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In this article the doping of chromium in a lead metasilicate glass is explored using Raman, UV-Vis, and Cr K-
edge XANES spectroscopy. Our results indicate that the Cr ions are predominantly present as CrO42~ complexes,
with a minor amounts of Cr(III). The solubility of Cr is limited to ~1 mol % Cr20s3. This boundary was inferred
from the intensity changes to the Cro >~ stretching vibrations and confirmed by the inability to produce a
homogeneous glass containing 2 mol % Cr,0s3. The establishment of the solubility limit of Cr in lead glasses is

important to design more effective glass compositions depending on the desired application. Finally, this low
solubility indicates that CryO3 could be used as a potential nucleating agent for lead-silica based glass-ceramics.

1. Introduction

Chromium (Cr) doped glasses find a wide range of applications, e.g.,
in packaging [1], solid state lasers [2], as potential hosts for nuclear
waste glasses [3], or even to improve protection from gamma rays [4-6].
All of these applications are dependent on how the Cr ions behave within
the glass host, i.e., its oxidation state, local coordination, and concen-
tration. In silicate glasses, Cr has been studied in all of its major forms
from Cr(II) to Cr(VI) with oxygen coordination numbers from four to six
[7,8]. The most common oxidation states are Cr(IlI) and Cr(VI). The
former is generally found in low basicity glasses and/or under reducing
atmosphere in octahedral geometry or as the phase eskolaite (Cr203)
[91, while the latter is found under oxidizing conditions as mono- and/or
dichromate complexes, CrO4’2 and CrZOf2 [7]. Examining the oxida-
tion state, local geometry and solubility of Cr have motivated many
investigations [3,10-12], as well as here, where we investigate Cr-doped
lead metasilicate glass (PbO-SiOy; here called PS).

Due to its high stability, PS glass has been extensively investigated.
[13-18], its structure [13], thermal [14,19,20] and optical [21] prop-
erties are well constrained. Based on our recent study [13], the

tetrahedral network in PS is composed of 7% of QY 25% QV, 38% of Q?,
25% Q2 and 5% Q* where Q" represents a silicon tetrahedron with n
bridging oxygens (Si-O-Si). Lead ions are present as PbO4 polyhedral,
with some PbOs. This Q" distribution is temperature dependent [13] and
influences crystallization [19]. The optical properties of PS have been
characterized by Dimitrov [21], who found a value of 1.859 for the
refractive index and 2.92 eV for the optical bandgap. Optical absorption
has also been used to investigate the effect of Cr addition in lead silicate
glasses. Stroud [22] investigated the coloring effect of Cr on
sodium-lead-silicate glasses. They concluded that Cr ions are present as
Cr(VI), characterized by an absorption peak at 374 nm and a long
wavelength tail that causes its yellow color. Baiocchi et al. [23] studied
the addition of Cr to lead silicate glass with 37.9 mol % PbO, 0.3 mol %
Pb50 and 61.8 mol % SiO,. Based on the optical absorption spectra, they
associated the absorption cut off at 515.46 nm with the presence of Cr
(VD) in tetrahedral sites, and the bands at 697, 658 and 630 nm with the
presence of Cr(IIl) in octahedral sites. Additionally, Azooz and El Batal
[4] explored the potential improvement in gamma shielding properties
of the transition metals in a lead rich glass containing 71.24 mol % of
PbO, 28.76 mol % of SiO. Using optical absorption, they found that Cr
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addition retard the effect of gamma irradiation through the conversion
of some Cr(VI) to Cr(IlI) capturing some liberated electrons in the irra-
diation processes. Aside from these investigations which focus on optical
absorption, the evaluation of Cr doping in PS glass has not been explored
in detail, as done below.

In this manuscript we investigate the solubility, oxidation state and
local environment of Cr in a PbO-SiO; (PS) glass. To tackle this problem,
we use Raman spectroscopy, UV-Vis absorption and X-ray absorption
near edge structure (XANES) spectroscopy at the Cr K-edge.

2. Experimental methods

Ten-gram batches of glasses were synthesized using PbO (Sigma
Aldrich, 99.9%), SiO, (Vitrovita, Brazil) and CrOs (Sigma Aldrich,
99.9%). It is worth mentioning that a test comparing two Cr precursors
reagents, CryO3 and CrOg (Sigma Aldrich, 99.9%), was done and eval-
uated using XANES (Sec. 3.3), and no distinction was detected in the
final product. The precursor reagents were mixed using a high energy
vibrating mill for 1 h to ensure a fine grained and homogenous powder
was formed. Afterwards, the powder was melted at 900 °C for 20 min in
an alumina crucible and then quenched by immersing the crucible in
deionized water. The crucible was then broken and the glass chips were
collected. The chemical compositions have been measured by electron
probe microanalyzer (EPMA) on a JEOL JXA8230 5-WDS using a 15 nA
current and 15 kV voltage on a 1 pm spot size. Table 1 shows the
chemical analyses of the four glasses and the nomenclature used in this
manuscript. Additional glasses were made with higher Cr concentra-
tions, however, they crystallized.

Raman measurements were taken using Horiba-Jobin-Yvon HR800
Evolution micro-Raman spectrometer. A 488 nm wavelength laser was
used as the excitation source and the scattered light was collected using
a 50x super long work distance objective. The spectra were collected at
ambient conditions using a 600 slits/mm grating between 10 and 1300
cm ™! with a laser power of 1 mW on the sample. The position of the
silicon peak (520.7 cm’l) was used to calibrate the spectrometer. For
each sample a minimum of 5 spots were measured in order to check the
sample homogeneity. The Raman spectra shown are area normalized
after the background has been removed using a spline interpolation in
Fityk software [24]. The same anchor points were used for background
corrections. UV-Vis absorption measurements were performed using an
Agilent UV-VIS-NIR Cary 5000 spectrophotometer in transmission
mode. The samples were powdered and a fine layer was deposited on top
of a slide for all measurements. The spectra were recorded at ambient
conditions between 300 and 800 nm and are shown normalized to the
maximum absorption.

The Cr K-edge (5989 eV) XANES spectra were collected on the
XAFSII beamline at the Brazilian Synchrotron National Lab (LNLS) that
operates with a 1.37 GeV electron storage ring and a maximum storage
current of 250 mA [25,26]. The excitation energy was selected by a
water-cooled Si(111) double crystal monochromator calibrated using a
Cr metal foil by setting the inflection point to 5989.0 eV. All measure-
ments were taken in fluorescence mode using a 15 Ge element detector,
except the Cry03 standard that was measured in transmission mode. The
measurement ranges were 5850-5987, 5987-6050 and 6050-6200 eV
with energy steps of 3.0, 0.5 and 2 eV using a dwell time of 1, 5and 25,
respectively. The XANES measurements were taken on powdered sam-
ples that were pressed into 13 mm pellets containing a mixture of 14 mg

Table 1

Normalized chemical analysis of the glass samples reported in mol %.
Nomeclature Si0, PbO Al,03 Cry03
PS 48.2 51.7 0.07 0
PS.06 47.7 52.4 0.02 0.06
PS.3 48.3 51.4 0.01 0.30
PsS1 48.8 50.1 0.04 1.05
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of glass and 100 mg of boron nitride. A minimum of three scans were
recorded for each sample and then averaged to produce the represen-
tative spectra presented below. The XANES spectrum of PS.06 (0.6 mol
% Cr,03) is not shown because of the low signal-to-noise at such a low Cr
concentration. The normalization of all XANES spectra was performed
using ATHENA [27], where the edge-step normalization was done using
a linear fit to the pre-edge and a quadratic polynomial fit to the
post-edge regions.

3. Results and discussion
3.1. Raman spectroscopy

Raman spectroscopy is an effective tool for investigating the struc-
ture of glass materials [28] [-] [30]. The PS-based glass has been
recently studied in detail by Raman spectroscopy elsewhere [13,18,31].
Thus, it suffices to point out that the end-member PS glass has a Raman
spectrum with all of the characteristic features expected [18] (Fig. 1):
the boson peak around 40 cm™!; two other bands at 100 cm™! and 132
cm ! associated with Pb ions; the intermediate frequencies show a small
peak at 767 cm-!, that has been attributed to Si-O vibrations; and, the
asymmetric high frequency band related to the Q" species. Comparing
the spectrum of undoped PS to the Cr-doped samples indicates that new
bands appear centered near 346, 376 and 830 cm ! (Fig. 1). These
additional bands have features that resemble the characteristic vibra-
tional modes in crystalline PbCrO4 (lead chromate, Fig. 2). Correlations
between vibrational bands of Cr-doped glasses and chromate com-
pounds have been pointed in some Cr(VI)-doped glasses [32,33] where
the additional bands have been attributed to the formation of chromate
(Cr042’) molecules within the glass network [32-34]. Based on several
Raman studies of crystalline PbCrO4 [35-37], the low frequency bands
(300-400 cm 1) are attributed to the bending vibrations (deformation
modes) of CrO42~ units. The additional high frequency modes (800-900
cm 1) are due to symmetric stretching motions of these same units [34,
38]. Therefore, we interpret the presence of the additional Raman bands
at 346, 376 and 830 cm ™! in the Cr-doped PS glasses as originating from
Cr042~ (chromate) complexes formed within these glasses, similarly to
the chromate tetrahedra in the in PbCrOg4 (Fig. 3).
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Fig. 1. Raman spectra of the pure PS and Cr-doped PS glasses as well as a
PbCrO,4 standard. The addition of Cr in PS introduced new vibrational modes
consistent with the modes found in PbCrO4. These modes are identified as
deformation modes (300-500 cm-1) and stretching motions (800-900 cm-1) of
tetrahedral CrO,4%~ units.
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Fig. 2. Raman spectrum of PbCrO4 emphasizing the peaks present in the Cr-
doped glasses.
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Fig. 3. Local structure of CrO4%~ in PbCrO4 [39], which is suggested to be
similar to the local environment of Cr in PS glasses.

The superposition between the 830 cm™! chromate Raman mode
with the Q" Raman band (800-1300 cm’l) of the glass network pre-
cludes any estimation of the changes in the Q" distribution network
modification, using the Sampaio et al. curve fit model [13]. However, as
discussed further below, the amount of CryO3 accepted by the network is
as low as 1 mol %. At such low concentrations, we believe the presence
of Cr will not have a major impact in the intermediate range order of the
network. Therefore, we suggest that the effect of Cr,O3 addition on the
glass structure is only a local structural effect from the formation of
chromate complexes.

Notice in the spectra in Fig. 1 that, as the Cr concentration increases
there is a dramatic increase in the intensity of the chromate-related
modes. Thus, the intensity increases with increasing concentration of
CrO4%~ in the glass. In fact, the 830 cm™! mode follows an exponential
intensity increase (Fig. 4). The plateau in this exponential curve suggests
that there is no further intensity increase after the sample has been
doped with ~1 mol % Cr,Os3 (e.g., at the PS1 composition). Therefore,
we interpret this plateau as the solubility limit of Cr(VI) in PS glass.
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Fig. 4. Intensity of the band 830 cm ™! as a function of Cr,05 concentration. At
PS1 a plateau is observed, suggesting that the solubility limit has been reached.
Higher concentrations led to crystallization of Cr,O3 which was detected by
Raman spectroscopy (Fig. 5).

Hence, we propose that the chromate stretching vibrations (830 em™ )
may indicate the solubility limit of Cr(VI) in the PS glass, and possibly in
any lead-based glass, as lead ions seem to play an important role in the
Cr incorporation mechanism into the lead silicate network through the
formation of chromate complexes similarly to those found in PbCrO4.
In order to check the solubility limit, we attempted to double the Cr
concentration of PS1, producing a PS2 sample, with 2 mol % of Cry03.
Raman spectra of this sample show that it is not a homogeneous glass. It
is composed of regions of Cr-doped PS glass and regions of crystalline
Cry03 (Fig. 5), corroborating our interpretation that the amount of Cr
(VI) accepted into the PS glass matrix is limited to ~1 mol % Crz03 (or

++++++ Glass Region
= Crystallized Cr,0,
El
N
2 — :
RZ) i
= !
2 :
0 200 400 600 800 1000 1200

Wanumber (cm™)

Fig. 5. The attempt to increase Cr concentration resulted in a non-
homogeneous sample containing two chemically distinct regions. A glassy re-
gion, characterized by a typical Cr-doped PS glass spectrum, and a crystalline
region, characterized by the Cr,O3 spectrum.
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0.8 at. % of Cr). This solubility limit is low compared to soda silicate
glasses but is in the range of soda-lime silicate glasses [40,41]. This low
solubility also suggests that CroO3 may be a useful nucleating agent for
lead-silica based glass-ceramics. However, these would be
yellow-reddish colored.

The literature shows that Cr solubility in soda silicate (Naz0-xSiO2)
and soda-lime silicate (Nap0-CaO-xSiO3) glasses depends on the melting
temperature, oxygen fugacity (fO,) and composition [40,41]. Under an
oxidizing atmosphere (e.g., air), the Cr solubility increases from ~1 to
~3 at. % as x decreases from 3.5 to 1.5 in the Na,0-xSiO; system [40]. A
similar behavior is observed in Na;0O-CaO-xSiO», where the Cr solubility
limit increases from ~0.4 to ~1 at. % as x decreases from 7 to 3 [41].
Based on these studies [40,41], we suggest that the addition of lead into
the silicate network may increase the solubility limit of CrpOs. This
objective is currently being tested and will be the focus of a future work.

3.2. Optical absorption

The Cr-doped PS glasses display a yellow-reddish coloration in
contrast to pure PS glass which is colorless. The glasses become more
reddish as the CrpO3 concentration increases from 0.03 to 1.0 mol %.
This color change is reflected in the absorption measurement by an edge
shift and the appearance of several weak bands between 550 and 750 nm
(Fig. 6). The pure PS glass shows a strong absorption below ~380 nm
due to Pb*" and matrix transitions [11]. Above this wavelength, the
glass is essentially transparent. Cr addition, even at very low Cr con-
centrations (e.g., 0.06 mol %), drastically changes the spectrum which
shows a strong absorption below ~500 nm and additional weak bands
between 550 and 750 nm (inset Fig. 6). These weak absorption bands are
attributed to the presence of Cr(III) in an octahedral site [10,23], and are
identified as the *A,—*T, spin allowed, “Ay—2E and “*Ay—3Ty
spin-forbidden transitions.

The wavelength dependence of the strong absorption can be quan-
tified by the estimative of the optical absorption edge, the maximum of
the first derivative of the absorption spectra [18] (Fig. 7). Note that the
inset in Fig. 7 shows that the absorption edge decreases from 3.4 to 2.4
eV as Cr concentration increases. According to Stroud [22] and Baiochi
et al. [23], the change in the absorption edge can be attributed to Cr(VI),
present as chromate groups, CrO42~. Therefore, the continuous decrease
in the absorption edge suggests an increase in the amount of chromate

3
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‘:é 550 600 650 700 750 .
B \ —Ps
E \ ceseees PS.06
g \ X —- PS3

— =PSI
5 O

’ —— ]
300 400 500 600 700 800
Wavelength (nm)

Fig. 6. UV-Vis absorption spectrum showing a red shift with the introduction
of Cr. This red shift is related to the increase of chromate groups. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 7. Change of gap energy with Cr,O3 concentration. The first derivative
maximum is used to estimate the band gap energy change.

groups, corroborating the Raman analysis above.

3.3. X-ray absorption spectroscopy

The Cr K-edge XANES spectra are sensitive to both the valence state
and the local environment. Fig. 8 shows the Cr K-edge XANES spectra of
three Cr doped glasses, two of them with the same Cr content (1 mol %)
that were produced using two different precursor reagents, CryOs
(PS1-Cr203) and CrOs (PS1-CrOgs), and the other having a lower Cr
content (PS.3, 0.3 mol %). Note that all of them resulted in glasses with
the same Cr K-edge spectrum. Therefore, neither the use of distinct Cr
reagents nor the concentration affects the Cr oxidation state or envi-
ronment within these PS glasses. In addition, comparing the spectra of
the Cr-doped glasses to the oxide standards (Fig. 9) shows that there is a
clear the similarity between the glass spectra and that of PbCrO4 [42].

° PS1-Cr,0,
— —PS1-CrO,
——PS3

Normalized absorbance

6025 6050 6075 6100

Energy (eV)

Fig. 8. Cr K-edge spectra of Cr-doped PS glasses synthesized with different Cr
precursor reagents (either Cr,O3 or CrO3) and different concentrations. These
spectra show that neither the precursor source nor the Cr concentration influ-
ence the final glass producing in terms of the oxidation state or local environ-
ment of Cr.
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Fig. 9. Cr K-edge spectra of Cr-containing glasses and standards. According to
these spectra, the Cr(VI)/Cr(III) ratio does not depend on the Cr content and the
glasses show similar features as found in crystalline PbCrOy, confirming that Cr
(VD) is present in the glasses in a similar environment to that in PbCrO4. *Data
extracted from Ref. [42].

This reinforces our interpretation of the Raman spectra above that the
chemical environment of Cr in PS glass is similar to that found in
PbCrO4.

The spectra of the PS1 and PS.3 glasses (Fig. 8) show a very pro-
nounced pre-edge peak at 5993 eV, that is also observed in the CrOs and
PbCrOy4 spectra (Fig. 9). It is well known that this peak is related to the
electronic transitions between the 1s and 3d orbitals occurring pre-
dominantly for Cr(VI) in a non-centrosymmetric tetrahedral geometry
[43-45]. It is also established that this pre-edge peak is proportional to
the Cr(VI)/Cr(IIl) ratio. Peterson et al. [44] have shown that it is possible
to quantify the proportion of Cr(VI) in a sample if its fraction is > 1-5%
of the total Cr. Here, the pre-edge peak of the glass has the same intensity
as that of the CrOs standard. This would lead us to infer that the content
of Cr(VI) in the glasses is 100%. However, our UV-Vis absorption
measurements have clearly shown the presence of Cr(III). Therefore, the
Cr(VI) fraction present in PS1, PS.3 is close to, but not, 100%, where a
more accurate quantification is limited by the measurement sensitivity.

As mentioned before, the attempt to increase the Cr concentration
above 1 mol % resulted in the crystallization of CryO3 in PS2 glass matrix
(Section 3.1). To estimate the amount of Crp,O3 segregated compared to
the Cr(VI) dissolved into the PS2 glass host, we used a linear combina-
tion fitting of the standard Cry03 and PS1 spectra to reproduce the PS2
Cr K-edge spectrum (Fig. 10). This is commonly done to estimate Cr(VI)/
Cr(IlI) ratio when standard references are available [1,42,46,47].
Following Kappen et al. [42], using the energy region between 5970 and
6050 eV in the fit, the signal of CroO3 is calculated to be 53%. Assuming
that the signal is directly proportional to the concentration, and despite
the aforementioned experimental limitation, it is estimated that 53% is
segregated as CryOs and the remaining 47% of Cr is homogeneously
dispersed in the glass matrix, with a large majority as Cr(VI) in CrO42".

4. Summary and conclusions

We investigated the doping of Cr ions into lead metasilicate glasses
by varying the Cr content and determining its oxidation state and local
environment. Based on the Raman, UV-Vis absorption, and XANES
measurements we conclude that Cr is predominantly found as Cry04%~
complexes surrounded by Pb ions in a similar geometry as found in
crystalline PbCrOy4. On the other hand, UV-vis absorption measurements
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Fig. 10. Estimation of the CryO3 segregation using a linear combination fitting
of Cry03 and PS1 glass spectra. This combination indicates that 53% of the
signal of the total Cr content can be attributed to crystalline Cr,O3 and 47% is
present as Cr(VI) in the glass matrix.

show a small proportion of Cr(III) octahedra are also present.

The solubility limit of CryOs in the glass host is around 1 mol %. This
limit was inferred from the exponential growth behavior of the CrO4
stretching mode (831 cm™!) in Raman spectra and confirmed by the
failed attempt to produce a homogeneous glass with 2 mol % chromium
oxide. This attempt resulted in the precipitation of CryO3 crystals.
Therefore, this oxide could be a potential nucleating agent for lead-
silica-based glass-ceramics.

We estimate that about half of the total Cr content of the 2 mol % Cr-
doped sample was present as CryOs3 crystals and half as Cry042~ com-
plexes diluted in the glass host, consistent with the determined solubility
limit. These conclusions are essential to design Cr-doped lead silicate
glasses and to explore new glass-ceramic systems.
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