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Abstract: Monodisperse solid and core-shell structured TiO,:Eu®" microspheres have been successfully
prepared by a facile one-step hydrothermal method using polyethylene glycol (PEG, MW 20000) as the
soft template, titanium tetrabutoxide (TBOT) as the titanium source, and ethanol as the solvent. The
XRD patterns show that the direct hydrothermal synthesized products are anatase titanium dioxides.
TEM and SEM observations indicate that the amount of ethanol plays an important role in the
formation of TiO,:Eu’" microspheres. Solid TiO,:Eu®* microspheres were formed under small amounts
of ethanol, while core-shell structured ones were formed under large amounts of ethanol. Possible
growth mechanisms of both the solid and core-shell structured TiO,:Eu’" microspheres were also
proposed in this paper. In addition, without any further calcination, the direct hydrothermal synthesized
solid and core-shell structured TiO,:Eu’* microspheres show strong red emission corresponding to the
SDy—"F, transition of the Eu®" ions under ultraviolet excitation. However, the luminescence intensity of
the solid microspheres is much higher than that of the core-shell structured TiO,:Eu’" microspheres,

which might due to the fewer defects and much more effectively doping of Eu’"ions in the solid
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microspheres.
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1. Introduction

In recent years, fabrication of three-dimensional (3D) microspheres including solid and core-shell
structure has attracted considerable attention due to their excellent properties and potential
applications'™. Thus, great efforts have been dedicated to explore new approaches for the fabrication of
microspheres in different systems. Among various synthesis methods, the hydro/solvothermal process
has been proved to be one of the most effective and convenient synthesis techniques in obtaining
microspheres owing to its mild reaction conditions, tunable reaction parameters, and large-scale
production capability*®. However, it’s well known that the reaction parameters, such as reaction time
and temperature, pH value of the precursor solution, and surfactants and solvents used, affect the
crystal growth behavior directly”®. Therefore, it is important to clarify the effect of reaction conditions
on the sample shapes and discuss the formation mechanisms of different morphologies, which will
guide the design and preparation of new inorganic functional materials’.

Due to its chemical stability, easy synthesis, low cost, non-toxic, and non-hygroscopic
performance, titania (TiO,) is suggested to be a promising host material for the luminescence of various
rare earth ions'®'%. Therefore, many efforts have been devoted to explore various morphologies of

TiO»-based phosphors, such as nanorods', nanotubes'®, nanowires', nanorings'®, nanoplates'’,

18, 19 21

microspheres , core-shell structure®, and hollow spheres ~', etc. However, to the best of our
knowledge, there have been few reports on the synthesis and their corresponding luminescence of

uniform, well-dispersed submicron-scaled Eu-doped TiO, spheres with tunable structure from solid to
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core-shell.
The synthesis of core-shell structured TiO, microspheres via the Ostwald ripening process

reported by Yuming Cui et al.”?, Zeng’s group™, and Hexing Li et al.**

has attracted significant
scientific interest. The interest is motivated by their adjustable morphology, size, and interior structure.
However, in these literatures, the effect of amount of solvent on the morphology of the products hasn’t
been mentioned. This work, for the first time, reports the synthesis of TiO,:Eu’" spheres with tunable
structure from solid to core-shell by simply tuning the amount of ethanol. The possible formation
mechanisms were suggested. In addition, the shell and core size of the core-shell structured TiO,:Eu’*
microspheres can be also easily tuned by controlling the hydrothermal time through the Ostwald
ripening process. Without any further calcination, the direct hydrothermal synthesized solid and
core-shell structured spheres show strong red emission under ultraviolet excitation, but their
luminescence intensity is different. The possible reason was discussed.
2. Experimental Section

2.1. Materials

Eu(NOs); aqueous solution was obtained by dissolving Eu,0;3 (99.99%) in dilute HNOj; solution
under heating with agitation. All other chemical reagents were of analytical grade and used without
further purification.

2.2. Synthesis

In a typical experimental procedure, 2.0 g of PEG was dissolved in 18 mL of ethanol under heating.
After the solution being cooled to room temperature, 1.2 mL of HCI, 2.4 mL of glacial acetic acid, and

specific amount of Eu(NOj); were added and stirred for 5 min. 1.7 mL of tetrabutyl titanate was

dropped into the above mixture solution and then 1.0 g of urea (CO(NH,),) was added and stirred for
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10 min again. Finally, the mixture was transferred into a Teflon-lined stainless steel autoclave (50 mL
capacity). The autoclave was heated and held at 180 °C for 12 h and then allowed to cool to ambient
temperature naturally. After the reaction, the products of the hydrothermal reaction were collected,
washed with distilled water and ethanol for four times alternately, and dried in the air for 12 h at 60 °C.
The resulting sample was labeled as S1. Other conditions were constant, when the amount of ethanol
was added to 30 mL, resulting sample was labeled as S2. Parallel experiments were carried out to
examine various synthetic parameters.

2.3. Characterization

X-ray diffraction (XRD) experiments were carried out using a XRD-6000 X-ray diffractometer
(Shimadzu) with Cu Ka radiation (A=0.154056 nm). The size and morphology of the samples were
inspected using a field emission scanning electron microscope equipped with an energy-dispersive
spectrometer (EDS) (FE-SEM, S-4800, Hitachi, Japan). The transmission electron microscopy (TEM)
images were obtained by a FEI Tecnai G* S-Twin transmission electron microscope with a field
emission gun operating at 200 kV. The photoluminescence spectra (PL) were observed using a Jobin
Yvon FluoroMax-4 equipped with a 150 W xenon lamp as the excitation source. All the measurements
were performed at room temperature. The X-ray photoelectron spectra (XPS) were taken on a VG
ESALAB 250 electron energy spectrometer using Mg Ka( 1253.6 eV) as the X-ray excitation source.
3. Results and discussion

Figure 1 (A) shows the X-ray diffraction (XRD) patterns of TiO,:Eu’" solid microspheres (S1) and

core-shell microspheres (S2), which indicate that both S1 and S2 are all the anatase phases of titania.
The strong and sharp diffraction peaks indicate the good crystallinity of the as-synthesized products by

the direct hydrothermal process without further sintering. The anatase phase with good crystallinity is
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beneficial to the luminescence of Eu®" ions®. Careful view shows that the position of XRD peaks,
especially the prominent (101) peaks of S1 and S2 are shifted toward much higher 26 value compared
with the standard XRD pattern, as shown in Figure 1(B). This is attributed to the large mismatch in
jonic radius between Eu’* and Ti*". For hetero-valence ion doping, the variations of crystal lattice are
complex due to the requirement of extra vacancy or interstitial ions to compenste charge.*® Therefore,
we can’t infer the position of Eu’" doping, but the notable angle shift of S1 and S2 compared with the
standard XRD pattern indicate that Eu’" ions have been doped in the TiO, crystal lattice. In addition,
the peaks of S1 are shifted toward much higher 26 value than those of S2, which also indicate that Eu®*
ions in S1 are doped much more effectively than Eu®" ions in S2.

In order to investigate the element composition, the as-prepared samples were analysed by
Energy-dispersive spectrometry (EDS) and the EDS of S1 was shown in Figure 2 (the EDS of S2 is
similar to that of S1 and it was not shown here). The EDS result confirms the presence of titanium (Ti),
oxygen (0), and europium (Eu) elements in TiO,:Eu’" solid microspheres and core-shell microspheres.
No other peaks of impurity elements were detected, which gives further support for the XRD analysis
above.

The chemical components of as-synthesized Eu-doped TiO, samples were further analyzed by
X-ray photoelectron spectroscopy. A typical XPS survey scan for S1 and S2 (solid and core-shell
TiO,:Eu’") over a large energy range is presented in Fig. 3A, it can be seen that there are Eu 3d, Eu 4d,
Ti 2p, O 1s, and C 1s XPS lines, among them C 1s spectrum is due to the contamination of CO, in air
and carbon on the substrate, while the existences of Eu 3d, Eu 4d, Ti 2p, O 1s further confirm the EDS
results. Figure 3B shows the Ti 2p;,, and Ti 2ps); spectra of S1 and S2. The Ti 2ps), peaks of S1 and S2

are all shifted from 459.4 ¢V in pure TiO,”’ to 458.9 ¢V in SI and S2. This shifting represents an
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intermediate oxidation state of Ti from tetra- to trivalent”” due to the doping of Eu*". Figure 3C shows

O 1s spectra of SI and S2. As reported in the literature® >

, the O 1s binding energy of pure TiO, is
~530.0 eV. However, for O 1s spectra of S1 and S2, an intense peak was found at BE (530.2 eV) and a
shoulder at BE (532.0 eV). The Eu 3ds, and Eu 4ds), peak of S1 is found at 1135.4 eV and 136.7 eV
respectively, while the Eu 3ds, peak Eu 4ds, peak of S2 is at 1134.7 eV and 137.1 eV, respectively.
The data available in the literatures for Eu,O; are the values 1134.2 and 135.0 eV for the Eu 3ds;, and
Eu 4ds, peaks, respectively’” *'. These different binding energies correspond to different chemical
environments®”, which further indicate that the crystal environments of Eu’" are different for the solid
and the core-shell microspheres, and Eu’" ions have been effectively doped in S1 and S2, rather than
simply being mixed.

The morphology and structure of the products were examined by scanning electron microscope
(SEM) and transmission electron microscope (TEM). Figure 4a shows a panoramic SEM image of the
as-prepared S1. From Figure 4a, it can be seen that S1 mainly contains uniform spheres with an
average diameter of about 2.0 um. A high-magnification SEM image reveals that the surface of the
microspheres is smooth (Figure 4b). TEM images of S1 (Figure 4c and 4d) clearly show that the
sample consists of uniform, smooth, monodisperse, and solid microspheres with diameters of about
~2.0 um. In contrast, S2 is composed of uniform spheres with a mean diameter of ~2.4 pm and there
appear two or three microspheres attached together (Figure 5a). More careful examination of the
high-magnification SEM image (Figure 5b) verifies that the surface of S2 is rough and the core-shell
structure can be seen more clearly from the SEM image of the cracked microsphere. As shown in

Figure 5c and 5d, the dark center and pale edge of the microspheres further prove the core-shell nature

of S2. The shell thickness of the spheres is about 50 nm, which is identical to the SEM observations.
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The results reveal that the amount of ethanol plays a critical role in the formation of TiO,:Eu’"
microspheres.

To inspect the role of the amount of ethanol, different amount of ethanol was used while other
reaction parameters remained unchanged. Figure 6 shows the SEM images of solvothermal samples
obtained when different amount of ethanol was added. From Figure 6, it can be seen that the obtained
microspheres are solid and their surfaces are smooth under small amounts of ethanol (15 mL, 18 mL,
and 21 mL). However, with the increase of the amount of ethanol to 22 mL, the surface of the
microspheres tends to become rough. Upon further increasing the amount of ethanol to 24 mL, rough
and core-shell structured microspheres are formed. When the amount of ethanol reached 30 mL,
obvious core-shell structured and uniform microspheres can be clearly observed. In addition, the
core-shell structured microspheres are a little larger than the solid microspheres.

To shed light on the formation of the two kinds of microspheres and to enrich the crystal growth
mechanism of TiO, microspheres, time-dependent experiments of S1 and S2 were performed while the
other reaction parameters remained unchanged. Interestingly, we find that there is a large difference
between the two kinds of microspheres. With the increase of the hydrothermal reaction time, the
morphology of the solid microspheres is not changed, namely, they are still solid microspheres.
However, the hydrothermal time has a great influence on the core-shell structured microspheres. With a
short hydrothermal reaction time (45 min and 90 min, Figure 7a, b), there is no gap between the core
and shell. When the hydrothermal reaction time increased to 12 h, a small gap appeared. Furthermore,
as shown in Figure 7c-f, the core becames smaller while the shell gets thicker, namely the gap turns
bigger with increasing the hydrothermal reaction time (12 h, 18 h, 4 days, and 6 days). On the basis of

these images, it is speculated that the core-shell structured microspheres undergo an Ostwald ripening
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process when the hydrothermal time is prolonged as reported by Yuming Cui*’. This is a sophisticated
process of the Ostwald ripening mechanism; during this process, the inner titania crystallites of the core,
which have a higher surface energy and a smaller diameter, would dissolve and transfer to the outer
space in the oxide shells and redeposit and recrystallize on the better crystallized TiO, nanoparticles of
the shell.

Summing up the above results and discussions, most plausible formation mechanisms of the solid
and core-shell structured microspheres are proposed and schematically illustrated in Figure 8. First, as

the literatures® 3% 3*

reported, the aggregated acid-stabilized Ti(OBu),L4.,-PEG-urea globules are
formed by the weak coordination interaction and the hydrogen bonding. For the system of the small
amount of solvent ethanol, the concentration of PEG is higher and the PEG chains in the globules are
relatively denser than that of large amounts of ethanol. Second, Ti(OBu), is gradually hydrolyzed into
TiO, under the action of the soft templates Ti(OBu),L,,-PEG-urea globules. For the system of S1, the
high viscosity and dense chains make the formed TiO, difficult to move and solid microspheres are
gradually formed. However, for the system of S2, more solvent ethanol make the pressure of the
system bigger; the existing pressure and temperature gradient along the outer surface to the inner of
Ti(OBu),L4.,-PEG-urea globules make the formation of TiO, nanoparticles layers on the exterior of the
globules. The relatively low viscosity and loose chains allow the formed TiO, move to the exterior of
the globules. And just as the literature® suggested, the hydrothermal decomposition of the urea
molecules brings tiny CO, gas bubbles in the globules, and the tiny gas bubbles are confined in the
globule by the surface-covered TiO, nanoparticles. Therefore, the core-shell structured TiO,

microspheres were formed by the reaction of acid-stabilized Ti(OBu),L,., with NH;-H,O released from

the hydrothermal decomposition of urea in the confined interior of the microspheres during the
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hydrothermal process.

Figure 9 shows the emission and excitation (inset) spectra of the obtained S1 and S2, both of them
have similar photoluminescent (PL) properties. The excitation spectrum, monitored with 612 nm
emission of Eu®" (5D0—>7F2), consists of the characteristic excitation lines of Eu®" within its *f;
configuration from 300 to 500 nm. The peaks at 361, 384, 394, 415, and 464 nm can be clearly
observed which correspond to 7F0—>5D4, "Fo—"Gs, 'Fy—"Ls, 'Fy—"D;, and 'Fy—>D, transitions of Eu®",
respectively. Upon excitation at 394 nm, the emission spectra of both the solid and core-shell TiO,:2%
Eu’" microspheres are composed of a group of lines peaking at about 578, 590, 612, 651, and 696 nm.
They come from the *Dy—"Fy (J=0,1,2, 3, 4) transitions of the Eu®" ions. The °D, — ’F, transition at
590 nm was the parity-allowed magnetic dipole transition (A J =1), and the D, — ’F, transition at
612 nm was the electric dipole transition (A J =2).%° It is well-known that the relative intensity of the
D, — ’F, and °Dy, — F, transition is also determined by the symmetry of the crystal sites of the
Eu®" ions. If Eu®" ions has a site with inversion symmetry, the Dy, — ’F, transition dominates; while if
Eu’" ion holds a site without inversion symmetry, the °D, — 'F, transition predominates.*® In the case
of S1 and S2, the most prominent emission originates from the Dy, — ’F, transitions, therefore, the
Eu’” ions locate at low-symmetry local sites in S1 and S2. Anatase adopts tetragonal symmetry with
space group 14,4 and the site symmetries for the Ti*" ions are D,, in anatase. According to the
branching rules of the 32 point groups, the substitution of the larger Eu’" ions for Ti*" ions creates
oxygen vacancies and lattice distortions in the TiO, host and makes the site symmetry of the Eu’" ions
deviate from the exact D,, symmetry to lower site symmetry. Eu’" symmetry could be defined by
asymmetric ratio (A,;) of the integrated intensities of 5D0 - 7F2 to 5Do - 7F1 and A, is calculated to

be 3.27 for S1 and 3.23 for S2, respectively, which is attributed to that Eu’" ions in S1 are doped much



CrystEngComm

more effectively than Eu®* ions in S2 ( As XRD results has proved).

Herein, it should be noted that the morphologies of the obtained samples have an important effect
on their luminescent intensity, on the premise that the two samples have the same concentration of
europium ions. As Figure 9 presented, the PL intensity of the solid microspheres is higher than that of
the core-shell ones, which might due to the fewer defects and much more effectively doping of Eu’"
ions in the solid microspheres. It is well known that defects of the phosphor crystal provide
non-radiative recombination routes for electrons and holes and lead to the luminescence quenching’” .
It can be speculated that the surface areas of the rough core-shell microspheres are higher than that of
the solid microspheres. A large surface area usually introduces a large number of defects into the
phosphor crystal’®. As a result, the PL intensity of the solid microspheres is higher than that of the
core-shell microspheres. On the other hand, Eu’" ions in S1 are doped much more effectively than Eu®"
ions in S2, which also results in the the PL intensity of the solid microspheres is higher than that of the
core-shell ones.

4. Conclusions

In summary, anatase TiO,:Eu’" microspheres have been successfully prepared by a facile one-step
hydrothermal synthesis method. The microspheres can be easily tuned from solid to core-shell structure
by the amount of solvent ethanol. Furthermore, the shell and core size of the core-shell microspheres
can be controlled by the hydrothermal time through the Ostwald ripening process. The possible
formation mechanisms were proposed. In addition, it is also observed that the PL intensity of Eu’" ions
depends on the structure of the microspheres. Our work presents a new idea for designing and

synthesizing inorganic functional materials.
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Figure Captions

Fig. 1 (A) XRD patterns of S1 (a) and S2 (b). The standard data for anatase phase TiO, (JCPDS
n0.21-1272) is also presented for comparison. (B) Local amplification of (101) peaks of S1 (a), S2
(b), and the standard anatase phase TiO, (JCPDS no.21-1272).

Fig. 2 EDS spectrum of TiO,:Eu’" solid microspheres (S1).

Fig.3 XPS spectra of the survey (A), Ti 2p (B), O 1s (C), Eu 3d (D), and Eu 4d (E) for solid

TiO,:Eu*’(a) and core-shell TiO,:Eu’"(b).

Fig. 4 SEM (a and b) and TEM (c and d) images of the as-prepared sample S1.

Fig. 5 SEM (a and b) and TEM (c and d) images of the as-prepared sample S2.

Fig. 6 SEM images of the as-prepared samples at different amount of ethanol: (a) 15 mL, (b) 18 mL, (c)
21 mL, (d) 22 mL, (e) 24 mL, and (f) 30 mL.

Fig. 7 SEM images of S2 with different hydrothermal reaction times: (a) 45 min, (b) 90 min, (c) 12 h,
(d) 18 h, (e) 4 days, and (f) 6 days.

Fig. 8 Schematic illustration of the formation process of TiO,:Eu’" microspheres.

Fig. 9 PL emission spectra of the (a) solid and (b) core-shell structured TiO,:Eu®" microspheres and the
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typical excitation spectrum (inset).
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Fig. 1 (A) XRD patterns of S1 (a) and S2 (b). The standard data for anatase phase TiO, (JCPDS
n0.21-1272) is also presented for comparison. (B) Local amplification of (101) peaks of S1 (a), S2

(b), and the standard anatase phase TiO, (JCPDS no.21-1272).
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Fig. 2 EDS spectrum of TiO,:Eu’" solid microspheres (S1).
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Fig.3 XPS spectra of the survey (A), Ti 2p (B), O 1s (C), Eu 3d (D), and Eu 4d (E) for solid

TiO,:Eu**(a) and core-shell TiO,:Eu’"(b).
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Fig. 5 SEM (a and b) and TEM (c and d) images of the as-prepared sample S2.
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Fig. 6 SEM images of the as-prepared samples at different amount of ethanol: (a) 15 mL, (b) 18 mL, (c)

21 mL, (d) 22 mL, (e) 24 mL, and (f) 30 mL.
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Fig. 7 SEM images of S2 with different hydrothermal reaction times: (a) 45 min, (b) 90 min, (c) 12 h,

(d) 18 h, (e) 4 days, and (f) 6 days.
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Fig. 8 Schematic illustration of the formation process of TiO,:Eu’" microspheres.
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Fig. 9 PL emission spectra of the (a) solid and (b) core-shell structured TiO,:Eu®" microspheres and the

typical excitation spectrum (inset).
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