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Structural and morphological studies were carried out on cerium- and gadolinium-doped
sol—gel silica glasses intended for scintillator applications, to deepen the understanding of
rare earth ion incorporation into the glass matrix. Several compositions, ranging from 0 to
5 mol % Ce and from 0 to 8 mol % Gd, were studied by Raman spectroscopy. The vibrational
response was compared to that of pure silica glasses: for cerium doping higher than 0.5
mol %, the F»y3 Raman mode, characteristic of CeO,, was observed. The presence of CeO,
nanocrystalline clusters, whose size depends on cerium concentration and thermal treatment,
was confirmed also by X-ray powder diffraction (XRD) patterns and transmission electron
microscopy (TEM) analyses. On the contrary, gadolinium-doped sol—gel silica glasses
exhibited Raman spectra similar to those of pure silica glasses, at least for the investigated
concentrations up to 8 mol %, and no crystalline particles were detected within the amorphous

matrix.

Introduction

Rare earth (RE) ions play key roles in many techno-
logical applications, mainly for their luminescence
properties. The incorporation of RE ions into different
amorphous matrixes has been largely investigated.l—3
In particular, cerium is one of the most frequently
considered activators in RE ion doped systems to be
used as scintillator materials, due to the radiative
transition (5d—4f, time decay lower than 100 ns)
featured by trivalent cerium ions.* Recently, sol—gel-
prepared Ce-doped silica glasses were shown to have
excellent scintillator properties.>8 Various densification
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processes of the xerogel were attempted to improve the
glass optical properties,”® and glasses were investigated
in detail. In parallel to optical studies, structural and
morphological investigation appeared to be useful, and
the present work is specifically aimed at shedding
further light on the incorporation of Ce ions into the
sol—gel silica matrix. Considering that two different
oxidation states, Ce3* and Ce**, are possible, the highest
guantity of Ce3" is desirable, Ce*" being not lumines-
cent. As a matter of fact, an important requirement in
obtaining Ce®*-doped glasses by the classical melting/
guenching technique is the use of reducing atmosphere
during melting.® Nevertheless, loss of the luminescence
yield may be due to thermodynamics limitations, i.e.,
insufficient solubility of the RE, with the consequent
separation of microphases and concentration quench-
ing.10 This effect occurs at high doping levels, when RE
ion distance becomes comparable to the critical radius,
that is, the distance at which the radiative decay
probability equals the energy transfer rate, finally
leading to nonradiative processes.* Obviously, the above-
mentioned peculiarities are not the only ones affecting
luminescence, since other nonradiative channels can be
active. The most frequent ones are related to the
presence of OH groups and other defect species. Con-
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cerning the detection of OH groups, their presence in
glasses was investigated by IR absoption.1112

The complete comprehension of the luminescence
features of Ce (as well as other RE ions) in the silica
matrix requires extended fundamental investigation
taking into account several aspects of the material.
Therefore, in the following, focusing our interest on a
structural and morphological study, the results of the
characterization of Ce-doped sol—gel silica glasses by
Raman spectroscopy, X-ray diffraction (XRD), and trans-
mission electron microscopy (TEM) are reported. More-
over, a comparison is made with the Raman features of
Gd-doped sol—gel silica glasses where the RE is in the
very stable trivalent oxidation state. Such comparison
mainly discloses a different tendency in clustering
between Ce and Gd ions. In fact, for cerium doping
higher than 0.5 mol %, CeO; crystals with a size
distribution in the range 5—20 nm were observed, while
no evidence of the presence of Gd,Os; crystals was
obtained at least up to 8 mol % Gd.

Experimental Section

Preparation of Glasses. Silica glasses with a molar
percentage [mol % = moles of RE/(moles of RE + moles of Si)
x 100%] in the range 0—5.0 for Ce and 0—8.0 for Gd were
prepared by the sol—gel method.

Tetraethyl orthosilicate (TEOS, Aldrich, 99.999%), Ce-
(NO3)3-6H,0 (Aldrich, 99.99%), and Gd(NO3)3-6H,0 (Aldrich,
99.99%) were used as precursors.

TEOS (2.0 mL) was mixed with ethanol (HPLC grade
reagent) and with suitable amounts of Ce(NO3);-6H,0 or Gd-
(NO3)3*6H,0 in about 0.1 M ethanol solutions, according to
the glass composition. The volume of pure ethanol depended
on the amount of RE solution, as the total volume solution
was 8.0 mL.

Finally, 1.20 mL of water (Merck analytical grade) was
added with stirring (H,O:TEOS molar ratio 7.4).

The resulting clear solutions were sealed in polypropylene
containers (5 cm in diameter) and stored in a thermostatic
chamber at 35 °C. Gelation occurred in 10—20 days. Afterward,
samples were aged for 2 days and, subsequently, small holes
were produced in the container covers in order to induce slow
drying of the alcogel. Drying of the alcogels was reached in
about 1-2 weeks at 35 °C, yielding transparent xerogels.

Densification of xerogels to glasses was carried out through
a sintering procedure up to 1050 °C, which alternated oxygen
and reduced pressure steps. Specifically, samples were heated
under an oxygen stream up to 450 °C (heating rate 6 °C/h)
and maintained at this temperature for 24 h, and then samples
were more slowly heated to 1050 °C (4 °C/h) under reduced
pressure (1.33 Pa) or inert atmosphere. However, we remark
that the use of these two different atmospheres in the final
densification stage did not significantly influence the inves-
tigated properties of the materials. Finally, the oven was
switched off and the temperature decreased to room temper-
ature in about 10 h.

Plates 15 mm in diameter and 1 mm thick (sometimes in
fragments) were obtained. Microprobe XRF analyses, per-
formed on Ce-doped silica glasses, confirmed the nominal
compositions of cerium. Besides, OH content, monitored by IR
absorption, was lower than 1 mol %.'%%2 A rapid thermal
treatment (RTT) was performed after densification at 1050 °C
on some samples, by using an oxidizing oxygen—hydrogen
flame: after a very quick temperature increase (2—4 s), the
sample was kept at 1800 + 50 °C for approximately 10 s and
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Figure 1. Raman spectra collected on gadolinium- and
cerium-doped sol—gel silica glasses. The spectra are shifted
on the ordinate scale for better clarity, and the letters refer to
composition (a = undoped, b = 0.1 mol % Gd, ¢ = 3 mol % Gd,
d = 0.05 mol % Ce, e = 0.1 mol % Ce, f = 1 mol % Ce). The
labels refer to the vibration assignments, made according to
the literature.'314

then rapidly cooled in air. The temperature was monitored by
an optical pyrometer (Impac IE 120) working at 5.14 um
emission. The positive effect of this treatment on the RL of
the present glasses was recently outlined.®

Apparatus and Measurements. Raman spectra were
recorded at room temperature, by a micro-Raman spectrometer
(Labram, Jobin-Yvon), equipped with a microscope. The exci-
tation source was an internal He—Ne laser (632.8 nm), and
the unpolarized Raman spectra were collected in backscatter-
ing configuration through a CCD (charge coupled device)
detector. A commercial powder of crystalline CeO, (Aldrich,
99.99%) was used as a reference sample.

XRD measurements were carried out by a Bruker D8
Advance spectrometer (Cu Ko radiation) in the 5°—70° 26
range, with step time from 5 to 8 s for a 0.02° A(26) step.

TEM analyses were carried out on 1 mol % Ce doped
powdered silica glasses before (sample a) and after RTT
(sample b). The original silica samples were ground into an
agate mortar, and the resulting fine powder was put in
distilled water. A drop of such a slurry was deposited on a
carbon film supported on a 3 mm copper grid for TEM
observations. After drying, TEM observations were performed
using a JEOL 2000CX FI1 at 150 kV. Microdiffraction patterns
from particles found in sample b were obtained by finely
converging the electron beam in such a way that the il-
luminated area was smaller than the particle size (about 20
nm).

Results and Discussion

Raman spectra were obtained on cerium- and gado-
linium-doped silica glasses at various dopant concentra-
tions. Typical spectra are reported in Figure 1, the
general features resembling those corresponding to pure
silica glass. Three bands and two peaks are clearly
visible: the band at ~440 cm~! (labeled w) corresponds
to the Si—O symmetric stretching vibration,® while the
two peaks at 490 and 603 cm™? (labeled respectively D;
and D,) are related to the stretching vibrations of planar
tetrahedra rings of 4- and 3SiO4.2 In addition, the band
at ~800 cm™! (labeled wg3) is related to the mixed

(13) Galeener, F. L.; Geissberger, A. E. Phys. Rev. 1983, B27, 6199.
(14) Galeener, F. L. Solid State Commun. 1982, 44, 1037.



3354 Chem. Mater., Vol. 16, No. 17, 2004

T T T T T T

5 mol% Ce,
after RTT\

-
[¢)]
T

5 mol% Ce,
before RTT

-
o

Raman Intensity (arb. units)

[6)]

undoped

430 440 450 460 470 480
Raman shift (cm'1)
Figure 2. Raman spectra obtained on three different samples
(pure raw powder of CeO, and 5 mol % Ce doped sol—gel silica
glass before and after RTT) compared with an undoped sol—
gel silica glass.

stretching—bending Si—O vibration, while the struc-
tures at around 1070 and 1200 cm~* are due to trans-
verse optical (TO) and longitudinal optical (LO) Si—O
stretching.!® In the case of gadolinium-doped glasses,
no change in the vibrational response was revealed. In
fact, after background subtraction and normalization to
the w3 silica band at ~800 cm™~1, all Raman spectra can
be easily superimposed, and they resemble the Raman
spectra of pure silica glass. The same behavior occurs
at low cerium concentrations (in the range 0—0.1 mol
%). On the contrary, in the range 0.5—5 mol % Ce, the
appearance of a Raman peak at ~460 cm~! was evident.
This peak could be assigned to a CeO; crystalline phase,
after comparison with a commercial powder of pure
Ce0,, yielding a symmetrical stretching vibration (Faq
symmetry of a fluorite structure) at 464 cm~1.2°> The
Raman spectra obtained on different samples (undoped
glass, 5 mol % Ce doped glass before and after RTT,
and CeO; crystalline powder) in the wavenumber in-
terval 420—490 cm™1! are shown in Figure 2. A difference
among the spectra, both in the peak positions and in
the full width at half-maximum (FWHM) of the Raman
peak is evident. Figure 3a,b reports the behavior of the
peak position and the FWHM for all the investigated
samples, the positions and FWHM being obtained by a
Lorentian peak fitting after background subtraction and
peak normalization to a sol—gel-prepared pure silica
Raman spectrum. A very likely origin of this behavior
may be the different CeO; crystalline size. The vibra-
tional response of CeO, nanocrystals in ceria and/or
other systems was already disclosed in the literaturel6-18
assessing that nanocrystalline sizes induce (i) a shift of
the peak position, moving toward lower wavenumbers
by decreasing the nanocrystalline size, as well as (ii) a
widening of the Raman bands, the wider the size of
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Figure 3. Behavior of (a) Raman peak position and (b) FWHM
as a function of the Ce content and thermal treatment (before
and after RTT). As a comparison, the last datum (up-triangle)
corresponds to pure crystalline CeO,. All data were derived
by Lorentzian peak fitting of the symmetric stretching vibra-
tion (Fy) relative to CeO, structure.

the nanocrystals the more peaked and symmetric the
Raman vibration. As a matter of fact, it was not pos-
sible to explain by a single model both the change in
the Raman shift and the widening of the peaks by
varying the crystalline size.16-18 Nevertheless, the
widening of the Raman feature for a crystalline size in
the nanometer range—observed also in silicon nano-
crystalline systems—is a consequence of the contribution
of both bulk and surface transverse and longitudinal
optical modes.’® Moreover, in the case of cerium oxide
nanocrystals, TEM evidence was presented of lattice
relaxation and expansion, accounting for the shift of the
Raman peak position.?° In glasses treated by RTT, the
Raman peak position due to Ce—O vibration shifts to
higher wavenumbers (Figures 2 and 3), and the width
of the Raman peak decreases with respect to the
corresponding glasses before RTT, indicating that the
initial size of the CeO; nanocrystals gets larger after
RTT.

XRD patterns gave direct evidence of CeO; nanocrys-
tals in RTT glasses, whereas no diffraction peaks could
be detected in non-RTT samples with less than 5 mol
% Ce (cf. the 1% case in Figure 4). Raman spectra
cannot give directly the value of the CeO, cluster
dimensions, but need calibration through XRD or TEM
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Figure 4. XRD patterns collected on 1 mol % Ce glass before
and after RTT.
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Figure 5. Size of CeO; nanocrystals in the silica matrix (after
RTT) plotted against the Ce content, from XRD data. The full-

widths at half-height of the X-ray Bragg peaks were analyzed
with the Scherrer equation.

analysis. By use of the full widths at half-height of the
CeO; X-ray diffraction peaks, analyzed through the
Scherrer equation, the mean crystalline size was deter-
mined in the glasses containing 1, 2, 3, and 5 mol % Ce
after RTT, obtaining values in the 15—20 nm range
(Figure 5). A calibration on well-crystallized CeO, was
taken into account. The error bars in Figure 5 cor-
respond to deviations between results from different
Bragg peaks in the CeO, XRD pattern. In the case of
the 5% sample before RTT, very broad peaks appeared
corresponding to a crystal size of about 5 nm.

Also TEM measurements confirmed the existence of
CeO; particles in the 1 mol % Ce doped silica glasses,
both before and after RTT (see Figure 6). Moreover, the
mean size of 17 &+ 2 nm was evaluated over 100-particle
analysis in the 1 mol % Ce doped silica glass after RTT,
and microdiffraction gave the pattern of CeO, displayed
in Figure 7. In fact, the pattern is from a face-centered
cube crystallographic structure with a calculated re-
ticular parameter of 0.546 nm.

Concerning Gd-doped glasses, no peak was disclosed
in the XRD patterns, thus supporting the absence of any
crystalline particle segregation. Moreover, the Raman
spectrum of Gd,O3 raw powder shows a peak at 360
cm~1. The absence of this peak in the Raman spectra of
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Figure 6. TEM images of 1 mol % Ce doped glass before
(upper picture) and after RTT (lower picture). In the bottom
of part b the statistical distribution of the size of CeO,
nanocrystals is shown over 100 clusters analysis.

Gd-doped glasses can be accounted for by the absence
of any Gd,O3 crystalline particle within the amorphous
matrix (at least with dimensions higher than ~10 nm).
Accordingly, the absence of Gd-clustering effects inside
different glasses is reported in many papers in the
literature,! which support only an incipient phase
ordering, immiscibility, and heterogeneity in the amor-
phous state but not the presence of Gd aggregates.
The here described phenomenology really demon-
strates CeO, aggregate formation with Ce ions in the
+4 oxidation state in our glasses, thus indicating the
attitude of Ce®* to be oxidized, under the conditions here

(21) Zhang, Y.; Navrotsky, A.; Li, H.; Li, L.; Davis, L. L.; Strachan,
D. M. J. Non-Cryst. Solids 2001, 296, 93 (and refs 17, 21—24 therein).
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Figure 7. Microdiffraction patterns collected on 1 mol % Ce
doped silica glass after RTT. Results are in agreement with
literature CeO; data.

reported for the preparation of glasses. It could appear
difficult to give a rationale for the Ce3*oxidation, given
the high potential of the Ce®"/Ce** in aqueous acid
solution (from 1.44 Vin 1 M H,SO4 to 1.70 Vin 1 M
HCIl0,).22 However, considering that cerium ions are
surrounded by hydroxo—oxo groups, deriving from water
and alcohol complexation in the gel phase, we expect

(22) Greenwood, N. N.; Earnshaw, A. In Chemistry of the Elements;
Pergamon Press Ltd.: New York, 1985; p 1444.
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that complexation and hydrolysis may lower the poten-
tial and finally give, like in alkaline solution, the
precipitation of Ce0,.22

Conclusion

Raman spectra, XRD, and TEM measurements were
collected for several cerium- and gadolinium-doped sol—
gel silica glasses. Main results assess that these two RE
ions have a different behavior upon insertion in a sol—
gel silica matrix, resulting in a favorable RE oxide
segregation in the case of cerium.

CeO, aggregates were indeed disclosed within the
amorphous matrix, bigger CeO, clusters being unveiled
in the glasses after RTT. This structural and morpho-
logical evidence could be of interest in the search for
the highest yield luminescent material.
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