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Abstract
Temperature is an important parameter in catalysis since it is related to the yield, selectivity and 
reaction speed of chemical conversions. Currently, it is not feasible to determine the temperature of 
industrial reactors in situ with a high spatial and thermal resolution. This is a major drawback for the 
control and optimization of the temperature in reactors.

Here, we report the synthesis of Y2O3:Ln NPs (Ln = Eu3+, Dy3+ or Er3+/Yb3+) / α-Al2O3 temperature 
probes for in situ temperature determination in catalytic reactors with a high spatial and thermal res-
olution. Y2O3:Ln NPs synthesized by homogenous precipitation are between 50 and 250 nm in size 
and were deposited on the α-Al2O3 support material. Thermal and mechanical stability experiments 
confirmed firm adhesion of the NPs on α-Al2O3 and thermal stability of the complexes up to 600 ºC. 
Temperature dependent emission was observed for Eu3+- and Er3+/Yb3+-doped complexes for the tem-
perature regions of 225-600 ºC and 22-500 ºC with accuracies higher than 14 and 3 ºC, respectively. 
Although the Dy3+-doped complexes exhibited temperature dependent luminescence, the signal to 
noise ratio was unsufficient for temperature determination. Thermal cycling experiments up to 600 
ºC confirmed the preservation of luminescence after multiple cycles. Further research is required to 
study the temperature probes under industrially relevant conditions.
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Chapter 1 - Introduction
1.1 Catalysis and temperature probing
Catalysis is an important field in the production of chemicals. Estimated is that for 85-90 % of the 
industrial chemicals a catalyst is used in the production.[1] A catalyst speeds up the reaction by the 
reduction of the activation energy ΔE as shown in Figure 1-1. The decrease of the activation energy 
leads to an increase in the reaction rate k since it is coupled with the activation energy ΔE in the well-
known Arrhenius equation: k = Ae-ΔE / kT.

Most chemical reactions are thermally activated and thus strongly depend on the temperature during 
reaction.[2] Yield and selectivity are related to the temperature which is in most cases inhomogene-
ously distributed over a reactor. The temperature distribution leads to unwanted by-products and/
or a lower yield.[2] Furthermore, non-optimal temperatures lower the  Currently, the temperature of 
chemical reactors is measured by infrared thermography and/or thermocouples and resistance tem-
perature detectors.[3]

The first method, infrared tomography, is based on the determination of the temperature from thermal 
radiance. However, this method is only capable of determining the surface temperature of a reactor 
and takes the interior not into account.[3] The determined temperature deviates strongly from the ac-
tual temperature in the reactor since the chemical conversions take place in the center of the reactor. 
Figure 1-2 (a) shows an example where the temperature of the surface of a reactor is visualized. Cold 
surfaces appear purple whereas hot surfaces appear yellow.

reactants

Reaction coordinate

activation energy 
with catalyst

activation energy 
without catalyst

products

En
er

g
y

without
catalyst

with
catalyst

Figure 1-1: Energy diagram of a catalytic reaction with and without catalyst. The activation energy of the reaction is low-
ered by the addition of the catalyst, resulting in an increase of the speed of the reaction.

Figure 1-2: Two methods for determing the temperature of industrial reactors: (a) infrared thermography and (b) thermo-
couple and/or resistance sensors. (a): temperature distribution imaged of a chemical reactor with infrared thermography. 
Cold regions appear purple whereas hot regions appear yellow. Images from http://www.ulirvision.co.uk/application-de-
tails-2.html and http://www.dailyinst.com/reactor-thermometry.html, respectively.

a b
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The second method, measurements with thermocouples and/or resistance sensors, is shown in Figure 
1-2 (b). Spirals made from steel, containing the sensors which are depicted as red dots, are placed in 
the reactor at different stages, resulting in the determination of temperature in situ. Nevertheless, the 
probing resolution is low, i.e. the temperatures are measured over a relatively large volume in which 
temperature fluctuations on small scale are not taken into account.

Since the present techniques are unable to probe the temperature in chemical reactors in situ with a 
high spatial and temporal resolution, there is a need for a new probing technique.

1.2 Nanothermometry
An emerging new field in nanoscience is nanothermometry. This field aims to extract information 
about temperature on a very small spatial scale, e.g. the sub-micrometer regime. Nanothermometry is 
currently exploited in micro- and nano-electronics[4,5], integrated photonics[6] and biomedicine[7]. 
In all these fields a high spatial resolution is needed to optimize or control processes. To do this, one 
needs such small thermometers on such small length scale. Various nanothermometers are being de-
veloped which are based on electrical, mechanical or optical techniques.[8]

Electrical and mechanical probing techniques are based on the variation of resistance, voltage, con-
ductivity, electrical capacity or mechanical bending of temperature probes.[9,10] Although these 
techniques are able to obtain a high spatial and thermal resolution, they lack the capability of handling 
large areas and require contact between the probe and system under study, leading to temperature de-
viations. Furthermore, these nanothermometers are not applicable for chemical reactors. Therefore, 
these methods are unsuitable for temperature probing in catalysis.

Optical nanothermometry solves these shortcomings by probing the temperature non-invasively us-
ing luminescent materials. The thermal reading is performed by measuring the temperature dependent 
spectral position, bandwith, intensity, polarization, or lifetime of emission.[8] So far, various materi-
als have been discovered which exhibit these features and are grouped into four classes: quantum dots 
(QDs), dye-based organic compounds, polymers and lanthanides.

The first class, QDs, are made of semiconducting materials and show temperature dependent emis-
sion by a decrease in emission intensity and a shift to lower energies.[11,12] However, QDs are gen-
erally unstable under normal atmosphere and the emission intensity strongly decreases above room 
temperature which makes the usage as temperature probes inappropriate. The second and third class, 
dye-based organic compounds and polymers are made of organic materials and exhibit temperature 
dependent luminescence from the emission of higher electronic states.[13,14] However, the lumines-
cence of both systems is strongly coupled to the properties of the environment (e.g. pH, solvent and 
concentration of luminescent centers). Furthermore, the materials decompose at high temperatures 
which makes them unsuitable for catalytic environments.

The fourth class, lanthanides, is a promising candidate for temperature probing in catalytic environ-
ments. Lanthanides exhibit sharp and environment-independent luminescence and show high thermal 
quenching temperatures. Kusuma proposed in 1976 that if the energy difference between two adjacent 
energy levels smaller than several kBT, the populations are thermally coupled, resulting in temperature 
dependent emission.[15] Consequently, the temperature can be determined from the fluorescence 
intensity ratio of the thermally coupled emission. This method is favourable over other methods (e.g. 
determination via the spectral bandwith or lifetime), since it is independent of sample variations such 
as concentration, excitation power or re-alignments of the set-up.

Until now, numerous studies have been performed on the temperature dependent luminescence of 
lanthanides in a variety of (co-)doped host materials. Temperature probing has successfully been ex-
ploited in organic host materials with workable ranges up to 200 ºC.[16] However, these organic host 
materials decompose at higher temperatures and are therefore unsuitable for temperature probing in 
catalytic environments. On the contrary, inorganic hosts such as Gd2O3, YAG (Y3Al5O12) and Y2O3 



8

have shown to exhibit temperature dependent luminescence up 800 ºC.[17-19] These host materials 
could easily be doped with luminescent lanthanide ions such as Eu3+, Dy3+, Er3+ and Yb3+. Further-
more, these materials exhibit low phonon energies and higher chemical stability which makes the 
usage favourable.

In this work, we investigated the temperature dependent luminescence of Y2O3:Ln NPs (Ln = Eu3+, 
Dy3+ or Er3+/Yb3+) on α-Al2O3, relevant for thermometry in chemical reactors up to 600 °C. The 
complexes were made by the deposition of Y2O3:Ln NPs on the catalytic support material α-Al2O3. 
The deposition of the Ln-doped Y2O3 NPs on α-Al2O3 yielded thermally and mechanically stable 
complexes that were tested for behaviour in temperature dependent luminescence.

It was found that Y2O3:Eu0.05 NPs / α-Al2O3 complexes exhibited temperature dependent emission 
between 225 and 600 °C. We were not able to deduce a temperature dependence from Y2O3:Dy0.0085 
NPs / α-Al2O3 because the signal to noise ratio was unsufficient. Upconversion luminescence of 
Y2O3:Er0.01Yb0.01 NPs / α-Al2O3 complexes revealed the presence of temperature dependent lumines-
cence from room temperature up to 500 °C. Thermal cycling experiments were carried out to inves-
tigate the durability and accuracy of the temperature probes. All systems have shown to remain their 
luminescence during the thermal cycles. The accuracy was relatively low, between 5.0 and 14.2 °C, 
for the Y2O3:Eu0.05 NPs / α-Al2O3 since the complexes exhibited low emission intensity at elevated 
temperatures. However, the Y2O3:Er0.01Yb0.01 NPs / α-Al2O3 showed a higher accuracy between 0.7 
and 2.8 °C because of a higher emission intensity and larger change in luminescence ratio.
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Chapter 2 - Synthesis of supported Y2O3:Ln NPs 
on α-Al2O3
2.1 Introduction
The aim of this work is to synthesize luminescent Ln-doped Y2O3 NPs (Ln = Eu3+, Dy3+ or Er3+/Yb3+) 
on α-Al2O3 for temperature probing in catalytic environments. For this purpose, Y2O3 is chosen as 
host material for luminescent lanthanides because of its high thermal and chemical stability [1] in 
combination with a low phonon energy, resulting in efficient emission.[2] The material α-Al2O3 was 
utilized to support the Y2O3:Ln NPs. This material is widely used in catalysis since it exhibits excel-
lent thermal and chemical stability.[3,4] Furthermore, due to its non-porosity the luminescent NPs 
remain on the surface of the support which makes the characterization easier and guarantees that the 
luminescence of the Y2O3:Ln NPs retains visible for the surroundings.

In this chapter, two methods are described to synthesize Y2O3:Ln NPs on α-Al2O3. Firstly, wet im-
pregnation is exploited to synthesize NPs directly on α-Al2O3. The advantage of this method is that 
the synthesis is relatively easy.[4,5] Figure 2-1 shows a schematical illustration of this technique. 
RE metal nitrate precursors (e.g. RE(NO3)3·x H2O with RE = Y3+, Eu3+, Dy3+, Er3+ and/or Yb3+) are 
dissolved in water and added to α-Al2O3. The drying of the system results in the formation of a pre-
cursor-layer on the α-Al2O3, shown in the figure as a blue layer. Calcination at elevated temperatures 
converts the precursor-layer in the corresponding metal oxide phase, yielding Ln-doped Y2O3.

Secondly, the deposition of as-synthesized Y2O3:Ln NPs on α-Al2O3 is investigated, the procedure is 
schematically depicted in Figure 2-2. To gain a high control over the formation of the Y2O3:Ln NPs, 
the NPs are separately synthesized by homogeneous precipitation.[6,7] Afterwards, the as-synthe-
sized NPs are dispersed in ethanol and deposited on α-Al2O3 by drying and physisorption.

Since the thermal and mechanical stability of the complexes are of high importance, adsorption and 
thermal experiments are carried out. The mechanical stability is examined by shaking Y2O3:Ln NPs 
/ α-Al2O3 complexes in ethanol for specific times. The thermal stability was investigated by heating 
a sample at 600 °C for 12 h.

α-Al2O3

drying
Y2O3:Ln NPs

+

dispersion

Figure 2-1: Schematic representation of wet impregnation of α-Al2O3 with Y2O3:Ln NPs. A precursor layer is formed after 
the drying of the nitrate solution and is converted to an Y2O3:Ln phase after calcination at elevated temperatures.

α-Al2O3

RE(NO3)3·H2O
precursor-layer

drying
calcination

Y2O3:Ln NPs

Figure 2-2: Schematic representation of the deposition of Y2O3:Ln NPs on α-Al2O3. A dispersion of Y2O3:Ln NPs is added to 
α-Al2O3 and dried, yielding Y2O3:Ln NPs / α-Al2O3 complexes.
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2.2 Theory
1. Catalysis
Most conversions in the chemical industry are accelerated by catalysts which speed up the reaction. 
The majority of these conversions (80 %) make use of a heterogeneous catalyst where the catalyst 
itself is located in a different phase than the reactants.[3] In contrast to homogeneous catalysis, where 
the catalyst is dissolved in the liquid phase, heterogeneous catalysis takes place on the interface be-
tween a solid-liquid or a solid-gas interface.

Heterogeneous catalysts can be divided into two types: bulk and supported catalysts. Bulk catalysts 
are solely made of the active material, which contains the catalytic active sites, and are mainly used 
when the material is cheap. However, it is impossible to produce a bulk catalyst when the active 
component is expensive and/or made of rare elements. To overcome the use of these precious ele-
ments metal or metal oxide nanoparticles (NPs) are made to generate an excessive surface to volume 
ratio. The catalytic activity is consequently enhanced since the actual conversion takes place at the 
surface of these NPs.[8] Furthermore, the size decrease leads to an increase in the number of surface 
defects which are catalytically more active by the presence of different local electronic structures.[9] 
However, due to the large specific surface area the active NPs are less thermodynamically stable than 
their bulk counterparts. The size decrease leads to an excess of surface energy which is solved by the 
stabilization of the NPs on support materials.

A typical heterogeneous catalyst constitutes of an active phase, a support material and occasionally 
a promoter. The active phase comprises NPs containing the active sites where the actual conversion 
from reactant(s) to product(s) takes place. These NPs are generally between 1 and 100 nm in size and 
comprise 1 to 25 wt% of the total catalyst mass.[3] To deposit large numbers of catalytic NPs, porous 
support marials with high-surface-to-volume ratios materials are used. Relatively inexpensive and 
chemically stable materials such as carbon, SiO2, TiO2 and γ-Al2O3 are used as support.[3,4]

2. α-Al2O3 as support material for luminescent Y2O3:Ln NPs
In this thesis, we make use of α-Al2O3 as support material for luminescent Y2O3:Ln NPs since it 
exhibits various advantageous properties. Currently, α-Al2O3 is a widely used support material for 
catalyst NPs. It is used in applications such as methane reforming or epoxidation of propylene by 
utilizing nickel and gold NPs, respectively.[10,11] α-Al2O3 is chemically inert and exhibits high 
chemical and thermal stability. It withstands temperatures up to 1100 °C and is almost indissoluble in 
strong acids.[4] Although most phases of Al2O3, e.g. γ- and χ-Al2O3, are porous, the α-Al2O3 phase 
has been chosen to support luminescent Y2O3:Ln NPs since the material is non-porous. The deposited 
NPs will remain on the surface of the material. This makes characterization easier and guarantees that 
luminescence of Y2O3:Ln NPs is observable.

3. Wet impregnation of α-Al2O3

Wet impregnation is a widely used method for the synthesis of catalytic NPs (e.g. Ag, Co, Cu and, 
Fe2O3 NPs) on support materials such as α-Al2O3, CeO2, TiO2 or SiO2.[11-15] This technique is rela-
tively easy and environmentally friendly since low amounts of waste are generated.[5] In the first step 
of the synthesis, metal precursors, e.g. metal sulfates, carbonates, chlorides, nitrates or acetates, are 
dissolved in a solvent. In most cases, water is used because of the high solubility of many precursors. 
The formation of premature deposits of the metal precursor in bulk solution is prevented by lowering 
the dissolved amount of metal precursor below the (super)saturation concentration. After the addition 
of the solution to the support material the sample is dried to eliminate the solvent, resulting in the 
formation of a precursor-layer. Finally, the precursor-layer is at elevated temperatures converted into 
the corresponding metal oxide.
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4. Synthesis of Y2O3:Ln NPs by homogeneous precipitation
Here, we make use of homogeneous precipitation, a liquid synthesis method which is extensively 
used for the synthesis of Y2O3 NPs. The method is capable of controlling the size and shape of the 
NPs to a high level.[6,7] Since the rare earth metals exhibit similar physical and chemical properties 
(see also the theory section of Chapter 3), the Y2O3 lattice can easily be doped with luminescent ions 
such as Eu3+, Dy3+, Er3+ and Yb3+ during the precipitation reaction.

The products of a decomposed organic compound, in this case urea, precipitate with metal cations 
in an aqueous solution. This results in the formation of precipitated nuclei above a critical point of 
super-saturation. Thereupon, the concentration of anions in solution is lowered while further gener-
ated anions are solely consumed by growth of the nuclei. The drop in anion concentration results in a 
well-defined separation of nucleation and growth which generates monodisperse NPs.

Urea (NH2COHN2) decomposes above 80 ºC in water into NH4OH and H2CO3 (equation 1). The de-
composed products NH4OH and H2CO3 can react further to NH4+ and CO3

2-, see equations 2, 3 and 4.
NH2COHN2 + 4 H2O → 2 NH4OH + H2CO3

NH4OH ←→ NH4
+ + OH-

H2CO3 ←→ H+ + HCO3
-

HCO3
- ←→ H+ + CO3

2-

Y3+ + OH- + CO3
2- + 1.5 H2O  →  Y(OH)CO3·1.5 H2O

Yttrium, as well as other RE metal ions, precipitate with OH-, CO3
2- and 1.5 H2O as:

The hydrous precipitate Y(OH)CO3·1.5 H2O is converted into the anhydrous product Y(OH)CO3 at 
a temperature of 200 ºC.[6] Finally, at temperatures above 640 ºC Y(OH)CO3 is transformed into the 
corresponding oxide to yield the metal oxide product Y2O3.

Equation 2.1 

Equation 2.2 
Equation 2.3 

Equation 2.4 

Equation 2.5 
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2.3 Methods
1. Synthesis of Y2O3:Eu0.05 NPs on α-Al2O3 by wet impregnation
The chemicals Y(NO3)3·6H2O and Eu(NO3)3·6H2O were purchased from Sigma-Aldrich. Extrudates 
of α-Al2O3 (BASF) were thoroughly grinded to obtain a white powder. All chemicals were used with-
out further purification.

Supported co-doped Y2O3:Eu0.05 NPs on α-Al2O3 flakes with different weight loadings (5, 10 and 
20 wt.%) were prepared by the wet impregnation technique. The nitrate precursors Y(NO3)3·6H2O 
and Eu(NO3)3·6H2O were in the molar ratio 0.95/0.05 dissolved in water and added to α-Al2O3. The 
obtained slurry was dried under continuous stirring and heating at 85 °C. When the water was evapo-
rated the samples were calcined in static air for 3 hours using a ramp of 5 °C/min.

2. Synthesis of Y2O3:Ln NPs by homogeneous precipitation
The chemicals Y(NO3)3·6H2O, Eu(NO3)3·6H2O, Dy(NO3)3·6H2O, Er(NO3)3·6H2O and 
Yb(NO3)3·6H2O (all 99.99% purity) were purchased from Sigma-Aldrich. Urea (99.5% purity) and 
ethanol (100% purity, containing traces of H2O) were purchased from Strem Chemicals. All chemi-
cals were used without further purification.

The preparation of the Y2O3:Ln NPs is based on the methods of Sohn and Fukushima.[6,7] In all ex-
periments, 178.5 mL of purified water was added to a round-bottom flask and 240 μmol of urea was 
consequently dissolved while stirring vigorously. Then, a solution of 0.72 mmol RE in 1.5 mL water 
was added to the urea solution to yield a total RE3+ concentration of 0.004 M in 180 mL solution.

The solution was heated under stirring at 85 ºC while measuring the pH every 20 minutes. After a sub-
sequent strong decline and slow rise of the pH, the heating was stopped and the solution cooled nat-
urally down to room temperature. A representative pH versus time diagram is enclosed in Appendix 
2.7.1. Afterwards, the solutions were centrifuged, washed three times with water and finally dispersed 
in 2 mL ethanol to prevent aggregation. The samples were dried overnight at 60 ºC and calcined in 
static air at 900 ºC for 3 hours using a ramp of 5 ºC/min.

3. Deposition of Y2O3:Ln NPs on α-Al2O3 by drying
Various masses of Y2O3:Ln NPs, made by homogenous precipitation, and α-Al2O3 (spherical powder 
of 20-50 micron, Alfa Aesar) were weighed for loadings of 0.1, 1, 5, 10 and 20 wt% to yield a total 
mass of 300 mg Y2O3:Ln NPs / α-Al2O3. The NPs were dispersed in ethanol by sonicating up to 60 
min to obtain a white dispersion with a concentration of 5 mg NPs/mL EtOH. The liquid fraction of 
the dispersion was taken by a pipette, leaving eventual non-dispersible grains behind on the bottom 
of the flask. The dispersion was consequently added to α-Al2O3 and carefully shaked for one minute. 
Afterwards, the samples were dried overnight at 60 ºC.

4. Deposition of Y2O3:Ln NPs on α-Al2O3 by physisorption
Y2O3:Ln NPs, made by homogenous precipitation, were dispersed in ethanol by sonicating for 60 
minutes to obtain a white dispersion with a concentration of 5 mg NPs/mL EtOH. α-Al2O3 (spherical 
powder of 20-50 μm, Alfa Aesar) was added to a filter (Whatman type 1001, pore size of 11 μm) and 
the dispersion was subsequently added, see also Figure 2-3. The system was rested for 5 minutes to 
let the NPs adsorb on the α-Al2O3. Finally, the excess of NPs was removed by washing the system by 
the addition of 5 mL in steps of 1 mL per minute and dried at 60 ºC overnight.

5. Adsorption and mechanical stability of Y2O3:Ln NPs on α-Al2O3

An as-synthesized sample of 5 wt% Y2O3:Eu0.05 NPs / α-Al2O3, made by drying deposition, was di-
vided in equal amounts of 50 mg and brought into separate Eppendorf tubes. 2 mL ethanol was added 
to each tube and placed on a roller shaker for various periods of time. Afterwards, the Y2O3:Eu0.05 
NPs / α-Al2O3 complexes were separated from the liquid phase by resting the tubes for 5 min to let 
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the microspheres sedimentate to the bottom of the flask. The dispersion, containing the desorbed NPs, 
was removed and analyzed with ICP-OES. The Y2O3:Eu0.05 NPs / α-Al2O3 complexes were dried at 
60 ºC and characterized with SEM. The thermal stability of an as-synthesized sample was examined 
by heating the sample for 12 h at 600 ºC in static air using a ramp of 5 ºC/min.

dispersion of
Y2O3:Ln NPs

α-Al2O3

filter

Figure 2-3: Schematic representation (not on scale) of the deposition of Y2O3:Ln NPs on α-Al2O3 by physisorptionin a 
funnel.

6. Characterization techniques
XRD diffractograms were recorded on a PW 1729 Philips diffractometer utilizing Cu Kα radiation be-
tween 2θ = 15 and 80º. TEM images were taken with a Tecnai 10 Philips microscope at 15 keV using  
a BSE detector. SEM images were made on a FEI XL30S FEG operating at 15 kV. Concentrations 
were measured with ICP on a Perkin-Elmer Optima 8300 Optical Emission Spectrometer.
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2.4 Results and discussion
1. Synthesis of Y2O3:Eu0.05 NPs on α-Al2O3 by wet impregnation
In this study, Y2O3:Ln NPs were synthesized on the support α-Al2O3 by wet impregnation. Samples 
were made with loadings of 5, 10 and 20 wt% Y2O3:Eu0.05 and calcined at 750 ºC for 10 h. XRD 
diffractograms were recorded to investigate the formed phase on α-Al2O3. The results are shown in 
Figure 2-4 (a) with reference diffractograms of Y2O3 (red), aluminium (blue) and α-Al2O3. As can 
be seen, similar diffraction peaks are found for consecutive loadings and confirm the synthesis of an 
Y2O3 phase next to α-Al2O3. The peaks corresponding to the Y2O3 phase become more present with 
increasing Y2O3 loading, this observation is in agreement with the presence of a higher amount of 
Y2O3 at higher weight loadings.

Furthermore, the average crystallite size of the Y2O3 phase was determined using the Scherrer equa-
tion by exploiting the most intense peaks of the Y2O3 phase. Figure 2-4 (b) shows the calculated crys-
tallite size versus the Y2O3 loading. By varying the Y2O3 loading from 5 to 20 wt% the crystallite size 
increases from 10.0 nm to 11.4 nm. Although an increase in crystallite size is observed, the change is 
insignificant to be attributed to the change of Y2O3 loading.

To investigate the Y2O3:Eu0.05 phase on the surface of α-Al2O3, TEM images were obtained which 
are shown in Figure 2-5. The typical smooth micrometer-sized flakes of α-Al2O3 are visible with NPs 
and layers of Y2O3:Eu0.05 at various spots. However, the majority of α-Al2O3 did not contain any 
Y2O3:Eu0.05 NPs or layers. Low loadings, viz. 5 and 10 wt%, result in the formation of single NPs 
although layers up to 45 nm thick are found as well. The loading of 20 wt% generates thicker layers 
with thicknesses up to 55 nm. Temperature probing with high accuracy requires well-defined NPs 
which cover the α-Al2O3 homogeneously. Since these requirements are not met, these complexes are 
not suitable for temperature probing.

20 wt%
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Figure 2-4: (a) XRD diffractograms of 5, 10 and 20 wt% Y2O3:Eu0.05 / α-Al2O3 calcined at 750 °C for 10 h with reference 
diffractograms of α-Al2O3, Y2O3 (red) and aluminium (blue). Dashed red lines indicate the used peaks for the calculation 
of the crystallite size of Y2O3. The aluminium phase is present by the usage of an aluminium sample holder. (b) Calculated 
crystallite sizes of the Y2O3 phase XRD diffractograms using the Scherrer equation using the peaks at 2θ = 29.1, 33.8 and 
48.5°.
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Figure 2-5: TEM images of Y2O3 / α-Al2O3 flakes calcined at 750 °C for 10 h with loadings of (a) 5, (b) 10 and (c) 20 wt% 
Y2O3:Ln.
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Figure 2-6: XRD diffractograms of 5 wt% Y2O3:Eu0.05 / α-Al2O3 calcined at 750, 850 and 1000 °C for 10 h with reference 
diffractograms of α-Al2O3, Y2O3 (red) and aluminium (blue). Dashed red lines indicate the used peaks for crystallite size 
calculation of Y2O3 for the samples calcined at 750 and 850 °C.

Figure 2-7: TEM image of 20 wt% Y2O3 / α-Al2O3 flakes calcined at 1100 °C for 10 h.

2. Influence of the calcination temperature on the synthesis of Y2O3:Eu0.05 NPs on α-Al2O3

The calcination step was further investigated to study the influence of the calcination temperature on 
the formation of the Y2O3 phase. Calcination of the sample took place at 750 ºC, followed by calcina-
tion at 850, 1000 and 1100 ºC, each cycle had a duration of 10 h. Figure 2-6 shows the XRD diffrac-
tograms with reference diffractograms of pure α-Al2O3, Y2O3 (red bars) and Y4Al2O7 (YAM, yttrium 
aluminium monoclinic, blue bars). In the XRD diffractograms of the samples calcined at 750 and 850 
ºC the characteristic peaks of the Y2O3 on α-Al2O3 phases are visible with Y2O3 crystallite sizes of 
10.1 and 10.2 nm, respectively. However, samples calcined at 1000 and 1100 ºC show the presence of 
YAM instead of Y2O3. This implicates that calcination at 1000 ºC is high enough to mobilize Y3+ and 
Al3+ ions what results in the incorporation of Y3+ atoms into α-Al2O3, yielding Y4Al2O7. Figure 2-7 
shows a TEM image of 20 wt% Y2O3/α-Al2O3 that has been calcined at 1100 ºC. As can be seen, the 
YAM phase on α-Al2O3 exhibits a smooth surface and is not well-defined. The formation of YAM on 
α-Al2O3 is unfavourable because temperature probing requires single luminescent Y2O3 NPs.

From above results it can be concluded that wet impregnation is unsuitable for the synthesis of sup-
ported Y2O3:Ln NPs on α-Al2O3. Wet impregnation of α-Al2O3 favours the formation of an Y2O3 
layer on different spots above the formation of single Y2O3:Eu0.05 NPs. Increasing the weight loading 
results in the formation of Y2O3 layers whereas at higher calcination temperatures Y atoms are incor-
porated into the α-Al2O3 phase.
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3. Synthesis of Y2O3:Ln NPs by homogeneous precipitation
Y2O3:Ln (Ln = Eu3+, Dy3+ or Er3+/Yb3+) NPs were synthesized by homogeneous precipitation with 
urea. To determine the size and shape of the as-synthesized NPs, TEM images were taken. In Figure 
2-8 representative images are shown of precursor and calcined Y2O3:Eu0.05 NPs, respectively.

Precursor NPs, shown in Figura 2-8 (a), appear as smooth and spherical particles and are occasionally 
interconnected. In Figure 2-8 (b) it can be seen that after calcination NPs with an uniform spherical 
shape and morphology with a rough surface are obtained. Furthermore, contrast differences are ob-
served within calcined NPs which arise by the presence of crystallite domains. It has been proposed 
that the increase in surface roughness by the calcination step is the result of the evaporation of chem-
ically bonded H2O and CO2. A pressure build-up inside the particles due to the evaporation of gases 
leads to cracks within the NP and increased surface roughness.[6]

The size and polydispersity of the NPs before and after calcination was calculated from TEM-images 
for all Y2O3:Ln samples, the results are shown in Table 2-1. As can be seen, the diameter of the pre-
cursor NPs varies between 70 and 285 nm with polydispersities ranging from 7.2 nm to 33.2 nm. It is 
unclear what the reason is for these size variations.

It was found that the particle size decreases upon calcination. Calcination of the precursor NPs yields  
NPs between 50 nm and 245 nm in diameter with polydispersities from 8.5 nm up to 33.8 nm. Sohn 
et al. related the densities of precursor and calcined NPs to the decrease of NP volume during calcina-
tion. The densities of Y(OH)CO3·1.5 H2O and Y2O3 are ca. 3.9 and 5.0 g/cm3 which  corresponds to a 
size decrease of 23 % in diameter for spherical particles.[6] From above measurements, size decreases 
between 11 and 24 % have been found. The majority of the samples, except for Y2O3:Eu0.05 (sample 
BS050), Y2O3:Er0.01Yb0.01 and Y2O3:Dy0.0085 NPs, show size decreases between 20 and 24% which 
are in the same of the order of magnitude as expected. However, Y2O3:Er0.01Yb0.01 and Y2O3:Dy0.0085 
exhibit smaller size decreases of 14 and 16 %, respectively. The smaller change in particle size de-
crease upon calcination is attributed to the large size of as-synthesized NPs. 

To confirm the crystallite phase of the as-synthesized NPs, XRD diffractograms were recorded. Fig-
ure 2-9 shows the results of Y2O3:Eu0.05, Y2O3:Dy0.0085,Y2O3:Er0.02Yb0.05 samples with reference 
patterns of pure Y2O3 (red) and aluminium (blue). The Y2O3 phase is clearly present and is not altered 
by the presence of dopants. The absence of additional diffraction peaks from dopants can be due to 

Figure 2-8: Representative TEM images of uncalcined (a) and calcined (b) Y2O3:Eu0.05 NPs.

a b
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Figure 2-9: XRD diffractograms of Y2O3:Eu0.05, Y2O3:Dy0.05Ce0.0085 and Y2O3:Er0.02Yb0.05 with reference patterns of Y2O3 
(red) and aluminium (blue). The samples were measured in an aluminium sample holder, generating the characteristic 
peaks of the aluminium phase. Crystallite sizes (CS) were calculated from the peaks at 2θ = 20.5, 29.2, 33.8 and 48.5 °.

two different reasons. As mentioned in the theory section of Chapter 3, rare earth metals have almost 
similar atomic radii which subsequently results in almost equal diffraction peaks. Furthermore, the 
dopant concentrations are too low to have a significant effect on the diffraction patterns.

As can be seen, all samples show shifted diffraction peaks in comparison to reference patterns. This 
shift is caused by the usage of partially filled sample holders since the synthesized amount of NPs is 
not sufficient to fill the holders completely. Due to the partially filled holders the reflection of x-rays 
is detected at slightly different angles. Nevertheless, the shift will not affect the calculations of the av-
erage crystallite sizes since the peak widths are unaffected. The average crystallite sizes by exploiting 
the Scherrer equation were found to be 17.5, 18.0 and 20.6 nm for the Y2O3:Eu0.05, Y2O3:Dy0.0085 and 
Y2O3:Er0.02Yb0.05 samples, respectively.

To confirm the incorporation of the Eu3+, Dy3+, Er3+ and Yb3+ ions in the Y2O3 lattice, ICP meas-
urements were carried out. Table 2-2 shows the results with the expected concentrations between 
brackets. As can be seen, the majority of measured concentrations are in agreement with the expected 
values. However, the Yb3+ concentration in the Y2O3:Er0.02Yb0.05 sample is lower than expected. A 
possible explanation for this is that the synthesis of this sample is incorrectly carried out, e.g. unsuf-
ficient Yb(NO)3 precursor solution was added to the reaction mixture.

Precursor NPs Calcined NPs

Sample Contents Size (nm) Polydispersity 
(nm)

Size (nm) Polydispersity 
(nm)

Size decrease (%)

BS050 Y2O3:Eu0.05 80.4 8.9 71.4 9.9 11
BS059 Y2O3:Eu0.05 71.8 7.2 54.3 10.4 24

BS057 Y2O3:Er0.02 92.9 9.6 70.9 6.1 24
BS058 Y2O3:Er0.02Yb0.05 105.4 11.0 82.1 9.9 22
BS061 Y2O3:Er0.01Yb0.01 282.4 33.2 242.4 33.8 14
BS062 Y2O3:Er0.001Yb0.01 114.0 9.5 91.2 8.5 20

BS056 Y2O3:Dy0.0085 162.0 22.9 135.3 18.4 16

Table 2-1: Size and polydispersity of Y2O3:Ln NPs (Ln = Eu3+, Dy3+ or Er3+/Yb3+) determined from TEM-images.
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4. Influence of calcination temperature on crystallite size and morphology
It is of high importance to obtain a crystallite size as large as possible since the luminescence can be 
quenched by defects in the lattice, e.g. line defects or ion vacancies. Calcination at higher tempera-
tures yields a less disordered crystal structure with an enhanced crystallite size.[16,17]

To study the influence of the calcination temperature on the crystallite size and morphology of 
Y2O3:Ln NPs, an uncalcined sample of Y2O3:Eu0.05 was calcined successively at 700, 800, 900, 1000 
and 1100 ºC. Figure 2-9 (a) and (b) show the XRD diffractograms and the average crystallite sizes 
calculated with the Scherrer equation, respectively. As can be seen, an amorphous phase is obtained 
of the uncalcined sample directly after synthesis. Calcination of the as-synthesized sample yields the 
characteristic Y2O3 phase. Moreover, it can be seen in Figure 2-10 (b) that with increasing the calci-
nation temperature from 700 to 1100 ºC, the crystallite size increases from 15 to 27 nm which is in 
line with our expectations.

Size and shape of the NPs was confirmed with TEM after each calcination step. Figure 2-11 and Fig-
ure 2-12 show the TEM images and size measurements of the NPs, respectively. The image of the un-
calcined NPs, see Figure 2-11 (a), shows monodisperse spherical particles with an average diameter 
of 72.6 nm. The images of calcination at 700 and 800 ºC are shown in Figure 2-11 (b) and (c). As can 
be seen, the spherical morphology is preserved although the size is decreased to 57.2 and 57.5 nm, 
respectively. Furthermore, the rough surface and contrast differences from the NPs arises by diffrac-
tion of the electron beam of the crystal domains. Successive calcination at 900, 1000 and 1100 ºC, see 
Figure 2-11 (d)-(f), increases the average particle size and yields cubical-shaped NPs. Moreover, the 
NPs are sintered to form larger particles up to 104.4 nm in diameter. 

The results show that the calcination temperature is a critical parameter for the shape and crystallite 
size of the Y2O3:Ln NPs. At relatively low calcination temperatures, viz. 700 and 800 ºC, spherical 
particles are synthesized with crystallite sizes of 15.1 and 17.1 nm, respectively. Calcination at 900, 
1000 and 1100 results in interconnected NPs of cubical size and shape which makes the particle un-
suitable. From this it is clear that the optimal calcination temperature is 800 ºC.

Table 2-2: Concentrations of dopants from ICP measurements of the Y2O3:Ln NPs (Ln = Eu3+, Dy3+ or Er3+/Yb3+), values 
between brackets refer to the theoretical concentrations.

Sample Contents Eu (%) Er (%) Yb (%) Dy (%)
BS050 Y2O3:Eu0.05 4.8 (5.0)
BS057 Y2O3:Er0.02 2.0 (2.0)
BS058 Y2O3:Er0.02Yb0.05 2.1 (2.0) 3.5 (5.0)
BS061 Y2O3:Er0.01Yb0.01 1.0 (1.0) 0.7 (1.0)
BS062 Y2O3:Er0.001Yb0.01 0.1 (0.1) 0.7 (1.0)
BS056 Y2O3:Dy0.0085 0.9 (0.85)
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Figure 2-10: (a): XRD diffractograms of Y2O3:Eu0.05 NPs calcined at 700, 800, 900, 1000 and 1100 °C and reference diffrac-
tograms of Y2O3 (red) and aluminium (blue). The samples were measured in an aluminium sample holder, generating the 
characteristic peaks of the aluminium phase. (b): Calculated average crystallite size versus calcination temperature using 
the Scherrer equation and the peaks at 2θ = 20.5, 29.2, 33.8 and 48.5°.

Figure 2-11: TEM images of uncalcined Y2O3:Eu0.05 NPs (a) and calcined NPs at 700 (b), 800 (c), 900 (d), 1000 (e) and 1100 
°C (f).
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Figure 2-12: Size measurements from TEM images of uncalcined and calcined Y2O3:Eu0.05 NPs at 700, 800, 900, 1000 and 
1100 °C, error bars indicate the standard deviation.
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5. Deposition of Y2O3:Ln NPs on α-Al2O3 by drying
The goal of this chapter is to explore the preparation of Y2O3:Ln NPs / α-Al2O3 complexes for tem-
perature probing in catalytic environments. Since it highly preferred to utilize the complexes after-
wards with catalytic active NPs on the surface of α-Al2O3, several requirements have to be fulfilled. 
The luminescent NPs have to be homogeneously distributed over the surface and exhibit sufficient 
luminescence for successful temperature probing. Moreover, unoccupied space is required for the 
deposition of catalytic NPs. Therefore, a balance between the amount of luminescent and catalytic 
NPs has to be found. To investigate these requirements several weight loadings of Y2O3:Eu0.05 NPs 
on α-Al2O3 were prepared.

First, the morphology and microstructure of unmodified α-Al2O3 was examined with SEM. Figure 
2-13 shows SEM images of a representative α-Al2O3 particle (a) and a zoom-in of the surface (b). 
As can be seen, the α-Al2O3 has a spherical morphology and is generally between 20 and 75 μm in 
size and contain protrusions up to approximately 1 μm. Moreover, the typical smooth structures of 
α-Al2O3 are clearly present on the surface.

Several samples of Y2O3:Eu0.05 NPs on α-Al2O3 were prepared to investigate the influence of 
the weight loading on the surface density of NPs. The NPs were deposited on α-Al2O3 by drying 
Y2O3:Eu0.05 NPs dispersions, yielding weight loadings of 0.1, 1.0, 5.0 and 10.0 wt%. The theoretical 
and experimental weight loadings are equivalent since the entire dispersion is deposited on α-Al2O3. 
After deposition, the resulting products were characterized with XRD and SEM to examine the mor-
phology and microstructure of the samples. 

Figure 2-14 shows the XRD diffractograms of Y2O3:Eu0.05 NPs, α-Al2O3 and Y2O3:Eu0.05 NPs/α-
Al2O3 complexes. As can be seen, the diffractogram of Y2O3:Eu0.05 NPs / α-Al2O3 exhibits both dif-
fraction peaks of the Y2O3 and α-Al2O3 phase, confirming the deposition of the NPs on the support 
material. Furthermore, the crystallite size of the NPs is preserved, indicating that the NPs are not 
affected by the deposition.

The SEM images of the complexes with weight loadings of 0.1, 1.0, 5. and 10 wt%, shown in Figure 
2-15, show white NPs on the grey α-Al2O3 spheres. The contrast arises by the difference in atomic 
mass of the strong back-scattering yttrium and weak back-scattering aluminium atoms. This differ-
ence can be visualized in SEM analysis when using a back-scattering detector. As can be seen in the 
images, the density of NPs on the surface increases with increasing weight loading which is in agree-
ment with our expectations. The surface is homogeneously covered at loadings of 0.1 and 1.0 wt% 
whereas at 5.0 wt% NP-clusters up to 500 nm in size are observed. A loading of 10 wt% results in a 
partly filled surface although other places are covered with μm-size clustered NPs.

Figure 2-13: SEM images of an α-Al2O3 particle (a) and a zoom-in of the surface (b).

a b
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Figure 2-14: XRD diffractograms of Y2O3:Eu0.05 NPs and deposited Y2O3:Eu0.05 NPs on α-Al2O3. The crystallite sizes (CS) 
were calculated from the peaks at 2θ = 20.5, 29.2, 33.8 and 48.5°. Reference diffractograms are shown of α-Al2O3, Y2O3 
(red bars) and aluminium (blue bars).
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Figure 2-15: SEM images of the surface of α-Al2O3 with different loadings of Y2O3:Eu0.05 NPs made by drying deposition: 
0.1 wt% (a), 1.0 wt% (b), 5.0 wt% (c) and 10.0 wt% (d).
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The clustering of NPs that is observed at all loadings could be attributed to various reasons. Firstly, as 
can be seen on the TEM images of calcined samples (Figure 2-8 (b)), the NPs are directly after prepa-
ration occasionally clustered. Secondly, when nearly all ethanol is evaporated, most Y2O3:Ln NPs 
will remain in the dispersion, resulting in specific spots where the remaining ethanol will evaporate, 
leaving clusters of NPs behind. Lastly, since the Y2O3:Ln NPs are not stabilized by ligands, the NPs 
could be clustered by e.g. electrostatic interactions.

From above results it can be concluded that the optimal loading is 5 wt% Y2O3:Eu0.05 on the α-Al2O3. 
Weight loadings of 0.1 and 1.0 wt% will result in weak luminescence whereas the formation of large 
NP-clusters at 10 wt% has to be avoided. The weight loading of 5 wt% results in the formation of a 
homogeneous surface coverage while the luminescence is preserved. Furthermore, sufficient space 
on the surface is available for the deposition of catalytic NPs next to the luminescent Y2O3:Ln NPs.

6. Deposition of Y2O3:Ln NPs on α-Al2O3 by physisorption
To investigate the physisorption of Y2O3:Ln NPs on α-Al2O3, Y2O3:Eu0.05 NPs were deposited on 
α-Al2O3 by physisorption deposition. The benefit of this method is that exclusively adsorbed NPs are 
deposited on α-Al2O3 whereas the excess is washed away. From this experiment, it can be determined 
if the Y2O3:Ln NPs exhibit affinity for the surface of α-Al2O3. This affinity could not be deduced from 
the previous method, deposition by drying, since the total dispersion is dried on α-Al2O3.

Therefore, a certain amount of Y2O3:Eu0.05 NPs was dispersed in ethanol for a loading of 5 wt%. The 
dispersion was added to the α-Al2O3, which was placed in a funnel with a filter. Directly after addi-
tion, the filter partly absorbed the dispersion and characteristic red luminescence was observed from 
the Y2O3:Eu0.05 NPs under excitation of an UV-lamp (λexc = 254 nm). Based on this observation, it 
can already be expected that not all NPs are deposited on the α-Al2O3.

To examine the surface of α-Al2O3 after deposition, SEM images were taken. The images are shown 
in Figure 2-16 for an α-Al2O3 particle and a zoom-in of the surface. As can be seen on the images, 
the surface is homogeneously covered with Y2O3:Eu0.05 NPs. Moreover, the density of NPs is lower 
and the NPs are more homogeneously distributed over the surfaces in comparison to the sample of 5 
wt% Y2O3:Eu0.05 / α-Al2O3 prepared with drying deposition (Figure 2-17 (c)). This observation also 
confirms our hypothesis that not all Y2O3:Eu0.05 are adsorbed by the α-Al2O3.

Although the actual weight loading could not be determined from the SEM images, a rough estimate 
of the weight loading can be made by comparing the images with known weight loadings prepared 
by drying deposition.

Figure 2-16: SEM images of α-Al2O3 after the deposition of Y2O3:Eu0.05 particles by physisorption. An image of an α-Al2O3 
paricle (a) and a zoom-in of the surface (b).
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7. Thermal stability of Y2O3:Ln NPs on α-Al2O3

The majority of catalytic reactions in the chemical industry occur at temperatures up to 600 ºC. This 
makes it of high importance that the Y2O3:Ln NPs on α-Al2O3 are thermally stable. To examine this 
aspect, a sample of 10 wt% Y2O3:Eu0.05 NPs / α-Al2O3 complexes was thermally treated for 12 h at 
600 ºC. It is expected that the complexes are not altered by the thermal treatment since both Y2O3 and 
α-Al2O3 exhibit high thermal stability.

To examine the morphology of the sample before and after the thermal treatment, SEM images of 
the sample were taken. The results are shown in Figure 2-17 for the sample before (a)-(b) and after 
the thermal treatment (c)-(d). The NPs are clearly visible on the surface of the α-Al2O3 before and 
after the treatment. As discussed in the previous section, a loading of 10 wt% results in large clusters 
of NPs on the surface of α-Al2O3 which is visible on these SEM images as well. Nevertheless, no 
major differences such as sintering or changes in particle morphology are observed after the heating 
treatment.

To investigate the influence of the thermal treatment on the crystal phases, XRD diffractograms were 
recorded. The results are shown in Figure 2-18. As can be seen, the peaks of the Y2O3 and Al2O3 phas-
es are obviously present and are not affected by the thermal treatment. Furthermore, the calculated 
crystallite size of the Y2O3 phase was determined before and after and have an identical size of 17.7 
nm, confirming the thermal stability of the complexes.
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Figure 2-17: SEM images of 10 wt% Y2O3:Ln NPs / α-Al2O3 before (a & b) and after (c & d) a heating treatment for 12h at 
600 °C.
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Figure 2-18: XRD diffractograms of as-synthesized and thermal treated samples of 10 wt% Y2O3:Eu0.05 / α-Al2O3. The ther-
mal treated sample was heated for 12 h at 600 °C. Reference diffractograms are shown of α-Al2O3, Y2O3 (red bars) and 
aluminium (blue bars). The crystallite sizes (CS) were calculated from the peaks at 2θ = 20.5, 29.2, 33.8 and 48.5°.
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8. Mechanical stability of Y2O3:Ln NPs on α-Al2O3

When embedded in a reactor, it is of high importance that the Y2O3:Ln NPs exhibit a strong affinity 
for the surface of α-Al2O3. Otherwise, the deposited Y2O3:Ln NPs will be released into the mobile 
phase. This leads to the contamination of the liquid or gas phase and decreases the luminescence 
which consequently enhances the difficulty of temperature probing.

To study the mechanical stability of Y2O3:Ln NPs on α-Al2O3 in a representative solvent, an as-syn-
thesized sample of 5 wt% Y2O3:Eu0.05 / α-Al2O3 was added to ethanol and placed on a roller shaker 
up to 24 h. Afterwards, the samples were examined with SEM to study the microstructure and mor-
phology. Figure 2-19 shows images of as-synthesized and samples exposured to ethanol for 1 min and 
24 h. Images of samples shaked for 0.5, 1, 4 and 8 h are enclosed in Appendix 2.7.3. As can be seen 
on the images, the Y2O3:Eu0.05 NPs are present on the surface of the α-Al2O3 after the exposure of 
ethanol. No clustering or changes in particle morphology are observed with increasing exposure time. 
Furthermore, the density of NPs remains constant which indicates that the particles remain adhered 
on the surface.

ICP measurements of the ethanol phase indicated the absence of NPs in ethanol. Only in the sample 
that was exposed for 24 hours an yttrium concentration in the detection limit of the machine was 
measured, indicating an insignificant desorption of NPs leaching to the liquid phase. From this, it can 
be concluded that the Y2O3:Ln NPs remain adhered on α-Al2O3 during exposure of ethanol.

Figure 2-19: SEM images of 5 wt% Y2O3:Eu0.05 NPs / α-Al2O3 after shaking the complexes in EtOH for different periods of 
time. Images of as-synthesized complexes (a) and samples shaked for 1 min (b) and 24 h (c).

a, as-synthesized b, 1 min

c, 24 h
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2.5 Conclusion
In this chapter the synthesis of Y2O3:Ln (Ln = Eu3+, Dy3+ and Er3+/Yb3+) NPs / α-Al2O3 complexes 
was discussed. Wet impregnation, the direct synthesis of Y2O3:Ln on α-Al2O3, has shown to be un-
suitable for the preparation of well-defined NPs since layers were formed at selective spots. Further 
investigation of the calcination step up to 1100 ºC did result in the unfavourable formation of Y4A-
l2O7. Therefore, another approach was taken to gain a high control over the synthesis by separating 
the preparation of Y2O3:Ln NPs and deposition on α-Al2O3. It was found that Y2O3:Ln NPs between 
50 and 250 nm in size were successfully synthesized. Afterwards, the Y2O3:Ln NPs were deposited 
on α-Al2O3 by drying and physisorption. The NPs were succesfully deposited on the surface and a 
loading of 5 wt% was found to be the optimal density. Furthermore, shaking and thermal experiments 
showed that the NPs were mechanically and thermally stable up to 600 ºC.
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2.7 Appendix
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Figure 2-20: Temperature and pH during the synthesis of Y2O3:Eu0.05 NPs. Error bars indicate the boundaries of pH meas-
urements whereas the dashed black line indicate the first moment a white precipitate in the solution was visible to the 
naked eye.

1. pH and temperature during the synthesis of Y2O3:Eu0.05 NPs by homogeneous precipitation
Temperature and pH were monitored during precipitation to follow the process of NP formation, 
shown in Figure 2-19. A steep pH decrease is observed during the first 20 minutes by the generation 
of H+ ions due to the decomposition of urea. The precipitation starts by the formation of nuclei what 
is observed by the change from a colorless to a white solution, indicated in the Figure by the dashed 
black line. The increase of pH due to the decomposition of the excess of urea indicates the finishing 
of the synthesis.
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Figure 2-21: SEM images of undispersable Y2O3:Ln particles after drying (a), a zoom-in of the surface (b).

a b

2. Grains of Y2O3:Eu0.05 NPs
A small fraction of calcined Y2O3:Eu0.05 NPs could not be dispersed in EtOH and was left on the 
bottom of the flask. The grains were dried and characterized with SEM to study the morphology, see 
Figure 2-21. As can be seen, grains with dimensions up to 250 μm in size have been formed. The 
zoom-in shows the surface of such a grain, showing that the grain is consitutes of small particles.

Later on, it was found out that the final washing step of the precursor NPs is critical for the formation 
of these μm-sized grains. Incomplete redispersion, leaving a gel-like structure behind on the bottom 
of the drying tube, results in the formation of these particles. Full redispersation of the as-synthesized 
NPs resulted in an absence of these μm-sized NP grains.
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a, 30 min b, 1 h

c, 4 h d, 8 h

Figure 2-22: SEM images of 5 wt% Y2O3:Eu0.05 NPs / α-Al2O3 after shaking the complexes in EtOH for 30 min (a), 1 h (b), 4 
h (c) and 8 h (d).

3. Mechanical stability of Y2O3:Eu0.05 NPs on α-Al2O3
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3.1 Introduction
The main aim of this work is to develop luminescent temperature probes for catalytic environments by 
exploiting temperature dependent emission from Y2O3:Ln NPs on α-Al2O3. In the previous chapter, 
the synthesis procedures of the complexes were discussed. The direct synthesis of NPs on α-Al2O3 
by wet impregnation was found to be unsuitable since layers of Y2O3:Ln were formed instead of 
well-defined NPs. Therefore, another approach was taken by separating the synthesis and deposition 
of Y2O3:Ln NPs  on α-Al2O3. The NPs were succesfully synthesized by homogeneous precipitation 
and afterwards deposited on α-Al2O3. Furthermore, thermal and adsorption stability experiments con-
firmed the stability of the complexes.

In this chapter, the luminescence of the Eu3+, Dy3+, and Er3+/Yb3+-doped Y2O3:Ln NPs on α-Al2O3 
complexes is investigated. The complexes are examined by excitation and emission spectra. Further-
more, temperature dependent emission spectra between room temperature and 600 °C are recorded to 
investigate the luminescence up to high temperatures. To examine the reproducibility and accuracy of 
the temperature probes, thermal cycling experiments are performed.

Chapter 3 - Temperature dependent 
luminescence of Y2O3:Ln NPs on α-Al2O3
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3.2 Theory
Lanthanides

The lanthanides comprise the series of fifteen chemical elements with atomic numbers ranging from 
57 up to 71, located at the bottom of the periodic table. Lanthanides are occassionaly entiteld as rare 
earth elements, or simply rare earths (RE). However, RE is not the correct definition since it also 
includes the elements yttrium (Y) and scandium (Sc), with Z = 21 and Z = 39, respectively.[cotton]

The lanthanide series starts with lanthanum (La) which has an electron configuration of [Xe] 5d1 6s2 
since the 5d orbital is lower in energy than a 4f orbital. However, further addition of protons result 
in the filling of 4f-orbitals as the 4f orbitals become rapidly more stable by contraction to the nucle-
us. This contraction is visualized in Figure 3-1 where the probabilities for observing 4f, 5d and 6s 
electrons are plotted versus the distance to the nucleus. As can be seen, the 4f orbitals are principally 
located near the nucleus whereas the 5d and 6s orbitals are spreaded out over larger volume.

Therefore, cerium (Ce) and praseodymium (Pr) have electron configurations of [Xe] 4f1 5d1 6s2 and  
[Xe] 4f3 6s2, respectively. The filling of the f orbitals continues after praseodymium from neodymium 
up to europium (Eu) with configurations of [Xe] 4fn 6s2 (n = 4 - 7), see also Table 3-1. Since a half-
filled f orbital is lower in energy than that of a 5d orbital, the electron configuration of gadolinium 
(Gd) is [Xe] 4f7 5d1 6s2. After gadolinium, the pattern is continued from terbium (Tb) up to ytterbium 
(Yb), with [Xe] 4fn 6s2 (n = 9 - 14). The series is completed by lutetium (Lu) where the last electron 
is placed in the 5d orbital, generating the [Xe] 4f14 5d1 6s2 configuration.

The common oxidation state of lanthanides is the trivalent oxidation state (Ln3+), resulting in electron 
configurations of [Xe] 4fn, with n varying from n = 0 for lanthanum up to n = 14 for lutetium. An 
important characteristic of lanthanides is the complete shielding of the 4f orbitals by the fully filled 5s 
and 5p valence orbitals. The shielding is the principal reason for the chemical and spectroscopic prop-
erties, such as similar atomic and ionic radii, enthalpies of formation and ionization energies.[blasse] 
This in contrast to the d-block transition metals, where the d orbitals are not shielded by outerlying 
orbitals and the spectroscopic and magnetic properties are strongly affected by the surroundings.

Pr
ob

ab
ili
ty

4f

r

5d

6s

Table 3-1: Electron configurations of the lanthanides and the corresponding trivalent oxidation state.

Element Ln0 Ln3+ Element Ln0 Ln3+

La [Xe] 5d1 6s2 [Xe] Tb [Xe] 4f9 6s2 [Xe] 4f8

Ce [Xe] 4f1 5d1 6s2 [Xe] 4f1 Dy [Xe] 4f10 6s2 [Xe] 4f9

Pr [Xe] 4f3 6s2 [Xe] 4f2 Ho [Xe] 4f11 6s2 [Xe] 4f10

Nd [Xe] 4f4 6s2 [Xe] 4f3 Er [Xe] 4f12 6s2 [Xe] 4f11

Pm [Xe] 4f5 6s2 [Xe] 4f4 Tm [Xe] 4f13 6s2 [Xe] 4f12

Sm [Xe] 4f6 6s2 [Xe] 4f5 Yb [Xe] 4f14 6s2 [Xe] 4f13

Eu [Xe] 4f7 6s2 [Xe] 4f6 Lu [Xe] 4f14 5d1 6s2 [Xe] 4f14

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

Figure 3-1: Probability to find 4f, 5d and 6s electrons on a distance r from the nucleus of a lanthanide. Note that the 4f 
orbitals are strongly shielded by the 5s and 6p orbitals. Adapted from Cotton.[1]
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Figure 3-2: Configurational diagrams for a lanthanide (left) and a d-block metal (right) with corresponding excitation and 
emission spectra.

Spectroscopic properties of lanthanides

Last decades, extensive research has been carried out to explain the electronic transitions of lantha-
nides. It was found that the transitions between the various 4fn states, the so-called 4fn - 4fn transitions, 
are very well-defined and have features resembling those of free ions. Especially, they do not vary 
much with the chemical environment when inserted into different host materials (e.g. from NaYF4 to 
Y2O3).[cotton,blasse] Therefore, the energy levels of all lanthanides were measured in the crystal lat-
tice LaF3 and can now be found in the so-called Dieke diagram, shown in Figure 3-3.[blasse] The host 
material LaF3 is a low-symmetry crystal and is a good reference since crystal field splitting is almost 
absent (usually less than 100 cm-1). The thicknesses of the energy levels in the diagram correspond to 
the degree that energy levels are affected by the crystal field.

The well-defined transitions of lanthanides can be explained by the configurational coordinate dia-
gram. Moreover, the luminescence of d-block metals will be shortly discussed to compare the lumi-
nescence with that of lanthanides. Figure 3-2 shows the coordinate diagrams of a lanthanide and a 
d-block metal.[cotton] In both cases, a photon can be adsorbed to promote the ion from the ground 
state (GS) to the excited state (ES), indicated by upward arrows in the Figure.

For lanthanides, the change in distance between atoms and ligands upon excitation is negligible by 
the shielding of the f-orbitals by the 5s and 5p orbitals. Therefore, the Stokes’ shift (ΔS), the change 
in distance between the atom and the ligand upon excitation of the luminescent center, is neglegible. 
Emission consequently arises from the ES to the GS at an equal wavelength as absorption, yielding 
overlapping excitation and emission peaks.

For d-block metals, the metal-ligand distance strongly increases upon excitation, resulting in large 
Stokes’ shifts since the d-block orbitals are not shielded. Non-radiative relaxation occurs, yielding 
emission at much longer wavelengths, as visualized in the combined excitation and emission spec-
trum in Figure 3-2. Important parameters affecting the Stokes’ shift are the presence of ligands and 
the nephelauxatic effect.
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Figure 3-3: The Dieke diagram, the energy levels of Ln3+-series measured in the crystal lattice LaF3, adapted from the work 
of M. de Jong.[3,4]
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Figure 3-4: Schematical illustration of the energy splitting of lanthanides. The 4fn energy levels are splitted by electronic 
repulsion, spin-orbit coupling and the ligand field, respectively.[1]

Energy levels and term symbols

The various electron distributions over the 4f-orbitals are the origin of the microstates in lanthanides.
[2] The number of possible electron distributions can be calculated by taking the number of orbitals 
n =14 and the orbital quantum number l=3 into account:

(4l + 2)!

n!(4l + 2− n)
=

14!

n!(14− n)!
if l = 3. (1)

I1(T ) = p1N1(T ) and I2(T ) = p2N2(T ). (2)

FIR =
I2(T )/I1(T )

I2(T0)/I1(T0)
=

p2N2(T )/p1N1(T )

p2N2(T0)/p1N1(T0)
=

N2(T )/N1(T )

N2(T0)/N1(T0)
(3)

N2(T )

N1(T )
= exp

(
− ∆E21

kBT

)
. (4)

T =

[
1

T0
− k

∆E21
lnR

]−1

. (5)

ln
(I2
I1

)
= ln

(p2
p1

)
− ∆E21

kBT
= lnA− ∆E21

kBT
(6)

S =
1

R

dR

dT
=

(
∆E21

kT 2

)
. (7)

I2j ∝ Γ2jN2 (8)

N2 = N1 exp

(
−∆E21

kBT

)
(9)

FIR = C exp

(
−∆E21

kT

)
(10)

ln(FIR) = ln(C)− ∆E

k
· 1
T

(11)

dc =
0.9 λ

β Cos θ
(12)

1

For instance, 2002 microstates are available for Tb3+, an 4f9-ion.

Figure 3-4 shows a schematical depiction of energy splitting in lanthanides which forms the energy 
levels. The electrons are distributed over the atomic orbitals which results in the 4fn ground state. The 
energy needed for excitating an 4fn electron to the higher-lying 5d orbital, resulting in the 4fn-15d1 
excited state, is in the order of 104 cm-1.

The splitting of the 4fn orbitals into multiple energy levels arises by four different causes. Firstly, the 
4fn level splits into 2J+1 2S+1L levels by interelectronic repulsion of electrons and is called the free 
electron state. The symbols S, L and J denote respectively the total spin moment, the total orbital an-
gular moment and the total angular momentum (i.e. the vector sum of S and L). The values of L are 
designated by the letters S, P, D, F, G, H, I, K and L for L=0, 1, 2, 3, 4, 5, 6, 7 and 8, respectively.[1]

Secondly, further splitting by spin-orbit coupling, also called Russell-Saunders coupling, generates 
2J+1 energy levels which are assigned by the Russel-Saunders term symbols 2S+1LJ. Thirdly, the en-
ergy states of a lanthanide are also affected by the electric field of the ligand or crystal, although this 
influence is limited. Each 2S+1LJ energy state is split into various energy levels with maximal energy 
differences of about 200 cm-1 which corresponds to the thicknesses of energy levels in the Dieke 
diagram. Fourthly, external magnetic or electric fields can split the J-values further. However, this 
influence on lanthanides is very small since the energy variations are in the order of 1 cm-1.

Equation 3-1
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The ground state term symbol of an ion after spin-orbit coupling can be determined using Hund’s 
rules. First, the greatest spin multiplicity S lies lowest in energy. If there is more than one term with 
equal spin multiplicity, the term containing the highest L value is the ground state. If there is more 
than one term containing the same L as ground state the J-value has to be taken into account. For a 
shell which is less than half-filled, the J term with the lowest value is the ground term. In contrast, if 
the f-orbitals are half-filled or more, the ground state contains the highest value of J.

For instance, Eu3+, with an f6-configuration has a ground state labeled 7F0. The 6 electrons can be 
placed parallel in the orbitals with highest angular momentum, resulting in S = 3 and L = 3. By apply-
ing the Russel-Saunders term symbols, this results in 7FJ, with J ranging from 0 to 6. Since the orbitals 
are less than half filled, the lowest energy level is the 7F0 level.

Types of electronic transitions

Most lanthanides can absorb and emit photons in UV, visible and/or NIR regions. These absorptions 
and emissions arise by three types of electronic transitions: sharp intra-configurational 4fn - 4fn tran-
sitions (transitions between the 4fn energy levels from the Dieke diagram), broader 4f-5d transitions 
and broad charge-transfer (CT) transitions.[5] CT involves the transfer of charge from metal-to-li-
gand (MLCT) or ligand-to-metal (LMCT). The 4f-5d and CT transitions are of a higher intensity 
since they are parity allowed and occur at higher energies than than that 4fn-4fn transitions (usually 
at wavelengths smaller than 300 nm) and appear as broad bands. However, not all these transitions 
are allowed by the Laporte selection rule which dictates that transitions with the same initial and final 
parity are forbidden.

Intra-configurational 4fn - 4fn transitions are allowed if the matrix element for an electronic transi-
tion < Ψi |O|Ψf > is nonzero, i and f are the initial and final wavefunctions whearas O is the transition 
operator. The physical interpretation of this rule is that transitions with the same parity are forbidden 
because according to quantum mechanics, the parity should be inverted after the transition. The prob-
ability for an absorption or emission is expressed as the oscillator strength with a value between 0 
and 1.[5] The intensity of peaks in absorption and emission spectra can be explained by the selection 
rules and oscillator strengths.

The 4fn - 4fn transitions could arise by four types of transitions, namely the Judd forced electric dipole 
(ED, also called induced ED), magnetic dipole (MD), electric quadrupole (EQ) and one phonon ED 
vibronic transitions.[tanner] The four transition types are listed with their selection rules and oscilla-
tor strengths in Table 3-2. The Judd forced ED and MD transitions are the most important transitions 
for sharp 4fn - 4fn transitions because of their relative high oscillator strengths, resulting in intense 
transitions. ED and MD transitions get their intensity by the mixture of higher electronic states of 
opposite parity. Mixing arises by the presence of a low-symmetric crystal field or by asymmetric mo-
lecular vibrations which temporarily lift the symmetry.

However, the La3+ and Lu3+ lanthides do not exhibit 4fn - 4fn transitions since both ions have very 
stable [Xe] 5d1 6s2 and [Xe] 4f14 5d1 6s2 configurations, respectively.[cotton] Furthermore, Gd3+ has 
no transitions in visible and NIR wavelength regions because it has a very stable [Xe] 4f7 5d1 6s2 
configuration.

Type of transition J selection rules Oscillator strength
Electric dipole (ED) |ΔJ| ≤ 1 with J ≠ J’ = 0 is forbidden 0.01-1
Judd forced ED |ΔJ| ≤ 6 if J = 0, or J’ = 0 if |ΔJ| = 2,4,6  10-4 of ED
Magnetic dipole (MD) |ΔJ| ≤1 with J = J’ = 0 is forbidden 10-6 of ED
Electric quadrupole (EQ) |ΔJ| ≤ 2 with J = 0 and J’ = 0, 1 are forbidden 10-10 of ED
One phonon ED vibronic equal to Judd forced ED 10-7 - 10-10 of ED

Table 3-2: Selection rules for electronic transitions of trivalent lanthanides.[5]
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Decay of excited states

After the excitation of a lanthanide ion to an excited state, various pathways are available for a lumi-
nescent center to return to the ground state which occurs either radiatively (as discussed previously) 
or non-radiatively. The relaxation is strongly coupled to the surroundings of the luminescent ions, 
e.g. solvents, ligands, defects and neighbouring ions. Here, the most important non-radiative decay 
processes will be discussed shortly.

The first process, multi-phonon relaxation, is a major non-radiative decay pathway. An excited lu-
minescent center can transfer its energy to phonons of the host material, the collective oscillation of 
atoms, resulting in the quenching of energy. However, if the energy difference between two adjacent 
energy levels requires the energy of 5 phonons or more, the dominant decay mechanism for that spe-
cific energy level is radiative. In other words, the luminescence of an energy level is less efficient if 
the energy gap to a lower-lying energy level could be bridged by 5 phonons.[2]

In this study, Y2O3 has been chosen as host material to incorporate luminescent lanthanides since 
it exhibits a relatively low phonon energy νmax of ~600 cm-1, resulting in small non-radiative decay 
rates.[2] This is in contrast to other host materials such as the silicates, borates and phosphates where 
νmax values between 1000 and 1200 cm-1 are observed which could bridge the energy gap between 
two energy levels more efficiently, leading to high non-radiative decay rates.[2]

Another major decay process is concentration quenching.[2] This process arises by the loss of energy 
to defects in the crystal lattice at relatively high dopant concentrations. The energy of an excited center 
can migrate over the lattice via neighbouring centers until a defect is encountered which quenches the 
energy. Examples of defects are vacancies, defects and lattice mismatches. This quenching process 
can be reduced by lowering the dopant concentrations, resulting in the can quench the luminescence 
by absorbing the energy and dissipating the energy non-radiatively.
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Upconversion of Er3+ by Yb3+

Upconversion is anti-stokes emission with emission at shorter wavelengths than excitation. In this 
process, two low-energetic photons are combined into one high-energetic photon. A well-known up-
conversion couple is Er3+/Yb3+, in which Yb3+ acts as sensitizer for the activation of Er3+. Low-en-
ergetic infrared photons are absorbed and emitted as high-energetic green photons. Although it has 
been demonstrated that single-doped Er3+ samples are capable of upconversion, the low absorption 
cross section of Er3+ results in very poor emission. Therefore, Yb3+ is incorporated to activate Er3+.

The activation of Er3+ via upconversion has multiple advantages over direct excitation. Firstly, the 
clear separation of the excitation and emission wavelengths reduces scattering effects in the visible 
emission region. Secondly, IR photons penetrate deeper in solid and liquid media than UV or visible 
photons.

Various pathways have been proposed for the upconversion processes and are depicted in Figure 3-6.
[6-9] The first pathway is the excitation of erbium by excitated state absorption (ESA). Erbium is 
excited by the uptake of two photons from the 4I15/2 ground state to 4I11/2 and consequently further 
excited to the 4F7/2 state. The second pathway is energy transfer upconversion (ETU) where two 
excited erbium 4I15/2 neighbouring interact. Both ions are excited by ground state absorption under 
the uptake of a 980 nm photon. One ion absorbs the energy of the other and is excited to the 4F7/2 
whereas the other is de-excited to the 4I15/2 ground state. Although both pathways have been observed 
in single-doped Er3+-samples, the emission is poor since the absorption cross-section of Er3+ at 980 
is very low.

Nevertheless, the third pathway results in high Er3+ emission intensity and is a two-step energy trans-
fer (two-step ET) process from neighbouring ytterbium ions to erbium. In the first step of the process, 
two ytterbium ion are excited from the 2F7/2 to the 2F5/2 energy level by the adsorption of two 980 nm 
photons. ET from ytterbium to erbium takes place what results in the excitation of erbium from the 
4I15/2 ground state to the 4I11/2 energy level. A second ET follows and erbium is further excited from 
the 2I11/2 to the 4F7/2 energy level.

Figure 3-6: Schematic representation of the upconversion processes excited state absorption (ESA), energy transfer up-
conversion (ETU) and two step energy transfer (ET) of the Er3+/Yb3+-couple upon excitation at 980 nm.
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Thermal coupling of energy levels and the fluorescence intensity ratio method

In 1976, Kusuma et al. proposed a method to determine the temperature from the luminescence of 
lanthanides.[10] If two energy levels are closely spaced, e.g. exhibit an energy difference of approxi-
mately 1,000 cm-1 or several kBT, the populations are thermally coupled by a Boltzmann distribution. 
The thermal energy available at room temperature is sufficient to bridge this energy gap and to set the 
thermal distribution.

In this research, the lanthanide ions Eu3+, Dy3+ and Er3+ are exploited which contain differences be-
tween the energy levels of 1,700 cm-1, 1,000 and 750 cm-1, respectively.[3,4] In Figure 3-7 the energy 
levels are shown with the thermally coupled energy levels placed in red boxes. From the variation 
in energy difference, it is expected to find different temperature dependent regions, i.e. the energy 
difference of Er3+ is smaller than that of Eu3+ which result in temperature dependence at lower tem-
peratures.
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Figure 3-7: Energy levels diagrams of the lanthanide Eu3+, Dy3+ and Er3+ ions. The thermally coupled energy levels are 
placed in red boxes.[3,4]
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After rearranging the equation, the FIR is only dependent of the relative level populations at the two 
temperatures. If the system is in equilibrium and if the energy separation is in the order of a few kBT, 
the ∆E21, is independent of the temperature then the populations N1 and N2 are related by the Boltz-
mann factor:

The unknown temperature T can be determined from the FIR and the known reference temperature T0

Via equation 3.2 and 3.4 we can make equation 3.6. Note that the ratio p2 over p1 is just a constant.
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Figure 3-8: Schematical representation of the thermal coupling of two energy levels, resulting in temperature dependent 
emission.

An example of such a temperature dependence can be found in Figure 3-9 (a) where two emission 
spectra for Er3+/Yb3+ at 300 and 900 K are depicted.[7] At 300 K (green spectrum) the lowest state 
from the thermally coupled states, 4S3/2, is more occupied than the higher state 2H11/2, resulting in 
more emission from 4S3/2 than from 2H11/2. At 900 K (blue spectrum) the 2H11/2 state is more filled 
than the lower state which results in more emission from the 2H11/2-state. If the reciprocal temperature 
is plotted versus the logarithm of the intensity ratio of two emission peaks, we should find a straight 
line as expected from Equation 3-6. In Figure 3-9 (b) this is done for the Er3+/Yb3+-couple by exploit-
ing the emission bands at 523 and 548 nm between 300 and 900 K.[7]

Assume a system with four energy levels, shown in Figure 3-8. The system is excited from the ground 
state (GS) to the higher lying energy level, indicated by the blue arrow. Non-radiative relaxation takes 
place to the radiative energy levels 1 and 2. Since the energy difference between energy level 1 and 2 
is approximately of 200 cm-1, the energy levels are thermally coupled and therefore the populations 
in the excited states 1 and 2 follow a Boltzmann distribution.[10] Afterwards, the temperature is de-
termined from the radiative decay of these levels to the GS.

The intensity, Ii, from the decay of level 1 and 2 to the ground state is described as

pi is the transition probability, the chance to decay from state i to the ground state, and Ni(T) is the lev-
el population at temperature T. The temperature of a certain object can be determined by calculating 
the fluorescence intensity ratio (FIR) of the energy level populations.
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3.3 Methods
Luminescence spectra at room temperature were recorded on an Edinburgh Instruments FL900 spec-
trophotometer equipped with a Xe-lamp as excitation source and a R9288 PMT photon dector. Lumi-
nescence measurements, other than at room temperature, were performed in a temperature controlled 
cell from Linkam Scientific Instruments adjustable from room temperature up to 600 °C. Temperature 
dependent spectra of Dy3+-doped samples were recorded with the FL900 set-up whereas samples of 
Eu3+ and Er3+/Yb3+ (co-)doped samples were measured with a CCD camera of Ocean Optics QEPRO. 
Eu3+ and Er3+/Yb3+ (co-)doped samples were excitated with a hand-held portable UV lamp (λexc = 
254 nm) and a 2W diode laser (λexc = 980 nm), respectively.

a b

Figure 3-9: (a): Upconversion emission spectra between in the wavelength range from 500 up to 600 nm of Er3+/Yb3+ in 
Gd2O3 at 300 K (top) and 900 K (bottom) upon excitation at 976 nm. b: Calculated temperature depence from the emission 
spectra. Adapted from [singh].
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3.4 Results and discussion
1. Luminescence of Y2O3:Eu3+ NPs and deposition on α-Al2O3

To investigate the luminescence properties of the Y2O3:Eu0.05 NPs, room temperature excitation and 
emission measurements were performed. The results shown in Figure 3-10. All measurements were 
performed using a Xenon lamp as excitation source. Figure 3-10 (a) shows the excitation spectrum 
upon fixed emission at 611 nm. In the emission region between 240 nm and 500 nm a broad ab-
sorption band is found at 260 nm and two distinct groups of peaks around 395 nm and 460 nm. The 
absorption band at 260 nm is ascribed to the charge transfer band (CTB) between O2- to Eu3+ ions.
[11] This observation confirms that both Eu3+ and O2- atoms are incorporated in the lattice. The two 
groups of peaks correspond to the 7F0→5L6 and 7F0→5D2 transitions of Eu3+, respectively.

Figure 3-10 (b) shows the emission spectrum of Y2O3:Eu0.05 NPs under excitation at 258 nm. In the 
emission range from 450 nm up to 750 nm numerous peaks of Eu3+ are observed. The peak located 
at 580 nm and the group of peaks at 586, 593 and 599 nm arise by the 5D0→7F0 and 5D0→7F1 transi-
tions, respectively. The most intense emission peak at 611 nm with a shoulder at 630 nm, is attributed 
to the 5D0→7F2 transition. The two groups of weaker peaks around 655 nm and 710 nm correspond 
to the 5D0→7F3 and 5D0→7F4 transitions, respectively.

To examine the deposition of Y2O3:Eu0.05 NPs on α-Al2O3 on the luminescence, similar measure-
ments as in Figure 3-10 were performed on a sample of 5 wt% Y2O3:Eu0.05 NPs / α-Al2O3. The results 
are shown in Figure 3-11. As can be seen, the excitation and emission spectra of 5 wt% Y2O3:Eu0.05 
NPs / α-Al2O3 complexes are identical to the spectra of Y2O3:Eu0.05 NPs. From this, it can be conclud-
ed that there is no influence from α-Al2O3 on the luminescence of the Y2O3:Eu0.05 NPs.
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Figure 3-11: The excitation (λem = 611 nm) and emission (λexc = 258 nm) spectra of 5 wt% Y2O3:Eu0.05 NPs / α-Al2O3.
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Figure 3-12: Temperature dependent emission spectra of 5 wt% Y2O3:Eu0.05 / α-Al2O3 upon excitation at 254 nm between 
room temperature and 600 °C in steps of 25 °C, normalized at 611 nm.
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2. Temperature-dependent luminescence of 5 wt% Y2O3:Eu0.05 NPs / α-Al2O3

In order to investigate the applicability of Y2O3:Eu0.05 NPs on α-Al2O3 as temperature probes, tem-
perature dependent luminescence measurements were performed on the sample of 5 wt% Y2O3:Eu0.05 
NPs / α-Al2O3. The measurements were performed by excitating the samples at 254 nm while mon-
itoring emission between 520 and 670 nm as shown in Figure 3-12. The temperature was increased 
from room temperature (blue spectrum) up to 600 °C (red spectrum) with intervals of 25 °C. Multiple 
peaks are observed which are equivalent to those of Figure 3-11 (b). In addition, at elevated temper-
atures two groups of peaks arise around 530 nm and 550 nm which correspond to the 5D1→7F1 and 
5D1→7F2 transitions, respectively. The intensity ratio of the 5D1→7F1,2 versus 5D0→7F0,1,2,3 transi-
tions increases with increasing temperature as expected by the thermal coupling from the populations 
of the 5D0 and 5D1 excited states.

To investigate the temperature dependent fluorescence intensity ratio further, the natural logarithm 
of the integrated intensity ratio is plotted versus 1/T, as shown in Figure 3-13. A non-linear relation 
of the FIR versus 1/T is observed between room temperature and 225 °C. This dependence can be 
explained by a combination of two processes: multi-phonon relaxation and thermal coupling of the 
5D0 and 5D1 excited states. From room temperature up to 100 °C, the FIR decreases with increasing 
temperature by the rise of multi-phonon relaxation. Multi-phonon relaxation is correlated to the tem-
perature and increases the relaxation from the 5D1 to the 5D0 energy state what consequently enhances 
the 5D0→7F0,1,2,3 emission with increasing temperature. In the temperature range from 100 °C up to 

Figure 3-13: Logplot of the FIR versus T-1 between 27 and 600 °C of 5 wt% Y2O3:Eu0.05 / α-Al2O3. The intensity ratio was 
calculated by dividing the integrated area between 521-571 nm and 571-660 nm. The linear model was fitted between 
225 and 600 °C with a calculated coefficient of determination (R2) of 0.9929.
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225 °C, the FIR gradually increases with increasing temperature. The thermal coupling starts to exert 
a major influence over the multi-phonon relaxation and results in a slight increase of the FIR.

Between 225 and 600 °C the experimental data can be fitted to a linear model, as expected from Equa-
tion 3-6. The coefficient of determination (R2) was calculated to be 0.9927, indicating a satisfactory 
relation of the experimental data to the model fit. From the slope of the line an energy difference be-
tween the 5D0 and 5D1 energy levels was found to be 1501 cm-1 which is in the same order as deduced 
from the Dieke diagram which is approximately 1700 cm-1.[3]

For temperature sensing applications, it is required that the temperature probes are accurate and du-
rable. Therefore, thermal cycling experiments were carried out between 225 and 600 °C. Figure 3-14 
(a) shows the recorded emission spectra at 225, 375, 450 and 600 °C for four temperature cycles be-
tween 225 and 600 °C. Identical emission spectra were found, suggesting reproducible temperature 
measurements without decay of emission intensity during the cycling experiments.

To examine the accuracy of the probes, the temperature was calculated from the spectra by exploiting 
the model fit from Figure 3-13, the results are shown in Figure 3-14 (b). Identical temperatures during 
the cycles were found confirming the durability of the temperature probes. The accuracy of the tem-
perature probes was determined by calculating the standard deviations of the calculated temperatures. 
Accuracies of 12.1, 8.8, 5.6 and 8.0 °C were found for the measurements performed at 225, 350, 475 
and 600 °C, respectively. 

The relatively low accuracy arises from two different reasons. Firstly, only a small change from the 
5D0→7F0,1,2,3,4 versus 5D1→7F1,2 transitions with changing temperature is observed which results in 
relatively large measurement errors. Secondly, the weak emission from the 5D1→7F1,2 transitions 
exhibits a low signal to noise ratio which lowers the accuracy significantly.

1 2 3 4
0

100

225

350

475

600

Cycle

C
a
lc
u
la
te
d
te
m
p
e
ra
tu
re

C

Figure 3-14: (a): Observed emission spectra from the thermal cycling measurements of Y2O3:Eu0.05 NPs / α-Al2O3 at temper-
atures of 100, 225, 350 and 475 °C, normalized at 611 nm. (b): Calculated temperatures for every spectrum by exploiting 
the fluorescence intensity ratio. The dashed lines indicate the average calculated temperature.
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3. Luminescence Y2O3:Dy0.0085 NPs and deposition on α-Al2O3

To investigate the luminescent properties of the Y2O3:Dy0.0085 NPs, excitation and emission spec-
tra were recorded at room temperature. Figure 3-15 (a) shows the excitation spectrum with fixed 
emission at 572 nm. Multiple groups of sharp peaks appear which are similar to the observations 
of Dominiak et al..[12] The strongest absorption peak is located at 350 nm and corresponds to 
the 6H15/2→6P7/2 transition whereas the group of weaker peaks between 375 and 400 nm arises by 
the 6H15/2→4M21/2,4I13/2,4F5/2 transitions, respectively. The peaks at 425 and 450 nm arise by the 
6H15/2→4G11/2 and 6H15/2→4I15/2 transitions, respectively.

The emission spectrum, depicted in Figure 3-15 (b), under fixed excitation at 353 nm shows two 
groups of peaks at 480 and 570 nm which arise by the emission from the 4F9/2→6H15/2 and 4F9/2→6H13/2 
transitions.[12] No peak at 455 nm is visible were the 4I15/2→6H15/2 transition is expected to occur by 
the coupling of the 4I15/2 and 4I15/2 energy levels at elevated temperatures.[13]

Similar excitation and emission spectra were recorded for the sample containing 5 wt% Y2O3:Dy0.0085 
NPs / α-Al2O3 to investigate the effect of α-Al2O3 on the luminescence, shown in Appendix 3.7.1. 
Although the luminescence is decreased after deposition on α-Al2O3, the 4F9/2→6H15/2 transition is 
clearly observed which is required for temperature probing.

4. Temperature dependent luminescence of Y2O3:Dy0.0085 NPs / α-Al2O3 and Y2O3:Dy0.0085 
NPs
In order to study the temperature-dependent emission of 5 wt% Y2O3:Dy0.0085 NPs / α-Al2O3, tem-
perature dependent luminescence measurements were performed. Emission spectra were recorded 
between 440 and 510 nm upon excitation at 350 nm. The temperature was increased from room 
temperature (blue spectrum) to 600 °C (red spectrum), the results are shown in Figure 3-16 (a). At all 
temperatures a strong declining background is visible which arises by scattering effects of α-Al2O3. 
These effects could be minimized by shifting the excitation wavelength to shorter wavelengths. How-
ever, this is not feasible for this system since there are no strong adsorption peaks of Dy3+ in the 
deeper UV region.

Although the declining background plays a major role in the emission spectra, the emission of the 
4I15/2→6H15/2 transition between 440 nm 470 nm is clearly observable above 300 °C. Furthermore. 
the emission of the 4F9/2→6H15/2 transition in the wavelength range of 470 nm up to 510 nm is already 
visible at room temperature and slightly decreases at higher temperatures. The increase of the emis-
sion originating from the 4I15/2 and decrease of the emission originating from the 4F9/2 level indicates 
thermal coupling of these two energy levels.
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Figure 3-15: Excitation (λem = 572 nm) and emission (λexc = 353 nm) spectra of Y2O3:Dy0.0085 NPs recorded at room tem-
perature.
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Further investigation of the temperature-dependent luminescence was done by calculating the natural 
logarithm of the fluorescence intensity ratio (FIR) and plotting the results versus 1/T, see Figure 3-16 
(b). However, no linear trend could be observed over a broad temperature range which is expected 
from the thermal coupling of the 4I15/2 and 4F9/2 populations. The reason for this absence is an insuf-
ficient signal to noise ratio. This makes this system unsuitable for temperature probing by exploiting 
the temperature dependent emission.

As discussed previously, the low signal to noise ratio arises by the scattering of α-Al2O3 since the 
excitation wavelength is close to the emission. In this system, the scattering appears since the Y2O3Ln 
NPs are deposited on α-Al2O3. Since scattering is dependent of the size of particles, similar experi-
ments were performed to investigate the scattering of Y2O3:Dy0.0085 NPs without α-Al2O3. It is ex-
pected that scattering is absent solely Y2O3:Dy0.0085 NPs.

Figure 3-17 shows the emission spectra upon excitation at 350 nm between room temperature (blue) 
and 600 °C (red) in steps of 25 °C. The signal to noise ratio is significantly higher and the declining 
background is absent in comparison to the sample of 5 wt% Y2O3:Dy0.0085 NPs / α-Al2O3. Further-
more, it is obvious that with increasing temperature the 4F9/2→6H15/2 emission decreases whereas the 
4I15/2→6H15/2 emission is enhanced, suggesting the thermal coupling of the 4F9/2, 4I15/2 energy levels.

The temperature-dependent luminescence was further investigated by calculating the natural loga-
rithm of the FIR and plotting the results versus the inverse of the temperature, shown in Figure 3-18. 
The experimental data between 100 and 600 °C was fitted to a linear model. The coefficient of deter-
mination (R2) was found to be 0.9958 which implies that the model fit represents the experimental 
data good. The linear dependence between 100 and 600 °C makes the Y2O3:Dy0.0085 NPs suitable for 
temperature probing within this temperature region. The energy difference from the 4I15/2 and 4I15/2 
energy levels was found to be 935 cm-1 from the slope of the linear fit. This value agrees with the 
energy difference deduced from the Dieke diagram which is approximately 1000 cm-1.[3]

Thermal cycling experiments were carried out to study the durability and accuracy of the Y2O3:Dy0.0085 
NPs as temperature probes. Figure 3-19 (a) and (b) show respectively the obtained emission spectra 
and calculated temperatures from the spectra using the linear fit determined in Figure 3-18. As can 
be seen, the spectra overlap during cycling what confirms the preservation of luminescence. Fur-
thermore, the accuracy was determined by calculating the standard deviation at each temperature. 
Accuracies of 7.2, 5.0, 6.2, 7.0 and 14.2 °C were found for the spectra obtained 100, 225, 350, 475 
and 600 °C, respectively. The relatively low accuracies are ascribed to the low signal to noise ratios 
in the emission spectra.
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Figure 3-16: (a): Emission (λexc = 350 nm) spectra of 5 wt% Y2O3:Dy0.0085 NPs / α-Al2O3 recorded between 28.6 and 600 °C 
in steps of 50 °C. (b): Logplot of the fluorescence intensity ratio (FIR) versus T-1 between 28.6 and 600 °C. The intensity 
ratio was calculated by dividing the integrated area between 440-471 nm and 571-510 nm of the emission spectra.
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Figure 3-17: Emission (λexc = 350 nm) spectra of Y2O3:Dy0.0085 NPs recorded between 28.6 and 600 °C in steps of 25 °C. 

Figure 3-18: Logplot of the fluorescence intensity ratio (FIR) versus T-1 between 25.4 and 600 °C. The intensity ratio was 
calculated from the emission spectra by dividing the integrated area between 440-471 nm and 471-510 nm. The linear 
model was fitted between 100 and 600 °C with a calculated coefficient of determination (R2) of 0.9958.
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Figure 3-19: (a): Emission spectra of the thermal cycling experiments for four cycles between 100 and 600 °C in steps of 125 
°C. (b): Calculated temperatures from the thermal cycling experiment by exploiting the emission spectra and the model fit.
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5. Optimal dopant concentrations for the temperature dependent luminescence of Y2O3:Erx-
Yby NPs
Erbium emits green (520 - 570 nm) and red (645 - 690 nm) light in the visible spectrum from the 
2H11/2, 4S3/2→4I15/2 and 4F9/2→4I15/2 transitions, respectively. Previous research has shown that the 
green and red emission is determined by the dopant concentrations of erbium and ytterbium ions.[8] 
Since the temperature dependent emission lies in the green emission region, it is required to maximize 
the luminescence of the 2H11/2, 4S3/2→4I15/2 transitions. Therefore, various samples were made con-
taining Y2O3:Er0.02 NPs, Y2O3:Er0.02Yb0.05 NPs, Y2O3:Er0.01Yb0.01 NPs and Y2O3:Er0.001Yb0.01 NPs 
to investigate the optimal intensity of the 2H11/2, 4S3/2→4I15/2 transitions. The samples were excitated 
with a 2W laser at 980 nm to study the upconversion spectra. The results are shown in Figure 4-13 
for Y2O3:Er0.01Yb0.01 NPs and in Appendix 3.7.2 for the additional samples. It was found that the 
sample with Y2O3:Er0.01Yb0.01 NPs showed the highest emission intensity of the 2H11/2, 4S3/2→4I15/2 
transitions.
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Figure 3-20: Upconversion spectra of Y2O3:Er0.01Yb0.01 NPs recorded at room temperature upon excitation with a 2 W laser 
at 980 nm.
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6. Temperature dependent luminescence of Y2O3:Er0.01Yb0.01 /α-Al2O3

To determine the temperature dependent luminescence of Y2O3:Er0.01Yb0.01 NPs, upconversion spec-
tra were recorded of 5 wt% Y2O3:Er0.01Yb0.01 NPs / α-Al2O3 between 27 and 600 °C upon excitation 
with a 2 W laser at 980 nm. Figure 3-21 (a) shows the unnormalized spectra in the wavelength range 
from 500 up to 580 nm. The position of the peaks is preserved although the ratio increases with 
increasing temperature due to multi-phonon relaxation. Even though the intensity decreases, it is 
sufficient to determine the fluorescence intensity ratio from the 2H11/2→4I15/2 and 4S3/2→4I15/2 tran-
sitions. Figure 3-21 (b) shows the upconversion spectra normalized at the emission peak of 563 nm 
to visualize the temperature dependence. As can be seen, the 2H11/2→4I15/2 versus 4S3/2→4I15/2 ratio 
increases with increasing temperature as expected from the thermal coupling of the 2H11/2 and 4S3/2 
excited states.

To investigate the temperature dependence more in-depth, the natural logarithm of the calculated flu-
orescent intensity ratio from every spectrum versus the inverse of the temperature was plotted, shown 
in Figure 3-22. The data points between room temperature and 500 °C show a linear dependence, as 
expected from Equation 3-6. Therefore, the experimental data between 27.2 and 500 °C was fitted to 
a linear model. The experimental data points above 500 °C are not taken into account since there is a 
strong deviation from the fit. The coefficient of determination (R2) of the linear model was found to 
be 0.9995, i.e. the model fit corresponds good with the experimental data.

The decrease in luminescence above 475 °C results in an insufficient signal to noise ratio for temper-
ature probing. This is also visible in Figure 4-21 (b) where the spectra above 500 °C become noisy. 
Therefore, this system is suitable for temperature probing between room temperature and 500 °C. 
From the slope of the fit the energy difference ΔE between the thermally coupled levels 2H11/2 and 
4S3/2 can be calculated which was found to  879 cm-1. This value is in the same order of magnitude as 
from the Dieke diagram which is approximately 750 cm-1.[3]
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Figure 3-21: Temperature dependent upconversion spectra of 5 wt% Y2O3:Er0.01Yb0.01 / α-Al2O3. (a) Unnormalized spectra 
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Figure 3-23: (a): Observed emission spectra from the thermal cycling measurements of 5 wt% Y2O3:Er0.01Yb0.01 NPs / 
α-Al2O3 at temperatures of 100, 225, 350 and 475 °C, normalized at 563 nm. (b): Calculated temperature for every spec-
trum by exploiting the fluorescence intensity ratio. The dashed lines indicate the average calculated temperature.
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Figure 3-22: Logplot of the fluorescence intensity ratio (FIR) versus the inverse of the temperature between 27.2 and 600 
°C. Linear fit is between 27.2 and 500 °C with R2 = 0.9995.

7. Thermal cycling measurements
The final application requires durable and accurate temperature probes. Thermal cycling experiments 
were carried out with the 5 wt% Y2O3:Er0.01Yb0.01 NPs / α-Al2O3 to investigate these characteristics. 
Four temperature cycles were performed between 100 and 475 °C while measuring the emission 
spectra at 100, 225, 350 and 475 °C. Figure 3-23 (a) shows the spectra normalized on the maximum 
intensity of the 4S3/2→4I15/2 emission peak. The spectra overlap during the heating and cooling cy-
cles what indicates that the temperature dependent emission is preserved. Figure 3-23 (b) shows the 
calculated temperatures from the intensity ratios of the emission spectra, by exploiting the model fit 
of Figure 3-22. The dashed lines indicate average values of the calculated temperatures during. The 
cycles show identical trends and the calculated temperatures do not change significant during cycling, 
suggesting durable and accurate temperature probes. Nevertheless, the calculated temperatures at 
475 °C deviate approximately 10 °C of the set temperature. A possible explanation for this is that the 
measurements are performed at the upper bound of the model fit and are therefore less accurate.

The accuracy of the temperature probes was determined by calculating the standard deviations in tem-
perature from the cycling experiments. Accuracies of 0.7, 0.8, 1.7 and 2.8 °C were found for the tem-
perature measurements performed at 100, 225, 350 and 475 °C, respectively. Compared to the 5 wt% 
Y2O3:Eu0.05 NPs / α-Al2O3 and Y2O3:Dy0.0085 NPs samples, the accuracy of 5 wt% Y2O3:Er0.01Yb0.01 
NPs / α-Al2O3 is rather high. The emission intensity of the Y2O3:Er0.01Yb0.01 NPs / α-Al2O3 tempera-
ture probes is high and the change in luminescence of 2H11/2,4S3/2→4I15/2 transitions with increasing 
temperature is relatively large, yielding an excellent system for temperature probing.
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3.5 Conclusion
In this chapter, the temperature dependent luminescence of Eu3+-, Dy3+- and Er3+/Yb3+-doped Y2O3 
NPs on α-Al2O3 was investigated. It was found that Y2O3:Eu0.05 NPs / α-Al2O3 exhibit temperature 
dependent emission from the 5D0,1→7FJ transitions between 530 and 640 nm. A workable range be-
tween 225 and 600 °C was determined emission intensity from the 5D1→7FJ transitions below 225 °C 
was not observable. We were not able to deduce a temperature dependence from Y2O3:Dy0.0085 NPs 
/ α-Al2O3 of the 4I15/2→6H15/2 and 4F9/2→6H15/2 transitions because the signal to noise ratio was too 
low. Therefore, undeposited bare Y2O3:Dy0.0085 NPs were investigated and a temperature dependence 
from 100 °C up to 600 °C was observed. Upconversion luminescence of Y2O3:Er0.01Yb0.01 NPs / 
α-Al2O3 revealed the presence of a temperature dependence from the 2H11/2, 4S3/2→4I15/2 transitions 
from room temperature up to 500 °C.

Thermal cycling experiments were carried out for Y2O3:Eu0.05 NPs / α-Al2O3, Y2O3:Dy0.0085 NPs 
and Y2O3:Er0.01Yb0.01 NPs / α-Al2O3 complexes to investigate the durability and accuracy of the 
temperature probes. All systems have shown to remain their luminescence during the thermal cycles. 
The accuracy was relatively low for the Y2O3:Eu0.05 NPs / α-Al2O3, Y2O3:Dy0.0085 NPs systems by 
low emission intensity, resulting in accuracies between 5.0 and 14.2 °C. The Y2O3:Er0.01Yb0.01 NPs / 
α-Al2O3 showed a higher accuracy from 0.7 up to 2.8 °C.
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3.7 Appendix

λem = 572 nm
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Figure 3-24: Excitation (λem = 572 nm) and emission (λexc = 350 nm) spectra of 5 wt% Y2O3:Dy0.0085 NPs / α-Al2O3 recorded 
at room temperature.
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Figure 3-25: Upconversion spectra (λexc = 980 nm) of Y2O3:Er0.02, Y2O3:Er0.02Yb0.05, Y2O3:Er0.01Yb0.01 and Y2O3:Er0.001Yb0.01 
NPs recorded at room temperature.

1. Excitation and emission spectra of Y2O3:Dy0.0085 NPs / α-Al2O3 complexes

2. Optimal dopant concentrations of Y2O3:ErxYby NPs
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3. Excitation and emission spectra of Y2O3:Er0.01Yb0.01 NPs
Excitation and emission spectra of Y2O3:Er0.01Yb0.01 NPs were recorded to study the influence of the 
excitation wavelength on the green and red emission of the NPs. The results are depicted in Figure 
4-15. Excitation spectra (λem = 564 and 661 nm) show sharp lines at 379 and and 488 nm originating 
from the 4I15/2→4G7/2, 11/2 and 4I15/2→4F7/2 f-f transitions.

The emission spectra of the sample under excitation of 379 and 488 nm show the characteristic 2H11/2, 
4S3/2→4I15/2 green emission while the red 4F9/2→4I15/2 emission is absent. The red emission is not 
present since the energy gap between the 4S3/2 and 4F9/2 energy levels  (ΔE = 3200 cm-1) is too large 
to be bridged by multi-phonon relaxation. Furthermore, in the emission spectrum of λexc = 488 nm a 
decreasing background between 500 and 570 nm exists what originates from scattering effects. This  
phenomon is absent when the sample is excited at 379 nm because of the larger separation between 
the excitation and emission wavelengths.

When we compare above results the optimal excitation wavelengths for observing the temperature 
dependent 2H11/2, 4S3/2→4I15/2 emission are 379 and 980 nm. Excitation at a wavelength of 488 nm is 
unsuitable since scattering effects overlap with the temperature dependent 2H11/2, 4S3/2→4I15/2 emis-
sion. Excitation of the sample at 980 nm is favoured over 379 nm since it has a longer penetration 
depth and exhibits a higher emission intesity. Therefore, temperature dependent measurements were 
done under excitation of 980 nm.

4S3/2
2H11/2

4I15/2

4I15/2
4F9/2

Figure 3-26: Excitation (λem = 564 and 661 nm) and emission (λexc = 379, 488 and 980 nm) spectra of Y2O3:Er0.01Yb0.01 NPs 
recorded at room temperature. Excitation took place with a Xe lamp excepting 980 nm what was done with a diode laser.
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Conclusion
The main purpose of this work was to develop luminescent temperature probes for in situ temperature 
measurements in catalytic environments at high temperatures. Luminescent Y2O3:Ln NPs / α-Al2O3 
(Ln = Eu3+, Dy3+ or Er3+/Yb3+) complexes were synthesized via the deposition of Y2O3:Ln NPs on 
α-Al2O3. The preparation of Y2O3:Ln NPs by homogeneous precipitation generated Ln-doped NPs 
between 50 and 250 nm in size. The deposition of the Ln-doped Y2O3 NPs on α-Al2O3 yielded ther-
mally and mechanically stable complexes that were tested for behaviour in temperature dependent 
luminescence. It was found that Eu3+ and Er3+/Yb3+-doped complexes showed temperature dependent 
emission in the temperature ranges of 225-600 °C and 22-500 °C, respectively. Although temperature 
dependent emission of Dy3+-doped complexes was observed, the signal to noise ratio was unsufficient 
for temperature measurements. To examine the accuracy of the Eu3+ and Er3+/Yb3+-doped tempera-
ture probes, thermal cycling experiments were perfomed between room temperature and 600 °C. The 
temperature dependent luminescence remained unaltered during multiple cycles. Accuracies higher 
than 14.2 and 2.8 °C were found for the Eu3+ and Er3+/Yb3+ complexes, respectively.

An extensive toolbox of Y2O3:Ln NPs / α-Al2O3 has been developed for temperature probing between 
room temperature up to 600 °C with a high accuracy. The reported temperature probes are promising 
candidates for luminescent temperature probing in catalytic environments.
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Future research
1. Investigation of the temperature probes under representative catalytic conditions
So far, the Y2O3:Ln / α-Al2O3 complexes have been synthesized and characterized but not studied 
under relevant conditions. The next step in the reseach towards temperature probes is to test the 
performance of the temperature probes during a catalytic reaction. Figure 4-1 shows a schematic rep-
resentation for a set-up to investigate the performance at unexplored conditions.

Catalytically active NPs will be deposited on α-Al2O3 next to the Y2O3:Ln temperature probes. It is 
favourable to use Y2O3:Er3+/Yb3+ temperature probes since a high emission intensity was observed. 
The excitation of the NPs in the IR leads to relatively deep penetration depths in the liquid phase. 
A glass or quartz window in the reactor wall is required to illuminate and detect emission from the 
temperature probes. To start relatively easy, it is preferred to probe a temperature gradient instead of 
an uniform temperature, the mobile phase and the catalytic active NPs should be chosen such that an 
exothermic reaction will be performed. Heat will be generated by the chemical conversions what will 
result in a temperature gradient over the mobile phase. By moving the excitation source and detector 
over the glass window the temperature in the reactor can be probed.

A possible side effect that has to be investigated is the interference of rare earths with the catalytic 
reaction. Numerous studies can be found in literature were cerium and other rare earth are used as 
promotors in catalytic reactions.[1-3] Therefore, it is essential to investigate side effects of the rare 
earth metals on the catalytic performance.

Figure 4-1: Proposed set-up to study the temperature distribution in a chemical reactor under industrial conditions. The 
stream flows from bottom to top while exothermic reactions generate a temperature gradient over the mobile phase. The 
temperature will be probed by the temperature dependent luminescence from the Y2O3:Ln NPs through a glass window.

light in light out
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reactants products + heat
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catalytic active NPs
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2. Luminescence
Although Y2O3:Eu0.05 complexes NPs exhibit temperature dependent emission, the temperature de-
pendence below 225 °C is not understood. It is thought that the temperature dependent multi-phonon 
relaxation plays an important role, but no proof has been given. Decay measurements could help to 
reveal the nature of this dependence.

Another aspect that has to be improved is the luminescence of the Y2O3:Dy0.0085 NPs. Though 
Y2O3:Dy0.0085 NPs show temperature dependent emission, the signal to noise ratio is insufficient for 
temperature probing when deposited on α-Al2O3. A first suggestion to enhance the luminescence is 
the usage of Gd2O3 instead of Y2O3 as host material. Gadolinium (Gd3+) exhibits a strong absorption 
band at 273 nm by intraconfigurational 4fn - 4fn transitions and transfers its energy to dysprosium.[4] 
Furthermore, the synthesis of co-doped Gd2O3 NPs by homogeneous precipitation is similar to those 
of Y2O3 NPs and is reported in literature.[5,6]

A second suggestion is the usage of Ce3+ for the sensitization of dysprosium. Cerium exhibits a strong 
absorption band in the UV by a 4f-5d transition. Currently, this ion is used for the activation of lumi-
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nescent lanthanide ions in host materials such as YAG and LaPO4.[7] However, it has been shown that 
cerium is unsuitable for sensitizing activators in Y2O3 since the energy is quenched by the relatively 
low-lying conduction band of Y2O3.[8,9] Therefore, cerium has to be incorporated in alternative host 
materials such as Gd2O3, yielding Gd2O3:DyxCey where cerium acts as activator for dysprosium.

When embedded in a catalytic reactor, catalysts are subject to the formation of coke and/or other 
species on the surface what changes the colour of the material.[10] Since the temperature is deduced 
from the luminescence of the Y2O3:Ln NPs / α-Al2O3 complexes, it is of high importance to examine 
the effect of the colour change on the temperature determination.
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