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ABSTRACT: Ruthenium, a fission product arising from the reprocessing of spent
uranium oxide (UOX) fuel, crystallizes in the form of acicular RuO2 particles in
high-level waste containment glass matrices. These particles are responsible for
significant modifications in the physicochemical behavior of the glass in the liquid
state, and their formation mechanisms are a subject of investigation. The chemical
reactions responsible for the crystallization of RuO2 particles with acicular or
polyhedral shape in simplified radioactive waste containment glass are described.
In situ high-temperature environmental scanning electron microscopy (ESEM) is
used to follow changes in morphology and composition of the ruthenium
compounds formed by reactions at high temperature between a simplified RuO2−
NaNO3 precursor and a sodium borosilicate glass (SiO2−B2O3−Na2O). The key
parameter in the formation of acicular or polyhedral RuO2 crystals is the chemistry
of the ruthenium compound under oxidized conditions (RuIV, RuV). The precipitation of needle-shaped RuO2 crystals in the melt
might be associated with the formation of an intermediate Ru compound (Na3Ru

VO4) before dissolution in the melt, allowing Ru
concentration gradients. The formation of polyhedral crystals is the result of the direct incorporation of RuO2 crystals in the melt
followed by an Ostwald ripening mechanism.

1. INTRODUCTION
Fission products and actinides arising from reprocessing of
spent uranium oxide (UOX) fuel are contained in glass
matrices by vitrification in an indirect induction-heated metal
crucible and in the near future in a direct induction-heated cold
crucible melter.1 Nitric acid solutions containing the highly
radioactive elements arising from hydrometallurgical reprocess-
ing, together with the fines (Pd, Rh, Ru, Zr, Mo, Tc, Sn)
present in metallic form after clarification, are dried and then
calcined prior to vitrification. The loading limit for these
elements in the glass matrix, a few weight percent for the glass
synthesized in calcination−vitrification or liquid feed vitrifica-
tion processes, depends more generally on the type of process
(ceramic melter, direct or indirect induction-heated crucible)
and requires control of the synthesis parameters (feed rate,
temperature, refining time, effectiveness of stirring) and of the
glass properties (composition, viscosity). The platinum-group
metals (Ru, Rh, Pd) are very sparingly soluble in the glass
matrix and can modify the physical and chemical properties of
the containment glass and affect the process operating
parameters. The crystalline phases, in the form of insoluble
metal alloys (Pd−Te, Pd−Rh−Te) or oxides (RuO2, (Rh,Ru)-
O2),

2−6 tend to accumulate at the bottom of the melter in

unstirred vitrification processes7−13 and locally increase the
electrical conductivity14 and viscosity15,16 of the glass. During the
vitrification step, reactions between ruthenium compounds and
the glass precursor lead to the formation of crystalline RuO2 and
Ru metal solid solutions of various sizes and morphologies.
Depending on the formation conditions (temperature, oxygen
partial pressure),2 these compounds (mainly at oxidation state
+IV or 0) are very sparingly soluble17−20 in sodium borosilicate
glass matrices: they precipitate in the glass melt as Ru metal with
the typical hexagonal close-packed (hcp) crystalline structure,21

and RuO2 with polyhedral11,22,23 or acicular6,13,15,24,25 morphol-
ogies. The latter morphology results in significant changes in
glass behavior in the liquid state. This morphology found in glass
produced from calcined waste and glass precursors plays a major
role in increasing the local electrical conductivity26−29 and could
account for malfunctions in melters sensitive to this property.13

This morphology also modifies the rheological behavior of glass
in the liquid state12 and may decrease the kinetics of
incorporation of low-solubility fission products and actinides
and thus diminish the homogeneity of the resulting glass.30
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This study therefore focuses on the conditions of formation
of crystallized RuO2 phases. A mechanism was first proposed by
Krause and Luckscheiter,12 who suggested that the formation of
acicular phases is initiated by the decomposition of gaseous RuO3
obtained by oxidation of RuO2 with sodium molybdate formed
during the calcination step. In this case, RuO2 needles form in the
interstitial voids created by the glass frit before they coalesce and
disperse when the frit is melted. More recently, Enokida25

highlighted the role of sodium nitrate in the formation of acicular
RuO2. He showed that the early dissolution of RuO2 in NaNO3
leads to the formation of an intermediate Na3RuO4 compound,
which decomposes in contact with the glass to form acicular RuO2
phases via the possible formation of RuO4.

31 On the basis of these
earlier studies, we propose here to elucidate in detail the reaction
mechanisms leading to the formation of the various ruthenium
compounds during the synthesis of a simplified glass composition.
In situ high-temperature environmental scanning electron
microscopy (ESEM) is used to follow changes in the morphology
and composition of the ruthenium compounds formed by reac-
tions between a simplified calcine (RuO2−NaNO3) and a simplified
sodium borosilicate glass precursor (SiO2−B2O3−Na2O). The solid-
state microstructure of the intermediate compounds is characterized
by SEM, XRD, and HRTEM. Ruthenium K-edge EXAFS spectro-
scopy is also used to examine the local structure of the formed
phases. This combined approach provides new information on the
conditions of formation of phases containing ruthenium during the
synthesis of the simplified glass system, before investigating more
complex systems containing the full waste spectrum of spent
uranium oxide fuel.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. The compositions of two series of glass

samples (SBNx-Compoundy) were selected from a benchmark
composition (SBN), basically a simplified SON68 glass composition32

defined in the ternary SiO2−B2O3−Na2O system. The synthesized
compounds are designated by the composition of the reaction mixture
used to obtain them as well as the synthesis method and conditions.
For example, the simplified calcined waste compound designated
NaRu was synthesized from NaNO3 and RuO2. The SBN1-Ru1300
glasses were synthesized from SBN glass frit and RuO2, while the
SBNx-NaRuy glasses were obtained from the SBN frit, NaNO3, and
RuO2. The notation x indicates the number of synthesis steps, and y is
the glass synthesis temperature. The weight of the final compound
ranged from 5 to 10 g. The concentration of ruthenium dioxide
(RuO2) in the glass is on the same order of magnitude as the quantity
of ruthenium in a complex glass.
The SBN glass was synthesized for 3 h at 1300 °C in a tilting

resistance furnace from SiO2 (SIFRACO Millisil, 100%), H3BO3
(PROLABO, 99%), and Na2CO3 (PROLABO, 99.9%). The following
additional precursors were used in these experiments: NaNO3
(PROLABO, 99.5%) and RuO2 (HERAEUS, 98.2%).
The NaRu precursor was prepared from a mixture of NaNO3 and

RuO2. RuO2 was first dissolved with NaNO3 for 1 h in an alumina
crucible at 800 °C according to the protocol of Enokida.25 This NaRu
precursor is used as a simplified composition for the complex industrial
calcine.
Synthesis protocols in one and two steps were developed to

determine the role of NaNO3 in the transformation of ruthenium in
the glass. For synthesis in a single step, RuO2 reacted directly with the
glass frit for 3 h in the presence of excess NaNO3 at 800 °C (SBN1-
NaRu800) and 1300 °C (SBN1-NaRu1300), or without NaNO3 (SBN1-
Ru1300) at 1300 °C. For the two-step synthesis, RuO2 was first reacted
with NaNO3 for 1 h at 800 °C in an alumina crucible. The resulting
compound (sample NaRu) was then placed in contact with the glass
frit at 800 °C (SBN2-NaRu800) or 1300 °C (SBN2-NaRu1300) for 2 h.
All of the experiments were carried out in a muffle furnace, in alumina

crucibles with a heating rate of 400 °C/h. The crucibles containing the
precursors were placed in the furnace after preheating to the desired
temperature. The operating conditions are indicated in Table 1.

2.2. Experimental Analysis. Several spectroscopic and micro-
structural analysis methods were used to examine in detail the
structure and microstructure of the various glass compositions and
intermediate compounds containing ruthenium.

High-Resolution Transmission Electron Microscopy. High-reso-
lution transmission electron microscopy (HRTEM) was performed
with a JEOL JEM 2011 instrument operating at 200 kV. Finely ground
samples in suspension in ethanol were deposited on a copper grid 3
mm in diameter, covered with a thin film of carbon.

Extended X-ray Absorption Fine Structure. X-ray absorption
spectroscopy (XAS) measurements were carried out at the Elettra
Synchrotron (Trieste, Italy) on the XAFS beamline with a Si(311) double-
crystal monochromator. The electron storage ring energy and injection
current were 2.00 GeV and 300 mA. Ruthenium K-edge transmission
spectra were acquired by means of three ionization chambers. The
absorption of the sample was detected between the first and the second
chambers, whereas the absorption of a reference standard (rhodium metal)
was measured between the second and the third chambers. Two to four
spectra were recorded for each sample with an acquisition time of about 1
h to ensure the collection of spectra with an acceptable signal-to-noise
ratio. EXAFS spectra were processed using the ATHENA software.33,34

The Fourier transform of the EXAFS signal was calculated between 2 and
14 Å−1. EXAFS data were fitted with ARTHEMIS software33,34 using
phases and amplitudes calculated by FEFF 6.035 for the RuO2 rutile-type
crystal structure (space group P42/mnm).

Scanning Electron Microscopy. Scanning electron microscope
(SEM) analyses were performed with a Philips XL30 microscope
operating at 15 kV. Analyses were performed on polished cross sections
obtained by embedding the samples in resin and polishing them with a
Struers polisher to 1 μm with a diamond disk and anhydrous suspensions
to prevent the dissolution of any water-soluble phases during polishing. A
conductive carbon film was then deposited on the sample surface to make
it conductive. SEM images were obtained with backscattered electrons.
The qualitative sample composition was determined by EDX analysis of
the X-rays emitted by interaction of the sample with the SEM electron
beam. The radiation emitted by the material was detected using a lithium-
doped silicon crystal and quantified with IMIX software. EDX analysis is
unable to detect elements lighter than carbon.

X-ray Diffraction. X-ray diffraction (XRD) measurements were
carried out by means of a Philips X′Pert Pro θ−θ diffractometer with a
copper anticathode at a wavelength λKα of 0.15406 nm. The samples were
first ground to fine powder to reduce the possibility of preferred crystal
orientation. Diffractograms were then recorded between 10° and 80° in
0.017° steps with an acquisition time of 2 s per step. Crystalline phases were
identified by comparison of the diffractograms with the crystallographic
databases of the International Center for Diffraction Data (JCPDS file).

In Situ High-Temperature Environmental Scanning Electron
Microscopy. In situ high-temperature reactions were monitored with a
FEI QUANTA 200 FEG environmental scanning electron microscope

Table 1. Experimental Procedure of Ru-Containing Samples

experimental procedure

tests reaction
number of

steps
temperature

(°C)
time
(h)

NaRu NaNO3 + RuO2 1 800 1
SBN1-Ru1300 Glass frit SBN + RuO2 1 1300 3
SBN1-NaRu800 NaNO3 + RuO2 + Glass

frit SBN
1 800 3

SBN1-NaRu1300 NaNO3 + RuO2 + Glass
frit SBN

1 1300 3

SBN2-NaRu800 (NaNO3 + RuO2) +
Glass frit SBN

2 800 1 + 2

SBN2-NaRu1300 (NaNO3 + RuO2) +
Glass frit SBN

2 1300 1 + 2
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(ESEM) operating at 30 kV.36 The sample was placed in a 5-mm-
diameter platinum crucible on a heating stage inside the microscope
analysis chamber. To examine the NaRu compound behavior, excess
NaNO3 powder was mixed with RuO2 powder. For SBN2-NaRuy glass, a
piece of the NaRu mixture was deposited on a fragment of SBN glass frit,
and for SBN1-NaRuy glass, a quantity of blended NaNO3 and RuO2
powder was deposited on a fragment of glass frit. The SBN1-Ru1300
sample was analyzed by depositing RuO2 powder on a fragment of SBN
frit. The specimens were heated to 900 °C for NaRu compounds and
SBNx-NaRuy glass and 1300 °C for SBN1-Ru1300 glass at a heating rate of
20 °C/min in contact with steam at a pressure of 350 Pa. Continuous
series of micrographs were recorded during the heating cycles. Two
experiments were performed successively. First, samples were heated (and
continuously observed) up to the maximal temperature in order to
determine the successive phase transformations. Then other samples of
the same type were heated to the characteristic transformation
temperatures and cooled down to room temperature for EDX analyses
of the phases formed at different steps. EDX analyses were performed
with a Bruker 5010 EDS analyzer after cooling samples prepared in situ at
characteristic temperatures. The five videos recorded during the
experiments are provided in the Supporting Information.
Thermal Properties. Differential thermal analysis (DTA) and

thermogravimetric analysis (TGA) were carried out by means of a
Setaram TGA 92−16 thermal analyzer. This technique makes it possible
to determine the transformations of the material by measuring the
different thermal effects. In glass, these phenomena correspond mainly to
the glass transition (endothermic effect), crystallization (exothermic
effect), and melting of crystallized phases (endothermic effect). The
principle of this method consists of measuring the temperature difference
between the analyzed sample and an inert reference compound (alumina)

with a known thermal effect in the investigated temperature range. The
measurements were performed under an argon atmosphere in alumina or
platinum crucibles. The sample masses were about 75 mg, and the rate of
temperatures ramps was 10 °C/min.

3. RESULTS

A series of experiments was performed to obtain data in order
to propose a comprehensive model for the RuO2 morphology
control during borosilicate glass melting. The videos recorded
during in situ HT-ESEM experiments are available in the
Supporting Information. The figures in the article correspond
to selected views at given temperatures that are representative
of the main transformations.

3.1. Characterization of the NaRu Precursor. The
microstructure, morphology, and structure of the NaRu precursor
were analyzed after heat treatment for 1 h at 800 °C, then cooling
to room temperature. Two samples of this compound were
selected for analysis: one (NaRu-top) was selected from the top
part of the crucible and represents the supernatant fraction of the
precursor which solidifies during cooling to room temperature.
The second sample (NaRu-bottom), possibly containing solid
phases precipitated in the hot nitrate melt, was selected from the
bottom part of the crucible.
The SEM results coupled with EDS analysis of NaRu-top

indicate the presence of a uniform phase on the micrometer scale
with light contrast, composed of ruthenium, sodium and oxygen
(Figure 1a). XRD analysis of the bulk sample indicates the

Figure 1. SEM (a) and HRTEM (b) micrographs and EXAFS spectrum and relative Fourier transform (c) of the NaRu-top sample cooled to room
temperature and ESEM image (d) and XRD spectrum (e) of NaRu-bottom sample cooled to room temperature.
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dominant presence of NaNO3 with a hexagonal structure and
NaNO2 with an orthorhombic structure (cf. Supporting
Information, file S1). No known crystalline phase containing
ruthenium could be detected in the diffractogram of NaRu-top.
The absence of diffraction peaks other than those of NaNO3 and
NaNO2 suggests that in this part of the sample, ruthenium is
present in poorly crystallized, nanoparticulate, or amorphous
phases. On a smaller scale, the presence of monodisperse crys-
talline nanoparticles of about 2 nm homogeneously distributed in
the sodium nitrate matrix was detected by transmission electron
microscopy (Figure 1b). The crystalline nature of these particles
was determined by the presence of fringes typical of the presence
of ordered crystal planes. The distance between planes is about
2.2 Å (±0.1) corresponding to the distance between two (111)
planes in the crystalline phase of RuO2 with a rutile structure,
which crystallizes in the tetragonal system, space group P42/
mnm.37 This result was confirmed by the EXAFS spectrum of this
sample and its Fourier transform (Figure 1c). The spectra are
fitted satisfactorily by two first-neighbor oxygens at about 1.95 Å
(Ru−O distance) and a Ru second neighbor at 3.08 Å (Ru−Ru
distance). These values, very close to the distances typically
observed in the crystal structure of RuO2,

37 indicate the presence
of the RuO2 structure. However, given the absence of successive
shells in the Fourier transform and the high values of the Debye−
Waller factor σ2 (larger than 0.006 Å2) for the observed shells
(cf. Table 2), the RuO2 has no long-range order. All of these

results are in line with the reprecipitation of poorly ordered
crystalline nanoparticles of RuO2 in the bulk NaRu material during
cooling of the melt to room temperature.
The SEM micrograph (Figure 1d) and XRD pattern of the

second sample taken from the NaRu precursor, i.e., sample
NaRu-bottom (Figure 1e), confirms the presence of a new

mixed Na−Ru phase, Na3RuO4, in addition to the typical
profiles of NaNO3 and NaNO2. Na3RuO4

38 contains Ru(V)
and is probably formed through the reduction of nitrates in the
melt. These results agree well with those of Enokida,25 who
reported that, at the temperature of preparation of the NaRu
precursor, the Na3RuO4 compound is in equilibrium with the
NaNOx melt and that liquid NaNO3 (probably mixed with
NaNO2 considering the reported preparation conditions) can
dissolve about 6 wt % Ru at T = 800 °C.
In situ high-temperature environmental SEM monitoring of

the reaction between ruthenium dioxide and sodium nitrate
made it possible to determine the formation mechanism of the
Ru compound (cf. Supporting Information, file S2). A mixture
of RuO2 with NaNO3 with the same composition as the NaRu
precursor was deposited in the high-temperature device
associated with the ESEM at room temperature (Figure 2a).
This mixture was heated to 850 °C in the ESEM chamber. A
first reaction was observed at T = 285 °C, probably
corresponding to the melting of NaNO2 obtained by surface
decomposition of NaNO3. Melting of NaNO3 was systemati-
cally observed in the temperature range 302−306 °C. Those
two temperatures were confirmed by DTA, which revealed two
endothermic reactions at 282 and 325 °C (cf. Supporting
Information, file S3) corresponding to the melting temper-
atures of the NaNO3−NaNO2 mixture and NaNO3

39 (Tm =
308 °C). At this temperature, solid RuO2 started to disperse in
the molten nitrate and formed particle aggregates containing
ruthenium from about 445 °C (Figure 2b). After subsequent
growth, dissolution of the RuO2 crystals in the liquid was then
observed. This reaction was followed by the growth of large
well-defined crystals of approximately 5−10 μm associated with
the denitration of a part of the liquid at 600 °C (Figure 2c).
SEM/EDS analyses performed on these crystals after cooling to
room temperature shows that they contain both ruthenium and
sodium with a Na/Ru ratio of 3. Combining this observation
with the XRD results obtained for sample NaRu-bottom, we
can safely attribute the growth of these crystals to the
precipitation of Na3RuO4. Together with the crystals of
Na3RuO4, the analysis by SEM/EDS also revealed the presence
of RuO2 crystals of about 200 nm.
The complete decomposition/evaporation of the residual

liquid occurs between 600 and 670 °C, leading to the formation
of a solid containing Na3Ru

VO4 (Figure 2d). This solid begins
to decompose at 350 Pa at T = 710 °C (humid atmosphere) to
770 °C at 350 Pa in the air (Figure 2e) and leads to the
formation of a mixed Na−Ru phase with a granular texture40,41

at 820 °C (Figure 2f).
These in situ ESEM observations, combined with the ex situ

results obtained by XRD and EXAFS on the cooled samples,
provide a clear picture of the nature of the NaRu precursor.
After cooling to room temperature, this material consists
principally of a mixture of NaNO3−NaNO2 (the ratio between
the two compounds depends on the calcination time at the
NaRu precursor synthesis temperature) containing RuO2
nanocrystals and Na3RuO4 crystals. The Na3RuO4 crystals are
not homogeneously distributed in the NaRu precursor but tend
to precipitate beneath it.

3.2. Reactivity between the NaRu Precursor and the
Glass. The reactions between the NaRu precursor and SBN
glass frit were observed during heating in situ in the ESEM
(cf. Supporting Information, file S4). The data obtained were
used to specify the formation steps of ruthenium compounds in
the glass. The NaRu precursor previously deposited on the

Table 2. EXAFS Results at the Ru K-Edge for NaRu and
SBNx-NaRuy Glasses: Interatomic Distances, Reduction
Amplitude Factor (S0), Energy Difference (ΔE0), and Debye
Waller Factors (σ2)

sample bonding
interatomic
distance (Å) S0

ΔE0
(eV) σ2 (Å2)

NaRu Ru−O1 1.95 1.00 −2.12 0.0061
Ru−O2 1.99 0.0061
Ru−Ru1 3.12 0.0047

SBN1-NaRu800 Ru−O1 1.96 1.14 −0.62 0.0024
Ru−O2 2.00 0.0024
Ru−Ru1 3.15 0.0041
Ru−Ru2 3.56 0.0030
Ru−Ru3 4.50 0.0039

SBN1-NaRu1300 Ru−O1 1.96 1.05 −0.05 0.0022
Ru−O2 2.00 0.0022
Ru−Ru1 3.13 0.0038
Ru−Ru2 3.57 0.0027
Ru−Ru3 4.51 0.0049

SBN2-NaRu800 Ru−O1 1.96 1.07 0.30 0.0028
Ru−O2 2.00 0.0028
Ru−Ru1 3.16 0.0052
Ru−Ru2 3.56 0.0033
Ru−Ru3 4.50 0.0053

SBN2-NaRu1300 Ru−O1 1.95 0.97 0.50 0.0022
Ru−O2 2.00 0.0022
Ru−Ru1 3.15 0.0035
Ru−Ru2 3.57 0.0027
Ru−Ru3 4.52 0.0036
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SBN glass frit at room temperature (Figure 3a) became liquid at
about 225 °C. At this stage, the ruthenium-containing particles
initially present in the NaRu compound were dispersed in the
NaNO2−NaNO3 mixture (at 230.5 °C),42 which spread and
diffused on the surface of the glass matrix (Figure 3b). At the
melting temperature of NaNO3 (306 °C; Figure 3c), compounds
with different chemical contrasts were observed on the glass
surface (Figure 3d). Semiquantitative EDX analysis after cooling of
a sample observed at 389 and 449 °C revealed the presence of a
mixed sodium ruthenium compound, probably Na3RuO4 (Figure
4a,b). In the same temperature range, urchin-shaped crystalline
sodium silicate phases (Figure 4a,c) and elongated sodium borate
crystals were observed over the entire glass surface. The formation
of these phases at temperatures below the glass transition
temperature (Tg = 571 °C; Figure 5a) and their very rapid
growth demonstrate the very fast diffusion of sodium and variation
of the local composition at the glass surface. The formation of
such compounds (but not with the same morphology) has been
reported by Abe et al.39 during the reactions occurring in the
NaNO3−B2O3 and NaNO3−SiO2 systems. The sodium silicate
and borate phases observed at 445 °C (Figure 3e) began to
dissolve in the glass matrix at 700 °C (Figure 3f). At this

temperature, a significant release of gas was observed. The pores
observed in the glass surface are interpreted as evidence of
escaping gas. The glassinitially solid and heterogeneous on
the surfacebecame homogeneous in the liquid volume around
750 °C. This reaction corresponds to the denitration of the
mixture of NaNO3 and NaNO2 during the reaction with glass.
The temperature of this reaction as determined by environmental
SEM was correlated with the value obtained by differential thermal
and thermogravimetric analysis. The thermogram (Figure 5b)
reveals an endothermic variation at 685 °C associated with a mass
loss corresponding to the decomposition of the mixture of NaNO3

and NaNO2 of 9.85 mg (59.48 wt %). Above this temperature,
ruthenium compounds are dispersed in the molten glass. EDS
analyses performed on several particles embedded in the glass
cooled at room temperature revealed only the presence of RuO2

particles.
Microstructural characterization of the phases formed after

the reaction between NaRu and a SBN glass frit at 800 °C and
observed after cooling (sample SBN2-NaRu800) revealed the
presence of micrometric RuO2 needles with tetragonal
structure, dispersed or aggregated in the glass matrix of 20−
50 μm diameter (Figure 6a). Sample SBN2-NaRu1300, prepared

Figure 2. In situ observations obtained by ESEM of NaRu precursor sample at room temperature 25 °C (a) showing clusters with growth of particles
containing ruthenium from 445 °C (b) to 600 °C (c). The NaNO3 liquid decomposition associated with the Na2O reaction with RuO2 yields the
formation of a single Na3RuO4 phase at T ∼ 670 °C (d); then this solid begins to decompose at 710 °C, (e) followed by the formation of a mixed
Na−Ru phase at 820 °C (f).
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according to the same procedure and heat-treated at 1300 °C,
also contained RuO2 needles about 40-μm-long, substantially
larger than those obtained at 800 °C (Figure 6b). EXAFS
analysis clearly shows the presence of crystalline RuO2 in both
samples since all Ru−O and Ru−Ru distances and peak
intensities (Table 2) agree very well with the theoretical values
obtained from the crystallographic structure of RuO2.

37 The
Debye−Waller factors of the different spectral paths decrease
regularly from sample SBN2-NaRu800 to sample SBN2-
NaRu1300 (Table 2), which is consistent with the increased
crystallinity of RuO2 and the presence of larger crystals (Figure
6b) in the glass synthesized at 1300 °C.
3.3. Direct Incorporation of Ruthenates in the Glass

Frit. A few micrograms of the Na3RuO4 crystal obtained from
the reaction between NaNO3 and RuO2 in the ESEM chamber
at T = 720 °C (cf. section 3.1) were deposited on the surface of
a piece of SBN glass frit, in the HT device of the ESEM
chamber, and heated up to 845 °C under 350 Pa in the air
(Figure 7a; cf. Supporting Information, file S5). No reaction
occurs up to T = 520 °C (Figure 7a). At this temperature, the
Na3Ru

VO4 crystals begin to react with the glass, and an

intermediate phase begins to form at the Na3Ru
VO4−SBN glass

interface. This phase is shown by the arrow in Figure 7b. The
nature of the new intermediate phase formed at the surface of
the glass could not be determined. This reaction becomes faster
at temperatures higher than 670 °C and locally decreases the
melting temperature of the SBN glass frit (Figure 7c). At about
750 °C, the Na3Ru

VO4 crystals are clearly starting to dissolve in
the melt (Figure 7d). Heating this sample for 45 min at 840 °C
followed by rapid cooling to room temperature leads to the
formation of needle-shaped RuO2 crystals in the glass (Figure 7e).
The EDS analysis of the composition of the glass near these RuO2

crystals shows that in this region the glass is enriched in Na2O
compared to the initial SBN composition. Furthermore, very small
needle crystals less than 100 nm in diameter are present near the
large needle crystals (Figure 7f). These very small crystals might
result from the precipitation during cooling to room temperature
of ruthenium species still dissolved in the glass melt at high
temperature.
Complementary optical microscopy observations indicate

that the glass is yellow in this zone and that small bubbles are
also formed close to these particles. This observation might

Figure 3. ESEM images obtained during in situ HT-ESEM heat treatment of the NaRu precursor sample deposited on the SBN glass surface. An
image of this assembly at room temperature is shown in part a. Spreading of NaRu on the surface of the SBN glass begins at a temperature below
230 °C (b); the chemical contrast observed on the glass surface at 330 °C corresponds to the Ru particles dispersion in the NaNO3−NaNO2 liquid
(c). This liquid reacts with SBN glass at T ∼ 400 °C (d) to form borate and silicate phases at 445 °C (e). When T ≥ 700 °C, the silicate and borate
phases react with SBN glass, which begins to melt. The pores that form at the glass surface correspond to the release of gas from denitration (f).
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Figure 4. ESEM images recorded after quenching of the NaRu precursor and SBN glass mixture heat treated up to 389 °C (a) and up to 449 °C
(b,c). Phase compositions determined by semiquantitative EDX analyses are identified at specific locations.

Figure 5. Differential thermal analyses (DTA) of SBN glass (a) and of the reaction between a NaRu sample and SBN glass (b) during a temperature
ramp of 10 °C/min.

Figure 6. SEM images and EDX analyses of SBN2-NaRu800 (a) and SBN2-NaRu1300 (b) glasses after heat treatment at 800 and 1300 °C respectively
and sample quenching at room temperature.
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indicate that at high temperatures the glass frit still contains
dissolved RuV, which reduces to RuIV and then precipitates as
ruthenium oxide during cooling to room temperature. The
reduction of RuV can be explained by the direct oxidation of
oxide anions to O2, which might then remain sequestrated in
the glass, forming the observed bubbles.
3.4. Direct Incorporation of RuO2 in the Glass. A

specific experiment was performed directly between the SBN
glass frit and RuO2 (SBN1-Ru1300 sample) to determine how
RuO2 is directly incorporated in the melt (cf. Supporting
Information, file S6). After heating at T = 1300 °C, the SBN1-
Ru sample contains polyhedral RuO2 with a well-ordered
tetragonal structure. In situ high-temperature observation by
ESEM of the reaction of RuO2 with the glass frit up to 1200 °C
reveals very low reactivity between these compounds. Indeed,
the RuO2 particles initially deposited on the glass surface
remain at the melt surface up to approximately 850 °C (see for
example Figure 8a at 167 °C). The RuO2 particles are
incorporated in the melt only at about 950−1000 °C (see
Figure 8b at 943 °C).43 The particles are then dispersed in the

silicate melt at 1200 °C, and polyhedral RuO2 particles are
found once the sample is cooled to room temperature.

3.5. Direct Incorporation of a Mixture of RuO2 and
NaNO3 in the Glass. The effect of the direct addition of
NaNO3 on the incorporation of RuO2 in the glass was studied
by performing the direct reaction between a thoroughly
blended physical mixture of NaNO3, RuO2, and glass frit at
T = 800 °C (SBN1-NaRu800) and T = 1300 °C (SBN1-NaRu1300).
Analyses of the two samples after cooling to room temperature
revealed the presence of polyhedral RuO2 particles with a
tetragonal structure (Figure 9) with sizes ranging from 1.5 to
5 μm, much larger than the ruthenium oxide particles used as the
precursor (particle size range: 100 nm to 1 μm). The EXAFS
spectra of samples SBN1-NaRu800 and SBN1-NaRu1300 and the
corresponding Fourier transforms confirm the presence of very well
ordered and crystallized RuO2 particles in both samples. In fact,
satisfactory fits (cf. Supporting Information, file S7) can be
obtained up to 5 Å using the first six Ru−O and Ru−Ru shells of
the RuO2 crystal structure, revealing only very slight differences

Figure 7. ESEM images recorded during in situ heat treatment of a sample where Na3RuO4 crystals are directly deposited on the SBN frit glass
surface. No reactivity between the phases is observed up to 520 °C. The image recorded at T = 400 °C is representative of what is observed in the
25−520 °C temperature range (a). Sample after the beginning of the reaction between Na3RuO4 and the SBN glassthe arrow indicates the
location of the intermediate phaseat 660 °C (b). Incorporation of the Na3RuO4 crystals in the SBN melt at 733 °C (c) and 746 °C (d). Needle-
like shape of the RuO2 crystals formed at T = 840 °C, observed after rapid sample cooling to room temperature (e). Observation of very small
crystals between the larger RuO2 crystals (f).
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between the Debye−Waller factors of the two samples (Table 2),
in agreement with a high crystalline order starting from 800 °C.
This experiment was also performed in situ in the HT-ESEM

chamber (cf. Supporting Information, file S8). Melting of the
mixture of NaNO3 and NaNO2 is first observed at T = 225 °C,
followed by the melting of NaNO3, which starts to spread over
the surface of the glass particles. At increasing temperatures, the
formation of urchin-like Na2O-SiO2 phases and the crystal-
lization of Na2O−B2O3 needles are observed. RuO2 does not
react either with liquid NaNO3 or with the glass, and the
formation of the Na3RuO4 crystals could not be observed. At
higher temperatures, Na2O−SiO2 and Na2O−B2O3 phases
dissolve again in the melt. The only crystalline phase observed
at this point is represented by the crystals of RuO2 precipitated
in the glass melt. Their polyhedral form is consistent with the
observations made after ex situ experiments.

4. DISCUSSION

Figure 10 summarizes the different processes described in
section 3 (Results) and discussed below.
4.1. Chemistry of Ruthenium in Silicate Melts. The

chemistry of multivalent elements in silicate melts depends on
both melt basicity and oxygen fugacity. These two parameters
control the nature of the polyoxoanion (or polyoxocations)
present in the melt as well as the oxidation degree of the
studied element.44−48 Ruthenium can be present in oxides at
oxidation states III (Ru(OH)3), IV (RuO2, Na2RuO3), V
(Na3RuO4), VI (Na2RuO4), and VIII (RuO4).

49 In silicate
melts, this element is generally reported to be stable at
oxidation states 0 (Ru metal)50 and RuIV.22 The presence of
RuIII is very seldom reported.51 The solubility of these species is
generally limited from a few parts per million to hundreds of

parts per million.7,18,52 The +VI oxidation state of Ru is
reported to exist in basic silicate glasses.53,54 However,
Schreiber et al.22 reported that only the +IV oxidation state is
stable for Ru in borosilicate melts.
Khedim et al.,45−47 who worked specifically on the chemical

state of chromium in basic melts, showed that higher oxidation
states can be stabilized under high oxygen partial pressure. Thus,
we propose here to describe the chemistry of ruthenium in
borosilicate melts in a predominant species diagram (Figure 11) as
a function of the oxygen pressure in equilibrium with the melt. As
an example, in this diagram, the point corresponding to the initial
SBN melt is shown by the dark gray circle. We will use this
representation to determine and explain the mechanisms leading
to the formation of polyhedral or acicular RuO2 crystals.

4.2. Mechanism of Formation of Polyhedral RuO2
Crystals in the Silicate Melt. Role of RuO2. When added
to the SBN melt, RuO2 does not modify either the composition
(expressed in O2− activity) or the oxygen partial pressure of the
melt. The position of the SBN melt in the predominant species
diagram (Figure 11) is not modified (dark gray circle). The
RuO2 crystals (melting point =1200 °C) dissolve in the SBN
melt until RuIV saturation is reached and the remaining RuO2
crystals no longer react. This process continues until the sample
is homogeneous through convection of the RuO2 nanocrystals
in the melt and saturation of the melt into RuIV species. Then,
small RuO2 particles that are initially dispersed in the glass
dissolve and generate local supersaturation with regard to
ruthenium. Ruthenium then diffuses in the glass, precipitates,
and leads to the growth of larger RuO2 particles on the glass
(this hypothesis is supported by HRTEM observations that
showed the presence of particles a few nanometers in diameter).
This mechanism, summarized in Figure 12a, corresponds to
classical Ostwald ripening,55 as already reported by Pflieger et al.23

The formation of polyhedral crystals, generally associated with the
Ostwald ripening mechanism, can also be obtained during
synthesis performed in molten salts.56,57

Role of NaNO3 Addition to RuO2. The addition of NaNO3
to the SBN melt leads to Na2O enrichment of the initial melt. The
point representing the SBN melt with NaNO3 is thus shifted to
higher O2− activities in the diagram of predominant Ru species in
borosilicate melts (triangle in Figure 11). The position of this
point on the pO2 axis depends on the decomposition mechanism
of NaNO3. The decomposition of NaNO3 forms Na2O, which
reacts rapidly with the glass (SiO2 and B2O3). This reaction occurs
at the surface of the melt, and the gaseous species generated are
not incorporated into the formed phases. Thus, the pO2 remains
constant during the NaNO3 reaction with the SBN melt. As a
consequence, the addition of NaNO3 to the SBN melt only

Figure 9. SEM analysis of SBN1-NaRu1300 glass with RuO2 grain
shaped after thermal treatment at 1300 °C.

Figure 8. ESEM images showing a low reactivity between RuO2 and SBN glass at 167 °C (a) and 943 °C (b).
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corresponds to a local increase of O2− activity and has no influence
on the local oxygen partial pressure of the melt.
Similarly, the addition of RuO2 to the NaNO3 + SBN melt

does not modify either the composition or the oxygen fugacity of
the melt. The point representing this composition in Figure 11 is
the same as for the NaNO3 + SBN melt. This composition
remains in the domain where the solubility of RuO2 in the boro-
silicate melt is low. Glass synthesis performed with NaNO3 +
RuO2 + SBN by one reaction step without preliminary dissolution
between NaNO3 and RuO2 is thus carried out without significant
variations of the RuIV solubility in the melt. The return to the SBN
equilibrium point is described by the composition path between

the NaNO3 + RuO2 + SBN melt and the SBN + RuO2 melt (path
represented by a gray line in Figure 11). Therefore, the RuO2

crystallization process is the same as that described in Figure 12a,
i.e., a slow dissolution of the small RuO2 particles and
crystallization onto larger crystals.

4.3. Mechanism of Formation of Acicular RuO2
Crystals in the Silicate MeltRole of the Na3RuO4
Phase. Acicular RuO2 crystallization in the SBN melt is
observed when ruthenium is initially present in compounds
with an oxidation state higher than IV (Ru(V) in Na3RuO4).
The results of the experiment performed using Na3RuO4

suggest a mechanism of acicular RuO2 crystallization.
When Na3RuO4 is added to the SBN melt, its composition is

shifted to higher O2− activity values and to higher pO2 values.
This corresponds to the white star position in Figure 11.
During their studies of chromium chemistry in molten silicates,
Khedim et al.45−47 determined that high oxidation state
polyoxoanions (CrO4

2−) are more soluble than CrIII in oxidized
basic melts. Similarly, in the case of Ru, we might expect that
the solubility of RuV in an oxidized basic melt (position of the
white star in Figure 11) is higher than that of RuIV in the initial
SBN melt (position of the dark gray circle in Figure 11). This
assumption is supported by the presence of very small RuO2

crystals in the Na2O enriched glass after cooling that could have
formed by precipitation from a saturated melt into RuV species
(Figure 7e). Equilibrium with the SBN melt after complete
dissolution and homogenization, resulting in lower composition
gradients (Na2O content, RuV) and pO2 values, consequently
allows local saturation of RuIV species (composition path
represented by the bold curve in Figure 11).
As reported by Khedim et al. (see Figure 12 of this work)58

for chromite crystallization, we propose that the formation of
acicular RuO2 crystals oriented perpendicularly (Figure 12b
step 3 RuO2 crystal needle shape) is due to the pO2 gradient
during the reduction of RuV in the melt. When equilibrium is
reached, the acicular crystals can be dispersed into the melt by

Figure 10. Summary of the different mechanisms of RuO2 transformations in borosilicate glass.

Figure 11. Schematic diagram of predominant Ru species in
borosilicate melt as a function of O2− (Na2O) activity and oxygen
partial pressure. The dark gray circle represents the position of the
SBN melt, as well as the position of the SBN melt + RuO2 mixture.
The gray triangle represents the position of the SBN melt with NaNO3
+ RuO2. The white star represents the composition of the SBN melts
with Na3RuO4 crystals. The lines (or curves) with arrows represent the
reaction paths from the initial mixture to the final homogeneous melt
composition.
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convection (Figure 12bstep 4) and then grow according to
an Oswald ripening mechanism (Figure 12a, steps 3 and 4).
The process with the NaRu precursor, which contains both

Na3RuO4 crystals together with a majority of RuO2 dissolved in
the nitrate/nitrite melt, is similar to the one described for the
pure Na3RuO4 compound. Indeed, acicular crystals are
obtained when the precursor is heated with the SBN glass.
Enokida25 also reported the formation of needle-like RuO2
crystals under the same conditions and put forward another
hypothesis for the formation of acicular RuO2 crystals. He
proposed that acicular RuO2 crystallization results from the
formation of gaseous RuO4 during the decomposition of
Na3RuO4. No proof for the formation of RuO4, and consequent
direct formation of RuO2 needles has been evidenced during
the present study to confirm Enokida’s hypothesis. On the
contrary, the direct observation of the Na3RuO4 crystals
deposited on the surface of the glass shows that the shape of
these crystals is not modified up to their incorporation by local
melting of the glass, indicating that there is no decomposition
of the Na3RuO4 crystals but simple dissolution of this
compound as the glass melts. In this way, some RuV remains
most probably dissolved in the glass melt, leading to the
creation of a Ru-enriched zone, as evidenced by the precipita-
tion of small particles of Ru-containing phases after cooling.
We therefore propose that acicular RuO2 crystal formation
begins in the bulk of the melt after the Na3RuO4 incorporation,
in agreement with the mechanism we propose to explain the
formation of needle-like RuO2 crystals (Figure 12b).
The other hypothesis of needle-shape RuO2 crystallization

could be related to the precipitation of Ru, previously dissolved
in a mix of nitrate and nitrite, during chemical reaction with
glass frit (Figure 1a). Some RuIV dissolved in the region enriched
in sodium in the melt could precipitate when sodium diffuses

completely in the glass melt and thus decreases the local
O2− activity. To support this hypothesis, we will carry out
complementary ESEM experiments to observe the reaction
between a glass frit and a NaRu compound without Na3RuO4
precipitated.

5. CONCLUSION
Considerations of the chemistry of ruthenium in oxidized melts
have allowed us to identify the key parameters and propose the
mechanisms of formation of RuO2 particles with acicular or
polyhedral shapes during the synthesis of a simplified sodium
borosilicate glass (Figure 12). The formation of polyhedral crystals
is the result of the direct incorporation and dissolution of RuO2
crystals in the melt followed by an Ostwald ripening mechanism.
The formation of acicular crystals is associated with the presence
of RuV as Na3Ru

VO4 in the melt. The dissolution of this com-
pound in the borosilicate melt leads to the formation of ruthenium
content, pO2, and O2− activity gradients. These gradients account
for the precipitation of needle-like RuO2 crystals.
This study helps to understand the formation of acicular and

polyhedral particles in the complex SON68-type containment glass.
The use of a variety of structural and microstructural character-
ization techniques made it possible to identify the steps in the
formation of ruthenium compounds (Na3Ru

VO4) in a simplified
calcined waste containing sodium nitrate and ruthenium dioxide.
The presence of this ruthenate compound in the simplified waste
containing precursor is the key parameter that controls further
acicular RuO2 crystallization in sodium borosilicate melts.
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