicates the total angular momentum, depicted by a number

The total orbital angular momentum, L, depicts the magnitude of the orbital angular mo-
menta of the individual electrons combined. The permitted values of L (a non-negative integer)
are obtained by coupling the individual orbital angular momenta l of the electrons, using the
Clebsch-Gordan series:

L = l1 + l2, l1 + l2 − 1, ..., |l1 − l2| (2.1)

When there are more than two electrons to couple together, multiple series need to be used
in succession. First, two electrons are coupled as in equation 2.1. Then, the next electron is
coupled to the combined state, and so on. This way, the value of L can be determined, which is
then converted into a letter:

L = 0 1 2 3 ...
Letter: S P D F ...

(2.2)

The series of corresponding letters is derived from the nomenclature of orbitals (s, p, d, f) and
is continued alphabetically, except for the omission of ”J”.
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A closed shell has zero orbital angular momentum, because the individual orbital angular
momenta of the electrons sum to zero. Therefore, only the electrons of partially filled shells are
taken into account (the 4f -electrons for Ln3+ ions).

The multiplicity 2S + 1 is based on the total spin angular momentum, S (a non-negative
integer or half-integer). The spins of the individual electrons (s = 1/2 for each electron) are
coupled together similar to equation 2.1 for the orbital angular momentum. The multiplicity is
then given by 2S + 1. For a closed shell, the electrons are all paired and S = 0 (there is no
net spin). This gives a singlet term, because S = 0 thus 2S + 1 = 1. For a single electron,
S = s = 1/2 so 2S + 1 = 2. This gives rise to a doublet term.

Finally, the total angular momentum J can be determined. The total angular momentum
is the result of spin-orbit coupling of the electrons, using the Russel-Saunders coupling scheme
(coupling of L and S). The permitted values of J are again obtained using the Clebsch-Gordan
series:

J = L+ S, L+ S − 1, ..., |L− S| (2.3)

This way, the full term symbol can be written for the electronic energy states. For any ion,
a number of these states is possible.

Ground state determination

To determine the ground state for the ion, Hund’s rules have to be applied21:

1. The state with the highest spin multiplicity 2S + 1 is the ground state

2. If there are more terms with equal multiplicity, the term with the highest L-value is the
ground state

3. For a shell less than half-filled, the lowest value for J is the ground state

For a shell more than half-filled, the highest value for J is the ground state

Using these rules, the ground state for any ion can be written as a term symbol. For example,
the ground state of a trivalent cerium ion (4f1) has L = 3 (corresponding to the letter F),
2S + 1 = 2 (one unpaired electron, S = s = 1/2) and Jmin = L − S = 5/2. Thus, the ground
state for Ce3+ is written as 2F5/2. In the Dieke diagram (appendix A on page 65), it can be

seen that this is indeed the lowest energy level for a Ce3+ ion. Similarly, the ground state of a
trivalent ytterbium ion (4f13) is labeled 2F7/2, in accordance to the third of Hund’s rules (since

Yb3+ has a shell more than half-filled).

2.1.2 Transitions and selection rules

As mentioned above, lanthanide elements possess a large number of available energy levels, from
which the characteristic lanthanide luminescence occurs. However, between these energy levels,
not all transitions are observed in the excitation and emission spectra. The allowed transitions
are described by a set of selection rules. It is worthy to note, that the selection rules are derived
under several hypotheses, which are not always fulfilled (due to orbital mixing, for example).
Therefore, when a given transition is “forbidden” by selection rules, this should be understood
as “less probable”. In the same way, transitions that are “allowed” by the selection rules, are
“more probable”.15
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One important selection rule is Laporte’s parity selection rule. This rule states that, for
a given transition, there must be a change in parity for it to be allowed. In other words,
the change in the orbital quantum number ∆l = ±1. This means that transitions such as
s↔ p, p↔ d and d↔ f are allowed, whereas transitions such as s↔ s, f ↔ f and p↔ f are
forbidden.14 The underlying principle for this rule is that a photon, that is absorbed or emitted
by the system, has an intrinsic spin angular momentum, thus absorption or emission of a photon
leads to a perturbation of the system. For the transition to take place, the difference between the
initial and final state has to match the the angular momentum of the photon, i.e. the change in
angular momentum of the electron must compensate the angular momentum that is introduced
or carried away by the photon. For a transition where ∆l = 0, there is no change in angular
momentum of the electron to compensate the angular momentum of the photon. Similarly, for a
transition where ∆l > 1, the change in angular momentum of the electron overcompensates the
angular momentum of the photon.19

Another important selection rule, is the spin selection rule. This rule states that, for a given
transition, the overall spin can not change for it to be allowed (∆S = 0). This rule originates
from the fact that photons do not affect the electron spins directly, so a transition that differs
in spin between initial and final state, cannot be induced by a photon.19

However, the influence of a ligand field on the lanthanide ion can lead to interactions that
result in the mixing of electronic states. This relaxes the selection rules to a small extent and
transitions that would otherwise be forbidden (such as the characteristic 4f – 4f transitions),
can become partially allowed.15

Generally, transitions between two energy levels can occur via a variety of mechanisms, the
most important transitions being electric dipole transitions and magnetic dipole transitions.
An overview of different types of transition mechanisms, including their selection rules and an
indication of their oscillator strengths, is given in table 2.2. Here, the oscillator strength refers
to the oscillating electric or magnetic vector of the radiation that interacts with the 4f electron,
which is an indication of the probability of a transition to occur via that particular mechanism.22

Table 2.2: Overview of different transition mechanisms.

Transition mechanism SLJ selection rules Oscillator strength

Electric dipole

(ED)

∆S = 0

|∆L| ≤ 1; L = 0↔ L′ = 0 is forbidden

|∆J | ≤ 1; J = 0↔ J ′ = 0 is forbidden

∼ 0.01 – 1

Forced electric dipole

(FED)

∆S = 0

|∆L| ≤ 6; if L = 0 or L′ = 0, |∆L| = 2, 4, 6

|∆J | ≤ 6; if J = 0 or J ′ = 0, |∆J | = 2, 4, 6

∼ 10−4 of ED

Magnetic dipole

(MD)

∆S = 0

∆L = 0

|∆J | ≤ 1; J = 0↔ J ′ = 0 is forbidden

∼ 10−6 of ED

Electric quadrupole

(EQ)

∆S = 0

|∆L| ≤ 2; L = 0↔ L′ = 0, 1 is forbidden

|∆J | ≤ 2; J = 0↔ J ′ = 0, 1 is forbidden

∼ 10−10 of ED

Note that, although a given transition may be forbidden for one mechanism, it might still be
observed through another mechanism, albeit weaker than a fully allowed transition. Furthermore,
additional selection rules based on the site symmetry of the ion can play a role, such that a
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transition that is allowed by SLJ selection rules, can still be forbidden by site point group
selection rules.23 However, these site point group selection rules are beyond the scope of this
thesis and will not be discussed further.

2.2 Radiative and non-radiative decay

In order to obtain high intensity luminescence, it is important that the energy states, from
which the luminescence occurs, are well separated from other, lower energy states. Radiative
transitions to the ground state (the luminescence of interest) can compete with non-radiative
decay transitions of ions in solids.17 Therefore, the presence of energy states between the excited
states and the ground state can give rise to non-radiative decay processes, that will result in
quenching of the luminescence and thus a loss of signal in the measurement.

Generally, all energy that is absorbed by a material and not emitted as radiation, is dissipated
as heat to the crystal lattice or through vibrations of ligands. These processes typically take place
on a faster time scale than the emission of light.17 A rule of thumb is that radiative decay (the
luminescence of interest) competes efficiently with non-radiative decay, if the difference in energy
between the excited state and the first lower energy state is equal to or larger than five times the
highest vibrational energy of the surroundings.22 If the energy gap is smaller, the excited state
energy can simultaneously excite multiple high energy vibrations or phonons and the energy is
dissipated non-radiatively as mentioned above, thereby quenching the luminescence. This process
is called multi-phonon relaxation.15,17

Multi-phonon relaxation especially is detrimental for luminescence in the presence of organic
ligands or solvents. Organic bonds, such as O–H, N–H or C–H, typically have high vibrational
energies of up to ∼3500 cm−1. As a result, the decay of a system in the presence of organic
ligands has a relatively high probability to occur via a non-radiative pathway. One way to
overcome this problem, is to incorporate the emitting centres in a crystalline host, instead of in
organic complexes or solutions. This way, the emitting centres are separated from the organic
species and non-radiative decay becomes less probable.24

Energy transfer

Additional to multi-phonon relaxation, luminescence can also be quenched by energy transfer
processes.17 Upon excitation to a higher energy level, the absorbed energy can be transferred
from the absorbing ion (the donor) to a different ion (the acceptor) via a variety of mechanisms.
The nature of this mechanism is dependent on the separation distance d between the donor and
the acceptor and can be either radiative, if the separation is large (d > λ/10), or non-radiative, if
the separation is small (d� λ). For both mechanisms, interactions between the dipole moments
of the donor and acceptor species are involved.25

When the concentration of emitting ions in a host lattice is large, the distances between the
ions are small and energy transfer readily takes place. This way, the energy of an excited state can
easily be transferred to neighbouring ions, until it reaches a defect in the lattice and is lost non-
radiatively. This process is called concentration quenching. In order to reduce the concentration
quenching effects, dopant concentrations should be suitably low (in literature, typical dopant
concentrations of 0.1 % – 15 % are used for lanthanide-doped nanoparticles).15
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2.3 Band shape luminescence nanothermometry

The concept of band shape luminescence nanothermometry (BSLNth) is based on systems, that
have multiple emission bands or lines, of which the intensity ratio is dependent on the local
temperature. Generally, there are two approaches to obtain such temperature dependent emission
intensity ratios.

In the first approach (multi-centre BSLNth), the different emission bands or lines of interest
originate from two different emitting centres. Here, the temperature dependent change in band
shape arises from the different thermal quenching behaviour of each unique emitting centre,26

or the temperature dependent energy transfer between these centres.27,28

In the second approach (single-centre BSLNth), these emissions arise from different energy
states of one unique emitting centre. In this case, the temperature dependent change in band
shape arises from a thermally induced population redistribution over the different energy states
of the emitting centre. The advantage of this approach, is that there is a single excitation
process and the emission intensity ratio depends solely on the temperature dependent population
redistribution. Naturally, this phenomenon is only observed if the population redistribution
happens on a faster time scale than the radiative and non-radiative decay processes.

Generally, the energy states from which the temperature dependent emission occurs, are
close to each other in energy, such that they are thermally coupled. Energy states are thermally
coupled, if the energy difference between the states is in the order of ∆E ∼ kBT . If this is the
case, excitation of the system to a thermally coupled excited state is followed by a redistribution
of the population over the coupled energy states. According to a Boltzmann distribution, the
ratio of population of two thermally coupled energy states A and B is redistributed following an
exponential relation, which is temperature dependent29:

NA
NB

= exp(
∆EAB
kBT

) (2.4)

Here, NA and NB are the population of energy states A and B, respectively, ∆EAB is the
energy difference EB−EA between the states, kB is the Boltzmann constant and T is the absolute
temperature.

Since the intensity of emission from these states is proportional to the population of the states,
the emission intensity ratio will show the same temperature dependence as show in equation 2.4.
Thus, the intensity ratio IA/IB of emission from states A and B will behave according to29:

IA
IB
∝ C · exp(

∆EAB
kBT

) (2.5)

Here, C is a constant, which is a measure for the spontaneous emission from both states,
containing for both states the Planck constant h, the frequency ν, the degeneracy g and the
spontaneous emission rate A:

C =
h · νA · gA ·AA
h · νB · gB ·AB

(2.6)

As mentioned earlier, energy states A and B are thermally coupled when the energy difference
is in the order of ∆EAB ∼ kBT . If this is the case, the thermal energy is large enough to bridge
the energy gap between the energy states and, since the population redistribution happens on
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a picosecond timescale, i.e. faster than the radiative and non-radiative decay,30 the thermally
induced emission intensity ratio is expected to be observed.

2.4 REPO4:Ln for nanothermometry

In this work, temperature dependent luminescence of selected lanthanides will be investigated.
In order to allow for high spatial resolutions, these lanthanides are incorporated in an inorganic
rare earth phosphate nanoparticle host material (REPO4).

2.4.1 Lanthanide dopants

The rich energy level scheme of lanthanides, as mentioned in section 2.1, makes the trivalent
lanthanides viable candidates for application in nanothermometry. Due to the presence of a
large amount of energy states, lanthanides with thermally coupled states can be selected and
application of these lanthanides in nanothermometry techniques can be investigated. Of the
different lanthanides, erbium, dysprosium and europium are expected to be suitable candidates
for band shape luminescence nanothermometry, since all three of these elements possess two
energy states that are close to each other in energy, yet relatively well separated from other,
lower energy levels, i.e. the 4S3/2 and 2H11/2, 4F9/2 and 4I15/2 and 5D1 and 5D0 energy states,
respectively (as can be seen in the Dieke diagram in appendix A). Additionally, the energy
difference between these states is slightly different, with erbium having the smallest energy
difference and europium the largest. Therefore, they may be applicable for nanothermometry in
different temperature regions.

2.4.2 REPO4 nanoparticles

In literature, synthesis of different lanthanide phosphate nanoparticles has been reported.31

LnPO4:Ln nanoparticles with a diameter in the order of a few nanometres can be synthesized
with product yields in the order of a few grams. Because elements in the lanthanide series are
chemically similar, doping of lanthanide phosphates with a desired luminescent lanthanide ion
is expected to be relatively straight forward. In this approach, lanthanum phosphate serves
as a transparent host (empty 4f orbitals) for the luminescent dopant ions. Additionally, the
highest phonon energy for lanthanum phosphate is around ∼1050 cm−1, which is generally lower
than that of organic ligands or complexes.24 This will result in a decrease in the non-radiative
multi-phonon relaxation in LaPO4 nanoparticles and thus an increase in luminescence.

Different lanthanide phosphates have been reported to show different crystal structures, de-
pending on the lanthanide that is used.31 Figure 2.4 shows X-ray diffraction patterns for different
LnPO4 nanoparticles, where Ln = any lanthanide from cerium to lutetium. Going from Ce to
Lu, the X-ray diffraction patterns of the corresponding phosphate nanoparticles show a grad-
ual transition from the monoclinic monazite phase for the lighter lanthanides, to the tetragonal
xenotime phase for the heavier lanthanides. This difference is ascribed to the decreasing ionic
radius of the lanthanide ions from lanthanum to lutetium, known as lanthanide contraction.

This contraction phenomenon originates from the properties of the 4f orbitals. As mentioned
in section 2.1, the 4f orbitals are located closer to the nucleus with respect to the outer 5s and
5p orbitals. However, as can be seen in figure 2.1 on page 7, the 4f orbitals do not all distribute
within the 5s and 5p orbitals. Rather, there is some overlap of the orbitals, resulting in a
less effective shielding of the attractive interactions between the outer electrons and the nuclear
charge. Since the nuclear charge increases with increasing atomic number, this partial shielding
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Figure 2.4: X-ray powder diffraction patterns of different LnPO4 nanoparticles, going from
CePO4 (top) to LuPO4 (bottom).31

results in an increasing attraction between the nucleus and the outer electrons, thus decreasing
the ionic radius for the heavier lanthanides.16

Due to these differences in ionic radius, the LaPO4 crystal structure may be less suitable as a
host, depending on the ionic radius of lanthanide dopant. In this case, yttrium phosphate might
be used as a host, since yttrium has a slightly smaller ionic radius, which is closer to the ionic
radius of the heavier lanthanides. Yttrium, although officially not an element of the lanthanide
series, is one of the rare earth elements, to which the lanthanides also belong. Since yttrium is
expected to be chemically similar to lanthanum, the same methods are expected to be applicable
for YPO4 nanoparticle synthesis.

2.4.3 Nanoparticle coating

Due to the small particle size of rare earth phosphate nanoparticles, in the order of ∼5 nm, a
relatively large fraction of the dopant ions will be present at or near the particle surface. This
can have a negative effect on the luminescence of the particles, because of energy-loss processes
at the surface, due to surface defects or interactions of emitting ions in close proximity to the
organic ligands at the surface, leading to non-radiative decay.32
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REPO4 shell

One approach of overcoming this surface quenching, is by coating the doped nanoparticles with
a shell of pure REPO4. This way, the dopant ions will be farther away from the surface and
thus farther away from the ligands at the surface, while the crystal structure in the vicinity of
the dopant ions is preserved.32,33

Similar to the discussion of different rare earth phosphate nanoparticles as host, an yttrium
phosphate shell may be applied in order to prevent lattice mismatch between the core and shell
materials.

Silica shell

Furthermore, the growth of a silica shell around the nanoparticles may provide better stability
of the particles.

First, the separation between the emitting ions and the quenching organic ligands at the
surface will increase even further after silica shell growth. Although the silica shell is expected
to contain silanol (Si–OH) groups and the O–H bond typically has a high vibrational energy, the
highest phonon energy in silica is reported to be in the order of 1100 cm−1, which is considerably
smaller than the previously mentioned 3500 cm−1 for organic bonds in ligands or complexes.34–36

Instead, the highest phonon energy of silica is similar to the 1050 cm−1 for LaPO4, thus the
growth of a silica shell around the nanoparticles is expected to decrease the rate of multi-phonon
relaxation.

Second, the thermal stability of the particles is expected to increase after silica coating, by
replacing the organic ligands on the surface of the nanoparticles. Since these organic ligands
are expected to be susceptible to oxidation at elevated temperatures, replacing them with silica
is expected to increase the thermal stability of the particles, making them suitable for higher
temperature measurements.
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Chapter 3

Methodology

An overview of the chemicals that were used, is given in appendix B on page 66. The chemicals
were used without further purification, unless stated otherwise.

3.1 Synthesis

3.1.1 Microcrystalline REPO4:Ln

Microcrystalline LaPO4:Er,Yb was synthesized by mixing and grinding 3.5 mmol La2O3, 0.08
mmol Er2O3, 0.7 mmol Yb2O3 and 7 mmol (NH4)2HPO4 powders and heating in a tube oven
under air at ∼1300 ◦C for three hours. The mixture was cooled down naturally and used without
further purification.

Bulk YPO4:Er,Yb was synthesized using the same method, with the La2O3 precursor replaced
by 3.5 mmol Y2O3 powder.

The products were obtained as a white powder.

3.1.2 REPO4:Ln nanoparticles

Monazite phase LaPO4 nanoparticles were synthesized according to the following procedure.31

First, 10 mmol of a mixture of LnCl3 · x H2O was dissolved in 10 mL methanol by magnetic
stirring, until no solid material was observed (Ln = La, Ce, Eu, Dy, Er, Yb, where the ratio of the
different lanthanide precursors was equal to the desired dopant concentration). To ensure com-
plete dissolution, the solution was placed in an ultrasonic bath for ∼15 minutes. Subsequently,
the soultion was transferred into a reaction vial connected to a Schlenk line set-up. Then, 20
mmol of tributyl phosphate was added and the methanol was evaporated under vacuum. To this
mixture, 30 mL of lukewarm diphenyl ether was added and water, released by the LaCl3 hydrate
precursor, was evaporated under vacuum at ∼100 ◦C. The mixture was then cooled down to ∼50
◦C under N2 atmosphere. When the temperature reached ∼50 ◦C, 30 mmol of tributyl amine
and 7.0 mL of a 2 M phosphoric acid in dihexyl ether solution were added through a septum.
Finally, the reaction mixture was heated to 200 ◦C. The reaction mixture was left to react under
N2 atmosphere overnight.

After ∼16 h, the reaction mixture was cooled down to room temperature. The product was
washed by adding toluene as an antisolvent and centrifuging for 10 minutes at 2750 rpm. Then,
the supernatant was removed. For the next washing step, the product was redispersed in toluene

18



Chapter 3. Methodology D. W. Groefsema - Master’s thesis

again. After completing these washing steps three times, the product was dried in a vacuum
desiccator overnight to obtain the product as a white powder.

Similarly, for the synthesis of YPO4 nanoparticles, the same procedure is followed, but with
the LaCl3 · 6 H2O precursor replaced by YCl3 · 6 H2O.

LaPO4:Ln ·x H2O nanoparticles

In addition to the monazite phase LnPO4:Ln synthesis method described above, rhabdophane
phase LaPO4:Dy,Ce · x H2O nanoparticles were synthesized according to a modified literature
procedure.37

First, 0.8 mmol LaCl3 · 6 H2O, 0.05 mmol DyCl3 · 6 H2O and 0.15 mmol CeCl3 · 7 H2O were
dissolved in 10 mL deionized water. Separately, 3 mmol (NaPO3)n was dissolved in 10 mL
deionized water. The solutions were mixed and heated to 90 ◦C under continuous magnetic
stirring for three hours. The product was washed by centrifugation (10 minutes at 2750 rpm)
and redispersion in deionized water three times. Finally, the product was dried in an oven at
∼100 ◦C overnight and obtained as a white powder.

3.1.3 REPO4:Ln/REPO4 core-shell nanoparticles

LaPO4:Ln/LaPO4 core-shell nanoparticles were synthesized from the crude reaction product
of the core synthesis (section 3.1.2), according to a similar procedure.33 After the reaction,
the product mixture of the core synthesis was cooled down and half of the crude product was
removed and washed as described above. In a different vessel, the shell-precursor was prepared
by dissolving 13.5 mmol of LaCl3 · 6 H2O in 19 mL methanol. To this solution, 27 mmol of
tributyl phosphate was added and the methanol was evaporated under vacuum. Then, 41 mL
of lukewarm diphenyl ether was added and water, released by the LaCl3 hydrate precursor, was
evaporated under vacuum at ∼100 ◦C. Subsequently, the mixture was cooled down to ∼50 ◦C
under N2 atmosphere and 40.5 mmol of tributyl amine was added. To the crude core product,
9.0 mL of a 2 M phosphoric acid in dihexyl ether solution was added, after which the reaction
mixture was heated to 200 ◦C. Finally, the shell-precursor mixture was added dropwise to the
core product over a period of ∼2 h. The reaction mixture was left to react under N2 atmosphere
overnight. The product was washed and dried the following day as described in section 3.1.2, to
obtain the product as a white powder.

For the synthesis of YPO4:Ln/YPO4 core-shell nanoparticles, the same procedure is followed,
but with the LaCl3 · 6 H2O precursor replaced by YCl3 · 6 H2O.

Aqueous YPO4 coating method

In addition to the direct REPO4:Ln/REPO4 core-shell synthesis, an aqueous YPO4 coating
method was performed on purified YPO4:Er,Yb nanoparticles, according to the following proce-
dure.38

First, 0.0320 g of YPO4:Er,Yb nanoparticles were redispersed in 75 mL deionized water.
Under vigorous magnetic stirring, 2.65 mL of a 0.15 M Y(NO3)3 · 6 H2O solution in deionized
water and 2.65 mL of a 0.15 M (NH4)2HPO4 solution in deionized water were added. The
mixture was stirred for 30 minutes, after which the pH of the mixture was adjusted to pH =
8 by adding ammonia under magnetic stirring. The resulting mixture was transferred into a
stainless steel autoclave and sealed. The autoclave was heated to 200 ◦C for ∼16 hours and
cooled naturally to room temperature. The product was collected by centrifugation and washed
three times with deionized water, after which it was dried in an oven at ∼100 ◦C overnight. The
product was obtained as a white powder.
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3.1.4 Silica coating

REPO4:Ln and REPO4:Ln/REPO4 nanoparticles were coated with a silica layer in a reverse
micelle method, according to the following procedure.39

First, the coating was performed in a series of five batches, with increasing concentration
of nanoparticles per coating batch. This way, the optimal concentration for silica coating was
determined and used for a larger scale coating of the nanoparticles. The different amounts of
nanoparticles used in the series are listed in table 3.1 in the column marked “NPs (nmol)”.

The estimation of the amount of nanoparticles was performed by analyzing TEM images
of the nanoparticles. The average diameter of the particles was determined and, by assuming
spherical particles and using the density and unit cell volume of the material, the average mass
of a single nanoparticle was estimated. The mass of the ligands was neglected.

Using this estimation, a stock dispersion of 250 nmol nanoparticles in 15 mL methanol was
prepared.

Batch Stock (µL) NPs (nmol)

1 30 0.5

2 60 1

3 90 1.5

4 120 2

5 240 4

Table 3.1: Concentrations of nanoparticles used in silica coating

For each of the five batches in the series, 1.3 mL of NP-5 was dispersed in 10 mL hexane
and magnetically stirred for 15 minutes. Then, the amount of stock nanoparticle dispersion in
table 3.1 was added to each batch. Subsequently, 80 µL tetraethyl orthosilicate (TEOS) and
150 µL ammonia (28 wt% in water) were added to each batch. In between each addition step,
the reaction mixture was stirred for 15 minutes. After the addition of all reagents, the reaction
mixture was stirred for one minute and left to react at room temperature overnight.

After ∼20 hours, the products were washed by adding 3 mL ethanol to each batch and
centrifuging for 10 minutes at 2750 rpm. The supernatants were removed and the remaining
products were separately redispersed in 10 mL ethanol and centrifuged for 20 minutes at 2750
rpm. This was repeated once more (again doubling the centrifugation time to 40 minutes) and
finally, the products were redispersed in 3 mL ethanol.

After determining the optimal nanoparticle concentration in the silica coating, the reaction
was scaled up by increasing the amounts of all reactants by a factor of five, in order to obtain
more product for further analysis. Here, instead of redispersing in ethanol, the product was dried
under vacuum overnight and obtained as a white powder.

3.2 Characterization

The characterization of the products consisted of two parts, i.e. structural characterization
and luminescence investigation. First, the products of the reactions were analyzed with X-ray
diffraction and transmission electron microscopy to check if the synthesis was successful. Second,
the photoluminescence properties were measured.
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3.2.1 X-ray diffraction

X-ray diffractograms of the product powders were recorded on Philips PW1729 X-ray diffrac-
tometer, using copper Kα radiation (λ = 0.15418 nm). All diffractograms were recorded over
the angular range 10◦ ≤ 2θ ≤ 70◦, with a step size of ∆2θ = 0.01◦, unless stated otherwise. The
recorded diffractograms were compared to literature reference diffractograms, to check the phase
purity of the products.

3.2.2 Transmission electron microscopy

Transmission electron microscopy images were obtained on a Philips TECNAI10 transmission
electron microscope. TEM samples were prepared by drying drops of diluted particle dispersions
in ethanol or methanol on polymer coated copper grids.

Size analysis of the particles was done in analySIS iTEM software. For all size determinations,
a total of 50 particles were measured. Since the particles were not perfectly spherical, the
diameter was measured in two perpendicular directions for all particles, to obtain an average
diameter of the particles.

3.2.3 Photoluminescence

Emission and excitation

Room temperature emission and excitation measurements of the product powders were performed
on an Edinburgh Instruments FLS920 fluorescence spectrometer equipped with a 450 W xenon
lamp and a Hamamatsu R928 photomultiplier tube with a grating blazed at 500 nm.

Temperature dependent emission

Temperature dependent emission measurements of the product powders were performed on the
same equipment as room temperature emission and excitation measurements, with the addition
of a Linkam Cell THMS600 heating stage in the place of the normal sample holder to control
the temperature.

Time-resolved photoluminescence

Time-resolved photoluminescence measurements of the product powders were performed on the
same equipment as regular emission and excitation measurements, with the addition of an Opotek
HE 355 II optical parametric oscillator system tuned to a wavelength of 453 nm, to excite the
samples.
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Chapter 4

Results & discussion

This chapter describes the different materials that were synthesized in this project:

• Dysprosium/cerium-doped LaPO4 Section 4.1 on page 22

• LaPO4:Dy,Ce nanoparticles on gold nanoparticles Section 4.2 on page 41

• Europium-doped LaPO4 Section 4.3 on page 43

• Erbium-ytterbium co-doped LaPO4 Section 4.4 on page 50

• Erbium-ytterbium co-doped YPO4 Section 4.5 on page 54

The characterization consisted of structural analysis using TEM and XRD techniques, fol-
lowed by luminescence measurements.

4.1 LaPO4:Dy,Ce

To study dysprosium luminescence in a crystalline LaPO4 host, different dysprosium-doped ma-
terials were synthesized. These materials include:

• LaPO4:Dy core nanoparticles Section 4.1.1 on page 22

• LaPO4:Dy,Ce core nanoparticles Section 4.1.2 on page 25

• LaPO4:Dy,Ce/LaPO4 core-shell nanoparticles Section 4.1.3 on page 28

• LaPO4:Dy,Ce/LaPO4/Si core-shell-shell nanoparticles Section 4.1.4 on page 32

4.1.1 LaPO4:Dy nanoparticles

First, monazite-phase LaPO4 nanoparticles doped with 5 mol% dysprosium were synthesized.
Figure 4.1a shows the X-ray diffractogram of the product. Since the XRD analysis of this

sample was only used as a quick check for the crystal structure, the diffractogram was measured
in steps of ∆2θ = 0.1◦ to decrease the measuring time (as opposed to the ∆2θ = 0.01◦ for the
standard XRD measurements). The diffractogram corresponds well with a literature reference
for the monoclinic monazite-phase known for bulk LaPO4 (JCPDS No. 01-084-0600, shown in
green). As can clearly be seen in the diffractogram, the peaks that originate from the LaPO4
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crystal are relatively broad and show a low signal-to-noise ratio. This is due to the nanocrystalline
size of the particles. The same observation is made in the literature for nanocrystalline LaPO4

particles.33,40 The peaks around 2θ = 38◦, 45◦ and 65◦ are caused by the aluminium sample
holder (reference for aluminium shown in blue).

(a) X-ray diffractogram (b) TEM image

Figure 4.1: X-ray diffractogram (4.1a) and TEM image (4.1b) of the LaPO4:Dy product.

From the XRD data, the crystallite size d can be calculated, using the Scherrer equation41:

d =
2
√

ln 2
π · λ

∆(2θ) · cos θ
(4.1)

Here, d is the mean crystallite size in nm, λ is the wavelength of the incident X-ray radiation
(0.15418 nm in the case of Cu Kα radiation), ∆(2θ) is the full width at half maximum of the
peak in radians and θ is the Bragg angle in degrees.

It is important to note, that the evaluation of the Scherrer equation provides an approximation
of the mean crystallite size. Various factors, other than the crystallite size, can influence the peak
broadening and thus the calculated mean crystallite size, such as crystal lattice imperfections
and lattice stress.42 Furthermore, the particles of interest might consist of multiple crystallite
domains, which means that the evaluation of the Scherrer equation only provides an estimation
of the lower bound of the particle size.

Since the peak around 2θ = 42◦ in the diffractogram is relatively well isolated, the Scherrer
equation was evaluated on this peak for LaPO4:Dy nanoparticles. This resulted in an average
crystallite size of d = 4.33 nm, thus indicating the nanocrystalline size of the product.

Figure 4.1b shows a TEM image of the product. This image further confirms the nanocrys-
talline size of the particles. Size analysis in analySIS iTEM software yielded an average particle
diameter of 5.3 ± 1.2 nm, in the same order of magnitude as the mean crystallite size obtained
from the peak broadening in XRD. This indicates that the product consists of monocrystalline
nanoparticles. In the image, some agglomeration of the particles is observed. However, single
isolated particles are also observed. The agglomeration can be attributed to drying effects of the
particle dispersion onto the TEM grids.

The trends in peak broadening and low signal-to-noise ratios in the XRD patterns, due to
the small size of the particles, as well as the agglomeration of the particles on the TEM grids,
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hold for all products discussed in this chapter, unless stated otherwise.
From the TEM data, it is confirmed that nanocrystalline particles are formed. The XRD

analysis further confirms the monoclinic monazite crystal structure of the particles. Therefore,
it is concluded that the synthesis successfully yields monazite-phase LaPO4 nanoparticles.

In order to check the presence of luminescent dysprosium dopant ions, excitation and emission
spectra of the product were measured. Figure 4.2 shows the excitation and emission spectra
of the LaPO4:Dy nanoparticles. The excitation spectrum (4.2a) was recorded with an emission
wavelength of 573 nm. The emission spectrum (4.2b) was recorded with an excitation wavelength
of 349 nm.

(a) Excitation spectrum (λem = 573 nm) (b) Emission spectrum (λex = 349 nm)

Figure 4.2: Excitation spectrum (4.2a) and emission spectrum (4.2b) of the LaPO4:Dy product.

In the excitation spectrum, peaks around λ = 300 nm, 325 nm, 350 nm, 365 nm, 385 nm, 425
nm and 450 nm are observed, with the peak around λ = 350 nm having the highest intensity. This
corresponds with excitation spectra of different dysprosium-doped systems reported in literature,
such as LaAlGe2O7:Dy43, Zn(BO2)2:Dy44 and KLa(PO3)4:Dy45. These peaks are attributed to
high energy 4f – 4f transitions of dysprosium. As can be seen in the Dieke diagram (Appendix A
on page 65), a multitude of different 4f energy levels at high energies (between 26 · 103 cm−1 and
36 · 103 cm−1) is present in trivalent dysprosium, such that different transitions between energy
levels can have the same energy. For this reason, it can be difficult to accurately attribute some
emission peaks to the corresponding electronic transition in trivalent dysprosium. An overview of
the different excitation peaks and their proposed corresponding transition from different reports
is listed in table 4.1.

An accurate analysis of the different excitation transitions is beyond the scope of this project.
However, the good agreement between the measured excitation spectrum and reported excitation
spectra for different dysprosium-doped materials, indicates that dysprosium ions were successfully
incorporated into the LaPO4 host lattice.

Table 4.1: Overview of excitation transitions observed in LaPO4:Dy (λem = 573 nm).

Peak position (nm) 300 325 350 365 385 425 450

Dy3+ transition43 4K13/2
4K15/2

6P7/2
4I11/2

4M21/2
4G11/2

4I15/2

Dy3+ transition44 4D7/2
6P3/2

6P7/2
6P5/2

4M21/2
4G11/2

4I15/2

Dy3+ transition45 4H11/2
4M17/2

6P7/2
6P5/2

4K17/2 - 4I15/2

In the emission spectrum, a peak around λ = 570 nm is observed, which corresponds well with
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the 4F9/2 → 6H13/2 transition for dysprosium. On the basis of the Dieke diagram (Appendix A
on page 65), another peak around λ = 480 nm can also be expected, corresponding with the 4F9/2

→ 6H15/2 transition for dysprosium. However, a clear emission peak can not be distinguished
in the emission spectrum. There is an increase in intensity going from λ = 490 nm to λ = 450
nm, that remains low in intensity compared to the peak around λ = 570 nm. This increase
might be attributed to a filter effect, which can occur if the cut-off wavelength of the filter and
the measured emission wavelengths are not separated well enough. This makes it difficult to
distinguish an emission peak.

The observations mentioned above indicate, that the product consists of monocrystalline
nanoparticles, with an average diameter of around 5 nm. Furthermore, dysprosium was success-
fully incorporated in the nanocrystals. However, the signal-to-noise ratio is very low and the
emission intensity is not sufficiently high to be observed by eye, after UV excitation.

4.1.2 LaPO4:Dy,Ce nanoparticles

In an attempt to obtain higher intensity dysprosium emission, by increasing the absorption with
a sensitizer ion, dysprosium-doped LaPO4 nanoparticles co-doped with a cerium sensitizer, were
synthesized (5 mol% and 15 mol% of Dy and Ce, respectively).

Figure 4.3a shows the X-ray diffractogram of the product. The peaks in the diffractogram
show the expected broadening and correspond well with literature references for monoclinic
monazite-phase LaPO4 (JCPDS No. 01-084-0600, shown in green) and aluminium (shown in
blue). Using the Scherrer equation (4.1) and the peak around 2θ = 42◦, an average crystallite
size of 5.49 nm was calculated for the product.

Figure 4.3b shows a TEM image of the product. This image confirms the nanocrystalline size
of ∼5.7 ± 1.2 nm of the particles and corresponds well with the calculated crystallite size from
the XRD data.

(a) X-ray diffractogram (b) TEM image

Figure 4.3: X-ray diffractogram (4.3a) and TEM image (4.3b) of the LaPO4:Dy,Ce product.

Figure 4.4 shows the excitation and emission spectra of LaPO4:Dy,Ce nanoparticles. The
excitation spectrum (4.4a) was recorded with an emission wavelength of 571 nm. The emission
spectrum (4.4b) was recorded with an excitation wavelength of 285 nm.

In the excitation spectrum, peaks around λ = 325 nm, 350 nm, 365 nm, 385 nm and 450
nm are observed, of which the peak around λ = 350 nm has the highest intensity. These peaks
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(a) Excitation spectrum (λem = 571 nm) (b) Emission spectrum (λex = 285 nm)

Figure 4.4: Excitation spectrum (4.4a) and emission spectrum (4.4b) of the LaPO4:Dy,Ce prod-
uct.

are attributed to the direct excitation of dysprosium (4f – 4f transitions), as was the case for
LaPO4:Dy in section 4.1.1 on page 22. Additional to these peaks, a large band around λ = 280
nm is observed in the excitation spectrum, that was not observed for LaPO4:Dy. This band is
attributed to a 4f – 5d transition in cerium.46,47 The relative intensity of the band around λ =
280 nm is much higher than the direct dysprosium excitation peaks, which can be attributed to
the nature of this transition. Since 4f – 5d transitions are parity allowed, they have a larger
oscillation strength than the 4f – 4f transitions, thus leading to more absorption. The presence
of this excitation band in the excitation spectrum leads to the conclusion, that the cerium ions
can efficiently absorb light and transfer the energy to the dysprosium ions. The broadening of
the peak corresponds well with the expected broadening for 4f – 5d transitions.

In the emission spectrum, a peak around λ = 570 nm, corresponding with the 4F9/2 →
6H13/2 transition for dysprosium, is observed, as was the case for LaPO4:Dy. Additionally, a
peak around λ = 480 nm is observed. This peak corresponds well with the 4F9/2 → 6H15/2

transition for dysprosium. Since the dysprosium-cerium co-doped LaPO4 nanoparticles can be
excited at lower wavelength compared to the dysprosium-doped nanoparticles (λex = 285 nm
vs. λex = 349 nm, respectively), a filter with a cut-off wavelength that is further away from
the measured emission wavelengths can be used, thereby reducing potential filter effects in the
emission spectrum. This can explain the absence of an emission peak around λ = 480 nm in the
emission spectrum of LaPO4:Dy, as discussed in section 4.1.1 on page 22.

These observations indicate, that dysprosium and cerium were successfully incorporated in
the nanocrystalline LaPO4 particles. Furthermore, the expected energy transfer from cerium
to dysprosium is observed in the luminescence spectra and co-doping of cerium leads to more
intense dysprosium emission, compared to the purely dysprosium-doped nanocrystals (ca. 40-fold
increase under the same measuring conditions).

LaPO4:Dy,Ce ·x H2O nanoparticles

In addition to the monoclinic monazite-phase LaPO4:Dy,Ce nanoparticles, rhabdophane-phase
LaPO4:Dy,Ce · x H2O nanoparticles were synthesized.

Figure 4.5a shows the X-ray diffractogram of the product. The peaks in the diffractogram
show the expected broadening and correspond well with literature references for rhabdophane-
phase LaPO4 · 0.5 H2O (JCPDS No. 00-046-1439, shown in green) and aluminium (shown in
blue). Using the Scherrer equation (4.1) and the peak around 2θ = 42◦, an average crystallite
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size of 7.13 nm was calculated for the product.
Figure 4.5b shows a TEM image of the product. The TEM image clearly shows impurities and

highly polydisperse particles. Since it is difficult to accurately separate the LaPO4:Dy,Ce · x H2O
nanoparticles from possible impurities in the TEM images, a size analysis from TEM data was
not performed.

(a) X-ray diffractogram (b) TEM image

Figure 4.5: X-ray diffractogram (4.5a) and TEM image (4.5b) of the rhabdophane-phase
LaPO4:Dy,Ce product.

Figure 4.6 shows the excitation and emission spectra of rhabdophane-phase LaPO4:Dy,Ce
particles. The excitation spectrum (4.6a) was recorded with an emission wavelength of 571 nm.
The emission spectrum (4.6b) was recorded with an excitation wavelength of 285 nm.

(a) Excitation spectrum (λem = 571 nm) (b) Emission spectrum (λex = 285 nm)

Figure 4.6: Excitation spectrum (4.6a) and emission spectrum (4.6b) of the rhabdophane-phase
LaPO4:Dy,Ce product.

In the excitation spectrum, the large band around λ = 280 nm, caused by the cerium ab-
sorption, is observed. However, it is less well defined than was the case for monazite-phase
LaPO4:Dy,Ce. This may be attributed to the polydisperse nature of the particles, as observed
in the TEM images.
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In the emission spectrum, the peaks around λ = 480 nm and 570 nm from dysprosium
emission are observed.

These observations indicate that it is possible to obtain dysprosium emission in this system.
However, the incorporation of dysprosium and cerium ions into the LaPO4 nanocrystals could not
be confirmed from the XRD and TEM data. Furthermore, TEM analysis clearly showed that this
synthesis yields nanocrystals of poor quality. For further experiments, such as the attachment
of these particles onto the surface of gold nanoparticles (details in section 4.2 on page 41),
high quality nanocrystals are desired. Therefore, the rhabdophane-phase LaPO4:Dy,Ce · x H2O
nanoparticles were not studied further.

4.1.3 LaPO4:Dy,Ce/LaPO4 nanoparticles

In order to decrease the non-radiative decay pathways from the dysprosium ions to the surround-
ing ligands or solvent, LaPO4:Dy,Ce/LaPO4 core-shell nanoparticles were synthesized. Since a
decrease in non-radiative decay can ensure an increase in emission intensity, this approach is
expected to obtain higher intensity dysprosium emission from the dysprosium-cerium co-doped
LaPO4 nanoparticles.

Figure 4.7a (top) shows the X-ray diffractogram of the product. The peaks in the diffrac-
togram show the expected broadening and correspond well with literature references for monazite-
phase LaPO4 (JCPDS No. 01-084-0600, shown in green) and aluminium (shown in blue). Fur-
thermore, compared to the X-ray diffractogram of LaPO4 core particles (figure 4.7a, bottom),
the peaks are slightly sharper. This indicates that the shell growth was successful, since the
increase of particle size due to the addition of a shell is expected to reduce the peak broadening.
This is further confirmed by evaluation of the Scherrer equation for the peak around 2θ = 42◦,
obtaining an average crystallite size of 6.98 nm (versus 5.49 for the core particles).

Figure 4.7b shows a TEM image of the product. This image confirms the nanocrystalline size
of ∼10.5 ± 2.9 nm of the particles., although this is slightly larger than the average crystallite
size obtained from the XRD data. The difference herein might originate from some aggregation
of the particles, which influences the average size that is obtained from analyzing the TEM data
but not the XRD data, since a cluster is not expected to be monocrystalline. The increase of
the average diameter compared to the core particles, in both XRD and TEM analysis, indicates
that the shell growth was successful.

Figure 4.8 shows the excitation and emission spectra of LaPO4:Dy,Ce/LaPO4 core-shell
nanoparticles. The excitation spectrum (4.8a) was recorded with an emission wavelength of
571 nm. The emission spectrum (4.8b) was recorded with an excitation wavelength of 285 nm.

The excitation and emission spectra for LaPO4:Dy,Ce/LaPO4 core-shells show the same fea-
tures as the cores, indicating that the core particles remain intact after shell growth. The intensity
of the dysprosium emission in core-shell particles is slightly lower than for the core particles, but
in the same order of magnitude under the same measuring conditions (I570 nm = 335 952 counts
versus I570 nm = 393 105 counts, respectively). However, the slightly lower emission intensity can
be explained by the fact, that the core-shell particles contain more non-emitting material, i.e.
the pure LaPO4 shell. Since all luminescence measurements were performed with approximately
the same amount of product, the absolute amount of emitting centres in the sample is lower
for core-shell particles, thus leading to a lower emission signal. For this reason, the emission
intensity of core and core-shell particles can not be compared accurately from just the emission
spectra.

A rough estimate of the difference in emitting material per volume can be made, assuming
spherical, single-crystalline nanoparticles and using the calculated crystallite size from the XRD
data of the core and core-shell nanoparticles. This way, the volume of the core-shell particles
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(a) X-ray diffractogram (b) TEM image

Figure 4.7: X-ray diffractogram (4.7a) and TEM image (4.7b) of the LaPO4:Dy,Ce/LaPO4

product.

(a) Excitation spectrum (λem = 571 nm) (b) Emission spectrum (λex = 285 nm)

Figure 4.8: Excitation spectrum (4.8a) and emission spectrum (4.8b) of the
LaPO4:Dy,Ce/LaPO4 product.

was estimated to be approximately double that of the core particles (∼178 nm3 versus ∼87 nm3,
respectively). Assuming that the cores are similar for both types of particles, this means that
a given volume of core-shell particles will contain about half the amount of emitting centres
compared to the same volume of the core particles.

As mentioned above, the dysprosium emission intensity of the core-shell particles is slightly
lower, ∼85 % of the emission intensity in core particles, whereas the difference in emitting
centres is estimated to be ∼50 %. Although this is a rough estimate, these numbers indicate
that the dysprosium emission intensity per particle is higher for LaPO4:Dy,Ce/LaPO4 core-shell
nanoparticles, leading to the conclusion that the addition of a LaPO4 shell does decrease the
availability of non-radiative decay pathways and increases the emission intensity.
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Time-resolved photoluminescence measurements

In order to further study the influence of the pure LaPO4 shell growth on dysprosium emission
in LaPO4:Dy,Ce nanoparticles, time-resolved photoluminescence measurements were performed.

Figure 4.9 shows the luminescence decay curves for the core (4.9a) and core-shell (4.9b)
particles. The emission was measured at λ = 573 nm, after excitation at λ = 453 nm. This
excitation wavelength is different to the usual λex = 285 nm, because a tunable laser excitation
source was used for the measurements, which had a lower wavelength limit of ∼400 nm. This way,
the sample could not be excited via cerium excitation at λ = 285 nm. Additionally, if the sample
were to be excited via cerium at λex = 285 nm, the adsorbed energy first has to be transferred
to the dysprosium ions before being emitted, which would result in a an additional rise time,
in combination with the measured decay of the dysprosium emission, thereby complicating the
interpretation of the decay curves. In stead, the sample was excited directly at λ = 453 nm, at
which the highest intensity excitation peak for dysprosium above 400 nm was observed in the
excitation spectra as discussed in sections 4.1.2 and 4.1.3 on pages 25 and 28, respectively.

The curves obtained this way were fitted with a double exponential fit (shown as a red line
through the data) in the form of:

It = I1e
−t
τ1 + I2e

−t
τ2 +B (4.2)

Here, It is the intensity at time t, I1 and I2 are intensities at different times, with τ1 and τ2
the corresponding lifetimes. Since accurate fits of the full curves were not obtained, the curves
were fitted starting from t = 1 ms. The fit residuals for the obtained fits are shown in the insets
of figures 4.9a and 4.9b. From these fits, values for τ1 and τ2 were extracted. Since the different
lifetimes typically come from different decay mechanisms, of which the physical origin is not
known, average lifetimes were calculated. The average lifetime is defined as48,49

τavg =
I1τ

2
1 + I2τ

2
2

I1τ1 + I2τ2
(4.3)

Using the data from the fits and equations 4.2 and 4.3, an indication of the lifetimes for the
two samples was obtained.

(a) LaPO4:Dy,Ce (b) LaPO4:Dy,Ce/LaPO4

Figure 4.9: Luminescence decay curves of LaPO4:Dy,Ce core (4.9a) and core-shell (4.9b) nanopar-
ticles.
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In figure 4.9, it can be seen that the fits reproduce the data well. The fit residuals show
a symmetric behaviour. From the fits and equations 4.2 and 4.3, average lifetimes of the core
particles and core-shell particles were found to be τavg,c = 0.734 ms and τavg,c−s = 0.869 ms,
respectively. The order of magnitude for the calculated lifetimes corresponds well with reported
lifetimes of dysprosium-doped nanoparticles50 and other lanthanide-doped LnPO4 materials51,52.
Furthermore, the increase of τavg after LaPO4 shell growth is a good indication, that the LaPO4

shell provides shielding from the environment for the emitting centres in the core-shell particles,
thereby reducing non-radiative decay and providing better luminescence properties.

Temperature dependent emission

In order to study temperature dependent dysprosium emission in LaPO4:Dy,Ce/LaPO4 nanopar-
ticles, emission spectra were recorded at different temperatures, ranging from room temperature
up to 250 ◦C, in steps of ∆T = 50 ◦C.

Figure 4.10 shows the emission spectra at different temperatures (4.10a) and the logarithm of
the intensity ratios plotted against the inverse of the temperature (4.10b). The emission spectra
were recorded with an excitation wavelength of 285 nm and are colour coded in a range from
yellow (for T = 22 ◦C) to red (for T = 250 ◦C). All spectra are normalized at the highest peak
(around λ = 570 nm) and the emission spectra at temperatures from room temperature up to
250 ◦C are shown.

(a) Emission spectra (b) Emission intensity ratios

Figure 4.10: Emission spectra (4.10a) and intensity ratios (4.10b) of LaPO4:Dy,Ce/LaPO4 core-
shell nanoparticles at different temperatures.

In the emission spectra, peaks around λ = 480 nm and 570 nm are observed, corresponding
with the 4F9/2 → 6H15/2 and 4F9/2 → 6H13/2 transitions for dysprosium, respectively. Addi-
tionally, as the temperature is increased, a small peak around λ = 455 nm is observed. This
peak corresponds well with the 4I15/2 → 6H15/2 transition. Since the 4I15/2 and 4F9/2 levels are
expected to be thermally coupled, the peaks around λ = 455 nm and 480 nm are the peaks of
interest in the temperature dependent emission spectra.

When the temperature is increased above 250 ◦C, the luminescence signal decreases rapidly
and at T = 300 ◦C, the luminescence is almost completely quenched. At room temperature,
Imax = 27 943 counts whereas at 300 ◦C, Imax = 1 509 counts, which is only ∼5 % of the
intensity at room temperature.

The decrease in emission intensity as the temperature is increased, can generally be attributed
to thermal quenching. However, after the sample was cooled down, the emission intensity at
room temperature was in the same order of magnitude as at T = 300 ◦C (i.e. almost completely
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quenched). This irreversible quenching might be attributed to oxidation of the ligands at elevated
temperature, opening up more pathways for non-radiative decay and thus decreasing the emission
probability. This was supported by the observation, that the colour of the sample powder
turned from white (before heating was applied) to dark brown (after heating). Additionally,
this observation indicates, that the absorption of excitation radiation by cerium ions might
compete with absorption in the dark brown (possibly oxidized) material, thereby reducing the
luminescence of interest.

The emission intensity ratios were obtained by integrating the area under the peaks of interest.
The peak around λ = 455 nm is integrated between 450 nm – 462 nm, whereas the peak around
λ = 480 nm is integrated between 462 nm – 500 nm. Using the integrated areas of the two peaks,
the intensity ratios are calculated for each temperature. The black dots in the intensity ratios
plot are the logarithm of the calculated intensity ratios at different temperatures (from room
temperature up to T = 250 ◦C), the red, dashed line is a linear fit through the data points.

As shown in figure 4.10b, the intensity ratio increases as the temperature is increased. This
corresponds well with the expected Boltzmann redistribution over the 4I15/2 and 4F9/2 energy
levels. Although only a small amount of data points was measured and they do not show
the expected linearity, a clear trend of increasing intensity ratio with increasing temperature is
observed.

From the slope of the fit, an experimental energy difference between the thermally coupled
4I15/2 and 4F9/2 energy levels can be calculated, by dividing the slope by −kB (here, kB is the
Boltzmann constant of 0.695 cm−1/K). This way, an experimental energy difference of ∆E =
875 cm−1 was obtained. This value is in good accordance with the value of ∆E = 950 cm−1 for
the 4I15/2 and 4F9/2 energy levels, reported by Carnall et al.53 Alternatively, the experimental
energy difference between the 4I15/2 and 4F9/2 energy levels can be calculated from the difference
in emission peak wavelength. This way, an energy difference of ∆E = 1062 cm−1 was obtained.
Although larger than the energy difference calculated from the slope of the fit, this value, too,
is in good accordance with the reported ∆E = 950 cm−1.

It is worthy to note, that the emission spectra were recorded from λ = 450 nm, whereas the
spectra in figure 4.10a indicate that the peak around λ = 455 nm has an onset slightly below 450
nm (the peak is cut off at λ = 450 nm). However, the observations described above provide a good
indication, that the expected temperature dependent emission is present in LaPO4:Dy,Ce/LaPO4

nanoparticles. Therefore, this specific material was not studied further, but instead, the obser-
vations discussed above were considered proof of principle in this system and improvements of
this system were attempted.

4.1.4 LaPO4:Dy,Ce/LaPO4/Si nanoparticles

In order to obtain dysprosium emission at temperatures above 250 ◦C, nanoparticle thermal
stabilization by the incorporation of these particles in silica spheres, via a reverse micro-emulsion
method, was attempted.

LaPO4:Dy,Ce/LaPO4/Si synthesis, series

First, a series of five batches with increasing concentrations of LaPO4:Dy,Ce/LaPO4 nanopar-
ticles, going from batch 1 – 5, was incorporated in silica spheres, via a reverse micro-emulsion
method. Figure 4.11 shows TEM images of batch 1 (4.11a), batch 2 (4.11b), batch 3 (4.11c) and
batch 5 (4.11d).

The TEM images of the products of batches 1, 2 and 3 were analyzed and a summary of
the analysis is given in table 4.2. For the lowest concentration of nanoparticles (figure 4.11a), a
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(a) Batch 1 (b) Batch 2

(c) Batch 3 (d) Batch 5

Figure 4.11: TEM images of different batches of silica shell growth on LaPO4:Dy,Ce/LaPO4

core-shell nanoparticles, with increasing concentrations of nanoparticles.

mixture of silica spheres containing either zero, one or a cluster of nanoparticles is observed. In
the second batch (4.11b), the same is observed, but with far less empty silica spheres. In the third
batch (4.11c), a mixture of silica spheres containing either one or or a cluster of nanoparticles in
an approximate ratio of 1 : 1 is observed. Since the third batch already showed a relatively low
amount of single particles per silica sphere, batches 4 and 5 were not analyzed. At the highest
concentration of nanoparticles, i.e batch 5 (4.11d), large silica particles and large clusters of bare
nanoparticles are observed.

These observations indicate that the synthesis of batch 2 has the optimal concentration of
nanoparticles, since the relative amount of single particles per silica sphere is highest for this
batch. If the concentration is too low, more empty silica spheres are observed, whereas if the
concentration is too high, more silica spheres containing clusters of nanoparticles are observed.
Counting of the particles was done by hand. If the contrast was too low to accurately determine
the amount of nanoparticles within one silica sphere, that particle was neglected.

LaPO4:Dy,Ce/LaPO4/Si synthesis, scaled up

Since batch 2 from the LaPO4:Dy,Ce/LaPO4/Si synthesis series provided the product with the
highest relative amount of single nanoparticles per silica sphere, the concentrations of the reaction
for batch 2 were used to scale up the reaction, to obtain enough product for further analysis.
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Table 4.2: Filling of silica spheres with LaPO4:Dy,Ce/LaPO4 particles for different batches, as
observed in TEM images.

Batch
Amount of particles per silica sphere

Empty One Cluster # Counted

1 68.5 % 16.5 % 15.0 % 314

2 1.6 % 64.4 % 34.0 % 376

3 0.0 % 50.8 % 49.2 % 329

Figure 4.12a shows the X-ray diffractogram of the product. The peaks in the diffractogram
show the expected broadening and correspond well with literature references for monazite-phase
LaPO4 (JCPDS No. 01-084-0600, shown in green) and aluminium (shown in blue). However,
the signal-to-noise ratio is relatively low and a broad band around 2θ = 25◦ is observed. This
large band is caused by the large amount of amorphous silica that is present in the sample.54

This also explains the low signal-to-noise ratio for the LaPO4 peaks, since the presence of silica
in the sample reduces the amount of LaPO4 in the sample volume.

Figure 4.7b shows a TEM image of the product. TEM analysis of ∼100 particles showed that
the filling of the silica spheres is similar to that of batch 2 in table 4.2.

(a) X-ray diffractogram (b) TEM image

Figure 4.12: X-ray diffractogram (4.12a) and TEM image (4.12b) of the LaPO4:Dy,Ce/LaPO4/Si
product.

By analyzing the TEM images, the average diameter of the silica spheres was determined to
be ∼41.3 ± 2.5 nm for silica spheres containing one nanoparticle. This is in good correspondence
with the results in literature.39

Figure 4.13 shows the emission spectrum of LaPO4:Dy,Ce/LaPO4/Si at room temperature.
The emission spectrum was recorded with an excitation wavelength of 285 nm. In the emission
spectrum, both emission peaks around λ = 480 nm and 570 nm, that are expected for dysprosium,
are observed. However, after the silica shell growth, the relative intensity of the peak around
λ = 570 nm has increased, compared to the peak around λ = 480 nm.

It has been reported in literature, that the 4F9/2 → 6H13/2 transition in trivalent dysprosium
(around λ = 570 nm) is a hypersensitive electric dipole transition, of which the intensity can
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be dependent on the local host environment, in contrast to the 4F9/2 → 6H15/2 magnetic dipole
transition (around λ = 480 nm).55,56 Since the LaPO4 shell around the core particles is relatively
thin, this might explain the relative intensity variation of these transitions upon silica coating.

However, since the transitions of interest for nanothermometry applications are expected to
be the 4I15/2 → 6H15/2 and 4F9/2 → 6H15/2 transitions and not the 4F9/2 → 6H13/2 transition,
investigation of the origin of this relative intensity variation is beyond the scope of this project.

Figure 4.13: Emission spectrum of LaPO4:Dy,Ce/LaPO4/Si particles (λex = 285 nm).

Temperature dependent emission

In order to study temperature dependent dysprosium emission in LaPO4:Dy,Ce/LaPO4/Si core-
shell-shell nanoparticles, emission spectra were recorded at different temperatures, ranging from
room temperature up to 450 ◦C, in steps of ∆T = 25 ◦C.

Figure 4.14 shows the emission spectra at different temperatures (4.14a) and the logarithm of
the intensity ratios plotted against the inverse of the temperature (4.14b). The emission spectra
were recorded with an excitation wavelength of 285 nm and are colour coded in a range from
yellow (for T = 22 ◦C) to red (for T = 450 ◦C). All spectra are normalized at the peak around
λ = 480 nm.

In all of the emission spectra, the peak around λ = 480 nm is observed, corresponding with
the 4F9/2 → 6H15/2 transition for dysprosium. Additionally, the expected peak around λ = 455
nm is observed at elevated temperatures, corresponding with the 4I15/2 → 6H15/2 transition.

When the temperature is increased above 450 ◦C, the luminescence signal decreases rapidly.
As was the case for LaPO4:Dy,Ce/LaPO4, the overall emission intensity decreases as the tem-
perature is increased. At T = 300 ◦C, approximately 70 % of the intensity at room temperature
is observed, as opposed to the ∼5 % for the uncoated particles. Upon heating, the colour of the
sample powder turned from white (before heating was applied) to light brown (after heating).
These observations indicate that, despite the silica shell around the particles, there are still some
organic ligands present on the surface of the LaPO4, which are oxidized at elevated temperatures
and thereby irreversibly quench the luminescence. The presence of organic ligands in between
the nanoparticle surface and silica shell has been reported previously, e.g. by Cannas et al.57

However, the silica coated particles do show luminescence up to a higher temperature than the
uncoated particles (T= 450 ◦C versus T = 250 ◦C, respectively) and a much smaller decrease
in emission intensity at T = 300 ◦C, indicating that the silica shell does indeed provide better
thermal stability.
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(a) Emission spectra (b) Emission intensity ratios

Figure 4.14: Emission spectra (4.14a) and intensity ratios (4.14b) of LaPO4:Dy,Ce/LaPO4/Si
particles at different temperatures.

The emission intensity ratios were again obtained by integrating the area under the peaks
of interest. The peak around λ = 455 nm is integrated between 440 nm – 460 nm, whereas the
peak around λ = 480 nm is integrated between 460 nm – 500 nm. Using the integrated areas of
the two peaks, the intensity ratios are calculated for each temperature. The black dots in the
intensity ratios plot are the logarithm of the calculated intensity ratios at different temperatures
(from room temperature up to T = 450 ◦C), the red, dashed line is a linear fit through the data
points corresponding to the temperature range of T = 100 ◦C – 450 ◦C.

As shown in figure 4.14b, the intensity ratio increases as the temperature is increased. This
corresponds well with the expected Boltzmann redistribution over the 4I15/2 and 4F9/2 energy
levels. Although the data points do not show the expected linearity, a clear trend is observed.
The R-squared value for a linear fit of all data points, i.e. room temperature up to 450 ◦C, is
R2 = 0.964 (not shown in figure 4.14b). However, when a linear fit is applied to the data points
from T = 100 ◦C – 450 ◦C (i.e. the first four data points are omitted in the determination of the
fit), the R-squared value for the fit is R2 = 0.990 (shown in figure 4.14b). This indicates that
the intensity ratios curve becomes linear after a certain onset (above T = 100 ◦C).

From the slope of the fit, an experimental energy difference of ∆E = 1617 cm−1 is obtained
for the 4I15/2 and 4F9/2 energy levels, which is slightly larger than both the experimental energy
difference of ∆E = 875 cm−1 obtained from the the fit for LaPO4:Dy,Ce/LaPO4 and the energy
difference of ∆E = 950 cm−1 reported by Carnall et al.53

It has been reported by Henrie et al., that the 4I15/2 → 6H15/2 transition, corresponding to
the emission peak around λ = 455 nm, is a hypersensitive transition.58 This observation might
explain the difference in the experimental ∆E values upon silica coating, since the silica coating
potentially influences the relative intensity of the hypersensitive 4I15/2 → 6H15/2 transition,
which would, in turn, influence the emission intensity ratios. However, further studies of the
hypersensitivity of this transition were difficult to find, such that the nature of this experimental
difference remains unclear.

Influence of silica shell on luminescence quenching

In order to study the quenching of the emission in silica coated particles, a fresh batch of
LaPO4:Dy,Ce/LaPO4/Si was heated to 600 ◦C. Emission spectra were recorded at room tem-
perature, T = 300 ◦C, T = 450 ◦C, T = 600 ◦C and again at room temperature after the heating
process.
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A summary of the emission intensities is given in table 4.3. Note that the first two rows of
data are obtained from the measurements discussed above, in the parts labelled “Temperature
dependent emission” of sections 4.1.3 and 4.1.4, respectively. Here, I0 is the emission intensity
before any heating is applied.

It is worthy to note, that in these types of measurements, aligning of the sample in the
spectrophotometer is done by hand. This can influence the total intensity of light that is detected,
due to inevitable small differences in alignment between the excitation source, the sample holder
and the detector. Furthermore, the sample holders were never completely filled, in order to
ensure a homogeneous temperature in the whole sample. This way, it is difficult to load the
sample holder with the same amount of material each time. Thus, the absolute I0-value for the
different materials is of little significance in these measurements.

Table 4.3: Emission intensities of LaPO4:Dy,Ce/LaPO4 and LaPO4:Dy,Ce/LaPO4/Si particles
during and after heating.

Material
Emission intensity as percentage of I0

300 ◦C 450 ◦C 600 ◦ After heating I0 (counts)

LaPO4:Dy,Ce/LaPO4

heated to 300 ◦C
5 % - - 3 % 27 943

LaPO4:Dy,Ce/LaPO4/Si

heated to 450 ◦C
76 % 32 % - 92 % 29 865

LaPO4:Dy,Ce/LaPO4/Si

heated to 600 ◦C
71 % 32 % 5 % 45 % 18 157

In table 4.3, it can clearly be seen that the emission intensity for silica coated particles at
elevated temperatures is much higher than for uncoated particles. This supports the observations
that the silica sphere provides better thermal stability, as discussed above. Furthermore, when
LaPO4:Dy,Ce/LaPO4/Si is heated to 450 ◦C, 92 % of the luminescence is preserved after cooling
down to room temperature. This indicates that for LaPO4:Dy,Ce/LaPO4/Si, below T = 450 ◦C,
the quenching is dominated by reversible thermal quenching. The irreversible quenching (caused
by oxidation of organic ligands at the LaPO4 surface) only affects the luminescence if the sample
is heated above 450 ◦C.

Heating cycles

In order to study the stability of the particles, heating cycles were performed by heating the
sample to 600 ◦C and cooling down to 35 ◦C three times. Emission spectra were recorded during
each cycle at T = 35 ◦C, 300 ◦C and 600 ◦C. From these emission spectra, the intensity ratios
between the peaks at λ = 455 nm and λ = 480 nm were calculated as described above.

Figure 4.15 shows the emission intensity ratios plotted against steps in the cycles (one step
in the cycle is taken to be the heating or cooling step in between two measurements). In this
figure, the yellow dots correspond to T = 35 ◦C, the orange dots correspond to T = 300 ◦C and
the red dots correspond to T = 600 ◦C. The coloured lines are linear fits through data points of
the corresponding temperature, the black, dashed line serves as a guide to the eye to illustrate
the cycles. Due to an experimental error, the first emission spectrum in the cycle was recorded
at room temperature, in stead of at T = 35 ◦C. Therefore, the first data point in the cycle is
omitted.
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Figure 4.15: Emission intensity ratios of LaPO4:Dy,Ce/LaPO4/Si particles during heating cycles
(35 ◦C – 600 ◦C).

As can be seen in figure 4.15, the emission intensity ratios at a given temperature do not
remain constant, neither do they show a constant degradation as the heating cycles are applied. It
is worthy to note, that due to temperature related quenching (thermal quenching and irreversible
quenching at elevated temperatures), the overall emission intensity decreases rapidly with each
heating cycle. Due to the low signal-to-noise ratio that is caused by the quenching processes,
accurate calculations of the intensity ratios are difficult. A summary of the intensities during
the heating cycles is given in table 4.4.

In order to study to what extent irreversible quenching affects the luminescence properties
after heating of the sample, the same procedure was repeated with a fresh sample, this time
applying three heating cycles from 35 ◦C – 450 ◦C. Figure 4.16 shows the emission intensity
ratios plotted against steps in the cycles. The yellow dots correspond to T = 35 ◦C, the orange
dots to T = 225 ◦C and the red dots to T = 450 ◦C. The coloured lines are linear fits through
data points of the corresponding temperature, the black, dashed line serves as a guide to the eye
to illustrate the cycles.

Figure 4.16: Emission intensity ratios of LaPO4:Dy,Ce/LaPO4/Si particles during heating cycles
(35 ◦C – 450 ◦C).

The emission intensity ratios in figure 4.16 show a more constant behaviour than for the
heating cycles between T = 35 ◦C – 600 ◦C. Although there is a slight increase in intensity
ratio after each heating cycle, the observed trend holds for three heating cycles. As was the case
for the heating cycles between T = 35 ◦C – 600 ◦C, the emission intensity decreases with each
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heating cycle. However, in this case, the decrease is smaller than for the heating cycles between
T = 35 ◦C – 600 ◦C. A summary of the intensities during the heating cycles is given in table 4.4.
Here, the intensities are expressed as percentage of I0, which is the intensity in the first step of
the heating cycles (at T = 35 ◦C, before additional heating is applied).

It is worthy to note, that in the heating cycle measurements, the samples are exposed to the
corresponding elevated temperatures for longer periods of time, compared to the single heating
measurements, as discussed earlier in this section (starting on page 35).

Table 4.4: Emission intensities of LaPO4:Dy,Ce/LaPO4/Si particles during three heating cycles
to 450 ◦C and 600 ◦C, as percentage of I0.

Emission intensity as percentage of I0

Cycle 1 Cycle 2 Cycle 3

Temperature Tmin Tmax Tmin Tmax Tmin Tmax Tmin

35 ◦C – 450 ◦C 100 % 19.12 % 61.26 % 12.20 % 45.91 % 9.43 % 41.06 %

35 ◦C – 600 ◦C 100 % 9.73 % 45.23 % 9.76 % 38.06 % 9.79 % 30.85 %

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Steps in heating cycles

As can be seen in table 4.4, the decrease in emission intensity is smaller if the sample is not
heated above 450 ◦C. However, the emission intensity at T = 35 ◦C even after the first heating
cycle (61.26 % of I0) is lower than the 92 % reported in table 4.3 on page 37. Furthermore,
a decrease in emission intensity at T = 35 ◦C after the first, second and third heating cycle is
observed, going from 61.26 % of I0 after the first heating cycle, to 41.06 % of I0 after the third
heating cycle. These observations indicate, that the irreversible quenching effects, expected to
be the oxidation of organic ligands at the particle surface, still affect the luminescence if the
sample is heated to 450 ◦C, albeit at a slower rate compared to heating to 600 ◦C.

X-ray diffraction after heating

In order to mimic the heating conditions of the temperature dependent emission measurements,
fresh batches of LaPO4:Dy,Ce/LaPO4/Si particles were placed in a tube oven and heated to
450 ◦C and 600 ◦C under air for 30 minutes. X-ray diffractograms of the sample were recorded
before heating, after heating to 450 ◦C and after heating to 600 ◦C. Figure 4.17 shows the X-ray
diffractograms.

Although the signal-to-noise ratio is low, the peaks corresponding with LaPO4 (JCPDS No.
01-084-0600, shown in green) and the large band around 2θ = 25◦ corresponding with amorphous
silica are observed. The peaks for LaPO4 become sharper as the sample is heated at higher
temperature, which is an indication of increasing crystallite size. This can be due to a higher
crystallinity of the particles due to the heating, or fusing together of clusters of nanoparticles
within the silica spheres, since ∼34 % of the silica spheres are expected to contain clusters of
LaPO4 particles, as observed in section 4.1.4 on page 32.

However, this does not provide an explanation for the irreversible quenching of the lumines-
cence, as observed in the temperature dependent emission measurements, since neither of these
processes are expected to have a negative effect on the luminescence. Alternatively, the oxida-
tion of organic ligands at the particle surface, as suggested origin of the irreversible quenching,
can not be confirmed from these measurements, since this effect is not expected to influence the
X-ray diffraction measurements.
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Figure 4.17: X-ray diffractograms of LaPO4:Dy,Ce/LaPO4/Si nanoparticles before heating and
after heating at different temperatures.
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4.2 LaPO4:Dy,Ce nanoparticles on gold nanoparticles

One of the potential applications of LaPO4:Dy,Ce nanoparticles as nanothermometers, is on the
surface of gold nanoparticles. Upon laser irradiation of the gold nanoparticles, localized surface
plasmons can be generated, which can be of interest in a wide variety of different studies.59 One
of these studies, is the formation of nanobubbles around the gold surface, where very locally the
pressure and temperature are expected to increase around the gold nanoparticle. Nanothermom-
etry techniques might be applied in order to measure this localized temperature increase at the
gold surface.

As a pilot for the use of LaPO4:Dy,Ce nanoparticles as nanothermometers, a batch of these
particles was linked to the surface of gold nanoparticles with a diameter of 81 nm, using lipoamide
as a linker. This was performed by C. S. Wondergem, a more detailed explanation of this
procedure can be found in appendix C on page 67.

Analysis of LaPO4:Dy,Ce-coated gold nanoparticles

Figure 4.18a shows a TEM image of the LaPO4:Dy,Ce nanoparticles on a single gold nanoparticle.
The LaPO4:Dy,Ce nanoparticles are visible in light grey on the surface of the larger, darker gold
nanoparticle.

Figure 4.18b shows the emission spectra of the bare gold nanoparticles (4.18b bottom) and of
LaPO4:Dy,Ce-coated gold nanoparticles (4.18b top), recorded with an excitation wavelength of
λex = 274 nm. The emission spectra were obtained from dispersions of the samples in deionized
water. Both spectra show features of the Au nanoparticles, while in the emission spectrum of the
coated gold nanoparticles two extra peaks around λ = 480 nm and 570 nm are observed. These
peaks correspond well with the expected dysprosium emission from LaPO4:Dy,Ce, indicating
that dysprosium emission is still present if the particles are linked to a gold surface.

(a) TEM image (b) Emission spectra (λex = 274 nm)

Figure 4.18: TEM image (4.18a) and emission spectrum (4.18b, top) of LaPO4:Dy,Ce nanopar-
ticles on Au nanoparticles. The emission spectrum of bare gold nanoparticles (4.18b, bottom) is
shown for comparison.

In order to compare the dysprosium emission from LaPO4:Dy,Ce nanoparticles to that of
LaPO4:Dy,Ce-coated gold nanoparticles, the emission spectrum of the bare gold nanoparticles
was subtracted from the emission spectrum of the LaPO4:Dy,Ce-coated particles. Figure 4.19
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shows the resulting emission spectrum (4.19 bottom) and the emission spectrum of LaPO4:Dy,Ce
nanoparticles (4.19 top) for comparison. This figure clearly shows good agreement between the
two spectra, i.e. the presence of dysprosium emission peaks around λ = 480 nm and 570 nm,
indicating that information about the dysprosium emission from the coated gold nanoparticles
can, in principle, be extracted from the emission spectrum.

However, since the signal-to-noise ratio is very low and the dysprosium emission intensity is
expected to decrease upon increasing the temperature, temperature measurements in this system
are expected to be difficult.

Figure 4.19: Emission spectrum of LaPO4:Dy,Ce nanoparticles (top) and of LaPO4:Dy,Ce
nanoparticles on gold nanoparticles, after subtraction of the emission spectrum of bare gold
nanoparticles (bottom).

Temperature dependent emission

In an attempt to measure temperature dependent dysprosium emission from LaPO4:Dy,Ce-
coated gold nanoparticles, a powder sample holder was placed onto a heating plate, that was
heated to T ∼ 50 ◦C, and the sample dispersion was dropped onto the sample holder, to evaporate
the water and obtain a dry sample. However, the amount of sample material obtained this way
was very low, compared to the previous temperature dependent emission measurements, and
accordingly, the total emission intensity was too low to measure emission spectra, even at room
temperature.

Since the LaPO4:Dy,Ce-coated gold nanoparticles are difficult to obtain in larger quanti-
ties, the use of fluorescent nanoparticles that show a higher emission intensity compared to
LaPO4:Dy,Ce might provide an interesting alternative in order to measure temperature depen-
dent emission on the gold nanoparticle surface.
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4.3 LaPO4:Eu

In addition to the dysprosium-doped materials, different europium-doped LaPO4 materials were
synthesized, in an attempt to obtain higher intensity emission. These materials include:

• LaPO4:Eu core nanoparticles Section 4.3.1 on page 43

• LaPO4:Eu/LaPO4 core-shell nanoparticles Section 4.3.2 on page 46

4.3.1 LaPO4:Eu nanoparticles

First, monazite-phase LaPO4:Eu nanoparticles doped with 5 mol% europium were synthesized.
Figure 4.20 shows the X-ray diffractogram of the product. The peaks in the diffractogram

show the expected broadening and correspond well with literature references for monazite-phase
LaPO4 (JCPDS No. 01-084-0600, shown in green) and aluminium (shown in blue). Due to fitting
difficulties, the peak around 2θ = 42◦ could not be used for evaluation of the Scherrer equation.
Instead, the peak around 2θ = 31◦ was used, obtaining an average crystallite size of 5.65 nm.

Figure 4.20b shows a TEM image of the product. This image confirms the nanocrystalline
size of the particles. However, the particles seem to be more aggregated than was the case for
LaPO4:Dy,Ce nanoparticles. Due to the low contrast in the TEM images of the product and
the agglomeration of the particles, their size could not be determined accurately. Analysis of a
small number of particles showed, that the average diameter seems to be in the same order of
magnitude as was the case for LaPO4:Dy,Ce core particles (∼5 nm), corresponding well with the
average crystallite size from the XRD data.

(a) X-ray diffractogram (b) TEM image

Figure 4.20: X-ray diffractogram (4.20a) and TEM image (4.20b) of the LaPO4:Eu product.

Figure 4.21 shows the excitation and emission spectra of LaPO4:Eu nanoparticles. The
excitation spectrum (4.21a) was recorded with an emission wavelength of 592 nm. The emission
spectrum (4.21b) was recorded with an excitation wavelength of 255 nm.

In the excitation spectrum, a broad band around λ = 250 nm is observed. This band is
attributed to an oxygen-to-europium charge transfer band.46,60 At slightly higher energies, a
number of smaller excitation peaks are observed, attributed to the direct excitation of europium
(4f – 4f transitions). As was the case for LaPO4:Dy,Ce nanoparticles, the highest intensity
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(a) Excitation spectrum (λem = 592 nm) (b) Emission spectrum (λex = 255 nm)

Figure 4.21: Excitation spectrum (4.21a) and emission spectrum (4.21b) of the LaPO4:Eu prod-
uct.

excitation peak originates from an allowed transition (in this case excitation of the host lattice)
and the direct 4f – 4f excitation peaks show a much lower intensity.

The measured excitation spectrum of LaPO4:Eu nanoparticles corresponds well with excita-
tion spectra reported for different europium-doped materials, including LaPO4:Eu nanoparticles
and nanofibers46, europium-doped phosphate glasses61,62, and different Eu3+ complexes63. An
overview of the different excitation peaks and their proposed corresponding transition is given
in table 4.5.

Here, the relatively broad excitation band centered around λ = 380 nm is attributed to
multiple 7F0 → 5GJ transitions, where J can be 2, 3, 4, 5, 6. Additional to the excitation peaks
between 300 nm - 400 nm, two small peaks or shoulders are observed around λ = 285 nm and
298 nm. Although these peaks are not attributed to corresponding Eu3+ 4f – 4f transitions in
literature, they are observed in the reported excitation spectra.

Table 4.5: Overview of excitation transitions observed in LaPO4:Eu (λem = 592 nm).

Peak position (nm) 318 362 380 394

Eu3+ transition46,61–63 7F0 → 5H3
7F0 → 5D4

7F0 → 5GJ
7F0 → 5L6

In the emission spectrum, several peaks or pairs of peaks are observed, including the peaks
around λ = 578 nm, λ = 590 nm, λ = 615 nm, λ = 655 nm and λ = 690 nm. The emission spec-
trum corresponds well with emission spectra of LaPO4:Eu particles reported in literature.46,60,64

The different peaks from λ = 578 nm and higher are attributed to the 5D0 → 7FJ europium
transitions as shown in table 4.6. Additionally, a small peak around λ = 560 nm is observed,
corresponding with the 5D1 → 7F0 transition.

Table 4.6: Overview of emission transitions observed in LaPO4:Eu λex = 255 nm).

Peak position (nm) 578 580 – 600 610 – 630 655 680 – 710

Eu3+ transition 5D0 → 7F0
5D0 → 7F1

5D0 → 7F2
5D0 → 7F3

5D0 → 7F4

An accurate analysis of the different excitation and emission transitions is beyond the scope
of this project. However, the good agreement between the measured excitation and emission
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spectra and reported excitation and emission spectra for different europium-doped materials,
indicates that europium ions were successfully incorporated into the LaPO4 host lattice.

Temperature dependent emission

In order to study temperature dependent europium emission in LaPO4:Eu nanoparticles, emission
spectra were recorded at different temperatures, ranging from room temperature up to 250 ◦C,
in steps of ∆T = 25 ◦C.

Figure 4.22 shows the emission spectra at different temperatures (4.22a) and the logarithm of
the intensity ratios plotted against the inverse of the temperature (4.22b). The emission spectra
were recorded with an excitation wavelength of 255 nm and are colour coded in a range from
yellow (for T = 22 ◦C) to red (for T = 250 ◦C). All of the spectra are normalized at the peak
around λ = 560 nm and the emission spectra at temperatures ranging from room temperature
up to 250 ◦C are shown.

(a) Emission spectra (b) Emission intensity ratios

Figure 4.22: Emission spectra (4.22a) and intensity ratios (4.22b) of LaPO4:Eu nanoparticles at
different temperatures.

In the emission spectra, the peaks corresponding with the 5D0 → 7FJ transitions in europium
are observed, as well as the small peak around λ = 560 nm, corresponding with the 5D1 → 7F0

transition. Since the 5D0 and 5D1 levels are expected to be thermally coupled, the peak around
λ = 560 nm and the peaks at slightly lower energies are the peaks of interest in the emission
spectra.

As was the case for LaPO4:Dy,Ce/LaPO4 nanoparticles without silica coating, the emission
intensity decreases rapidly when the temperature is increased above 250 ◦C. When the tem-
perature is increased above T = 300 ◦C, the luminescence is almost completely quenched (the
emission intensity is only ∼2 % of the intensity at room temperature).

The emission intensity ratios were obtained by integrating the area under the peaks of interest.
The peak around λ = 560 nm is integrated between 520 nm – 570 nm, whereas the peaks above
λ = 570 nm are integrated between 570 nm – 750 nm. Using these integrated areas, the intensity
ratios are calculated for each temperature. The black dots in the intensity ratios plot are the
logarithm of the calculated intensity ratios at different temperatures (from room temperature up
to 250 ◦C), the red, dashed line is a linear fit through the data points.

As shown in figure 4.22b, the intensity ratio increases as the temperature is increased. This
corresponds well with the expected Boltzmann redistribution over the 5D0 and 5D1 energy levels.
Since the energy gap between the 5D0 and 5D1 levels in europium is larger than the energy gap
between the 4I15/2 and 4F9/2 levels in dysprosium, the temperature dependence is expected to
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appear at higher temperatures. However, this is not clearly observed in the data (i.e. the increase
in intensity ratio upon heating is already observed at room temperature). Although the data
points do not show the expected linearity, a clear trend is observed. The observations described
above provide a good indication that the expected temperature dependent emission is present in
LaPO4:Eu nanoparticles.

From the slope of the fit, an experimental energy difference between the thermally coupled
5D0 and 5D1 energy levels of ∆E = 1420 cm−1 was obtained. This value, although slightly lower,
is in the same order of magnitude as the ∆E = 1746 cm−1 as reported by Binnemans, for the
5D0 and 5D1 energy levels.65

4.3.2 LaPO4:Eu/LaPO4 nanoparticles

Similar to the dysprosium-cerium co-doped core-shell nanoparticles described in chapter 4.1
(section 4.1.3, starting on page 28), europium-doped LaPO4:Eu/LaPO4 core-shell nanoparticles
were synthesized in order to decrease the non-radiative decay pathways from the europium ions
to the surrounding ligands or solvent.

Figure 4.23a (top) shows the X-ray diffractogram of the product. The peaks in the diffrac-
togram show the expected broadening and correspond well with literature references for monazite-
phase LaPO4 (JCPDS No. 01-084-0600, shown in green) and aluminium (shown in blue). Fur-
thermore, compared to the X-ray diffractogram of LaPO4 core particles (figure 4.23a, bottom),
the peaks are slightly sharper. This indicates that the shell growth was successful, since the
increase of particle size due to the addition of a shell is expected to reduce the peak broadening.
Evaluation of the Scherrer equation for the peak around 2θ = 31◦ yields an average crystallite
size of 8.46 nm, further confirming a successful shell growth.

Figure 4.23b shows a TEM image of the product. This image confirms the nanocrystalline
size of the particles. Due to the low contrast in the TEM images, the size of the particles could
not be determined accurately. Analysis of a small number of particles showed, that the average
diameter seems to be in the same order of magnitude as was the case for LaPO4:Dy,Ce/LaPO4

core-shell particles (∼10 nm). It is worthy to note, that in figure 4.23b, it seems that particle
size determination can easily be performed, due to the large amount of individual particles in
the image. However, the magnification of this image was too low to accurately identify the edges
of the smaller particles. For the images with larger magnification (not shown here), the contrast
was too low to accurately determine the size of the particles.

Figure 4.24 shows the excitation and emission spectra of the LaPO4:Eu/LaPO4 core-shell
nanoparticles. The excitation spectrum (4.24a) was recorded with an emission wavelength of 592
nm. The emission spectrum (4.24b) was recorded with an excitation wavelength of 255 nm.

The excitation and emission spectra of the LaPO4:Eu/LaPO4 core-shell nanoparticles show
the same features as the spectra of the core particles, indicating that the core particles remain
intact after shell growth. The intensity of the europium emission in core-shell nanoparticles
is slightly less than for the core particles, but in the same order of magnitude (Imax = 681 195
counts versus Imax = 695 051 counts, respectively). However, the slightly lower emission intensity
can be explained by the fact, that the core-shell particles contain more non-emitting material, i.e.
the pure LaPO4 shell. Since all luminescence measurements were performed with approximately
the same amount of product, the absolute amount of emitting centres in the sample is lower for
core-shell particles, thus leading to a lower emission signal. For this reason, the emission of core
and core-shell particles can not be compared accurately from just the emission spectra.

However, compared to the dysprosium-cerium co-doped LaPO4 core-shell nanoparticles, the
europium-doped particles do show a much higher emission intensity (Imax = 681 195 counts ver-
sus Imax = 335 952 counts, respectively), which indicates that europium shows a higher intensity
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(a) X-ray diffractogram (b) TEM image

Figure 4.23: X-ray diffractogram (4.23a) and TEM image (4.23b) of the LaPO4:Eu/LaPO4

product.

(a) Excitation spectrum (λem = 592 nm) (b) Emission spectrum (λex = 255 nm)

Figure 4.24: Excitation spectrum (4.24a) and emission spectrum (4.24b) of the
LaPO4:Eu/LaPO4 product.

luminescence in the same host material. This is supported by the observation that, after excita-
tion with a hand-held UV lamp, the luminescence of LaPO4:Eu/LaPO4 particles was observable
by eye, whereas this was not the case for LaPO4:Dy,Ce/LaPO4 core-shell nanoparticles.

Temperature dependent emission

In order to study temperature dependent europium emission in LaPO4:Eu/LaPO4 core-shell
nanoparticles, emission spectra were recorded at different temperatures, ranging from room tem-
perature up to 300 ◦C, in steps of ∆T = 25 ◦C.

Figure 4.25 shows the emission spectra at different temperatures (4.25a) and the logarithm
of the intensity ratios plotted against the inverse of the temperature (4.25b). Emission spectra
were recorded with an excitation wavelength of 255 nm and are colour coded in a range from
yellow (for T = 22 ◦C) to red (for T = 300 ◦C). All of the spectra are normalized at the peak
around λ = 560 nm and the emission spectra at temperatures from room temperature up to 300
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◦C are shown.

(a) Emission spectra (b) Emission intensity ratios

Figure 4.25: Emission spectra (4.25a) and intensity ratios (4.25b) of LaPO4:Eu/LaPO4 core-shell
nanoparticles at different temperatures.

In the emission spectra, the peaks corresponding with the 5D0 → 7FJ and 5D1 → 7F0

transitions in europium are observed, which are the peaks of interest in the emission spectra.
As was the case for LaPO4:Eu core nanoparticles and LaPO4:Dy,Ce/LaPO4 nanoparticles

without silica coating, the emission intensity decreases rapidly when the temperature is increased.
However, at T = 300 ◦C, the emission intensity of LaPO4:Eu/LaPO4 core-shell nanoparticles is
∼11 % of the intensity at room temperature, which is slightly better than both the LaPO4:Eu core
nanoparticles and LaPO4:Dy,Ce/LaPO4 nanoparticles. At T = 350 ◦C, however, the emission
intensity is further decreased to only ∼1 % of the intensity at room temperature.

The emission intensity ratios were obtained by integrating the area under the peaks of interest.
The peak around λ = 560 nm is integrated between 520 nm – 570 nm, whereas the peaks above
λ = 570 nm are integrated between 570 nm – 750 nm. Using these integrated areas, the intensity
ratios are calculated for each temperature. The black dots in the intensity ratios plot are the
logarithm of the calculated intensity ratios at different temperatures (from room temperature up
to 300 ◦C), the red, dashed line is a linear fit through the data points.

As shown in figure 4.25b, the intensity ratio increases as the temperature is increased. This
corresponds well with the expected Boltzmann redistribution over the 5D0 and 5D1 energy levels.
Furthermore, around T = 300 ◦C and up, the intensity ratios increase much faster than at
lower temperatures. This indicates that the temperature dependence of the emission has an
onset at lower temperatures (up to T = 300 ◦C) and then increases above T = 300 ◦C. This
observation is in accordance to the larger energy gap between the 5D0 and 5D1 levels in europium,
compared to the energy gap between the 4I15/2 and 4F9/2 levels in dysprosium. Although the
data points do not show the expected linearity, a clear trend is observed. The observations
described above provide a good indication that the expected temperature dependent emission is
present in LaPO4:Eu/LaPO4 nanoparticles.

From the slope of the fit, an experimental energy difference between the thermally coupled
5D0 and 5D1 energy levels of ∆E = 1787 cm−1 was obtained. This value, is in good accordance
with the ∆E = 1746 cm−1 as reported by Binnemans, for the 5D0 and 5D1 energy levels.65

However, as observed in figure 4.25b, the slope of the intensity ratios becomes much steeper
after the initial onset up to T = 300 ◦C, indicating that the experimental energy difference
calculated at higher temperatures (above T ∼ 300 ◦C) will not correspond with the energy
difference reported by Binnemans.
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It has been reported by Malta, that some of the 5D0 → 7FJ are hypersensitive transitions
(i.e. the 5D0 → 7F2,4,6 transitions).66 Similar to the LaPO4:Dy,Ce case, as discussed in section
4.1.4, this hypersensitivity might influence the relative intensity of the 5D0 → 7F2,4,6 transitions,
thereby influencing the emission intensity ratios. However, detailed studies of the hypersensitivity
of these transitions were difficult to find, such that the nature of this experimental difference
remains unclear.
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4.4 LaPO4:Er,Yb

Since different erbium-ytterbium co-doped materials have been reported to be promising can-
didates for band shape luminescence nanothermometry, different erbium-ytterbium co-doped
LaPO4 materials were synthesized in addition to the dysprosium and europium-doped materials.
These materials include:

• LaPO4:Er,Yb core nanoparticles Section 4.4.1 on page 50

• LaPO4:Er,Yb/LaPO4 core-shell nanoparticles Section 4.4.2 on page 51

• LaPO4:Er,Yb bulk Section 4.4.3 on page 51

4.4.1 LaPO4:Er,Yb nanoparticles

First, monazite-phase LaPO4:Er,Yb nanoparticles, co-doped with 2 mol% erbium and 18 mol%
ytterbium, were synthesized.

Figure 4.26a shows the X-ray diffractogram of the product. Since the XRD analysis of this
sample was only used as a quick check for the crystal structure, the diffractogram was measured
in steps of ∆2θ = 0.05◦ to decrease the measuring time (as opposed to the ∆2θ = 0.01◦ for the
standard XRD measurements). The peaks in the diffractogram show the expected broadening
and correspond well with literature references for monazite-phase LaPO4 (JCPDS No. 01-084-
0600, shown in green) and aluminium (shown in blue). Evaluation of the Scherrer equation for
the peak around 2θ = 42◦ resulted in a calculated average crystallite size of 3.21 nm. Although
this is smaller than expected, this value does indicate peak broadening due to nanocrystalline
particles. However, since the measurement was quickly performed and the signal-to-noise ratio
was low, this value might deviate from the actual value.

Figure 4.26b shows a TEM image of the product. This image confirms the nanocrystalline size
of the particles. Due to the low contrast in the TEM images of the product and the agglomeration
of the particles, their size could not be determined accurately. Analysis of a small number of
particles showed, that the average diameter seems to be in the same order of magnitude as was
the case for the LaPO4:Ln core particles discussed previously (∼5 nm).

(a) X-ray diffractogram (b) TEM image

Figure 4.26: X-ray diffractogram (4.26a) and TEM image (4.26b) of the LaPO4:Er,Yb product.
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Emission measurements of LaPO4:Er,Yb nanoparticles were attempted with excitation wave-
lengths of λ = 378 nm, 485 nm and laser excitation at λ = 980 nm. However, no emission was
observed in the range of λ = 400 nm – 700 nm.

4.4.2 LaPO4:Er,Yb/LaPO4 nanoparticles

In an attempt to decrease non-radiative decay pathways and observe erbium luminescence in a
nanocrystalline LaPO4 host, LaPO4:Er,Yb/LaPO4 core-shell nanoparticles were synthesized.

Figure 4.27a (top) shows the X-ray diffractogram of the product. The peaks in the diffrac-
togram show the expected broadening and correspond well with literature references for monazite-
phase LaPO4 (JCPDS No. 01-084-0600, shown in green) and aluminium (shown in blue). Eval-
uation of the Scherrer equation for the peak around 2θ = 42◦ resulted in a calculated average
crystallite size of 6.44 nm. The increase compared to the calculated average crystallite size for
the core particles indicates successful shell growth. Furthermore, the reduced peak broadening
for the core-shell particles is clearly observable by eye in the measured X-ray diffractogram.

Figure 4.27b shows a TEM image of the product. This image confirms the nanocrystalline
size of the particles.

(a) X-ray diffractogram (b) TEM image

Figure 4.27: X-ray diffractogram (4.27a) and TEM image (4.27b) of the LaPO4:Er,Yb/LaPO4

product.

Emission measurements of LaPO4:Er,Yb/LaPO4 nanoparticles were attempted with excita-
tion wavelengths of λ = 378 nm, 485 nm and laser excitation at λ = 980 nm. However, no
emission was observed in the range of λ = 400 nm – 700 nm.

4.4.3 LaPO4:Er,Yb bulk

In an attempt to observe erbium luminescence in LaPO4, bulk LaPO4:Er,Yb was synthesized.
Figure 4.28 shows the X-ray diffractogram of the product. In the diffractogram, sharp peaks

are observed, which is expected for bulk material. In addition to the peaks that correspond
well with the monazite-phase LaPO4 (JCPDS No. 01-084-0600, shown in green) and aluminium
(shown in blue) references, peaks corresponding well with a reference for YbPO4 are observed
(JCPDS No. 00-045-0530, shown in red).
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Figure 4.28: X-ray diffractogram of the bulk LaPO4:Er,Yb product.

The presence of the YbPO4 peaks in the diffractogram indicates that ytterbium forms a
separate phase in the product and is not properly incorporated in the LaPO4 lattice. Since
erbium and ytterbium phosphate nanoparticles are reported to show a similar crystal structure
(with similar XRD patterns), the erbium atoms in the product are expected to be in the YbPO4

phase in the product, rather than incorporated in the LaPO4 lattice. Therefore, LaPO4 is not
considered a good host material for this specific system.

Figure 4.29 shows the emission spectrum of bulk LaPO4:Er,Yb. The sample was excited by
laser excitation at λ = 980 nm.

Figure 4.29: Emission spectrum of bulk LaPO4:Er,Yb (λex = 980 nm).

In the emission spectrum, groups of peaks are observed around λ = 525 nm, λ = 550 nm and
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λ = 660 nm. These peaks are attributed to emission from the following transitions in erbium:
2H11/2 → 4I15/2 (525 nm), 4S3/2 → 4I15/2 (550 nm) and 4F9/2 → 4I15/2 (660 nm).67,68

These observations indicate that ytterbium-erbium upconversion is present in this material.
However, since both the ytterbium and erbium atoms are not expected to be incorporated in the
LaPO4 lattice, further studies of erbium-ytterbium co-doped LaPO4 were not performed.

The concentrations of erbium and ytterbium dopants in this study (2 mol% and 18 mol%,
respectively), were derived from previous studies of erbium-ytterbium co-doped NaYF4.69 How-
ever, it is well possible that the ideal concentrations of erbium and ytterbium in LaPO4 dif-
fer from these concentrations. For instance, Lisiecki et al. reported erbium luminescence and
ytterbium-erbium upconversion in LaPO4 crystals at dopant concentrations of 0.1 mol% erbium
and 0.1 mol% ytterbium.70 The absence of erbium emission as described above, might be at-
tributed to concentration quenching, since the dopant concentrations are much larger than the
0.1 mol% reported by Lisiecki et al. Although lowering the dopant concentrations might result
in erbium luminescence in LaPO4 nanoparticles, due to time constraints, experiments with lower
concentrations of erbium and ytterbium were not performed.
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4.5 YPO4:Er,Yb

In an attempt to obtain erbium emission in a different, but similar host material, different
erbium-ytterbium co-doped YPO4 materials were synthesized. These materials include:

• YPO4:Er,Yb core nanoparticles Section 4.5.1 on page 54

• YPO4:Er,Yb/YPO4 core-shell nanoparticles Section 4.5.2 on page 54

• YPO4:Er,Yb/LaPO4 core-shell nanoparticles Section 4.5.3 on page 56

• YPO4:Er,Yb bulk Section 4.5.4 on page 57

4.5.1 YPO4:Er,Yb nanoparticles

First, xenotime-phase YPO4:Er,Yb nanoparticles, co-doped with 2 mol% erbium and 18 mol%
ytterbium, were synthesized.

Figure 4.30a shows the X-ray diffractogram of the product. The peaks in the diffractogram
show the expected broadening and correspond well with literature references for the xenotime-
phase known for bulk YPO4 (JCPDS No. 01-083-0658, shown in green) and aluminium (shown
in blue). By evaluation of the Scherrer equation for the peak around 2θ = 26◦, an average
crystallite size of 5.04 nm is obtained.

Figure 4.30b shows a TEM image of the product. This image confirms the nanocrystalline
size of ∼5.3 ± 1.2 nm of the particles.

(a) X-ray diffractogram (b) TEM image

Figure 4.30: X-ray diffractogram (4.30a) and TEM image (4.30b) of the YPO4:Er,Yb porduct.

Emission measurements of YPO4:Er,Yb nanoparticles were attempted with excitation wave-
lengths of λ = 378 nm, 485 nm and laser excitation at λ = 980 nm. However, no emission was
observed in the range of λ = 400 nm – 700 nm.

4.5.2 YPO4:Er,Yb/YPO4 nanoparticles

In an attempt to decrease non-radiative decay pathways and observe erbium luminescence in a
nanocrystalline YPO4 host, YPO4:Er,Yb/YPO4 core-shell nanoparticles were synthesized.
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Direct YPO4 coating

First, YPO4:Er,Yb/YPO4 core-shell nanoparticles were synthesized using the same method as
for the LaPO4 core-shell nanoparticles (i.e. direct coating of the crude core product).

Figure 4.31a shows the X-ray diffractogram of the product. While the most intense peak
expected for YPO4 is present in the diffractogram, all other expected peaks are either shifted
or absent. By evaluation of the Scherrer equation for the peak around 2θ = 26◦, an average
crystallite size of 9.11 nm is obtained.

Figure 4.31b shows a TEM image of the product. In the TEM image, nanocrystalline particles
are observed. However, large parts of unidentified material are also observed. Although the
average crystallite size as calculated using the Scherrer equation increases upon shell growth, the
deviation of the X-ray data and the observations in the TEM images do not provide sufficient
indication that the shell growth was successful.

These observations indicate that, although the core particle synthesis appears to be success-
ful, the direct synthesis method of core-shell nanoparticles is not directly applicable for YPO4

materials. Therefore, the average size of the particles was not determined from the TEM data.

(a) X-ray diffractogram (b) TEM image

Figure 4.31: X-ray diffractogram (4.31a) and TEM image (4.31b) of the YPO4:Er,Yb/YPO4

product.

Emission measurements of YPO4:Er,Yb/YPO4 nanoparticles were attempted with excitation
wavelengths of λ = 378 nm, 485 nm and laser excitation at λ = 980 nm. However, no emission
was observed in the range of λ = 400 nm – 700 nm.

Aqueous YPO4 coating

In an attempt to coat the YPO4:Er,Yb core nanoparticles with a pure YPO4 shell, an aqueous
coating method was applied.

Figure 4.32a show the X-ray diffractogram of the product. The peaks in the diffractogram
correspond well with literature references for YPO4 (JCPDS No. 01-083-0658, shown in green)
and aluminium (blue). Furthermore, the observed peaks show less broadening than the peaks
in the X-ray diffractogram for the core product, indicating that the crystallite size has increased
due to the coating.
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Figure 4.32b shows a TEM image of the product. In the TEM image, two types of particles
are observed. The product is a mixture of the expected nanocrystalline particles and larger
particles, with a rod-like or platelet-like morphology. These rod-like particles are attributed
to the formation of independent YPO4 particles.38 Furthermore, analysis of the TEM images
revealed that there were large parts of unidentified material present in the product, similar to
the product of the direct YPO4 coating method (figure 4.31b).

These observations indicate that the aqueous coating method was not successful. Therefore,
the average size of the particles was not determined.

(a) X-ray diffractogram (b) TEM image

Figure 4.32: X-ray diffractogram (4.32a) and TEM image (4.32b) of the YPO4:Er,Yb/YPO4

product (aqueous coating method).

Emission measurements of YPO4:Er,Yb/YPO4 nanoparticles (obtained via aqueous coating
method) were attempted with excitation wavelengths of λ = 378 nm, 485 nm and laser excitation
at λ = 980 nm. However, no emission was observed in the range of λ = 400 nm – 700 nm.

4.5.3 YPO4:Er,Yb/LaPO4 nanoparticles

In an attempt to coat YPO4:Er,Yb nanoparticles with a pure LaPO4 shell, YPO4:Er,Yb/LaPO4

core-shell nanoparticles were synthesized via direct coating method.
Figure 4.33a (top) shows the X-ray diffractogram of the product. The peaks in the diffrac-

togram correspond well with a mixture of literature references for YPO4 (JCPDS No. 01-083-
0658, shown in green), LaPO4 (JCPDS No. 01-084-0600, shown in red) and aluminium (shown
in blue). This indicates that LaPO4 has formed in the reaction. However, the XRD data do not
provide evidence for successful LaPO4 coating on the surface of the YPO4:Er,Yb nanoparticles,
since formation of separate pure LaPO4 nanoparticles during the coating step is expected to
result in the same observations as described here. Therefore, successful coating of the particles
can not be confirmed with this analysis.

Figure 4.33b shows a TEM image of the product. This image confirms the nanocrystalline
size of the particles. Due to the low contrast in the TEM images, the size of the particles could
not be determined accurately. Analysis of a small number of particles showed, that the average
diameter seems to be around ∼7 nm, which is in between the average sizes for core particles
(∼5 nm) and core-shell particles (∼10 nm) as discussed above. This could indicate that there
are both surface coating and separate nanoparticle formation processes present in this reaction.
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However, due to the small amount of particles measured for the size determination, sufficient
evidence for this observation is lacking.

(a) X-ray diffractogram (b) TEM image

Figure 4.33: X-ray diffractogram (4.33a) and TEM image (4.33b) of the YPO4:Er,Yb/LaPO4

product.

Emission measurements of YPO4:Er,Yb/LaPO4 nanoparticles were attempted with excitation
wavelengths of λ = 378 nm, 485 nm and laser excitation at λ = 980 nm. However, no emission
was observed in the range of λ = 400 nm – 700 nm.

These observations can indicate that either the LaPO4 coating was not successful, or that
the addition of a LaPO4 shell on the surface of the YPO4:Er,Yb nanoparticles is not sufficient
to allow observation of erbium luminescence in this material.

4.5.4 YPO4:Er,Yb bulk

In an attempt to observe erbium luminescence in YPO4, bulk YPO4:Er,Yb was synthesized.
Figure 4.34 shows the X-ray diffractogram of the product. In the diffractogram, sharp peaks

are observed, which is expected for bulk material. The peaks in the diffractogram correspond
well with references for xenotime-phase YPO4 (JCPDS No. 01-083-0658, shown in green) and
aluminium (shown in blue). Additional to the peaks that originate from the YPO4 crystal struc-
ture, some low intensity peaks are observed, that are not present in the reference. Comparison
with different yttrium, phosphor and oxygen containing references, however, did not provide a
match with the measured diffractogram, such that the nature of these additional peaks remains
unclear.

Figure 4.35 shows the emission spectrum of bulk YPO4:Er,Yb. The sample was excited by
laser excitation at λ = 980 nm.

In the emission spectrum, the same groups of peaks are observed as was the case for the
emission spectrum of bulk LaPO4:Er,Yb (discussed in section 4.4.3 on page 51). There are
groups of peaks around λ = 525 nm, λ = 550 nm and λ = 660 nm. Similarly, these peaks are
attributed to emission from the following transitions in erbium: 2H11/2 → 4I15/2 (525 nm), 4S3/2

→ 4I15/2 (550 nm) and 4F9/2 → 4I15/2 (660 nm).
These observations indicate that ytterbium-erbium upconversion is present in YPO4:Er,Yb

bulk material and, thus, that improved control over the synthesis of YPO4:Er,Yb nanoparticles
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Figure 4.34: X-ray diffractogram of the bulk YPO4:Er,Yb product.

may provide erbium luminescence in these systems. However, with the synthesis methods for
different YPO4:Er,Yb materials described above, this is not achieved.
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Figure 4.35: Emission spectrum of bulk YPO4:Er,Yb (λex = 980 nm).
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Conclusions

In this chapter, conclusions on the applicability of the different lanthanide-doped rare earth
phosphate materials for nanothermometry will be discussed.

5.1 LaPO4:Dy,Ce nanoparticles for nanothermometry

As discussed in section 4.1, dysprosium-cerium co-doped LaPO4 nanoparticles show temperature
dependent emission after excitation at λex = 285 nm. Upon heating of the sample, the intensity
ratio of the emission peaks around λ = 455 nm (4I15/2 → 6H15/2) and λ = 480 nm (4F9/2 →
6H15/2) increases, indicating that this material can be applicable for nanothermometry. The
dysprosium luminescence is improved after coating of the particles with a pure LaPO4 shell,
as confirmed by time-resolved photoluminescence measurements, and subsequent coating of the
particles with a silica shell improves the thermal stability of the dysprosium emission, up to a
temperature of ∼450 ◦C, versus ∼250 ◦C for the uncoated particles.

Although the emission intensity ratios are not perfectly reproduced after multiple heating
cycles, temperature dependent emission is clearly observed, with a linear dependency of the
logarithm of the emission intensity ratios on temperature in the range of T = 100 ◦C – 450 ◦C.
This indicates that, with proper calibration, information about the local temperature can be
obtained by analyzing the emission intensity ratios from the dysprosium emission.

Furthermore, as discussed in section 4.2, it is possible to obtain dysprosium emission from
dysprosium-cerium co-doped LaPO4 nanoparticles, after linking the particles to a gold surface,
using lipoamide as a linker. This indicates that local surface temperature variations, as a result
of surface plasmon induced effects, can, in principle, be measured, using LaPO4:Dy,Ce as nan-
othermometers. However, the particles studied in this thesis, i.e. LaPO4:Dy,Ce without further
shell growth, do not show high enough emission intensity in order to experimentally obtain these
temperature dependent measurements, such that improvements of this system are necessary. Due
to time constraints, experiments with coated LaPO4:Dy,Ce nanoparticles on a gold surface have
not been performed.

5.2 LaPO4:Eu nanoparticles for nanothermometry

As discussed in section 4.3, europium-doped LaPO4 nanoparticles show temperature dependent
emission after excitation at λex = 255 nm. Upon heating of the sample, the intensity ratio of
the emission peaks around λ = 560 nm (5D1 → 7F0) and λ = 570 nm – 750 nm (5D0 → 7FJ)
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increases, indicating that this material can be applicable for nanothermometry. The europium
luminescence is improved after coating of the particles with a pure LaPO4 shell. Due to a lack
of time, further studies of temperature dependent emission in LaPO4:Eu materials were not
performed.

However, the preliminary results presented here show that LaPO4:Eu nanoparticles show
temperature dependent emission up to a temperature of ∼300 ◦C. Although the logarithms of
the emission intensity ratios do not show a linear dependency on the temperature in the range
of room temperature up to 300 ◦C, if reproducible, information about the temperature could be
obtained from the emission intensity data, by calibration of the data with higher order fits.

Furthermore, europium-doped LaPO4 nanoparticles show a higher emission intensity, com-
pared to dysprosium-cerium co-doped LaPO4 nanoparticles, indicating that LaPO4:Eu is a
promising alternative to LaPO4:Dy,Ce to obtain temperature dependent emission at lower con-
centrations of nanoparticles.

5.3 LaPO4:Er,Yb nanoparticles for nanothermometry

As discussed in section 4.4, with the current synthesis techniques, erbium emission is not ob-
served in LaPO4:Er,Yb nanoparticles. This might be due to concentration quenching, since er-
bium emission from erbium-ytterbium co-doped nanoparticles has been reported at lower dopant
concentrations (2 mol% Er, 18 mol% Yb in this report versus 0.1 mol% Er, 0.1 mol% Yb in
literature). Furthermore, incorporation of the erbium/ytterbium dopants into the LaPO4 host
lattice could not be confirmed with the analysis techniques used in this study, such that further
experiments are needed in order to explain the absence of erbium emission in nanocrystalline
erbium-ytterbium co-doped LaPO4 nanoparticles.

5.4 YPO4:Er,Yb nanoparticles for nanothermometry

As discussed in section 4.5, erbium/ytterbium dopants can be successfully incorporated in a
YPO4 host lattice. Although erbium emission is observed in bulk YPO4:Er,Yb, corresponding
nanoparticles do not show erbium luminescence. This indicates that more control over the
synthesis of the nanoparticles (e.g. the ability to coat the surface of the nanoparticles) could
provide luminescent erbium-ytterbium co-doped YPO4 nanoparticles. However, with the current
synthesis techniques, this is not achieved. Additionally, concentration quenching might influence
the luminscent properties of the nanoparticles, such that lowering the dopant concentrations
might provide erbium luminescence in this system.
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Outlook

The results discussed in this thesis provide a variety of new, interesting subjects of research,
some of which are listed below.

LaPO4:Dy,Ce

• LaPO4:Dy,Ce coating on gold nanoparticles with more product could be attempted, in
order to obtain enough product material te measure temperature dependent dysprosium
emission on the gold surface.

• Coating of gold nanoparticles with core-shell LaPO4:Dy,Ce/LaPO4 nanoparticles could be
attempted, in order to enhance the dysprosium emission from the gold surface.

LaPO4:Eu

• Silica coating of LaPO4:Eu/LaPO4 nanoparticles could be attempted, in order to enhance
the thermal stability and study temperature dependent europium emission above 300 ◦C.

• Heating cycles could be applied to (silica coated) LaPO4:Eu/LaPO4 nanoparticles, in order
to study the thermal quenching and reproducibility of the temperature dependent europium
emission.

• Coating of gold nanoparticles with LaPO4:Eu nanoparticles could be attempted, in order
to study temperature dependent europium emission from the gold surface.

REPO4:Er,Yb

• Temperature dependent emission measurements could be performed on bulk YPO4:Er,Yb,
in order to check if temperature dependent erbium emission is observed in this material.

• In addition to YPO4:Er,Yb nanoparticles, other rare earth phosphate nanoparticles could
be synthesized in order to gain more control over the particle formation and observe erbium
luminescence. Lutetium phosphate, for example, could be a viable option.

62



Chapter 7

Acknowledgements

The work presented in this thesis would not have been possible without the help of many dedi-
cated people. In this chapter, I would like to express my gratitude for everyone involved.

First of all, I would like to thank my daily supervisor, Robin Geitenbeek. I have experienced
your personal and open style of supervision as very pleasant and informative, both on a scientific
level and on a personal level. Your dedication and knowledge have been of great help during my
project and from the beginning you have been able to motivate me and challenge me to make
this project a success. Thanks to you, I will be able to look back on a very nice and interesting
time in my life as a student.

Secondly, I would like to thank prof. dr. Andries Meijerink, for giving me the opportunity to
do my master’s project at the Condensed Matter and Interfaces group. I am also very grateful
for the informative meetings and discussions we had. Your scientific knowledge and interest was
very much appreciated during the discussions of my plans and results.

Finally, I would like to thank all the people at CMI, for being helpful whenever I had questions
or problems, and, more generally, for the very nice and warm atmosphere that I experienced
during my time at CMI. Although I was not always there for social activities, I have always felt
welcome, which is greatly appreciated. Of all the people at CMI, I would like to specifically
thank the master’s students for the nice atmosphere in our master’s room, and helpfulness with
all kinds of questions.

63



Appendices

List of appendices

• Appendix A: Dieke diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Page 65

• Appendix B: Chemicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Page 66

• Appendix C: LaPO4:Dy,Ce-coated gold nanoparticles; coating procedure . . . . . . . .Page 67

• Appendix D: Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Page 68

64



Appendix A
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Appendix B

Chemicals

Name Purity Formula Manufacturer
Ammonium hydroxide (aqueous) 28.0 wt% NH4OH Sigma-Aldrich
Cerium(III) chloride heptahydrate 99.9 % CeCl3 · 7 H2O Sigma-Aldrich
Deionized water1 - H2O Ondeo
Diammonium phosphate 99.99 % (NH4)2HPO4 Sigma-Aldrich
Dihexyl ether 97 % (C6H13)2O Sigma-Aldrich
Diphenyl ether 99 % (C6H5)2O Sigma-Aldrich
Dysprosium(III) chloride hexahydrate 99.99 % DyCl3 · 6 H2O Sigma-Aldrich
Erbium(III) chloride hexahydrate 99.9 % ErCl3 · 6 H2O STREM Chemicals
Erbium(III) oxide 99.99 % Er2O3 Highways Int.
Ethanol (anhydrous) 96 % C2H5OH Alfa Aesar
Ethanol (flushing) Tech. grade C2H5OH Interchem
IGEPAL CO-5202 - C15H24O(C2H4O)n Sigma-Aldrich
Lanthanum(III) chloride hexahydrate 99.9 % LaCl3 · 6 H2O Strem Chemicals
Lanthanum(III) oxide 99.5 % La2O3 Merck
Methanol 99.8 % CH3OH Sigma-Aldrich
Phosphoric acid 99.9 % H3PO4 Sigma-Aldrich
Sodium polyphosphate 96 % (NaPO3)n Sigma-Aldrich
Tetraethyl orthosilicate 99.999 % Si(OC2H5)4 Sigma-Aldrich
Toluene 99.9 % C6H5CH3 VWR Chemicals
Tributyl amine 99.0 % (C4H9)3N Sigma-Aldrich
Tributyl phosphate 99.0 % (C4H9)3PO4 Sigma-Aldrich
Ytterbium(III) chloride hexahydrate 99.9 % YbCl3 · 6 H2O STREM Chemicals
Ytterbium(III) oxide 99.99 % Yb2O3 Highways Int.
Yttrium(III) chloride hexahydrate 99.99 % YCL3 · 6 H2O Sigma-Aldrich
Yttrium(III) nitrate hexahydrate 99.8 % Y(NO3)3 · 6 H2O Sigma-Aldrich
Yttrium(III) oxide 99.97 % Y2O3 Koch Light Lab.

Table B.1: An overview of the chemicals used

1Obtained from an Ondeo Purite Select deionizer
2No purity information available; average Mn = 441 (n ∼ 5)
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Appendix C

LaPO4:Dy,Ce-coated gold
nanoparticles; coating procedure

In order to coat the surface of gold nanoparticles with LaPO4:Dy,Ce nanoparticles, 1.08 mg
lipoamide in 10 mL ethanol was added to ∼ 1.38×1012 gold particles in 20 mL. The mixture was
washed to remove excess lipoamide ligands and subsequently ∼21 µg LaPO4:Dy,Ce nanoparticles
were added. The resulting mixture was washed again to remove unadsorbed particles and the
product was redispersed in 20 mL deionized water.
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Fernando Palacio, and Lúıs D. Carlos. A luminescent molecular thermometer for long-term
absolute temperature measurements at the nanoscale. Advanced Materials, 22(40):4499–
4504, oct 2010.

69



[28] Yuanjing Cui, Hui Xu, Yanfeng Yue, Zhiyong Guo, Jiancan Yu, Zhenxia Chen, Junkuo Gao,
Yu Yang, Guodong Qian, and Banglin Chen. A luminescent mixed-lanthanide metal-organic
framework thermometer. Journal of the American Chemical Society, 134(9):3979–3982, mar
2012.

[29] Baldassare D. Di Bartolo, John Collins, and Luciano Silvestri. Nano-structures for optics
and photonics: Optical strategies for enhancing sensing, imaging, communication and energy
conversion. NATO Science for Peace and Security Series B: Physics and Biophysics. Springer
Netherlands, Dordrecht, first edition, 2015.

[30] Joseph R. Lakowicz, editor. Principles of Fluorescence Spectroscopy. Springer US, Boston,
MA, 2006.

[31] O. Lehmann, H. Meyssamy, K. Kömpe, H. Schnablegger, and M. Haase. Synthesis, Growth,
and Er 3+ Luminescence of Lanthanide Phosphate Nanoparticles . The Journal of Physical
Chemistry B, 107(30):7449–7453, jul 2003.

[32] Karsten Kömpe, Holger Borchert, Jörg Storz, Arun Lobo, Sorin Adam, Thomas Möller, and
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