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Abstract 

 We present a versatile sol-gel approach for nanocrystalline (Eu0.5Y0.5)2Ti2O7. We 

determined the crystallization kinetics of the nucleation and the nucleation mechanism. The 

crystallization temperature was 1050.1 ± 0.8 K, and the activation energy of crystallization was 

605 kJmol-1.  The nanocrystal growth started by homogenous nucleation with a constant 

nucleation rate, and the nanocrystal growth was limited by mass transfer through the phase 

boundary. The crystal structure of (Eu0.5Y0.5)2Ti2O7
 was refined from the powder diffraction data 

using the Rietveld method, and the results were compared with the data recorded for the 

isostructural compounds, Eu2Ti2O7 and Y2Ti2O7. We proved the existence of a single phase of 

(Eu0.5Y0.5)2Ti2O7 and the regular distribution of Eu3+ and Y3+ ions inside the crystal lattice. The 

results provide key information regarding the crystallization properties and crystal structure of 

nanocrystalline (Eu0.5Y0.5)2Ti2O7. This knowledge is necessary for preparing pure nanocrystalline 

powders with tailored structural properties that are suitable for photonic applications. 
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Highlights 

We present a generic sol-gel approach to nanocrystalline (Eu0.5Y0.5)2Ti2O7 powders. 

Evaluated crystallization mechanism allows tailoring nanocrystal size distribution. 

Evaluated crystallization kinetics parameters allow upscaling of the synthesis. 

We compared the experimental XRD data with the results of a theoretical model. 

Statistical distribution of Eu3+ ions in the lattice supports radiative transitions. 
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1. Introduction 

Lanthanide titanium oxides, which crystallize in a face-centered cubic (FCC) pyrochlore 

structure with the general formula A2B2O7 [1], have attracted significant attention in recent 

materials research because of their distinctive magnetic and optical properties. The spin 

arrangement of rare earth (RE) elements in the pyrochlore structure exhibits short-range ordering 

[2], allowing the synthesis of spin-glass, spin-liquid, and spin-ice compounds [3, 4]. In the 

yttrium-co-doped pyrochlore structure, the sites of A-cations are occupied by RE ions or yttrium 

ions, sites of B-cations are occupied by titanium ions [2], and general formula can be expressed 

as follows: (RExY1 - x)2Ti2O7 (RE = rare earth element, x=<0, 1>). Pure RE2Ti2O7 pyrochlores 

are optically inactive. However, the yttrium ions in the pyrochlore structure break the spin 

interactions and prevent the non-radiative transitions between RE ions [5, 6]. Consequently, the 

yttrium-co-doped pyrochlores exhibit highly effective luminescence properties [5]. This 

discovery has boosted research on novel (RExY1 - x)2Ti2O7 luminophores with various RE ions 

incorporated in the pyrochlore structure, for example Er3+ [5, 6], Eu3+ [7], and Ho3+ [8]. The 

pyrochlores’ magnetic and optical properties strongly depend on the local arrangement of RE 

ions in the crystal lattice. Therefore, the synthesis and thermal processing must be precisely 

tailored to maximize the regularity of the crystal structure. The non-uniform distribution of RE 

ions, increased defects, and lattice frustration can significantly modify the final material 

properties [9, 10]. Inappropriate heat treatment can result in an undesirable transformation of the 

pyrochlore structure, such as that of perovskite [11].  

 In addition to the common solid-state ceramic approaches [3,4], “bottom-up” methods 

have been used for the synthesis of pyrochlores [5, 12, 13]. Bottom-up methods usually involve 

the preparation of a solid amorphous powder followed by heat treatment to induce crystallization 
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[8, 12, 13]. In this method, the final material properties are susceptible to the heat-treatment 

conditions, and the crystallization kinetics represent a critical factor that affects the structural 

properties of the formed nanocrystals [12–16]. Johnson, Mehl, and Avrami (JMA) proposed a 

general crystallization kinetics model [17, 18], that has been successfully applied to evaluate the 

crystallization properties of RE2Ti2O7 pyrochlores [12–14]. Two types of nucleation mechanisms 

were considered in the JMA model: site-saturated nucleation and homogenous nucleation with a 

constant nucleation rate. Site-saturated nucleation is characterized by the simultaneous formation 

of nuclei in the entire volume of an amorphous material. Once the formation of nuclei is 

complete, recrystallization occurs. This mechanism leads to highly uniform materials with a 

narrow nanocrystal size distribution. Homogeneous nucleation at a constant nucleation rate is 

characterized by the simultaneous formation of nuclei and crystal growth. These materials 

exhibit significantly lower uniformity and broader nanocrystal size distribution than those 

formed via site-saturated nucleation [19]. The crystallization kinetic parameters have been 

reported for many RE2Ti2O7 pyrochlores [12–14, 16]. Despite the considerable application 

potential of these materials in photonics [6, 20–22], the crystallization properties of optically 

active pyrochlores (RExY1 - x)2Ti2O7 require additional investigation. Eliminating this knowledge 

gap is necessary to prepare transparent coatings and upscale the synthesis of (RExY1 - x)2Ti2O7 

luminophores with tailored properties. 

 This study presents a generic sol-gel approach to prepare nanocrystalline 

(Eu0.5Y0.5)2Ti2O7 powders. We studied both the kinetic parameters of the nucleation process and 

crystallization mechanism of (Eu0.5Y0.5)2Ti2O7 from an amorphous xerogel. We evaluated the 

crystal structure of (Eu0.5Y0.5)2Ti2O7, and compared the results the data reported for the 

isostructural end-members Eu2Ti2O7 and Y2Ti2O7. These results provide information on the 
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crystallization properties and crystal structure of nanocrystalline (Eu0.5Y0.5)2Ti2O7. This 

knowledge provides data for the upscale synthesis of pure nanocrystalline powders with tailored 

structural properties and transparent coatings suitable for photonic applications. 

2. Material and methods 

2.1 Materials and sample preparation 

The methodical approach is summarized in Fig. 1. The samples were prepared by a sol–gel 

method followed by the thermal treatment of a xerogel. To prepare a sol, a total of 10 g 

titanium(IV)butoxide (Fluka, Purum) was dissolved in 500 ml of anhydrous ethanol (Sigma–

Aldrich, Spectranal grade), after which a total of 5.64 g of yttrium(III) nitrate hexahydrate 

(Aldrich, 99.8%) and 6.3 g of europium(III) nitrate pentahydrate (Aldrich, 99.9%) were 

dispersed in the solution. All the precursors were used as purchased without further purification. 

The mixture was stirred at ambient temperature to form a transparent solution, which was 

refluxed at 359 K for 24 h and then allowed to cool. The sol was purified by filtration through a 

0.2 m polytetrafluoroethylene membrane (Whatman) and dried on a rotary evaporator (R100, 

Buchi) to form a yellowish xerogel. The xerogel was thermally treated to temperatures up to 

1273 K for 30 min under an oxygen flow of 10 lmin-1. 

2.2. Characterization methods 

Differential thermal analysis (DTA) and thermal gravimetry (TG) measurements were performed 

using a DTG 60H (Shimadzu) multifunctional apparatus. The samples were analyzed at heating 

rates ranging from 2.5 to 40 K∙min-1 under an oxygen flow of 50 ml∙min–1.  

 The Fourier transform infrared (FT-IR) spectra of the xerogels were recorded using a 

Vector 22 (Bruker) spectrometer. Approximately 5 mg of the xerogel was mixed with 200 mg of 
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KBr (Sigma-Aldrich, 98% FT-IR grade), pulverized in a mortar and pressed into a pellet. A 

pellet of pure KBr was used as the reference sample. 

 The internal structure of the nanocrystals was analyzed using transmission electron 

microscopy (TEM) CM12 (Philips). A copper grid coated with a porous carbon support film was 

used as the sample holder. The xerogel was dispersed in ethanol, and the resulting suspension 

was treated in an ultrasonic bath for 10 min and then applied to the grid. Scanning electron 

microscopy (SEM) images were obtained with a TESCAN Lyra 3 XMU device equipped with 

QUANTAX energy dispersive X-ray spectroscopy (EDS) microanalyzer (Bruker). A thin carbon 

layer was sputtered onto the samples prior to the analysis to prevent sample charging. 

 X-ray powder diffraction (XRD) patterns were collected using a Bruker D8 Discover 

diffractometer in the Bragg-Brentano reflecting geometry. The copper tube was operated at 

voltage of 40 kV and current of 40 mA. The radiation was monochromatized with a primary 

focusing Johansson-type monochromator to provide Cu-K radiation (=1.540596 Å). Patterns 

were collected in the range of 13 – 145 ° 2θ with a 0.0091 ° 2θ step width using a variable 

counting time approach. The diffracted radiation was recorded with a LYNXEYE linear 

position-sensitive detector, which was opened to 2.935 °. The data were processed using the 

DIFFRAC.TOPAS program [23] that has models of the crystal structures of Y2Ti2O7 and 

Eu2Ti2O7 from the literature [24,25]. The peak profiles were modeled using pseudo-Voigt 

function The Bragg factor, RBragg, the expected weighted profile factor, Rexp, the weighted-pattern 

factor, Rwp, profile factor, Rp, and the goodness-of-fit indicator were used as numerical criteria 

for determining the quality of fit of the calculated data to the experimental diffraction data. 

 We used two approaches to evaluate nanocrystal size. In the first approach, we used the 

Bruker D8 Discover diffractometer in-house software to calculate the mean nanocrystal size. The 
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software uses the Scherrer equation to calculate the mean nanocrystal size. In the second 

approach, we performed an image analysis of the SEM records. We marked the nanocrystal 

boundaries in the SEM records and evaluated the nanocrystal size distribution using Gwyddion 

2.55 data visualization and analysis software. An example of the image analysis approach is 

provided in Supplementary Fig. 1. 

  

3. Results and discussion 

3.1. Thermal behavior of xerogels 

3.1.1. Thermal evolution of xerogels 

The preparation of materials with tailored structural properties using the sol-gel approach 

requires in-depth knowledge of their thermal behavior. The general DTA curve, in Fig. 2a, shows 

several endothermic peaks below 600 K, a main exothermic peak around 653 K, and an 

exothermic peak at 1097 K. The endothermic peaks below 600 K and first exothermic peak at 

approximately 650 K were accompanied by gradual weight loss. The minor weight loss 

accompanied the second exothermic peak at 1097 K, which gradually shifted to higher 

temperatures with increasing heating rate, as shown in Fig. 2b. 

 DTA was followed by FT-IR spectroscopy to clarify the origin of the DTA peaks. The 

thermal evolution of the FT-IR spectra is shown in Fig. 3. Several absorption bands were 

observed in the FT-IR spectrum of the as-prepared xerogel. The shoulder at approximately 1635 

cm-1 and a broad absorption band located from 2650 to 3700 cm-1 correspond to the vibrational 

bands of the –OH groups of the adsorbed alcohols and esters [26]. The sharp narrow band and 

broad absorption bands from 1300 to 1650 cm-1 are attributed to the vibrational spectra of 
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nitrates present in the xerogel [27]. The bands corresponding to –OH groups disappeared during 

thermal treatment below 600 K. Broad bands corresponding to nitrates remained in the xerogels 

up to 1080 K.  

 Compared to the thermal processing of oxide-based solid-state precursors, which is 

commonly used in the ceramic industry, xerogel thermal treatment is a more complex process. 

The process has several steps, including evaporation of volatile compounds, decomposition and 

burning of ligands, condensation of partially hydrated oxides, and crystallization itself. From the 

results of the DTA and FT-IR analyses, we concluded that the major exothermic peak located in 

the DTA curve at approximately 650 K corresponds to the burn-out of free nitrates and the 

condensation of –OH groups [28]. The remaining nitrates act as complexing agents that 

stabilized Eu3+ and Y3+ ions inside the amorphous titanium dioxide matrix. Once the nitrates 

were completely burned out the Eu3+ and Y3+ ions reacted with the titanium dioxide matrix, and a 

crystallization peak appeared on the DTA curve at 1097.3 K. This observation plays a crucial 

role in the formation of the pure phase of (Eu0.5Y0.5)2Ti2O7 phase. The long time delay in the 

thermal range between 740 and 1080 K supports the undesired side formation of nanocrystalline 

titanium dioxide. Although very similar thermal behavior has already been observed in the sol-

gel processing of Eu2Ti2O7 and Dy2Ti2O7 [13, 16], the exact role of nitrates in the complex 

mechanism still has not been fully clarified, representing a challenging task for future research. 

3.1.2 Crystallization properties 

DTA is a dynamic process, where the position and shape of the crystallization peak, Tp, depend 

on the heating rate, β. Many theoretical and experimental models have been developed to provide 

powerful tools for evaluating fundamental thermodynamic parameters. The crystallization 



 

11 

 

temperature of nanocrystalline materials, Tc, can be calculated using the empirical Lasocka 

equation (–Eq. (1)) [29]: 

𝑇𝑝 = 𝑇𝑐 +  𝐴𝑐 ∙ ln (𝛽) ,      (1) 

where Tp is the position of the crystallization peak, β is the heating rate, and Ac is the 

experimental constant. Fig. 4 shows the experimental data and corresponding fits. The y-

intercept representing Tc was calculated from a linear fit of  equal to 1 Kmin-1. The calculated 

crystallization temperature was 1050.1 ± 0.8 K. This value was similar to the crystallization 

temperatures of RE-doped pyrochlores prepared by the sol-gel method, e.g. 1063 K for Nd2Ti2O7 

[30], 1071 K for Dy2Ti2O7 [13], and 1094 K for Y2Ti2O7 [12, 14]. 

 The activation energy of the crystallization process was evaluated using the equations of 

Kissinger (–Eq. (2)) [31], Augis-Bennet (–Eq. (3)) [32], and Ozawa (–Eq. (4)) [33]: 

𝑙𝑛 (
𝛽

𝑇𝑃
2) = −

𝐸𝐴

𝑅⋅𝑇𝑃
+ 𝑙𝑛(

𝐴⋅𝑅

𝐸𝐴
),     (2) 

𝑙𝑛 (
𝛽

𝑇𝑃
) = −

𝐸𝐴

𝑅⋅𝑇𝑃
+ 𝐾0,     (3) 

𝑙𝑛(𝛽) = −
𝐸𝐴

𝑅⋅𝑇𝑃
+ 𝑐,      (4) 

where EA is the activation energy of crystallization, A is the pre-exponential factor, K0 is the 

frequency factor, R is the ideal gas constant, and c is the additive constant. The values of the 

terms on the left side of the equations plotted against the reciprocal absolute temperature, and 

corresponding linear fits are shown in Fig. 5. All the considered approximations provided similar 

activation energy values, as summarized in Table 1. However, the average value of 605 kJ∙mol-1 

did not match the trends reported for sets of RE2Ti2O7 prepared by hydrothermal or sol-gel 

methods [12, 13]. Values of 688 and 804 kJ∙mol-1 were reported for pure Eu2Ti2O7 [13] and 
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Y2Ti2O7 [14], respectively. Considering its physicochemical meaning, EA represents an energy 

barrier that must be overcome for crystallization to occur [12, 18]. Although the observed 

reduction in EA can be partly attributed to the chemical composition of the materials, a change in 

the crystallization mechanism is another possibility. 

 The crystallization kinetics were interpreted using the JMA model [17, 18]. The 

relationship between the crystallization rate, d/d and volume fraction of crystallized 

material,  at time,  can be expressed in the general form of the JMA kinetic equation (–Eq. 

(5)) [17, 19]: 





1

1

)]1ln([)1(
−

−−−= k
d

d
,     (5) 

 

where  is the Avrami parameter that depends on the nucleation and growth mechanism, k is the 

rate constant, and    is the volume fraction of the sample crystallized at time . For non-

isothermal conditions and linear heating rates, the JMA kinetic equation can be expressed by the 

Ozawa modification –Eq. (6) [17]: 

−𝜂 =
𝑑{𝑙𝑜𝑔[− 𝑙𝑛(1−𝜓)]}

𝑑 𝑙𝑜𝑔 𝛽
|

𝑇𝑎

,     (6) 

where the Avrami parameter, , is determined from the slope of the plot of log[–ln(1–)] vs. 

log . The value of  was calculated as the ratio of the partial integration area of the 

crystallization peak at temperature Ta to the total area of the crystallization peak. The Avrami 

parameter values, which are characteristic of the nucleation and growth mechanism, are 

summarized in Table. 2. Each dimension of the crystal growth or formation of nuclei contributes 

a unit to the Avrami parameter [14, 17]. Therefore, the values corresponding to homogenous 
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nucleation with a constant nucleation rate are greater by a unit than those corresponding to site-

saturated nucleation. Despite the introduction of the JMA model, crystallization occurring under 

real conditions usually combines several processes. Thus, the experimental values of the Avrami 

parameter range are between the predicted integer values. 

 The thermal dependence of the calculated Avrami parameters for the analyzed compound 

(Eu0.5Y0.5)2Ti2O7 is shown in Fig. 6. Despite a relatively large experimental error, the Avrami 

parameter reached a value of 4 and gradually decreased to a value of 2.5 with increasing 

temperature. High values of the Avrami parameters implied that crystallization started via 

homogeneous nucleation with a constant nucleation rate and nucleation was accompanied by 

three-dimensional nanocrystal growth. Nanocrystal growth was limited by mass transfer through 

the phase boundary from the amorphous part of the xerogel to the formed nanocrystals. Once the 

nanocrystals formed a regular network inside the amorphous xerogel, the mass transfer 

mechanism changed and diffusion became the dominant transfer mechanism. To support the 

proposed crystallization mechanism, the powder thermally treated at 1273 K was visualized 

using SEM, and the images are shown in Fig. 7. The SEM analysis revealed that the powder was 

composed of well-developed nanocrystals with an irregular shape. Small uniform nanocrystals 

filled the spaces between larger ones. The histogram in Fig. 7d shows that the nanocrystal size 

ranged from 50 to 300 nm with a maximal frequency at 120 nm. The mean nanocrystal size 

calculated using the Scherrer equation provided a value of 138 nm, matching the histogram 

central frequency. A broad nanocrystal size distribution is typical for homogenous nucleation 

with a constant nucleation rate [17, 19]. The nuclei formed in the early stages of the 

crystallization process grew into larger nanocrystals. Smaller nanocrystals were formed from the 

nuclei created in the later stages of the nucleation process.  
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 The Avrami parameters reported for nanocrystalline Y2Ti2O7 and the broad set of 

RE2Ti2O7 pyrochlores do not exceed the value of 3.2 [12–14]. The corresponding SEM analysis 

revealed that highly uniform nanocrystals with narrow particle size distributions constituted the 

synthesized nanopowders [12, 13]. These observations indicated the noticeable contribution of 

site-saturated nucleation to the crystallization process in the case of pure Y2Ti2O7 and other 

RE2Ti2O7 materials. For (Eu0.5Y0.5)2Ti2O7, the significant increase in the Avrami parameter, 

remarkable decrease in EA, and broad nanocrystal size distribution supported the conclusion that 

the crystallization mechanism proceeded in the manner of homogeneous nucleation with a 

constant nucleation rate. Although homogeneous nucleation can facilitate powder synthesis and 

reduce the associated energy consumption, this process can also reduce the optical quality of the 

prepared materials. Larger nanocrystals contribute more than smaller ones to Rayleigh scattering, 

which can increase the optical losses, limiting the application in photonics [7, 22, 34].  

 

3.2 Structural properties of (Eu0.5Y0.5)2Ti2O7 

The crystal structures of (Eu0.5Y0.5)2Ti2O7
 and both isomorphic compounds, Eu2Ti2O7 and 

Y2Ti2O7, were refined from the powder diffraction data by applying the Rietveld method. The 

general results of Rietveld refinement are summarized in Table 3. The calculated positions of the 

XRD peaks are listed in Supplementary Table 1. Fig. 8 shows the calculated diffractograms 

together with the experimental data recorded for the prepared (Eu0.5Y0.5)2Ti2O7
 powder. Rietveld 

crystal structure refinement unambiguously proved that a single pyrochlore phase 

(Eu0.5Y0.5)2Ti2O7 was formed. The calculated positions of the XRD peaks of the intermediate 

composition (Eu0.5Y0.5)2Ti2O7 were localized between the isostructural Eu2Ti2O7–Y2Ti2O7 end-

members, as shown in Fig. 8b. Despite the noise occurring in the record, the experimental data 
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perfectly matched the calculated values, confirming the statistical distribution of the Eu3+ and 

Y3+ ions in the pyrochlore lattice. Refinement also confirmed that the phase was perfectly 

ordered. The refined occupancies were Eu = 0.50(10), Y = 0.50(9), and Ti = 0.00(5) in site A, 

and Eu = 0.00(10), Y = 0.00(9) and Ti = 1.00(5) in site B for the general pyrochlore formula 

A2B2O7.  

 The TEM images shown in Fig. 9 indicated that the samples thermally treated at 1273 K 

consisted of discrete nanocrystals with sizes in the submicrometer range. The selected area 

diffraction (SAED) patterns confirmed that the nanocrystals were completely crystalline and 

randomly oriented. The regularly distributed diffraction spots in the SAED patterns were indexed 

as reflections of the diamond cubic crystal structure consistent with Fd3̅m symmetry; neither 

superlattice nor streaky reflections were observed. The observations proved that Eu3+ ions were 

statistically substituted for Y3+ ions at the same lattice site A. The TEM results suggested the 

presence of long-range ordering of identical ions at site A but excluded any significant number 

of defects in the crystal lattice. The EDS data collected under different channeling conditions 

along the 111 plane showed that the Eu:Y ratio was approximately 1:1 and did not change for 

various nanocrystal orientations, as shown in Supplementary Fig. 2. The results of the EDS 

quantitative analysis that are summarized in Table 4 confirmed that the chemical composition 

corresponded to the formula (Eu0.5Y0.5)2Ti2O7. A slight difference was observed between the 

evaluated and nominal values within the experimental error. The lattice parameter a determined 

from the SAED images was 10.2 Å, matching the value of 10.15355 Å evaluated from the XRD 

patterns. 

 XRD analysis at high diffraction angles can reveal the irregular distribution of Eu3+ ions 

in the crystal lattice. Local disorder in the crystal lattice arrangement can cause the formation of 
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a mixture of random isostructural compounds, such as (Eu0.45Y0.55)2Ti2O7 and (Eu0.55Y0.45)2Ti2O7. 

The total chemical composition of these compounds is the same as that of (Eu0.5Y0.5)2Ti2O7, but  

Eu3+ and Y3+ ions were not regularly distributed in the lattice, exhibiting different diffraction 

patterns, as shown in Fig. 10. Low-level disorder can result in the formation of 

(Eu0.45Y0.55)2Ti2O7 and (Eu0.55Y0.45)2Ti2O7. The diffractogram exhibited twinning and a shift in 

the diffraction peaks around the positions recorded for (Eu0.5Y0.5)2Ti2O7. The peak shift was 

more evident with increasing disorder. In the extreme case of a failed synthesis, a mixture of 

phase-separated Eu2Ti2O7 and Y2Ti2O7 nanocrystals, or even pure oxides, can be formed. The 

corresponding diffractogram exhibited peaks obtained by combining the XRD peaks of particular 

compounds Eu2Ti2O7 and Y2Ti2O7. The formation of a random isostructural mixture can degrade 

the optical properties of the prepared pyrochlores. Non-radiative transitions are preferred in 

isostructural pyrochlores with high RE3+ ion content. Such pyrochlores exhibit lower 

luminescence intensities and shorter decay times [6, 8, 35]. To improve the optical properties, the 

RE3+ ions must be uniformly distributed in the crystal lattice to minimize non-radiative 

quenching. Although we observed traces of (Eu0.45Y0.55)2Ti2O7 and (Eu0.55Y0.45)2Ti2O7 in our 

preliminary experiments, the application of nitrates as the complexing agent and optimization of 

the heat-treatment conditions eliminated the formation of random isostructural mixtures. The 

proposed approach for routine formation of pure nanocrystalline (Eu0.5Y0.5)2Ti2O7 can be 

extended to other RE-doped pyrochlores as well. These data can be used to upscale the synthesis 

of highly efficient luminophores with precisely tailored compositions. 

 

4. Conclusions 



 

17 

 

We demonstrated a versatile sol-gel approach to prepare nanocrystalline (Eu0.5Y0.5)2Ti2O7. The 

thermal analyses showed that the crystallization temperature of (Eu0.5Y0.5)2Ti2O7 was 1050.1 ± 

0.8 K, and the activation energy of the crystallization was 605 kJmol-1. The application of the 

non-isothermal JMA model revealed that the crystallization of (Eu0.5Y0.5)2Ti2O7 was initiated by 

homogenous nucleation with a constant nucleation rate. Nanocrystal growth was limited by mass 

transfer through the phase boundary. The crystallization mechanism affected the size of the 

nanocrystals, which ranged from 50 to 300 nm with a maximum frequency of 120 nm.  Rietveld 

refinement of the XRD patterns and TEM observations proved the existence of a single phase of 

(Eu0.5Y0.5)2Ti2O7, which is isostructural to Eu2Ti2O7 and Y2Ti2O7. Eu3+ and Y3+ ions were 

regularly distributed inside the crystal lattice. The acquired knowledge is necessary to prepare 

pure nanocrystalline powders with tailored chemical and structural properties that are essential 

for the large-scale synthesis of inorganic luminophores for high-power photonics applications. 
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Fig. 1. Flow chart summarizing the methodical approach. 
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Fig. 2. Thermal analysis of xerogel. (a) Differential thermal analysis (DTA) and thermal 

gravimetry (TG) curves recorded for a heating rate of 20 Kmin-1, and (b) magnification of the 

crystallization peaks for specific heating rates. 
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Fig. 3. Fourier transform infrared (FT-IR) spectra of xerogels heat-treated at various 

temperatures showing the thermal decomposition of ligands. 
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Fig. 4.  Plot of the crystallization peak Tp as a function of the ln() and the corresponding fit of 

the Lasocka equation extrapolating the crystallization temperature. 
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Fig. 5. Evaluation of the activation energy of the crystallization process. (a) Plots of Kissinger 

(left scale) and Augis-Bennett (right scale) equations and (b) Ozawa equation. 
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Fig. 6. Calculated values of Avrami parameter evaluated for non-isothermal crystallization 

kinetics. 
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Fig. 7. Scanning electron microscopy (SEM) visualization of the powders heat-treated at 1273 K. 

(a, b) Large-scale images of the powders, (c) magnification of the selected area. (d) Nanocrystal 

size distribution evaluated from the SEM images. 
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Fig. 8. X-ray diffraction (XRD) patterns of the isomorphic phases in the (EuxY1-x)2Ti2O7 system 

calculated from the structure data obtained from the Rietveld refinement compared with the 

experimental data recorded for (Eu0.5Y0.5)2Ti2O7 powder. (a) Full-range record and (b) 

magnification of the high-angle region of the XRD patterns with well resolved peaks 

documenting that the intermediate compositions in Y2Ti2O7–Eu2Ti2O7 series were isomorphic 

with both end-members. A complete list of hkl indices assigned to XRD peaks’ positions is 

provided in Supplementary Table 1. 
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Fig. 9. Transmission electron microscopy (TEM) analyses of powders heat-treated at 1273 K. (a, 

d) Bright-field TEM images of the aggregated nanocrystals and (b, e) selected area electron 

diffraction patterns along [011] and [001] crystallographic zone axes recorded on nanocrystals, 

labeled as A and B, respectively. (c, f) High-resolution TEM (HRTEM) images showing the 

arrangement of the different crystallographic planes in the nanocrystals. 
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Fig. 10. X-ray diffraction patterns of the equimolar mixtures of the isostructural compounds 

demonstrating twinning and a shift in the diffraction peaks with increasing disorder in the crystal 

lattice. 
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Supplementary Fig. 1. The representative analysis of the SEM image used to evaluate the 

nanocrystal size distribution. (a) The recorded SEM image. (b) The recorded SEM image with 

marked nanocrystal boundaries. (c) The subtracted nanocrystal boundaries used for the 

calculation of the nanocrystal size distribution. 

  



 

35 

 

 

Supplementary Fig. 2. The energy dispersive X-ray spectroscopy (EDS) spectrum showing the 

presence of all constituent elements in nanocrystal A highlighted in Fig. 9a. 

  



 

36 

 

Supplementary Fig. 3. X-ray diffraction (XRD) pattern of the xerogel heat-treated at 998 K 

demonstrating the amorphous nature of the xerogel. 
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Table 1. The calculated activation energy of crystallization. 

Kissinger’s  

approximation 

 (kJ∙mol-1) 

Augis–Bennett’s 

approximation 

 (kJ∙mol-1) 

Ozawa’s 

approximation 

(kJ∙mol-1) 

595±10 607±11 613±10 
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Table 2. The values of the exponent  for the Johnson-Mehl-Avrami equation for different types 

of crystallization mechanisms (adapted from [22]). 

 

 

Type of nucleation 

Mechanisms of 

nucleation 

Phase-boundary 

controlled growth 

Diffusion controlled 

growth 

Site-saturated 

 

Bulk mechanism 

One-dimensional 

growth 

1 0.5 

Two-dimensional 

growth 

2 1 

Three-dimensional 

growth 

3 1.5 

 

Homogenous 

nucleation with 

constant nucleation 

rate 

Bulk mechanism 

One-dimensional 

growth 

2 1.5 

Two-dimensional 

growth 

3 2 

Three-dimensional 

growth 

4 2.5 

  



 

39 

 

Table 3. Results of the Rietveld refinement of the three powder patterns of pyrochlore-structured 

phases within the binary system Eu2Ti2O7 − Y2Ti2O7. Crystal structure parameters used in 

refinement: space group: 𝐹𝑑3̅𝑚 in the 2nd setting; atom positions: A-site (Eu, Y) at 16d, B-site 

(Ti) at 16c, O1-site at 48f, and O2-site at 8b [24, 25]. 

Refined 

Parameters 

Composition 

Eu2Ti2O7 (Eu0.5Y0.5)2Ti2O7 Y2Ti2O7
* 

Lattice parameters a (Å) 10.20951(1) 10.15355 (5) 10.09755 (3) 

Cell Mass (g/mol) 4093.483 3589.006 3084.529 

Cell Volume V (Å3) 1064.178(4) 1046.78(2) 1029.552(8) 

Crystal Density Dx (g/cm3) 6.38746(3) 5.69337(8) 4.97497(4) 

B(Eu/Y) (Å2) 1.71(1) 1.44(2) 1.54(2) 

B(Ti) (Å2) 1.62(2) 1.25(4) 1.55(2) 

x(O1) 0.3273(2) 0.3316(4) 0.3297(2) 

B(O1) (Å2) 2.17(5) 1.62(7) 1.83(4) 

B(O2) (Å2) 1.02(9) 0.38(16) 1.12(7) 

RBragg (%) 1.596 1.164 1.489 

Rexp (%) 4.39 1.71 3.62 

Weighted Profile Factor 

 Rwp  (%) 

7.16 2.41 10.22 

 Profile Factor 

 Rp (%) 

5.31 1.79 6.94 

Goodness of fit indicator 1.63 1.41 2.82 
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* Occupancies: A: Eu = 0.50(10), Y = 0.50(9), Ti = 0.00(5), B: Eu = 0.00(10), Y = 0.00(9), and 

Ti = 1.00(5) for general formula A2B2O7.  
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Table 4. Energy dispersive X-ray spectroscopy (EDS) analysis of nanocrystal “A” highlighted in 

Fig.9a. 

 Element 

 Eu Y Ti O 

Weight (%) 33.5 ± 2.2  19.8 ± 1.3 21.2 ± 0.9 25.4 ± 0.9 

Atomic (%) 8.9 ± 0.6 9.0 ± 0. 6 17.9 ± 0.8 64.1 ± 2.3 

Formula unit 0.99 ± 0.07 1.01 ± 0.07 2.0 ± 0.1 7.16 ± 0.3 
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Supplementary Table 1. Calculated positions of XRD peaks for CuKα1 radiation. 

 

Miller indexes 

h k l 

Diffraction angle 2 (degrees) 

Miller indexes 

h k l 

Diffraction angle 2 (degrees) 

Pattern Pattern 

Eu2Ti2O7 (Eu0.5Y0.5)2Ti2O7 Y2Ti2O7 Eu2Ti2O7 (Eu0.5Y0.5)2Ti2O7 Y2Ti2O7 

1 1 1 15.018 15.1 15.19 8 4 4 95.33 96.03 96.74 

2 2 0 24.644 24.78 24.92 7 7 1 97.3 98.02 98.76 

3 1 1 28.983 29.15 29.31 9 3 3 97.3 98.02 98.76 

2 2 2 30.302 30.47 30.65 7 5 5 97.3 98.02 98.76 

4 0 0 35.131 35.33 35.53 10 2 0 100.61 101.37 102.15 

3 3 1 38.401 38.62 38.84 8 6 2 100.61 101.37 102.15 

4 2 2 43.385 43.64 43.89 7 7 3 102.6 103.4 104.2 

3 3 3 46.164 46.43 46.71 9 5 1 102.6 103.4 104.2 

5 1 1 46.164 46.43 46.71 10 2 2 103.27 104.07 104.89 

4 4 0 50.53 50.83 51.13 6 6 6 103.27 104.07 104.89 

5 3 1 53.021 53.34 53.66 9 5 3 108.02 108.89 109.78 

4 4 2 53.833 54.15 54.48 8 6 4 108.7 109.59 110.49 

6 2 0 57.003 57.35 57.69 10 4 2 111.48 112.42 113.37 

5 3 3 59.307 59.67 60.03 11 1 1 113.6 114.57 115.57 

6 2 2 60.063 60.43 60.8 7 7 5 113.6 114.57 115.57 

4 4 4 63.031 63.42 63.81 8 8 0 117.21 118.26 119.33 

7 1 1 65.206 65.61 66.02 11 3 1 119.44 120.53 121.65 

5 5 1 65.206 65.61 66.02 9 5 5 119.44 120.53 121.65 

6 4 2 68.75 69.18 69.62 9 7 1 119.44 120.53 121.65 

5 5 3 70.836 71.29 71.74 10 4 4 120.19 121.3 122.44 

7 3 1 70.836 71.29 71.74 8 8 2 120.19 121.3 122.44 

8 0 0 74.255 74.73 75.22 10 6 0 123.26 124.44 125.65 

7 3 3 76.279 76.78 77.28 8 6 6 123.26 124.44 125.65 

6 4 4 76.949 77.45 77.96 11 3 3 125.63 126.87 128.16 

8 2 2 79.614 80.14 80.68 9 7 3 125.63 126.87 128.16 

6 6 0 79.614 80.14 80.68 10 6 2 126.44 127.7 129.01 

5 5 5 81.598 82.14 82.7 12 0 0 129.75 131.12 132.53 

7 5 1 81.598 82.14 82.7 8 8 4 129.75 131.12 132.53 

6 6 2 82.257 82.81 83.37 7 7 7 132.35 133.8 135.31 

8 4 0 84.883 85.46 86.05 11 5 1 132.35 133.8 135.31 

7 5 3 86.845 87.44 88.05 12 2 2 136.93 138.56 140.28 

9 1 1 86.845 87.44 88.05 10 6 4 136.93 138.56 140.28 

8 4 2 87.498 88.1 88.72 11 5 3 139.88 141.65 143.52 

6 6 4 90.108 90.74 91.39 9 7 5 139.88 141.65 143.52 

9 3 1 92.066 92.72 93.39  -- -- -- 

 


