RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 10

Journal Name

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

RSC Advances

Influence of silicate sol-gel host matrices and catalyst agents on
luminescence properties of Eu**/Gd>* under different excitation
wavelengths

B. Szpikowska-Sroka * *, N. Pawlik °, T. Goryczka ® and W. A. Pisarski

Sol-gel silicate glasses co-doped with Gd> and Eu’" ions were successfully obtained and the pronounced effect of the
matrix composition on energy transfer process from Gd*" to Eu** was confirmed. Qualitative compositions of the examined
matrices were varied while the europium and gadolinium ions concentrations were kept constant. Different chemical
composition of the sol-gel matrices was clearly marked by changes in the photoluminescent properties. The effect of
gadolinium ions on visible emission of europium ions has been studied. The characteristic emission bands corresponding
to the *Do—F, (J=0-4) transitions of Eu’" were registered. The emission of Eu®" ions significantly increased during indirect
excitation via energy transfer process Gd>*—Eu®* (Aexe = 273 nm) in comparison to direct excitation of Eu®' ions
(Aexc = 393 nm). The beneficial influence of the energy transfer process on the *D, luminescence lifetimes of Eu®* ions was
definitely stated. The structure of prepared silica sol-gel materials was examined using X-ray diffraction measurements

(XRD) and FT-IR spectroscopic techniques. The formation of GdF; and Gd,0; nanocrystalline phase was confirmed.

Introduction

In recent years, materials obtained by low-temperature processes
have attracted much attention due to a variety of photonic
applications, such as: phosphors, solid-state lasers, field emission
displays and active waveguides [1-5]. The basic advantages of low-
temperature methods are low risk of entering impurities to
material’s structure and prevention of thermal decomposition of
some components. One of such methods is sol-gel process, which
allows to form an amorphous glass structure by chemical
polymerization in liquid phase. An important feature of the sol-gel
process is final homogeneity obtained directly in the solution on a
molecular scale. If such materials could be used as component in
optoelectronic systems, aside from high degree of purity, these
materials must have low vibrational phonon energy, e.g. fluoride
glasses. On the other hand, these glasses have poor thermal and
mechanical properties. In contrast, the oxide glasses have a high
vibrational phonon energy and limited ability to integrate rare earth
jons into host structure. Therefore, their combination leads to
obtain oxyfluoride glasses, which are unique class of materials that
combine the advantages of physical and chemical durability with
the high solubility of the rare earth ions [3].

Preparation of glass-ceramic materials is based on controlled
crystallization by heat treatment process, which results in forming

a.

Institute of Chemistry, University of Silesia, 9 Szkolna Street, 40-007 Katowice,
Poland, Tel.: (+48) 32-359-1157; Fax: (+48) 32-259-9978. E-mail:
barbara.szpikowska-sroka@us.edu.pl
b Institute of Materials Science, University of Silesia, 75 Putku Piechoty 1A, 41-500

Chorzéw, Poland
Electronic  Supplementary
supplementary information
DOI: 10.1039/x0xx00000x

Information  (ESI) available:
available should be

[details of any
included here]. See

This journal is © The Royal Society of Chemistry 20xx

in amorphous glassy matrix.
Incorporation of the rare earth ions into the crystalline phase

of crystalline phase dispersed

causes a reduction of nonradiative relaxation due to less vibrational
phonon energy of the nearest surrounding around optically active
dopant relative to an amorphous environment. Finally, a significant
properties could be obtained.
Compared to an amorphous structure, rare earth ions incorporated

improvement of the optical

into the crystalline phase reveal a narrow emission bands and
longer luminescence lifetimes [1].

Trivalent Eu® ions stand out among other lanthanide ions due to
exceptionally strong emission in red light spectral range. Materials
doped with Eu®* ions play a particularly important role in lighting
applications or color displays [6]. Emission spectra of Eu ions are
dominated by two transitions: 5D0—>7F2 and 5D0—>7F1. The following
bands are associated to electric dipole transition (red emission) and
magnetic dipole transition (orange luminescence), respectively. The
mutual bands intensity varies depending on the symmetry of the
local environment in which Eu®* ions are located and therefore the
Eu® ions are used as a spectroscopic probes [5, 7, 8]. In practice,
the luminescence intensity ratio of 5D0—>7F2/5D0—>7F1 transitions
indicates nature of the bonding between Eu®* jon and its nearest
surrounding and it is commonly known as R factor.

The basic feature of many phosphors based on lanthanides
emission is ability to exchange the energy between optically active
ions. This phenomenon is well-known as energy transfer. One of the
first spectroscopic system in which efficient energy transfer was
successfully observed is Gd*"-Eu® system. Taking into account that
the GPJ levels of Gd>* and the SHJ states of Eu** ions are energetically
similar to each other, the energy may migrates from Gd* to EU**
ions which act as donor and acceptor of the energy. Thus, the
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energy transfer process can greatly enhance the luminescence
P 3+ . . . .
originated from Eu®" ions in glass and glass-ceramic materials [1, 5].

Many preparation methods of the luminescent materials based on
Eu3+/Gd3+ spectroscopic system are documented in the literature [1,
6, 7, 9-13, 16-37]. To the best of our knowledge, only a few papers
are available based on the sol-gel synthesis, e.g.: LiGdF4:Eu3+ [9-12],
CsGd,F,[13], Gd,05Fs:Eu*'[21], GdF; [1,35], and GdYCa,O(BOs); [37].

However, there are no reports on the influence of sol-gel matrix
compositions on the energy transfer from Gd* to Eu* and
differences in spectroscopic properties resulting from direct
(Aexe = 393 nm) and indirect (Ao« = 273 nm, energy transfer
Gd3+—>Eu3+) excitation of Eu>* ions. These facts were sufficient to
carry out research on the Gd*>*/Eu’* system.

In this study, we present new optical results for sol-gel silicate
oxyfluoride materials co-doped with Gd** and Eu* ions.
Compositions of the studied materials were varied while the
europium and gadolinium ions concentration in all prepared
samples were kept constant. The influence of the sol-gel matrix
compositions on the luminescence properties and Gd** —Eu**
energy transfer before and after heat treatment was studied.
Especially, the presence of various catalyst agents on luminescence
of Gd3+/Eu3+ sol-gel system was examined. The beneficial effect of
the energy migration process on the spectroscopic properties of
Eu’" ions was also confirmed.

Experimental section

The reagents used in the preparation of sol-gel materials were of
analytical grade and supplied by Aldrich Chemical Co. Deionized
water obtained from Elix 3 system (Millipore, Molsheim, France)
was used during the experiments.

Preparation of sol-gel samples

Eu® and Gd** co-doped oxyfluoride sol-gel materials were analyzed
as a function of qualitative compositions of matrices. The sol-gel
samples of following compositions (in mol ratios) using the
procedure described in [38, 39] were prepared: 1TEOS—4C,H;OH—
10H,0-0.5CH;COOH (SG1 matrix); 1TEOS—-2C,H;OH-2DMF-4H,0—
0.4HNO; (SG2 matrix); 1TEOS-2C,H;OH-2DMF-4H,0-0.4CH;COOH
(SG3 matrix) (90% mass.). The solution of tetraethoxysilane (TEOS)
and N,N-dimethylformamide (DMF) in ethanol and water with
acetic or nitric acid as a catalyst was hydrolyzed for 30 minutes at
room temperature. After this time, previously dissolved
Gd(CH3COO0); and Eu(CH;COO0); in water and trifluoroacetic acid
were added dropwise to the all initial solutions. The molar ratio of
the optical active compound was: 0.05Eu(CH3;C0OO0);—1Gd(CH3C0OO0);
—5CF3COOH (10% mass.). The resulting mixtures were stirred for
another hour. In order to obtain xerogels the wet-gels were dried at
35°C for 6 weeks. It should be noted that the amounts of europium
acetate, gadolinium acetate and trifluoroacetic acid are the same in
all synthesized samples. The concentration (in mass %) of Gd* and
Eu’ ions in all prepared samples were kept constant and are equal
to 1.7 and 0,08, respectively. Finally, the samples were inserted into
cold muffle furnace (FCF 5 5SHP produced by Czylok Poland) and
were heat treated at control conditions of temperature and time
(350°C for 10 hours). The temperature was raised by 10°C min™
until 350°C. After 10 hours of annealing, the glass-ceramic samples
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were cooled to room temperature in a closed furnace. The process
was performed in air.

Instruments

The luminescence measurements of obtained samples before and
after heat treatment were performed using Horiba Jobin-Yvon
spectrofluorimeter FLUOROMAX-4 with 150 W xenon lamp as a
light source. The measurements were carried out with a spectral
resolution of 0.1 nm. The excitation spectra were measured in the
175 — 300 nm and 350 — 575 nm spectral ranges. The emission
spectra were measured in the range 285 — 530 nm and 410 — 750
nm upon excitation at A = 273 nm (excitation of Gd* ions) and
Aexe = 393 nm (excitation of Eu** ions), respectively. The excitation
and emission spectra as well as luminescence decay curves were
registered at room temperature.

The X-ray diffraction patterns were carried out using INEL
diffractometer with Cu Ka radiation. The IR transmission spectra in
the frequency region 500 — 4000 cm™ were performed on the
Shimadzu FT-IR ATR spectrometer. All experiments and spectral
measurements were carried out at room temperature.

Results and discussion
Excitation spectra

The optical properties of obtained materials were studied with
particular emphasis on the energy transfer process. Energy transfer
is phenomenon, in which dopant ions in active media can exchange
the excitation energy among themselves. To the explanation of this
phenomenon the samples were excited by different wavelengths
related to different excitation mechanisms of Eu®* ions. When the
samples were pumped by A, = 393 nm the Eu’* ions are excited
through direct excitation way to the SLG excited states of Eu’" ions.
While, the samples were excited by Ay = 273 nm from the 857/2
ground state to the GIJ levels of Gd** ions the indirect excitation
mechanism through Gd* —Eu® energy transfer process was
occurred. Energy transfer mechanism between Gd* and Eu* ions is
presented in Figure 1. In the Gd*'/Eu® system the energy transfer is
possible, because excited states of Eu® and Gd* ions are
energetically close to each other. Therefore, after excitation of Gd*
ions by radiation in UV range (A¢yc = 273 nm) from the 857/2 stable
ground state to the GIJ levels, the energy may be transferred to Eu®
ions by two possible ways. One approach is based on direct energy
transfer and corresponds to the GIJ (Gd3+) — SFJ, SIJ (Eu3+) transition,
due to energetically overlapping of the GIJ levels of donor (Gd3+ ions)
and the SFJ and SIJ states of acceptor (Eu3+ ions). Firstly, the excited
Eu® ions loss energy by non-radiative way to the nearest
surrounding, until the lowest SDO excited state was achieved.
Consequently, emission in the visible light range (primarily red and
orange luminescence assigned to the transitions SDO — 7F2 and
SDO — 7F1, respectively) is recorded [1, 5, 13]. The second possible
way of the energy transfer is related to non-radiatively transition
from the GIJ levels to the lower-located GPJ excited states of
Gd*'ions. Then the energy migration process follows to the SHJ
excited levels of acceptor Eu** ions, because they are energetically
coincide with the GPJ energy states of Gd*. Finally, emission in the
visible spectral range is obtained. Obviously, the emission at
Aem = 311 nm corresponding to the GPJ —>8$7/2 transition of Gd*" ions
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Fig. 1 Mechanism of energy transfer for Gd*" and Eu*" ions.

is also possible. The excitation of Gd* ions into the higher-located
GGJ levels was also examined [13-15, 18-20]. The energy gap
between the GGJ and GPJ excited states is sufficiently large, therefore
emission from the GGJ state may contain in visible spectral range
between 560 nm - 640 nm [13-15]. So, it results in the visible light
range emission derived from Gd*" ions. This emission overlaps with
the luminescence bands characteristic for Eu®* ions.

The excitation of Gd*" ions into the GGJ levels can be achieved
directly by wavelength at A, = 202 nm, or indirectly through an
excited state absorption process (ESA). This phenomenon involves
the absorption of photon by the lanthanide ion, which is on
metastable excited state [5]. The 6P7/2 energy level of Gd* is
metastable, therefore it is probable that the 6GJ excited states of
Gd*" ions can be achieved [5, 14, 15].

Figure 2 shows the excitation spectra registered for obtained glass
samples before heat treatment. Presence of two spectroscopic
ranges in each excitation spectra is related to carry out the parallel
measurements for Gd>* and Eu®". Only for SG1 sample, the
registered spectra shows intense narrow band at A = 273 nm,
which corresponds to the transition from the 857/2 stable ground
state to the 6IJ energy levels of Gd*" ions. Therefore, the occurrence
in excitation spectra the 857/2 — 6IJ transition band during emission
monitoring at A., = 611 nm is a direct proof of energy migration
process in Gd*"-Eu® system. Obviously, it also indicates the
involvement of Gd** on the emission of Eu** ions.

The intensities of the excitation bands registered for SG1 sample
from the higher-located GGJ and GDJ states of Gd*"ions are negligible
in comparison to the 857/2 — GIJ transition. Similarly, the 857/2 — GIJ
excitation band of Gd>* shows the highest intensity in matrices
investigated by other authors, for example: Grzyb et al. [5], Zhong

Eu'"/Gd""-doped silicate sol-gel xerogels |
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xerogels monitored at A, = 611 nm.
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et al. [6], Lepoutre et al. [9], Karbowiak et al. [13], Park et al. [32],
Szczeszak et al. [25] and de Moura et al. [27]. However, obtained
results presented in other papers are different from ours. The
intensity of the 857/2 — GGJ transition is strongly higher in compa-
rison to the 857/2 — 6IJ transition and described in following
references [18, 19, 22-24], especially in paper [20].

The qualitative composition of studied sol-gel matrices plays an
important role for energy transfer process. Based on excitation
spectra showed in Figure 2 we can concluded, that introduction of
N,N-dimethylformamide and use nitric acid as a catalyst agent
almost completely inhibits the excitation of Gd*" ions at Aexe = 273
nm on 6IJ levels. The Eu®" ions strong absorb radiation wavelength at
393 nm, which is assigned to the 7F0 — 5L6 transition. Less absorb
the visible light at A, = 464 nm, which corresponds to relatively
low intense peak on the excitation spectra (Fig. 2). The excitation
bands originated from Eu®* ions appear regardless of the
composition of each glass sample. However, intensities of several
bands are varied despite the constant concentration of the optically
active dopant.

Emission spectra

In Figure 3 the emission spectra of Eu®" in the sol-gel materials
before heat treatment was presented. The sol-gel samples were
excited at A, = 393 nm. For each of obtained glasses the
characteristic emission bands for Eu®* were registered, however
intensities of several bands are varied for individual samples.

Excitation of optically active dopant at A = 393 nm causes the
characteristic luminescence bands for Eu®* ions. The emission is
assigned to following transitions: 5DO —>7F1, 5Do — 7F2, 5D0—>—> 7F3,
and 5Do — 7F4. Intensity of the SDO — 7F2 band associated with the
electric dipole transition is the greatest. Observed reduce of the
main emission band was in the following order: SG3, SG2 and SG1.
Therefore, we can conclude, that using DMF during sol-gel synthesis
could have a significant influence not only on inhibition Gd*
excitation, but distinctly in promote enhancing emission of Eu*
ions. DMF is a well-known drying agent. The presence of DMF in sol-
gel glass samples allows to remove water from the environment of
the optically active dopant. In result, the spectroscopic properties
of these materials are better [38]. It is important from chemical and
technological point of view.

Eu™1Gd**-doped silicate sol-gel xerogels

Before heat treatment
A= 393nm
(a) 8G1

(b) sG2
(c) 63

Luminescence intensity [a.u.]

575 600 625 650 675 700 725 750
Wavelength [nm]

Fig. 3 Emission spectra of Eu**ions in sol-gel xerogels excited at
Aexc =393 nm.
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The emission from higher-located excited states of Eu®* ions does
not occur, which is probably due to presence of residual hydroxyl
groups, causing non-radiative decay mechanism and results in
luminescence quenching.

The emission spectra of Eu®" in obtained glasses monitored at
Aexe = 273 nm before heat treatment is presented in Figure 4.
Contrary to the results obtained in the emission spectrum upon
excitation at A, = 393 nm (Fig. 3), the strongest emission was
obtained for SG1 sample. Taking into account the fact of presence
the intensive 857/2 — 6IJ band on excitation spectra for SG1 sample
(Fig. 2), the significantly growth of luminescence intensity of Eu*
ions is an expected effect. The characteristic emission of Eu**ions in
SG2 and SG3 samples is very weak in comparison to SG1.
Furthermore, the GPJ —>SS7/2 characteristic band for Gd*" ions
(Aem = 311 nm) was registered only for SG1 sample. Both the
excitation and emission spectra suggest the efficient energy
transfer Gd*>*— Eu® in SG1 sol-gel matrix. The beneficial effect of
energy transfer is revealed by significant increase the characteristic
luminescence of Eu* ions. In other samples energy transfer process
also occurred as indicated by characteristic emission of Eu* upon
excitation at A, = 273 nm, however, the efficiency is lower than
SG1 samples. It means that the energy transfer process has a
negligible influence on the luminescent properties of studied SG2
and SG3 samples in comparison to SG1 samples. Generally,
quenching emission originated from Gd*" ions was probably due to
introduction into the glass structure N,N-dimethylformamide as a
drying agent and nitric acid as a catalyst agent. This effect is clearly
observed in reducing of energy transfer efficiency in studied SG2
and SG3 samples and confirmed previous assumptions. In SG2 and
SG3 samples the concentration quenching was excluded due to the
same amount of optically active dopant in all prepared samples. It is
also significant, that the energy transfer in Gd**-Eu®* spectroscopic
system in SG1 sample is not complete due to presence of the
GPJ — 857/2 emission band of Gd*" ions in the spectra. Indeed, reduce
intensity of the GPJ —>SS7/2 emission band is a measure of transfer-
ring excited energy from Gd*" to Eu*" ions and this points to energy
transfer process. Zhong et al. conducted the studies on modification
in intensity of the emission band corresponding to the GPJ — 857/2
transition of Gd*" ions in NaEu,Gd 1.4(PO3)s, which is a measure of
the energy transfer process efficiency. It was clearly observed, that
increasing amounts of acceptor ions (Eu3+) in matrix causes radical
decline in the emission intensity of Gd™>" ions at Aem =311 nm [6].

Eu**/Gd™ doped silicate sol-gel xerogels

I,
(Eu”) Before heat treatment
o, F
” 1 A =273 nm
oxe
(a) SG1
(b) SG2
3+, .
(6d™) (™) fe) 363
&) 8, 5, 7,
P,=8,, D, 'F,

Luminescence intensity [a.u.]

) .—/\/&x‘__’_;__

700

- -
600 650 750
Wavelength [nm]
. . 3+ . . .
Fig. 4 Emission spectra of Eu™" ions in sol-gel xerogels excited at

Aexe =273 nm.
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The emission spectra for SG1 samples registered under following
parameters: A = 393 nm and A, = 273 nm were presented in
Figure 5. Excitation by two different parameters allows to determi-
ne the influence of energy transfer process on optical properties in
studied glass systems. We focused our attention on enhanced
luminescence intensity of characteristic bands for Eu’* ions. The
particular emphasis was placed on comparison the 500 — 7F1 and
the SDO — 7F2 transitions of Eu" ions upon excitation at A, = 273
nm and A = 393 nm, respectively. This phenomenon illustrates
beneficial influence of the energy transfer process on Eu®* emission.
Therefore, the Eu®" ions could be an effective luminescence centers
upon UV excitation. Indeed, SG1 sample is characterized by
significantly stronger red emission under UV excitation (Ae. = 273
nm) in comparison to A = 393 nm excitation.

Furthermore, we also observed widening of the red luminescence
band of Eu®" ions upon A, = 273 nm excitation in comparison to
Aexe = 393 nm excitation. It should be noticed, that change in the
excitation wavelength leads to modification the R-factors calculated
for the SG1 sample and probably illustrates the visible luminescence
of Gd** ions. It is really interesting that under excitation at A = 393
nm the R-factor equals to 3.12, but the UV excitation apparently
leads to growth the R-factor value, which finally equals to 4.97 and
indicating Gd>* emission in the visible light range (Tab. 1).

The emission spectra of obtained sol-gel samples after heat
treatment upon excitation at A, = 393 nm and A = 273 nm were
shown in Figure 6 and Figure 7, respectively. The emission spectra
for Eu®" ions were registered in the range from 285 nm to 750 nm,
upon excitation at A, = 273 nm (to the GIJ levels of Gd3+) and at
Aexe = 393 nm (to the SLG level of Eu® ions). The most intense
luminescence bands are observed for the SG1 HT sample and the
resulting emission peaks are narrow, suggesting partial
crystallization. Relatively weak emission were recorded for SG2 HT
and SG3 HT samples upon excitation at Ae, = 393 nm and A, = 273
nm. The emission spectra of SG1 and SG3 samples after annealing
presented the change in the relative intensities of bands, which are
associated to the SDQ — 7F2 (red line) and the 5DQ — 7F1 (orange
line) transitions of Eu® ions. According to Jorgensen and Judd [41],
the electric-dipole transitions of trivalent rare earth ions that obey
the selection rules: |AS|= 0, |AJ]< 2 and |AL|< 2 are strongly
sensitive to the host environment, are referred as hypersensitive
transitions.

Eu™/Gd™*-doped silicate sol-gel xerogets |

°D,~F, (Eu™") sG1

Before heat treatment

(a) & =273 nm

(b) 3 =383nm

Luminescence intensity [a.u.]
) 8, 3+,
P, %, (Gd ™)
5 7, 34,
D, 'F, (Eu™)

Sp T 3+,
D, 'F, (Eu™)

4 T T T T T T
575 600 625 650 675 700 725 750
Wavelength [nm]

Fig. 5. Emission spectra of Eu*" ions in sol-gel xerogels excited at
Aexe =393 nm and Agy =273 nm.
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Fig. 6. Emission spectra of Eu’" ions in sol-gel glass-ceramic

materials excited at Ag,c =393 nm.

In numerous published works devoted to the phenomenon of
hypersensitivity [42-44] much attention has been paid to the SDO —
7F2 transition of Eu®’ [45-48]. Accumulated experimental findings
justify the assignment of this transition to the category of
hypersensitive transitions despite the fact that it is not consistent
with the selection rule AS = 0. Detailed discussion of this topic can
be found in an excellent review paper by Koen Binnemans
published recently [49]. In contrast to the SDO — 7F2 red electric-
dipole transition, the SDO — 7F1 orange transition is a magnetic-
dipole transition, which is independent of the local symmetry.
Therefore, the ratio of integrated emission intensity of the
SDO — 7F2 transition to that of the 5Do — 7F1 transition, defined as
fluorescence intensity ratio R, is relative to the strength of
covalent/ionic bonding between the Eu® ion and the surrounding
ligands the spectroscopic key to estimate the deviation from the
site symmetries of trivalent europium. This ratio is a sensitive
function of covalency and asymmetry around the Eu’* ions. Small R
value is usually attributed to higher local symmetry for Eu®* ions.
The increase in R value is due to increasing asymmetry and degree
of covalency between trivalent europium and oxygen ions. After
annealing the local symmetry around the optically active dopant
(Eu?'+ ions) and ionic character of bonds increased and it is
confirmed by lower R-ratio value. For SG1 HT sample it was
observed that the orange emission is stronger than red
luminescence, and R-ratios are equal to 0.84 (A = 393 nm) and
0.80 (Aeye = 273 nm). The luminescence intensities ratios calculated
for samples after annealing are decreased more than three and six

Eu*iGd™- doped silicate sol-gel glass-ceramics I

After heat treatment

2 A_ =273 nm
exc

(a) SG1 HT
(b) SG2 HT
() SG3HT

Luminescence intensity [a.u.]

(b)

T T T T T T T
575 600 625 650 675 700 725 7S50
Wavelength [nm]

Fig. 7. Emission spectra of Eu** ions in sol-gel glass-ceramic
materials excited at Ag,c =273 nm.
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time, upon Agc =393 nm and A = 273 nm excitation, respectively.
This effect confirms the partial crystallization of amorphous
structure and partial incorporation the optical active dopant into
the crystalline phase during controlled ceramization. Thus, the
annealing process for SG1 glass at 350°C for 10 hours leads to an
efficient formation the crystalline phase within the amorphous
structure of precursor sol-gel glass. Indeed, the XRD studies
confirmed formation of GdFa:Eu3+ nanocrystalline phase in the SG1
sample, which is presented and discussed in the next parts of this
articles.

In contrary to our expectations, the SDO — 7F2 band for SG2 HT and
SG3 HT samples is stronger than the 5Do — 7F1 transition and
suggest no incorporation of dopant ions (Eu3+) within the crystalline
phase. The R-values calculated for SG2 and SG3 samples before
annealing are similar to those after annealing, and suggest that
there is no change in surroundings framework around optically
active dopant. Therefore, a different annealing procedure should be
used to incorporate an optically active dopant into the crystalline
phase in SG2 and SG3 glass samples. For SG2 HT samples after
annealing we observed very weak emission of Eu*" ions upon
Aexe = 273 nm excitation in contrast to SG1 HT and SG3 HT. We
suppose that, presence of nitric acid in studied SG2 HT samples
probably does not allow on the efficiently energy transfer from Gd**
to Eu**. Nitric acid is a well-known strong acid, which is completely
dissociates in aqueous solutions, therefore the final pH value of
solution during hydrolysis and condensation of the SG2 glass
precursor was equal to 1 and it is much lower than SG1 and SG3
samples. While acetic acid CH3;COOH as a weak acid dissociates
partially only, and the strength of this acid could be characterized
by the acid dissociation constant. The final pH value of solution
during hydrolysis and condensation of the SG1 and SG3 matrices
was higher than SG2 sample and equal to about 5. It is well-known
materials (e.g.
hydrophobicity) are dependent on the used catalyst agent and
conditions of the hydrolysis and polymerization. Therefore, to

that the structure and properties of sol-gel

explain the influence of catalyst on luminescence properties, the
acids of different strength were used during experiment. Different
acid catalysts lead to formation materials with variety structures
that may affect the luminescence behavior dopant due to change
the surrounding framework around the optically active ions.

In literature the energy transfer in Gd*"-Eu* spectroscopic sol-gel
system was investigated. However, there is no data on comparison
the luminescence properties of Eu®* ions upon indirect (via energy
transfer) and direct (without the involvement of Gd** ions)
excitation. The comparison was presented and discussed in a few
works, only [5, 13, 35-37]. Excitation of Eu®" ions in GdFs:Eu®" after
annealing process (350°C-500°C) [5] through energy transfer leads
to more efficient luminescence in comparison to direct excitation
way. In contrast, Karbowiak et al. (CsGsz7:Eu3+, annealing
temperature: 750°C) [13] and Solarz et al. (GdCa4O(BO3)3:Eu3+,
1050°C) [37] comparable
intensities of characteristic bands for Eu®* regardless of excitation

annealing temperature: obtained

parameters.

Comparison of emission spectra for SG1 HT glass-ceramic material
registered under different excitation wavelengths: A, = 393 nm
and A, = 273 nm were presented in Figure 8. It was observed the
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Fig. 8. Emission spectra of Eu®*ions in SG1 HT sol-gel glass-ceramic
excited at Ae,e = 393 nm and Ay = 273 nm.

T
300

three characteristic for Eu®* emission bands: 5D0—>7FLZ‘4 and very
weak two other bands, which are associated to 5D0—>7F0 and
5Do—>7F3 the bands
characteristic for Eu* ions upon Ag = 273 nm excitation indicates
the energy transfer process from Gd*" to Eu®" after heat treatment.
Moreover, emission corresponding to the GPJ — 857/2 transition of
Gd*" ions at Aem = 311 nm is not observed, which also confirms that
the effective energy migration from Gd*" to Eu** occurs. The R-ratio
values calculated for SG1 HT sample upon both excitation
parameters are similar to each other and equals to 0.84 (A = 393
nm) and 0.80 (A = 273 nm). It also indicates that after annealing
we registered no emission from Gd*" ions in the visible range.

transitions. Occurrence of emission

Figure 9 shows the comparison of the emission spectra monitored
at Aexe = 393 nm and A, = 273 nm registered for SG3 HT sol-gel
glass-ceramic samples. The emission of Eu® ions upon A =273 nm
excitation confirms, that the Gd* — Eu* energy transfer process
occurs, but the efficiency is smaller than in SG1 HT samples. The
characteristic for Gd** ions emission band at Aexe = 311 nm,
corresponding to the GPJ — 857/2 transition does not appear on the
spectra registered for SG3 HT samples (Fig. 9). After heat treatment
the red luminescence of Eu** ions in SG3 HT sample is the greatest.
Obtained R-factor values are larger than for SG1 HT sample, what
clearly demonstrates local asymmetry of environment around Eu**
ions and covalent bonding between Eu® and nearest surrounding
within matrix [5, 8]. Based on presented results, we can conclude,
that different annealing parameters should be used in order to
incorporate the optically active dopant ions into crystal phase in

EuS‘IGda‘-doped silicate sol-gel glass—ceramicsl

SG3 HT
After heat treatment

w (a) km= 273 nm

o (b) A =393 nm

Luminescence intensity [a.u.]

T
300

U T T T T T
570 600 630 660 690 720 750
‘Wavelength [nm]

Fig. 9. Emission spectra of Eu**ions in SG3 HT sol-gel glass-ceramic
excited at Ao, =393 nm and A, =273 nm
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SG3 HT glass-ceramic sample. However, this research will be
conducted in the future work.

Luminescence lifetimes

The luminescence lifetime is one of the most important parameters
which characterize the emission in luminescent material. In order to
determine the impact of the energy transfer process on optical
properties of the obtained sol-gel materials, the luminescence
decay curves for the SDO excited state of Eu®* ions under different
excitation parameters (Aexe = 273 nm and A, = 393 nm) before and
after heat treatment were measured. The lifetimes for the 5DO
excited state were analyzed monitoring A.,, = 590 nm (SDO — 7F1
transition of Eu3+) emission, because in this spectral range the
emission coming from Gd>* was not observed [36]. To determine
the effect of qualitative composition of the matrices on emission
properties, the luminescence decay curves measured under
different excitation wavelengths were compared and the results are
presented in Table 1. The luminescence lifetime registered for SG1
sample before annealing process is almost twice long under UV
excitation (Aeye = 273 nm, 1, = 0,37 ms) in comparison to 393 nm
excitation (t; = 0,19 ms). Thus, the obtained results confirm the
beneficial effect of the energy transfer process on the optical
properties in SG1 samples. Before heat treatment the longest
luminescence lifetime for the SDO state of Eu”" ions upon 393 nm
excitation was obtained for SG3 sample (t = 0,40 ms), while the

Table 1. The R-ratio values and lifetimes of luminescence before
and after heat treatment.

Page 6 of 10

Sample Excitation| Emission
Aem[nM] | Aen[nm] | Transitions Tm[ms] R
5, 7,
590 De—F1 ©=019
393 611 D—F, 3.12
sG1 7
590 De—F1 =037
273 619 | *De—F 497
5, 7,
590 Do—Fy 12030, =150
393 611 | *De—F 0.84
SGHT1 557
590 Do—Fy =047, =275
273 611 | ‘D—'F, 0.80
5, 7,
591 Do—Fy =028
393 614 | ‘Do—'F, 3.66
SG 2 5 7,
500 | DF 4=007
273 614 | D—F, 2.70
5, 7,
590 D—'F 7=0.04,1,=068
393 612 | D—F, 4,90
SGHT2 PN
590 De—"F1 1=0097%=075
273 612 | D—F, 3.35
5, 7,
591 De—"F1 =040
393 612 | D—F, 342
SG3 5 7,
590 De—"F1 =007
273 611 | D—F, 271
5, 7,
590 De—"F1 ©,=0.03,1,=0.90
393 612 | D—'F, 2.87
SGHT3 PN
590 De—F1 ©,=008,1,=111
273 612 | *De—F 264

This journal is © The Royal Society of Chemistry 20xx
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shortest lifetime was obtained for SG1. The obtained results are
comparable with the luminescence of SG1-SG3 samples (Fig.3 ).
Generally, the lifetimes of the 5DO excited state of Eu** are longer
for SG2 and SG3 samples in comparison to SG1 sample. This effect is
probably due to introduction of DMF during preparation. DMF as a
desiccant agent is able to remove the hydroxyl groups and
consequently the luminescence lifetimes of optically active dopants
are prolonged.

Relatively short lifetimes of the 5DO excited state of Eu®" in sol-gel
samples before heat treatment are due to presence residual
hydroxyl groups, which cause quenching the luminescence by non-
radiative mechanism. Prolongation of lifetimes in sol-gel glass-
ceramics after annealing is due to removal the hydroxyl groups and
incorporation the optically active dopants into crystal phase with
relatively low phonon energy.

Before heat treatment the decay curves for SG1-SG3 samples were
well-fitted to a single-exponential function. But after heat
treatment the decay curves were fitted to a double-exponential
function with two different times of decay suggesting the presence
of two centers with different probabilities of nonradiative decay
(Table 1). Furthermore, after heat treatment for SG1 HT sample we
observed the lifetime prolongation under UV excitation at
Aexe = 273 nm (1, = 0.47, T, = 2.75) in comparison to Ay = 393 nm
(t1=0.30, T, = 1.50). In result, excitation of Eu’* ions through energy
migration process leads to prolongation lifetime for the 5DQ excited
state at about 2 times in comparison to direct way of excitation.
These results demonstrate the beneficial effect of the energy
transfer process on emission of Eu® ions after heat treatment
process. Indeed, excitation of Eu® ions through energy transfer
causes the lifetime prolongation both before and after annealing
process. Observed effect is a direct proof of beneficial impact of the
energy transfer on optical properties of studied sol-gel samples.

In the case of SG3 HT samples, the luminescence lifetimes of the SDO
excited state are slightly longer upon A = 273 nm than A, = 393
nm excitation and are equal to 1.11 ms and 0.90 ms, respectively.
These results indicate that energy transfer process in this matrix
exist, but the efficiency is lower than in SG1 HT samples.

It is worth to notice that the lifetime values of the SDO excited state
of EU*' in polycrystalline samples studied by Zhong et al. in
NaGd(POs),:Eu** [6] and H.T. Wong et al. in GdFs:Eu®" nanocrystals
[30] are comparable regardless of studied excitation parameter.
The SDO measured lifetime in SG1 sample is higher compared to the
value obtained by Vergeer et al. [50] Kondo et al. [17], and Lorbeer
et al. [28], but is lower than the value obtained by Lepoutre et al.
for LIGAF,:Eu’" crystals [12].

Structural characterization

The discussed earlier changes in luminescence spectra and their
decays are related to presence of crystalline phase, which were
formed during the heat treatment process. In order to explain
luminescence behavior of Eu®* ions, the local structure around
optically active dopants was examined using X-ray diffraction
(Fig. 10), as well as Fourier Transform Infrared Spectroscopy (FT-IR)
(Fig. 11).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 10 X-ray diffraction patterns for silica sol-gel samples before
and after heat treatment.

The XRD patterns for prepared sol-gel materials before and after
heat treatment process are presented in Figure 10. All of prepared
samples before annealing process were fully amorphous, without
any crystallization peak (Fig. 10a). The greatest structural changes
during heat treatment was observed for SG1 HT sample. Based on
the theoretical XRD pattern the peaks were assigned to the GdF;
crystalline phase (Fig. 10e). The average grain size of formed GdF;
nanocrystalline phase was estimated based on Scherrer’s formula
and equaled to 6.3 nm. The results were re-examined with the
Williamson-Hall method, which includes internal stress influence on
the line broadening. The estimated particle size was 5.6 nm, which
corresponds to the results obtained by Scherrer’s method. The
lattice deformation is about 0,00167%. A quite different situation is
observed for SG2 HT sample (Fig. 10c). The registered peaks
correspond to Gd,0; crystalline phase. The average size of the
crystallites from Scherrer’s equation was estimated to about 21.8 +
1.1 nm. The calculated particle size from Williamson-Hall formula
was 26.8 £ 1 nm and the lattice deformation is about 0.15%. Due to
greater divergences between calculated values of particle sizes
(Gd,05 phase) for SG2 HT sample the results were re-examined with
the Cauchy-Gauss method. The average estimated nanocrystal size
is equaled to 19.3 + 0.5 nm and the lattice deformation is about
0.31%. In contrast to SG1 HT and SG2 HT samples the XRD pattern
of SG3 HT sample contain broad diffraction lines without any
narrow lines typical for crystalline samples. On the basis of these
studies we can conclude, that structural changes observed after
annealing depend strongly on the host composition and catalyst
agent used during sample preparation.

In fact, the luminescence properties is highly dependent on the
structural properties of the prepared sol-gel materials. Based on
large increase of luminescent lifetimes of the 5DO state of Eu** in
SG1 HT glass-ceramic sample compared to SG1 xerogel (Table 1),
we suppose that after heat treatment process part of Eu®* ions
were incorporated into formed GdF; nanocrystalline phase with
relatively low-phonon energy. This effect can be also confirmed by
significant decrease in R-ratio values calculated for SG1 and SG1 HT
sol-gel samples (Table 1). The relatively short emission lifetimes of
the 5DO excited state and high calculated R-ratio values for SG2 HT
and SG3 HT samples are due to relatively high-phonon energy of
amorphous environment around Eu®* ions (Table 1). However, the
slight increase of the 5DO luminescence lifetimes of Eu®" after
annealing of SG2 HT and SG3 HT samples was observed. Considered
effect can be explained by removal of residual hydroxyl OH™ groups,
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which effectively quench the characteristic luminescence of

lanthanides [51].

In order to confirm this hypothesis the FT-IR spectra were also
measured (Figure 11). The FT-IR spectroscopy has been widely
applied to investigate the microstructure of sol-gel derived
materials. The characteristic groups of FT-IR bands can be observed
in the 500 — 4000 cm™ frequency region. The FT-IR spectra
registered for samples before heat treatment reveals characteristic
band in the 3000 — 3500 cm™ frequency region, according to OH’
groups stretching vibrations [52]. It should be noted that in the case
of SG2 and SG3 sol-gel silica samples considered bands are weaker
compared to SG1 sample. This effect could be explained by
introduction of N,N-dimethylformamide compound during prepara-
tion process. DMF is added to reduction of the hydroxyl groups
[53]. Furthermore, the small intensity of this band for studied sol-
gel materials after heat treatment indicates the elimination of
hydroxyl groups from the hosts composition.

FT-IR I

SG 1

(b)

(a)

Transmission [%]

(a) before heat treatment
(b) after heat treatment

T T T T T T
1000 1500 2000 2500 3000 3500 4000

Wavenumber [cm ]
_FT-IRI

T
500

Transmission [%]

(a) before heat treatment
(b) after heat treatment

: : : i T :
1000 1500 2000 2500 3000 3500 4000
Wavenumber [cm’']

T
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FT-IR

(b)

(a)

Transmission [%]
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(b) after heat treatment
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Wavenumber [cm“‘]

T
500

Fig. 11 FT-IR spectra for silica sol-gel samples before
and after heat treatment process.
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Moreover, the peak corresponding to the O-H deformation
vibration (about 1420 cm'l) was registered for all prepared xerogels,
whereas it appears after conducted annealing process. Obviously,
described spectral results confirm earlier speculations that
prolongation of luminescence lifetime from the SDO excited state of
Eu®* is due to removal of water molecules from the sol-gel hosts.
The peaks at about 1050 em™ (Si-O-Si stretching) [54] frequency
region for all prepared SG1, SG2 and SG3 sol-gel samples. The bands
become narrower after heat treatment, indicated a densification of
SiO, structure. The peaks at about 1200 em® [55], 1100 cm™ as well
as 800 cm™ [56] were also assigned to the Si-O-Si stretching. The
next peaks at about 950 em™ and 720 cm™ are ascribe to vibration
of Si-O in Si-OH group and torosial vibrations modes of Si-O bond,
respectively. However, the band at about 550 em? [57] frequency
region was observed for all obtained heat treated samples. This
band could be assigned to cyclic structures in the silica network.
The band arises around 550 — 640 cm™ frequency region. As
Yoshino et al. [58] presented the fourfold siloxane rings are
correlated to the presence of unreacted alkoxy groups. These
groups thermally decompose at around 200-300°C to give Si-OH
species. Simultaneously, the fourfold rings transformation to more
open ring structures is carried out. On the other hand, the band
registered at about 2800 em™ and 1530 cm™ can be assigned to
CH;-N stretching and C-N stretching, respectively, and appeared in
spectra registered for SG2 and SG3 samples only due to addition of
DMF. The band registered at 1645 em™ frequency region (C=0
stretching) appeared in the FT-IR spectra for all xerogel samples
SG1, SG2 and SG3 due to addition of CH;COOH, Gd(CH;COO0); and
Eu(CH3COO);. It should be noticed that all of this analyzed peaks
have not been registered for annealed samples, which means the
evaporation of that volatile chemical components.

Conclusions

In this paper, the sol-gel silica materials co-doped with Gd* and
Eu®* ions were successfully obtained and the pronounced effect of
the matrix composition on the energy transfer process were
confirmed. Optical properties of Eu* and Gd** co-doped sol-gel
glasses and glass-ceramics were studied under different excitation
wavelength. Spectroscopic parameters of Gd*"-Eu® system were
determined based on excitation and emission spectra as well as
luminescence decay analysis. Qualitative compositions of the
examined matrices with the same concentration of europium and
gadolinium ions were varied, which was clearly marked by the
changes in the photoluminescent properties. The study
demonstrated that the occurrence of energy transfer in Gd*"-Eu®
spectroscopic system is also strictly dependent on the chemical
composition of the examined matrices and the positive effect of
Gd3+
obtained results suggest that quenching of the energy transfer in
studied samples is related to use of nitric acid as a catalyst agent

. . e . e 3 N
ions on visible emission of Eu’* has been confirmed. The

and introduction N,N-dimethylformamide as a drying agent. Before
heat treatment, increase of the red emission originated from Eu*
ions under A = 273 nm excitation is probably associated with the
emission of Gd*" ions in the visible light range. For the SG1 HT glass-
ceramic sample the narrow and intense orange emission was
observed. This is a result incorporation of the Eu’* into the formed

This journal is © The Royal Society of Chemistry 20xx
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crystalline phase. The structure of prepared silica sol-gel materials
was examined using X-ray diffraction measurements (XRD) and FT-
IR spectroscopic techniques. The formation of GdF; and Gd,O;
nanocrystalline phase was confirmed. Relatively intense red
emission registered for SG2 HT glass-ceramic samples suggests low-
effective incorporation of optically active dopants into crystal phase
formed during heat-treatment process. The luminescence lifetime
of the 5DO excited state measured for SG1 HT sample under
Aexe = 273 nm excitation is much longer in comparison to the
lifetime monitored upon A, = 393 nm, what indicating efficient
energy transfer process in this sample. It was observed the
prolongation lifetime values of the 5DO excited state of Eu*" in glass-
ceramic samples after annealing in comparison to results obtained
for samples before heat treatment process. This is mainly due to
removal of residual hydroxyl groups in glass-ceramics materials and
change in surroundings around optically active dopant. Moreover,
the occurrence of the energy transfer process beneficially impacts
on optical properties of the SG1 sample, which could be a promising
red phosphor under UV/VUV excitation. It allows to obtain novel
materials with potential applications in PDPs and mercury-free
fluorescent lamps considering its lower calcination temperature and
high chemical stability at ambient conditions.
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