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ABSTRACT: Redox control of glasses is paramount to both their fusion process and to obtain the desired properties of high 
technological glasses. However, the link between melting parameters such as temperature, furnace atmosphere or quenching 
rate and the redox state of the final products is poorly understood. In this work, in situ XANES data at Ce L3-edge data were 
acquired at high temperature on cerium containing sodium aluminosilicate glasses, allowing the determination of 
thermodynamic constants necessary to predict cerium redox state over a wide temperature range (900°C-1500°C). The results 
obtained were compared to Raman spectra of samples quenched from different temperatures. Our findings demonstrate that 
the quench performed was fast enough to block cerium oxidation state, meaning the redox measured at room temperature is 
representative of a high temperature state. This was further verified by room temperature Raman spectroscopy where a 
relationship was found between the spectra and melting conditions. Wet chemical analysis, XANES at Ce L3-edge, Raman 
spectroscopy and optical absorption spectroscopy were successfully used to determine redox state of cerium in 
aluminosilicates.

 

1. Introduction 

 
Cerium oxide is widely used in the glass industry, especially 
for advanced technological applications such as optical fiber 
where it reduces photodarkening1–3, X-ray shielding4,5, 
scintillator glasses for medical and nuclear safety 
applications6–8, but also UV protection9,10. Cerium is a 
multivalent element, and is commonly found as a mixture of 
trivalent Ce(III) and tetravalent Ce(IV) ions in silicate 
glasses. The properties of cerium doped glasses are strongly 
dependent on the redox state of cerium. Indeed, the ability 
for cerium to limit photodarkening is due to Ce(III) being 
able to capture holes and photo-oxidize under UV, as well as 
Ce(IV) being able to capture an electron and get 
photoreduced under UV2,3,11,12. Cerium ions can then be 
brought back to their original state after a thermal treatment 
(thermal bleaching) or even at room temperature, thereby 
preventing the apparition of colored defects in the fiber. In a 
similar way, both Ce(III) and Ce(IV) species are important 
to obtain broad band UV shielding materials. Ce(IV) absorbs 
UV-B and UV-C due to a very intense Ce(IV)-O charge 
transfer absorption below 300 nm, whereas Ce(III) possesses 
an intense 5d→4f transition around 320 nm, covering UV-
A10. For cerium doped scintillator glasses, only Ce(III) 
exhibits fluorescence and radioluminescence, making it the 
desired redox state for these applications6,8. However, 
studies suggest that Ce(IV) might have a positive impact by 
reducing the lifetime of Ce(III) luminescence, which is a key 
parameter for Positron Emission Tomography8,13. Therefore, 

controlling cerium redox is crucial to attain the desired 
properties of the finished materials.  

 Cerium oxide is also used as a fining agent in many 
industrial glass processes14,15. When added to the raw 
materials and melted, CeO2 gets reduced and releases 
oxygen. This oxygen release helps already present bubbles 
to reach the critical size needed to escape the viscous melt. 
The release of oxygen bubbles greatly influences the melt 
properties, e.g. its rheology. Controlling this gas release is 
important to understand technological processes and 
previous studies have focused on this phenomenon16. The 
growth of oxygen bubbles during melting depends, among 
others, on the redox couple equilibrium of cerium at high 
temperature. Redox equilibria in melts are influenced by 
many parameters such as melting temperature, furnace 
atmosphere (oxygen fugacity), overall glass composition as 
well as the presence of other multivalent elements, even as 
impurities17–21. Understanding redox processes in situ could 
highlight complex reactions occurring in industrial furnaces, 
as well as enabling better control of cerium redox state to 
tune the properties of high technology glasses.  

 In this study, in situ XANES spectroscopy has been 
used to determine cerium redox equilibrium in the molten 
state as well as monitoring its evolution during quenching. 
The goal was to compare the in situ results with room 
temperature measurements performed with a variety of 
techniques. XANES, Raman spectroscopy, optical 
absorption spectroscopy and wet chemical analysis were all 
used to assess cerium redox state in aluminosilicate glasses.   

2. Experimental Section 
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2.1 Glass synthesis.	A	total	of	2 kg of cerium free sodium 
aluminosilicate glass was synthesized at Corning European 
Technology Center (Avon-France) at 1650°C from SiO2, 
Na2CO3 and Al2O3. Sample homogeneity was checked using 
Raman spectroscopy. The obtained glass was then finely 
ground in an agate mortar with CeO2 (99.9%, Alfa Aesar) to 
obtain doping between 400 ppm and 20000 ppm on a molar 
basis. The mixture was then melted 4 times, 2 hours each, at 
1600°C in Pt crucibles to ensure homogeneity. For 
compositions with a CeO2 concentration higher than 

10 mol‰ (i.e. 10000 ppm), the temperature was slowly 
increased up to 1600°C to prevent overflowing because of 
bubble release. The liquids were then quenched by dipping 
the bottom of the Pt crucible into water. The obtained 
samples are named NASx with x the molar concentration of 
added CeO2 in ‰ (per thousand) (e.g NAS0.4 is doped with 
0.4 mol‰ or 400 ppm of CeO2). Samples doped with CeO2 
concentrations higher than 5 mol‰ exhibit a slight yellow 
color. The glass compositions were measured by EPMA (see 
below) and reported in Table I.

	

Table I. Compositions (wt%) measured by EPMA as well as density and molar volume for the NASx glass series. 

Sample SiO2
 Al2O3 Na2O CeO2 FeOa Density (g.cm-3) Molar Volume (cm3.mol-1)b 

NAS0 61.9 (8) 19.2 (3) 18.1 (3) 0 <0.005 2.430 (1)  27.0 (3) 

NAS0.4 60.9 (9) 19.5 (2) 17.7 (3) 0.106 (4) 0.016 (2) 2.431 (2) 27.1 (2) 

NAS2 61.6 (9) 19.7 (4) 17.1 (4) 0.50 (1) 0.038 (3) 2.435 (2) 27.1 (3) 

NAS5 61.5 (9) 19.3 (4) 17.1 (4) 1.25 (2) <0.005 2.449 (2) 27.1 (3) 

NAS10 60.0 (8) 19.1 (4) 16.9 (4) 2.29 (2) <0.005 2.465 (4) 27.1 (3) 

NAS13 59.8 (9) 19.0 (4) 17.3 (2) 3.10 (1) 0.018 (5) 2.481 (2) 27.0 (4) 

NAS20 59.3 (9) 18.6 (3) 16.4 (2) 5.02 (4) <0.005 2.521 (2) 26.9 (3) 

Note : Uncertainties on the last digit are given between brackets. 
a) Total iron given as FeO. Iron should be treated as contamination. 
b) Molar Volume is calculated from the measured density and the composition obtained by EPMA. 

In order to investigate the influence of melting parameters 
on the room temperature redox state, melts were 
equilibrated at various temperatures as well as in reducing 
conditions.  

Small amounts (less than 1 g) of NASx glass samples were 
equilibrated at different temperatures ranging from 1000°C 
to 1500°C for at least 6 hours in an electrical furnace. The 
obtained samples were then quenched by dipping the 
bottom of the Pt crucible in water. In order to obtain fully 
reduced samples, two distinct protocols were used. First, 
approximately 2 g of NAS10 were remelted at 1500°C in a 
graphite crucible (GC) for 2 hours. The obtained sample 
was poured on a copper plate and quenched by air. This 
sample is named NAS10_GC. For optical measurements, 
approximately 2 g of NAS0, NAS0.4 and NAS2 were 
remelted in alumina crucibles under an Ar 97.4%/H2 2.6% 
atmosphere at 1350°C for 2 hours in a tubular furnace. The 
samples were allowed to cool down to room temperature 
within the furnace. These samples are denoted NAS0H2, 
NAS0.4H2 and NAS2H2, respectively. Sample 
homogeneity was checked using Raman spectroscopy, 
especially to ensure the absence of crystalline phases.  

Glass density was measured using Archimedes’ method 
using toluene as immersion liquid.  

2.2 EPMA. Electron Probe Micro-analysis (EPMA) 
measurements were performed on a Cameca SX-Five at 

Camparis facility. A voltage of 25 kV and a beam size of 
20 𝜇m were used for all measurements. For Si, Na and Al, 
a current intensity of 4 nA was used, whereas a current 
intensity of 200 nA was applied to measure the low 
concentrations of Ce and Fe. The standards used were 
Albite (Na, Si), (Mg,Fe)3Al2(SiO4)3 (Al), FeS2 (Fe) and a 
reference glass for Ce. At least ten measurements were 
performed for each composition, with the average values 
reported in Table I. 

2.3 Wet chemistry analysis.	About 3 g of each sample 
were ground to a fine powder before being dissolved in a 
3M HCl: 20M HF solution. After dissolution, concentrated 
boric acid was added to protect the titration flask from 
residual HF. The pH of the obtained solution was adjusted 
to 4 using an ammonium acetate buffer. Mohr salt 
(Fe(NH4)2(SO4)2) was then added to the solution to react 
with the Ce(IV) in solution. The remaining ferrous ions 
were then titrated using ferrozine with which they form a 
colored complex. The absorbance of the obtained solution 
at 562 nm was compared to a calibration curve established 
with a mono-elementary solution of FeCl3 in ascorbic acid 
to ensure total reduction of the iron ions. The amount of 
Ce(IV) is determined by back titration from the difference 
between added Fe(II) and measured Fe(II). The experiment 
was conducted three times for each composition. The 
concentration of Ce(IV) was then divided by the total 
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amount of cerium measured by EPMA to obtain the redox 
ratio. 	

2.4 Optical Absorption spectroscopy.	Optical absorption 
spectra were recorded using a Perkin-Elmer® Lambda 
1050 UV-Visible-NIR spectrophotometer in transmission 
mode in the range 10000 cm-1-55000 cm-1. Double-sided 
mirror polished samples, with thickness ranging from 350 
to 200 microns, were used. Given the small thickness of 
our samples, we were unable to measure samples with two 
different thicknesses to assess reflection, as performed by 
Vercamer et al.22. Instead, a simple linear background was 
fitted. Spectra are corrected by sample thickness but not 
normalized by total cerium concentration as both Ce(III) 
and Ce(IV) are present in our samples and each redox state 
possesses distinct absorption bands (see section 3.1 for 
details).  	

2.5 XANES.	 	 XANES spectra were recorded on two 
different beamlines at the SOLEIL synchrotron facility 
(Saint-Aubin, France) operating at 2.72 GeV and 500 mA. 

Room temperature Ce L3-edge XANES spectra 
recorded on the LUCIA beamline were collected in 
fluorescence mode using a SDD detector23. A Si(111) 
double crystal monochromator was used for the incoming 
X-ray. The energy was calibrated at the first inflexion point 
of the Ti K-edge (4966 eV) using a Ti foil. A macro beam 
of 3x3 mm2 was used to minimize photo-oxidation of the 
samples, at least three different scans, of five minutes each, 
were collected on all samples to evaluate possible photo-
oxidation. Spectra were acquired in continuous mode 
(FLYSCAN) from 5680 eV to 5850 eV with a resolution 
of 0.2 eV and a duration of 300 ms per step. 	

	 Room	 temperature	 and	 in	 situ	 Ce L3-edge 
XANES spectra recorded on the ODE beamline were 
collected in dispersive transmission mode using a bent 
Si(111) monochromator24. Pixel to energy conversion was 
performed using polynomial fitting on a CeO2 reference. 
Spectra were acquired from 5670 eV to 5855 eV with a 0.2 
eV resolution using a beam size of 100*100µm2, and 
collection times varied between 0.2 and 7 s. Room 
temperature spectra were collected on glass slices polished 
to the correct thickness. High temperature experiments 
were performed by loading glass powder in a 500 μm hole 
of 90Pt-10Ir wires. The wires were then heated by passing 
an electric current. Each wire was calibrated using the 
procedure detailed by Neuville and Mysen25, see references 
therein for setup details. The obtained error on the 
temperature is conservatively set to ± 20°C. In order to 
limit volatilization effects, different samples were used for 
each temperature above 1400 °C. All XANES spectra were 
then processed using the Larch software26. Pre-edge and 
post-edge were fitted by linear functions for normalization. 
Fitting was performed by calculating linear combinations 
of end-members (see section 3.3 for details).  

	 The use of two different beamlines was necessary 
as the ODE beamline is particularly well suited for in situ 

measurements. However, since the spectra were recorded 
in transmission mode, only samples with high cerium 
concentration could be effectively measured. The LUCIA 
beamline was used to measure cerium redox state at room 
temperature for all samples.  

2.6 Raman spectroscopy. Vertical-Vertical (VV) and 
Vertical-Horizontal (VH) polarized, as well as unpolarized 
Raman spectra, were acquired using a Labram HR 
Evolution spectrometer equipped with a Peltier-cooled 
CCD and an 1800 lines per mm grating. The samples were 
excited with a Coherent MX 488 nm solid-state laser 
focused through a ×50 Olympus objective (LMplanFl, 
WD: 10.6 mm) on the sample surface. The spectral 
resolution of the setup is ~1.7 cm-1 and the spatial 
resolution is ~ 1 𝜇m. The laser power at the exit was 
adjusted to 600 mW. Spectra were acquired from 20 cm-1 
to 1500 cm-1 thanks to a ULF filter to attenuate the laser 
signal. A linear baseline was fitted over the 1350-1500 cm-

1 range. Spectra fitting was performed using the Fityk 
software with the Levenberg-Marquardt method27. 

3. Results 

 
3.1 Samples and physical property. Sample densities 
show a linear increase of 4% upon addition of CeO2 from 
NAS0 to NAS20. This trend was previously observed in 
boro-aluminosilicate glasses5 doped with up to 5 mol% 
CeO2. Iron concentration is very low in the NAS0 glass 
(below the detection limit of 50 wt ppm of FeO). However 
some glasses show a higher amount of iron than expected, 
which can be due either to cross contamination by iron 
pollution of the crucibles or to the doping and remelting 
procedure. Although the concentration of iron is 
systematically inferior to the cerium one, its influence will 
be discussed in section 4.4.  
3.2 Optical absorption spectroscopy. Only the UV region 
is of interest to determine cerium redox as the absorption 
of both Ce(III) and Ce(IV) occurs at higher wavenumbers 
than 25000cm-1.   

The spectra for the undoped-samples prepared in 
air and in reduced atmosphere, NAS0 and the NAS0H2 
respectively, are different (Figure 1.A). This can be 
explained by the presence of iron as an impurity and a 
change in the redox state from Fe(III) in NAS0 to Fe(II) in 
NAS0H2. Since the transitions involved are Oxygen-Metal 
Charge Transfers (OMCT), these transitions are allowed 
and therefore very intense, explaining why they are visible 
even for low iron concentrations. The positions of their 
maximums are blueshifted by about 3500 cm-1 compared 
to the work of Vercamer et al.22 possibly because our 
composition has a slightly higher optical basicity than the 
one they studied (0.57 vs 0.58 for NAS0), calculated 
according to Duffy28. An additional strong absorption band 
is visible above 48000 cm-1, attributed to the absorption of 
the host alumino-silicate glass. Due to its intensity, all 
spectra saturate above 50000 cm-1.  
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	 With CeO2 addition, new features appear around 
31000 cm-1 and 40000 cm-1 (NAS0.4, Figure 1.B, red 
curve). Upon reduction, the contribution at 31000 cm-1 
does not change while the one around 40000 cm-1 
diminishes sharply (NAS0.4H2, Figure 1.B, blue curve). 
Therefore, the absorption in the UV-B and early UV-C 
range (35710-50000 cm-1) is due to Ce(IV), while the UV-
A range (25000-31750 cm-1) is covered by Ce(III)10. This 
highlights the importance of dual-valence in cerium doped 
UV-shielding glasses. The absence of variation of the 
absorption maximum at 31000 cm-1 upon cerium reduction 
(Figure 1.B) shows that the Ce(IV) contribution at this 
wavelength is not zero for the sample synthetized under air. 
Upon reduction the Ce(IV) absorption diminishes while 

the Ce(III) absorption increases. This leads to an overall 
stagnation of the absorption intensity at 31000 cm-1, 
resembling an isosbestic point. This shows the importance 
of separating Ce(IV) and Ce(III) contributions before 
quantifying redox state. 

Ce(IV) has the most intense contribution of the 
two redox states as its absorption is due to a very intense 
OMCT transition. Therefore, the linear absorptions in the 
UV region of samples equilibrated in air are high even for 
low cerium concentration (NAS0.4, Figure 1.B, red curve). 
To avoid saturation in the region of interest, it is necessary 
to prepare thin samples (thickness »170 µm for NAS2).

	

	

Figure 1. A) Optical absorption spectra of undoped NAS0 glass equilibrated in air (red curve) and in reducing atmosphere (blue curve), Fe-
OMCTs contributions are highlighted B). Optical absorption spectra of NAS0.4 glass equilibrated in air (red curve) and in reducing 
atmosphere (blue curve). C) Decomposition of the optical absorption spectrum of NAS0.4H2 after subtracting the spectrum of the undoped 
NAS0H2 glass. Residuals (top dotted green curve) are multiplied by five for clarity, and the glass network absorption is also displayed 
(orange curve). D) Decomposition of the optical absorption spectrum of NAS0.4 after subtracting the undoped NAS0 glass spectrum, with 
Ce(III) absorption bands (blue), Ce(IV) absorption bands (purple) and glass absorption (orange). A linear background was subtracted to all 
samples to account for reflection.

To precisely determine the Ce contributions, it is necessary 
to subtract the contribution from the base glass synthesized 
under the corresponding atmosphere since we have shown 
that the absorption of the base glass is dependent on the 
synthesis conditions (Figure 1.A). The results of this 
subtraction are shown in figure 1.C and 1.D for sample 
NAS0.4H2 and NAS0.4 respectively. Given the high 
oxidation potential of the Ce(III)/Ce(IV) couple, it is 
assumed that Ce(III) is responsible for all of the absorption 
bands in samples melted under reducing conditions29,30. 
The electronic configuration of trivalent cerium is 

[Xe]6s05d04f1 and the electronic transitions occur between 
the 4f and the 5d levels which, assuming no particular 
symmetry, are split in five sublevels31. Accordingly, five 
absorption bands have been used to decompose the broad 
UV band, as shown in Figure 1.C (note that a glass lattice 
absorption component above 48000 cm-1 is still needed, 
despite the subtraction of the contribution of the base 
glass). The five transitions used are not assigned to specific 
sublevels and their positions are not interpreted.  

The absorption maximum of the Ce(III) contribution in the 
NAS0.4H2 spectrum was determined to be located at 
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31646 cm-1 (316 nm). Since Ce(III) is the only absorbing 
species at this wavelength, its molar absorption coefficient 
was found to be 713 ±	30 L.mol-1.cm-1, in good agreement 
with previously reported values31,32. Indeed, the transition 
is spin and symmetry allowed, making the f-d transitions 
more intense than d-d transitions for transition metals such 
as Fe.  

	 In order to assess the redox state of the samples 
synthesized in air, it is necessary to determine the 
contributions for Ce(IV). First, the different contributions 
of Ce(III) were fixed (position and width) from the fit of 
the NAS0.4H2 spectrum (figure 1.C). The remaining 
absorption related to the glass network was modeled using 
a pseudo-Voigt function because of the small number of 
data points available for the fit (Figure 1.D, orange curve). 
The absorption attributed to Ce(IV) is due to OMCTs and 
is usually modeled in literature by using two Gaussian 
functions31,32 (figure 1.D, purple curves). The intensity of 
the linear absorption for Ce(III) at 31646 cm-1 is 8.27 cm-1, 
which gives a concentration of 310 ± 20 ppm for Ce(III) 
using the molar absorption coefficient previously obtained. 
Therefore, given the total Ce content in this glass, a redox 
state of 78 ± 5% Ce(III)/Cetot can be quantified.  

Repeating the same procedure with the NAS2 
samples (spectra for NAS2 and NAS2H2 are available in 
supplementary figure S.1) yields 64 ± 5 % Ce(III). Even 
considering that the contributions of Ce(IV) and lattice 
absorptions at 31646 cm-1 are zero, therefore 
overestimating the concentration of Ce(III), the obtained 
redox ratio would be of 71 ± 5 %, a value closer, but still 
less than the ratio obtained for the NAS0.4 sample. 
Consequently, the difference in redox ratio between 
different samples cannot be solely attributed to data 
processing. The spectrum for the NAS2H2 sample exhibits 
an abnormally strong absorption between 42000 cm-1 and 
45000 cm-1, in the Fe(II)-OMCT range. Considering the 
iron impurity levels reported in Table I, the iron 
concentration in sample NAS2 is much more important 
than the one in NAS0. Therefore, when subtracting the 
absorption of NAS0H2 from that of NAS2H2, the 
contribution of Fe-OMCTs do not cancel out. This impacts 
measurements of Ce(III) absorption in the reduced sample 
NAS2H2, which in turns affects the accuracy of cerium 
redox in NAS2.  

3.3 XANES spectroscopy.  Trivalent and tetravalent 
cerium display differences in the L3-edge XANES region. 
As shown on figure 2.A, Ce(III)PO4 possesses a narrow 
white line with a maximum around 5727 eV. On the same 
figure, Ce(IV)O2 exhibits two absorption peaks at higher 
energies, 5731.5 and 5738 eV respectively. This difference 
allows us to determine, by linear combination, the redox 
ratio of cerium in our samples.  

The XANES spectrum of the reduced NAS10_GC sample 
is very close to the Ce(III)PO4 (monazite) reference (see 
Figure 2.A.). The difference can be attributed to 
differences in the local site geometry and coordination of 

Ce. Indeed the first EXAFS oscillation is shifted from 5759 
eV in Ce(III)PO4 to 5761 eV in NAS10_GC. This 
qualitatively indicates shorter Ce-O bond lengths and 
therefore a smaller Ce coordination number in NAS10_GC 
than in CePO4. This is consistent with the work of Rygel et 
al.33 who found a coordination number around 7 for Ce(III) 
in aluminophosphate and silicophosphate glasses, whereas 
Ce is 9-fold coordinated in CePO4

34.  

	

Figure 2. A) Ce L3-edge flattened XANES spectra of references 
obtained in fluorescence mode on the LUCIA beamline. B) 
Example of linear combination performed on the LUCIA data. C) 
Ce L3-edge flattened XANES spectra of references obtained in 
transmission mode on the ODE beamline. D) Example of linear 
combination performed on the ODE data.   

NAS10_GC is used as the Ce(III) end-member for 
the linear combinations of the LUCIA data, whereas 
Ce(III)PO4 serves for the linear combinations of the ODE 
data since the NAS10_GC spectrum was not acquired on 
this beamline. The discrepancy in measured redox state on 
the LUCIA beamline using Ce(III)PO4 or NAS10_GC as 
the Ce(III) end-member is minor. For instance, in the case 
of NAS10, as illustrated in Figure 2, using Ce(III)PO4 
yields a redox state of 82±3 % (Ce(III)) while using 
NAS10_GC yields a redox state of 80±3 % (Ce(III)), the 
fit quality is comparatively lower.  Crystalline Ce(IV)O2 is 
selected as the Ce(IV) end-member since fully oxidized 
cerium is difficult to obtain in silicate glass due to the low 
solubility of Ce(IV) as well as the high redox potential of 
the Ce(III)/Ce(IV) couple29,35,36.  

As shown in Figures 2.B and 2.D, this difference 
in end members and in collection mode has no significant 
influence on the results. The cerium redox state determined 
from fitting with a linear combination is 80% Ce(III), in 
agreement with previous studies performed on glasses with 
similar optical basicity29,36–38. The fits displayed in Figures 
2.B and 2.D show a deviation in the data around 5735 eV 
which is attributed to the choice of crystalline Ce(IV)O2 as 
the Ce(IV) end member. Indeed, using a crystalline end 
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member to fit XANES of glassy sample often yields 
deviations due to a difference in the probed local 
environment of the element. Crystalline Ce(IV)O2 was 
chosen as the Ce(IV) reference to guarantee that the end-
member is fully oxidized rather than using a partially 
oxidized glass that would have likely entailed a systematic 
error in the linear combination analysis.  

As X-ray irradiation can affect the measured 
redox state of samples at room temperature, we verified 
that no photo-oxidation phenomena occurred during the 
time span of the measurements. No photo-oxidation was 
observed on the LUCIA beamline except for the NAS0.4 
sample whereas photo-oxidation was observed on the ODE 

beamline even for the NAS20 sample. However, the photo-
oxidation kinetics are slow enough not to affect the 
measurements performed (see supplementary figure S.2 
for details).  

3.4 Raman spectra. When CeO2 is added to the glass, the 
main change in the Raman spectra occurs within the 800-
1100 cm-1 range (Figure 3). A contribution at » 975 cm-1 is 
clearly increasing in intensity with the addition of CeO2, 
and this contribution is more visible when examining the 
VH spectra. Additionally, an overall blueshift of the 800-
1250 cm-1 band is observed with cerium addition. This is 
due to the addition of a heavy ion in the glass, changing the 
overall oscillator strengths of the glass.

	

	

Figure 3. A) VV and B) VH polarized Raman spectra of NAS doped with CeO2. B) and D) are the region of interest of A and C respectively.  
All spectra are normalized so that the maximum intensity in the 800-1350 cm-1 range is equal to 1. 

To fit both the VV and the VH spectra without 
changing their relative intensity, a simple constant 
background was applied to the 1350-1500 cm-1 region 
(Figure 4). Two Gaussian functions were used to fit the 
background in the low wavenumber region, with the 
position of background (II) being set to 873.15 cm-1. The 
fitting parameters of those gaussians are not interpreted. 
The depolarization ratio 𝜌 = 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦(𝑉𝐻)/
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦(𝑉𝑉) was calculated using raw data as the VV 

and VH spectra were performed on the exact same spot on 
the sample with the same acquisition parameters. The 
HWHM and position of each band are identical between 
the VV and VH polarized decompositions. Table II shows 
the evolution of the decomposition parameters when CeO2 
is added to the glass. An example of decomposition is 
shown in Figure 4 for NAS0 and NAS10 samples and 
additional decompositions are available in Figure S.4. 
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Figure 4. Decomposition of the VV and VH polarized Raman spectra for the NAS0 sample, A) and C) respectively. Decomposition of the 
VV and VH polarized Raman spectra for the NAS10 sample, B) and D) respectively. 

Table II. Raman decomposition parameters for the NASx series. 

Band  NAS0 NAS2 NAS5 NAS10 NAS13 NAS20 

Q2(Ce) 

Position (cm-1)  925.1 925.1 925.1 925.1 925.1 

Relative area (%)a  2.4±0.8 5.1±0.6 6.8±.6 7.8±0.6 10.5±0.8 

Depolarization ratio (r)  0.32 0.35 0.39 0.38 0.60 

Q2(Na) 

Position (cm-1) 958.9 958.9 960.9 963.5 963.5 966.5 

Relative area (%) 10±0.8 10±0.8 9.2±0.8 10±0.8 10±0.8 10.7±0.8 

Depolarization ratio (r) 0.27 0.33 0.34 0.34 0.31 0.49 

T2S 

Position (cm-1) 1011.8 1011.8 1011.8 1011.8 1011.8 1011.8 

Relative area (%) 16±1 19±1 20±1 20±1 21±1 21±1 

Depolarization ratio (r) 0.33 0.3 0.31 0.29 0.28 0.45 

Q3 

Position (cm-1) 1064.8 1064.8 1064.8 1066.4 1066.4 1066.4 

Relative area (%) 49±2 44±2 42±2 41±2 40±2 39±2 

Depolarization ratio (r) 0.09 0.10 0.09 0.08 0.07 0.12 

Q4(I) 

Position (cm-1) 1118.1 1118.1 1118.1 1118.1 1118.1 1118.1 

Relative area (%) 20±1 21±1 21±1 19±1 18±1 16±1 

Depolarization ratio (r) 0.14 0.15 0.15 0.14 0.14 0.22 

Q4(II) 

Position (cm-1) 1169.8 1169.8 1169.8 1169.8 1169.8 1169.8 

Relative area (%) 5.5±0.6 4.4±0.6 3.8±0.8 3.8±0.8 3.6±0.8 3.3±0.8 

Depolarization ratio (r) 0.21 0.21 0.18 0.19 0.16 0.28 
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Note: Complete decomposition parameters, including HWHM and peak intensities are given in supplementary Table I. 
a) Relative area given for the VV polarized spectra 
 
The decomposition of the base NAS0 glass was done 
following a previous investigation39. Considering Figure 
4.A, five bands were used to explain the 800-1300 cm-1 
region which is associated to vibrations of the TO4 
tetrahedra (with T=Si, Al)40.  

In agreement with previous studies, the band 
centered around 959 cm-1 was attributed to A1 vibrations of 
Q2 units, the band centered around 1065 cm-1 was 
attributed to A1 vibrations of Q3 units39,41,42. The vibrations 
centered around 1120 cm-1 and 1170 cm-1 are attributed to 
A1 vibrations of Q4 units. The presence of two distinct 
bands, labelled Q4(I) and Q4(II), is necessary to explain the 
high wavenumber domain of this region. However, this 
does not indicate two distinct Q4 environments but rather 
an asymmetry in one environment and especially in the T-
O-T bond angle, as attributed by Seifert et al.43  

The band centered around 1010 cm-1 was 
attributed to a T2 asymmetric stretching vibration of the 
SiO4 tetrahedron40,44,45, labelled T2s. This vibration 
concerns all Qn units and therefore it covers a much broader 
range of vibrations than the other A1 stretching vibrations. 
This could explain why the T2s band appears to be the 
broadest one in our decomposition (around 48 cm-1 
HWHM). 

The symmetry of vibrations is particularly 
important when comparing VV and VH polarized spectra. 
Indeed, symmetric vibrations such as the A1 bands are 
expected to be completely polarized (𝜌 = 0)46,47. However, 
because our system is amorphous, SiO4 tetrahedra do not 
have perfect Td symmetry, which therefore slightly 
depolarizes A1 vibrations. This phenomenon has been 
evidenced in multiple amorphous systems, including silica 
glass, and explains why the depolarization ratios reported 
in Table II are not zero for the Qn species40,48–50. The 
depolarization ratio of the T2s band is 0.33 for NAS0 glass, 
consistent with an asymmetric stretching band. This 
explains why the relative intensity of the T2s band is more 
important in the VH polarized spectra (Figure 4.C) than in 
the VV polarized spectra (Figure 4.A). 

In addition to the bands of the undoped NAS0 
glass discussed above, addition of CeO2 leads to the 
apparition of a new Raman band (Figure 4), labelled as 
Q2(Ce) in the decomposition, whose assignment will be 
discussed in section 4.5.  

4. Discussion 

 
4.1 Technique comparison. Cerium redox state was 
assessed using three different techniques: XANES 
spectroscopy, wet chemical analysis, and optical 
absorption spectroscopy. Redox ratios obtained for the 
NASx series are shown in Table III. 

 

Table III. Cerium redox measured at room temperature by different techniques for samples of the NASx series. 

 %Ce(III) 
Sample XANES (LUCIA) XANES (ODE)  Wet chemistry Optical spectroscopy 
NAS0.4 93±3  84±2 78±5 
NAS2 79±3  82±2 64±5 
NAS5 79±3  83±2  

NAS10 80±3 80±3 79±2  

NAS13 79±3 78±3 82±2  

NAS20  81±3   
 

As shown in Figure 2, XANES measurements performed 
on ODE and LUCIA beamlines yield similar results, and 
their redox values are comparable within uncertainties to 
those obtained by wet chemistry, indicating that cerium 
redox is maintained during the dissolution used in the 
latter. Cerium redox state also appears to be independent 
of concentration in the 2‰ to 20‰ range and close to 80% 
Ce(III); to our knowledge, this has not been reported 
before. Cerium in the NAS0.4 glass appears more reduced 
in XANES and optical spectroscopy than the other glasses, 
this will be further discussed in section 4.6. 

Indeed, both the absorption bands of Ce(III) and Ce(IV) are 
very intense, increasingly thinner polished samples 
(around 150 µm for NAS2) are required as CeO2 doping 
increases. The small thicknesses restrict the use of optical 
absorption spectroscopy to the investigation of cerium 
redox state in samples with low cerium concentration. 
Unfortunately, as shown by EPMA measurements, both 
NAS0.4 and NAS2 are contaminated by iron. This is an 
issue for the redox determination of cerium as iron 
possesses very strong absorption in the same spectral 
region (see section 3.2 for details). Therefore, optical 
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absorption spectroscopy seems promising for measuring 
cerium redox state of low doped samples with small iron 
contamination. This is the case of optical fibers made using 
the Modified Chemical Vapor Deposition process 
(MCVD). As they are not contaminated by iron and 
sometimes incorporate cerium in order to reduce 
photodarkening1,3.  

4.2.  Cerium redox in the molten state. In order to 
determine the temperature dependence of cerium redox, 
samples were equilibrated in the 90Pt-10Ir wire 
microfurnace until no variation of the XANES spectra was 
observed. Considering the small sample volume involved 
in the measurement, equilibration times were relatively 
short, ranging from 5 minutes at 1500 °C to 2 hours at 
900 °C. These values are consistent with previous studies 
involving iron20,51,52. As expected, an increase in 

temperature leads to a reduction of cerium (Figure 5 A and 
B), from 42% Ce(III) at 900 °C to 77% Ce(III) at 1500 °C. 
No measurements were performed between 1100 °C and 
1300 °C as CeO2 crystallized in bulk for these 
temperatures. For the measurements at 1000 °C and 1100 
°C, mild CeO2 surface crystallization was observed (see 
Supplementary Figure S.3 for an example). However, since 
the measurements were performed in transmission mode, 
the bulk of the glass was probed, mitigating the influence 
of surface phenomena such as surface crystallization on the 
measured redox state. Moreover, no slow oxidation was 
observed during the continuous monitoring of the XANES 
spectra once the redox equilibrium was reached at a given 
temperature. Therefore, the impact of crystallization on the 
overall redox state was considered negligible.

 

	

Figure 5. A) Normalized Ce L3-edge in situ XANES spectra of the NAS20 sample equilibrated at different temperatures. B) Evolution of 
cerium redox state as a function of temperature measured by in situ XANES spectroscopy. The point at room temperature is obtained for a 
glass quenched from 1600 °C. C) Comparison between the data obtained and the model of Pinet et al.18

	

As shown in Figure 5.C, the relationship between 
log(Ce(III)/Ce(IV)) and the reciprocal temperature is linear 
over the range of temperature studied. We consider the 
following chemical reaction for the redox equilibrium:  

𝐶𝑒!"#$%& + 𝑂!"#$'( ↔	𝐶𝑒!"#$)& + *
'
𝑂'(,).																												(1)      

            

Equations (2) and (3) below highlight the relationship 
between the redox ratio and thermodynamic constants, 
notably the reduction enthalpy, ∆!𝐻, as well as the 
reduction entropy, ∆/𝑆: 

2.303𝑅𝑇 ∗ log([𝐶𝑒(𝐼𝐼𝐼)] [𝐶𝑒(𝐼𝑉)]⁄ ) 
+2.303𝑅𝑇 4⁄ ∗ logE𝑓𝑂"($)H = −∆!𝐻 − 𝑇∆!𝑆.												(2)     
       

log([𝐶𝑒(𝐼𝐼𝐼)] [𝐶𝑒(𝐼𝑉)]⁄ ) = −∆!𝐻 2,303𝑅𝑇⁄ − 𝐶.					(3)    
  

With R, the universal gas constant (8.314 J.K-1.mol-1), T, 
the temperature in Kelvin, fO2, the oxygen fugacity and C, 
and constant with respect to temperature. 

However, equation (1) only relates to the formal charge on 
cerium, without taking into account the coordination of 
cerium ions. Therefore, potential changes in coordination 
number during reduction are not considered and the actual 
reaction may be more complicated than the simple relation 
in equation (1)53,54.  

With the approximation that ∆!𝐻 and ∆!𝑆 are both 
independent of temperature over the range studied, Eq.3 
becomes a linear relationship between 
log([𝐶𝑒(𝐼𝐼𝐼)] [𝐶𝑒(𝐼𝑉)]⁄ ) and the reciprocal temperature. 
This approximation was done in several previous studies 
on redox in silicate melts35,55,56 and a linear relationship fits 
our data well (see Figure 5.C), with the following 
parameters obtained: 

 ∆!𝐻= 45.0 ± 0.8 kJ.mol-1  and 

 ∆!𝑆= 39 ± 0.8 J.mol-1.K-1 
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Moreover, deriving equation 2 from equation 1 assumes 
that the activity coefficients of Ce(III) and of Ce(IV) are 
similar, but also that the activity of 𝑂&'()"*  is equal to 118. 
These assumptions only affect the calculation of ∆!𝑆, 
whose value is given assuming an oxygen fugacity of 0.21. 
Such values are well in line with those obtained for similar 
systems16,55, including the model by Pinet et al.18 for 
temperatures higher than 1573 K, despite their model 
being based on lower temperature measurements (1178 K 
to 1516 K). However, cerium is found to be more reduced 
than predicted for temperatures lower than 1100 °C. This 
deviation can be explained by the difference in 
compositions since the Pinet model was built using 
borosilicate and alkali-silicate glasses rather than 
aluminosilicate glasses.  

4.3.  Evolution of cerium redox state during quenching. 
The redox state measured at room temperature does not 
follow the trend observed at high temperature, as is clearly 
visible in figure 5.B. Using the thermodynamical constants 
determined above, the expected equilibrium redox state at 
room temperature is 0% Ce(III) compared to the 81% 
Ce(III) measured. This implies that the redox ratios 
measured using both XANES and wet chemistry are out of 
equilibrium.  

	 The evolution of cerium redox state was measured 
after cooling from 1500 °C to 620 °C (Tg = 612 °C, 
obtained through DTA with a 10°C.min-1 ramp). Due to the 
small scale of our sample in the micro-heating device, the 
time required to reach the desired temperature is short and 
conservatively estimated at 10 seconds, therefore, the first 
measurement is performed after reaching the target 
temperature. As shown in Figure 6, the cerium redox state 
does not vary significantly from 1500 °C to 620 °C, this 
observation holds particularly considering that, using the 
thermodynamical constants determined in section 4.3, the 
expected redox state at 620°C is 14% Ce(III). 

 

Figure 6. A) Flattened Ce L3-edge in situ XANES spectra of the 
NAS20 sample at different times after a temperature decrease 
from 1500°C to 620°C. B) Evolution of cerium redox state after 
a temperature decrease from 1500°C to 620°C. Each data point 
corresponds to an average of 10 spectra. Only the caps of the error 
bars are drawn for clarity. The temperature change was achieved 
in less than 10 s, before the acquisition of the first spectrum.  

 The change in redox state during the first 3000 s does 
not appear to be significant, especially considering that the 
decrease in the Ce(III) contribution to the edge is not 
accompanied by an increase in the Ce(IV) contribution 
(Figure 6.A). We can therefore conclude that cerium redox 
state at room temperature is out of equilibrium and only 
representative of the redox at high temperature (here 
1600 °C) if the quench is fast enough. 

	 Considering that cerium is the only multivalent 
element present in the glass at concentrations of 2‰ and 
higher, the mechanism governing its reoxidation during 
cooling is diffusion controlled. Indeed, for cerium to 
oxidize, it has to give an electron to another species. The 
electron transfer in itself is very fast and, thereby, the 
limiting reaction is the diffusion of the other species to 
cerium. It is therefore interesting to compare the time 
scales on which the quench and the diffusion driven 
equilibration would occur in our system. Diffusion driven 
redox equilibration in glasses is governed by the diffusion 
of oxygen at high temperature, and the diffusion of 
network modifiers at low temperatures20,52,57. Since these 
diffusion coefficients are independent of the nature of the 
multivalent element studied, redox diffusion coefficients 
measured on iron containing melts can be applied to our 
system. The models presented in Figure 7 are based on the 
values obtained by Magnien et al.52 for iron equilibration 
diffusion coefficients in pyroxene glasses. The glass 
composition of the present study is more viscous than the 
one used for the model, therefore, the rate of the 
equilibration processes is overestimated in Figure 7.  

	

Figure 7. Modeled evolution of sample temperature during the 
cooling from 1500°C to 620°C (red circles). Modeled evolution 
of cerium redox state using a constant diffusion coefficient 
D=1.1x10-10 m2.s-1 (black diamonds), a diffusion coefficient with 
an Arrhenius behavior as a function of temperature (blue 
triangles) or a diffusion coefficient with an Arrhenius behavior at 
high temperature with a different value near Tg (D=1x10-15 m2.s-

1) (Purple squares). See text for details.  

Diffusion controlled processes exhibit a linear 
relationship with the square root of time58, with the 
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following equation relating time, t, diffusion coefficient, 
D, and the depth affected by equilibration, d: 

𝑑 = √4 ∗ 𝐷 ∗ 𝑡																																(4)											

The redox state of the sample is the weighted 
average between the redox state of the glass that has 
reequilibrated, over the thickness d, and the glass that has 
yet to be reequilibrated, over the thickness L-d, with L the 
total thickness of the sample. Here, L is estimated to be 
300 µm, corresponding to the thickness of the sample in 
the 90Pt-10Ir wire. 

Since the redox state at 1500 °C was determined 
by in situ XANES to be 78% Ce(III) and the equilibrium at 
620 °C is expected to be 14% Ce(III) according to the 
constants determined in section 4.2, the general equation 
used for the model is:  

["#(%%%)]
["#(()()]

= *.,-∗(/01)2*.34∗1
/

																	 (5)       							

The first model considers the redox diffusion 
coefficient to be constant with a value of 1.1x10-10 m2.s-1. 
This value is the one determined by Magnien et al52 for a 
temperature of 1500 °C. This underestimates greatly the 
equilibration time, making it comparable to the time scale 
of the temperature change, as the equilibrium redox state 
of 14% Ce(III) is attained after 100 seconds, see Figure 7.  

The second model uses a diffusion coefficient 
with an Arrhenius dependence with temperature, as 
diffusion is thermally activated (see Magnien et al.52 for the 
values used). In this scenario, the cerium redox state 
changes from 78% Ce(III) to 73% Ce(III) during the 
temperature change. Moreover, the redox state after 
15000 s is still 65% Ce(III). The equilibrium redox state is 
reached only after 236 hours.  

However, an assumption of the second model is 
that the diffusion processes involved in the molten state 
and near Tg are the same. This assumption is likely not 
valid on a wide temperature range as the nature of the 
diffusive species changes with temperature20,52,57. Indeed, 
the diffusion in the molten state is driven by oxygen 
diffusion whereas network modifiers are involved at lower 
temperatures.  

Therefore, a third model uses a value for the 
diffusion coefficient at 620 °C of 1.10-15 m2.s-1 (given by 
Magnien et al. at Tg52) that is different from the value of 
8.8.10-14 m2.s-1 that can be extrapolated from the Arrhenius 
relationship52. In this case, the cerium redox state still 
changes from 78% Ce(III) to 73% Ce(III) during the 
temperature change. However, the redox state after 
15000 s is 71% Ce(III), and the equilibrium is reached after 
about 870 days, meaning that, once the temperature change 
has occurred, diffusion processes operate on a different 
time scale than the experiment performed in Figure 6.B. 
This would be even more pronounced in a crucible or in a 

furnace, where diffusion processes will be even slower 
considering the much larger volume of glass.  

Considering the third model described previously, 
it is clear that diffusion is unable to compete with the 
quenching rate of the glass, confirming the results of figure 
6.B, where the redox ratio observed near Tg is 
representative of a high temperature state. 

4.4.  Influence of iron impurities. As shown by EPMA in 
Table I, some of our samples are contaminated by iron. In 
the case of NAS0.4, the concentration of FeO (»160 wt 
ppm or 140 mol ppm) cannot be neglected compared to the 
410 mol ppm of CeO2. Indeed, iron and cerium are known 
to interact with each other, as tetravalent cerium is used to 
oxidized ferrous ions to ferric ions29,30. 

 This mutual interaction explains why the cerium 
redox state found for the NAS0.4 sample is more reduced 
than for the rest of the NASx series in XANES and optical 
absorption spectroscopy. As discussed previously, the 
cerium redox state at room temperature is representative of 
a high temperature equilibrium and, similarly, it is suitable 
to consider iron redox in the molten state (i.e at 1600 °C 
since it is the used melting temperature). Using Kress and 
Carmichael’s model of iron redox state in melts59, the 
expected redox state of iron in the NAS0 lattice at 1600°C 
is approximately 25% Fe(II). This would lead to a 
concentration of Fe(II) of 40 mol ppm in the glass at 
1600 °C. On the other hand, according to XANES results, 
the measured redox state of cerium in the NAS0.4 sample 
is 93% Ce(III) compared to the 80% Ce(III) observed at 
higher concentrations. This corresponds to a decrease of 53 
mol ppm of Ce(IV) in the glass, comparable to the amount 
of ferrous iron expected in the glass. The same difference 
is observed in optical absorption spectroscopy even though 
the values found for cerium redox state are different (see 
Table III).  

 The redox state of the iron impurities in both NAS0.4 
and NAS2 was determined by wet chemistry as part of the 
standard protocol for measuring cerium redox state (see 
experimental section for details). In both cases, iron was 
determined to be fully oxidized at room temperature. 
Considering the diffusion models shown in Figure 7, it 
seems unlikely that iron was able to reequilibrate during 
quench. Another plausible explanation is that iron reacted 
with cerium through the following reaction:  

𝐶𝑒(𝐼𝑉) + 𝐹𝑒(𝐼𝐼) → 𝐶𝑒(𝐼𝐼𝐼) + 𝐹𝑒(𝐼𝐼𝐼)											(6)					

Unfortunately, the results presented here do not 
allow us to conclude if this reaction occurs in the molten 
state or during quenching through a charge transfer 
process60. Regardless, this confirms that multivalent 
elements interact with one another, even at impurity levels. 
Schreiber et al.30 reports the existence of a Ce(III)-O-
Fe(III) linkage in silicate melts through EPR. The presence 
of this bond further points toward there being an interaction 
between these elements.  
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4.5.  Cerium local environment. Upon addition of CeO2 
in the glass, the addition of a new Raman band is necessary 
to fit these data, especially for the VH polarized spectra 
(see Fig. 4). The position of the new band is centered 
around 925 cm-1 and remains constant with the amount of 
cerium added. We attribute this band to the formation of 
Q2 species where at least one of the two non-bridging 
oxygens (NBO) is interacting with a cerium ion. This band 
is denoted Q2(Ce) to differentiate it from the Q2(Na) 
species already present in the cerium-free glass. Other 
studies have shown the rise of such a contribution upon 
addition of lanthanide ions in silicate glasses61–63. These 
studies report the presence of Q2 and/or Q3 species at least 
partly compensated by rare earth ions. The existence of a 
Si-O-Ce bond in a borosilicate glass was also evidenced by 
surface techniques such as XPS64. In the present study, only 
a Q2(Ce) band could be justified in the decomposition. 
However, looking at Table II as well as Figure 8, both an 
increase of the relative area of the T2s band and a decrease 
in depolarization ratio can be noted upon addition of CeO2, 
this might indicate the presence of a weak Q3(Ce) band. 
Since a Q3 vibration possesses A1 symmetry, its 
depolarization ratio is lower than that of the T2s. However, 
without any supporting evidence for the existence of such 
a species in these glasses, its possible presence will not be 
discussed further. The difference in position between 
Q2(Ce) and Q2(Na) units is of about 35 cm-1 and is possibly 
due to the higher field strength of Ce4+ and Ce3+ relative to 
Na+. Indeed, an increase in ionic field strength of the 
modifying cation leads to a polarization of the Si-NBO 
bond, decreasing the force constant of the corresponding 
vibration and shifting it to a lower wavenumber in the 
Raman spectra63.  

 The apparition of a Ce-NBO related vibration in the 
Raman spectra upon cerium addition can be linked to 
previous studies performed on rare-earth doped silica fiber. 
Indeed, it has been shown that the introduction of non-
bridging oxygen in those systems is necessary to ensure 
solubility and prevent clustering65,66. This behavior was 
attributed to rare-earth ions, including cerium, requiring 
non-bridging oxygens to ensure their high coordinence67. 
This further points to a Ce-NBO proximity in the glass 
network.  

 The dependence on CeO2 content of the decomposed 
Raman bands suggests that cerium acts as a network 
modifying cation, diminishing glass polymerization, as the 
appearance of the Q2(Ce) band appears to occur mainly at 
the expense of the Q3 band, with very little change in any 
of the other peaks (Figure 8). Both Q4 peaks may also 
decrease slightly in relative area with CeO2, suggesting that 
cerium addition leads to network depolymerization, even 
though the changes in Q4 band intensities are much smaller 
than that of the Q3 band. A similar network 

depolymerization effect was observed in glasses doped 
with other rare earth cations62,63,68–70. 

Figure 8. Evolution of the relative area of the different Raman 
bands presented in Figure 4 as a function of CeO2 concentration. 
Full details are provided in Table II. Decompositions are 
available in Figure 4 and Figure S.4.  	

	 Of note, the depolarization ratios, r, found for the 
NAS20 sample are much higher than for the other samples 
(see Table II). This is particularly evident for the Q2(Ce) 
vibration for which 𝜌 reaches 0.6, an unusually high value 
for a vibration with A1 symmetry. However, because the 
excitation wavelength is 488 nm and the samples become 
increasingly yellow upon addition of cerium, it is possible 
to observe resonant Raman phenomena (see Figure S.5 for 
absorption spectra of NAS20). These phenomena occur 
when the excitation wavelength used is within an 
absorption band of the sample and can greatly influence the 
polarization ratio of the observed transition71,72. Resonant 
Raman tends to exalt vibrations linked to the absorbing 
atom. In this case, the absorption involved is the Ce(IV)-O 
OMCT. This can explain both why the depolarization 
ratios greatly increase from NAS10 to the NAS20 sample, 
but also why this increase is more pronounced for the 
Q2(Ce) band. Performing the measurements using lasers 
with higher wavelengths, such as 532 nm, should prevent 
this effect from occurring. 

 It is important to note that, according to section 4.2, 
both Ce(IV) and Ce(III) are present in the glass. In order to 
assess the role of each valence state on the Raman spectra, 
samples were equilibrated at different temperatures before 
being quenched. As shown in section 4.3, the redox state at 
room temperature is representative of the equilibrium state 
in which the system was at the time of quenching.
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Figure 9. A) NAS10 samples equilibrated and quenched from different temperature. 1500°C_GC corresponds to the NAS10_GC sample, 
which was equilibrated in a graphite crucible at 1500 °C. All spectra are normalized so that the maximum intensity is equal to 1. B) Relative 
area of the Q2(Ce) band of NAS glasses doped with different amount of CeO2 as a function of equilibration temperature before quenching.

 

The glasses equilibrated at 1000°C do not follow 
the same trend as the ones equilibrated at higher 
temperatures. This discrepancy arises due to mild surface 
crystallization of CeO2, as observed in Figure S.3. Since 
CeO2 crystallizes, the concentration of cerium in the 
residual glass is reduced, explaining why the relative area 
of the Q2(Ce) band is lower than expected. For the same 
reason, no melts were equilibrated at 1100°C or 1200°C 
since the crystallization of CeO2 occurs in the bulk of the 
glass at these temperatures. 

As shown on figure 9, when the equilibration 
temperature increases (i.e when the melt is reduced), the 
relative area of the Q2(Ce) band decreases. This 
dependence strongly suggests that Ce(IV) contributes to 
this vibration. However, the Q2(Ce) vibration is still 
detectable for the NAS10_GC sample, which was 
determined to be fully reduced using XANES 
spectroscopy. This observation indicates that both valence 
states contribute to this vibration, contrary to the vibration 
due to tetrahedral ferric ions that is specific to one 
oxidation state and environment of iron51,73. 

	 Given that a change from 80% Ce(III) to 100% Ce(III) 
is responsible for a doubling of the relative intensity of the 
Q2(Ce) band, tetravalent cerium seems to be the main 
contributor. This points toward trivalent and tetravalent 
cerium occupying different local environments as well as 
Ce(IV) having a stronger depolymerization effect on the 
glass network A plausible interpretation is that trivalent 
cerium preferentially forms bonds with Q3 units in the 
glass. Upon oxidation, the additional positive charge on 
tetravalent cerium requires the presence of another 
negative charge, typically in the form of a NBO, thus 
favoring the formation of Q2(Ce) units.  

 Ce(III) and Ce(IV) having different local 
environments in  glasses was evidenced by optical 
absorption measurements performed on photoionized 

cerium containing silicate glasses, showing that photo-
oxidized Ce3+ and Ce4+ ions do not have the same 
absorption spectra12. Indeed, photoionized Ce3+ ions 
change valence state without changing environment and 
these ions are named Ce3++ in literature, to emphasize that 
they are tetravalent cerium ions with a trivalent cerium 
environment.  

	 These observations show that the oxidation of Ce(III) 
to Ce(IV) is most likely accompanied by a change in local 
structure, possibly in terms of coordination number. These 
changes require the breaking and formation of chemical 
bonds, such structural rearrangements are slower reactions 
than electron transfers and are therefore very sensitive to 
quenching rate. This can explain why a partial 
reequilibration of cerium redox state is not observed during 
the quenching process (Figure 6) whereas the second and 
third diffusion models presented in Figure 7 expect a 
change of about 10%. These models are based on the 
behavior of iron that may not require a local reorganization 
during redox changes. Since change in cerium local 
structure doesn’t have time to occur during the quench, the 
change in redox state expected by the models doesn’t 
occur, explaining its absence in Figure 6. 

 Another observation can be made concerning the 
optical absorption spectra presented in figure 4.D, where 
two different contributions are needed in order to fit 
Ce(IV)-OMCT. Even though this is common in 
literature31,32, this implies two different Ce(IV)-O distances 
in the glass. This could be explained by the presence of two 
distinct local structures or a distorted site, though we have 
found no further evidence supporting any of these 
hypotheses.  

4.6.  Raman assessment of cerium redox state. As 
discussed in section 4.4, Raman spectroscopy is sensitive 
to both cerium concentration and redox state. Moreover, 
Figure 9.B shows that is it possible to link the equilibrium 
temperature of a cerium containing glass to the Raman 
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spectra. Since the redox state at room temperature is 
representative of the equilibrium state from which it is 
quenched, it is possible to use the data obtained by in situ 
XANES spectroscopy to convert the temperature shown in 
Figure 9.B to Ce(IV) concentration. The results are 
presented in Figure 10 below.  

	

Figure 10. Evolution of the relative area of the Q2(Ce) band with 
increasing Ce(IV) concentration determined using XANES data. 
Each symbol corresponds to a different total Ce concentration. 
Linear regression is performed on the NAS5 to NAS20 sample. 
Blue background corresponds to the 99% confidence interval 
given by linear regression. 

For concentrations ranging from 5 to 20 mol‰ CeO2, a 
linear trend is observed. Although each sample seems to 
follow a different linear relationship, a single equation fits 
well in the studied range.   

 The NAS2 sample is clearly off trend, even 
considering the 99% confidence limit. One could believe 
that the small contribution of the Q2(Ce) band makes the 
deconvolution unreliable. Extrapolating the linear fit to the 
NAS2 sample equilibrated at 1600°C (lowest Ce(IV) 
concentration for the NAS2 series) gives a predicted value 
of 4.3%, very close to the value measured for the NAS5 
sample equilibrated at 1600°C (of 5.1%). However, despite 
the similar Ce(IV) concentrations, the Raman spectra of 
these two glasses are distinctly different (Figure 3) and thus 
the behavior observed for the NAS2 sample in figure 10 
cannot be solely due to the deconvolution procedure. We 
hypothesize that a linear model cannot be extended to very 
dilute CeO2 concentrations, as other phenomena might be 
present at these concentrations.  

Using the calibration in Figure 10 and knowing 
the total amount of cerium in the sample, it is possible to 
determine Ce redox state using Raman spectroscopy. This 
could allow for a fast assessment of cerium redox state in 
glasses with minimal sample preparation. However, since 
Raman spectroscopy is very sensitive to glass structure, it 
is likely necessary to reestablish this calibration curve 
when changing glass composition. 

4. Conclusion: 

 
 XANES, wet chemistry and Raman spectroscopy 
reveal that cerium redox state in sodium aluminosilicate 
glasses is out of equilibrium and is representative of a high 
temperature redox state. It is therefore necessary to control 
oxido-reduction processes in the melt to better tune redox 
properties of the final products. The temperature of 
synthesis is therefore of paramount importance and should 
not be overlooked when comparing different samples or 
studies. Both the enthalpy and the entropy of reduction 
were measured using in situ XANES spectroscopy. As 
long as redox equilibrium was reached, it is possible to 
predict cerium redox state at different temperature, under 
different atmospheres, as well as at room temperature.  

Optical absorption spectroscopy is also able to measure the 
redox state of cerium though the values obtained do not 
correspond to those from XANES or wet chemistry 
methods. This discrepancy is in part due to the iron 
contamination in our samples. However, this technique 
seems promising for the study of cerium in very dilute 
conditions, as the absorption of both trivalent and 
tetravalent cerium are intense. 

Upon addition of cerium oxide to a sodium aluminosilicate 
glass, an additional contribution is visible in the Raman 
spectra, associated with the apparition of Q2 units at least 
partially compensated by tetravalent and/or trivalent 
cerium. This vibration is redox sensitive as it is enhanced 
upon oxidation of the sample. This highlights Raman 
spectroscopy a viable tool to assess both cerium 
concentration and redox state in the glass, as a simple linear 
fit between the relative area of the Q2(Ce) band and the 
concentration of tetravalent cerium allows determination 
of cerium redox state.  

Supplementary Material 
 
Optical absorption spectra of NAS2, NAS2H2 and NAS20 
samples. VV and VH polarized Raman decomposition of 
the NAS2, NAS5, NAS13 and NAS20 samples. Example 
of cerium photo-oxidation over time recorded for NAS0.4 
on the LUCIA beamline (SOLEIL) and for NAS10 on the 
ODE beamline (SOLEIL). Example of CeO2 
crystallization, Raman spectroscopy and optical 
microscopy. Complementary table of the decomposition 
parameters: Supplementary Figures S.1 to S.5. and 
Supplementary Table S.I (PDF).  
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