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ABSTRACT

Investigations of structural defects and their associated impact on the optical properties of optical ma-
terials are essential expediencies because different methods are involved in the preparation of those
materials for display applications. Lanthanide ion doping is a simple structural probing strategy that
facilitates the challenges of identifying the structural defects. Pure and terbium (Tb3*) doped Ca,SiO4
(C,S) particles were prepared using Pechini (CSP) and hydrothermal methods (C,SH). From SEM images,
it is observed that the Tb>* doped C,SP particles were highly agglomerated, more than the C,SH par-
ticles. The TEM study confirmed that the particle size decreased for C,SH prepared at the high hydro-
thermal temperatures of 180 and 200 °C (C,S:180H and C,S:200H). Fluorescence emission quenching
occurred for Tb>* doped C,S:180H and C,S:200H. The emission intensity was high for Tb>* doped C,SH
prepared at 140 °C compared to Tb>* doped C,SP, C,5:180H and C»S:200H. The changes in the 02p or-
bitals, associated with the upper-level valence band spectra of the tetrahedral silicate of pure C,SP and
C,S:180H, were experimentally evaluated in the X-ray photoelectron spectroscopy (XPS)-valence band
spectra. The symmetry lowering owing to the distortion in the silicate unit quenched the emission,
which was confirmed by XPS-valence band spectra and Th>* emission lines. This study suggests that the
Pechini method is more suitable to prepare the Tb>* doped C»S phosphors compared to the hydro-
thermal method, particularly at high temperature for solid state display and scintillator applications.

© 2020 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The B-dicalcium silicate (CazSiO4, C2S) is a component of Port-
land cement responsible for later strength of the concrete [1]. The
hydration rate of C,S is low compared to tricalcium silicate
(CasSiOs, C3S) and needs to be enhanced. In addition to differences
in the Ca to Siratio in C3S and CsS, the distinct oxygen coordinations
of Ca and Si also differentiate the structures [2]. The energy gap is
5.3 eV for ;S and 4.1 eV for C3S. Local atomic distortions, i.e.
changes in oxygen coordination associated with Ca and Si due to
different dopants, were theoretically elucidated for the improve-
ment of the C,S hydration rate [3,4]. The lanthanide (Ln) doping is
an excellent method to probe the local structure of a host lattice,
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School of Chemical Engineering, Aalto University, P.O. Box 16100, FI-00076, Aalto,
Espoo, Finland.
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especially for the interaction distance between oxygen and the host
cation [5,6]. The emission lines from the Ln ions are strongly
influenced by the presence of oxygen in the lattice. For instance, the
slight distortion in the SiO4*~ tetrahedra in C,S decreases the
symmetry and thus changes the position of the Ca ions. The radi-
ative transition rate is closely related to the local symmetry of the
emission centres [7]. Many Ln dopants such as Eu**, Eu*, Ce3™,
Er’*, Dy>* occupy the Ca site of C,S and the resulting slight
distortion in symmetry will be reflected in the emission lines
[8—11]. The X-ray photoelectron spectroscopy (XPS) valence band
spectra can also experimentally demonstrate the local structure
distortion as it contains information about the O2p atomic orbitals
associated with the C,S silicate unit.

The influence of preparation methods on the structure and
fluorescence properties of Eu*>*doped fluoride powder has been
reported before [12,13]. Our group recently recorded the changes in
structural distortion owing to a hydrothermal treatment and an
aliovalent dopant (Eu3*) for C,S [14]. The green emission at around
544 nm, due to the 5D4—>7F5 transition that is allowed by electric
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dipole transitions (EDT) of terbium (Tb3*), is highly sensitive to the
local environment around the Tb3* (but not so hypersensitive as
Eu®") and its intensity depends on the symmetry of the crystal
field. On the other hand, the blue emission at about 488 nm, due to
the °D4— Fg transition that is allowed by magnetic dipole transi-
tions (MDT) of Tb>*, hardly varies with the crystal field strength
[15]. Their ratio gives information about structural changes in the
host. Moreover, the Tb>* ion is an excellent doping ion from the
perspective of exploring novel green phosphors.

The valence band spectrum contains information about the
density of electrons associated with the valence band maximum
(VBM) (it is equivalent to the highest occupied molecular orbital
(HOMO) in the molecular level scheme) located around oxygen
which involves a covalent bonding with silicon atoms to form a
silicate group. The valence band analysis of C,S is essential because
it has information about the 02s and O2p orbitals of silicate in C3S
similar to vitreous silicate [ 16]. To our knowledge, there is no report
on the VB of C,S. Therefore, this report also discusses the valence
band spectra of C,S obtained from X-ray photoelectron spectrom-
etry (XPS). The upper valence band spectra of C,S are associated
with the Si Sp3-02pym-bonding and the Si-non bridging oxygen
(NBO) of the Si Sp3-0 2p, o-bonding character of 02p oxygen. The
changes in this level can clearly give information about the struc-
tural distortion related to the SiO4*~ tetrahedra in C,S.

In this work, we report on the influence of different preparation
methods on the fluorescence properties of Tb>* doped C,S. The
structural distortion and associated impact on the symmetry
lowering of C,S have been probed by Tb>* emission spectra. The
valence band spectra of C;S experimentally reveal the distortion
associated with the silicate unit. Since the hydrothermally prepared
samples show emission quenching for Eu>* doped C,S in ref. [14],
the Tb>* doped C,S was prepared using a hydrothermal method
and its impact on the emission properties was explored. The
Pechini method produces pure particles in which high temperature
and pressure have not been involved during the synthesis. There-
fore this can be taken as a reference to compare the hydrothermally
prepared samples to identify the effect of high temperature and
related pressure. The morphology of Tb>* doped C,SP and C,SH has
been recorded by scanning electron microscopy (SEM). The changes
in the valence level of C,SP and C,S:180H have been experimentally
revealed by the XPS valence band spectra. The fluorescence emis-
sion and decay curves helped us to elucidate the structural distor-
tion due to the hydrothermal treatment.

2. Experimental

The pure and T3+ doped C,S samples were prepared by Pechini
and hydrothermal methods. All the chemicals were analar grade
and used as received. In the Pechini method, the calculated
amounts of calcium nitrate and colloidal silica with a molar ratio of
two were dissolved in water separately and then citric acid (CA),
with a molar ratio of CA to total cation equal to one, was added. The
ethylene glycol (EG) was further added with a molar ratio of EG to
CA equal to two. The final solution was stirred for an hour and then
heated at 70 °C under fume hood in order to evaporate the excess
liquid. The product was dried at 140 °C for 12 h and then calcined at
800 °C for 3 h to obtain the C,SP (P denotes the Pechini method).

In the hydrothermal method, after preparing the solution as
discussed above, it was moved to a 40 mL Teflon lined autoclave for
the hydrothermal treatment at different temperatures of 140 °C,
180 °C and 200 °C for 20 h at an autogenous pressure. The final
solution was clear after hydrothermal treatment at 140 °C. For the
180 °C and 200 °C samples, the treated solution was a colloid -like
gel and was centrifuged and then washed with water followed by
ethanol. All the products were dried separately at 140 °C for 12 h in

the oven and then calcined at 800 °C for 3 h to obtain C5S:140H,
C,S:180H and C,S:200H (H denotes hydrothermal method). Tb
(NO3)3-6H,0 was used as a source for Tb>* to prepare Tb>* doped
C,S in both methods.

3. Characterization techniques

As we already reported the basic structural findings for the C;S
samples in our earlier report [14], here we used SEM, XPS-valence
band spectrum and photoluminescence spectra for further in-
vestigations. The powder XRD patterns of the 4% Tb>* doped C,SP
and C,S:180H were recorded using the Bruker AXS-D8 Advance
diffractometer with Cu Ko radiation (A = 1.5406 A) at 40 kV over the
20 range of 10—70°. Compared to the pure XRD pattern of C5S, there
is no significant difference in the C;SP:4%Tb** and C,S180H:4%Th>*
patterns except for the reduced intensity in the latter case (Figure S1,
see supplementary information). It can be presumed that, since the
Tb3* dopant occupies the site of Ca®*, there is no significant change
in the phase or crystal structure of C3S due to the dopant. It further
confirms that the dopants occupy the Ca®™ site. The morphologies of
the pure and Tb>* doped samples were examined using a Hitachi-S-
4800, Japan scanning electron microscope. The particle sizes and
SAED patterns were recorded using JEOLJEM-2100 TEM microscopy.
The samples were placed on a metal stud using a carbon tape and
then dried under vacuum to cover approximately 10 nm of gold
coating. The XPS spectra were recorded on a Thermo Scientific
ESCALAB 250, Germany, equipped with Al Ko radiation at 1486.6 eV.
The spectral peaks were fitted with the CasaXPS software using
Gaussian—Lorentzian (30% Lorentzian) line shapes. The background
was subtracted using the Shirley method. The charging effect and
corresponding binding energy shift for all the elements have been
calibrated for the charging adventitious carbon 1s peak at 284.6 eV.
A high-resolution spectrofluorometer (UK, Edinburg instrument
FLS920) was used to record the solid-state photoluminescence
spectra and decay curves. The Xenon lamp was used as an excitation
source for the emission and excitation spectra, and the laser for the
decay curve measurement.

4. Results and discussion
4.1. SEM and TEM microscopy

Scanning electron microscopy records the morphology of C,SP,
C,SP:Tb>* and C,S180H:Tb>" and the images are shown in Fig. 1.
The C,SP showed chunky solids (see supplementary Figure S2)
comprising a spherical plate-like morphology or a tiles-like inter-
locking as shown in the Fig. 1a. From the TEM images, one can find
that the high hydrothermal temperature of 180 °C reduces the
mean particle size as shown in the Figure S3 (¢, d). The particle size
is > 100 nm for C,SP and around <50 nm for C;S:180H. The C,SP
particles are more agglomerated than those of C,S:180H and the
sizes of these particles are not of an uniform shape. The ring pattern
(polycrystals) for C,S:180H and the nearly spot pattern for C,SP of
the selected area for the electron diffraction (SAED, Figure S3 a,b)
pattern clearly indicate the reduced particle size. A similar particle
size reduction has been reported elsewhere [17]. The observed
planes (236), (130), (200) belong to C2S and match well with PDF
360—642. For the C,SP:Tb>* (Fig. 1b) the particle morphology re-
mains the same and there is no pronounced change in it. Though
the aliovalent dopant can change the electron density of the dopant
or its surrounding and thus controls the particle growth [17,18], the
reduced particle size is owing solely to the hydrothermal treatment
since the dopant concentration is low.
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Fig. 1. SEM images of C,SP (a), C;SP:Tb** (b) and C,S180H:Tb>* (c).

4.2. XPS valence band spectra of CoS

The effect of a hydrothermal treatment on the silicate tetrahedra
in pure C,SP and C,S:180H can be analysed by the XPS valence band
spectra. The C,S spectra have three sub-bands namely, O2s and a
lower and upper valence band (LVB and UVB); the latter two bands
are associated with O2p (Fig. 2). The bridging oxygen (BO; 0—Si—0)
and non-bridging oxygen (NBO; O—Si-Meta1) bonds are observed at
27.52eV and 24.93eV for C,SP and at 27.50 eV and 24.99 eV for
C,S:180H, respectively. The absence of a change in the binding en-
ergy (BE) position of the peaks indicates that the electron density
remains the same. The fwhm of the NBO has narrowed whereas BO
has little broadening for C,S:180H compared to C,SP. It indicates
changes in the surrounding of the Si-bridging and non-bridging
interactions. There is no shoulder peak at the high BE side of 02s,
which has been observed for Sr,Si04 elsewhere [17]. The LVB and
UVB are associated with the overlap of O2p atomic orbitals and Si-
sp3 hybridized atomic orbitals. For instance, the LVB consists of Si-
BO o-bonding of Si Sp3-0 2p, character. The Si Sp>-02pym-bonding
and Si-NBO of Si Sp>-0 2p, 6-bonding are associated with UVB. The
changes in the binding energy associated with LVB and UVB
attracted the research focus as they reflect the electron density
changes in the highest occupied molecular orbitals levels. In C5SP,
the area of the peak associated to UVB is high whereas it is low for
LVB. It is flipped for C,S:180H. Particularly, the LVB has gained in-
tensity and its broadness of the peak indicates the dispersed band
associated with it. The BE of UVB has been red shifted. The orbital
character of C;SP has somehow been disturbed compared to C,SH
which is clearly observed in the fwhm, i.e., changes in intensity and
BE of LVB and UVB. Particularly, since the UVB band is unstable (more
energetic) than the LVB band, that may have been affected by the
hydrothermal temperature. The area of UVB decreased, at the same
time it increased in LVB from C,SP to C,S:180H. It further confirms
our previous results that the distortion in the SiO4 polyhedra is due
to hydrothermal treatment [14]. The impact of particle size

14 , . . '
] @ . C,SP

CPS x107
2

BE (eV)

reduction from C,SP and C,S:180H on the valence band spectra is not
straightforward in our case because the particle sizes of both are
within the nanometer range. This distortion can change the Ca—0
distance. When Tb>* replaces Ca, this change can be reflected in
the emission spectrum as discussed in the following Section 4.3.

4.3. Fluorescence spectroscopy: pure and Th>* doped C,SP and
CoSH

Fluorescence excitation and emission spectra of 3—5% of Th>*
doped C,S:140H are presented in Fig. 3a, and 3b. The excitation
band, observed around 242 nm, is monitored at the emission
wavelength of 540 nm. The emission quenching at 5% of Th>* in
C,S:140H has been observed. The critical transfer distance (Rc)
between the dopant ions responsible for the quenching can be
calculated using the Blasse equation [19].

3V O\
Re :2(41rNXC> M

where V is the volume of the unit cell, X¢ the critical concentration
at which the quenching occurs and N the number of available
crystallographic cationic sites to occupy the activator ions. In C,S,
the unit cell volume is V = 1036.31 A3 containing Z = 4 formula
units. There are two calcium ions in one formula unit so that N =8
calcium sites can be occupied by Tb>* ions. Considering X¢ = 5.0%
(0.050), the R¢ in Tb>* doped C,S:140H was calculated to be
17.042 A. In this case, the Tb>*- Tb** distance is much higher than
10 A so that the electric multipolar interaction is responsible for the
non-radiative energy transfer among the Th3*ions in C,S:140H
Tb3*. The concentration quenching by a reabsorption mechanism is
ruled out (see Table 1).

The excitation and emission spectra of samples prepared with
4% of Tb>* doped in C,SP, C,S:140H and C,S:180H are presented in

12 : . . :
C,S:180H

CPS x107

40 30 20 10 0
BE (eV)

Fig. 2. Valence band spectra of pristine C,SP (a) and C,S:180H (b). The LVB and UVB represent the lower and upper valence bands.
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Fig. 3. The excitation (a, c) and corresponding emission spectra (b, d) of Tb** doped C,SP and C,SH. The concentration of Th** is varied with 3—5% to optimise the absorption and
emission intensity of C,S:140H (a, b). The 4% of Tb>* doped C,S:140H shows strong absorption and emission so that this concentration was used to dope Tb** into C,SP and

C5S:140H and C,S:180H samples (c, d).

Table 1
Fitted values of valence band spectra of C;SP and C,S:180H.

C,SP BO NBO LVB UVB
Position 27.5206 24.9390 12.3397 8.0092
fwhm 2.50266 4.50774 2.78836 6.06205
Area 15584.1 42692.4 1005.9 7833.6
C,S:180H

Position 27.5084 24.9996 12.0500 6.9133
fwhm 2.8828 3.67104 5.19054 5.16059
Area 13608.2 33690.7 4339.8 4939.6

Fig. 3c and 3d. The emission lines are due to the transition of >Dj4 to
’Fj (j = 3, 4, 5 and 6). The®D4— ’Fs line at 544 nm (EDT) varies
strongly compared to the °D4— ’Fg line at 488 nm (MDT) (Fig. 3b
and 3d). It can be predicted that Th*>*ions have occupied two
different sites but the majority of the Tb>* ions occupy relatively
symmetric environments in C,S. The EDT arises due to the locali-
zation of Th3* at the CaOg site whereas a small fraction of Tb** at
the CaOy site leads to MDT at 488 nm. The asymmetric ratio value
(R) has been calculated by R = I(°Ds— ’Fs)/I(°Ds— ’Fg) and its
values are 3.8070, 3.9207 and 3.2388 for Tb>* doping of C,SP,
C,S:140H and C,S:180H, respectively. The low R-value of
C,S180H:Tb>* indicates that the Th3* ions occupy sites of lower
symmetry than in the other two samples. The symmetry lowering
probed by the Tb>* dopant may be due to changes in the envi-
ronment around the host cation, in other words, the distortion in
the silicate unit changes the Ca—O distance.

The hydrothermal treatment enhances the emission of Tb>*
doped C,S:140H compared to Tb>* doped C,SP. For C,S:180H, the
increased hydrothermal temperature quenches the emission. To
further confirm the quenching, the hydrothermal temperature was

increased to 200 °C and the emission spectra were recorded as
presented in Figure S4 (see supplementary). As expected, the
emission has further been quenched. The observed high and low
emission intensities of the hydrothermally prepared sample must
be related to a distortion in the silicate unit of the host lattice and to
some surface defect and/or impurity. The distortion in the silicate
unit due to the hydrothermal treatment has already been revealed
by the XPS valence band spectra in Section 4.2.

It is also important to consider the possible occurrence of carbon
impurities such as C—0O, C—H and C—C because the C,S sample has
been prepared with the use of citric acid and ethylene glycol [20].
However, since all the samples were calcined at 800 °C, the role of
impurities on the fluorescence spectra can be considered to be
minimal because most of the carbon-related impurities are
removed at the high calcination temperatures [20]. If an impurity is
formed at any localized occupied state, this emission quenching
should have been observed in all the samples and not only for the
hydrothermally treated samples. It is further clear by the FTIR re-
sults that there are no pronounced changes in the spectra of those
impurity regions but changes at silicate region as presented in ref.
[9]. Other studies may be required to confirm the presence of the
carbon impurities.

The emission quenching, particularly observed for C;S:180H and
C,S:200H, ensured the effect of the hydrothermal treatment of the
samples at high temperature. As reported earlier for C,S, Eu>*
doped C,SH shows about 10 nm of a blue shift of the charge transfer
band (CTB) compared to C,SP. It reminds to the extended distance
of 0> —Eu** which was attributed to changes in the oxygen
network associated with the silicate unit that, consequently, alter
the CTB distance [14]. This distortion suppresses the fluorescence
emission intensity of C,S180H:Tb3>* and C,S200H:Tb>* samples
prepared at high hydrothermal temperatures.
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Fig. 4. Decay plot of Tb*>* doped C,SP and C,SH.

Table 2

Lifetime values of Th>* doped C,SP and C,SH.
Lifetime/Th3* C,SP C,S:140H C,S:180H C,S:200H
T1 122.66656 10.43209 13.99253 7.03828
T2 12.33854 111.64156 137.43964 103.12024
Tavg 12.33865 10.4321 13.99318 7.03828

The emission quenching of C,SP:Tb>* that exceeds that of
C,S140H:Tb3* may be due to the particle size and the agglomera-
tion of particles/surface defects (see supplementary Figure S1).
Surface defects are known to quench the emission by providing
additional pathways for a non-radiative decay. There may be a
decrease in surface defects in case the sample is prepared at low
hydrothermal temperatures. The agglomerates in C,SP will scatter
the excitation/emission light and, therefore, the fluorescence in-
tensity has decreased.

The decay curve of the Pechini and hydrothermally prepared
Tb>* doped C,S particles is presented in Fig. 4 and the lifetime
values are presented in Table 2. It has two lifetime values indicating
the fact that the europium stabilizes in CaOg as well in CaOy sites.
The longer lifetime value is attributed to Tb>* occupying the more
symmetric CaOg site, whereas the short-lived terbium ion is
attributed to the relatively asymmetric CaO7 site. The average
lifetime value is grossly low (Table 2) for C;SH compared to C,SP,
which points to more defects in the hydrothermally treated
samples.

5. Conclusion

The pure and Tb>* doped C,S particles were prepared by the
Pechini (C;SP) and hydrothermal (C;SH) methods. In the valence
band spectra, the broadened UVB peak of C;SP was narrowed for
C2S:180H. This has influenced the LVB and thus altered the fwhm
and binding energy of C,S:180H. The binding energy of UVB has red
shifted for C,S:180H. The variation in the O2p orbital level of
(C,S:180H indicates that there is a distortion in the silicate unit due
to the high hydrothermal temperature and pressure. The critical
transfer distance at doping of 5% of Tb>* was calculated to be
17.042 A, which indicates that the electric multipolar interaction is
responsible for the non-radiative energy transfer among the Tb>*
ions in C,S:140H. The decreasing asymmetric R value of C;S:180H
(3.24) compared to C,SP, C,S:140H (~3.92) confirms the occupancy

of Tb®* at lower symmetry sites. The hydrothermal treatment
enhanced the emission for C;S140H:Tb>* compared to C,SP:Tb>*
whereas a further raise of temperature to 180 and 200 °C quenches
the emission. Since all samples were calcined at 800 °C, the
quenching due to carbon impurities can be considered as minimal.
Furthermore, the emission quenching has only occurred at high
temperature which establishes the distortion in the oxygen
network and thus the alteration of the 02~ —Tb*"distance in C5S.
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