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Abstract 

Temperature sensing with accuracy and good spectral resolution is highly sought 

in research and industry, especially in biomedicine and microelectronics, where 

conventional thermal probes are unsuitable for remote measurements below 10 μm. In 

biology, thermal monitoring can indicate inflammatory areas, diseases, and tumors. 

Previous studies suggest temperature monitoring is promising for early diagnosis and 

assisting disease treatments, such as hyperthermia for cancer treatment. In this regard, 

luminescent nanoprobes made of inorganic materials doped with rare-earth ions have 

emerged as an effective means to measure local temperature precisely and remotely.  

The thermal readout is obtained by tracking the Luminescence Intensity Ratio 

(LIR) between two photoluminescence (PL) emission lines, which evolves with 

temperature. A calibration curve between LIR and temperature can then be extracted from 

experimental data in the laboratory. Nonetheless, developing adequate luminescent 

nanothermometers for biological applications continues to be a major hurdle. These 

thermal sensors must be small, stable and well-dispersed in physiological solutions, non-

toxic, and exhibit strong PL emissions within the biological windows (BWs) ¾ the 

wavelength ranges where light penetrates tissues deeply.  

This work focuses on oxides doped with rare-earth ions for nanothermometry in 

future biological applications, comprising the synthesis, characterization, and analysis of 

thermal sensing performance using PL emissions in the BWs of Y3Al5O12 (YAG), Y2O3, 

and Y4Al2O9 (YAM) co-doped with Nd3+ and Yb3+. The first two host matrices were 

synthesized via the modified Pechini method for co-doping engineering to optimize the 

concentrations of Nd3+ and Yb3+ for ideal PL emission. To obtain well-dispersed 

individual nanocrystals (NCs), YAG: Nd3+- Yb3+ and Y2O3: Nd3+-Yb3+ were synthesized 

by the solvothermal route and the two-step urea-based route, respectively, with conditions 

systematically optimized to fulfill the requirements of this thesis. The third host matrix, 

YAM, was also studied using the modified Pechini synthesis to investigate its thermal 

response when single-doped with Nd3+ and co-doped with Nd3+ and Yb3+. Lastly, a new 

synthesis method for YAM was explored.  

The findings showed that YAG: Nd3+-Yb3+ exhibited great potential, particularly 

after applying a silica coating around the NCs synthesized by the solvothermal route. This 

coating allowed annealing at 850°C to enhance the PL emission without agglomerating 
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the NCs. The resulting YAG: Nd3+-Yb3+@SiO2 nanoparticles (NPs) had a final size of 87 

± 20 nm, a relative thermal sensitivity (Sr) of 0.60%.K-1, and thermal resolution (δT) of 

0.2 K at physiological temperature. Y2O3: Nd3+-Yb3+ NCs of 22 ± 10 nm had Sr of ~ 

0.50%.K-1, but δT ~ 0.4 K due to a lower signal-to-noise ratio. YAM, when single-doped 

with Nd3+, revealed competitive thermal response with Sr = 0.50%.K-1 and δT = 0.3 K at 

body temperature. However, co-doping YAM with both Nd3+ and Yb3+ ions hampers the 

thermal sensing efficiency to less than 0.40%.K-1 of Sr at physiological temperature, with 

δT fluctuating between 0.2 and 0.7 K across the temperature range.  

Thus, this study paves the way for improving the synthesis and applications of the 

oxides in nanothermometry and highlights promising prospects of Nd3+-Yb3+ co-doped 

YAG nanothermometers thanks to their decreased size, good thermal sensing features, 

and intense PL emission within the BWs.  

Keywords: photoluminescence, nanothermometry, oxides, thermal sensitivity, 

nanocrystals. 
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Résumé 

La détection de la température avec précision et une bonne résolution spectrale est 

très demandée dans la recherche et l'industrie, notamment en biomédecine et 

microélectronique, où les sondes thermiques classiques sont inadéquates pour les mesures 

à distance en dessous de 10 μm. En biologie, la surveillance thermique peut révéler des 

zones inflammatoires, des maladies et des tumeurs. Des études antérieures montrent que 

la surveillance de la température est prometteuse pour le diagnostic précoce et l’aide aux 

traitements, comme l'hyperthermie pour le traitement du cancer. À cet égard, les 

nanosondes luminescentes de matériaux inorganiques dopés avec des ions de terres rares 

sont un moyen efficace de mesurer la température locale de manière précise et à distance. 

La lecture thermique est obtenue en suivant le rapport d’intensité de luminescence 

(LIR) entre deux bandes d'émission de photoluminescence (PL), en fonction de la 

température. Une courbe de calibration reliant le LIR et la température peut être extraite 

des données expérimentales en laboratoire. Cependant, le développement de 

nanothermomètres luminescents adaptés aux applications biologiques reste un défi. Ces 

capteurs doivent être petits, stables, bien dispersés dans les solutions physiologiques, non 

toxiques, et présenter de fortes émissions PL dans les fenêtres biologiques (BWs), qui 

sont les gammes de longueurs d'onde où la lumière pénètre profondément dans les tissus.  

Cette étude se concentre sur les oxydes dopés avec des ions de terres rares pour la 

nanothermométrie dans des applications biologiques futures. Elle comprend la synthèse, 

la caractérisation et l'analyse de la performance thermique en utilisant les émissions PL 

dans les BWs de Y3Al5O12 (YAG), Y2O3 et Y4Al2O9 (YAM) co-dopés avec Nd3+ et Yb3+. 

Les deux premières matrices ont été synthétisées via la méthode Pechini modifiée afin 

d’optimiser les concentrations de Nd3+ et de Yb3+ pour une émission PL idéale. Pour 

obtenir des nanocristaux (NCs) individuels bien dispersés, YAG: Nd3+-Yb3+ et Y2O3: 

Nd3+-Yb3+ ont été synthétisés par la voie solvothermale et la voie en deux étapes à base 

d'urée, respectivement, avec des conditions optimisées. La troisième matrice, YAM, a 

également été étudiée avec la méthode Pechini modifiée pour évaluer sa réponse 

thermique en étant dopée avec Nd3+ seul et co-dopé avec Nd3+ et Yb3+. Enfin, une 

nouvelle méthode de synthèse du YAM a été explorée.  

Les résultats ont montré que YAG: Nd3+-Yb3+ avait un fort potentiel, surtout  

l’application d’un revêtement de silice autour des NC synthétisées par la méthode 
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solvothermale. Cette couche a permis un recuit protégé à 850°C pour améliorer l'émission 

PL sans agglomération. Les nanoparticules (NPs) YAG:Nd3+-Yb3+@SiO2 obtenues 

avaient une taille de 87 ± 20 nm, une sensibilité thermique relative (Sr) de 0,60 %.K-1, et 

une résolution thermique (δT) de 0,16 K. Les NCs de Y2O3: Nd3+- Yb3+ de 22 ± 10 nm 

avaient une Sr de ~ 0,50 %.K-1, mais une δT de ~ 0,4 K en raison d'un rapport signal-bruit 

plus faible. YAM, dopé avec Nd3+ seul, a montré une réponse thermique compétitive avec 

Sr = 0,50 %.K-1 et δT = 0,3 K à température corporelle. Toutefois, le co-dopage de YAM 

avec Nd3+ et Yb3+ réduit l’efficacité thermique à moins de 0,40%.K-1 de Sr à température 

physiologique, avec δT fluctuant entre 0,2 et 0,7 K.  

Ainsi, cette étude ouvre la voie à l’amélioration de la synthèse et des applications 

des oxydes en nanothermométrie et met en avant le potentiel des nanothermomètres YAG 

co-dopé Nd3+-Yb3+ pour leurs petites tailles et leurs bonnes caractéristiques thermiques. 

Mots-clés : photoluminescence, nanothermométrie, oxydes, sensibilité thermique, 

nanocristaux. 
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Resumo 

O controle de temperatura com precisão e boa resolução espectral altamente 

demandado na pesquisa e na indústria principalmente nas áreas de biomedicina e 

microeletrônica, em que os sensores térmicos convencionais são inadequados para 

medidas abaixo de 10 μm. No ramo da biologia, o monitoramento térmico pode indicar a 

presença de áreas inflamatórias, doenças e tumores. Estudos anteriores sugerem que 

monitorar a temperature pode ser promissor para o diagnóstico precoce e no tratamento 

de doenças, como a hipertermia para o tratamento do câncer. Portanto, nanosondas 

térmicas feitas de materiais inorgânicos dopados com íons terras-raras surgiram como um 

meio efetico de medir a temperatura local de forma precisa e remota. 

A medição térmica é feita a partir da razão entre duas linhas de emissão de 

fotoluminescência (PL), aqui denominada de Razão de Intensidade de Luminescência 

(LIR), que evolui com a temperatura. Uma curva de calibração que relaciona LIR e a 

temperatura pode ser então extraída de dados experimentais no laboratório. No entanto, 

o desenvolvimento de nanotermômetros luminescentes apropriados para aplicações 

biológicas continua sendo um grande obstáculo. Esses sensores térmicos devem ser 

pequenos em tamanho, estáveis e bem dispersos em soluções fisiológicas, possuir baixa 

toxicidade, apresentar uma excelente resposta térmica e ter emissões intensas de PL 

dentro das janelas biológicas (BWs) ¾ as faixas de comprimento de onda em que a luz 

penetra mais profundamente nos tecidos biológicos.  

Este trabalho relata o desenvolvimento de óxidos dopados com íons terras raras 

visando à nanotermometria para futuras aplicações biológicas. Ele abrangeu a síntese, a 

caracterização e a análise do desempenho térmico usando emissões de PL nas BWs de 

Y3Al5O12 (YAG), Y2O3 e Y4Al2O9 (YAM) co-dopados com Nd3+ e Yb3+. Inicialmente, as 

duas primeiras matrizes hospedeiras foram sintetizadas por meio do método Pechini 

modificado para engenharia de co-dopagem para determinar a concentração ideal de Nd3+ 

e Yb3+ a fim de obter uma emissão de PL otimizada dos íons terras raras. Em seguida, 

para obter nano cristais individuais (NCs) bem dispersos, YAG: Nd3+-Yb3+ e Y2O3: Nd3+-

Yb3+ foram sintetizados pelo método solvotermal e pela rota de duas etapas à base de 

ureia, respectivamente, com condições sistematicamente otimizadas para atender aos 

requisitos deste projeto. A terceira matriz hospedeira, YAM, foi estudada com base na 

síntese de Pechini modificada para investigar sua resposta térmica quando dopada com 
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Nd3+ e co-dopada com Nd3+ e Yb3+. Por fim, um novo método de síntese do YAM foi 

explorado.  

Os resultados deste trabalho mostraram que o YAG: Nd3+-Yb3+ apresentou um 

potencial significativo, especialmente depois que uma fina camada de sílica foi 

depositada em torno dos NCs sintetizados em condições solvotermais. Esse revestimento 

permitiu um tratamento térmico protegido a 850°C para melhorar a PL, sem causar 

aglomeração dos NCs. Em temperatura fisiológica, as nanopartículas (NPs) de YAG: 

Nd3+-Yb3+@SiO2 apresentaram tamanho final de 87 ± 20 nm, sensibilidade térmica 

relativa (Sr) de 0,60%.K-1 e excelente resolução térmica (δT) de 0,2 K. Em comparação, 

os NCs de Y2O3: Nd3+ - Yb3+ de 22 ± 10 nm apresentaram Sr de cerca de 0,50%.K-1, mas 

δT ~ 0,4 K devido a uma relação sinal/ruído mais baixa. Por sua vez, o YAM revelou uma 

resposta térmica competitiva quando dopado com Nd3+, apresentando Sr = 0,50%.K-1 e 

δT = 0,3 K na temperatura corporal. Por outro lado, devido à complexa estrutura cristalina 

desse óxido, a inserção de Nd3+ e Yb3+ prejudica o desempenho térmico para Sr abaixo 

de 0,40%.K-1 com δT variando entre 0,2 K e 0,7 K no intervalo de temperaturas.  

Portanto, este estudo abre caminho para melhorar a síntese e as aplicações dos 

óxidos em nanotermometrua e destaca as perspectivas promissoras dos nanotermômetros 

de YAG co-dopado com Nd3+ e Yb3+, graças ao seu tamanho reduzido, boas 

características de detecção térmica e intensa emissão de PL dentro das janelas biológicas. 

Palavras-chave: fotoluminescência, nanotermometria, óxidos, sensibilidade térmica, 

nano cristais. 
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Introduction 

Temperature is a fundamental physical parameter that profoundly impacts not 

only industrial processes and research, but also living organisms, since it directly 

influences the biochemical reactions occurring within the cells. Because temperature 

variations are closely intertwined with vital cellular processes, the precise measurement 

of local temperature is essential and can be facilitated by advanced remote sensing 

techniques. Such measurements can enhance our comprehension of the cellular processes, 

revolutionize disease diagnosis and treatment of cancerous tumors, and pinpoint 

inflammatory areas. In light of these considerations, luminescent nanothermometers 

emerge as a promising and innovative tool to fulfill this crucial task. 

For such an objective, oxides doped with rare-earth ions have good prospects as 

this type of inorganic material is chemically stable, non-toxic, and can be easily 

synthesized. The rare-earth ions chosen were Nd3+ and Yb3+ once they operate well within 

the biological windows (BWs), the wavelength ranges in which the scattering and 

absorption of the light by skin components are reduced. According to the previous thesis 

led by Itália Vallerini Barbosa1 in our group, Y3Al5O12 (YAG) and Y2O3 co-doped with 

Nd3+ and Yb3+ were the oxides that stood out in nanothermometry. Nonetheless, some 

optimizations were still required to pursue this work in the development of luminescent 

nanothermometers: 1) to obtain nanocrystals (NCs) with high crystal quality and small 

size associated with a narrow size distribution through the improvement of synthesis 

conditions, 2) amplification of the photoluminescence (PL) emission of the doping ions, 

3) optimization of the experimental conditions regarding the measurements of PL 

emission as a function of the temperature. Hence, this thesis focuses on producing 

individual NCs of YAG and Y2O3, with optimal concentrations of Nd3+ and Yb3+, for 

luminescence nanothermometry. Two synthesis methods were employed: the modified 

Pechini method to conduct several syntheses to determine the ideal co-doping 

concentration, and synthesis from solution under solvothermal conditions to obtain non-

agglomerated NCs. Our team has great experience in synthesizing YAG NCs by using a 

solvothermal route, as already reported in former theses of Alexandra Cantarano2 and 

Itália Vallerini Barbosa1, but a two-step urea-based route was applied to obtain Y2O3 NCs. 

In parallel, Y4Al2O9 (YAM) was proposed as a third host matrix to be studied for 
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nanothermometry. In this case, experiments of YAM single-doped with Nd3+ and co-

doped with Nd3+ and Yb3+ were conducted. 

Chapter I of this thesis concerns the background of luminescence 

nanothermometry, explaining how the PL emission can be used to measure the 

temperature, and elucidates the main challenges associated with the practical 

implementation of light-emitting nanothermometers in the biomedicine field. As the 

development of such a project is a multifaceted endeavor, early-stage optimizations are 

essential prerequisites before embarking on biological assays. Therefore, the appropriate 

selection of yttrium aluminate oxides (YAG and YAM) and yttrium oxide as host 

matrices, along with Nd3+ and Yb3+ as doping elements to produce nanothermometers, 

has been described. In addition, the main concepts of synthesis methods for their 

fabrication (the modified Pechini method and synthesis from solution) are highlighted. 

Chapter II unveils the preparation and structural characterization of YAG NCs 

co-doped with Nd3+ and Yb3+, with an emphasis on controlling phase purity, crystallinity, 

size, and morphology. Initially, several samples were synthesized, with different 

concentrations of Nd3+ and Yb3+, for further selection of which composition would bring 

up an optimized PL emission intensity of both luminescent ions (co-doping engineering). 

To achieve this goal, the modified Pechini method was employed, as this technique allows 

the synthesis of many samples in a rapid, simple, and cost-effective way, even if it 

commonly results in the formation of agglomerated NCs. The agglomeration of NCs 

gives rise to micrometer-sized particles, and they cannot disperse well in colloidal 

medium, posing challenges for future biological applications of these nanomaterials. 

Hence, efforts to improve the synthesis process under solvothermal conditions have been 

carried out in parallel to obtain monodispersed Nd3+-Yb3+ co-doped YAG NCs. In 

addition, advancements in silica coating of these NCs to perform protected annealing and 

increase their PL emission intensity are exposed. Finally, it is presented the 

nanothermometry experiments based on the Luminescence Intensity Ratio (LIR) 

technique to obtain the calibration curve and assess the efficiency of utilizing YAG: Nd3+-

Yb3+ NCs as nanothermometers according to its relative thermal sensitivity (Sr), thermal 

resolution (dT), and repeatability of results. 

Chapter III brings up a similar analysis of Y2O3 co-doped with Nd3+ and Yb3+ 

for nanothermometry. First, co-doping engineering was performed via the modified 
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Pechini syntheses to determine the composition of the dopants that yield intense PL 

emission for yttria. Then, to surpass the typical issue of NC agglomeration from the 

modified Pechini synthesis, the two-step urea-based route (solvothermal synthesis 

followed by calcination) was employed, and its parameters were deeply explored. Lastly, 

the thermal sensing performance of Nd3+-Yb3+ co-doped yttria is highlighted, in terms of 

its sensitivity to temperature changes and ability to detect small values of temperature.  

Chapter IV provides an overview of YAM as a nanothermometer when it is both 

single-doped with Nd3+ and co-doped with Nd3+ and Yb3+. The analysis consisted of the 

synthesis via the modified Pechini method, structural and optical characterizations, and 

nanothermometry tests. In this chapter, it is also introduced a novel synthesis method for 

YAM using the two-step urea-based approach. 

Overall, this thesis sheds light on the challenges to be addressed and the 

importance of working on them thoroughly during the early phase of the development of 

the thermal probes before moving forward to biological tests. 
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Chapter I: Introduction 

1.1 General concepts of Nanothermometry 

The design of thermal probes is constantly evolving, driven by the critical role 

that temperature plays in several physical, chemical, and biological processes. This brings 

massive importance to temperature measurement in industrial processes (e.g. 

manufacturing, maintenance of machinery), research, meteorology and environment, 

food safety, and health sciences 3–7. Concerning the latter field, monitoring temperature 

can be not only beneficial for a full understanding of processes happening within the cells 

but also for the localization of inflammatory areas, monitoring of brain activity, 

performing early diagnosis of cancer, and assisting in hyperthermia treatments 8–13.  

However, most of the thermal sensors available on the market still require direct 

contact with the object, which can cause interferences in the measurements, 

compromising the accuracy of the readout, besides being impractical in harsh 

environments. Others can work remotely but fail to achieve spatial resolution finer than 

the micrometer scale 14.  

Therefore, nanosensors based on the principles of luminescence nanothermometry 

arise as an insightful alternative for gauging the temperature remotely, providing both 

high spatial resolution for temperature mapping (< 10 μm), and good thermal resolution 

(~ 0.10 K). In addition, the luminescent nanothermometers can work in different 

conditions 15,16.  

Luminescent materials can emit spontaneous light after absorbing electromagnetic 

radiation (photons) — a process known as photoluminescence (PL). When there is a 

change in temperature, some modification in PL emission spectrum may occur, either in 

the spectral band shape, intensity, bandwidth, peak position, lifetime, or polarization 

(Figure 1). In this way, the temperature can be found by correlating the alteration in the 

optical signal with the temperature 17. 
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Figure 1. Types of variations in PL emission spectrum after a temperature change in (a) band-shape, (b) 

intensity, (c) bandwidth, (d) spectral shift, (e) lifetime, and (f) polarization 15. 

1.1.1. Thermal sensing by LIR approach 

Research on luminescence thermometry dates back to the decade of 1930s, but it 

experienced a significant boom in the 2010s 18. These studies encompass the investigation 

of distinguished parameters for the development of nanothermometers, such as types of 

materials, luminescent centers, nanothermometry techniques, etc15,17–20. Regarding this 

latter factor, the one based on modifications in the band-shape has emerged as promising 

for the development of nanothermometers. 

This approach consists of monitoring the variation in the ratio between two 

emission lines as a function of temperature. This ratio is referred to as Luminescence 

Intensity Ratio (LIR). One emission peak involved in LIR serves as an internal reference 

to the other, allowing a self-calibration of the system and mitigating the fluctuations by 

external factors during the measurement 14. Additionally, the other advantages offered by 

this method rely on enhanced sensitivity to temperature changes, less influence of the 

emitter concentration, broad applicability (e.g. microelectronics, plasmonics, 

biomedicine, microfluids), and ease of use 20–22. Some mechanisms can contribute to the 

influence of the temperature in the PL emission intensity, which includes thermal 

activation of non-radiative decay processes, re-distribution of population between excited 

levels according to Boltzmann’s statistics, energy transfer processes to quenching centers 

or between luminescent centers 17.  
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The thermometric parameter LIR can be formed either by two emission lines 

coming from the same luminescence emitter (single-center emission) or from two 

different luminescence emitters (dual-center emission). For materials presenting just one 

type of luminescence emitter, consider the scheme presented in Figure 2. When 

electromagnetic radiation is focused on the material, the state |1⟩ is populated from the 

fundamental level |0⟩. However, if the state |1⟩	is	close	enough	to	the next upper level 

(hereafter referred to as state |2⟩), with an energy gap (ΔE) smaller than 2000 cm-1, the 

thermal energy might be sufficient to generate a population redistribution between the 

two excited states as long as it occurs more rapidly than any other competing radiative or 

nonradiative depopulation rate. As a consequence, these levels are regarded as thermally 

coupled levels (TCLs), and Boltzmann’s Law can be applied to model the relation of LIR 

between the two TCLs with the temperature 14. 

 

Figure 2. Simple energy-level scheme showing the dynamic between two thermally coupled states after 

light irradiation (Created by the author). 

Considering N1 and N2 as the populations of states |1⟩ and |2⟩,	respectively, they 

are related as follows 

 N! =	N" 3
g!
g"
4 exp 3

−∆E
k#T

4 (1)  

 

where g1 and g2 are the degeneracies of states |1⟩ and |2⟩	respectively, kB is the Boltzmann 

constant, and T is the temperature given in Kelvin (K). Generally, the luminescence 

intensity (I) from an excited state to the fundamental level can be described by expression 

2, 
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 I$ 	 ∝ 	ħω$A$N$ (2)  

 

where the index i indicates the excited state (i = 1, 2), ħ is the reduced Planck constant, ω 

is the angular frequency of the transition, and A is the total spontaneous emission rate. 

Combining the two expressions above, the equation correlating LIR with temperature for 

the single-center emission case is 

 LIR (T) = %!
%"
= 	Bexp E&∆(

)#*
F (3)  

with B = 	+!,!-!
+","-"

. 

Therefore, by collecting the LIR of a single-center emitter at different temperatures and 

plotting the points on a graph LIR versus temperature (in K), the calibration curve of the 

nanothermometer is obtained when equation 3 is used to fit the points. 

Regarding the thermal quality of the probe, some figures of merit can be 

referenced. The most used is the relative thermal sensitivity (Sr), which is used to compare 

different types of luminescent nanothermometers and indicates how the thermometric 

parameter (LIR, for example) varies per degree of temperature change. Thus, the higher 

Sr, the more sensitive the nanothermometer will be to temperature variations. The Sr is 

calculated by equation 4, 

 
S. =

1
LIR K

∂LIR
∂T K (4)  

 

where /0%1
/*

 is denominated the absolute sensitivity (Sabs). Merging equations 3 and 4, Sr 

for a single-center emission becomes in %.K-1 (equation 5): 

 S.(T) =
ΔE
k#T!

 (5)  

 

It is equally important to assess what is the minimum temperature change the 

nanothermometer can detect. This feature is represented by the thermal resolution (δT) in 

K, given by equation 6, 

 
dT =

1
S.
3
δLIR
LIR 4 (6)  
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with dLIR as the uncertainty of LIR. This is calculated by equation 7, in which δ%"and δ%! 

are the uncertainties of the PL intensities, and I1 and I2 are the average of a set of values. 

 
δLIR = 	QR

δ%"
I"
S
!

+ R
δ%!
I!
S
!

 (7)  

 

From the expressions above, it is inferred δT is linked to both Sr and δLIR. As 

shown in equation 7, this latter parameter encompasses the intensity uncertainties (δ%" 

and δ%!), which are calculated from the standard deviation of multiple recorded PL 

spectra. If the signal-to-noise ratio of PL emissions is low, and fluctuations in the spectra 

are observed, δLIR tends to rise and, consequently, δT will be high. Hence, to achieve 

high thermal resolution, that is, the lowest resolvable temperature values, it is essential to 

produce a highly sensitive nanothermometer with strong PL emission intensity, and to 

enhance the experimental setup to ensure the stability of PL measurements. 

In addition to Sr and δT, it is of great interest that the output is repeatable. Thus, 

the precision in a measurement system can be taken by performing heating and cooling 

cycles on the nanoprobes under similar conditions. For every cycle, the LIR at a given 

temperature is calculated, and the repeatability (R) is estimated by the following equation: 

 

 
R = 1 −	

max(|LIR2 −	LIR$|)
LIR2

 (8)  

 

where LIRc is the LIR extracted from the calibration curve, and LIRi is the LIR collected 

at every temperature during the cycles. The closer R is from 100%, the better is the 

repeatability of the thermal sensor. 

Although the temperature readout from a single-center emitter nanoprobe is very 

simple and easy to get, the demanding of two TCLs limits the nanothermometer 

improvement, because Sr depends directly on ΔE, as demonstrated in equation 5. If this 

energy difference is less than 200 cm-1, there is a high probability the peaks will overlap, 

leading to distorted results of temperature measurement. On the other hand, an energy 

gap larger than 2000 cm-1 might not provide the coupling of the excited states. To address 

this situation, one alternative is to develop materials with dual-center emission, presenting 

two different PL emitters that interact with each other through non-radiative energy 
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transfer. As illustrated in Figure 3, one emitter harvests the excited energy and transfers 

part of it to the second one, and both of them emit PL. 

 

Figure 3. Simple energy-level scheme to illustrate the energy transfer of one emitter to the other in dual-

center emission materials (Created by the author). 

This energy transfer can be resonant if the excited states of the two ions are closely 

matched in energy. On the contrary, the process is non-resonant, being assisted by 

phonons or requiring a simultaneous transfer to a third ion 23. When phonons are involved, 

the inter-ionic energy transfer (WPAET (T)) can be described according to Miyakawa-

Dexter formalism by the following expression: 

 

W3,(*(T) = 	W3,(*(0). [
1

exp E hnk#T
F − 1

± 1]

4

 (9)  

 

where WPAET (0) is a constant, hn is the phonon energy of the host, and n is the number 

of phonons in the process. If it requires phonons absorption, the operation inside the 

brackets is a sum. Otherwise, the operation is a subtraction 24,25. Based on equation 9, it 

is reasonable to assume the emission of the ion that receives the energy mediated by 

phonons is going to be strongly dependent on the temperature, as the energy transfer is 

too 25–27. However, it is also possible that the energy transfer involves contributions from 

both resonant and non-resonant processes, rather than being purely one or the other 28. 

Overall, for a dual-center emitter, the LIR will be between two emission lines 

coming from different luminescent centers. The calibration curve is found by doing an 

appropriate fitting on the points of LIR versus temperature, and the thermometer 

performance is assessed with equations 4, 6 and 8. Hence, it is expected that working with 
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a nanothermometer with dual center emission paves the way for achieving even better 

thermal performance in comparison to those based on Boltzmann’s law. 

1.1.2. Luminescent nanocrystals for LIR nanothermometry 

1.1.2.1. Basic requirements of luminescent materials for biological 

applications 

The development of a nanothermometer for thermal sensing in living beings is a 

challenging task as certain fundamental prerequisites must be met. Generally, the 

luminescent nanothermometer must exhibit low or negligible toxicity, stability and 

dispersibility in physiological medium, high brightness, biocompatibility, and 

photostability 15,16.  

The size of the nanothermometer is a critical factor, because it influences the 

colloidal stability, physical properties (e.g. optical absorption), body and tissue 

distribution (flow in the bloodstream and clearance), cellular response and uptake, etc. In 

general, the nanoparticles (NPs) must be large enough (> 10 nm) to avoid their clearance 

by the kidney, since the glomerular filter pore of this organ is 2 – 8 nm; but small enough 

to not be captured by the mononuclear phagocyte system (< 200 nm). However, the size 

needs to be set according to the specific application and the targeted biosystem. For 

example, if the aim is reaching a tumor, NPs larger than 200 nm will be removed by the 

spleen, but the ones smaller than 30 nm can go back to the blood vessels.  Therefore, it is 

recommended that inorganic NPs are smaller than 100 nm and have a narrow size 

distribution to ensure high dispersion stability. Consequently, this will facilitate their 

ability to travel from the injection site to the target site via blood circulation, minimizing 

the risk of uneven biodistribution 29–31. Additionally, it is stated that spherical morphology 

provides lower toxicity compared to other types of morphology, such as tubes, fibers, 

plates, and needles32. On the other hand, rod-shaped NPs are easier to reach the target and 

exhibit a prolonged lifespan in the bloodstream 29,33. 

Attention must also be given to the optical properties of the NPs, especially the 

spectral working range. The visible range (400 – 700 nm) is usually not recommended 

when targeting bio applications due to the large absorption of light by the physiological 

components (e.g. fat, hemoglobin), causing a shallow penetration of the light. In contrast, 

operating in the transparent optical BWs enables deep tissue signal detection with 

minimal interference 34. The BWs fall in the Near Infrared (NIR) spectrum where 
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absorption and scattering of both excitation and emission light by tissues, skin, and lipids 

are reduced. They are divided into BW-I, BW-II and BW-III, corresponding to the ranges 

of 750 – 950 nm, 1000 – 1350 nm (BW-IIa in Figure 4), and 1500 – 1800 nm (BW-IIb 

in Figure 4) respectively, in which the extinction coefficient of human skin and 

components and the light scattering are minimized 35,36. 

Even working in the BWs, the tissue extinction is not completely negligible and 

may misshape the emission spectrum, compromising the reliability of in vivo thermal 

reading 37. Thus, care must be taken regarding the autofluorescence of the tissues (green 

stars in Figure 4), because most of them present a broad autofluorescence band, which 

can overlap with the emission spectrum of the nanothermometer, resulting in erroneous 

readout. For this reason, it is preferable to work with NPs that exhibit narrow emission 

lines 38. 

 
Figure 4. Absorption spectrum of human skin, displaying the BWs. The green stars represent endogenous 

autofluorescence, and the arrows are related to the degree of light scattering. In BW-IIb, the reduced light 

scattering provides a higher spatial resolution compared to the other BWs 36. 

Concerning the type of materials, many have been exploited and reported in the 

literature, like semiconductor quantum dots (QDs), organic-inorganic hybrids, organic 

dyes, metal organic frameworks (MOFs) and rare-earth doped NPs. QDs (e.g. Ag2S, PbS) 

are semiconductors that draws attention for presenting high quantum yield and easily 

tunable luminescence features, but they can present toxicity problems, induce changes in 
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genes, and display unreliable thermal reading, due to the dependency of luminescence 

properties on the environment. This latter problem is also encountered with organic dyes, 

as their performance can be affected by factors such as pH, solvent, and temperature, 

requiring a unique calibration curve for each specific environment. A key advantage of 

organic dyes is their sensitivity to temperature changes. Likewise, organic-inorganic 

hybrids and MOFs are very sensitive, but they can only emit in the visible range (VIS) 

and are toxic, respectively 15. 

Conversely, rare-earth-doped NPs are particularly attractive. Rare-earth ions 

belong to an ensemble formed by the lanthanides (Ln3+) and yttrium, that are 

characterized for having an incomplete 4f sublevel, shielded by 5s2 and 5p6 orbitals. 

Owing to this shield, their emission lines are stable, narrow, and not significantly altered 

when the rare-earth ions are embedded in different hosts. Furthermore, they present long 

lifetime (from μs to ms), high emission quantum yields in general, good stability in 

physiological medium, and the possibility of being excited with economically viable 

commercial sources, without demanding high power to excite them 15,17. Accordingly, 

NPs doped with rare-earth ions come as promising candidates for nanothermometry 

applied to the biological domain. 

1.1.2.2. Selection of the rare-earth ions 

The great variety of rare-earth ions offers numerous opportunities to build 

nanothermometers. Indeed, many works on nanothermometry about NPs doped with Er3+, 

Nd3+, double doped with Er3+ and Yb3+ or Ho3+ and Tm3+ have been reported over the 

past years 15,20,22. Nonetheless, as mentioned earlier, it is essential that these luminescent 

NPs attend the requirement of working within the BWs.  

Under this framework, Nd3+ is a well-known Ln3+ used in the fabrication of 

efficient solid-state lasers, but it has gained good perspectives to be applied in fluorescent 

biocompatible NCs 39,40. Nd3+ ions can be excited inside the BW-I at a wavelength around 

800 nm, which allows deep penetration of light in tissues with minimal heating, thereby 

causing low damages to the cells — as long as an appropriate power excitation source is 

used. Moreover, low-cost diode laser operating at this wavelength can be easily found on 

the market 16,36,39.  

Upon excitation, a transition is promoted from the ground level 4F9/2 to the excited 

levels 4F5/2 and 2H9/2. After a fast non-radiative decay to the excited level 4F3/2, Nd3+ 

exhibits radiative transitions of 4F3/2 → 4I9/2 (~850 nm), 4F3/2 → 4I11/2 (~1060 nm), and 
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4F3/2 → 4I13/2 (~1340 nm) (Figure 5.(a)). The narrow Stark lines arising from the 

transitions 4F3/2 → 4I9/2 and 4F3/2 → 4I11/2 have been widely employed for LIR 

nanothermometry governed by Boltzmann’s law. The latter transition, in particular, is 

notable for enabling temperature sensing at tissue depth of a few millimeters due to the 

higher intensity of its emission Stark lines 41. 

Yb3+ is another favorable rare-earth ion for luminescent nanothermometers. It has 

a simple electronic configuration with 2F7/2 as the fundamental state and 2F5/2 as the 

excited state (Figure 5.(b)), with an energy gap between them of approximately 10000 

cm-1. Such large inter-manifold gap does not favor multiphonon non-radiative relaxation, 

leading to an efficient PL emission with a long excited-state lifetime in the millisecond 

range. Furthermore, Yb3+ has a strong ion-lattice coupling as its electronic configuration 

makes the 4f electrons less shielded than that of other Ln3+ ions, resulting in an effective 

light absorption. Because of its large absorption cross-section at ~980 nm, Yb3+ can 

absorb radiation efficiently and, consequently, transfer energy to other ions 42–44. Even 

though it features these major advantages, and highly sensitive thermometers have 

already been produced using Yb3+ as a sensitizer (with Sr at least above 1.00%.K-1) 45–49, 

it becomes less suitable towards in vivo applications. A radiation at ~980 nm causes an 

undesired light absorption of the water, owing to the presence of water absorption in this 

range. This can lead to unwanted heating and, as a result, cell damages or even cellular 

death 36,39,50,51. 

However, a system combining Nd3+ and Yb3+ holds promise for nanothermometry 

in the biological context. Nd3+ can be irradiated at around 800 nm — ensuring a gain 

signal at larger depths in tissues and avoiding the overheating caused by water 

absorption36 — and sensitize Yb3+ through a non-radiative process of energy transfer. 

This process can be either resonant or mediated by phonons, depending on the energy gap 

between the excited levels 4F3/2 and 2F5/2 of Nd3+ andYb3+ in the respective order, as well 

as on the overlap of donor emission (Nd3+) and acceptor absorption (Yb3+) spectra. In the 

literature, the interaction between the two Ln3+ ions in crystals and glasses through an 

energy transfer is well established 26,27,52–55.  

The temperature sensing of Nd3+ - Yb3+ co-doped NPs is performed by observing 

the emission changes of one Ln3+ relative to the emission of the other. That is, the LIR is 

taken between the emission intensities of Nd3+ and of Yb3+. Even if the emission of Yb3+ 

(2F5/2 → 2F7/2) is commonly located at around 980 nm, this peak can split into different 

lines due to the Stark effect. It involves the break of the energy states degeneracy in sub-
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levels separated by only 100 cm-1 due to the action of the crystal field in a crystalline 

environment. One can have up to 2J+1 and J+1/2 energy levels for even and odd electron 

numbers, respectively 56. Thus, as demonstrated by previous works 27,52,53,57,58, some stark 

lines may fall inside the BW-II (1000 – 1350 nm), making it possible to still work with 

Yb3+ emission without the concern of water absorption at 980 nm. However, it is 

important to highlight this system is still not so simple, as other types of energy transfer 

in the system may occur depending on the concentration of the Ln3+ inside the matrix, 

such as the back energy transfer from Yb3+ to Nd3+ and the Yb3+-Yb3+ diffusion energy 
27,59. These processes are shown in Figure 5.(c). 

 

 
Figure 5. (a) Energy level diagram of Nd3+; (b) Energy level diagram of Yb3+, (c) Scheme showing the 

dynamics of Nd3+ - Yb3+, with indication of energy transfer of Nd3+ ® Yb3+, back energy transfer of Yb3+ 

® Nd3+ and diffusion (migration) energy of Yb3+ - Yb3+ (Created by the author). 
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Works of luminescence nanothermometry on NPs doped with Nd3+ and co-doped 

with Nd3+ and Yb3+ are summarized in Table 1. This tabulation was limited only to those 

that went for lexc in the BW-I (750 – 950 nm) and presented Sr in the physiological 

temperature interval. In general, the single-doped materials with Nd3+ exhibit Sr 

extending from around 0.10 to 0.60%.K-1, since the LIR is taken between the Stark 

sublevels of the transition 4F3/2 ®  4I9/2 or 4F3/2 ® 4I11/2, and the energy difference between 

the involved sublevels tends to be very small. Other studies on Nd3+-based 

nanothermometers have already reported even higher Sr, such as YVO4: Nd3+ (1.50%.K-

1 at 300K)60, Y2O3: Nd3+ (1.59%.K-1 at ~303 K)61, Gd2O3: Nd3+ (1.75%.K-1 at 288 K)62, 

and YAlO3: Nd3+ (1.83%.K-1 at 293 K)63. In spite of operating with Stark sublevels, the 

LIR was regarded between the transitions 4F5/2 ® 4I9/2 and 4F3/2 ® 4I9/2 in these cases, 

which was only possible thanks to the excitation in the visible range (532 nm 60,61,63 and 

580 nm62), that is, outside the BWs. Concerning the Nd3+ - Yb3+ co-activated materials, 

Sr is very similar on average to those Nd3+-single-doped ones, but the great majority still 

worked with the Stark emission line at ~ 980 nm of Yb3+, which overlaps with the water 

absorption band. Unfortunately, most of the works did not report the thermal resolution 

as well. In summary, this short overview unveils how challenging it is to work with Nd3+ 

and Yb3+ within the BWs and achieve optimal thermal performance simultaneously.  

Table 1. Summary of Nd3+-doped and Nd3+-Yb3+ co-doped NPs with corresponding thermal performance 

published in the literature. The selection of these works was restricted to the excitation wavelength (λexc) 

in the BW-I. 

 

Host λexc 
(nm) 

Temperature 
range (K) 

Emission 
lines for LIR 

(nm) 
Sr (%.K-1) dT 

(K) Ref. 

Y3BO6: Nd3+ 804 298 - 328 1072/1083 0.07 (at 308 K) - 64 

YBO3: Nd3+ 804 298 - 328 1056/1060.5 0.10 (at 308 K) - 64 

NaYF4: Nd3+ 830 273 - 432 863/870 0.13 (at 308 K) - 65 

Y3Al5O12: Nd3+ 808 283 - 343 936/946 0.15 (at 343 K) 0.30 66 

Y3Al5O12: Nd3+ 804 298 - 328 1052/1074 0.16 (at 308 K) - 64 

CaF2: Nd3+, Y3+ 808 ~295 - ~335 1053/1062 0.18 (at 300 K) - 67 

Gd3Sc2Al3O12: Nd3+ 806 293 - 323 936/946 0.20 (at 298 K) - 40 

LaF3: Nd3+ 808 283 - 333 865/885 0.26 (at 283 K) - 68 
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Table 1. Continued. 

 

1.1.2.3. Selection of the nanocrystalline inorganic host matrices 

Alongside the doping elements, the selection of the host lattice material must also 

be thorough. Indeed, the host matrix can dictate the PL efficiency, since it depends on the 

phonon energy, structure, crystal field, and local symmetry. Among these features, host 

Host λexc 
(nm) 

Temperature 
range (K) 

Emission 
lines for LIR 

(nm) 
Sr (%.K-1) dT 

(K) Ref. 

Y2O3: Nd3+ 800 303 - 333 878/947 0.29 (at 293 K) - 69 

Y2Ge2O7: Nd3+ 804 298 - 328 1056/1074.5 0.29 (at 308 K) - 64 

Y2O3: Nd3+ 804 298 - 328 1056/1074 0.34 (at 308 K) - 64 

Y2O3: Nd3+ 808 298 - 333 1053/1075 0.43 (at ~298 K) < 1.0 61 

LiLuF4: Nd3+@ 
LiLuF4 793 293 - 318 1047/1056 

887/913 
0.48 (at 293 K) 
0.58 (at 293 K) 0.30 41 

LaF3: Nd3+-Yb3+ 790 283 - 323 1300/1000 0.10 (at 283 K) - 70 

YF3: Nd3+-Yb3+ 790 80 - 320 866/986 0.10 – 0.40 - 71 

YVO4: Nd3+-Yb3+ 808 123 - 423 ~870/~980 0.14 (at 273 K) - 72 

Y3BO6: Nd3+-Yb3+ 804 298 - 328 1072/977 0.18 (at 308 K) - 57 

LuVO4: Nd3+-Yb3+ 808 123 - 573 ~1060/~975 0.20 (at ~299 K) 2.0 73 

YBO3: Nd3+-Yb3+ 804 298 - 328 1056/971 0.21 (at 308 K) - 57 

Y2Ge2O7: Nd3+-Yb3+ 804 298 - 328 1056/978 0.22 (at 308 K) - 57 

b-BaB2O4: Nd3+-
Yb3+ 804 298 - 328 979/1058.5 0.28 (at 298 K) - 74 

Y2Ba3B4O12: Nd3+-
Yb3+ 804 298 - 328 897/978 0.31 (at 298 K) 0.54 75 

Y3Al5O12: Nd3+-
Yb3+ 804 298 - 328 1051/965.5 0.33 (at 308 K) - 57 

LiLaP4O12: Nd3+-
Yb3+ 808 93 - 663 870/1000 0.40 (at 330 K) - 27 

Y2O3: Nd3+-Yb3+ 804 298 - 328 1055/976 0.48 (at 308 K) 0.36 57 

LaF3:Yb3+ @ 
LaF3:Nd3+  808 288 - 323 1350/1000 0.74 (at 293 K) - 76 
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matrices presenting low phonon energy have been preferable for presenting reduced 

probability of non-radiative processes, as more phonons are necessary to bridge the gap 

amongst excited and fundamental states in this case 77. Regarding this fact, the scientific 

community has been extensively working with fluoride-based inorganic materials for 

nanothermometry, because their phonon energies can range between 300 and 600 cm-1 

(e.g. 350 cm-1 for NaYF4) 36,77,78. In addition, the synthesis of monodispersed and 

nanometric-sized particles of fluoride-based host materials is well established in the 

literature 79,80. Although low phonon energy can result in enhanced brightness, this is not 

a guarantee that a high thermal sensitivity will be provided too. Other parameters can 

influence in the thermal performance of the nanothermometer, such as bond covalency 

and the effect of the local site symmetry 22,78,81. 

As an alternative to fluoride-based NCs, oxides can provide competitive 

advantages of convenient synthesis methods, non-toxicity, mechanical and chemical 

stability, especially after their functionalization40,82. In this respect, aluminate oxides, 

belonging to the Al2O3-Y2O3 binary system, and Y2O3 may be promising hosts for 

embedding Nd3+ and Yb3+ because these rare-earth ions present the same oxidation state 

and have ionic radii closely matching those of Y3+ species. It enables the replacement of 

Y3+ by them, with less formation of crystal defects and lattice stresses 77. 

The Al2O3-Y2O3 binary system comprises four crystalline phases: YAlO3 in 

orthorhombic (YAP) and hexagonal (YAH) structures, Y3Al5O12 (YAG) and Y4Al2O9 

(YAM). Particularly, YAG has been deeply studied and is well-known for its efficient 

performance as solid-state lasers, LED-based lighting, and nanoprobes in the biological 

field 83. It presents a garnet structure, with a cubic unit cell of 160 atoms (space group 

Ia3d), and a single Y3+ site of D2 symmetry (Figure 6). The general formula is given by 

A3B2C3O12, where A, B and C represent the cations occupying 24(c) sites of YO8 

(dodecahedral coordination), 16(a) sites of AlO6 (octahedral coordination) and 24 (d) sites 

of AlO4 (tetrahedral coordination), respectively. Concerning the phonon energy, YAG has 

a cutoff of ~856 cm-1 25. 
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Figure 6. YAG crystal structure. This scheme was reproduced in the software Vesta based on the ICSD 

CIF 17663. 

Derived from the same system, YAM is a stable compound, which presents a 

structure with lower symmetry than YAG. Although it is still less studied than YAG, 

some works have shown that YAM can be a promising optically active host 44,84,85. Its 

crystal structure is monoclinic and belongs to the P21/c space group. In accordance with 

Figure 7, YAM has multisite structure, possessing four yttrium sites with C1 symmetry, 

and a total of nine non-equivalent oxygens. Two yttrium sites are coordinated to seven 

oxygens (YO7) whereas the other two have six oxygen atoms in the neighborhood (YO6), 

exhibiting a slight deviation from inversion symmetry. Two AlO4 groups are united by 

one apical oxygen forming double-tetrahedral Al2O7 in the unit cell. These structural 

features make YAM interesting for multiple doping, offering several possibilities for the 

occupation of yttrium sites by rare-earth ions 44,86,87. 

 

Figure 7. YAM crystal structure. This scheme was reproduced in the software Vesta based on the ICSD 

CIF 230984. 
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Finally, Y2O3 is a host favored in many studies due to its chemical and thermal 

stability, presenting a melting point above 2000°C. This sesquioxide crystallizes in cubic 

phase, in the Ia-3 space group. The unit cell contains yttrium in two structural sites, 

surrounded by six oxygen atoms (YO6) with C2 and C3i symmetries (Figure 8) 88.  A good 

shortcoming from Y2O3 is its comparable low phonon energy to fluorides, which is 

approximately 600 cm-1 25,89. 

 

Figure 8. Y2O3 crystal structure. This scheme was reproduced in the software Vesta based on the ICSD 

CIF 26190. 

1.1.2.4. Implementation of luminescent nanothermometers in 

biomedicine 

Even working with appropriate conditions from the material science perspective, 

the direct implementation of luminescent NPs in living organisms is still not simple and 

entails some considerations. Prior to the application of NPs in the biological system, their 

physicochemical properties (colloidal stability, surface composition, and surface charge) 

must be tailored to ensure biocompatibility, and to avoid toxicity issues 90. In light of this, 

silica coating is an effective method to passivate the surface, because silica is highly 

regarded in the scientific community for its thermal stability, chemical inertness, and 

optical transparency. It enhances the stability of NPs in colloidal medium, facilitates 

further functionalization with other molecules, and can act as a protective layer to the NPs 

for post-annealing treatments, to avoid both uncontrolled growth and irreversible 

agglomeration, besides improving the crystallinity91–93.  

Concerning the toxicity of silica, there is enough evidence to classify crystalline 

silica (quartz and cristobalite) as carcinogenic to humans (group 1 by the IARC – 

International Agency for Research on Cancer), but amorphous silica has been considered 
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safe without indication for carcinogenicity (group 3 by the IARC). Still, there is a 

controversial position about amorphous silica safety in the literature, due to cases of 

hemolysis and death of cells in culture when silica is involved. However, the hemolytic 

potential of silica is strictly related to the presence of silanol groups, which can bond to 

phosphate ester groups of membrane phospholipids and secondary amide groups of 

proteins, disturbing the cellular membrane. This issue is overcome with heat treatments 

to reduce the silanol concentration or by going for mesoporous structure of silica, because 

the porosity reduces its area contact with the membrane and, thus, the effective silanol 

concentration 94. 

Within the nanothermometry context, the core-shell structure, with luminescent 

inorganic NC as the core and amorphous silica as the shell, provided enhanced PL 

properties, making the NPs more effective as temperature sensors. In the study of YPO4: 

Er3+-Yb3+, surrounding the NCs with a silica shell attenuated the surface defects, and an 

increase of PL emission in 12 times was observed. It resulted in the reduction of the non-

radiative rates, leading to an increase of DE between TCLs, causing, consequently, an 

improvement in the Sr from 1.00 to 1.25%.K-1 at 303 K 95. An enhancement in the 

sensitivity to temperature changes was also observed for GdVO4: Er3+- Yb3+ 96 and YVO4: 

Nd3+ NPs 97. In addition, the silica shell provided stability in colloidal environment and 

facilitated the entry of GdVO4:Tm3+- Yb3+ in HeLa (Human cervical cancer cell line) cells 

during in vitro assays for tests of thermal sensing 98. Going beyond the biological realm, 

the silica shell endowed NaFY4:Er3+- Yb3+ with improved thermal stability, allowing the 

shelled NPs to operate at temperatures exceeding 900 K, above which they normally do 

without the shell (~600K) 99. 

The in vivo administration of nanothermometers hinges on the specific application 

model. For example, to keep track of hyperthermia, the NPs are either administered 

intravenously or injected straight into the organ of interest. On the other hand, 

subcutaneous or intradermal injections are performed when it is necessary to have a 

precise control over the NPs and minimum interference of the tissue 100. The escape of 

the NPs from the physiological system is also a critical aspect and involves two main 

pathways: renal and hepatic. The former is often the preferred route for being rapid, but 

it is more effective for small and positively charged NPs due to the size of the glomerular 

pore of the kidney (< 10 nm), and their interaction with the negatively charged 

components of the glomerular filtration barrier. The hepatic pathway regards the capture 

of the NPs by the mononuclear phagocyte system (e.g. liver), leading to the excretion via 
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bile into the intestines. Hence, this provides a longer exposure of the NPs to the body, 

which can result in their accumulation in organs, posing risks of toxicity 101,102. 

These facts demonstrate it is crucial to determine a balance between effective 

clearance and NPs distribution efficacy. In this way, further functionalization of the NPs 

is necessary for the improvement of their interaction with biological interfaces. It can be 

accomplished by combining NC@SiO2 (NC coated with silica) with molecules such as 

small proteins, natural or synthetic polymers, oligosaccharides, for example. In bio 

applications, the synthetic biopolymer polyethylene glycol (PEG) is one of the most used 

molecules 90. This polymer has chemical structure of HO-[CH2-CH2-O]n-H, where n is 

the quantity of ethylene oxide units, and is popularly used in drug formulations, and food 

products. Through the “PEGylation” process, the PEG chains create a hydrophilic barrier 

around the NPs, diminishing their interactions with plasma proteins, thereby prolonging 

their circulation time in the bloodstream with reduced risks. Moreover, PEG can reduce 

immunogenicity— an immune response in the body caused by foreign species —, avoid 

the aggregation, and improve the delivery efficiency of the NPs in the targeted biosystems 
90,103–105.  

The concentration of NPs is also of key importance to reach the targeted systems 

at an appropriate dose to function effectively as designed. According to the guidelines 

proposed by Bednarkiewicz et al.16, this concentration should be no more than 0.5 mg per 

mL to guarantee the in vivo safety. According to the spectroscopy conditions, the authors 

stated in the same work that the excitation power density should be no higher than 0.3 

W.cm-2 for an excitation wavelength at 808 nm, because this value is the Maximum 

Permitted Exposure (MPE) defined by the International Commission on Non-Ionizing 

Radiation Protection in the ANSI Z136.1-2000. Indeed, the lack of attention to excitation 

power density generates extra heating on the sample, resulting in mistaken readouts and 

possible damage to the cells. Lastly, the calibration curve must be acquired in both 

aqueous media and the targeted organs for the study using ex vivo models. Particularly, 

chicken breast has been utilized for this assay, because it exhibits homogeneous tissue, 

reduced absorption properties, and enough thickness to evaluate the laser penetration 

depth. In contrast, phantom tissues (e.g. breast, cartilage, skin, etc.) are also applied, but 

they do not resemble the chemical environment of real tissues 100. 

Notwithstanding the boom of studies in nanothermometry, works encompassing 

in vivo experiments with inorganic NPs co-doped with Nd3+ and Yb3+ and satisfying all 

the requirements presented here are very scarce. However, an example is the work from 
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2016 conducted by Ximendes et al.70, who reported the subcutaneous thermal sensing in 

a mouse by using core-shell LaF3:Nd3+ @ LaF3: Yb3+ NPs. Before the in vivo experiment, 

the authors acquired the calibration curve of the NPs in aqueous medium, pumped at 790 

nm, and got a Sr equal to 0.41 ± 0.01 %.C-1 with δT ~1.6°C. Next, 1% in mass of the NPs 

were dispersed in 200 μL phosphate-buffered saline (PBS) and injected into a mouse. To 

assure the presence of the NPs in the mouse, they were illuminated at 808 nm with power 

density of 0.35 W.cm-2, and a fluorescence image was registered (Figure 9.(a)), which 

enabled the NPs to be clearly located. Then, the power was doubled deliberately in order 

to promote the temperature rise from 34.2 up to 40.5°C (Figure 9.(c)). In the end of the 

heating, the natural thermal relaxation was monitored by exciting the same NPs at 790 

nm instead, and the temperature estimated with the calibration curve was 39 ± 1 °C, rather 

similar to 38°C acquired with an infrared thermal camera (Figure 9.(f)). In addition to 

these promising results, the authors demonstrated that the PL spectrum is not affected by 

the environment, when comparing the emission spectrum in aqueous solution and in a 

chicken breast (ex vivo model). 

 
Figure 9. (a) Fluorescence image showing the presence of LaF3:Nd3+@ LaF3: Yb3+ NPs in the mouse 

body; (b) Picture of the mouse during the experiments; (c) Scheme illustrating the procedure for thermal 

sensing; (d) Thermal infrared images before and (e) in the end of the  heating; (f) Evolution of measured 

temperature with calibration curve (gray points) and infrared thermal camera (orange squares) in time 70. 
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1.2. Preparation of nanocrystals: general concepts and mechanisms 

The general preparation of NCs can be done either through a solid-state synthesis 

or from a wet chemical approach. While the first one requires specialized and expensive 

set up to conduct the synthesis at specific conditions of pressure, temperature, and 

environment, the last one is relatively simpler and permits a better control on size, 

composition, and morphology of the NCs. Several wet chemical methods have been 

employed to obtain oxide NCs, such as aqueous and non-aqueous sol-gel, coprecipitation, 

microwave-assisted, solvothermal, and others 106. However, this work will be restricted 

to the modified Pechini and solvothermal methods in view of synthesizing YAG, Y2O3 

and YAM NCs co-doped with Nd3+ and Yb3+ for nanothermometry. 

1.2.1. Modified Pechini method 

The Pechini method is a simple, direct, and generic way to obtain oxide materials, 

which was first introduced in a patent in 1967 by Pechini 107. The author proposed to form 

polybasic acid chelates with different cations by using a combination of metal oxides, 

hydroxides, alkoxides, or carbonates as precursors, along with alpha-hydroxycarboxylic 

acids (e.g., citric acid and glycolic acid). By heating these chelates with a polyhydroxy 

alcohol, polyesterification reactions are promoted, resulting in a resin. This resin is then 

calcined to remove organics, leaving behind the oxide material.  

Nevertheless, some modifications have been made over the years with focus on 

reducing the amount of organic products, and the “modified Pechini method” came up. 

In this case, aqueous solutions containing cations in stochiometric proportions are used 

along with a chelate agent for the metal complexation with citrate anions. Successive 

polyesterification reactions occur by including polyalcohol at controlled temperature, 

giving rise to a rigid cross-linked polymeric resin comprising metal atoms bonded with 

oxygen and organic radicals. Next, the resin is finally calcined (under air or controlled 

atmosphere) for the crystallization of nanometer-sized metal oxides and removal of 

organics 108. It should be noted that ethylene glycol is typically the polyalcohol used in 

this method, but it can be successfully replaced by D-sorbitol for improved photophysical 

properties 109. The reactions involved in the modified Pechini method, with D-sorbitol as 

the polyalcohol, are illustrated in Figure 10. 
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Figure 10. Chemical reaction involved in the modified Pechini method (Created by the author). 

This procedure is reproducible, fast, and cost-effective. It is also versatile, offering 

excellent dispersion of metal cations due to the complexation and the formation of a 

polymer resin. After calcination, this process results in the creation of highly 

homogeneous oxide compounds108. Therefore, it is largely used for producing 

nanomaterials, even YAG 110,111, Y2O3 57,64 and YAM 84,86. However, as the phase 

crystallization requires the final annealing at high temperature, this ends up leading to 

aggregation and agglomeration of NCs. 

1.2.2. Synthesis from solution 

To overcome the undesired NCs agglomeration from the modified Pechini 

synthesis, an alternative route is to produce NCs from solution. Based on LaMer’s 

model112 presented in Figure 11,  the precursors in the solution initially decompose into 

monomers by heating. As the monomer concentration increases, the solution achieves a 

supersaturated state and exceeds the nucleation threshold, becoming out of the 

thermodynamic equilibrium. The level of saturation S (equation 10) is defined as the ratio 

between C, the monomer concentration in the solution, and Ceq, the solid-liquid 

equilibrium concentration. Thus, for a supersaturated solution, S > 1. 

 S = 	
C
C56

 (10)  

 

In the supersaturated solution, a burst of nucleation takes place, that is, the 

monomers begin to aggregate into nuclei by self-aggregation. The thermodynamics of 
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this process depends on the Gibbs free energy (DG(r)), that can be expressed for a 

spherical nucleus formation in homogeneous nucleation by equation 11: 

 ∆G(r) = 4πr!g+
4
3πr

7∆G8 (11)  

where r is the radius of the nuclei, g is the surface free energy per unit volume of the 

crystal, and DGv is the change of Gibbs free energy per unit volume of the solid-liquid 

phase. By deriving the equation 11 relative to r and equalizing it to zero, the critical 

(minimum) radius rc of the nuclei is found as follows 113: 

 r2 = −	
2γ
∆G8

 (12)  

Therefore, for r > rc, the particles will grow whereas the ones with r < rc will 

redissolve. The nucleation rate of nuclei (J), which represents the nuclei generation per 

unit volume, is described by expression 13, 

 
J = 	A	expR−

16π𝛾7V9!

3k#7T7 ln(S)!
S (13)  

 

with Vm as the molar volume of bulk crystal and T as the reaction temperature 113. This 

equation shows that supersaturation, temperature, and surface energy are parameters that 

directly influence in the nucleation. Hence, rapid nucleation makes the monomers keep 

being consumed to generate the nuclei until the monomer concentration is not sufficient 

anymore to support this process. Then, S decreases, and the nucleation step is suppressed. 

The just-formed nuclei start to grow into NCs by diffusion and incorporation of 

monomers 113. 
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Figure 11. LaMer’s diagram, displaying the nucleation and growth steps of the synthesis from solution114. 

To guarantee NCs with uniform size, it is important that the nucleation step occurs 

only once in a short period of time (“burst of nucleation”), and the subsequent growth is 

well controlled. This growth can be constrained by promoting a capping layer around the 

generated particles through the attachment of organic ligands on their surface 113. 

The supersaturation condition can easily be applied through a precipitation 

reaction, which is stated as follows: 

 XA(;<=>?$<4)
AB + YB(;<=>?$<4)C& → AxBy(;<=$D) 

 
(14)  

where AAB e BC& are the anions and cations, respectively, and X and Y are stoichiometric 

constants. The product, AxBy, is a new phase solid, with low solubility in the solution. 

Based on this reaction, a typical precipitation synthesis can be done at ambient conditions 

of temperature and pressure. It offers good repeatability, scalability, ease of operation, 

and economic viability. Nonetheless, the control over the particle size and morphology is 

limited, since it depends on several factors, such as pH, order and velocity of the addition 

of precursors, nature of salts, etc. 115 

Alternatively, there is the solvothermal approach. In a standard process, the 

precursors and the solvent are loaded into an autoclave, enabling the synthesis to be 

performed at temperatures reaching up to 400°C and high pressure, above the critical 

point of the solvent. Such conditions can improve the ability of the solvent to dissolve the 

reactants, especially of those that do not dissolve at environmental conditions. When 

utilizing this method, it is not only possible to produce NCs with high chemical 

homogeneity and good crystallinity, but also manage the size and shape of them. Indeed, 
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adjustments in the temperature and pressure can make the nucleation step speed up, 

resulting in the synthesis of NCs with good polydispersity 115.  

To verify the size dispersity of the NCs, the Polydispersity Index (PDI) is 

calculated according to the equation 15: 

 PDI = 	 E
σ
dF

!
 (15)  

 

where σ and d are the standard deviation and the mean size (diameter) of NCs, 

respectively. According to International standards organizations (ISOs), PDI < 0.05 

means that NCs are monodisperse, while values above 0.70 indicate that they are 

polydisperse 116. 

1.2.3. Coating with amorphous silica 

The techniques employed for silica coating of NCs line up with those used to 

produce colloidal silica particles, with Stöber and water-in-oil (W/O) microemulsions 

standing out as the most common approaches. The W/O microemulsion consists of 

mixing oil phase with a surfactant and water containing silica precursors. Within the water 

droplets of the microemulsion, the silica coating occurs through hydrolysis and 

condensation of the silica reactant, providing a uniform and controlled deposition of the 

silica layer around the NCs. Owing to the confined space of the droplets, silica-coated 

NPs with better polydispersity are obtained. In contrast, the Stöber process relies on the 

hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in an alcoholic solution 

(e.g. ethanol) in the presence of a base catalyst. Despite its popularity, it is not possible 

to employ this technique to coat NCs that cannot be suspended in water-alcohol media, 

i.e., NCs that exhibit hydrophobic surfaces 117,118. 

An alternative to these both methods is to apply the biphasic approach to obtain 

NCs coated with mesoporous silica shell. With the aid of a catalyst, the silica precursor 

is gradually transferred from a top organic phase to the bottom aqueous phase, which 

contains the NCs stabilized with a surfactant. This whole process comprises the 

hydrolysis and condensation of silica precursor at a controlled rate, enabling a precise 

control over the thickness and porosity of the silica shell, and the coating of NCs that 

present water-repellent surfaces. Therefore, such features make this method versatile and 

promising 118,119. 
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1.3. Objectives 

The design of a luminescent nanothermometer for future biological applications 

is a challenging task, because it needs to be highly sensitive to temperature changes, 

perform an accurate temperature measurement, and present appropriate key factors 

related to the structure to not cause damages in living organisms. For this reason, efforts 

to produce and optimize the nanomaterials before moving to biological assays must be 

prioritized, especially during the synthesis step. In this context, the goals of this thesis 

are: 

i. Synthesize NCs of YAG co-doped with Nd3+ and Yb3+ and conduct a study 

concerning their structural and optical properties. Firstly, the modified Pechini 

synthesis is employed to find the co-doping composition that yields an optimal PL 

emission. Then, monodispersed NCs (< 50 nm) are synthesized by the solvothermal 

method, which will be silica-coated for a protected annealing. This is to avoid the 

suppression of PL emission by surface defects and the presence of typical quenchers. 

This part was conducted in partnership with Majed Ibrahim (Nanochemistry 

master’s student at Université Grenoble Alpes 2022 – 2024), who was supervised 

by Dr. Xavier Cattoën (Researcher at Institut Néel of CNRS). 

 

ii. Likewise, synthesize Y2O3 co-doped with Nd3+ and Yb3+ through the modified 

Pechini method to select the Ln3+ composition for optimal PL emission. To obtain 

individual NCs, the two-step urea-based route is applied, which concerns a synthesis 

under solvothermal conditions followed by calcination. The synthesis parameters 

were tested to achieve NCs with size < 50 nm. 

 

iii. Study a third matrix, YAM, once it has a multisite structure, with lower symmetry 

compared to YAG and Y2O3, and it could be beneficial to investigate how these 

attributes impact on the thermal sensing performance of Ln3+-doped YAM as a 

nanothermometer. In order to perform a deeper investigation, the goal is to study 

both Nd3+ single-doped and Nd3+-Yb3+ co-doped YAM. For this study, the modified 

Pechini method will be used, but synthesis route to obtain YAM from solution will 

be tested as well. 
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iv. Conduct nanothermometry analysis on NCs of YAG and Y2O3 co-doped with Nd3+ 

and Yb3+, as well as YAM single-doped with Nd3+ and co-doped with Nd3+ and 

Yb3+. Based on the LIR technique, the objective is to gather the calibration curves 

and assess the thermal sensing performances of these nanomaterials, focusing on 

achieving Sr at around 0.50%.K-1 – 1.00%.K-1, δT = 0.1 – 0.2 K, and repeatability 

above 95%. 
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Chapter II: Enhancement of photoluminescence emission and 

thermal sensing properties of YAG: Nd3+ - Yb3+ nanocrystals 

for nanothermometry 

2.1. Introduction 

Yttrium aluminum garnet, commonly known as YAG with chemical formula of 

Y3Al5O12, is an oxide that has been widely used as laser material, but ultimately has shown 

potential to be applied in bioimaging 120 and as thermal sensor 66,121,122. Combined with 

its high chemical stability, the cubic crystal structure endows YAG with a versatile doping 

capability with diverse Ln3+ ions, allowing for tuning of emission wavelengths and 

making this inorganic material suitable for specific applications. Particularly, when 

embedding YAG with Nd3+ and Yb3+ ions, it becomes suitable for acting as a luminescent 

nanothermometer in living organisms, since these doping ions operate well within the 

BWs.  

The application of Nd3+-Yb3+ co-doped YAG NCs as nanothermometers in the 

biomedical context also requires a strong control of the size. Different synthesis 

techniques have been employed to produce nanometric-sized NCs, such as combustion, 

the modified Pechini method, microwave, sol-gel, co-precipitation and solvothermal 
123,124. In accordance with previous studies 40,83,120,125, the latter method holds promise to 

synthesize individual YAG NCs by heating a solution containing yttrium acetate and 

aluminum isopropoxide in 1,4-butanediol at temperatures up to 400°C. The synthesized 

NCs can attain dimensions well below 100 nm, with sizes potentially reaching as small 

as 4 nm, contingent upon the precise modulation of synthesis parameters, including 

temperature, pressure, reaction duration, and precursor concentration. The main benefit 

of this procedure is pure YAG phase with good crystal quality can be produced without 

any post-treatment at high temperature, avoiding the NCs coalescence. 

Yet, the Ln3+ ions may be localized near the surface of the synthesized NCs and 

interact with residual organic compounds and hydroxyl groups arising from the 

synthesis120. This contributes to increasing the probability of non-radiative processes, 

hampering the PL emission of the luminescent centers. This becomes a major concern to 

use luminescent NPs to assess the temperature since high PL intensity is necessary to 

enhance the signal-to-noise ratio, thereby providing reliable and stable measurements 18. 
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To address this issue, one approach regards the appropriate selection of the Nd3+ 

and Yb3+ concentrations, striving for achieving an optimal PL emission from these 

luminescent ions. The second potential solution is to produce a core-shell structure by 

growing an amorphous silica shell around the YAG: Nd3+ - Yb3+ NCs. This method allows 

for protected annealing, a heat treatment process that tunes the PL emission without 

affecting the size and dispersion of the NCs 126. 

Hence, the work presented in this chapter focused on producing YAG NCs co-

doped with Nd3+ and Yb3+ aiming at significantly enhancing their PL emission for future 

nanothermometry applications in the biological field. Initially, co-doping engineering 

was performed using the modified Pechini method, chosen for its rapid execution, 

versatility, and flexibility. Then, dispersed NCs in solution, with narrow size distribution, 

were obtained by a refined solvothermal method protocol. Lastly, the NCs were coated 

with amorphous silica in order to carry out a protected annealing. The thermal sensing 

evaluation was done based on the LIR approach between PL intensities of Nd3+ and Yb3+, 

to determine the calibration curve, Sr,  δT, and repeatability. 

2.2. Experimental protocol 

2.2.1. Materials syntheses 

2.2.1.1. Modified Pechini method 

Based on previous studies 57,64, the synthesis of YAG co-doped with Nd3+ and 

Yb3+ involved first the dissolution of Y(NO3)3.6H2O (Acros organics, ³99.9%), 

Al(NO3)3.9H2O (Riedel-de-Haën, 98.5%), Nd(NO3)3.6H2O (Sigma-Aldrich, ³99.9%), 

Yb(NO3)3.5H2O (Sigma-Aldrich, ³99.9%), citric acid (C6H8O7, Thermo scientific, 

³99.5%), and D-sorbitol (C6H14O6, Fisher chemical, ³97.0%) in distilled water in 

individual flasks at ambient temperature. The precursor quantities were calculated 

considering stoichiometric proportions for the metal nitrates, a molar ratio between citric 

acid and the metals of 3:1, and a mass ratio between D-sorbitol and citric acid of 3:2. 

Dopants were inserted in YAG at several concentrations in relation to the total metals of 

0.25, 0.50, and 0.75% mol of Nd3+ and 0.25, 0.38, 0.50, 0.75, and 1.00% mol of Yb3+.  

The aqueous solutions containing yttrium, aluminum, neodymium, and ytterbium were 

added in this order to the one of citric acid under stirring, for metal complexation. Then, 

the solution of D-sorbitol was poured into it to provide polyesterification reactions. This 
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final solution was kept under vigorous stirring at 100°C and reflux overnight for the resin 

formation. Next, the resin was dried in an oven at two stages: at 80°C/2h, with a heating 

rate of 160°C.h-1, and at 250°C/30 minutes, with a slower heating rate of 30°C.h-1. After 

cooling down, the resulting soft and porous black solid (hereafter referred to as puff) was 

ground manually in an agate mortar. The powder was transferred to a crucible for 

annealing at 1000°C/10 minutes in a tubular furnace under flux of O2 (10 mL.min-1), at a 

heating rate of 10°C.min-1. This process is described by the flowchart in Figure 12. 

 

Figure 12. Flowchart of the modified Pechini synthesis (Created by the author). 

2.2.1.2. Solvothermal method 

The reactants used in the solvothermal synthesis were metal acetates and 

aluminum isopropoxide to be dissolved in a mixture of 1,4-butanediol and diethylene 

glycol (DEG). First, yttrium acetate tetrahydrate (Y(CH3CO2)3.4H2O, Sigma-Aldrich, 

³99.9%) underwent a dehydration process in a glass oven connected to a vacuum line, in 

the presence of P2O5, at 150°C for 4h (Figure 13). This step was crucial to prevent the 

uncontrolled hydrolysis of aluminum isopropoxide during the solvothermal synthesis and, 

consequently, the formation of aluminum oxyhydroxide (boehmite) as a spurious 

phase125–127.  
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Figure 13. Dehydration of yttrium acetate tetrahydrate in a glass oven connected to a vacuum line, in the 

presence of P2O5 (Created by the author). 

Next, 18 mmol of aluminum isopropoxide anhydrous (C9H21AlO3, Acros organics, 

98%) 2,83, 10.70 mmol of yttrium acetate dehydrated (Y(CH3CO2)3), 0.22 mmol of 

neodymium acetate dihydrate (Nd(CH3CO2)3.2H2O, Sigma-Aldrich, ³99.9%), and 0.14 

mmol of ytterbium acetate pentahydrate (Yb(CH3CO2)3.5H2O, Sigma-Aldrich, ³99.9%) 

were dissolved in 100 ml of solvents (1,4-butanediol from Thermo scientific, 99%, and 

DEG from Sigma-Aldrich, 99%) with the aid of stirring and ultrasonication. With a tip 

sonicator, acoustic cavitation cycles are generated in the solution, through the formation, 

growth, and collapse of microbubbles. It enhances the efficiency of precursor dissolution, 

enabling to conduct this step in less than one hour, which is faster compared to just 

applying a 48-hour magnetic stirring 83. However, ultrasonication generates hot spots, that 

increases the temperature of the solution. So, the dissolution with ultrasonication was 

performed for 25 minutes overall (power ~60W), with stops every 3 minutes to cool down 

the solution with an ice bath. 

After dissolving the precursors, the solution was placed inside a 500-ml autoclave, 

which was purged with argon to achieve an initial pressure of 75 bar and heated to 300°C 

at a rate equal to 600°C.h-1. This condition was maintained for 2 hours and 30 minutes, 

reaching a maximum pressure of about 200 bar. After cooling down to room temperature, 

the precipitate was rinsed with three centrifugations (7800 rpm, 15 minutes) intercalated 

with 30-minute redispersions in ethanol in an ultrasound bath. The powder was dried at 

60°C/2h. Figure 14 displays the flowchart of YAG solvothermal synthesis. 
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Figure 14. Flowchart describing the solvothermal route for YAG synthesis (Created by the author). 

2.2.1.3. Silica-coating of YAG nanocrystals via the biphasic method 

The following procedure was established in the master’s work of Majed Ibrahim 

(Nanochesmitry - Université Grenoble Alpes – 2022/2024), who was supervised by Dr. 

Xavier Cattoën (Researcher at Institut Néel of CNRS). Silica coating experiments started 

with the dispersion of 29.6 mg of YAG: Nd3+-Yb3+ NCs in 25 ml water for 30 minutes in 

an ultrasound bath. This aqueous solution was placed in a 100-ml round bottom flask with 

91.1 mg of cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich, ³98,0%) and 39.4 

mg of L-arginine (Sigma-Aldrich, ³98.0%), as a surfactant and a base catalyst, 

respectively. The solution was stirred vigorously (> 800 rpm) and heated to 70°C on a hot 

plate. In parallel, an organic solution containing 2 ml of ethyl acetate (Fisher Scientific, 

³ 99.8%), and 0.40 ml of TEOS (Acros Organics, 98.0%) was prepared. After slowing 

down the stirring speed (~120 rpm), the organic solution was introduced carefully into 

the round bottom flask by streaming it from a syringe into the inner walls of the flask. 

The final solution was kept under these conditions of temperature and stirring for 16 

hours. Then, the material was recovered and washed with ethanol + 2% in vol. of HCl 

and water. Subsequently, the sample was dried at 60°C/2h. For the protected annealing, 

the samples were thermally treated under O2 flux (10 mL.min-1) at a given temperature 

for 1h, with heating and cooling ramps of 5°C.min-1 and 10°C.min-1, respectively. A brief 

flowchart describing the silica coating procedure is illustrated in Figure 15. 
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Figure 15. Flowchart illustrating the process of silica coating YAG nanocrystals through the 

biphasic method (Created by the author). 

2.2.2. Characterization techniques 

The phase was determined by X-ray diffraction (XRD) analysis on a small 

quantity of powder deposited onto a silicon wafer, using a D8 Endeavor Bruker 

diffractometer (lCu = 1.54056 Å) in the 2q range of 10° - 110°, with an acquisition time 

of 4s per 0.01° of step. The cell parameters and the coherence length (Lc) were estimated 

with the Le Bail method applied on high-resolution X-ray diffraction (HR-XRD) by using 

the FullProf software. The high-resolution patterns were collected using a Siemens D8 

Advance diffractometer (lCu = 1.54056 Å) from 10° to 110°, with a longer integration 

time of 7s per 0.01° of step. Both instruments are located at Institut Néel – CNRS in 

Grenoble (France).  

The size, morphology, and crystal quality of the NPs were characterized using 

electron microscopy images. The sample preparation involved dispersing the NPs in 

isopropyl alcohol with an ultrasonic bath for 15 to 30 minutes. When the NPs were 

significantly aggregated due to electrostatic forces, Eppendorf tubes filled with isopropyl 

alcohol and a small quantity of powder were placed in a beaker with 200 ml of water. A 

tip sonicator in contact with the water was then used to disperse the NPs by applying 210 

mW of power in pulsed mode for 5 minutes.  

For Field Emission – Scanning Electron Microscopy (FE-SEM), droplets of the 

NPs suspension were deposited on a silicon wafer and let it dry naturally in the air. The 

measurements were performed with a beam acceleration voltage of 3 kV and working 

distance of approximately 4 mm, in a Zeiss Ultra+ microscope, located at Institut Néel – 

CNRS in Grenoble (France). For Transmission Electron Microscopy (TEM), droplets of 
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the solution were evaporated on the surface of a carbon coated copper grid (400 mesh). 

Images were recorded in a JEM-2100 JEOL equipment operating at 200 kV, at LabMic – 

Universidade Federal de Goiás in Goiânia (Brazil). The same prepared samples were also 

visualized in a FE-SEM JEOL JSM7100F microscope with acceleration voltage of 30 kV, 

using a module to detect transmitted electrons in the dark field to provide the Scanning-

Transmission Electron Microscopy (STEM) images. This equipment is localized at CRTI 

– Universidade Federal de Goiás in Goiânia (Brazil). The size distribution of NCs was 

determined by measuring the dimensions of 150 to 200 particles across various electron 

microscopy images using the ImageJ software. 

To assess the hydrodynamic size of NPs in colloidal suspensions and record the 

corresponding temporal autocorrelation function, Dynamic Light Scaterring (DLS) 

analysis was performed using a Vasco Kin instrument by Cordouan technologies at 

Institut Néel – CNRS in Grenoble (France). The NPs were dispersed in distilled water 

with a concentration below 1 mg/ml and the DLS was measured at room temperature. 

Thermogravimetry and differential thermal calorimetry (TG/DSC) analysis was 

conducted on powdered sample placed inside a platinum crucible from 35°C to 1450°C, 

at a heating rate of 10°C.min-1, under a flowing mixture composed by 50 mL.min-1 of O2 

and 50 mL.min-1 of N2. Mass spectrometry was acquired in the temperature range of 35°C 

to 800°C, at a heating rate of 5°C.min-1, under the same atmosphere. The instrument used 

for both analyses is Netzsch STA 449 F3 Nevio, located at CRTI – Universidade Federal 

de Goiás in Goiânia (Brazil). 

The Fourier Transform Infrared spectroscopy (FTIR) analysis was carried out on 

prepared pellets of 1 mg of the sample with 135 mg of KBr to detect the vibrational modes 

of chemical bonds. The spectra were recorded in the range of 400 cm-1 to 4000 cm-1 using 

a Bruker VERTEX 70 v spectrometer, at Institut Néel – CNRS in Grenoble (France). 

The light absorption bands of Nd3+ and Yb3+ were observed owing to the 

acquisition of Diffuse Reflectance (DR) spectra on powdered samples from 200 to 1000 

nm, with step size of 0.5 nm, with the PerkinElmer WB1050 UV/Vis/NIR 

spectrophotometer and a Praying Mantis accessory, installed at Instituto de Física – 

Universidade Federal de Goiás in Goiânia (Brazil). Barium sulphate powder (BaSO4, 

Sigma-Aldrich) was used as a standard reference material. 
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The PL emission was obtained on powders, using a spectrofluorometer Fluorog-

QM 75-22-C Horiba at Institut Néel – CNRS in Grenoble (France). The samples were 

irradiated continuously at 808 nm (370 mW.cm-2) with a laser diode Lumics LU808M250 

as an external source, connected to a Thorlabs ITC 4005 controller. The emission signal 

was collected by an InGaAs Fliga 17 detector in the range of 850 nm to 1150 nm, with 

step size of 0.5 nm, integration time of 0.2 s, and 2-nm slits. Whenever a study consisted 

of analysis of comparative nature (e.g. PL emission of samples with different co-doping 

concentrations), the PL spectra were acquired under the same instrumental conditions and 

on the same day. 

For thermal sensing evaluation of YAG: Nd3+ - Yb3+ NCs, the photoluminescence 

as a function of temperature (PL(T)) was carried out on both powder and colloidal 

suspension. The analysis of powder involved its deposition inside an aluminum sample 

holder, which was then placed in a LINKAM THMS 600 with thermal resolution of 0.1 

K. This device was destined to adjust the sample temperature, allowing the nanopowders 

to remain thermally isolated from the external environment thanks to a sealing lid. This 

lid features a 0.5 mm of thick glass window that is transparent in the VIS/NIR range, 

preventing any interferences in the PL emission of the nanomaterials (Figure 16.(a) and 

(b)). To record the temperature sample, a K-type thermocouple (Fluke 5411B) was put in 

direct contact with the powder as shown in Figure 16.(b). 

For PL (T) measurements in solution, the powder was dispersed in distilled water 

(3 mg/ml) with an ultrasonic bath for 30 minutes and poured into a cuvette made of quartz 

glass (Hellma Analytics, light path 10 x 10 mm). The top of the cuvette was covered with 

Parafilm M® to avoid evaporation of the water during the measurements (inset of Figure 

16.(c)). A customized system was built for the temperature control of the NPs in solution, 

composed by an aluminum mounting, for the cuvette, positioned on a hot plate. This 

system was housed within an insulated foam box to minimize heat exchanges with the 

surrounding environment (Figure 16.(c) and (d)). The K-type thermocouple (Fluke 

5411B) was used in direct contact with the solution to acquire its real temperature, while 

it was kept under stirring during the whole analysis. The measurements were performed 

using the same spectrofluorometer, laser diode and detector, applying equal conditions of 

step size, acquisition time, and slit size as previously mentioned. The power density used 

to pump the NPs suspended in solution was 3W.cm-2 though.  
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Figure 16. (a) Experimental set up for thermometry measurements of powder. (b) A close view showing 

the sample inside a sample-holder, placed in the LINKAM device. (c) The foam box built to insulate the 

thermometry measurements in solution. (d) The view from inside the foam box, showing the set up made 

with a hot plate, the cuvette placed inside the black mounting, the laser diode, and the optical fiber to 

collect the emission signal to the detector (Created by the author). 
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2.3. Results and discussion 

2.3.1. Co-doping engineering for an optimal photoluminescence 

emission of YAG: Nd3+ - Yb3+ nanocrystals 

Samples of YAG NCs co-doped with Nd3+ and Yb3+ were synthesized via the 

modified Pechini method. Three concentrations of Nd3+ (0.25, 0.50, and 0.75% mol) were 

tested with five concentrations of Yb3+ (0.25, 0.38, 0.50, 0.75, and 1.00 % mol), resulting 

in 15 different possibilities of co-doping of YAG. For simplicity, co-doping 

concentrations will be expressed as % mol relative to all metals throughout this text, but 

the corresponding chemical formulas are described in Table 2. 

Table 2. Nd3+ and Yb3+ concentrations of YAG samples in % mol relative to all metals (yttrium and 

aluminum) with corresponding chemical formula. 

 

 
YAG: Nd3+-Yb3+ 

   Nd3+ 

  0.25% mol 0.50% mol 0.75% mol 

Yb3+ 

0.25% mol  Y2.96Nd0.02Yb0.02Al5O12 Y2.94Nd0.04Yb0.02Al5O12 Y2.92Nd0.06Yb0.02Al5O12 

0.38% mol Y2.95Nd0.02Yb0.03Al5O12 Y2.93Nd0.04Yb0.03Al5O12 Y2.91Nd0.06Yb0.03Al5O12 

0.50% mol Y2.94Nd0.02Yb0.04Al5O12 Y2.92Nd0.04Yb0.04Al5O12 Y2.90Nd0.06Yb0.04Al5O12 

0.75% mol Y2.92Nd0.02Yb0.06Al5O12 Y2.90Nd0.04Yb0.06Al5O12 Y2.88Nd0.06Yb0.06Al5O12 

1.00% mol Y2.90Nd0.02Yb0.08Al5O12 Y2.88Nd0.04Yb0.08Al5O12 Y2.86Nd0.06Yb0.08Al5O12 

 

Pure crystalline YAG phases were obtained for all synthesized Nd3+-Yb3+ co-

doped samples, without any evidence of secondary phases, as it was confirmed by XRD 

results when compared to the reference PDF 01-079-1891 (Figure 17.(a) – (c)). The 

composition 0.75% mol Nd3+ and 0.50% mol Yb3+ was considered as an example for the 

further exploration of structural features of YAG: Nd3+-Yb3+. Therefore, its cell 

parameters were estimated through the profile adjustment of HR-XRD based on the Le 

Bail fit method (Figure 17.(d)). The outcomes in Table 3 show the unit cell is expanded 

compared to what is stated in the corresponding reference. The dopants are incorporated 

in yttrium sites, whose ionic radius is 1.019 Å for eight-fold coordination whereas Nd3+ 
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and Yb3+ ionic radii are 1.109 Å and 0.985 Å, respectively 128. Since more Nd3+ than Yb3+ 

ions replace Y3+ for the given composition, it is indeed expected this expansion of the 

unit cell. 

   

    

Figure 17. XRD patterns of YAG co-doped with different % mol Yb3+ when Nd3+ concentration is fixed 

at (a) 0.25, (b) 0.50, and (c) 0.75% mol. (d) HR-XRD (black curve) with calculated Le Bail fit (pink 

circles) of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs. 

Table 3. Cell parameters and Lc of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs synthesized by the 

modified Pechin method. 

Material a (Å) b (Å) c (Å) Volume 
(Å³) Lc (nm) χ² Rp (%) Rwp (%) 

YAG: 0.75% mol 
Nd3+, 0.50% mol 

Yb3+ 
12.027 12.027 12.027 1739.86 43 ± 1 2.56 12.5 13.9 

Ref.129 12.016 12.016 12.016 1732.32 - - - - 

 

20 40 60 80 100

0.75%mol Yb3+

0.50%mol Yb3+0.50%mol Yb3+

0.25%mol Nd3+

PDF 01-079-1891 

In
te

ns
ity

 (a
.u

.)

2q (Degrees)

0.38%mol Yb3+

0.25%mol Yb3+

1.00%mol Yb3+

20 40 60 80 100

0.50% mol Nd3+

In
te

ns
ity

 (a
.u

.)

2q (Degrees)

PDF 01-079-1891 

0.75%mol Yb3+

0.50%mol Yb3+0.50%mol Yb3+

0.38%mol Yb3+

0.25%mol Yb3+

1.00%mol Yb3+

20 40 60 80 100

0.75% mol Nd3+

In
te

ns
ity

 (a
.u

.)

2q (Degrees)

PDF 01-079-1891 

0.75%mol Yb3+

0.50%mol Yb3+0.50%mol Yb3+

0.38%mol Yb3+

0.25%mol Yb3+

1.00%mol Yb3+

20 40 60 80 100

In
te

ns
ity

 (a
.u

.)

2q (Degrees)

 Experimental
 Calculated
 Bragg position
 Residual

a) b) 

c) d) 



41 
 

Regarding the size, the sample exhibited Lc of 43 nm (Table 3), which is in line 

with the mean size of the grains extracted from the FE-SEM image (Figure 18). This 

demonstrates the material is formed by single NCs with high crystal quality, but they 

ended up agglomerating due to the calcination at high temperature (1000°C) for the oxide 

crystallization.  

 

Figure 18. FE- SEM image of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ obtained by the modified Pechini 

method. 

The optical characterization began with the absorption analysis of YAG: Nd3+-

Yb3+ NCs using the DR measurements. This analysis focused on the sample with the 

highest concentrations of both Nd3+ and Yb3+ (0.75% mol Nd3+ and 1.00% mol Yb3+). As 

shown in the curve of DR versus wavelength in Figure 19.(a), the sample presented 

absorption bands attributed to the transitions from the fundamental level 4I9/2 to meta-state 

levels of Nd3+ and the transition 2F7/2 ® 2F5/2 of Yb3+, which were identified in agreement 

with the literature 130–132. It is noteworthy that there are intense absorption bands around 

808 nm (4I9/2 ® 4F5/2, 2H9/2) of Nd3+ ions, that are suitable for the excitation of YAG: 

Nd3+-Yb3+ NCs in biological applications, since it is located within the BW-I (750 – 950 

nm). Moreover, the sample exhibited a reflectance exceeding 90% across the spectrum, 

with the absorption edge falling in the ultraviolet region. 

The estimation of the optical bandgap energy (Eg) can be found based on its 

relation with the linear absorption coefficient (a) through the Tauc expression, as follows: 

 (ahn	)4 =	C"phn	 − 	E-q (16)  
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with hn as the energy of incident photon and C1 as a proportionality constant. The factor 

n depends on the nature of the electronic transition: n = ½ is for indirect while n = 2 for 

direct allowed transitions band gap, respectively. In parallel, the Kubelka-Munk function 

(F(R∞)) can be applied to transform the reflectance to the corresponding absorption 

spectrum according to the equation 17: 

 
F(RE) =

K
S =

(1 −	RE)!

2RE
	 (17)  

 

where K and S are the absorption and the scattering coefficients, respectively, and R∞ is 

the ratio between the DR from the YAG: Nd3+-Yb3+ sample and a non-absorbing 

reference (BaSO4 in this study). K will be equal to 2a whether the material scatters the 

light in a diffuse way efficiently. Considering S constant relative to wavelength, the 

expressions 16 and 17 are combined, giving rise to the equation 18: 

 [F(RE)hn]4 = C"phn	 − 	E-q	 (18)  

 

From the plot of [F(RE)hn]4 versus energy in eV, for n = 2, Eg was extracted by 

extrapolating the points linearly fitted for [F(RE)hn]! = 0 (Figure 19.(b)) 133–135. In the 

case of YAG: 0.75% mol Nd3+, 1.00% mol Yb3+, the value of 5.25 eV was determined, 

which is smaller than the Eg of 6.5 eV reported in the literature for YAG 136,137. In this 

case, such band gap narrowing may be related to the elevated co-doping concentration 

that provides a lattice deformation and, consequently, changes the electronic band 

structure. 

 

Figure 19. (a) DR spectrum and (b) determination of the optical bandgap energy of YAG: 0.75% mol 

Nd3+, 1.00% mol Yb3+. 
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Next, the PL emission spectra of all samples were recorded at room temperature, 

by irradiating the powdered samples at 808 nm. The PL emission spectra as a function of 

% mol Yb3+ are illustrated for each series of Nd3+ concentration fixed at 0.25, 0.50, and 

0.75% mol in Figure 20.(a), (b), and (c), respectively. Under continuous excitation at 

808 nm, the Nd3+ ions are promoted from the fundamental level 4I9/2 to the excited levels 
4F5/2 and 2H9/2. After a fast non-radiative decay to the metastable state 4F3/2, two emissions 

coming from Nd3+ ions are observed in the spectra: 4F3/2 ® 4I9/2 (860 – 950 nm) and 4F3/2 

® 4I11/2 (1040 – 1130 nm). A third emission is present, corresponding to the transition 
2F5/2 ® 2F7/2 (960 – 1040 nm) from Yb3+ ions, which was enabled through an energy 

transfer from Nd3+ to Yb3+.  

  

 

Figure 20. PL emission spectra of YAG for different % mol Yb3+ considering Nd3+ concentration fixed at 

(a) 0.25, (b) 0.50, and (c) 0.75% mol. 
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As per the work led by Lupei et al.138, the energy transfer Nd3+ ®  Yb3+ is resonant 

in YAG, as the authors clearly demonstrated an overlap of the absorption spectrum of 

YAG: Yb3+ and the emission spectrum of YAG: Nd3+. Using the energy level diagram of 

YAG co-doped with Nd3+ and Yb3+ (Figure 21)  — built upon the outcomes achieved 

here and the published literature 139,140— the authors showed that the process involved 

the electronic transitions 4F3/2 (R1, R2) ® 4I9/2 (Z5) of Nd3+ and 2F7/2 (1) ® 2F5/2(6) of Yb3+. 

This finding is further supported by the fact that the lower excited Stark level of 4F3/2  (R1) 

and the upper excited Stark level of 2F5/2 (7) of Nd3+ and Yb3+, respectively, are 

mismatched by only 480 cm-1. Comparable cases have been documented in former 

research, in which phonon-assistance energy transfer became less necessary owing to the 

non-vanishing overlap between donor and acceptor spectra, and the small energy gap 

between the excited states of Nd3+ and Yb3+ 141–143.  

 

Figure 21. Energy level diagram of YAG co-doped with Nd3+ and Yb3+. The numbers indicate the energy 

values in cm-1, and the acronyms in the parenthesis designate each Stark level (Created by the author). 

Hence, the PL emission characterization laid the groundwork for co-doping 

engineering of YAG due to the changes in PL intensity according to the concentration of 

dopants inserted into the matrix. The criteria adopted in this work focused on the PL 

emission peaks at 1030 nm and 1063 nm, referring to the transitions 5 ® 3 and R2 ® Y3 

in Figure 21 of Yb3+ and Nd3+, respectively. They are not only the most intense ones in 

the case of YAG but also known to be a good match for BW-II luminescence 

nanothermometers with Nd3+ and Yb3+ 57. Therefore, the PL intensities at 1030 nm (I1030) 

and 1063 nm (I1063) were integrated after converting the PL spectra from the wavelength 
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domain to the wavenumber domain and are represented as a function of % mol Yb3+ for 

each fixed Nd3+ concentration in Figure 22. 

In accordance with the integration results, as more Nd3+ ions are incorporated into 

the YAG matrix without changing Yb3+ content, the PL intensity of Yb3+ increases. For 

example, by tripling the concentration of Nd³⁺ (from 0.25 to 0.75% mol), Yb3+ PL 

intensity can increase by more than 2-fold. This behavior has its source in the shortening 

of Nd3+ - Yb3+ distance d as Nd3+ concentration is incremented in the host. The parameter 

d is given by 𝑑 = 	E7
F
πNF

"
$, with N being the total density of trivalent Nd3+ and Yb3+ 

cations 54,59. In this way, the efficiency of energy transfer Nd3+ ® Yb3+ is enhanced. 

Namely, Jaque et al. 59 observed a boost from 40% to 65% of efficiency by inserting 50 

times more of Nd3+ ions in YAl3(BO3)4 without changing Yb3+ concentration. 

The presence of Yb3+ ions itself can enhance this energy transfer efficiency, by 

promoting a better distribution of Nd3+ ions in the host, thereby reducing its probability 

of self-quenching (energy migration (4F3/2, 4I9/2 ® 4F3/2, 4I9/2) and cross-relaxation (4F3/2, 
4I9/2 ® 4I15/2, 4I15/2)) 52,54. To illustrate it, no changes were observed in the PL intensity of 

Nd3+ between YAG samples with 0.25% mol Nd3+ and 0.25% mol Yb3+ versus that with 

0.50% mol Nd3+ and 0.25% mol Yb3+. This lack of variation in PL intensity was also 

evident between samples with 0.50% mol Nd3+ and 0.38% mol Yb3+ compared to that 

with 0.75% mol Nd3+ and 0.38% mol Yb3+. 

In contrast, if the amount of Nd3+ is kept constant, its PL emission tends to be less 

intense the more Yb3+ ions are introduced into YAG. For heavily doped YAG (e.g. 1.00% 

mol Nd3+, 1.00% mol Yb3+), the quenching concentration of PL emission takes place due 

to the competition of Nd3+ - Nd3+ and Yb3+ - Yb3+. Finally, the back energy transfer Yb3+ 

® Nd3+ has been considered negligible for YAG co-doped with different Nd3+ and Yb3+ 

concentrations as published by previous works 144,145. 
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Figure 22. Integrated intensities at 1030 nm (I1030) and 1063 nm (I1063) as a function of % mol Yb3+ when 

Nd3+ concentration is fixed at (a) 0.25, (b)0.50,  and (c) 0.75% mol. All the graphs are on the same scale 

for a better comparison. 

Given this dynamic relationship between Nd³⁺ and Yb³⁺ ions and considering that 

the LIR method will be applied to the PL intensities coming from both Ln3+, their 

emissions must be sufficiently intense. This ensures a high signal-to-noise ratio of the PL 

bands, positively impacting the accuracy of thermal measurements. Thus, the strategy 

adopted in this work involved first analyzing the Yb³⁺ emission to select the samples with 

better emissivity at 1030 nm. Following this screening, a final evaluation was conducted 

based on the PL intensity of Nd3+ at 1063 nm. The composition with the highest Nd³⁺ 

intensity was then considered as the optimal co-doping concentration.  

As illustrated in Figure 23.(a), four compositions (marked with red arrows) stand 

out in terms of Yb³⁺ PL intensity: 0.75% mol Nd³⁺ and 1.00% mol Yb³⁺, as well as 0.75% 

mol Nd³⁺ combined with 0.50, 0.75, and 1.00% mol Yb³⁺. Then, when considering only 

the Nd³⁺ PL intensity, the analysis revealed that the co-doping concentration of 0.75% 

mol Nd³⁺ and 0.50% mol Yb³⁺ yielded the highest PL emission of Nd³⁺ among the four 
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selected samples, providing the best balance between Nd³⁺ and Yb³⁺ emissions (red arrow 

in Figure 23.(b)). Therefore, this concentration will be adopted for co-doping YAG NCs 

for nanothermometry. 

   

Figure 23. (a) Comparison of integrated intensity at 1030 nm (Yb3+) for all samples. The red arrows 

indicate the four samples with higher Yb3+ PL emission. (b) The emissivity of Nd3+ of the samples that 

presented highest Yb3+ PL intensities. The red arrow points out to the composition that gave highest Nd3+ 

emission among the four samples previously selected. 

2.3.2. Preparation of individual core-shell YAG: Nd3+-Yb3+ @ 

SiO2 nanoparticles 

2.3.2.1. Optimization of the solvothermal synthesis of YAG 

nanocrystals 

To surpass the NCs agglomeration issue of the modified Pechini method, the 

solvothermal synthesis was adopted to yield individual NCs of YAG: Nd3+-Yb3+. The 

first report on this route was made by Inoue et al.127, and it involves promoting the 

attachment of 1,4-butanediol (solvent) to aluminum isopropoxide, followed by a 

cyclisation reaction of the solvent, triggered at high temperature (above 250°C). From it, 

an aluminate ion is originated, which binds with Y3+ coming from the yttrium acetate, to 

form Al-O-Y linkages (Figure 24). After a single burst of nucleation, YAG NCs grow 

through either diffusion or coalescence of primary particles to provide well-crystalized 

NCs. Such conditions allow to reach rapidly a supersaturation and a supercritical state of 

the solvent, favoring a confinement in time of nucleation. 
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Figure 24. Mechanism to obtain YAG by the solvothermal method. R means C3H7 (Created by the 

author). 

Dantelle et al.83 explored in depth how the parameters of the solvothermal 

synthesis can directly influence the size and the degree of dispersion of YAG NCs. This 

study indicated that while high external pressure (200 bar) can trigger a single burst of 

nucleation, excessively high pressure (400 bar) leads to a dense formation of small NCs, 

causing their agglomeration with increased polydispersity. NCs also become 

agglomerated if low concentrations of the aluminum precursor are used. With regard to 

the size, it evolves with aluminum concentration, temperature, and reaction time, but at 

high levels of any, the size distribution widens. The conclusion reached is that a balance 

needs to be found among the factors to produce single NCs of YAG free of agglomeration. 

Nonetheless, the study showed that it was still challenging to produce NCs with 

dimensions between 20 and 30 nm cost-effectively.  

On the other hand, Odziomek et al. 125 obtained ultra-small YAG NCs, with 

dimensions below 5 nm, via similar solvothermal route, but controlling the growth step 

with the addition of 15% in volume of DEG as a co-solvent involving a significant ligand 

effect. However, such a small size can be harmful for obtaining intense PL emission as 

the surface-to-volume ratio is increased, and more Ln3+ ions will be located near the 

surface, prone to interact with PL quenchers (e.g. OH groups).  
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Considering both works, five experiments of solvothermal synthesis were carried 

out, by testing different amounts of DEG in order to produce YAG NCs with sizes around 

20 – 30 nm. To avoid very small size and keep a narrow size distribution, the quantity of 

DEG varied by 0.00, 0.50, 1.00, 2.00, and 3.00% in volume.  

Figure 25 displays the HR-XRD patterns of the five samples, showing that pure 

crystalline YAG phases were successfully obtained in accordance with the reference 01-

079-1891, with no evidence of other phases, such as YAlO3 or Y4Al2O9. The cell 

parameters were determined using the Le Bail fit method (Figure S1 in Appendix) and 

were found to remain consistent regardless of the DEG volume used (Table 4). However, 

these parameters are larger than both the reference values and those of the sample 

prepared using the modified Pechini method with the same co-doping concentration, as 

presented in Table 3. This increase in lattice parameters is related to internal stresses 

coming from the local defects and closed voids — with OH attached to the surfaces —

that originate when primary particles diffuse or coalesce to form YAG NCs. Similar 

lattice expansion has been previously observed in studies on undoped YAG 146, YAG: 

Ce3+ 83 , and YAG: Nd3+ 40 synthesized via the solvothermal route. 

 

Figure 25. HR-XRD of YAG NCs synthesized with different % in volume of DEG. All diffractograms 

were indexed as YAG and no spurious phase was detected. The samples were co-doped with 0.75% mol 

Nd3+ and 0.50% mol Yb3+. 
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Table 4. Cell parameters and refinement parameters according to the Le Bail fit of YAG: Nd3+-Yb3+ 

synthesized by the solvothermal method. The co-doping concentration used was 0.75% mol Nd3+ and 

0.50% mol Yb3+. 

DEG (% vol.) a (Å) b (Å) c (Å) Volume 
(Å³) χ² Rp 

(%) 
Rwp 
(%) 

0.00 12.046 12.046 12.046 1748.07 1.88 13.9 15.2 

0.50 12.048 12.048 12.048 1748.88 1.50 10.9 12.1 

1.00 12.054 12.054 12.054 1751.65 1.44 11.2 12.1 

2.00 12.053 12.053 12.053 1751.25 1.75 13.5 14.3 

3.00 12.054 12.054 12.054 1751.34 1.63 11.9 13.1 

Ref.129 12.016 12.016 12.016 1732.32 - - - 

 

The influence of DEG on the NC size was examined through TEM analysis, with 

the corresponding images presented in Figure 26, and the dimension and PDI values 

outlined in Table 5. Without the addition of DEG, the sample already exhibited isolated 

NCs measuring 51± 20 nm (Figure 26.(a)), though a few agglomerates of small NCs 

were found (marked with dashed orange circle), resulting in a cauliflower-like 

morphology. Additionally, this sample displayed a polydisperse nature, as indicated by 

the PDI of 0.10. By adding a quantity of DEG as low as 0.50% in volume (0.50 ml in a 

100-ml solution), the size decreased abruptly to 23 ± 10 nm, and the size distribution 

narrowed, with PDI equal to 0.05 (Figure 26.(b)). The dimension of the YAG NCs 

continued to decrease consistently with increasing DEG volume (Figure 26.(c) – (e)), 

reaching the smallest size in the studied series, 14 ± 10 nm, for 3.00% in volume of DEG. 

These findings reinforce the efficient ligand effect of DEG, which reduced the growth 

rate of NCs, suppressing their agglomeration and narrowing their size distribution 

(Figure S2 in Appendix). Furthermore, the NC dimensions are in good agreement with 

the Lc values, estimated with the Le Bail fit method, when DEG is employed in the 

synthesis (Table 5). This consistency suggests the single-crystal nature of YAG, an 

observation further supported by HR-TEM (Figure 26.(f)), which unveiled homogeneous 

atomic planes throughout the NC. 
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Regarding the state of NC aggregation in solution, Table 5 also summarizes the 

DLS results of NCs suspended in water. It shows that the hydrodynamic sizes are around 

2 - 3 times larger than the ones measured in TEM images. This discrepancy between DLS 

and TEM images may arise from a slight aggregation of as-prepared NCs in aqueous 

solution, without previous functionalization. For example, Asakura et al. 147 observed in 

their work the hydrodynamic size of YAG NCs was 46.8 nm while the average size 

determined by TEM was only 9.5 nm. Nonetheless, it is also common to have this 

enlargement of the hydrodynamic size because it comprises the NP diameter along with 

the diffusion layer surrounding its surface. Such observation was highlighted in the works 

of Odziomek et al.125 and Dantelle et al. 40, who obtained YAG NCs of average sizes of 

8.5 and 45 nm, respectively, but the hydrodynamic size was around 50% larger in both 

cases. Despite this minor aggregation issue, the samples remained colloidally stable 

during 24 h, without any evidence of sedimentation, even if they were not previously 

functionalized. This marks the good colloidal stability of YAG synthesized by the 

solvothermal method. 

  

  

c) 

a) b) 

d) 
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Figure 26. TEM images of YAG NCs prepared with (a) 0.00, (b) 0.50, (c) 1.00, (d) 2.00, and (e) 3.00% 

in volume of DEG. (f) HR-TEM of YAG NC (0.00% volume DEG). All samples were co-doped with 

0.75% mol Nd3+ and 0.50% mol Yb3+. 

Table 5. Summary of Lc, NC size, degree of polydispersity, and hydrodynamic size of YAG: 0.75% mol 

Nd3+, 0.50% mol Yb3+ NCs 

DEG (% 
vol.) 

Lc 
determined 
by HR-XRD 

(nm) 

Size 
determined by 

TEM (nm) 
PDI 

(TEM) 

Hydrodynamic 
size determined 

by DLS (nm) 
PDI 

(DLS) 

0.00 28 ± 1 51 ± 20 0.10 78 ± 30 0.19 
0.50 22 ± 1 23 ± 10 0.05 59 ± 30 0.21 
1.00 18 ± 1 19 ± 10 0.05 37 ± 20 0.19 
2.00 15 ± 1 16 ± 10 0.05 40 ± 20 0.16 
3.00 14 ± 1 14 ± 10 0.04 48 ± 20 0.15 

 

This NC aggregation in water possibly arises from the residues of solvent 

molecules lying on the surface of the NCs, enabling the bonding of two or three NCs 

through weak interactions 148. Several peaks of organic residual groups are indeed 

detectable in the FTIR spectrum, depicted in Figure 27. The contribution of stretching C-

O bonding appears at 1066 cm-1. The peaks at 1330 cm-1 and 1456 cm-1 are related to 

wagging and symmetric bending of CH2, respectively. The peak at 1565 cm-1 is due to 

the asymmetric stretching of COO-, which derives from the use of acetates as precursors. 

A small peak at 2950 cm-1 is assigned to the stretching of C-H bonding. The broad band 

in the 3000 - 3700 cm-1 surroundings is attributed to the presence of hydroxyl groups. The 

fingerprint range (inset of Figure 27) contains peaks of Y-O stretching, at 517, 565, and 

729 cm-1, whereas the peaks at 696 and 795 cm-1 concern the stretching of Al-O 

linkages147–150. 

e) f) 
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Figure 27. FTIR spectrum of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ synthesized by the solvothermal 

method. n: stretching, d: bending, w: wagging. 

Aside from the aggregation difficulty, the presence of residual organic species is 

undesired since it can deactivate radiative processes of luminescent ions lying near the 

surface of the NCs, affecting the PL emission of Nd3+ - Yb3+ co-doped YAG. Vorsthove 

and Kynast 148 tried several ways of removing this organic layer of YAG NCs with 

chemicals, such as polyalcohol, organic and inorganic acids, and chelating agents, but 

they were not successful. Thermal decomposition of these organic species using high-

temperature treatments may be a good solution provided that coalescence of NCs and 

outbreak of surface defects are avoided. 

In this way, the next step of this work consisted of growing an amorphous silica 

shell to perform a protected annealing, so that these organics could be removed, 

preventing the coalescence and diffusion of NCs, and, consequently, improving their PL 

emission. Henceforth, experiments will be done on YAG NCs synthesized with 0.50% in 

volume of DEG, which makes it possible to obtain NCs measuring in between 20 and 30 

nm. This condition was selected to prevent excessively small NCs, which have a high 

surface-to-volume ratio and as a result, more luminescent ions can be exposed on the 

surface, making them prone to the interaction with PL quenchers. Conversely, for future 

biological applications, it is important to use NCs with uniform shape and narrow size 

distribution. Therefore, using 0.50% in volume of DEG meets these criteria. 
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2.3.2.2. Silica-coating of YAG: Nd3+-Yb3+ nanocrystals and 

protected annealing 

Cichos and Karbowiak118 introduced a procedure for growing an amorphous silica 

layer around inorganic NCs using a two-phase system. It consists of entailing the gradual 

hydrolysis of TEOS (silica precursor) to deliver silicate species, in the presence of a 

hydrolysis catalyst, from the top organic layer (first phase) to the bottom aqueous layer 

containing the NCs stabilized by a surfactant (second phase). Compared to classical silica 

coating methods like Stöber and microemulsion processes, the TEOS hydrolysis and 

condensation run at slower rate, making the process controllable and repeatable. 

In the biphasic method, the surfactant plays a major role in stabilizing 

hydrophobic NCs in aqueous solution. CTAB was found to be the one that provides a 

better stabilization of the NCs in water prior to the silica-coating 118,119. Another factor 

that is important during the coating procedure is the pH of the medium, which strongly 

affects the rate of TEOS hydrolysis and condensation. At low pH, the hydrolysis of TEOS 

occurs fast while condensation is slow, leading to the formation of fewer Si-O-Si bonds 

and, consequently, to a high porosity in the shell. On the contrary, under basic conditions, 

the hydrolysis of TEOS occurs at a sluggish rate whereas condensation proceeds rapidly, 

resulting in the formation of highly branched polymeric structures 151. Therefore, in view 

of obtaining a denser shell with fewer pores, the use of a basic catalyst, such as L-arginine 

(pH = 10.8), is more recommended. The reactions concerning the formation of silica shell 

in a basic medium are described below. 

Hydrolysis 

 ≡ Si − O − C!HG +	OH& 	→	≡ Si − O& + C!HHO (19)  

 

Condensation  

 ≡ Si − O&+≡ Si − O − C!HG +	H!O	 →	≡ Si − O − Si ≡ 	+C!HHO + OH& (20)  

 ≡ Si − O&+	≡ Si − OH	 →	≡ Si − O − Si ≡ 	+OH& (21)  

 

The pores of the silica shell are also significantly affected by the solvent used for 

the dilution of TEOS. In general, the higher the solvent polarity, the lower the shell 

porosity. Namely, Wiercigroch-Walkosz et al.119 observed that cyclohexane (polarity 
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index of 0.006) provided a silica shell with pores of around 4 nm whereas the use of ethyl 

acetate (polarity index of 0.228) resulted in a denser silica shell. However, the authors 

also affirmed that above a certain value of polarity, multiple NCs are coated by the shell, 

as it occurred when using octan-1-ol (polarity index of 0.537). 

The size of the core-shell NPs is directly influenced by both the amount of TEOS, 

and the quantity of nanoparticles used in the experiment. If an insufficient amount of 

TEOS is used, there is a risk of leaving some NCs uncoated, while increasing the amount 

of TEOS results in a thicker silica shell. In contrast, if many NCs are employed in the 

coating experiment, the thickness of the silica shell becomes thinner 118,119,152,153. 

Bearing these facts in mind, YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs were 

coated using CTAB, L-arginine and ethyl acetate as surfactant, base catalyst and solvent 

for TEOS, respectively (see the concentration values in section 2.2.1.3). The resulting 

core-shell NPs can be visualized in the FE-SEM images, depicted in Figure 28.(a). 

According to them, the average final size of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ 

@SiO2 NPs was estimated as 106 ± 20 nm. When images are acquired with a STEM 

module, the differing electron densities between the core and shell create a distinct 

contrast, clearly revealing a mesoporous silica layer surrounding the nude YAG: 0.75% 

mol Nd3+, 0.50% mol Yb3+ NCs (Figure 28.(b)). Besides, no uncoated NCs have been 

found. This is attributed to the use of a cationic surfactant, CTAB, as a capping layer, that 

facilitates interactions with anionic silicate species. When other types of surfactants are 

applied (anionic or non-ionic) in a basic medium, just a few NCs or none are coated with 

silica 119. Based on STEM images, the silica shell thickness was measured as 21 ± 10 nm. 

However, it was found some NPs involving multiple cores by the same shell, as 

unveiled by the STEM analysis as an example (Figure 28.(b)). In line with the previous 

discussion of DLS and FTIR of nude YAG NCs, the presence of molecules residing in 

the vicinity of the YAG surface provided difficulties in fully dispersing them prior to the 

silica coating experiments. Hence, the presence of some large core-shell NPs ended up 

contributing to the enlargement of its hydrodynamic size to values around 200 nm 

measured by DLS (Figure 28.(c)). Even so, the material maintained colloidal stability 

when suspended in water as demonstrated by the autocorrelation function in Figure 

28.(d). 
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Figure 28. (a) FE-SEM, and (b) STEM images of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+@SiO2 NPs. 

(c) Hydrodynamic size, and (d) autocorrelation function when these core-shell NPs are suspended in 

water. 

TG/DSC analysis combined with mass spectrometry were conducted on YAG: 

0.75% mol Nd3+, 0.50% mol Yb3+ @SiO2 NPs, to provide insights into the thermal 

behavior of the material. As shown in the TG/DSC curves in Figure 29.(a), between 

100°C and 200°C, a slight dehydration occurs, corresponding to the water desorption 

from the NPs. Up to 600°C, solvent molecules adsorbed on the surface of the NPs are 

removed, as confirmed by the elimination of H2O and CO2 in the mass spectrometry 

(Figure 29.(b)), resulting in a total mass loss of 7.50% 126. A small endothermic peak at 

455°C in DSC curve, accompanied by a mass loss, indicates the conversion of boehmite 

to g-alumina. This is followed by a transition to a-alumina, as signalized by the 

exothermic peak at 998°C in DSC 154–157. The formation of boehmite may come from the 

solvothermal synthesis of YAG due to the hydrolysis of aluminum isopropoxide, despite 

efforts to prevent it. Nevertheless, the boehmite content is likely minimal, as no spurious 

peaks appeared in the HR-XRD of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ displayed 

before in Figure 25. Notably, no exothermic events associated with the crystallization of 

YAG, typically taking place around 800°C to 900°C 158–162, were observed in the DSC 
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curve. This corroborates that the solvothermal method produces YAG NCs with high 

crystal quality, consistent with the HR-XRD and HR-TEM results. Lastly, the exothermic 

peak at 1189°C in DSC is ascribed to the crystallization of amorphous silica into 

cristobalite 163. In this way, the protected annealing should be performed at temperatures 

above 600°C to eliminate organic molecules and hydroxyl groups, but below 1100°C to 

avoid the crystallization of the silica shell. 

 

Figure 29. (a) TG/DSC and (b) mass spectrometry of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+@SiO2 

NPs.  

Then, different tests of thermal treatment were performed on YAG: 0.75% mol 

Nd3+, 0.50% mol Yb3+@SiO2 NPs to check the effect of annealing temperature on 

structural and optical properties. Four different temperatures were evaluated: 700°C, 

850°C, 1000°C, and 1100°C. The duration and the heating rate remained constant at 1 

hour and 5°C.min-1, in the respective order, for all experiments. According to FE-SEM 

images, there is no sign of NP agglomeration when treated below 1000°C (Figure 30.(a) 

– (c)). On the other hand, the presence of large and agglomerated NPs when heat-treated 

at 1100°C is evident as expected, caused by the start of silica crystallization (Figure 

30.(d)) 
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Figure 30. FE-SEM images of YAG: 0.75% mol Nd3+, 0.50% molYb3+@SiO2 NPs annealed at (a) 

700°C, (b) 850°C, (c) 1000°C, and (d) 1100°C for 1h.  

FTIR experiments were carried out on the core-shell NPs before and after their 

heat treatments at 700°C, 850°C, 1000°C and 1100°C, and the curves along with the band 

assignments are presented below in Figure 31. Compared to the FTIR spectrum of nude 

YAG NCs in Figure 27, most bands associated with organic species disappear after silica 

coating, but this is complete after the annealing. Furthermore, the usual peaks 

corresponding to YAG in the fingerprint area were observed. Stretching modes at 530, 

561, and 729 cm⁻¹ originate from Y-O linkages, while those at 696 and 795 cm⁻¹ arise 

from Al-O linkages. 

Peaks regarding the silica shell appeared at 956 cm-1 and 1097 cm-1 in YAG: 

0.75% mol Nd3+, 0.50% mol Yb3+@SiO2 before annealing. The one at 956 cm-1 is 

assigned to the stretching mode of Si-O in silanol groups (Si-OH) attached to the surface 

of the NPs. This type of species can still be found due to incomplete reactions of 

condensation, but it is removed after the thermal treatment, as signalized by the 

disappearance of the corresponding peak in FTIR spectra 164,165. The peak at 1097 cm-1 

concerns the asymmetric stretching of Si-O-X (X = Si, Al, Y, Nd, Yb), which effectively 
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confirms the formation of silica shell around YAG NCs. It not only shifts towards higher 

wavenumbers but also the shoulder at 1220 cm-1 becomes more prominent by increasing 

the annealing temperature, indicating the tightening of bonds 147,166,167. A third peak 

related to the symmetric stretching of Si-O-Si can be present at around 775 cm-1, but it is 

overlapped with the stretching mode of Al-O 165,168. 

Weak bands associated with the bending and stretching vibrations of OH groups 

at 1620 and 3400 cm-1, respectively 169, appeared in FTIR spectra of all samples. Silanol 

groups and absorbed H2O were eliminated with calcinations, but the silica shell is 

mesoporous, with a golf ball-like surface, and OH groups can still accommodate inside 

them, even though the mesopores are presumably very small (below 4 nm) 118. 

 

Figure 31. FTIR of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+@SiO2 NPs before and after heat treatments. 

The temperature written inside the parenthesis refers to the annealing temperature. n: stretching, d: 

bending. 

Next, nude YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs alongside the silica-

coated YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NPs annealed at 700°C, 850°C, 1000°C 

and 1100°C were dispersed in aqueous solutions, with a concentration of 3.00 mg/ml, for 

recording the PL emission spectra under 808-nm continuous pump. During the analysis, 

the solutions were kept under magnetic stirring. It is worth mentioning that this type of 

preparation was chosen over a powder one to avoid eventual distorted results caused by 
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varying degrees of grain compaction and H2O absorption from the environment 

(moisture).  

The outcomes presented in Figure 32.(a) reveal the typical transitions of Nd3+ 

(4F3/2 ® 4I9/2 and 4F3/2 ® 4I11/2) and Yb3+ (2F5/2 ® 2F7/2), and neither the presence of silica 

envelope nor the calcination affected the emission shape of the luminescent ions. In 

contrast, the PL intensity is significantly enhanced when annealing is performed. The NPs 

showed an emission improvement that peaked when they were heat-treated at 850°C and 

remained relatively similar when annealed at 1000°C, indicated by the overlap of their 

PL curves (dark blue – 850°C and green – 1000°C in Figure 32.(a)). On the other hand, 

when treated at 1100°C, the PL emission in general is less improved. A quantitative 

comparison was carried out based on the integrated PL lines that will be used for LIR 

nanothermometry (1063 nm – Nd3+ and 1030 nm – Yb3+) and is displayed in Figure 

32.(b). The Stark line at 1063 nm (I1063) had a maximum 4.0-fold improvement whereas 

the one at 1030 nm (I1030) had an impressive 15-fold gain upon annealing at either 850°C 

or 1000°C.  

The observed enhancement in PL intensity can be attributed to the effective 

eradication of PL quenchers through the heat treatment. According to Cantarano et al.120, 

Ln3+-doped YAG NCs synthesized via the solvothermal method may feature luminescent 

ions near their surfaces that are highly susceptible to de-excitation by organic species and 

OH groups. With the removal of such typical PL quenchers, the non-radiative 

depopulation of Nd3+ caused by them is decreased. Consequently, it enhances not only 

the radiative transition of Nd3+ ions but also the efficiency of the energy transfer Nd3+ ® 

Yb3+, thereby providing this incredible improvement of Yb3+ emission 170. It is worthy of 

note that the complete crystallization of YAG NCs due to the annealing 126,171 can be 

overlooked in this case, because the NCs have already a good crystal quality, as 

previously checked by HR-XRD (Figure 25), HR-TEM (Figure 26.(d)), and TG/DSC 

(Figure 29) analysis. Furthermore, no differences of peak widths in the HR-XRD and 

neither in the coherence lengths of YAG were verified before and after thermal treatment 

at 850°C (Figure S3 and Table S1 in Appendix). Concerning the declination of PL 

intensity for NPs heat-treated at 1100°C, it may be due to the interaction of core and shell, 

resulted from the onset of amorphous silica transformation into cristobalite 126. In light of 

these remarks, the temperature of 850°C was definitively adopted for protected annealing 
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since the PL was improved more efficiently — lower temperature and less time-

consuming than at 1000°C. 

  

Figure 32. (a) PL spectra of nude YAG NCs compared to YAG@SiO2 NPs annealed at 700°C, 850°C, 

1000°C, and 1100°C for 1h. (b) Integrated PL emissions at 1063 nm and 1030 nm of Nd3+ and Yb3+, 

respectively, for the different annealing temperatures compared to nude YAG. All the samples were co-

doped with 0.75% mol Nd3+and 0.50% mol Yb3+. 

The PL intensity can be further improved if a thinner silica shell is anchored 

around the YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs. This conclusion was drawn 

from a last experiment in which TEOS was reduced by 60% whereas all other parameters 

remained unchanged for silica-coating. It generated NPs of YAG: 0.75% mol Nd3+, 

0.50% mol Yb3+ fully coated with amorphous silica, measuring 87 ± 20 nm in size 

(Figure 33.(a)). Based on different microscopy images acquired with STEM module 

(Figure 33.(b)), the shell thickness was estimated as 17 ± 10 nm, which is 19% thinner 

relative to the thickness of the core-shell NPs previously obtained (21 ± 10 nm). After 

annealing this sample at 850°C, the PL emission spectrum was attained by continuously 

irradiating the sample dispersed in water at 808 nm (Figure 33.(c)). Then, it was observed 

the PL improvement was 5.2-fold and 21.0-fold for Nd3+ and Yb3+ emissions, 

respectively, compared to nude YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs (Figure 

33.(d)). 

The impact of shell thickness on PL emission enhancement is linked to the 

presence of pores in the silica shell. While it is expected that pore size remains consistent 

regardless of shell thicknesses — given that factors typically influencing pore size, such 

as reaction temperature and the TEOS solvent, were kept constant 118,119 — there appear 

to be more pores per surface area in the thicker shell (STEM image in Figure 28.(b)) 
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compared to the thinner shell (Figure 33.(b)). Consequently, reducing the shell thickness 

can lead to less PL quenching, as fewer OH groups would be lodged in the pores, thus 

reducing their ability to interact with Nd3+ and Yb3+ ions. 

  

   

Figure 33. (a) FE-SEM, and (b) STEM images of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+@SiO2 NPs 

with thin shell (17 ± 2 nm). (c) PL spectra of nude YAG NCs compared to YAG@SiO2 NPs annealed at 

850°C with thick shell (21 ± 4 nm) and thin shell (17 ± 2 nm). (d) Integrated PL emissions at 1063 nm 

and 1030 nm of Nd3+ and Yb3+, respectively, for different shell thickness compared to nude YAG. All the 

samples were co-doped with 0.75% mol Nd3+and 0.50% mol Yb3+. 

The influence of hydroxyl molecules on PL emission was further verified by 

conducting the PL analysis both before and after the introduction of H2O droplets onto 

powdered YAG: 0.75% mol Nd3+, 0.50% mol Yb3+@SiO2 NPs with thin shell (17 ± 10 

nm). During the analysis, it was ensured that no other variables were altered (sample 

position, sample mass, excitation power). As shown in the PL emission spectra in Figure 

34.(a), a pronounced quenching effect of PL emission occurred due to the interaction of 

OH groups with the Ln3+ ions following the H2O application. In comparison, a parallel 

analysis using deuterium water (D2O) showed no such quenching effect (Figure 34.(b)). 

This difference can be attributed to the higher vibrational energy of OH groups compared 
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to OD groups (3400 cm-1 for OH versus 2500 cm-1 for OD), hence necessitating fewer 

phonons to bridge the gap between the excited and fundamental states of Nd3+ and Yb3+ 

ions 172,173. 

  

Figure 34. (a) PL emission spectra of powdered YAG: 0.75% mol Nd3+, 0.50% mol Yb3+@SiO2 before 

and after dripping H2O. (b) PL emission spectra of powdered YAG: 0.75% mol Nd3+, 0.50% mol 

Yb3+@SiO2 before and after dripping D2O. 

Considering these findings, combine the strategies of selecting 0.75% mol and 

0.50% mol as optimal concentrations of Nd3+ and Yb3+ respectively, and surrounding the 

Nd3+-Yb3+ co-doped YAG NCs with a thin silica layer for protected annealing at 850°C 

provided promising results of enhancement of PL intensity. These most favorable 

conditions were employed to carry out the nanothermometry analysis, which are 

presented in the following section. 

2.3.3. Nanothermometry of YAG: Nd3+-Yb3+ nanocrystals 

The thermal sensing performance of the samples was evaluated through the 

measurements of PL(T), under continuous 808 nm irradiation within the thermal range of 

297 K – 333 K (24°C – 60°C), for the implementation of the LIR technique. Initially, this 

analysis was conducted on both agglomerated NCs obtained via the modified Pechini 

method and core-shell NPs annealed at 850°C (thin shell, 17 ± 10 nm) to verify the impact 

of the synthesis techniques on thermal sensing. Subsequently, a comparative analysis 

focusing exclusively on YAG: 0.75% mol Nd3+, 0.50% mol Yb3+@SiO2 NPs was carried 

out to evaluate the influence of the sample preparation — whether as slightly compacted 

powder or dispersed in an aqueous solution — on the thermal sensing properties. 

The PL(T) spectra of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ synthesized via the 

modified Pechini method and YAG: 0.75% mol Nd3+, 0.50% mol Yb3+@SiO2 NPs (thin 
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shell and annealed at 850°C) presented in Figure 35.(a) and (c), respectively, reveal 

consistent spectral profiles across both synthesis methods, except for the PL intensity. 

Likewise, the only significant difference observed of the PL (T) of YAG: 0.75% mol 

Nd3+, 0.50% mol Yb3+@SiO2 NPs in powder form (Figure 35.(c)) compared to those 

dispersed in water (Figure 35.(e)) is the reduction in PL intensity, associated with the 

quenching by OH groups lodged inside the mesopores. In all three spectra, Nd3+ emissions 

are constant across the temperature range, but the Yb3+ transition 2F5/2 ® 2F7/2 exhibited 

a strong dependency on the temperature. 

To obtain the calibration curve and calculate Sr and dT, the PL spectra were 

collected in the range of 1000 - 1090 nm for each temperature, as the peaks of interest are 

1063 nm (Nd3+) and 1030 nm (Yb3+) for LIR. After converting the emission spectrum 

from wavelength-dependent to wavenumber-dependent format, the LIR between 

emission lines at 1063 nm (I1063) and 1030 nm (I1030) was calculated as follows for each 

temperature: 

 
LIR(ν", T) = 	

∫ 	I"IH7(ν", T)	dν"
JF!I
J7KI

∫ 	I"I7I(ν", T)	dν"
JK!K
JHJI

 (22)  

 

where 𝜈" is wavenumber, given in cm-1.  

Targeting in achieving values of dT below 0.2 K involves both improvement of 

Sr and minimization of uncertainties associated with LIR, in accordance with equation 6 

in Chapter I. As the last parameter has a close relation to the quality of statistics, several 

spectra were registered at constant temperature of 309.3 K to settle the number of spectra 

necessary in providing minimal dLIR, for reliable measurements. Based on the plot 

number of PL spectra versus dLIR depicted in Figure 36, dLIR achieves the lowest values 

when above 40 PL emission spectra are registered. Therefore, for each temperature, 40 to 

50 PL emission spectra were collected. 

Hence, seven points of LIR were plotted on a graph LIR versus temperature in 

Kelvin scale. A linear fit in the form of LIR = aT + b, with a and b as constants, was 

applied to each sample to establish the corresponding calibration curves (Figure 35.(b), 

(d), and (f)). The linear approximation was deemed appropriate as the temperature range 

studied is narrow, reflecting the focus on potential biological applications. Indeed, 

statistical R² values greater than 0.995 were reached for all analysis, indicating an 

excellent fit quality. 
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Figure 35. (a) PL(T) and (b) calibration curve of YAG synthesized by modified Pechini method. (c) 

PL(T) and (d) calibration curve of YAG@SiO2 (solvothermal route + protected annealing) in powder. (e) 

PL(T) and (f) calibration curve of YAG@SiO2 dispersed in water. The samples were co-doped with 

0.75% mol Nd3+ and 0.50% mol Yb3+. 
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Figure 36. Number of PL spectra at 309.3 ± 0.1 K versus dLIR/LIR 

The Sr and dT were calculated for each temperature using the equations 4 and 6, 

respectively. According to the Sr results displayed in Figure 37.(a), the synthesis 

methods adopted in this work did not impact how the dynamic between Nd3+ and Yb3+ 

responds to temperature variation, as Sr values remained very close. Considering the 

powdered samples first, YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs synthesized via the 

modified Pechini method exhibited Sr worth 0.58%.K-1 at body temperature, peaking at 

0.62%.K-1 at room temperature. Similarly, YAG: 0.75% mol Nd3+, 0.50% mol 

Yb3+@SiO2 NPs possessed Sr = 0.60%. K-1 at physiological temperature, reaching to 

0.65%.K-1 at ambient temperature. These Sr values are superior to most of those published 

for such a Nd3+ - Yb3+ system, limited to the LIR method, as already summarized in Table 

1 in Chapter I. 

As observed in the PL(T) spectra from Figure 35, the temperature-invariant 

emission of Nd3+ in YAG makes it an ideal reference for monitoring the temperature-

dependent emission of Yb3+. This creates a significant variation of LMNO
LP

, which enhances 

the Sr as per the formula S. =
"
0%1

|/0%1
/*
|. A possible explanation for this distinguished 

thermal behavior of Nd3+ and Yb3+ emissions lies in the structural characteristics of YAG. 

This host features a simple crystalline structure with just a single Y3+ site, enabling the 

homogeneous arrangement of Nd3+ and Yb3+ ions throughout the host and thus, favoring 

the energy transfer Nd3+ ® Yb3+. As the temperature increases, this energy transfer may 

become even more pronounced due to enhanced vibrational modes that potentially 
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strengthen the coupling Nd3+ and Yb3+. This, in turn, compensates for the non-radiative 

energy losses by Nd3+ ions. Conversely, the rising temperature also accelerates non-

radiative relaxation pathways, leading to the reduction of Yb3+ emission intensity. 

Additionally, the back energy transfer Yb3+ ® Nd3+ may be triggered with the 

temperature variation, but further investigation is required to verify this. 

Co-doping engineering also played a key role in this process by optimizing the 

distribution of Nd3+ and Yb3+ ions within the YAG matrix. Ximendes et al.70 

demonstrated a similar strategy of controlling the distance of Nd3+ - Yb3+ by producing a 

core of LaF3: Yb3+ surrounded by a shell of LaF3: Nd3+. Although their work reported a 

Sr = 0.74%.K-1 at 293 K, it is worth highlighting that the Sr of 0.60 ~0.65%.K-1 (at ~297 

K) could be obtained here by using a host matrix with a relatively higher cutoff phonon 

energy (856 cm-1 against 350 cm-1 of LaF3) and without such complex core-shell 

engineering. 

Regarding the thermal resolution of the powdered samples, the values remained 

between 0.1 and 0.3 K throughout the temperature range for both synthesis approaches. 

It reached 0.2 K for both YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs synthesized via 

the modified Pechini method and YAG: 0.75% mol Nd3+, 0.50% mol Yb3+@SiO2 NPs, 

at physiological temperature (Figure 37.(b)). This value is much lower than those 

published for the same Nd3+ - Yb3+ system that lied between 0.4 K and 0.6 K, meaning a 

better thermal resolution was obtained in this work 57,75. 

Such good results of dT are directly linked to the optimized experimental 

conditions for PL (T) measurements. Indeed, working with an efficient sample heater like 

LINKAM, which isolated the sample very well from the environment, and recording 40-

50 PL spectra for every temperature certainly resulted in a more stable measurement. 

Additionally, high emission intensities provided the increase of the signal-to-noise ratio, 

lowering dLIR, and thus, reaching dT equal to 0.2 K at body temperature. Such a result 

is very promising for potential applications in the biological domain. 

When YAG: 0.75% mol Nd3+, 0.50% mol Yb3+@SiO2 NPs is dispersed in an 

aqueous medium, Sr is slightly lower, being 0.51%.K-1 at 309 K and reaching 0.53%.K-1 

as a maximum at room temperature. It suggests that the medium does not affect this 

thermometric parameter, regardless of the change in PL intensities. On the other hand, dT 

is up to 4-fold higher than that of the powdered sample. In this case, the interaction of 

Ln3+ with OH groups quenched the PL emission when the core-shell NPs are suspended 
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in water, providing a low signal-to-noise ratio. This feature favored the increase of dLIR 

and, hence, a higher dT was obtained. This demonstrated that more optimizations are still 

needed to prevent the PL quenching caused by OH groups to reach a dT as good as it was 

achieved for the nanopowder sample. 

   

Figure 37. (a) Sr and (b) dT of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs synthesized by the 

modified Pechini method in powder and YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ @ SiO2 NPs in powder 

and solution.  

Finally, the repeatability of Nd3+ - Yb3+ co-doped YAG samples was tested by 

applying 11 heating-cooling cycles, from 296 K to 328 K (23°C to 55°C). Repeatability 

of 98.7% was achieved for YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ synthesized by the 

modified Pechini method whereas 98.0% for YAG: 0.75% mol Nd3+, 0.50% mol 

Yb3+@SiO2 NPs, both in dry powder (Figure 38).  This means that across 11 consecutive 

temperature cycles, less than 5.0% of experimental deviation is observed, which is 

reasonable for this thermal probe 14.  

  

Figure 38. Recording of LIR over 11 heating-cooling cycles of (a) YAG: 0.75% mol Nd3+, 0.50% mol 

Yb3+ NCs obtained by the modified Pechini method and (b) YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ @ 

SiO2 NPs in powder. The repeatability is ³ 98.0% or both cases.   
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2.4. General Remarks and perspectives 

This chapter focused mostly on presenting means to enhance the PL emission of 

YAG: Nd3+ - Yb3+ NCs. The strategy involved first performing co-doping engineering by 

trying out different compositions of Nd3+ and Yb3+ through the modified Pechini 

synthesis. After assessing the steady-state PL emission of the samples, the composition 

that provided the optimal PL emission intensity for the two bands involved in the LIR 

method (1063 nm for Nd3+ and 1030 nm for Yb3+) was 0.75% mol Nd3+ and 0.50% mol 

Yb3+. Although this synthesis method is easy and fast to carry out, it yields agglomerated 

NCs, which is not ideal for biological applications, because it hinders the well dispersion 

of them. 

Hence, a solvothermal route was employed, by adding 0.50% in volume of DEG 

as a co-solvent. Owing to the significant ligand effect of DEG, the uncontrolled growth 

of the NCs was prevented, resulting in NCs possessing dimensions of 23 ± 10 nm with a 

narrow size distribution (PDI = 0.05). However, the PL emission of YAG: 0.75% mol 

Nd3+, 0.50% mol Yb3+ NCs obtained by this method is still very low even though the 

optimal Nd3+-Yb3+ composition is used. FTIR and TG/DSC analyses indicated the 

presence of remaining organics and OH groups, which are typical PL quenchers. 

Silica coating of YAG NCs was conducted via the biphasic method to produce 

core-shell NPs, which were then annealed at 850°C. The protected annealing provided a 

notable enhancement of 5.2-fold and 21.0-fold of Nd3+ and Yb3+ emissions, respectively, 

and there were no signs of agglomeration of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ 

NCs coated with a silica shell as thick as 17 ± 10 nm. Lastly, the nanothermometry 

analysis revealed that the core-shell NPs presented Sr = 0.60%.K-1 and dT = 0.2 K at 

physiological temperature, with a repeatability of at least 98.0%. 

Notwithstanding the good results obtained in powder, dT increased to 0.6 K when 

the core-shell NPs were dispersed in aqueous medium. This owes to the presence of 

mesopores in the silica shell that can still accommodate OH groups inside them and 

interact with Ln3+ ions in the vicinity of the YAG surface, causing a partial quenching 

effect of PL. This affects negatively the signal-to-noise ratio of PL emission, making 

dLIR to increase and, consequently, the thermal resolution worsens. A first possibility to 

underscore this interaction of Ln3+ with OH groups would be growing undoped YAG 

around YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs as a protective shell. For this 
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purpose, after the growth of YAG:Nd3+-Yb3+ NCs in autoclave, a second solvothermal 

growth step could be carried out under lower supersaturation using reduced concentration 

of YAG precursors (yttrium acetate, aluminum isopropoxide, and 1,4-butanediol), so that 

any spurious nucleation of pure YAG is avoided. This protective shell would reduce the 

surface defects and vibrational coupling with hydroxyl groups and ligands of YAG:Nd3+-

Yb3+ NCs. 

The next step involves the coating of these YAG@YAG:0.75% mol Nd3+, 0.50% 

mol Yb3+ NPs with a denser and porosity-free silica shell for the protected annealing at 

850°C. In this procedure, further optimization is needed in order to have a single core 

enveloped by the silica shell — in the case of the biphasic method, managing the TEOS 

concentration and the quantity of NPs is recommended. Finally, a last functionalization 

(with PEG, for example) will have to be performed to improve the biocompatibility in 

physiological environments.  
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Chapter III: Synthesis and characterization of yttria 

nanocrystals co-doped with Nd3+ and Yb3+ for 

nanothermometry 

3.1  Introduction 

Over the years, Y2O3 has captured the interest of the scientific community due to 

its favorable properties, such as good chemical stability, high thermal expansion, low 

phonon energy, high thermal conductivity and especially, high thermal stability. This 

latter feature is particularly valuable for applications in the biological field, including 

photodynamic therapy, biological imaging, and luminescence nanothermometry 174. 

Regarding general applications in luminescence nanothermometry, several works 

focused on Y2O3 NCs doped with different rare-earth ions 61,175–179. However, to be 

suitable for bio applications, it is crucial that these NCs not only work within the BWs 

but also possess spherical morphology, diameter below 100 nm, and good dispersion for 

higher feasibility in flowing in the bloodstream and entering in the cells 32. Thus, the 

synthesis method plays a vital role in fulfilling such requirements. 

The literature has already reported different synthesis methods to obtain Y2O3 

NCs, namely sol-gel 180–182, co-precipitation 49,177,183,184, thermal decomposition 185, but 

individual NCs of this oxide cannot be formed straightforward from solution under 

solvothermal conditions 186. Thermal post-treatments are usually required, which results 

in the coalescence of the NCs. However, some studies have demonstrated the possibility 

of obtaining individual yttria NCs through a two-step urea-based procedure 89,186–191. The 

first step involves the decomposition of urea at between 70°C and 90°C, to originate CO32- 

and OH- that bind with Y3+ and form the amorphous phase Y(OH)CO3.H2O. The second 

step consists of submitting this phase to a heat treatment to crystallize it to Y2O3.  

In this chapter, the potential of Y2O3 co-doped with Nd3+ and Yb3+ as a 

nanothermometer is evaluated. Initially, a selection of Nd3+-Yb3+ composition was 

conducted by applying the modified Pechini method to tune the PL intensity emitted by 

the dopants. Afterwards, yttria NCs were synthesized through the two-step urea-based 

route in order to obtain individual NCs of size less than 50 nm. Regarding this procedure, 

the size of Y(OH)CO3.H2O was first controlled by carrying out experiments with organic 

co-solvents. Then, some calcination tests were performed to yield pure Y2O3. In the end, 
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the thermal sensing properties of Y2O3: Nd3+-Yb3+ NCs synthesized via both methods 

were evaluated in accordance with the LIR approach, such as the sensitivity to 

temperature variations, thermal resolution, and repeatability of results. 

3.2  Experimental protocol 

3.2.1. Materials syntheses 

3.2.1.1. Modified Pechini method 

The synthesis of Y2O3 co-doped with Nd3+ and Yb3+ was conducted  in a similar 

way as previously described in Chapter II for YAG: Nd3+ - Yb3+, excluding the use of 

aluminum and modifying the final stage concerning the heat treatment. In this study, two 

conditions of calcination were tested: 1) 900°C/10 minutes, as reported by Barbosa et 

al.64, and 2) 450°C/12h and 1000°C/1h. 

3.2.1.2. Two-step urea-based route 

For the first step of the synthesis process, Y(NO3)3.6H2O (Acros organics, 

³99.9%), Nd(NO3)3.6H2O (Sigma-Aldrich, ³99.9%), Yb(NO3)3.5H2O (Sigma-Aldrich, 

³99.9%), and urea (Sigma-Aldrich, > 99%) were dissolved in distilled water in separated 

flasks at room temperature. The amount of yttrium was fixed at 7.50 mmol.L-1, the urea 

concentration varied between 0.10 mol.L-1 and 3.0 mol.L-1, and the co-doping content 

was chosen based on the PL results of the modified Pechini syntheses. All aqueous 

solutions were mixed under stirring and then, an organic co-solvent was added to achieve 

a total volume of 100 ml. The solvent adjustment involved selecting from 1-propanol 

(Fisher Scientific, ³ 99.0%), 2-propanol (Fisher Scientific, ³ 99.0%), 1,4-butanediol 

(Thermoscientific, 99.0%), and a mixture of ethanol and 1-butanol with a volume ratio of 

1:2 (Honeywell II Riedel-de-Haën, ³99.8% and Sigma-Aldrich, 99.9%, respectively). 

The organic co-solvent varied between 50 and 83% in volume. The reactant solution was 

placed inside a 120-ml autoclave, and heated in an oven at 85°C/24h. The as-obtained 

powder went through three centrifugations (7800 rpm, 15 minutes) with ethanol to 

remove the byproducts and was dried at 60°C/2h. 

In the second step, the as-obtained powders were annealed in a tubular furnace 

under flowing O2 (10 mL.min-1) to produce yttria NCs. The heat treatment conditions 

were tested in this study, by adjusting the temperature from 550°C to 900°C, the heating 

rate from 1°C.min-1 to 10°C.min-1, and the duration from 5 minutes to 120 minutes. 
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Furthermore, NaCl was also explored as a separating media to prevent the coalescence 

and agglomeration of yttria NCs during thermal treatments. When the salt-matrix was 

employed, the as-obtained powder was ground manually together with dried NaCl powder 

in an agata mortar for 90 minutes, and this mixture was then calcined. After several 

centrifugations with distilled water to eliminate NaCl, the powder was dried at 60°C/2h. 

3.2.2. Characterization techniques 

All characterization measurements concerning XRD, HR-XRD, FE-SEM, TEM, 

DLS, FTIR, DR, PL emission at room temperature, and PL(T) of Nd3+-Yb3+ co-doped 

yttria samples were carried out as detailed in section 2.2.2 in Chapter II. 

Thermogravimetry Differential Thermal Analysis (TG/DTA) along with mass 

spectrometry were performed on powders placed in a platinum crucible from 50°C to 

1200°C, under O2 atmosphere and heating rate of 10°C.min-1, using a Setaram TAG 16 

equipment, located at Institut Néel – CNRS in Grenoble (France). 

3.3  Results and discussion 

3.3.1. Calcination tests of the samples obtained by the modified 

Pechini method 

This study begins with the synthesis by the modified Pechini method to select a 

suitable composition of Nd3+ and Yb3+ for yttrium oxide in order to enhance their PL 

emission intensity. This procedure is versatile and can provide the production of various 

oxide matrices 52,57,64,74,75,84, but some modifications in the route may be necessary when 

switching from one phase to another to achieve the phase purity or at least a better crystal 

quality.  

Hence, in the first part of this work on yttria NCs synthesis, a refinement of the 

modified Pechini protocol is put forward after exploring two different conditions of heat 

treatment while keeping the other steps of the route unchanged — similar to the YAG 

synthesis, as laid out in section 2.2.1.1 in Chapter II. In the first test, the ground puff 

(resin dried at 250°C) was subjected to a rapid heat treatment for 10 minutes at 900°C 

under pure oxygen as was reported in the literature 64. In the second test, an intermediate 

treatment at 450°C for 12 hours was performed, followed by a calcination at 1000°C 

under pure oxygen for 1 hour. The heating rate remained at 10°C.min-1 for both 

conditions. Furthermore, the sample was initially co-doped with 1.00% mol Nd3+ and 
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0.50% mol Yb3+ for these two experiments in order to check the annealing effect on both 

structural and optical properties. Based on the characterization analyses, a heat treatment 

condition was selected to conduct the study with this synthesis method for co-doping 

engineering, presented in the next section (topic 3.3.2). 

Starting with XRD characterization on powder, the peaks were indexed as yttria, 

with cubic structure (Ia-3 space group), by the PDF 00-041-1105, and no spurious phase 

was detected for any heat treatment condition. The profile adjustment employing the Le 

Bail fit method on HR-XRD was done (Figure 39.(a) and (c)), and the results concerning 

the cell parameters, and the Lc are displayed in Table 6. 

The cell parameter a is the same for both calcination tests, but is slightly different 

from the reference due to the replacement of Y3+ by the Ln3+ ions. In Y2O3 unit cell, 

yttrium is placed in two different sites (C2 or C3i), and they are coordinated with six 

oxygens. For such an environment, Y3+ has an ionic radius of 0.900 Å while the one of 

Nd3+ is 0.983 Å. In turn, Yb3+ possesses a smaller ionic radius, which is worth 0.868 Å 
128. Because of the similarity of the ionic radii of these rare-earth ions, only a slight lattice 

expansion occurred. 

On the other hand, the Lc extracted from HR-XRD was affected by the changes in 

the heat treatment. Such average size of single crystal domains augmented considerably 

from 24 ± 1 nm to 48 ± 1 nm when a longer heat treatment in two steps is performed 

rather than at lower temperature for a shorter period of time (Table 6). In this case, not 

only was particle growth promoted, but crystallinity was also enhanced. The Lc values 

correspond to the sizes measured in the TEM images for heat treatment at 900°C/10 

minutes and 450°C/12h and 1000°C/1h, as depicted in Figure 39.(b) and (d), in the 

respective order. In the insets of the correlated TEM images, one finds the HR-TEM 

showing clearly the ordered atomic planes of yttria, and the grain boundaries of two fused 

NCs. In summary, these outcomes indicate the samples are constituted by NCs with high 

crystallinity, but ended up clumping together and forming large micrometer-sized 

agglomerates, which is typical of this type of synthesis. 
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Figure 39. (a) HR-XRD pattern (orange circles) with calculated Le Bail fit (solid black line), and (b) 

TEM with an inset of HR-TEM of Y2O3 heat-treated at 900°C/10 min. (c) HR-XRD (green circles) with 

calculated Le Bail fit (solid black line), and (d) TEM with an inset of HR-TEM of Y2O3 heat-treated at 

450°C/12 h and 1000°C/1h. The sizes were measured with the ImageJ software. 

Table 6. Cell parameters, Lc, and refinement parameter according to the Le Bail fit of Y2O3: 1.00% mol 

Nd3+, 0.50% mol Yb3+. 

Annealing 
condition a (Å) b (Å) c (Å) Volume 

(Å³) Lc (nm) χ² Rp (%) Rwp (%) 

900°C/10 minutes 10.610 10.610 10.610 1194.46 24 ± 1 2.05 10.2 11.8 

450°C/12h + 
1000°C/1h 10.610 10.610 10.610 1194.33 48 ± 1 2.06 10.1 11.5 

Ref.192 10.604 10.604 10.604 1192.40 - - - - 

 

In Figure 40.(a), FTIR spectra of both samples are illustrated. In the fingerprint 

area, two peaks at 516 – 518 cm-1 and 565 cm-1 related to the stretching mode of Y – O 

bonding are present in both FTIR spectra, confirming the formation of Y2O3. It is 

noticeable there are remaining organics from the precursor synthesis in both samples, 
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because bands of deformation (673 cm-1 and 769 cm-1), asymmetric stretching (around 

962 cm-1), and symmetric stretching (1392 cm-1 and 1513 cm-1) of C – O linkages, as well 

as the stretching mode of OH groups, appeared in the spectra 89,187,188. However, their 

intensities lower when calcination at 1000°C/1h preceded by an intermediate treatment at 

450°C/12 h is carried out.  

In the sequence, the PL emission spectra of both materials are displayed in Figure 

40.(b). The detailed analysis of PL emission spectrum of Y2O3: Nd3+- Yb3+ will be handed 

out in the next section (topic 3.3.2). Briefly, after a continuous pump at 808 nm, the Nd3+ 

ions absorbed the energy and presented emissions in the ranges of 870 - 960 nm and 1050 

- 1150 nm, referring to the transitions 4F3/2 ® 4I9/2 and 4F3/2 ® 4I11/2, respectively. Part of 

this absorbed energy by Nd3+ was transferred to Yb3+ ions as well, and thus, its 

corresponding emission lines showed up in the range 960 - 1050 nm (2F5/2 ® 2F7/2). 

Concerning the effect of heat treatment on the PL emission, the spectrum of the sample 

calcined at 900°C/10 minutes featured a noisy aspect and intensity fluctuations when 

comparing several spectra recorded consecutively. In contrast, the spectrum gets 

smoother with a better signal-to-noise ratio when calcination conditions are changed to 

450°C/12h and 1000°C/1h. This occurred due to the more efficient removal of organic 

species and hydroxyl groups (typical PL quenchers) from the material. 

Achieving a stable and intense PL signal is of huge interest in this work because 

it interferes directly in the calculation of LIR error (dLIR, equation 7 in Chapter I) and, 

consequently, in the thermal resolution (equation 6 in Chapter I) of Nd3+ - Yb3+ co-doped 

yttria NCs as a nanothermometer. Thus, on account of these results, it was decided to 

perform the modified Pechini synthesis of Y2O3 NCs by involving an intermediate 

treatment at 450°C/12h followed by a heat treatment at 1000°C/1h. 
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Figure 40. (a) FTIR, and (b) PL emission spectra of Y2O3 after calcining the puff at 900°C/10 minutes, 

and at 1000°C/1h preceded by an intermediate treatment at 450°C/12h. Both samples were co-doped with 

1.00% mol Nd3+ and 0.50% mol Yb3+. 

3.3.2. Co-doping engineering to achieve an optimal 

photoluminescence emission intensity of Y2O3: Nd3+-Yb3+ NCs 

In Chapter II, appropriate doping amounts of Nd3+ and Yb3+ were selected in order 

to obtain an optimal PL emission intensity of both Ln3+ inserted into the YAG host matrix. 

The quantity of dopants to be embedded in yttria will not be the same as that of YAG, 

because host-related factors can affect their emission, such as the host phonon energy, 

and the distance between the Ln3+ ions. In this way, co-doping engineering was conducted 

to ascertain the concentrations of Nd3+ and Yb3+ for effective co-doping of Y2O3. 

12 samples of Y2O3: Nd3+- Yb3+ NCs were synthesized by trying out three 

concentrations of Nd3+ (0.25, 0.50, and 0.75% mol) combined with four of Yb3+ (0.10, 

0.25, 0.50, and 1.00% mol). The synthesis was carried out via the modified Pechini 

procedure, considering the two-stage calcination (450°C/12h and 1000°C/1h) as 

established in the previous section. The chemical formulas for each % mol combination 

of Nd3+ and Yb3+ are summarized in Table 7. 
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Table 7. Nd3+ and Yb3+ concentrations of Y2O3 in % mol in relation to yttrium with corresponding 

chemical formulas. 

 

 
Y2O3 : Nd3+ -Yb3+ 

  Nd3+ 

  0.25% mol 0.50% mol 1.00% mol 

Yb3+ 

0.10% mol Y1.993Nd0.005Yb0.002O3 Y1.988Nd0.01Yb0.002O3 Y1.978Nd0.02Yb0.002O3 

0.25% mol Y1.990Nd0.005Yb0.005O3 Y1.985Nd0.01Yb0.005O3 Y1.975Nd0.02Yb0.005O3 

0.50% mol Y1.985Nd0.005Yb0.01O3 Y1.980Nd0.01Yb0.01O3 Y1.970Nd0.02Yb0.01O3 

1.00% mol Y1.975Nd0.005Yb0.02O3 Y1.970Nd0.01Yb0.02O3 Y1.960Nd0.02Yb0.02O3 

 

The X-ray diffractograms of Y2O3: Nd3+ - Yb3+ for different % mol Yb3+ with 

Nd3+ fixed at 0.25, 0.50, and 1.00% mol are shown in Figure 41.(a), (b), and (c), 

respectively. For all tested co-doping concentrations, the phases crystallized as pure 

Y2O3, since the peaks matched the reference pattern (black bars in the figures) contained 

in PDF 00-041-1106. The replacement of some Y3+ by Nd3+ and Yb3+ ions did not alter 

the type of crystalline structure, even when the host matrix was heavily doped with 1.00% 

mol Nd3+ and 1.00% mol Yb3+. As seen previously for Y2O3: 1.00% mol Nd3+ and 0.50% 

mol Yb3+, the unit cell got slightly expanded owing to the small differences of ionic radii 

of the dopants in respect of yttrium. 
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Figure 41. X-ray diffractograms of Nd3+- Yb3+ co-doped Y2O3 for different % mol Yb3+ when Nd3+ 

concentration fixed at (a) 0.25, (b) 0.50, and (c) 1.00% mol. 

The light absorption by Y2O3: Nd3+-Yb3+ NCs was evaluated by DR measurement. 

This analysis was run in the sample with the highest concentration of dopants (1.00% mol 

Nd3+ and 1.00% mol Yb3+), and the resulting curve is shown in Figure 42.(a). The 

material exhibited a reflectance above 90%, and absorption bands from the fundamental 

level 4I9/2 to meta-state levels between the valence and conduction bands of Nd3+, as well 

as a band from Yb3+ related to the transition 2F7/2 ® 2F5/2. All bands are labelled in the 

same figure, whose assignments were made in agreement with published literature 130–132. 

Note that absorption bands at around 807 nm (4I9/2 ® 4F5/2 , 2H9/2) of Nd3+ ions are present, 

which fall within the BW-I (750 – 950 nm) and are available to use for the excitation of 

Y2O3: Nd3+-Yb3+ NCs in biological applications. 

For the estimation of the Eg, the Kubelka-Munk (equation 18 from Chapter II) 

was applied to the DR data in order to plot (F(R∞)hn)n versus energy. For n equal to 2, 

that is, a plot of (F(R∞)hn)2 versus energy (in eV) resulted in a region of points linearly 

disposed, suggesting  that the electron transitions take place directly in Y2O3: Nd3+-Yb3+. 

From the linear fitting of experimental points, with R² worth 0.9844, the curve was 

extrapolated for (F(R∞)hn)2 = 0, and the optical bandgap energy of 5.71 eV was 

determined. This large bandgap demonstrates the insulating feature of Y2O3 NCs and 

agrees with what is usually stated in the literature for this host matrix 135,193–195.  
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Figure 42.(a) DR spectrum and (b) determination of the optical bandgap energy of Y2O3: 1.00% mol 

Nd3+, 1.00% mol Yb3+. 

Considering the Nd3+ absorption in the BW-I (750 – 950 nm), Nd3+-Yb3+ co-doped 

yttria samples were continuously excited under an 808-nm excitation of NIR light to 

record their PL emissions. The associated PL emission spectra are displayed as a function 

of % mol Yb3+ for each series of fixed Nd3+ concentrations at 0.25, 0.50, and 1.00% mol 

in Figure 43.(a), (b), and (c), in the respective order. Upon an excitation at 808 nm, Nd3+ 

ions are promoted from the fundamental state 4I9/2 to the excited levels 4F5/2, 2H9/2, but de-

excite through non-radiative processes, and populate the lower level 4F3/2 in the sequence. 

This state is then depopulated through radiative transitions of Nd3+ in the regions of 870 

nm to 960 nm (4F3/2 ® 4I9/2) and 1050 nm to 1150 nm (4F3/2 ® 4I9/2), besides an energy 

transfer to Yb3+ ions. 
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Figure 43. PL emission spectra of yttrium oxide for different % mol Yb3+ considering Nd3+ concentration 

fixed at (a) 0.25, (b) 0.50, and (c) 1.00% mol.  

To shed a light on the energy transfer from Nd3+ to Yb3+, Lupei and co-workers 

published a work 88 affirming that it is a resonant type of energy transfer in Nd3+-Yb3+ co-

doped yttria, since there is a significant overlap of the absorption spectrum of Y2O3: Yb3+ 

with the emission spectrum of Y2O3: Nd3+ at low temperature. Indeed, in the energy levels 

diagram built upon the data of this work along with those reported elsewhere 88,139,196, one 

finds a small energy difference of 171 cm-1 between the lowest crystal field component 

of the excited state 4F3/2 (R1) of Nd3+ and the highest Stark level of the excited state 2F5/2 

(7) of Yb3+ (Figure 44). Such a low energy gap combined with the superposition between 

donor emission (Nd3+) and acceptor absorption (Yb3+) spectrum strongly indicates the 

phonon assistance is actually not necessary in the energy transfer Nd3+ ® Yb3+ herein. A 

similar situation was previously reported in the works of Balda et al.141,142 and Caldiño et 

al.143. 

In addition, the energy transfer Nd3+ ® Yb3+ usually dominates over non-radiative 

cross relaxation (4F3/2; 4I9/2 ® 4I15/2; 4I15/2) of Nd3+ ions, but the energy diffusion of Yb3+ 

- Yb3+ can be significant for high amounts of this Ln3+ 55. Finally, the back energy transfer 

Yb3+ ® Nd3+ is negligible in Nd3+ - Yb3+ co-doped Y2O3, in view of the weak 

superposition of the absorption spectrum of Y2O3: Nd3+ and the emission spectrum of 

Y2O3: Yb3+. Thus, the changes seen in PL emission intensities for different dopant 

concentrations rely on mainly the energy transfer from Nd3+ to Yb3+ and from Yb3+ to 

Yb3+ 88,138. 
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Figure 44. Energy level diagram of yttrium oxide co-doped with Nd3+ and Yb3+. The numbers indicate 

the energy values in cm-1, and the acronyms in the parenthesis designate each Stark level (Created by the 

author). 

To develop a sensitive nanothermometer based on the LIR approach, the co-

doping composition must be properly chosen since it affects markedly the PL intensities. 

The guideline adopted for co-doping engineering is to analyze the intensity of the two PL 

peaks from the different emitting centers that will be applied in the LIR method. Literature 

points out that the PL emissions at 1030 nm (transition 5 ® 3 of Yb3+) and 1056 nm 

(transition of R2 ® Y1 of Nd3+), indicated in the PL spectra of Figure 43 and in the energy 

level diagram in Figure 44, compose an effective pair for LIR nanothermometry of Y2O3: 

Nd3+ - Yb3+. Besides being relatively intense and within the BW-II (1000 – 1350 nm), the 

stark line at 1030 nm is highly temperature-dependent. On the other side, the PL peak at 

1056 nm is not the strongest among all Nd3+ emissions, but it serves as a reliable reference 

to monitor the Yb3+ emission due to its lower dependency on the temperature 57. 

When closely examining the integrated PL intensities at 1030 and 1056 nm 

(Figure 45), the same trend observed for YAG: Nd3+-Yb3+ is found here: as more Nd3+ 

ions are put into Y2O3, Yb3+ PL intensity increases at the expense of Nd3+ intensity, 

attesting the energy transfer Nd3+ ® Yb3+. Indeed, there is a consistent rise of Yb3+ PL 

intensity when its concentration is fixed, and only Nd3+ content is incremented. For both 

concentrations of 0.50 and 1.00% mol Nd3+, the PL intensity of Yb3+ quenches at its 

concentration of 1.00% mol owing to the increase in diffusion energy Yb3+ - Yb3+. 
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Conversely, there is a loss in the PL intensity of  Nd3+ as more Yb3+ ions are 

present in Y2O3, stemming from the energy transfer Nd3+ ® Yb3+. An exception was 

though observed in the series of Nd3+ concentration fixed at 1.00% mol (see Figure 

45.(c)). The Nd3+ PL intensity initially increases as the Yb3+ concentration changes from 

0.10 to 0.25% mol, remains nearly constant at 0.50% mol Yb3+, and ends up decreasing 

at 1.00% mol Yb3+. Presumably, for such high content of Nd3+, a priori the presence of 

Yb3+ allowed a homogeneous distribution of Nd3+ ions inside the matrix, diminishing the 

probability of non-radiative processes and hence, the Nd3+ PL intensity raised. However, 

the effect of the energy transfer Nd3+ ® Yb3+ became accentuated by including more 

Yb3+ ions, which cut down the Nd3+ PL intensity. 

   

 

Figure 45. Integrated intensities at 1030 nm (I1030) and 1056 nm (I1063) as a function of % mol Yb3+ when 

Nd3+ concentration is fixed at (a) 0.25, (b) 0.50, and (c) 1.00% mol in Y2O3. All the graphs are on the 

same scale for a better comparison. 

In this way, analogous to the YAG study, the co-doping engineering approach 

consisted of looking into the Yb3+ emission to pick out the samples with better emissivity 

at 1030 nm. Subsequent to this initial selection, a final assessment was made based on the 
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Nd3+ intensity at 1056 nm. The Nd3+ - Yb3+ composition with the highest Nd3+ PL 

intensity from this second round was then deemed as the optimal co-doping concentration 

for yttria.  

In Figure 46.(a), the red arrows point out to the four compositions that possessed 

better emissivity at 1030 nm: 0.50% mol Nd3+ and 1.00% mol Yb3+, as well as 1.00% mol 

Nd3+ co-doped with 0.25, 0.50 and 1.00% mol Yb3+. From this set of four samples, the 

ones co-doped with 1.00% mol Nd3+ and 0.25 or 0.50% mol Yb3+ culminated in having 

the highest Nd3+ PL emission. Between the two of them, the co-doping concentration of 

1.00% Nd³⁺ and 0.50% Yb³⁺ was singled out for presenting both the highest PL intensities 

at 1030 nm and 1056 nm (marked by a red arrow in Figure 46.(b)). Hence, this 

composition was adopted for co-doping yttria samples. 

   

Figure 46.(a) Comparison of integrated intensity at 1030 nm (Yb3+) for Y2O3: Nd3+-Yb3+ samples. The 

red arrows indicate the four samples with higher Yb3+ emission. (b) The emissivity of Nd3+of the samples 

that presented highest Yb3+ PL intensities. The red arrow points out to the composition that gave highest 

Nd3+ emission among the four samples previously selected. 

3.3.3. Synthesis of Y2O3 nanocrystals by the two-step urea-based 

process: optimization of the experimental protocol 

To produce individual yttria NCs, the two-step urea-based process was selected, 

which consists of the formation of amorphous Y(OH)CO3.H2O NPs followed by a 

calcination to obtain Y2O3 NCs. Hence, this study initiated with the size control of 

Y(OH)CO3.H2O, and then, the conditions of calcination were refined. 
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3.3.3.1. Size control of Y(OH)CO3.H2O 

The first step of the synthesis consists of reacting CO32- and OH-, from the 

decomposition of urea, with Y3+, to produce Y(OH)CO3.H2O. The chemical reactions 

involved in its formation are presented below 197: 

Urea decomposition 

 (NH!)!CO	 → 	NHFB +	OCN& (23)  

 OCN& + 2HB +	H!O	 → CO! +	NHFB (24)  

 

Hydrolysis of Y3+ 

 Y7B +	H!O	 → 	 [Y(OH)]!B +	HB (25)  

 

Reaction to form the basic yttrium carbonate 

 Y7B +	(NH!)!CO	 +	4H!O	 → Y(OH)CO7. H!O	 +	2NHFB + 2HB (26)  

 

According to Sohn et al. 197, depending on the precursor concentration (yttrium 

nitrate and urea), monodispersed spherical NPs of Y(OH)CO3.H2O are obtained. After 

the thermal treatment, this morphology is retained, but the yttria size is usually smaller 

compared to that of Y(OH)CO3.H2O due to the elimination of organics and 

dehydration188,189. 

  Nevertheless, reaching small diameters of Y2O3 below 100 nm without any 

agglomeration remains a complex issue. One strategy commonly used was to control the 

Y(OH)CO3.H2O size by playing on the precursor concentration. In particular, the lower 

Y3+ concentration, the smaller the size of Y(OH)CO3.H2O NP 187,197. For example, 

considering 0.5 mol.L-1 urea, Sung et al.189 obtained Y(OH)CO3.H2O NPs measuring 110 

nm for 9.0 mmol.L-1 of yttrium nitrate while Li et al.186 produced particles above 400 nm 

by using 15.0 mmol.L-1 of Y3+ reactant. However, the synthesis yield becomes very low 

when using small amounts of yttrium nitrate as underlined in another work 198. 

Alternatively, when urea amount is increased, it is possible to achieve a high 

supersaturation and consequently, to promote a burst of nucleation, causing the reduction 

of particle size. In this case, the higher urea concentration, the smaller the 

Y(OH)CO3.H2O NPs. To illustrate it, Lima et al.190 used a urea concentration as high as 
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3.0 mol.L-1 with 7.5 mmol.L-1 of yttrium nitrate and synthesized Y(OH)CO3.H2O NPs of 

150 nm. The urea concentration can be further increased until 7.0 mol.L-1, which was 

defined as the upper limit before the NPs get agglomerated and end up constituting a 

network structure197. Although it is an interesting way to control the NP size, the excess 

of reactant concentration can make the synthesis impractical, especially to upscale it.  

Another possibility to control the size is to change the nature of the medium. When 

synthesizing Gd2O3 NCs through the two-step urea-based route, with 10.0 mmol.L-1 and 

0.50 mol.L-1 of gadolinium nitrate and urea, respectively, Li et al.198 accomplished the 

task of size reducing from 429 nm to 58 nm by adding 60% in volume of 1-butanol as co-

solvent. Based on this work, the addition of organic co-solvent can be a very promising 

way of controlling the growth of Y(OH)CO3.H2O NPs without using reactants in excess. 

Hence, to modulate the diameter of Y(OH)CO3.H2O NPs, the strategy consisted 

in adjusting the nature of the medium with the addition of different organic co-solvents, 

such as 1-propanol, 2-propanol, 1,4-butanediol, and a mixture of 1-butanol with ethanol 

Besides, concentrations of urea varying from 0.1 to 3.0 mol.L-1 were tested as well 

whereas the other parameters were kept constant as previously described in section 

3.2.1.2. For each experiment, the diameter was checked and measured with FE-SEM 

analysis, with approximately 200 NPs counted for accuracy. No Ln3+ dopants were used 

in this part of the study. 

In Table 8, the results of these experiments are presented. It is clear how the 

organic co-solvent indeed affects the size of the basic yttrium carbonate. For example, 

considering 3.0 mol.L-1 of urea and 60% in volume of 1-propanol, 2-propanol, and 1-

butanol + ethanol, the diameters varied significantly between 72 ± 10 to 134 ± 20 nm. 

However, among the organic co-solvents tested, 1,4-butanediol was the one that provided 

a significant size reduction of Y(OH)CO3.H2O NPs to below 60 nm. Two factors 

contributed to this outcome: the solubility of Y(OH)CO3.H2O, and the viscosity of 1,4-

butanediol. 

Consider the equation 27 to express the solubility of Y(OH)CO3.H2O: 

 
𝐶Q ≈ exp �−

𝑧B𝑧&𝑒!

4𝜋𝜖I𝜖R𝑘S𝑇(𝑟TB + 𝑟T&)
� 

(27)  
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where z+ and z- are the ions, whose radii are rz+ and rz-, respectively; e0 is the permittivity 

in vacuum; er represents the relative dielectric permittivity of the solvent; kB is the 

Boltzmann constant, and T is temperature in Kelvin scale 198,199. The presence of 1,4-

butanediol brought down the dielectric constant of the solution since it has a low dielectric 

permittivity compared to that of the water (~30.0 of 1,4-butanediol against ~80.0 of water 

at 298 K 198,200,201). According to equation 27, a low dielectric permittivity reduces the 

solubility of Y(OH)CO3.H2O NPs, which, in turn, ramps up the supersaturation of the 

solution and leads to a higher nucleation frequency (equation 13 in Chapter I). In 

consequence, this brings about a reduction of the average diameter of the as-grown 

Y(OH)CO3.H2O NPs.  

Although the other organic co-solvents present even lower dielectric constant 

(around 20 at 298 K 198 ), 1,4-butanediol kept standing out due to its ligand role and high 

viscosity. This latter property is approximately 72 mPa.s and much superior to the 

viscosities of the other co-solvents at 298 K (1-propanol » 1.94 mPa.s, 2-propanol » 2.05 

mPa.s and ethanol + 1-butanol » 2.02 mPa.s) 202–205 . In this way, the stabilizing capping 

layer around Y(OH)CO3.H2O NPs formed by 1,4-butanediol, along with its high 

viscosity, reduced the diffusion of crystallizing entities (Y3+, OH-, CO32-), thereby 

significantly decreasing the growth rate of the primary particles. 

The addition of 1,4-butanediol also minimized the need for high concentrations of 

urea. In comparison to previous studies that worked with the same concentration of 

yttrium nitrate and solvothermal conditions 190,191, it was possible to scale back the urea 

amount by up to 30 times (from 3.0 to 0.1 mol.L-1) and still end up with Y(OH)CO3.H2O 

diameters between 30 and 60 nm.   
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Table 8. Summary of the conditions for the synthesis of Y(OH)CO3.H2O: nature of the organic co-

solvent, its percentage in volume relative to water, urea amount, size of NPs measured with FE-SEM 

images, and PDI. 

Co-solvent % vol. Urea 
(mol L-1) 

Y(OH)CO3.H2O 
size (nm) PDI 

2-Propanol 60 3.0 134 ± 20 0.02 
Ethanol + 1-Butanol 

(1:2 proportion in vol.) 60 3.0 96 ± 10 0.01 

1-Propanol 
60 3.0 72 ± 10 0.02 
66 1.5 181 ± 20 0.01 

1,4-Butanediol 

75 1.5 36 ± 10 0.03 
80 0.5 39 ± 10 0.02 
83 0.2 44 ± 10 0.02 
50 0.2 58 ± 10 0.04 
80 0.1 50 ± 10 0.04 

 

For further experiments, the conditions of 83% in volume of 1,4-butanediol and 

0.2 mol.L-1 of urea were established definitively, as they presented the best compromise 

in between reactant concentration and physical features of Y(OH)CO3.H2O (size and 

polydispersity). Figure 47 displays both the typical XRD pattern, revealing the 

amorphous nature of these Y(OH)CO3.H2O NPs (a), and their spherical morphology 

visualized by FE-SEM (b). 

   
Figure 47.(a) XRD pattern and (b) FE-SEM image of Y(OH)CO3.H2O NPs synthesized by using 83% in 

volume of 1,4-butanediol and 0.2 mol.L-1 of urea. 

Hence, the incorporation of 1,4-butanediol as a co-solvent in the synthesis 

provided a series of advantages, from decreasing the particle size to opening up the 

possibility of upscaling synthesis with reasonable amounts of urea. Finally, it is worth 
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highlighting that going for 1,4-butanediol in this context is quite original, as no previous 

works on yttria have reported experiments with this co-solvent. Next, experiments are 

presented to define the conditions for the thermal treatment to produce yttrium oxide NCs. 

3.3.3.2. Calcination tests of Y(OH)CO3.H2O nanoparticles to yield 

Y2O3 nanocrystals 

The transformation of Y(OH)CO3.H2O to Y2O3 with calcination is represented by 

the reactions below 188: 

 𝑌(𝑂𝐻)𝐶𝑂7. 𝐻!𝑂	 → 	𝑌(𝑂𝐻)𝐶𝑂7 + 𝐻!𝑂 (28)  

 2𝑌(𝑂𝐻)𝐶𝑂7 	→ 	𝑌!𝑂(𝐶𝑂7)! + 𝐻!𝑂 (29)  

 𝑌!𝑂(𝐶𝑂7)! 	→ 	𝑌!𝑂7 + 2𝐶𝑂! (30)  

 

Figure 48 illustrates the TG/DTA alongside mass spectrometry of 

Y(OH)CO3.H2O NPs, covering the temperature range from 50°C to 800°C under O2 

atmosphere. The first mass loss (~10%) corresponds to a broad endothermic peak in DTA, 

peaking at 145°C, related to the removal of both adsorbed water on the surface of the NPs 

and the release of crystal water from the structure of Y(OH)CO3.H2O, turning into 

Y(OH)CO3 (expression 28). Subsequently, one finds the second mass loss (~19%) 

occurring at 400°C due to the transformation of Y(OH)CO3 to Y2O(CO3)2 through the 

release of crystal water from the structure (expression 29). In the range of 500°C to700°C, 

CO2 is liberated (~19% of mass loss), with the crystallization of Y2O(CO3)2 to Y2O3 

beginning at 545°C and achieving a maximum at 586°C (expression 30) 188. After 800°C 

and up to 1200°C, no events were observed. 
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Figure 48. Thermal analysis along with mass spectrometry of Y(OH)CO3.H2O NPs under oxygen 

atmosphere. The mass spectrometry of H2O and CO2 is given in arbitrary units. 

Based on this TG/DTA analysis, heat treatment tests on Y(OH)CO3.H2O NPs 

(synthesized with 83% in volume of 1,4-butanediol and 0.2 mol.L-1 urea) were conducted 

in a tubular furnace under O2 atmosphere by trying out different conditions of 

temperature, heating rate, and duration. All the conditions tested are summarized in Table 

9. Figure 49 present the corresponding X-ray diffractograms of samples after calcination. 

In every case, yttrium oxide was produced, with the XRD peaks indexed in accordance 

with the reference PDF 00-041-1105. Besides that, as the calcination temperature 

increased, the XRD peaks became narrower, showing the crystallinity improved in this 

way. 

Table 9. Conditions tested to obtain Y2O3 from heat treatment of Y(OH)CO3.H2O under O2 atmosphere 

in a tubular furnace.   

Temperature 
(°C) 

Heating rate 
(°C.min-1) 

Duration 
(minutes) 

700 1 5 

700 1 120 

800 1 5 

800 1 120 

900 10 60 
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Figure 49. Diffractograms of Y2O3 after calcining Y(OH)CO3.H2O NPs under different conditions. The 

XRD peaks were compared with the reference PDF 00-041-1105. 

Figure 50 unveils TEM images when Y(OH)CO3.H2O NPs are calcined at (a) 

700°C/5 minutes, (b) 700°C/120 minutes, (c) 800°C/5 minutes, (d) 800°C/120 minutes, 

all with a slow heating rate of 1°C.min-1; and at (e) 900°C/60 minutes with a faster heating 

rate of 10°C.min-1.  In all tests, some dispersed NCs are visible, but others fused together, 

signalized by the appearance of necks, and gave rise to agglomerates extending from 60 

to 200 nm. When the thermal treatment is carried out at 700°C, fewer agglomerates 

showed up compared to higher temperatures, regardless of the duration. On the other 

hand, when the temperature is increased, it appears the heating rate influences more 

significantly in the NCs coalescence and agglomeration than the temperature itself. Thus, 

more clusters are present when annealing is conducted at 800°C with a heating rate of 

1°C.min-1 rather than at 900°C with heating rate of 10°C.min-1.  
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Figure 50. TEM images of Y2O3 NCs after calcination at (a) 700°C/5 minutes, (b) 700°C/120 minutes, 

(c) 800°C/5 minutes, (d) 800°C/120 minutes, considering a slow heating rate of 1°C.min-1; (e) 900°C/1h 

with a 10 times faster heating rate, that is, equal to 10°C.min-1. 

Since the Y(OH)CO3.H2O NPs already present a small size, and, consequently, a 

high surface-to-volume ratio, they are prone to agglomerate during the heat treatment 

more easily. Therefore, a final test involved the inclusion of NaCl as a separating media 

to prevent the coalescence of the NPs. This condition was based on the work of Rong et 

al. 206, who proceeded to obtain monodisperse NPs of L10 – FePt with a size of less than 

8 nm after annealing 0.25% in mass of fcc FePt (face-centered cubic FePt) with NaCl at 

700°C/4h.  

First, dry powder of NaCl and 1.0% in mass of Y(OH)CO3.H2O NPs were ground 

together and then calcined for 1 hour at 700°C, with a heating rate of 10°C.min-1. The 

diffractogram shown in Figure 51 (brown curve) confirms the formation of Y2O3 phase, 

but traces of impurity were detected. This heat treatment was performed close enough to 

the melting point of NaCl (799 ~ 801°C 207), likely causing an interaction between 

Y(OH)CO3.H2O and NaCl. This interaction culminated in the appearance of low-intensity 

XRD peaks at 18.25°, 27.95°, 36.76° and 41.26° (indicated by * in corresponding XRD 

in Figure 51), which were identified as sodium chloride yttrium oxide (PDF 04-010-

9094).  
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900°C/60min 
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By reducing both temperature and duration of thermal treatment to 550°C and 20 

minutes, respectively, pure yttria phase was obtained (pink curve in Figure 51). Such 

outcome confirms well that even a low temperature as 550°C was enough to transform 

Y(OH)CO3.H2O into Y2O3, as previously shown in TG/DTA analysis (Figure 48), and it 

is preferable to work at lower temperatures and for shorter durations when using NaCl-

matrix for calcination. 

 

Figure 51. X-ray diffractograms of Y2O3 after calcination of Y(OH)CO3.H2O NPs with NaCl under 

different conditions. The symbol * indicates the presence of sodium yttrium chloride oxide, identified 

based on the reference PDF 04-010-9094. 

In the continuity of this study, the following conditions were established for the 

two-step urea-based route: 1) co-doping composition of 1.00% mol Nd3+ and 0.50% mol 

Yb3+, 2) 83% in volume of 1,4-butanediol and 0.2 mol.L-1 of urea to synthesize 

Y(OH)CO3.H2O NPs, 3) heat treatment at 550°C/20 min in NaCl-matrix for the 

crystallization of yttrium oxide. In the sequence, the characterization of Y2O3: Nd3+-Yb3+ 

obtained under these conditions is presented. 

3.3.3.3. Structural characterization and photoluminescence 

measurement of Y2O3: Nd3+-Yb3+ nanocrystals  

The structural features of a sample synthesized by employing the optimized 

conditions were evaluated based on HR-XRD and TEM analysis. According to the Le 

Bail fit on the HR-XRD data (Figure 52.(a)), the NCs have a cubic structure with a cell 

parameter a = 10.626 Å, which is larger compared to the sample synthesized by the 
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modified Pechini method with the same co-doping composition (a = 10.610 Å in Table 

6). Sung et al.189 also noted this feature in their work of Y2O3 using the two-step urea-

based route and possibly, mechanical strains in the NCs promoted the expansion of the 

lattice parameters. 

The single crystal domain Lc extracted from the HR-XRD by the Le Bail method 

measures 11 ± 3 nm and is smaller than the NP diameter of 22 ± 10 nm (PDI = 0.05) 

observed in TEM images (Figure 52.(b)). This is a sign the NCs own a polycrystalline 

nature, and previous studies have already reported it when calcination is performed below 

1200 °C 190,191. Moreover, the TEM image unveils dispersed NCs, but the agglomeration 

of some NCs still persisted. 

   

Figure 52. (a) HR-XRD pattern (pink circles) with calculated Le Bail fit (black solid line), and (b) TEM 

images of Y2O3: 1.00% mol Nd3+, 0.50% mol Yb3+ synthesized via the two-step urea-based route. 

To check the stability of Y2O3: 1.00% mol Nd3+, 0.50% mol Yb3+ NCs in solution, 

the DLS data of this sample was acquired. The hydrodynamic size averaged around 150 

nm (pink curve in Figure 53.(a)), which is much larger than the diameter of 22 nm 

observed in TEM, indicating the presence of both aggregates and agglomerates. However, 

this hydrodynamic size is practically half of the one of the yttria obtained from heat 

treatment at 700°C/5min without NaCl-matrix (318 nm — blue curve in Figure 53.(a)). 

Furthermore, the autocorrelation function has become more stable, demonstrating the 

colloidal stability of Y2O3: 1.00% mol Nd3+, 0.50% mol Yb3+ NCs synthesized from heat 

treatment with NaCl (Figure 53.(b)). 
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Figure 53. (a) Hydrodynamic sizes and (b) autocorrelation function of Y2O3: 1.00% mol Nd3+, 0.50% 

mol Yb3+ NCs after annealing at 700°C/5 minutes (blue curves) and 550°C/20 min with NaCl (pink 

curves). 

Next, FTIR analysis was performed on pellets of Y(OH)CO3.H2O NPs and Y2O3 

NCs with KBr and the spectra are depicted in Figure 54. This measurement also confirms 

the formation of Y2O3, since a characteristic peak of Y-O stretching at 565 cm-1 is evident 

in the FTIR spectrum of Y2O3. Compared to the FTIR spectrum of Y(OH)CO3.H2O NPs, 

the bands related to the symmetric stretching (985 – 1200 cm-1) of C-O and the stretching 

of C-H linkages did not show up, but the deformation vibrations (670 – 850 cm-1), and 

the asymmetric stretching (1350 – 1530 cm-1) of C-O and the stretching mode of OH 

(3400 cm-1) still appeared at a lower intensity 89,187,188. From the TG/DTA results shown 

earlier in Figure 48, these bands would disappear for calcination above 800°C, when CO2 

is eliminated, and Y(OH)CO3.H2O is completely decomposed. 
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Figure 54. FTIR spectra of Y(OH)CO3.H2O NPs and Y2O3 NCs synthesized via the two-step urea-based 

route. 

Lastly, the PL emission measurement was carried out by pumping continuously 

the powdered yttria NCs co-doped with 1.00% mol Nd3+ and 0.50% mol Yb3+ at 808 nm. 

Upon this excitation, the PL emission spectrum in Figure 55 shows the emissions of Nd3+ 

from the excited state 4F3/2 to the levels 4I9/2 and 4I11/2, in the ranges of 875 – 960 nm and 

1047 – 1150 nm, respectively. Thanks to the energy transfer Nd3+ ® Yb3+, the emission 
2F5/2 ® 2F7/2 of Yb3+ ions is present in the range from 960 nm to 1047 nm, with a very 

strong stark emission at 1030 nm, falling within the BW-II (1000 – 1350 nm). 

In comparison with the PL emission spectrum of Y2O3: 1.00% mol Nd3+, 0.50% 

mol Yb3+ synthesized via the modified Pechini method, the spectrum profile is similar, 

but the overall PL intensity is much lower. In particular, the integrated emission from 

Nd3+ at 1056 nm is 10-fold lower whereas the one from Yb3+ at 1030 nm is 14-fold lower. 

The calcination at low temperature did not promote either the complete crystallization of 

Y2O3: 1.00% mol Nd3+, 0.50% mol Yb3+ NCs or the total removal of organic moieties 

and hydroxyl groups, thus favoring non-radiative de-excitation of the luminescent ions. 

It is also important to highlight that yttria NCs prepared from the two-step urea-based 

route presents small size (22 ± 10 nm), so more Ln3+ ions are usually localized near the 

NC surface and are susceptible to interact with PL quenchers. Finally, defects can be 

present in the crystallite boundaries (grain boundaries), since the NCs are polycrystalline, 

and consequently, this can provide the relaxation of the excited states as well. 
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Figure 55. PL emission spectra of Y2O3 NCs synthesized by the two-step urea-based route (550°C/20 min 

with NaCl) and the modified Pechini method. The same co-doping concentration of 1.00% mol Nd3+ and 

0.50% mol Yb3+ was applied to both samples. 

Further optimization of the synthesis procedure is surely required to surpass the 

agglomeration problem totally and achieve a complete crystallization of yttria NCs. 

Nonetheless, the outcomes of this work still pave the way for obtaining individual Y2O3 

NCs with dimensions of less than 50 nm. Next, the primary results regarding the 

assessment of thermal sensing of Y2O3: Nd3+ - Yb3+ NCs is presented. 

3.3.4. Nanothermometry of Y2O3: Nd3+-Yb3+ nanocrystals 

The evaluation of the thermal sensing properties of Y2O3: 1.00% mol Nd3+, 0.50% 

mol Yb3+ NCs was made based on the PL(T) measurements on powder, upon continuous 

radiation at 808 nm. The powdered sample was heated in a LINKAM device, and 80 

spectra were recorded for each temperature in the range of 297 – 328 K (24 – 55°C). The 

complete experimental conditions are the same as laid out in section 2.2.2 in Chapter II. 

Here, a comparison will be made between the samples synthesized via the modified 

Pechini method (450°C/12h + 1000°C/1h) and the two-step urea-based process (550°C/20 

minutes dispersed in NaCl). 

In Figure 56.(a) and (c), the PL (T) spectra of Y2O3: 1.00% mol Nd3+, 0.50% mol 

Yb3+ NCs synthesized by the modified Pechini method, and the two-step urea-based route 
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are depicted, respectively. The profiles of both spectra looked very similar, featuring 

emission peaks that vary as temperature changes. Notice that not only does the Yb3+ PL 

peak evolves with temperature, but the Nd3+ PL peak does as well across the entire 

thermal range. This dependence on the temperature may be attributed to the fact that the 

Nd3+ - Yb3+ dipole-dipole coupling is very dependent on the Y3+ sites that the two ions 

occupy, besides being different for distinguished pairs 43. Indeed, given the unit cell of 

Y2O3, the Ln3+ ions have two possibilities to replace Y3+: C2 (non-centrosymmetric) and 

C3i (centrosymmetric) sites. Nd3+ ions possibly reside only in C2 sites because their 

transitions are electric-dipole induced, and they are not allowed in the sites with higher 

symmetry. Nonetheless, the sensitization of Yb3+ through the energy transfer Nd3+ ®Yb3+ 

can occur either at C2 or C3i Yb3+ centers 88,208. 

By looking into the several possibilities for calculating LIR between Nd3+ and 

Yb3+ peaks, the best pair is formed by the PL intensities at 1030 nm and 1056 nm, as 

already reported by Barbosa et al. previously 57. First, the Yb3+ PL intensity at 1030 nm 

must be considered rather than the one at 978 nm, because it does not overlap with the 

absorption band of water and thus, extra heating can be avoided when exciting the 

samples 50,51. Second, the peak of Nd3+ at 1056 nm has the lowest temperature dependency 

of all the Nd3+ emission intensities, constituting a rather good reference to monitor Yb3+ 

emission as a function of temperature. 

For each sample, the emission spectrum was converted from wavelength-

dependent to wavenumber-dependent format, and the LIR between emission lines at 1056 

nm (I1056) and 1030 nm (I1030) was calculated as follows for each temperature: 

 

 
LIR(ν", T) = 	

∫ 	I"IGH(ν", T)	dν"
JFJ!
JF7K

∫ 	I"I7I(ν", T)	dν"
JU"K
JH!J

 
(31)  

 

where 𝜈" is wavenumber, in cm-1. 80 spectra were acquired for each temperature with the 

aim of obtaining reliable calibration results. Hence, seven LIR points were plotted in a 

graph LIR (T) versus temperature, given in Kelvin scale. To determine the calibration 

curve that correlates LIR and T, a linear fit was applied to the data points, following the 

form LIR(T) = aT + b, where a and b are constants. R² statistical values of 0.994 - 0.995 

were reached, demonstrating the good accuracy of the regression analysis. The resulting 
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curves are found in Figure 56.(b) and (d) for Nd3+ - Yb3+ co-doped yttrium oxide NCs 

obtained by the modified Pechini and the two-step urea-based methods, respectively. 

 

  

  
Figure 56. (a) PL(T) and (b) calibration curve of Y2O3 synthesized by modified Pechini method. (c) 

PL(T) and (d) calibration curve of Y2O3 synthesized by the two-step urea-based route. Both samples were 

co-doped with 1.00% mol Nd3+ and 0.50% mol Yb3+. 

Both materials exhibited similar relative thermal sensitivity and thermal 

resolution, calculated by equations 4 and 6 from Chapter I, respectively. Y2O3: Nd3+ - 

Yb3+ showed a decreasing Sr of 0.55%.K-1 to 0.47%.K-1 across the temperature interval. 

At body temperature, it reached Sr = 0.51%.K-1 with dT = 0.4 K for the modified Pechini 

method, and Sr = 0.52%.K-1 with dT = 0.4 K for the two-step urea-based route (Figure 

57.(a)). As was the case with YAG: Nd3+-Yb3+, the synthesis process does not interfere 

in the temperature sensor performances.  

Note that these Sr values of Y2O3: 1.00% mol Nd3+, 0.50% mol Yb3+ NCs 

resemble those achieved for YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs (Figure 
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37.(a)), but the thermal resolution values are significantly higher. Even though analogous 

experimental conditions for PL (T) were applied, d0%1
0%1

 of PL emission of Y2O3: 1.00% mol 

Nd3+, 0.50% mol Yb3+ was relatively high (~0.20% against to ~0.08% of YAG: 0.75% 

mol Nd3+, 0.50% mol Yb3+). This arose from the decrease in the signal-to-noise ratio as 

a consequence of the PL fluctuations caused by the still incomplete removal of organic 

molecules and OH groups (as seen in FTIR displayed in Figure 54). This ended up 

degrading the precision of PL measurement and hence, impairing the nanothermometer’s 

ability to detect small variations in temperature 18. 

Even so, the Sr values of this work are quite competitive in respect of most 

published studies on Nd3+ - Yb3+ co-doped inorganic hosts under NIR excitation in BW-

I (750 – 950 nm). This especially includes those that worked with Yb3+ emission outside 

the BWs, such as Y3BO6 (0.18 %.K-1 at 308 K) 57, YBO3 (0.21%.K-1 at 308 K) 57, 

Y2Ba3B4O12 (0.31% %.K-1 at 298 K) 75, and Y2O3 itself (0.48%.K-1 at 308 K) 57. Still, the 

sensitivity to temperature changes achieved here with Y2O3: 1.00% mol Nd3+, 0.50% mol 

Yb3+ NCs remained higher than LiLaP4O12 (0.40%. K-1 at 330 K) from the work of 

Marciniak et al. 27,  that worked completely within the BWs. 

  
Figure 57.(a) Sr and (b) dT values of Y2O3: 1.00% mol Nd3+, 0.50% mol Yb3+ NCs as a function of the 

temperature for both synthesis procedures employed in this work. 

Finally, the LIR values of Y2O3: 1.00% mol Nd3+, 0.50% mol Yb3+ NCs 

synthesized by the two methods were measured within 11 heating-cooling cycles from 

around 298 K to 328 K (25°C to 55 °C), which are shown in Figure 58. The computed 

repeatability was at least 99.4% for each sample. Therefore, 0.6% of experimental 

deviation of LIR over successive temperature cycles indicates that variations in the 

temperature extracted from the calibration curves are less than 2 x dT 14. This outcome 
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demonstrates a high reversibility of LIR in Y2O3: Nd3+ - Yb3+ with temperature changes, 

and the suitability of Nd3+ - Yb3+ co-doped yttria as a luminescent nanothermometer.  

  

Figure 58. Measurements of LIR over 11 heating- cooling cycles of Y2O3: 1.00% mol Nd3+ , 0.50% mol 

Yb3+ obtained by (a) the modified Pechini method and (b) the two-step urea-based route. The 

repeatability is 99.4% for both cases. 

3.4  General remarks and perspectives 

In summary, a study on NCs of Y2O3 co-doped with Nd3+ and Yb3+ was conducted 

aiming at future applications in luminescence nanothermometry in the biological field. 

Initially, the proper selection of the co-doping composition was conducted by employing 

the modified Pechini method. The conclusion drawn from this first part is that 1.00% mol 

Nd3+ and 0.50% mol Yb3+ provided a boosted signal of PL emission. 

Targeting at producing individual and dispersed yttria NCs, the two-step urea-

based route was applied. In order to yield small NCs, a refinement of the experimental 

protocol was proposed. It involved the addition of 1,4-butanediol to the reactant solution 

to form Y(OH)CO3.H2O NPs measuring less than 60 nm and then, a calcination of the as-

obtained yttrium hydroxycarbonate at 550°C/20 minutes dispersed in a NaCl-matrix. This 

resulted in yttria NCs with 22 ± 10 nm, but with a partial degree of agglomeration. 

Concerning the thermal sensing performance, Y2O3: 1.00% mol Nd3+, 0.50% mol 

Yb3+ NCs presented Sr around 0.50%.K-1 and dT ~ 0.40 K at physiological temperature, 

as well repeatability of 99.4% over 11 heating-cooling cycles. The synthesis method — 

whether the modified Pechini method or the two-step urea-based route — did not have an 

impact on these results. 

Hence, it is important to point out that further improvements in the NC synthesis 

are necessary since the results showed the nanomaterial is still not appropriate for the next 
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steps in biological tests yet. First, NC agglomeration is still a problem to be overcome. 

Applying a salt-matrix to heat-treat Y(OH)CO3.H2O was a promising strategy as it 

improved the dispersion state, but using more excess of NaCl to disperse better 

Y(OH)CO3.H2O NPs should be tested. Nonetheless, the major disadvantage of NaCl as a 

separating media is its lower melting point in relation to the temperature for a complete 

crystallization of Y2O3. In this way, for future works, some strategies that can be put into 

practice are: 1) to try at maximum to have individual Y2O3 NCs after calcination with 

more excess of NaCl and conduct a coating with amorphous silica for a second heat 

treatment at higher temperature (up to 1000°C); 2) to use K2SO4 as matrix via a 

microemulsion method to coat the Y(OH)CO3.H2O NPs and perform the thermal 

treatment at high temperature. This latter proposal derives from the work of Song et al.209, 

who applied a urea precipitation method to prepare YAG: Ce3+ NCs. The as-prepared 

precipitates were dispersed in K2SO4, which presents melting point of 1067°C, and 

calcined at 1000°C for 2h for crystallization, resulting in individual YAG: Ce3+ NCs of 

small size (~5 nm).  

Second, adjustments in the synthesis to surpass the agglomeration problem can 

contribute to the improvement of the signal-to-noise ratio of PL emission and, thus, 

minimize the parameter related to the uncertainty of LIR (VMNO
MNO

). This could lead to a 

significant reduction in thermal resolution in order to reach a target value at least below 

0.2 K. 

On the other hand, the lifetime approach to nanothermometry analysis should be 

considered for NCs of Y2O3 co-doped with Nd3+ and Yb3+. It consists of using the lifetime 

of excited states as a thermometric parameter, instead of LIR, and it requires the 

monitoring of only one PL transition. Since Y2O3 co-doped with Nd3+ and Yb3+ NCs offer 

different possibilities of PL emission peaks that evolve with temperature, it is worth 

testing this thermometry technique in order to find high Sr and better dT values. 

These optimizations are crucial to move forward to biological trials, but it should 

be noted that the primary outcomes attained in this thesis chapter lay the groundwork for 

producing small NCs of Nd3+ - Yb3+ co-doped Y2O3 as luminescent nanothermometers. 
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Chapter IV: A study of YAM: Nd3+ and YAM: Nd3+-Yb3+ as 

luminescent nanothermometers 

4.1  Introduction 

Belonging to the same Y2O3-Al2O3 binary system as YAG, yttrium aluminum 

oxide in its monoclinic structure (Y4Al2O9), commonly known as YAM, has garnered 

significant interest in the fields of materials science and nanotechnology. Although it is 

still less studied than its YAG counterpart, YAM is renowned for its remarkable thermal 

stability, with a high melting point of approximately 2000°C, low thermal conductivity 

of 3.50 W/m.K at 300K, wide bandgap of around 4.5 eV, and its ability to host various 

dopants 84,86,210,211. This latter feature is remarkably engaging since this oxide possesses 

four distinct crystallographic sites of yttrium, with C1 symmetry. This makes YAM a 

favorable candidate for vast doping assays with rare-earth ions, since they tend to replace 

yttrium ions 87. 

Owing to these key characteristics of YAM, some research has been being 

developed to investigate its spectroscopic properties when doped with different Ln3+ 

ions212–215. Moreover, the scientific community has also invested in studying Ln3+-doped 

YAM for cutting-edge technologies to keep pace with the demands of industry and 

academic research. This includes applications for light 87,216–218, displays 219,220, thermal 

barriers to provide thermal protection of metallic mechanical components 221–223, and 

fingerprint detection 224.  

Nevertheless, the use of lanthanide-doped YAM in nanothermometry is still very 

scarce. So far, it has been reported only one work by Boruc et al.85 of YAM crystals doped 

with Dy3+ for temperature sensing. By exciting the YAM: Dy3+ particles at 355 nm, the 

authors informed that accomplished an absolute thermal sensitivity (Sabs) more than 

0.30%.°C-1 in the range of 873 – 1073 K involving the LIR method between the emission 

lines at 455 nm and 481 nm. However, no further information on relative thermal 

sensitivity and thermal resolution was given. Besides that, another work conducted by 

Boruc et al.225 about the temperature dependence of YAM doped with Tb3+ crystals 

pointed out briefly the possible usefulness of employing the LIR method between the 

emission lines at 437 nm and 542 nm for temperature measurement above 700 K. No 

evaluation of the thermal performance was carried out though. In both works, the authors 
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stated that the crystals presented the shape of rods, whose dimensions (diameter and 

length) were in the order of millimeters. 

Usually, the synthesis of nanometric-sized YAM particles is dominated by the sol-

gel process (conventional211,213,226 and combined with a combustion process219,227,228), but 

other synthesis procedures have also been reported, such as high-temperature solid-state 

reaction (direct sintering of oxides) 220,229,230, co-precipitation associated with molten 

salt231, the modified Pechini method 84,86, and solvothermal synthesis followed by 

calcination 210,232. Still, controlling the size and the dispersion state of the NCs continues 

to be a relevant obstacle in the synthesis of YAM. 

In this chapter, a study of YAM doped with rare-earth ions for nanothermometry 

is built up, with the target to offer an overview of YAM: Nd3+ and YAM: Nd3+ - Yb3+ as 

nanothermometers, extending beyond the requirements for biological applications. By 

employing the modified Pechini synthesis, this work was split into two parts. First, the 

potential of YAM single-doped with Nd3+ was examined closely in terms of its structural 

and optical properties, and the optimal concentration of Nd3+ was defined. Building on 

this, the parameters relative to the thermal sensing performance were assessed, such as 

the relative thermal sensitivity, thermal resolution, and the reversibility of the 

thermometric parameter when the temperature returns to ambient levels. Then, the 

optimal Nd3+ concentration was fixed for a co-doping with Yb3+ in the second part, to 

verify its effect on the efficacy of temperature measurement. Lastly, a new synthesis 

method of YAM NCs via the two-step urea-based route was put forward.  

4.2  Experimental protocol 

4.2.1. Materials syntheses 

4.2.1.1. Modified Pechini method 

The syntheses of the Nd3+ doped and the Nd3+-Yb3+ co-doped YAM NCs were 

conducted by sticking to a protocol similar to that of YAG NCs presented in section 

2.2.1.1 of Chapter II for YAG: Nd3+-Yb3+, with one modification: the amount of D-

sorbitol used. Instead of the typical 3:2 mass ratio of D-sorbitol to citric acid, a proportion 

of 3 mols of D-sorbitol to 2 mols of citric acid was established, as done by Gomes et al.84 

and Gasparotto et al.86 previously. The Nd3+ content for single-doped YAM varied across 

concentrations of 0.33, 0.50, 0.67, 0.83, 1.00, and 1.50% mol relative to the total metals. 
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Subsequently, the concentration of Nd3+ that yielded the highest PL emission of YAM: 

Nd3+ was fixed, and Yb3+ was introduced at concentrations of 0.17, 0.50, 0.67, 1.00, 

1.50% mol.  

4.2.1.2. Two-step urea-based route 

To synthesize individual and dispersed YAM NCs, experiments were performed 

under solvothermal conditions in the course of this work, utilizing a method comparable 

to that applied for YAG, as described in Chapter II. The stoichiometric concentrations 

of the precursors were adjusted for YAM, and different pressures and temperatures were 

tested. Despite these efforts, no YAM was successfully produced, confirming previous 

observations 158. 

Herein, a novel synthesis route, analogous to the two-step urea-based route of 

Y2O3, is proposed for YAM. The synthesis of Nd3+ single-doped YAM by this procedure 

involved the dissolution of Y(NO3)3.6H2O (Acros organics, ³ 99.9%), Al(NO3)3.9H2O 

(Riedel-de-Haën, 98.5%), Nd(NO3)3.6H2O (Sigma-Aldrich, ³99.9%), and urea (Sigma-

Aldrich, > 99%) in distilled water in separated flasks at room temperature. The aqueous 

solutions were mixed under stirring, followed by the addition of 1,4-butanediol (Thermo 

Scientific, 99.0%) to achieve a final volume of 100 ml. This mixture was transferred to a 

120-ml autoclave and heated in an oven for 24h. The resulting powder was centrifuged 

three times (7800 rpm, 15 minutes) with ethanol to remove the byproducts and then dried 

at 60°C/2h. Finally, the dried powder was heat-treated in a tubular furnace under flowing 

O2 (10 ml.min-1) at 1000°C for 1 hour, with a heating rate of 10°C.min-1. 

In this study, various experimental conditions were tested: the amount of yttrium 

ranged from 2.50 to 7.50 mmol.L-1, urea from 0.10 to 0.50 mol.L-1, reaction temperature 

from 70 to 85°C, 1,4-butanediol from 0 to 80% in volume, and the pH of the precursor 

solution was altered with NH3 addition. The aluminum concentration was kept 

stoichiometric relative to yttrium (molar ratio Y: Al equal to 4:2), and the Nd3+ amount 

was singled out based on the results of the modified Pechini method. 

4.2.2. Characterization techniques 

All characterization measurements concerning XRD, HR-XRD, TEM, FE-SEM, 

FTIR, PL emission, and PL (T) of YAM: Nd3+ and YAM: Nd3+ - Yb3+ samples were 

conducted as detailed in topic 2.2.2 of Chapter II.  
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Raman spectrum was acquired using a Horiba LabRAM HR Evolution Raman 

spectrometer located at LabMic – Universidade Federal de Goiás in Goiânia (Brazil). The 

spectrum was collected in the 150 – 1500 cm-1 range, using a 633–nm line of a HeNe 

laser. This analysis was made on ground and undoped YAM powders. 

4.3  Results and discussion 

4.3.1. YAM synthesized by the modified Pechini method: synthesis 

and nanothermometry analysis 

4.3.1.1. Nd3+ single-doped YAM nanocrystals 

Seven YAM samples doped with Nd3+ concentrations ranging from 0.33 to 1.50% 

mol relative to the total metals were first synthesized by the modified Pechini method. 

The Nd3+ amounts in molar percentage along with the associated chemical formula are 

tabulated in Table 10. 

Table 10. Concentration of Nd3+ in % mol in relation to all metals, and the corresponding chemical 

formulas. 

Y4Al2O9: Nd3+ 

Nd3+ 
0.33% mol 0.50% mol 0.67% mol 0.83% mol 1.00% mol 1.50% mol 

Y3.98Nd0.02Al2O9 Y3.97Nd0.03Al2O9 Y3.96Nd0.04Al2O9 Y3.95Nd0.05Al2O9 Y3.94Nd0.06Al2O9 Y3.91Nd0.09Al2O9 
 

The high-resolution diffractograms of all single-doped samples matched the 

standard reference for YAM contained in PDF 04-013-3313 (Figure 59.(a)). No 

impurities were detected with the increasing of Nd3+ doping, indicating the successful 

replacement of Y3+ by the dopant. By applying the Le Bail fit method on HR-XRD 

patterns (Figure S4 in Appendix), the evolution of the cell parameters a, b, and c as a 

function of Nd3+ concentration is displayed in Figure 59.(b) (see the exact values in 

Table S2 in Appendix). As more Nd3+ ions are inserted into the YAM structure, all the 

three lattice parameters present an increase, expanding the unit cell. Since the ionic radius 

of Nd3+ (0.983Å in six-fold coordination) is larger than the one of Y3+ (0.900Å and 0.960 

Å in six-fold and seven-fold coordination, in the respective order), it causes a slight 

expansion of the crystallographic lattice 128. Kumar et al.219 and Liu et al.217 reported a 

similar trend in their works with YAM doped with Er3+ and Eu3+, respectively. However, 
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the former authors observed a logical contraction in the lattice as Er3+ possesses ionic 

radius of 0.890 Å for six-fold and 0.945 Å for seven-fold coordination 128.  

In addition, one can notice in Figure 59.(b) there is a linear evolution of each 

parameter as Nd3+ concentration increases, following Vegard’s law. Basically, it 

corresponds to a linear dependence between the lattice parameter and the concentrations 

of the constituents of the crystalline structure, in the case of a solid solution. 

Consequently, it means a homogeneous incorporation of Nd3+ ions into the 

crystallographic sites of Y3+ in YAM crystalline matrix, regardless of the doping 

concentration up to 1.50% mol. 

On the other hand, the Nd3+ concentration does not affect the coherence length 

calculated by the Le Bail fit. Indeed, the Lc remains nearly constant at around 45 nm 

(Figure 59.(c)), whatever the doping concentration, and it pairs well the NC size 

visualized by TEM. This means that YAM is formed by NCs with high crystal quality, 

but they agglomerate due to the coalescence effect caused by the heat treatment at 1000°C 

(Figure 59.(d)). Additionally, the NC size obtained here is smaller than those published 

by Gasparotto et al.86 for YAM: Eu3+ (86 nm – calcination at 1000°C) and Gomes et al.84 

for YAM: Yb3+ - Ho3+ - Tm3+ (80 nm – calcination at 1100°C), using the same modified 

Pechini method. 
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Figure 59. (a) HR-XRD of YAM doped with different concentrations of % mol Nd3+. (b) Evolution of 

the cell parameters a, b, and c, and (c) coherence length (Lc) with the Nd3+concentration. (d) TEM image 

of YAM: 0.83% mol Nd3+. 

The chemical bonds of YAM were analyzed using FTIR and Raman spectroscopy 

(Figure 60). In the low-energy region below 275 cm-1 of the Raman spectrum, the 

translatory motions of Y3+, Nd3+ and Al3+ ions take part in vibrations. In the 275 to 406 

cm-1 range, the Raman spectrum is dominated by bands correlated to the translation and 

rotation of AlO4 units, as well as the translation, librational and bending vibrations of Y-

O polyhedra. From 450 to 900 cm-1 in both FTIR and Raman spectra, stretching modes 

of Y-O and Al-O are observed. Specifically, in the FTIR spectrum, the bands at 515, 557 

and 711 cm-1 (also Raman-active) are ascribed for Y-O linkages whereas the ones at 792, 

875, and 900 cm-1 for Al-O bonds. The other bands above 900 cm-1 are related to chemical 

bonding from the remaining organics of the synthesis, such as C-O at 1288 cm-1, COO- at 

1515 cm-1, NH2 at 1646 cm-1, hydroxyl groups in the surroundings of 3000 cm-1 
87,147,228,233–235. These organic residues are due to the brevity of the calcination (10 

minutes) to limit the growth of YAM NCs. 

Concerning the phonon energy of YAM crystalline host matrix, the cutoff is 

defined as the mode at the highest energy frequency in the Raman spectrum. Therefore, 

it corresponds to 812 cm-1, which lines up well with the works of Boruc et al. (813 cm-

1)85, and Lemański et al. (814 cm-1)234. The broad band at 1081 cm-1 is due to CO32- species 
217. Notice that compared to the other two oxides studied in this thesis, the phonon energy 

is higher than that of Y2O3 (600 cm-1), but slightly lower than that of YAG (856 cm-1) 
25,89 . 
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Figure 60. (a) Raman and (b) FTIR spectra of YAM doped with 0.83% mol Nd3+. 

The PL emission of each YAM: Nd3+ sample was investigated under irradiation 

with NIR light at 808 nm at room temperature. Upon excitation, the electrons are elevated 

to the excited levels 4F5/2, 2H9/2, followed by a fast non-radiative transition to the excited 

state 4F3/2. Several PL peaks emerged in the ranges of 860 - 950 nm and 1020 - 1140 nm, 

relative to the transitions from the excited state 4F3/2 to the levels 4I9/2 and 4I11/2 (Figure 

61.(a)). A simple energy level scheme of Nd3+ in YAM is displayed in Figure 61.(b). 

Based on the total integrated area of each PL spectrum, the effect of Nd3+ concentration 

on the PL intensity was evaluated. The overall intensity increased with Nd3+ doping, 

reaching a maximum for 0.83% mol Nd3+ (Figure 61.(c)). Beyond this optimal 

concentration, the PL quenching was noted, mainly due to energy migration (4F3/2, 4I9/2 

® 4F3/2, 4I9/2), and cross-relaxation processes (4F3/2, 4I9/2 ® 4I15/2, 4I15/2)54.   

This result demonstrated that YAM permits higher Nd3+ doping levels before the 

PL concentration quenching occurs, compared to YAG (0.50% mol Nd3+) and Y2O3 

(0.25% mol Nd3+) synthesized via the modified Pechini method as reported by Barbosa 

et al. 64. This might be due to the YAM structure, as there are four different 

crystallographic sites of yttrium, linked to oxygens at different distances, where Nd3+ 

could replace Y3+. Nonetheless, which yttrium site Nd3+ ions exactly occupy is still an 

open question. Ryba et al.226 concluded with PL emission measurements at 10K that the 

surroundings of Nd3+ are nearly the same, suggesting that Nd3+ ions possibly enter in one 

type of site among the four existing ones. Since the position and splitting of the 4f levels 

are directly related to the coordination number and the average distance of the central ion 

and the surrounding oxygen atoms, this uncertainty about the location of Nd3+ in YAM 
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hinders the construction of its energy level diagram with the exact assignments of the 

energy positions for each Stark component.  

   

 

Figure 61. (a) PL emission spectra of YAM doped with different concentrations of % mol Nd3+, (b) 

Simple energy-level diagram of Nd3+ in YAM, and (c) Integrated area of PL spectrum of YAM: Nd3+ as a 

function of % mol Nd3+. 

For nanothermometry analysis, the PL(T) measurement was performed on the 

powdered sample of YAM: 0.83% mol Nd3+ — the optimized Nd3+ composition —, using 

the same experimental procedure as described in section 2.2.2 in Chapter II for YAG: 

Nd3+-Yb3+.  The temperature dependence of PL emission spectrum is shown in Figure 

62.(a). In the case of single emitting center materials, the luminescence temperature 

sensing can be done through the exploitation of LIR between two emission peaks due to 

radiative transitions from two TCLs. This temperature dependence is modeled by 

Boltzmann’s law, given by LIR	(T) = 	Bexp E&∆(
)#*

F (equation 3 in Chapter I). Here, DE, 
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kB, T, and B stand for the energy gap between the two TCLs, the Boltzmann constant, the 

temperature in Kelvin, and a constant, respectively. It is important to mention that this 

modelling is valid provided that 200 ≤ DE ≤ 2000 cm-1. When working outside this range, 

any nanothermometer can lead to distorted thermal readout 236. 

An upside of the PL spectrum of YAM: Nd3+ is its composition of diverse PL 

peaks stemming from the Stark effect. Since the number of Stark components is 

dependent on the local ion symmetry, the YAM structure gives several possibilities for 

LIR exploitation. By looking into them in the PL(T) spectrum, especially the emission 

lines in respect of the transition 4F3/2 ®  4I11/2, the pairs formed by the peak at 1049 nm 

with one of the Stark sublevels centered at 1080 nm, 1084 nm, and 1100 nm provided 

thermal behaviors that are well-described by Boltzmann’s law. Notably, the Stark line at 

1049 nm rises as the temperature augments, whereas the other ones drop, hinting the 

nonradiative thermalization occurs faster than any depopulation channel of the involved 

excited levels. Moreover, the range referred to the transition 4F3/2 ®  4I9/2 was ruled out 

of this analysis, because unreliable results of thermal sensing could be obtained due to 

the low intensity of the peaks. Lastly, even though the peak at 1055 nm is the most intense, 

it was checked that no LIR with this peak follows Boltzmann’s law. 

Thus, Figure 62.(b) unveils the evolution of LIR as a function of temperature in 

a graph of ln (LIR) versus 1/Temperature (in K-1) for ratios of I1049/I1080, I1049/I1084, and 

I1049/I1100. Each ratio was calculated between integrated intensities after converting the PL 

spectrum from wavelength-dependent to wavenumber-dependent. The experimental data 

were accurately fitted by the Boltzmann formula, resulting in calibration curves of 

LIR(T), with R² above 0.996. From these calibration curves, the energy gap could be 

estimated for each ratio of TCLs (hereafter referred to as DEcalc) and compared with the 

energy difference measured between the barycenter of the peaks in the PL emission 

spectrum (DEexp). All these outcomes are summarized in Table 11. There is a good 

alignment between DEcalc and DEexp for LIR = I1049/I1084, suggesting that the emissions 

originate from the two distinguished Stark multiplets of 4F3/2 to the same sublevel of 4I11/2. 

On the other hand, DEcalc and DEexp become divergent for the other two pairs of peaks, 

which implies that the emission lines at 1049 nm, 1080 nm, and 1100 nm possibly derive 

from the different Stark sublevels of 4F3/2 and decay to different Stark sublevels of 4I11/2. 
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Figure 62. (a) PL emission spectrum as a function of temperature of YAM: 0.83% Nd3+and (b) 

Calibration curves obtained of LIR formed by the peaks at 1049 nm and 1080 nm, 1084 nm, and 1100 nm 

over the thermal range. The errors associated with ln (LIR) are in the order of 10-3 and thus, the error bars 

became too small to be displayed in the figure. 

Table 11. Calibration curves, energy difference between TCLs extracted from the calibration curves 

(DEcalc) and from the PL emission spectrum (DEexp) for each LIR. R² is the statistical value attesting a 

good fitting of the points. 

Ratio Calibration curve DEcalc DEexp R² 

I1049/I1080 LIR(T) =2.085 exp(-480.606/T) 334.03 273.63 0.999 

I1049/I1084 LIR(T) =2.226 exp(-431.789/T) 300.11 307.80 0.998 

I1049/I1100 LIR(T) =2.863 exp(-349.151/T) 242.67 441.98 0.997 
 

The Sr values were calculated according to the equation 5 of Chapter I, S.(T) =
W(
)#*!

, for each ratio across the temperature range, as presented in Figure 63.(a). The LIR 

between the PL lines at 1049 nm and 1080 nm yielded a higher sensitivity to the 

temperature changes, with a maximum Sr of 0.54%.K-1 at room temperature (~298 K), 

and 0.50%.K-1 at body temperature (~309 K). In contrast to the studies of inorganic host 

matrices single-doped with Nd3+, particularly those also working with Stark sublevels of 
4F3/2 ® 4I11/2, the relative thermal sensitivity of YAM: Nd3+ is superior. This includes 

other oxides such as YAG: Nd3+ (0.16 %.K-1 at 308 K)64, Y2Ge2O7: Nd3+ (0.29%.K-1 at 

308 K)64, and Y2O3: Nd3+ (0.43 %.K-1 at ~298 K)61, as well as fluorides like NaYF4: Nd3+ 

(0.13%.K-1 at 308 K)65, and LiLuF4: Nd3+ shelled with undoped LiLuF4 (0.48%.K-1 at 298 

K)41. The other luminescence ratios also unveiled competitive thermal responses, such as 
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0.49%.K-1 and 0.40%.K-1 at room temperature (~298 K), and 0.45%.K-1 and 0.36%.K-1 

at physiological temperature (~309 K), for LIR of I1049/I1084 and I1049/I1100, respectively. 

Such a good result for a simple Nd3+-based nanothermometer, that is, without 

considering co-doping with other rare-earth ions or even a more complex core-shell 

engineering, can be explained based on the YAM structure. It is composed of several Y-

O bonds, whose average length lies around 2.28 ~ 2.38 Å, depending on the yttrium 

site237,238. For being relatively short, namely than the Y-O bonds in YAG (2.40 ~2.42 

Å)239,240, this brings a more covalent nature to the Y-O linkages of YAM, which directly 

influences the thermal sensitivity. According to a study led by Maciejewska et al.241, the 

authors made a conclusion that the shorter the metal-oxygen bonds, the higher the 

covalency degree, and the larger the energy gap between the thermally coupled excited 

states. Since the Sr is directly proportional to DE, it leads to an improvement in the 

thermal response. Moreover, the nature of the bonds also has an impact on the non-

radiative coupling rates of the two excited levels. These rates will be more intense whether 

the degree of covalency of metal-oxygen is also high, sustaining the Boltzmann 

equilibrium242. 

This result about YAM illustrates well why Nd3+ single-doped YAM performed 

better even though this host has a higher phonon energy of 812 cm-1 in respect of fluorides 

(~350 cm-1) and comparable to YAG (835 cm-1) 25. In another work conducted by Suo et 

al. 78, they compared the relative thermal sensitivity of three different Er3+-Yb3+ co-doped 

host matrices: YF3 (yttrium fluoride), YOF (yttrium oxyfluoride), and Y2O3. In spite of 

the latter possessing higher phonon energy (566 cm-1) relative to the other ones (353 cm-

1 for YF3, and 482 cm-1 for YOF), Y2O3: Er3+ - Yb3+ presented a Sr of 0.85%. K-1 against 

to 0.60%. K-1 of YOF: Er3+ - Yb3+ and 0.27%. K-1 of YF3: Er3+ - Yb3+. The explanation 

lies in the higher bond covalency of Y2O3 in comparison with that of YOF and YF3, in 

this order. 

Thus, when designing a nanothermometer, the selection of the host goes beyond 

its phonon energy. Bond lengths, covalency, and local symmetry must be taken into 

account, since they affect the energy, splitting, and overlapping of the electronic states 

involved in the absorption and luminescence spectra, and the probability of interionic 

energy transfer. In the end, this can be decisive in the thermal performance of the 

material241,243. 
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Figure 63.(b) displays the thermal resolution as the second figure of merit 

evaluated in this work, calculated using the formula dT = "
X%
EY0%1
0%1

F (equation 6 in 

Chapter I). Notice that better dT values are accomplished by using LIR = I1049/I1080, with 

δT = 0.3 K at physiological temperature (~309 K). This can be credited to the higher Sr 

obtained with this ratio relative to the others, as shown in Figure 63.(a). The other 

parameter that impacts dT, Y0%1
0%1

 , remained around 0.11% ~ 0.30%. So, small differences 

of temperature will be able to be detected as long as Y0%1
0%1

 is decreased by enhancing the 

signal-to-noise ratio of PL of YAM: 0.83% mol Nd3+ 244. However, the δT determined 

here aligns with the published literature on inorganic hosts doped with Nd3+ 41,61,66,176. 

  

Figure 63.(a) Sr and (b) δT of YAM: 0.83% mol Nd3+ as a function of temperature. Both thermal 

parameters were calculated for the LIR of I1049/I1080, I1049/I1084, and I1049/I1100. 

Lastly, the repeatability was checked over 11 heating-cooling cycles for each LIR, 

extending from 297 K to 328.6 K. By using the intensity ratio between 1049 nm and 1080 

nm peaks, one has not only the highest relative thermal sensitivity and the best thermal 

resolution, but also the best repeatability, computed as 97.1% (Figure 64.(a)). This 

indicates that there is a deviation of 2.9% of the temperature measured experimentally 

(e.g. with a thermocouple) in relation to the one extracted from the calibration curve. This 

deviation slightly increases to 4.9% when using the LIR of 1049 nm over 1084 nm, 

meaning that the repeatability is 95.1% (Figure 64.(b)). On the other hand, there is a lack 

of reliability for LIR = I1049/I1100 because this ratio provided the poorest repeatability: 

91.8% (Figure 64.(c)). The decrease in repeatability when using peaks of 1049 nm with 

1084 nm or 1100 nm may be related to their lower PL intensities. 
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Figure 64. Measurement of LIR over 11 heating- cooling cycles of YAM: 0.83% mol Nd3+ for LIR equal 

to (a) I1049/I1080, (b) I1049/I1084, and (c) I1049/I1100. 

In summary, YAM has shown to be an interesting host for embedding Nd3+ ions for 

nanothermometry thanks to its specific structure. Even if the Stark sublevels were held 

for applying the LIR approach, good thermal response can be obtained depending on the 

pair of luminescence intensities considered. In the sequence, the introduction of Yb3+ 

together with Nd3+ is presented in order to check how this co-doping affects the thermal 

sensing. 

4.3.1.2. Effect of Yb3+ co-doping 

A series of YAM: Nd3+ - Yb3+ samples was produced using the modified Pechini 

method. The previously optimized Nd3+ concentration was kept constant at 0.83% mol 

whereas the Yb3+ amount varied across five different concentrations: 0.17, 0.50, 0.67, 

1.00, and 1.50% mol. In Table 12, the molar percentage of Yb3+ corresponding to the 

chemical formulas are summarized. 
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Table 12. Concentration of Yb3+ in % mol in relation to all metals and the corresponding chemical 

formulas. The content of Nd3+ was set constant at 0.83% mol for all compounds. 

Y4Al2O9: Nd3+-Yb3+ 

Yb3+ 
0.17% mol 0.50% mol 0.67% mol 1.00% mol 1.50% mol 

Y3.94Nd0.05Yb0.01Al2O9 Y3.92Nd0.05Yb0.03Al2O9 Y3.91Nd0.05Yb0.04Al2O9 Y3.89Nd0.05Yb0.06Al2O9 Y3.86Nd0.05Yb0.09Al2O9 
 

By examining the HR-XRD in Figure 65.(a), the pure phase of YAM was 

obtained for all samples according to the reference PDF 04-013-3313, without any 

evidence of formation of other phases or contamination. According to the Le Bail fit 

method on the HR-XRD patterns (Figure S5 in Appendix), a contraction of the unit cell 

is observed, indicated by the linear decrease of the cell parameters, as more Yb3+ ions 

replace yttrium (in perfect agreement with Vergad’s law Figure 65.(b)) (see the exact 

values in Table S3 in Appendix). The presence of Yb3+ tends to cause this type of 

contraction since its ionic radius is smaller than the ones of yttrium. When coordinated 

with six oxygens, the ionic radii of Yb3+ and Y3+ are 0.868 and 0.900 Å, respectively. In 

seven-fold coordination, these ionic radii are 0.925 Å for Yb3+ and 0.960 Å for Y3+ 128.   

On the other hand, the dopants do not affect the average size of single crystal 

domains (Lc), as it remained constant at around 48 nm for all Nd3+ - Yb3+ concentrations 

(Figure 65.(c)). Additionally, the coherence length matches very well the size observed 

in FE-SEM images, indicating the formation of high quality single-crystals, similar to the 

Nd3+-doped NCs presented earlier. As was the case for YAG: Nd3+-Yb3+ and Y2O3: Nd3+-

Yb3+ synthesized by the modified Pechini method, the YAM NCs coalescence during the 

thermal treatment at high temperature, forming large agglomerates (Figure 65.(d)) 
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Figure 65. (a) HR-XRD of YAM doped with 0.83% mol Nd3+ and different concentrations of % mol 

Yb3+,(b) Evolution of cell parameters a, b, and c and (c) coherence length (Lc) with the Yb3+ 

concentration, (d) FE-SEM image of YAM: 0.83% mol Nd3+, 0.17% mol Yb3+. 

Upon excitation at 808nm, the levels 4F5/2, 2H9/2 of Nd3+ are populated. This 

process is followed by a rapid non-radiative relaxation, which then populates the state 
4F3/2. From this excited level, radiative transitions of Nd3+ are observed in all samples in 

the ranges 860 – 950 nm (4F3/2 ® 4I9/2) and 1032 – 1140 nm (4F3/2 ® 4I11/2), besides the 

emission peaks in the range of 955 – 1032 nm (2F5/2 ® 2F7/2) from Yb3+ (Figure 66.(a)). 

Even for a low content of Yb3+, the presence of its PL emission lines is clear evidence 

that Nd3+ transferred part of the harvested energy to Yb3+ non-radiatively, enabling its 

emission. The essential features of the kinetics of the Nd3+ - Yb3+ energy transfer can be 

illustrated by considering the simplified energy-level system depicted in Figure 66.(b). 

Overall, as more Yb3+ ions are inserted into the matrix, the lower is the 

contribution of Nd3+ in emission spectrum. Furthermore, the emission peaks are broad 

and become poorly resolved for higher Yb3+ content. This is because this Ln3+ can occupy 

any of the four crystallographic sites of yttrium in YAM and thus, presents transitions 

mediated by both electric-dipole induced and magnetic-dipole, as pointed out by Kaczkan 

et al.44. Moreover, the same study revealed that the energy positions of each Stark sublevel 

of the states 2F5/2 and 2F7/2 differ for each yttrium site. Bearing this in mind, Yb3+ located 

in different sites end up emitting at slightly different wavelengths, causing an overlap of 

several emissions and resulting in the broadening of the peaks. 

The energy gap between the excited states 4F3/2 and 2F5/2 of Nd3+ and Yb3+, 

respectively, varies according to where Yb3+ is located. As per the published 

literature44,226, the lowest crystal field level of 4F3/2 of Nd3+ is 11431 cm-1, and the highest 
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Stark component of 2F5/2 of Yb3+ varies from 10986 to 11255 cm-1, so the energy 

mismatch extends from 176 to 445 cm-1. Such values of energy mismatch indicate that 

the energy transfer Nd3+ ® Yb3+ might be resonant, like in YAG: Nd3+ - Yb3+ and Y2O3: 

Nd3+ - Yb3+. However, further investigation is necessary to confirm this, such as checking 

of the overlap between the emission and absorption spectra of YAM: Nd3+ and YAM: 

Yb3+, respectively.  

For the analysis of PL (T) and the evaluation of YAM: Nd3+-Yb3+ NCs as a 

nanothermometer, the criteria adopted was to pick the sample that presented the highest 

PL integrated area. Therefore, based on the integrated PL intensities shown in Figure 

66.(c), the sample co-doped with 0.83% mol Nd3+ and the lower amount of Yb3+, that is, 

0.17% mol Yb3+, was chosen. Note that this sample also exhibited better resolved PL 

peaks of both rare-earth ions 

  
850 900 950 1000 1050 1100 1150

1.50% mol Yb3+

1.00% mol Yb3+

0.67% mol Yb3+

0.50% mol Yb3+

 

 

N
or

m
al

iz
ed

 in
te

ns
ity

Wavelength (nm)

4I9/2 4F3/2 2F7/2 
2F5/2 

4I11/2 4F3/2 

0.17% mol Yb3+

a) b) 



119 
 

 

Figure 66.(a) PL emission spectra of YAM co-doped with 0.83% mol Nd3+ and different concentrations 

of % mol Yb3+, (b) Simplified energy level scheme of Nd3+ and Yb3+, (c) Integrated PL area as a function 

of % mol Yb3+. 

As displayed in Figure 67.(a), there is gradual decrease in PL intensity of Nd3+ 

and Yb3+ emissions as temperature rises from 297.5K (ambient temperature) to 329.1 K. 

This can be induced by the intensification of the lattice vibration due to the temperature, 

which in turn enhances the lattice relation mode of the luminescent centers, thereby 

favoring the probability of non-radiative transitions. Conversely, the temperature may 

trigger an essential change of the state of the luminescent centers or their local 

surroundings, causing this general PL quenching 216. To figure out which emission lines 

can be used to apply the LIR approach in nanothermometry, all the possibilities of ratio 

formed by a peak from Nd3+ over another one from Yb3+ were analyzed through the linear 

fitting of LIR (T) versus temperature, following the form LIR(T) = aT + b, with a and b 

as constants. 

Two options of LIR composed of PL intensities from Nd3+ and Yb3+ come up with 

a good correlation of LIR with temperature: I1049/I976 and I1049/I1029, where the emission 

peak at 1049 nm refers to Nd3+, and the ones at 1029 nm and 976 nm derive from Yb3+. 

Both fittings of LIR versus temperature provided R² above 0.985, as presented in Figure 

67.(b) along with the corresponding calibration curves. These two luminescence ratios 

exhibit this thermal behavior because, although the Nd3+ and Yb3+ emissions decline with 

rising temperature, the thermal dependence of the PL intensity at 1049 nm is lower than 

the ones from Yb3+ at 976 nm and 1029 nm. Hence, this allows for Nd3+ intensity to serve 

as an internal reference to monitor Yb3+ emission according to the temperature.  
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Additionally, note that the thermal behavior of PL intensity at 1049 nm is opposite 

to what occurs in Nd3+ single-doped YAM; it reduces instead of rising when temperature 

is augmented. This is because the presence of Yb3+ suppresses the Boltzmann’s 

equilibrium between the Stark sublevels of 4F3/2 from Nd3+. Indeed, by narrowing the 

analysis only to Nd3+ intensities, no pairs of Nd3+ radiative peaks resulted in LIR that 

correlates well with temperature, even when considering the same ratios for YAM: 0.83% 

mol Nd3+. 

  

Figure 67. (a) PL(T) spectra of YAM: 0.83% mol Nd3+ and 0.17% mol Yb3+, (b) LIR vs temperature for 

ratios I1049/ I1029 and I1049/I976. The error bars of LIR are in the order of 10-3, which are too small to show 

up in the figure. 

Figure 68 shows the relative sensitivity to the temperature (a), and the thermal 

resolution (b) of YAM: Nd3+-Yb3+ calculated by employing the two luminescence 

intensity ratios in S. =
"
0%1

|/0%1
/*
|  and dT = "

X%
EY0%1
0%1

F, respectively. Better results are 

achieved if LIR is I1049/I976, with maximum Sr = 0.48%.K-1 at room temperature, and δT 

between 0.3 and 0.4 K across the established temperature range. Nonetheless, the 

maximum thermal sensitivity drops to 0.36%.K-1 whereas the thermal resolution 

fluctuates between 0.3 and 0.7 K for LIR I1049/I1029. Presumably, owing to the fact that 

Yb3+ can emit from different sites, causing the broadening of peaks, there might be an 

influence of one PL intensity on another one that reflects on the thermal efficiency. 

Additionally, the peak at 1029 nm is less intense than the one at 976 nm, exhibiting, thus, 

a lower signal-to-noise ratio, which contributes to high values of thermal resolution. 

It is worth noting that the Sr did not improve with the presence of Yb3+ in the case 

of YAM, contrary to what occurs in other oxides, such as Y2O3, YAG, YBO3 and 

850 900 950 1000 1050 1100 1150
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

I1049

In
te

ns
ity

 (V
)

Wavelength (nm)

 297.5 K
 303.0 K
 308.7 K
 314.3 K
 320.3 K
 325.4 K
 329.1 K

4I9/2 4F3/2 2F7/2 2F5/2 4I11/2 4F3/2 

I1029

I976

I1080

295 300 305 310 315 320 325 330
0.3

0.4

1.0

1.2

1.4

1.6

LIR (T) = 4.265E-3T - 0.0826
R² = 0.986

I1049/I976

I1049/I1029

 

 

LI
R

Temperature (K)

LIR (T) = 2.055E-3T - 0.183
R² = 0.985

a) b) 



121 
 

Y3BO457. This observation is based on a study that employed the same strategy to select 

the content of Nd3+ and Yb3+, similar emission peaks for LIR, and the same synthesis 

method 57. As seen in the previous section, the maximum Sr of YAM: Nd3+ was found as 

0.54%.K-1, which is very close to Sr = 0.48%.K-1 when Yb3+ is embedded into YAM 

along with Nd3+. However, the detailed treatment of the kinetics between Nd3+ and Yb3+ 

in YAM with the corresponding temperature dependence is complex. The strength of their 

coupling is very dependent upon the lattice sites of the two ions, and YAM possesses 

multiple different crystallographic sites, unveiling distinguished couplings for different 

Nd3+ - Yb3+ pairings. Therefore, for a better understanding of the dynamics between Nd3+ 

and Yb3+ in YAM and its influence in the efficiency in thermal sensing, further 

investigation is required. 

  

Figure 68. (a) Sr and (b) δT of YAM: 0.83% mol Nd3+, 0.17% mol Yb3+ for LIR of I1049/I1029 (pink 

symbols) and I1049/I976 (dark green symbols). 

4.3.2. The two-step urea-based route: an alternative way of 

synthesizing YAM nanocrystals 

As reported in previously published research, nanosized YAM particles can be 

produced by different routes, among which the sol-gel procedure is mainly 

implemented211,213,219,226–228. In this section, a novel method to obtain YAM NCs is 

proposed, based on the analogous two-step process presented for Y2O3 in Chapter III, 

section 3.2.1.2. To recall it, the process is divided into two parts: the synthesis of an 

amorphous phase under solvothermal conditions and a final heat treatment. For YAM, 

the first step concerns the reaction of anions CO32- and OH-, produced by the 

decomposition of urea under controlled temperature (70°C ~ 90°C), with Y3+ and Al3+ 

cations, resulting from the hydrolysis of yttrium nitrate and aluminum nitrate, 
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respectively. The as-obtained product is then heat-treated above crystallization 

temperature of YAM, which is around 800°C 245. 

For the first step, some experiments were run by changing the precursor quantities 

(urea, yttrium, and aluminum), reaction temperature, and the inclusion of 1,4-butanediol 

as an organic co-solvent to verify which effect these parameters would have on the 

characteristics of the as-obtained product. No dopants were considered primarily, and the 

tested conditions are summarized in Table 13. Apart from them, it was also tested to 

adjust the pH of the reactant solution before going through the solvothermal synthesis. It 

was noted that the solution containing only yttrium and urea presented a pH of 5.6, but it 

dropped to 3.6 ~3.8 when aluminum was included. So, conditions 7 and 8 of Table 13 

were applied in another round with the pH adjustment to 6.0 ~7.2, by adding an aqueous 

solution of NH3. 

Table 13. Conditions tested to synthesize YAM through the two-step urea-based process. 

Condition 
Urea 

(mol.L-1) 

Y(NO3)3.6H2O 

(mmol.L-1) 
Al(NO3)3.6H2O 

(mmol.L-1) 

Reaction 

temperature 

(°C) 

1,4-

butanediol 

(% vol.) 

1 0.05 7.50 3.75 70 30 

2 0.10 2.50 1.25 80 80 

3 0.20 2.50 1.25 80 80 

4 0.20 7.50 3.75 70 50 

5 0.20 7.50 3.75 80 0 

6 0.20 7.50 3.75 80 50 

7 0.20 7.50 3.75 85 50 

8 0.20 7.50 3.75 85 80 

9 0.50 7.50 3.75 85 80 

 

Despite all the modifications of the experimental conditions, the as-obtained 

product always exhibited an amorphous nature. Taking condition 9 of Table 13 as an 

example, this is confirmed by the XRD shown in Figure 69.(a). Moreover, the 



123 
 

morphology resembling a continuous and interconnected network of NPs was also 

observed for all as-obtained samples. Note that this morphology is quite distinct from the 

amorphous as-obtained product for yttria case (Y(OH)CO3.H2O), as depicted in Figure 

47.(b) in Chapter III. However, the primary particle of a few nanometers in size appears 

less interconnected when 50% in volume of 1,4-butanediol is added to the reactant 

solution while the other synthesis parameters are kept constant. One finds the FE-SEM 

image for 0% (condition 5 in Table 13) and 50% vol. of 1,4-butanediol (condition 6 in 

Table 13) in Figure 69.(b) and (c), respectively. This change comes from the ligand 

effect and the high viscosity of 1,4-butanediol as previously discussed in section 3.3.3.1 

in Chapter III for yttria synthesis. By introducing more 1,4-butanediol (80% in volume), 

using more precursor quantities, and conducting the solvothermal synthesis at 85°C 

(condition 9 in Table 13), the morphology of the as-obtained sample presents even less 

agglomerated primary particles among all samples (Figure 69.(d)). Hence, in the 

continuity of this study, the condition 9 was adopted for doping with 0.83% mol of Nd3+ 

— the concentration that provided the highest PL emission based on the modified Pechini 

synthesis — and posterior heat treatment at 1000°C for 1 hour under O2 flux for YAM 

crystallization.  
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Figure 69. (a) XRD, and FE-SEM images of the amorphous as-obtained product for (b) 0, (c) 50, and (d) 

80% in vol. of 1,4-butanediol as co-solvent. 

According to the indexation of HR-XRD to the reference PDF 04-013-3313, pure 

YAM was yielded after calcining the as-obtained amorphous sample (condition 9) at 

1000°C/1h, without any traces of secondary phases (Figure 70.(a)). The cell parameters 

along with the coherence length were estimated through the Le Bail Fit on the HR-XRD 

and are tabulated in Table 14. The values corresponding to the cell parameters are 

comparable to the ones calculated for YAM synthesized by the modified Pechini method 

with the same doping content (see Table S2 in Appendix). 

Figure 70.(b) presents the TEM image of YAM: Nd3+, revealing NCs, but with 

some degree of agglomeration owing to the high-temperature heat treatment. The size, 

estimated from over 130 particles across different TEM images, averages 38 ± 10 nm, 

which closely aligns with Lc = 36 ± 1 nm (Figure 70.(c)). In addition, the HR-TEM 

highlights the sample’s excellent crystallinity, showcasing the (122) crystallographic 

planes corresponding to the most intense peak at 29.62° in the X-ray diffraction pattern. 

These findings clearly demonstrate the high crystal quality of YAM NCs synthesized via 

the two-step urea-based route. 
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Figure 70.(a) HR-XRD, (b) TEM, (c) size distribution of NCs based on TEM, and (d) HR-TEM of 

YAM: 0.83% mol Nd3+ synthesized by the two-step urea-based route. 

 

 

Table 14. Cell parameters and coherence length estimated through the Le Bail fit of HR-XRD of YAM: 

0.83% mol Nd3+ synthesized by the two-step urea-based route. 

Material a (Å) b (Å) c (Å) Volume 
(Å³) Lc (nm) χ² Rp (%) Rwp (%) 

YAM: 0.83% mol 
Nd3+ 7.394 10.467 11.117 814.12 36 ± 1 2.06 9.95 119 

Ref.246 7.375 10.462 11.110 812.59 - - - - 

 

The FTIR analysis was performed on the samples before and after the annealing, 

and the associated spectra are found in Figure 71. The as-obtained material exhibits 

characteristic bands related to deformation vibrations (670 – 850 cm-1), symmetric (985 

– 1200 cm-1) and asymmetric stretching (1350 – 1530 cm-1) of C-O linkages, as well as 

the stretching mode of C-H linkages (2873 and 2946 cm-1) and hydroxyl groups (above 

3000 cm-1) 89,187,188. After the heat treatment at 1000°C, the peaks related to Y-O at 513, 

559, and 715 cm-1 and Al-O bonds at 607 and 792 – 902 cm-1 emerged whereas the 

asymmetric stretching mode of C-O did not disappear completely 147,235,245. The OH band 

is still present, but at lower intensity, due to the moisture absorption on the nanopowder. 

Although crystalline NCs were obtained with the calcination at 1000°C/1h, the complete 

removal of organic residues could be done by prolonging thermal treatment. 
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Figure 71. FTIR spectra of as-obtained sample (blue curve) and after calcination at 1000°C/1h (red 

curve). 

Lastly, the PL emission spectrum was recorded under excitation at 808 nm and is 

shown as a blue curve in Figure 72. Upon this excitation, Nd3+ ions are promoted from 

the ground state 4I9/2 to the excited states 4F5/2, 2H9/2. After a fast non-radiative transition, 

the excited level 4F3/2 is then populated. Then, the radiative transitions 4F3/2  ® 4I9/2 and 
4F3/2  ® 4I11/2 occur in the wavelength ranges of 860 - 950 nm and 1020 - 1140 nm, 

respectively. Notably, the PL intensity is 3.6-fold less intense when compared to that of 

YAM: 0.83% Nd3+ obtained via the modified Pechini method (orange curve). Possibly, 

this occurred due to the presence of OH groups, remaining organics, and surface defects. 

More optimization of the two-step urea-based route to produce YAM NCs is certainly 

needed, but exploring it paved the way for an alternative method to obtain this phase. 
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Figure 72. PL emission spectra of YAM: 0.83% mol Nd3+ synthesized by the modified Pechini method 

compared to the one obtained through the two-step urea-based route. 

4.4  General remarks and perspectives 

In recap, the objective of this chapter was to present an overview of YAM NCs 

doped with Nd3+ and co-doped with Nd3+ and Yb3+ for nanothermometry. The study 

initiated with the modified Pechini syntheses of YAM NCs single doped with different 

concentrations of Nd3+, and a detailed investigation of the structural and optical properties 

as a function of doping amount was carried out. It was also determined that the optimal 

doping concentration that yielded the highest PL emission was 0.83% mol. When Nd3+ 

ions are inserted into the YAM crystal structure, they exhibit TCLs that follow 

Boltzmann’s law, allowing temperature monitoring with luminescence emissions. From 

the LIR technique involving radiative peaks at 1049 nm and 1080 nm, a maximum Sr of 

0.54%. K-1 is achieved at room temperature, with dT around 0.2 ~ 0.5 K and repeatability 

of 97.1%. The study advanced with the introduction of Yb3+ in different concentrations 

alongside 0.83% mol Nd3+. By selecting the lowest concentration of 0.17% mol of Yb3+, 

the material presented Sr of 0.48%. K-1 at ambient temperature, and  dT varying between 

0.3 and 0.4 K. Hence, the co-doping with Yb3+ did not enhance the Sr, as it occurred for 

other oxide matrices reported in the literature 57. 

Finally, a new method for producing YAM NCs of around 40 nm was presented. 

It was used a similar protocol of the two-step urea-based route for yttrium oxide. Some 

parameters regarding precursor concentration, reaction temperature and pH were tested, 
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and the structural and optical characterization of YAM obtained by this route was 

depicted. 

For future works, some suggestions can be brought up in view of enhancing YAM 

properties for nanothermometry. First, to perform co-doping engineering, that is, try out 

different concentrations of both Nd3+ and Yb3+ simultaneously. This is an interesting test 

that can tailor the features of YAM: Nd3+ - Yb3+, including both the PL intensity and 

thermal performance. On account of the outcomes attained here, the concentration ranges 

should be 0.50 to 1.00% mol for Nd3+, and 0.17 to 1.00% mol for Yb3+. 

Second, regarding the two-step urea-based method for YAM, more experiments 

are required to achieve better cost-effectiveness of the synthesis and to attempt to avoid 

NC agglomeration. Some propositions are to test the reaction time, other types of organic 

co-solvents (e.g. DEG), and different calcination conditions (temperature, rate, duration, 

intermediate heat treatment at lower temperature). It is also worth checking the thermal 

dependence of PL spectrum of YAM: 0.83% mol Nd3+, so that it can be compared with 

the sample produced by the modified Pechni method. Consequently, this would provide 

an evaluation of the effect of the synthesis route on the figures of merit in 

nanothermometry — Sr, dT, and repeatability — for YAM: 0.83% mol Nd3+.  

Third, the PL lifetime approach should be tested for thermal sensing. With this 

method, the PL lifetime decay of a single peak is monitored according to its dependence 

on temperature. YAM doped with Nd3+ and co-doped with Nd3+ and Yb3+ displayed 

several emission peaks that evolve well with temperature, including a very high and 

narrow emission intensity at 1055 nm, whose LIR formed with any other peak did not 

provide a calibration curve based on the LIR approach. Therefore, the lifetime approach 

might yield more insightful results compared to the LIR method 14,16. 

Lastly, embedding other rare-earth ions in YAM should be definitely explored, 

aiming at nanothermometry applications other than in biological field. Owing to its 

crystalline structure, YAM offers numerous possibilities for Ln3+ accommodation, which 

permits diverse combinations that can culminate in promising technological utilities. The 

literature about the temperature dependence of Ln3+-YAM is still quite scarce, so there is 

room for further investigation. 
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Conclusions & Future outlooks 

This thesis elucidated the advancements in the development of luminescent 

nanothermometers based on the inorganic oxide matrices YAG, Y2O3, and YAM co-

doped with Nd3+ and Yb3+. It targeted the synthesis of thermal probes that attended three 

major requirements towards an accurate temperature measurement, with adequate 

features for posterior applications in the biological domain: 1) intense PL emission, 2) 

nanometric dimension, with narrow size distribution and good dispersion, and 3) efficient 

performance in gauging the temperature (high Sr and excellent dT). The strategies to 

achieve these goals brought in the appropriate selection of both Nd3+ and Yb3+ 

concentrations (co-doping engineering), and the synthesis from solution with particle size 

control and crystallinity enhancement.  

Concerning the ability of emitting intense photoluminescence, Figure 73 shows 

how YAG stands out relative to Y2O3, when each is co-doped with the concentrations of 

Nd3+ and Yb3+ that provides their optimal PL emissions from the study of the modified 

Pechini syntheses (0.75% mol Nd3+ and 0.50% mol Yb3+ for YAG and 1.00% mol Nd3+ 

and 0.50% mol Yb3+ for Y2O3). Although both hosts present cubic structure, YAG 

exhibits a single Y3+ site with D2 symmetry whereas Y2O3 has two different ones (C2 and 

C3i symmetries). This feature presumably favors a more uniform distribution of the Ln3+ 

in YAG than in Y2O3, lowering the probability of non-radiative processes of Nd3+ and 

enhancing the energy transfer Nd3+ ® Yb3+. On the other hand, YAM: Nd3+-Yb3+ 

presented the lowest PL emission among the three oxides in this study when 0.83% mol 

Nd3+ and 0.17% mol Yb3+ are used, but it should be adopted the same strategy of co-

doping engineering of YAG and Y2O3 for YAM for a fairer comparison. Even so, YAM: 

Nd3+-Yb3+ exhibited broader PL emission spectrum due to the strong crystal field strength 

that led to a greater perturbation of the electronic states, causing a larger splitting of the 

energy levels. Besides, YAM has four Y3+ sites with very low symmetry (C1), and it is 

known that Yb3+ ions can occupy all of them, but further study is required to understand 

how Nd3+ ions accommodate in YAM structure. In this regard, Nd3+-Yb3+ co-doped YAG 

has an advantage, as it not only presents the highest PL emission, but also more 

distinguishable (better resolved) PL peaks, which is essential for accurate 

nanothermometry analysis. 
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Figure 73. PL emission spectra of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+, Y2O3: 1.00% mol Nd3+, 

0.50% mol Yb3+, and YAM: 0.83% mol Nd3+, 0.17% mol Yb3+. All three oxides were synthesized via the 

modified Pechini method, and the corresponding spectra were acquired under the same conditions.  

The intensity of the PL emission was also crucial in tailoring the size of the NCs. 

The optimization of solvothermal synthesis with the addition of only 0.50% in volume of 

DEG provided NCs of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ as small as 23 ± 10 nm 

with narrow size distribution (PDI = 0.05). By coating them with a silica layer of 17± 10 

nm, a protected annealing at 850°C for 1 hour promoted the removal of organic moieties 

without causing the coalescence of the NCs, which allowed the enhancement of PL 

emissions in 5.2-fold of Nd3+ and 21-fold of Yb3+. Optimizations regarding the 

experiments of silica-coating are still needed before moving to the functionalization step 

(e.g. PEGylation) and experimental assays in biology. This includes inducing a porosity-

free shell, with thinner thickness, and avoiding multiple NC cores being involved by the 

same layer in order to modulate the final NP size and eliminate completely the interaction 

of OH groups with the luminescent centers. Adjustments in the biphasic procedure can 

be tested, such as the quantity of silica precursor and NCs to be coated, but also growing 

undoped YAG layer as protective shell around YAG: Nd3+, Yb3+ NCs by the solvothermal 

method should not be discarded.  
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The two-step urea-based route enabled the synthesis of Y2O3: 1.00% mol Nd3+, 

0.50% mol Yb3+ NCs with dimensions of 22 ± 10 nm, owing to the groundbreaking use 

of 1,4-butanediol as an organic co-solvent in the precursor solution and the calcination 

step with NaCl as a separating media. Pure yttria NCs were obtained, but some pitfalls 

still prevailed: incomplete crystallization, partial removal of organic moieties, and some 

degree of agglomeration — though it reduced compared to when no NaCl-matrix is 

applied during the heat treatment. It resulted in less intense PL emission in comparison 

with a sample obtained through the modified Pechini method with the same composition 

of dopants. The calcination of the two-step urea-based route needs a few modifications to 

prevent agglomeration and allow the complete crystallization of Y2O3: Nd3+, Yb3+ NCs, 

so that the PL emissions of Nd3+ and Yb3+ can be improved. This can be done by either 

trying excess of NaCl or changing to another type of separating media with a higher 

melting point, such as K2SO4. Still regarding the two-step urea-based route, this provided 

pure YAM NCs successfully by just including an aluminum source in respect of the 

procedure applied for Y2O3. Differences in morphology were observed when compared 

to Y2O3 NCs, and agglomerated YAM NCs were also obtained, but the primary results of 

this study open up perspectives for a new method of synthesizing this aluminate oxide. 

The synthesis methods of both Nd3+-Yb3+ co-activated YAG and Y2O3 NCs did 

not affect their thermal performance. Moreover, YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ 

NCs demonstrated once again to be a more promising luminescent nanothermometer with 

Sr of 0.60%.K-1 and an excellent dT of 0.2 K at physiological temperature (around 309 

K) when the LIR approach is employed with PL peaks at 1030 nm (Yb3+) and 1063 nm 

(Nd3+). In contrast, Y2O3: 1.00% mol Nd3+, 0.50% mol Yb3+ exhibited a comparable 

sensitivity to thermal changes for LIR between PL peaks at 1030 nm (Yb3+) and 1055 nm 

(Nd3+), with Sr of 0.52%. K-1, but a much worse thermal resolution of 0.4 K, considering 

the body temperature too. The simple crystalline structure combined with the high signal-

to-noise ratio of PL emission intensity led YAG: Nd3+-Yb3+ NCs to possess an efficient 

performance in light of the nanothermometry. However, these results are based on 

powdered samples. When conducting nanothermometry tests in aqueous solution, YAG: 

0.75% mol Nd3+, 0.50% mol Yb3+ NCs kept showing a similar Sr (0.51%. K-1), but their 

ability to detect small temperatures increased from 0.2 to 0.6 K at physiological 

temperature. The OH groups from the aqueous solution lodged inside the pores of the 

silica shell and caused the PL quenching of the luminescent ions, which made the PL 
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signal noisier and hence, worsened the thermal resolution. This issue can be mitigated by 

modifying the core-shell procedure as previously described. 

YAM: 0.83% mol Nd3+, 0.17% mol Yb3+ NCs presented Sr of 0.38%.K-1 and a dT 

no lower than 0.28 K at body temperature, for LIR formed by PL peaks at 1049 nm (Nd3+) 

and 1029 nm (Yb3+). These values are improved if Yb3+ emission at 979 nm, which is 

outside the BWs, is considered instead: Sr = 0.48%. K-1 and dT = 0.3 K at physiological 

temperature. Nevertheless, by single-doping YAM with 0.83% mol Nd3+, dT remains 

practically the same at 0.3 K, but a better Sr of 0.50%. K-1 is accomplished at 309 K for 

LIR between the TCLs at 1049 nm and 1080 nm. Even if the effect of Yb3+ in YAM did 

not favor its thermal sensing performance, YAM has good covalent nature of its metal-

oxygen bonds, that benefits the energy separation of TCLs when single-doped with Nd3+, 

thereby influencing positively the Sr. Lastly, due to the scarce quantity of works on YAM 

in the literature, it would be interesting to explore this host matrix with other rare-earth 

ions. 

Therefore, the outcomes from both syntheses and nanothermometry tests showed 

Nd3+-Yb3+ co-doped YAG has a more prospective potential for posterior applications in 

the biological field among the host matrices studied herein: the synthesis method for 

individual NCs is at a more advanced stage, the PL emission is more intense, and the 

thermal sensing properties are better. Besides, this thesis demonstrated that not only 

individual NCs must be produced, but it is crucial they are also shielded from the 

interaction with typical PL quenchers, such as organic and OH molecules. Finally, it is of 

utmost importance that the experimental conditions of nanothermometry analysis are 

always defined carefully, since instrumental interferences, especially readout artifacts, 

can give rise to biased results, and compromise reproducibility of the thermal 

measurements. 

In the continuity of this work, a few suggestions can be made aside from those 

presented throughout this text. First, to perform an elemental chemical mapping analysis 

under high-angle annular dark-field-scanning transmission electron microscopy (HAAD-

STEM) to ensure accurate determination of the distribution of the elements in the NCs. 

Also, lifetime measurements, which was not possible in this thesis due to the lack of 

suitable equipment. This type of analysis would certainly bring a clearer insight about the 

dynamics of the doping Ln3+, for example to calculate the efficiency of the energy transfer 
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Nd3+ ® Yb3+ and mainly, to determine the existence or not of back energy transfer Yb3+ 

® Nd3+ for a specific chemical composition and induced by changes of temperature. The 

lifetime as a function of the temperature would not only provide a deeper understanding 

about the thermal dependency of the PL peaks but also enable to employ the lifetime-

based nanothermometry to obtain the calibration curve and calculate the figures of merit: 

Sr, dT, and repeatability. Then, evaluate whether better results are achieved with this 

technique or with LIR approach, especially of Y2O3 and YAM co-doped with Nd3+ and 

Yb3+. Although the lifetime nanothermometry requires more sophisticated instrument 

than those used for LIR nanothermometry, it allows the monitoring of a single PL 

emission without the need of recording the full PL spectrum, sensitive lifetime-based 

nanothermometers with Nd3+ and Yb3+ have already been reported, and reliable in vivo 

thermal measurements can be accomplished with this technique 14,16,18,26. 

Second, to conduct experiments of core-shell engineering. Such procedure allows 

to construct NPs with several layers, which can be inert or active. The luminescent ions 

can be confined in different volumes to protect them from surface defects, interaction 

with OH groups, ligands, and solvent molecules, leading to the enhancement of the PL 

quantum yield. Additionally, combining this core-shell architecture with the lifetime 

nanothermometry can provide more sensitive nanothermometers to temperature changes. 

Namely, Hamraoui and co-workers247 succeeded in improving the Sr of a-

NaYF4@NaYF4: Nd3+ - Yb3+ from 0.25%.°C-1 to 1.11%.°C-1 by coating the NPs with 

another layer of CaF2. 

Third, to explore the multiple doping with other Ln3+ along with Nd3+ and Yb3+ 

ions.  Testing Nd3+ and Yb3+ with other rare-earth ions, such as Er3+, Ho3+ and Tm3+, 

allows to explore the PL emissions in different BWs for nanothermometry 15,20. In triple-

doped system, Yb3+ can act as energy-transfer intermediary between Nd3+ (energy 

harvester under 808-nm excitation) and Er3+, Ho3+ and Tm3+(acceptors) 36,248. The 

additional doping ions can also play the role of overcoming some issues, such as 

eliminating the back energy transfer Yb3+ ® Nd3+, and allowing the increase of the 

thermal sensitivity, as was the case of SrF2 co-doped with Nd3+, Yb3+, Er3+ and Tm3+ 

reported by Cortelletti and co-workers 249. However, the inclusion of other elements can 

cause the local symmetry distortion and consequently, tune the luminescence properties 

of the activated luminescent centers, for example with the replacement of some Y3+ by 

Gd3+ ions250,251. In any case, it is noteworthy to mention that the engineering of both core-
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shell architecture (e.g. insert different doping ions in the layers) and co-doping 

composition is crucial when working with several types of doping ions, as it is necessary 

to play on the distances among them to tailor their paths of energy transfer. 

Fourth, to assess the thermal sensing performance and extract the calibration 

curves of the nanoprobe in solutions, especially in physiological medium, with mimicking 

conditions of the destined environment it will be used. It is important to provide an 

efficient set-up that isolates the solution from the environment to avoid the influence of 

external factors and ascertain a refined control of the temperature for stable PL(T) 

measurements. 

Lastly, to perform the tests in the biological context, such as ex vivo, in vitro and 

in vivo, to evaluate the potential of the Nd3+ - Yb3+ co-doped YAG nanothermometers 

under real conditions. The work of Bednarkiewicz et al.16 serves as a good guideline for 

both in vitro and in vivo tests. Particularly, cytotoxicity in vitro assays are important to 

be conducted to evaluate the risks of toxicity associated with the size of the NPs. Smaller 

particles tend to produce more Reactive Oxygen Species (ROS) per unit surface area, 

leading to oxidative stress and subsequent cellular damage and death 102.  

Although the journey towards the final application is still a long one, each stage 

of the development of a nanothermometer requires meticulous attention from the outset 

— a critical point emphasized throughout this thesis. 
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Appendix: Supplementary Information 

Chapter II 

• HR-XRD with Le Bail fit of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs versus 

% volume DEG (Solvothermal method). 

  

   

 

Figure S1. HR-XRD patterns with Le Bail fit of YAG NCs synthesized via the solvothermal method 

using (a) 0.00, (b) 0.50, (c) 1.00, (d) 2.00, and (e) 3.00% vol. DEG. 
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• Size distribution of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs versus % 

volume DEG (Solvothermal method). 

  

  

 

Figure S2. Size distribution of YAG NCs synthesized via the solvothermal method using (a) 0.00, (b) 

0.50, (c) 1.00, (d) 2.00, and (e) 3.00% vol. DEG. This calculation was performed considering above 150 

NCs from different TEM images. 
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• HR-XRD of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ NCs (Solvothermal method) 

before and after annealing at 850°C. 

 

Figure S3. HR-XRD of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ synthesized via the solvothermal 

method before and after annealing.  

 

Table S1. Cell parameters and coherence length of YAG: 0.75% mol Nd3+, 0.50% mol Yb3+ synthesized 

via the solvothermal method before and after annealing. 

Sample a (Å) b (Å) c (Å) Volume 
(Å³) 

Coherence 
length - 
Lc (nm) 

χ² Rp (%) Rwp (%) 

YAG: 
0.75% mol 

Nd3+, 0.50% 
mol Yb3+ 

Before 
annealing  12.048 12.048 12.048 1748.88 22 ± 1 1.50 10.9 12.1 

After 
annealing 12.021 12.021 12.021 1737.30 21 ± 1 1.81 17.3 25.4 

Ref.129 12.016 12.016 12.016 1732.32 - - - - 
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Chapter IV 

• Le Bail fit results of YAM: Nd3+ synthesized by the modified Pechini method. 

   

  

   

Figure S4. HR-XRD patterns with calculated Le Bail fit of YAM when doped with (a) 0.33, (b) 0.50, (c) 

0.67, (d) 0.83, (e) 1.00, and (f) 1.50% mol Nd3+. 
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Table S2. Cell parameters and coherence length of YAM doped with different concentrations of Nd3+. 

Nd3+ 
concentration a (Å) b (Å) c (Å) Volume 

(Å³) Lc (nm) χ² Rp (%) Rwp (%) 

0.33% mol Nd3+ 7.386 10.466 11.110 813.80 42 ± 1 1.31 7.25 8.18 

0.50% mol Nd3+ 7.388 10.467 11.113 814.33 46 ± 1 1.41 7.58 8.53 

0.67% mol Nd3+ 7.390 10.469 11.115 814.97 45 ± 1 1.35 7.53 8.43 

0.83% mol Nd3+ 7.391 10.472 11.117 815.50 48 ± 2 1.34 7.29 8.28 

1.00% mol Nd3+ 7.393 10.472 11.119 815.80 44 ± 1 1.27 7.26 8.10 

1.50% mol Nd3+ 7.398 10.473 11.126 816.54 44 ± 2 1.33 7.93 8.87 

Ref.246 7.375 10.462 11.110 812.59 - - - - 
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• Le Bail fit results of YAM: Nd3+ - Yb3+ synthesized by the modified Pechini 

method. 

    

    

 
Figure S5. HR-XRD patterns with calculated Le Bail fit of YAM when doped with 0.83% mol Nd3+and 

(a) 0.17, (b) 0.50, (c) 0.67, (d) 1.00, and (e) 1.50% mol Yb3+. 
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Table S3. Cell parameters and coherence length of YAM doped with 0.83% mol Nd3+ and different 

concentrations of Yb3+. 

Yb3+ 
concentration a (Å) b (Å) c (Å) Volume 

(Å³) Lc (nm) χ² Rp (%) Rwp (%) 

0.17% mol Yb3+ 7.388 10.466 11.112 814.38 49± 3 1.68 7.96 8.93 

0.50% mol Yb3+ 7.383 10.457 11.110 812.99 46± 3 1.80 8.22 9.34 

0.67% mol Yb3+ 7.380 10.457 11.107 812.56 46± 3 1.94 8.87 9.91 

1.00% mol Yb3+ 7.375 10.453 11.102 811.08 53± 3 1.62 8.10 8.98 

1.50% mol Yb3+ 7.373 10.451 11.098 810.50 48± 3 1.88 8.95 9.84 

Ref.246 7.375 10.462 11.110 812.59 - - - - 

 

 


	Termo de Ciência e de Autorização (TECA) 5016911
	Ata de Defesa de Tese 6 (4943208)

