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a b s t r a c t

Due to the unique properties and wide array of applications of nanocrystalline materials

based on titanium dioxide, the study of new synthesis approaches remains relevant. In this

study, within the framework of the extraction-pyrolytic method (EPM), we suggest using

the mixtures of Ti- and Eu-containing organic extracts based on valeric acid as precursors

for fabrication of nanocrystalline TiO2-based powders with different Eu content: 0.5 mol%,

5 mol%, and 50 mol%. The thermal behavior of individual metal-containing extracts and

their mixture was studied by thermogravimetric analysis and differential scanning calo-

rimetry (TGAeDSC). To characterize phase composition and morphology of produced

materials, the X-ray diffraction (XRD) method and scanning electron microscopy (SEM)

were used. Photoluminescence properties of Eu3þ ions in TiO2 nanocrystals have been

studied. Photocatalytic activity of produced materials was tested in the reaction of meth-

ylene blue (MB) oxidation under UV-VIS irradiation. Correlation between synthesis pa-

rameters (Eu content and pyrolysis temperature) and properties of produced materials

(phase composition, photoluminescence and photocatalytic properties) has been studied. It

was demonstrated that the presence of a Eu-containing extract in the precursor mixture

increases the anatase-to-rutile phase transformation temperature. The highest efficiency

(degradation degree of MB 96%) was shown by TiO2 powder consisting of mixed poly-

morphs, anatase (main phase) and rutile, with 0.5 mol% Eu additive. It was shown that

anatase-to-rutile phase transformation in TiO2:Eu
3þ nanoparticles manifests in a degra-

dation of Eu3þ luminescence intensity.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nanocrystalline titanium dioxide (TiO2) has many applica-

tions due to its optical, thermal, photocatalytic, and electro-

physical properties [1,2]. For instance, nanocrystalline TiO2 is

utilized in dye-sensitized solar cells, hydrogen production and

storage, sensors, rechargeable batteries, self-cleaning and

antibacterial surfaces. Currently, the most active research is

related to the photocatalytic activity of TiO2 nanoparticles for

the environmental cleanup of organic pollutants. Due to

chemical stability, non-toxicity, and low cost TiO2 is consid-

ered the most promising photocatalyst for the degradation of

pollutants in water and air [3e6].

TiO2 has three naturally occurring polymorphs: rutile,

anatase with the tetragonal crystal lattice, and brookite with

the orthorhombic crystal lattice [7,8]. Rutile is more thermo-

dynamically stable than anatase and brookite, which can be

irreversibly transformed into the stable rutile phase by heat

treatment in the temperature range from 400� to 1200 �C.
Herewith, the temperature value is determined not only by

the material synthesis technique but also by the method of

determination of the transition temperature [7]. The stability

of crystalline modifications also depends on the size of crys-

tallites. According to the data reported in [9], anatase has

higher thermodynamic stability if the particle size of TiO2

does not exceed 35 nm.

TiO2 belongs to the class of wide-band-gap semi-

conductors with band gap energy at 3.0e3.3 eV depending on

the structure [10]. Thus, all of the above-mentioned poly-

morphs absorb light only in the ultraviolet (UV) spectral

range with an absorption onset higher than 3 eV [11]. This

fact limits the use of TiO2 as a photocatalyst in the visible

(VIS) region. The key parameter of photoactivity of TiO2 is its

phase composition [12]: anatase usually exhibits higher

photocatalytic activity than rutile. Moreover, the crystal-

linity of TiO2 in the anatase polymorph form improves if

synthesis temperature is increased. This leads to the

enhanced photocatalytic activity of the final product [13].

However, such heat treatment leads to the anatase-to-rutile

phase transformation, which plays a negative role in pho-

tocatalytic activity. Hence, it is important to improve the

thermal stability of the anatase phase in the synthesis pro-

cess. There are two typical ways to achieve this purpose: the

synthesis method modification or the addition of dopants

[14,15]. Usually, transition, rare-earth metals (RE) and non-

metal ions (C, N, S, F) are used as dopant materials in TiO2

[16]. The incorporation of the RE metal dopants including

trivalent europium ion (Eu3þ) usually leads to the improve-

ment of the photocatalytic behavior of TiO2 in UV and VIS

spectral range [17,18]. Moreover, Eu3þ doped TiO2 is also

considered a promising material for solar cells [19,20]. Be-

sides, intensive red photoluminescence of Eu3þ in crystalline

host matrices can be used to probe the local environment of

the Eu3þ ion [21]. On the other hand, the influence of surface

states on luminescence properties of the RE in nanoparticles

has significant interest for fundamental research of nano-

phosphors [22e26]. Furthermore, a possible relationship be-

tween luminescent properties and photocatalytic efficiency

of TiO2 nanoparticles needs further investigations.
One of the popular methods for the synthesis of undoped

and RE doped TiO2 is the solegel method. This method allows

production of homogeneous metal oxide nanoparticles [27] as

well as facilitates the addition of dopants [18,28e31]. Titanium

(IV) alkoxides or inorganic salts and RE inorganic salts are

used as raw materials for RE-doped TiO2 synthesis. However,

the difference in the rates of hydrolysis of raw materials

makes it difficult to control the synthesis, which can lead to

the formation of material with segregated phases instead of

the formation of the desired homogeneous structure of the

polymer gel [32]. For RE-doped TiO2 such solution techniques

as co-precipitation [33,34] and hydrothermal [6,15,30,35]

methods have been used.

The use of organic extracts based on saturated fatty acids

as a new type of precursors is proposed in the framework of

the extraction-pyrolytic method (EPM) to produce oxide ma-

terials for various functional purposes [36]. Synthesis of

complex oxide materials by EPM includes the following main

steps e extraction of metal ions from an aqueous solution

with carboxylic acid (with or without a diluent), mixing the

extracts in the required ratio, and subsequent pyrolysis.

Herewith, EPM ensures the homogeneity of the materials

produced, does not require the use of complex equipment and

high costs for raw materials. The advantages of the method

also include its versatility e production of nanocrystalline

materials both as powders and films on various substrates and

composites [36e41].

This work aim is producing TiO2 with different Eu additives

by EPMusingmixtures of Ti- and Eu-containing extracts based

on valeric acid. Besides, we are going to elucidate the effect of

the ratio of the metals in the initial mixture of precursors and

the temperature of its pyrolysis on the phase composition,

photocatalytic, and luminescence properties of the final

nanocrystalline powders.
2. Experimental

2.1. Sample preparation

To prepare individual solutions of metal valerates in valeric

acid (extracts), the method of exchange extraction by fatty

acids (HR) with the addition of alkali was used [42]. Trivalent

metal ions extraction takes place according to the cation

exchange mechanism and can generally be described by

equation (1):

Me3þþ (3 þ s)HR þ qH2O 4 [MeR3$ sHR]$qH2O þ 3Hþ, (1)

where s and q e solvation and hydration numbers,

respectively.

The extraction of metal ions was carried out from aqueous

solutions of their salts, Eu(NO3)3 and TiCl3, with a metal con-

centration of 1 M and 0.1 M, respectively. Valeric acid

C4H9COOH without diluent was used as an extractant, and a

solution of 1MNaOHwas used as an alkaline agent. The initial

ratio of the aqueous (Aq) and organic (O) phases in the system

was Aq:O ¼ 1:1 and Aq:O ¼ 5:1 for extraction of europium and

titanium, respectively. Titanium chloride in hydrochloric acid

solution (pH 0.5) was prepared right before extraction by

https://doi.org/10.1016/j.jmrt.2021.06.029
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dissolving titanium powder in a HCI (1:1) solution followed by

dilution with distilled water to a predetermined concentra-

tion. During the extraction process, with the gradual addition

of NaOH solution, the organic phase slowly acquired a deep

blue color. This indicates an increase in the concentration of

Ti (III) valerate Ti(C4H9СOO)3 in the organic phase (Eq. (1)).

Upon completion of the extraction, phase separation, and

filtration of the obtained extract, its discoloration was

observed. This is related to the oxidation of Ti (III) to Ti (IV) by

atmospheric oxygen. It should be noted that in the presented

work, no special studies to determine the final composition of

the titanium (IV) carboxylate in organic solution were carried

out. The pH of aqueous solutions measured after separation

from the organic phase was ~1.2 for the extraction system

with titanium and ~2.8 for the extraction system with euro-

pium. The obtained extracts were stable true solutions, and

their storage did not require special conditions. The concen-

tration of metals in organic solutions was determined by the

gravimetric method [43] and was established to be 0.420 M for

Ti-containing extract (E1) and 0.497 M for Eu-containing

extract (E2).

Heat treatment (pyrolysis) of aliquots of extracts E1 and E2,

as well as mixtures of E1 and E2 corresponding to 0.5 mol% of

Eu (mixture M1), 5 mol% (mixture M2), and 50 mol% (mixture

M3) in the final product, was carried out by heating in the air

from room temperature to temperature (Tpyr) 550�-850 �C at a

rate of 10�/min and annealed for 60 min. This was followed by

powder rapid cooling at ambient conditions.

2.2. Characterizations

The thermal stability of the produced extracts and their

mixture in static air was investigated by thermogravimetric

analysis (TGA) and high temperature differential scanning

calometry (HDSC) at a heating rate of 5 �/min (LINSEIS STA PT

1600). The phase composition of as-prepared samples was

determined by the X-ray diffraction method (XRD) using a

diffractometer D8 Advance (Bruker) with CuKa radiation

(l ¼ 1.5418 �A). The XRD patterns were referenced to the PDF

ICDD 00-034-0392 for europium oxide (Eu2O3), PDF ICDD 00-

021-1272 for titanium dioxide (TiO2) anatase phase, PDF ICDD

00-021-1276 for titanium dioxide (TiO2) rutile phase, and PDF
Fig. 1 e Thermal behaviour of Ti-containing extract E1 and its m

exstract E2 (b): 1 e HDSC; 2 e TG.
ICDD 01-070-7156 for europium titanate (Eu2Ti2O7) identifica-

tion. The mean crystallite size (d) of anatase (dA), rutile (dR),

Eu2O3 (dE) and Eu2Ti2O7 (dT) phases was calculated using the

Scherrer method using most intense diffraction peaks corre-

sponding to crystallographic planes (1 0 1), (1 1 0), (2 2 2), and (2

2 2), respectively. Weight fraction of the rutile phase (WR) was

determined by Gribb and Banfield [44] using integrated in-

tensities A (areas) of most intense diffractions peaks as well

(Eq. (2)).

WR ¼ AR / (0.884AAþ AR) � 100% (2)

The surface morphology of the produced samples was

studied by scanning electron microscopy (SEM) using the

Helios 5 UX Thermo Scientific in SE mode with TLD detector.

Photocatalytic activity of produced powders was inves-

tigated by observing the degradation of methylene blue (MB)

under UV-VIS irradiation. Experimental conditions and

processing of the results were performed as described in

[45]. 50 mg of produced material was added as a photo-

catalyst to 50 mL of 3.6 mg/L MB solution. For

adsorptionedesorption equilibrium, the suspension was

stirred for 30 min in dark. Then it was photo-irradiated by

UV-VIS light source (Osram Vitalux lamp, 300 W) for 30 min.

The distance between the lamp source and the suspension

was 11 cm. Degradation of methylene blue was observed by

UV-VIS spectroscopy (l ¼ 662 nm) every 10 min. The whole

test lasted 60 min. The kinetics of photocatalytic degrada-

tion of MB was expressed with pseudo-first-order constant

of photocatalytic reaction k (s�1):

k ¼ ln(C/C0) / t, (3)

where.

C is the concentration of MB after irradiation;

C0 e the initial concentration of MB solution;

t e the irradiation time.

Luminescence spectra, as well as luminescence excita-

tion spectra, of produced samples have been measured

using Photoluminescence Spectrometer FLS1000 (Edinburgh
ixture M2 with Eu-containing extract (a), Eu-containing

https://doi.org/10.1016/j.jmrt.2021.06.029
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Fig. 2 e XRD patterns of thermal decomposition products of

extracts: 1 e Eu-containing extract (E2); 2 e Ti-containig

extract (E1). Tpyr ¼ 550 �C.
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Instruments). The experiments have been carried out at

room temperature.
Fig. 3 e XRD patterns of pyrolysis products of extract

mixture M1 (corresponding to 0.5 mol% Eu additive to TiO2)

produced at different Tpyr: S2 e 550 �C; S3 e 650 �C; S4 e
3. Results and discussion

3.1. Thermal stability of extracts

Ketones and the corresponding metal oxides are the main

products of the thermal decomposition of salts of many car-

boxylic acids as established earlier in Ref. [46]. The thermal

stability of metal carboxylates and the mechanism of their

decomposition depend on the length of the carboxylic acid

hydrocarbon radical and the nature of the metal [47]. There-

fore, to determine the minimal pyrolysis temperature of a

mixture of extracts for producing oxide powders of various

compositions, we studied the thermal behavior of both indi-

vidual extracts (Fig. 1a, E1 and Fig. 1b) and their mixture cor-

responding to the Eu content in the final product of 5 mol%

(Fig. 1a, M2).

At the beginning of the heating process, all studied sam-

ples are characterized by the same thermal behavior: the first

weight loss occurs starting from ~30 �C and is associated with

the evaporation of free extractant (solvent). In the region of

the first endothermic peaks in the temperature ranges of

~105�e160 �C (Fig. 1a) and ~120�-149 �C (Fig. 1b), evaporation

processes of both solvent and co-extracted water take place.

Thereafter, the thermal transformations of samples E1

(Fig. 1a, E1) and E2 (Fig. 1b) are determined by the thermal

behavior of the metal carboxylates and differ significantly.

Thermal destruction of Ti-containing extract E1 (Fig. 1a, E1)

starts at a temperature of ~147 �C (the maximum of the first

endothermic peak), and weight loss of the sample is observed

up to 160 �C. Upon further heating, the wide asymmetric

endothermic peak at 202 �C is observed on the HDSC curve,

while the TG curve first maintains a constant sample mass,

and then its slight increase (~1.7%). Such thermal behavior of

the sample is probably associated with thermal trans-

formations of the resulting decomposition intermediates: the

endothermic evaporation process of gaseous products (most

likely, carbon dioxide CO2) and the exothermic process of the
gradual oxidation of TiO to TiO2 [41,48]. The weight loss

(~4.2%) observed in the temperature range ~225�e280 �C is

associated with the thermal decomposition of an organic

matter. In the area of the exothermic peak (~280�e320�C),
combustion of the residue of gaseous products occurs, which

is accompanied by an insignificant weight loss (0.7%). With an

increase in temperature above 350�C, the mass of the sample

practically does not change. An exothermic peak observed in

the temperature range ~400�e540 �C is associated with the

beginning of crystallization of titanium dioxide and its sub-

sequent polymorphic transformations.

After evaporation of the solvent and co-extracted water

during further heating of extract E2 (Fig. 1b), the sample mass

remains almost constant in the temperature range

~149�e217 �C. An elongated endothermic peak (~159�-203 �C)
is observed on the HDSC curve can be associated with the

melting of the europium (III) valerate Eu(C4H9СOO)3 [49].

Starting from 217 �C and up to 344 �C, an active (about 14%)

weight loss of the sample is observed, which is directly related

to the thermal destruction of the metal valerate. It was found

[49,50] that thermal transformations of individual carboxyl-

ates of rare earth elements (RE) into the corresponding ses-

quioxides proceed via an intermediate stage of the formation

of metal dioxymonocarbonate and the release of ketone and

CO2. When the temperature reaches 550 �C, the mass of the

sample is practically constant. In the temperature range

~553�e608 �C, an intense broad exopeak is observed on the

HDSC curve, which is associatedwith the crystallization of the

final product and the burnout of carbon formed as a result of

the combustion of gaseous decomposition products.

The presence of the Eu-containing extract E2 in the

mixture M2 (Fig. 1а, M2) leads to the changes in the thermal

behavior of the extract E1e theweight loss of the sample ends

at a higher temperature of ~520 �C, and the exothermic peaks

on the HDSC curve shift from 298� to 302 �C (the first exopeak)

and from 507� to 555 �C (second exopeak).

Thus, the thermal behaviour of Ti-containing (E1) and Eu-

containing (E2) extracts is characterized by different mecha-

nisms, which, in turn, affects the thermal stability of the
750 �C; S5 e 850 �C.

https://doi.org/10.1016/j.jmrt.2021.06.029
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Fig. 4 e XRD patterns of pyrolysis products of extract

mixture M2 (corresponding to 5 mol% Eu additive to TiO2)
� �

Table 1 e Impact of synthesis conditions on phase composition and mean crystallite size of produced materials.

Sample Nr. Synthesis conditions Phase composition d, nm W, %

Precursor Tpyr, �C

S1 E1 550 TiO2 anatase 21 94

TiO2 rutile ~30 6

S2 M1 550 TiO2 anatase 11 100

S3 650 TiO2 anatase 20 90

TiO2 rutile ~30 10

S4 750 TiO2 anatase 35 64

TiO2 rutile 36 36

S5 850 TiO2 anatase ~40 8

TiO2 rutile 45 92

S6 M2 750 TiO2 anatase 12 96

TiO2 rutile ~20 4

S7 850 TiO2 anatase Discerned e

TiO2 rutile 40

Eu2Ti2O7 36

S8 M3 750 Amorphous e e

S9 800 Eu2Ti2O7 38 e

S10 850 Eu2Ti2O7 40 e
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mixture of extracts M2 (Fig. 1а, M2). Based on the results ob-

tained, a temperature of 550 �C was established to be a mini-

mal pyrolysis temperature in this study.

3.2. Characterization of produced materials

3.2.1. Phase composition
XRD analysis of the pyrolysis products of individual extracts

E1 and E2 is shown in Fig. 2. The thermal treatment at 550 �C of

extract E1 leads to the formation of nanocrystalline TiO2

powder, consisting of anatase and rutile polymorphs (Table 1,

sample S1), but of extract E2 e europium oxide Eu2O3 also

containing two crystalline phases.

Themain phase (E) of Eu2O3, identified by PDF ICDD 00-034-

0392, has a crystal lattice parameter a ¼ 10.868 �A. The

diffraction peak maxima of the second phase (E’) are notice-

ably shifted to the region of lower values of 2-Theta angles

(a ¼ 11.250 �A). According to an approximate estimate, the

average crystallite size of both main and additional phases is

15 nm and 10 nm, respectively. It should be noted that with an

increase in the pyrolysis temperature from 550 �C to 750 �C of

the Eu-containing extract, a gradual increase in the content of

the main phase of Eu2O3 is observed, and after treatment at

750�C, the second additional phase was not detected in the X-

ray diffraction pattern. In this case, dE of the main phase in-

creases to 30 nm. Thus, the results of the X-ray phase analysis

presented in Fig. 2 do not contradict the results of TG-HDSC

analysis (Fig. 1a, E1 and Fig. 1b).

The results of XRD analysis of samples produced by py-

rolysis of mixtures of extracts E1 and E2 are summarized in

Table 1.

Analysis of the data obtained shows that an increase in

the content of the Eu-containing extract E2 in the mixture

not only slows down the anatase-to-rutile phase trans-

formation (samples S4 and S6) but also leads to a change in

the phase composition of the final pyrolysis products (sam-

ples S7 and S10).
It was found (Fig. 3) that at a low content of extract E2

(mixture M1), an increase in the pyrolysis temperature fa-

cilitates the anatase-to-rutile phase transformation (Table 1)

and leads to an increase in d of both crystalline phases of

TiO2. However, even at a temperature of 850 �C, a complete

transformation is not observed (anatase weight fraction

~8%). The thermal treatment of the mixture M1 at a minimal

temperature of 550 �C, in contrast to the pure extract E1,

makes it possible to fabricate monophase TiO2 with the

anatase crystal structure.

With an increase in the Eu content to 5 mol% (mixture M2),

beginning temperature of anatase-to-rutile phase trans-

formation shifts even more significantly to 750 �C (Fig. 4,

sample S6; Table 1). Moreover, an increase in temperature by

100 �C leads to almost complete phase transformation and

simultaneous crystallization of an additional phase e euro-

pium titanate Eu2Ti2O7 (Fig. 4, sample S7; Table 1).
produced at different Tpyr: S6 e 750 C; S7 e 850 C.

https://doi.org/10.1016/j.jmrt.2021.06.029
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Fig. 5 e XRD patterns of Eu2Ti2O7 samples produced from

equimolar mixture of extracts М3 at different Tpyr: S8 e

750 �C; S9 e 800 �C; S10 e 850 �C.
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Thus, based on the presented results of TGA-HDSC (Fig. 1)

and XRD (Figs. 3 and 4; Table 1) analyses, it is evident that the

presence of the thermally more stable extract E2 in the initial

mixture of extracts in comparison with extract E1, inhibits the

crystallization and growth of anatase particles, that conse-

quently increases the temperature of the anatase-to-rutile
Fig. 6 e SEM images of the produced samples: A e pure TiO2 (S1),

Eu additive (S6). Magnification for images in a left column e £1
phase transformation. Moreover, the higher is the Eu con-

tent in the extract mixture, the higher is the temperature of

the beginning of this transition. Similar regularities on the

effect of the RE additive on the phase transformation were

also reported in the studies [14e18].

Due to the large difference in ionic radii (Ti4þ e 0.64 �A and

Eu3þe 0.95�A) europium ions can be incorporated into the TiO2

lattice interstitially or can form a thin oxide layer on the

surface of the TiO2 particles [14]. Anatase-to-rutile trans-

formation involves cleavage and rearrangement of the TieO

bonds, thus, if Eu ions incorporate interstitially, the ionic

mobility is hindered, which prevents the phase trans-

formation. On the other hand, the presence of Eu2O3 on the

surface of the TiO2 particles inhibits the growth of the anatase

particles. This creates difficulties for its agglomeration and

prevents achieving the anatase particles’ critical size (14 nm

[9]) for rutile formation. We assume that using EPM, the in-

fluence of Eu additive on the anatase-to-rutile phase trans-

formation involves both described mechanisms.

Thermal treatment of an equimolar mixture of extract M3

allows producing crystalline Eu2Ti2O7 starting from a tem-

perature of 800 �C (Fig. 5; Table 1 samples S8 and S9). More-

over, an increase in temperature to 850 �C practically does

not affect the value of dT. Thus, based on the results ob-

tained, we can assume the presence of europium titanate in
BeTiO2 with 0.5 mol% Eu additive (S3), CeTiO2 with 5 mol%

0 000, in a right column e £500 000.

https://doi.org/10.1016/j.jmrt.2021.06.029
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Fig. 7 e The degradation degree of MB and rate constant of

produced samples in comparison with commercial

anatase.

Fig. 8 e Luminescence spectra of TiO2:Eu
3þ nanoparticles

(sample S2) (a), Eu2Ti2O7 nanoparticles (sample S9) (b) and

Eu2O3 nanoparticles (c) under excitation of 7F0 - 5D2

transition in Eu3þ.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 3 : 2 3 5 0e2 3 6 02356
sample S5 (Table 1, Fig. 3), which due to its low content is not

detected by XRD.

3.2.2. Morphology
The shape and surface morphology of the synthesized nano-

crystalline TiO2 powders were studied using SEM, and the

results are represented in Fig. 6. Investigations were per-

formed for the samples of pure TiO2 and TiO2 with 0.5 and

5 mol% Eu additive, phase composition (anatase-rutile ratio)

of which is similar (samples S1, S3 and S6, see Table 1). The

synthesized TiO2 powders consist of irregular rock-like ag-

glomerates having a large variations in size and shape (Fig. 6,

left column). Presented images show that Eu additives in TiO2

samples S3 and S6 lead to the formation of more loose ag-

glomerates despite a higher Tpyr than in the case of the pure

TiO2 (sample S1). The highmagnification image (Fig. 6, A, right

column) of pure TiO2 powder (sample S1) showed that ag-

glomerates consist of round-shaped and some faceted parti-

cles with approximate size from 7 to 25 nm. An increase in Tpyr

by 100 �C and the presence of 0.5 mol% Eu additive (sample S3)

did not lead to a significant change in themorphology and size

of the TiO2 particles (Fig. 6, B, right column). However, in ag-

glomerates a well-defined interface between predominantly

spherical particles can be traced. As a result of a further in-

crease in the processing temperature and the europium con-

tent (sample S6), the formation of densely packed

agglomerates possessing branched structure is observed.

Based on the results of XRD analysis (see Fig. 4, sample S6),

this powder is poorly crystallized. Therefore, it can be

assumed that these structures are formed from amorphous

phases (TiO2 and Eu2Ti2O7) containing nanocrystalline TiO2

particles as inclusions.

3.2.3. Photacatalytic activity
The study results of the influence of the synthesis conditions

(Table 1) on photocatalytic activity of produced samples are

shown in Fig. 7. For comparison, the results for commercial

TiO2 powder with anatase structure and dA < 25 nm (Sigma-

eAldrich) are also presented.

The degradation degree of MB of pure TiO2 sample S1

(WA ¼ 96%) produced at 550 �C is 76% (k ¼ 0.0483 s�1). Sample
S2 with the crystal structure of anatase containing 0.5mol% of

Eu additive (Table 1) leads to an increase in both degradation

degree and rate constant to 83% and to 0.0663 s�1, respec-

tively. This sample has better activity than commercial

anatase, and its rate constant is almost two times greater.

In series of TiO2 samples with 0.5 mol% Eu additive (sam-

ples S2eS4) an increase in production temperature from

550 �C to 750 �C leads to a change in photocatalytic activity,

which is not monotonic. Wherein, these samples are charac-

terized by better photocatalytic activity than pure TiO2 (sam-

ple S1) or commercial anatase. In the case of sample produced

at 650 �C (sample S3), the best photocatalytic activity is ach-

ieved, and degradation degree of MB is 96% (k ¼ 0.1149). It

should be mentioned that, excluding the presence of Eu,

sample S3 is quite similar to S1 in both phases ratio and its

mean crystalline size (Table 1). Thus, the improvement in

photocatalytic activity is probably associated with the pres-

ence of europium additive.

Improving TiO2 photocatalytic activity by doping with RE

ions, including Eu ions, was also reported in [15,18,31,51]. This

evidence can be related to the synergetic effect of improved

absorption and charge separation (due to 4f electron config-

urations of RE elements) as well as to an enhanced

https://doi.org/10.1016/j.jmrt.2021.06.029
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Fig. 9 e The comparison of emission lines due to 5D0 - 7F2
transitions under excitation of 7F0 - 5D2 in Eu3þfor the

samples S2 (solid line), S3 (dashed line) and S4 (short

dashed line).

Fig. 10 e The excitation spectra for three samples of

TiO2:Eu3þ nanoparticles monitored at 618 nm. The spectra

are normalized to the maximum intensity of the 466 nm

line.
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photocatalytic activity of TiO2 under VIS irradiation due to red

shifts of the optical absorption edge.

For samples produced at 750 �C (S4 and S6) increase in

europium content from 0.5 to 5 mol% leads to an increase in

anatase weight fraction (Table 1), but in a decrease in both

degradation degree and rate constant. In this case, photo-

catalytic activity of sample S6 was worse also in comparison

with pure TiO2 (sample S1) and commercial anatase. It can be

explained by the contrastingmorphology (see Fig. 6, C) and the

presence of amorphous Eu2Ti2O7, which is a photocatalyti-

cally inactive material (Fig. 7, S9).

3.2.4. Luminescence properties
Figure 8 (a) exhibits emission spectra of europium doped

TiO2 (Table 1, sample S2) nanoparticles while the emission

spectra of Eu2Ti2O7 (Table 1, sample S9) and Eu2O3 (Fig. 2,

curve 1) nanoparticles are shown in Fig. 8 (b, c), respectively,

for comparison. The emission lines due to the 5D0 - 7FJ
transition are observed in all samples studied under excita-

tions of 7F0 - 5D2 transitions (466 nm excitation). The Eu3þ-
doped TiO2 nanocrystals exhibit emissions clearly different

from those observed in Eu2O3 and Eu2Ti2O7, in terms of line

shapes and line positions, meaning different local environ-

ments of Eu3þ ions. It is known that both anatase (space

group D19
4h) and rutile (D14

4h) assume tetragonal symmetry [8]

while Eu2O3 (T7
h) [52] and Eu2Ti2O7 (Fd3m) [53] have cubic

symmetry at room temperature. In addition, the substitu-

tional Eu3þ dopants in TiO2 are less well-located on the lat-

tice sites as compared to the Eu3þ ions in the latter two

compounds (where Eu3þ is a part of main lattice), due to

lattice distortion and the existence of point defects for

instance oxygen vacancies. Thus, Fig. 8 provides clear evi-

dence that the emissions from TiO2:Eu
3þ nanoparticles

originates from the Eu3þ ions embedded into the TiO2 lattice

but not due to luminescence of Eu2O3 or Eu2Ti2O7 samples.

Figure 9 shows the detailed comparison of the emission

spectra (5D0 - 7F2 transitions) of Eu3þ in TiO2 nanoparticles

having different content of anatase and rutile phases. The

emission intensities as well as the shape of the emission
spectra in Fig. 9 are dependent on the pyrolysis temperature.

The intensity of Eu3þ emission lines decreases if pyrolysis

temperature increasing. It means that the emission intensity

is lower in those TiO2 nanocrystalline samples, which contain

more rutile phase. The degradation of luminescence intensity

passing from anatase to rutile phases of TiO2 was reported

before in [54,55]. The sharp luminescence lines peaking at 618

and 626 nm can be observed in all spectra depicted in Fig. 9. In

addition, at least one extra line at 614 nm can be also resolved.

However, a relative intensity of the 614 nm line is higher in the

samples comprising more rutile phase in the lattice. This fact

indicates that the disorder of the symmetry around the Eu3þ

ions in the TiO2:Eu
3þ particles changes passing from the

anatase to rutile phase.

Another possible explanation of the results depicted in

Fig. 9 is related to the multisite Eu3þ centers. Indeed, the

multisite luminescence of rare-earth ions in TiO2 has been

reported in literature [28,56,57]. Namely, three types of Eu3þ

centers in TiO2 were detected at low temperature (10 K).

However, we were able to perform our experiments at room

temperature only masking a possible multisite emission

centers. In addition, it is worth noting that each type of the

Eu3þ centers can be revealed in both the emission spectra and

the excitation spectra. This means that, under certain exci-

tations, the emission spectra can exhibit specific features of

one of the three types of Eu3þ centers. For instance, three

different Eu3þ centers have been shown in the emission

spectra under slightly different excitations within 5D2

(464.9 nm, 477.6 nm and 484.6 nm) as it was shown in [28]. On

the other hand, the emission spectra depicted in Fig. 9 were

measured under the same excitation wavelength, i.e. pre-

sumably exciting one type of the Eu3þ. Thus, the differences in

the emission spectra in Fig. 9 are caused by the changing of the

crystal structure rather than the multisite luminescence

centers. However, we cannot exclude that the multisite Eu3þ

centers are incorporated into the lattice of our TiO2
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nanoparticles. These multisite Eu3þ centers cause to the

distinguished structure of 5D2 and 5D3 bands observed in the

excitation spectra below.

Figure 10 displays the excitation spectra of three Eu3þ-
doped TiO2 nanocrystalline samples measured by monitoring

the 618 nm emission from the 5D0 -
7F2 transition of Eu3þ ions.

The three groups of lines at 390e400, 460e470, and

530e550 nm, can be assigned to the 7F0 -
5D3,

7F0 -
5D2,

7F0 -
5D1

and 7F0 e
5L6 transitions of the Eu3þ ions, respectively [58]. The

most noticeable differences among excitation spectra are

observed for 5D2 and 5D3 bands. The main line of 5D2 for all

three sample (Fig. 10) is located at the same spectral position.

However, for each excitation spectrum the main 5D2 is

accompanied by two extra lines at lower energy side. The

relative intensity of these extra lines in respect of themain 5D2

is sample dependent, i.e. they decrease with increasing par-

ticle diameter. We can speculate that multisite Eu3þ centers

are responsible for the triplet structure of 5D2 band in the

excitation spectra indicating three types of Eu3þ centers by

analogy with known literature data [28,56,57]. We suppose

that two types of Eu3þ centers are located close to the surface

of nanoparticles and, therefore, they disappear with

increasing particle size. In principle the same analysis can be

also addressed to the 5D3 bands. In order to confirm our sug-

gestions low temperature experiments are foreseen in the

near future.

It is worth noting that there are no excitation bands at

energies higher than the 7F0 e 5L6 transitions. It means that

there is no excitation band corresponding to the absorption

band of pure TiO2. This fact indicates that Eu
3þ ions cannot be

effectively excited through the TiO2 host lattice but only after

the absorption by the Eu3þ ions themselves. It is well accepted

that the energy transfer from the TiO2 host to Eu3þ ions is a

defect-mediated process [59,60]. According to this model UV

light is absorbed in the band gap of TiO2 then electrons from

conduction bands and holes valence are trapped by the defect

states with subsequent energy transfer to Eu3þ states. We

suggest that the concentration of surface defects in the

TiO2:Eu
3þ nanoparticles obtained in current work is high and

they act as a non-radiative relaxation centers suppressing

Eu3þ emission. On the other hand, we suggest that these de-

fects are responsible for high photocatalitic activity of TiO2:-

Eu3þ nanoparticles shown in Fig. 7.
4. Conclusions

The TGA-HDSC results showed that using amixture of Ti- and

Eu-containing extracts based on valeric acid as a precursor,

the minimal pyrolysis temperature is determined by the more

thermally stable Eu-containing extract. According to XRD

analysis data, the presence of Eu-containing extract in a

mixture of extracts inhibits anatase-to-rutile phase trans-

formation: upon production temperature of phase trans-

formation shifts from 550 �C for pure TiO2 to 650 �C and 750 �C
for TiO2 with 0.5mol% and 5mol% of Eu additive, respectively.

As a result of pyrolysis of an equimolarmixture of extracts at a

temperature of 850 �C forms crystalline monophase europium

titanate Eu2Ti2O7 with dT ¼ 40 nm. At this pyrolysis tempera-

ture, the presence of the crystalline phase of Eu2Ti2O7 as an
impurity to the main rutile phase was also found in the py-

rolysis products of a mixture of extracts corresponding to

5 mol% of Eu additive. During degradation of methylene blue

under UV-VIS irradiation, sample produced at 650 �C with

0.5 mol% of Eu additive showed the highest photocatalytic

activity with 96% degradation degree of MB (k ¼ 0.1149).

Luminescence experiments demonstrate that the photo-

luminescence properties of Eu3þ ion doped TiO2 nanocrystals

are phase sensitive. The degradation of luminescence in-

tensity, as well as the altering of spectral shape of Eu3þ

emission, was observed when anatase-to-rutile phase trans-

formation of TiO2:Eu
3þ nanoparticles occurs. The Eu3þ lumi-

nescence can be exited under direct excitation of Eu3þ

transitions, but it is not effective under UV excitations due to

surface loss centers (defects). On the other hand, it is assumed

that these defect centers can be responsible for the high

photocatalytic activity of the TiO2:Eu
3þ nanoparticles.
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