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ABSTRACT

ABSTRACT

In 2011, the nuclear accident in Fukushima reminded an absolute requirement to
assure a high level of safety in nuclear installations. In fact, a severe nuclear accident
could lead to significant radiological consequences due to the releases of radio toxic
compounds. These fission products will be liberated from degraded fuel, transported
in the primary circuit. They may reach to the containment and therefore could be
released into the environment. Depending on their half-lifetimes and their chemical
evolution, some isotopes, such as: 2!, 19Ru and '°Ru, are particularly dangerous
due to their high volatility and significant radiological consequences. In the primary
circuit aerosols formed at high temperatures will partially condense and nucleate on
the walls of the primary circuit. In this work, the adsorption of some fission products
(control rod metal iodides and ruthenium oxides) on the surface of the primary circuit
will be studied as well as the mechanisms leading to the re-volatilization of these
deposits. Since the surface of the primary circuit, constituted by 304L stainless steel,
is mainly composed by iron and chromium oxides, we studied theoretically (by DFT
periodic calculations) the adsorption mechanisms of control rod metal iodides and
ruthenium oxides on iron oxide and chromium oxide model surfaces. These surfaces
are modified to take into account the experimental conditions. We investigated in this
thesis the formation of gaseous components (l2), RuOzg or RuOg4g) from these
adsorbed species as well as the oxidation of RuO» surface. Our results show that it is
possible to form Ixg), RuO3(g or RuOsg). However, I2g) only possible forms on oxidized
chromium oxide surface. On the other surfaces, the co-adsorption of an oxidant (OH®)
is needed to form lzg). On the same surfaces, the formation of RuO3z(g or RuOas() is
possible with or without the presence of Ozg). We have found that the stainless steel
surface plays an important role in the decomposition of RuO4 and can also catalyse

the reaction.

Keywords: DFT, Reaction mechanism, Activation energy, Nuclear accident, Silver

iodide, Cadmium iodide, Ruthenium oxides.
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RESUME

RESUME

En 2011, I'accident nucléaire de Fukushima a rappelé la nécessité absolue d’assurer
un haut niveau de sureté des installations nucléaires. Les conséquences de ces
accidents sont liées principalement aux rejets de composés radiotoxiques produits par
la fission de l'uranium. Ces composés peuvent étre transportés dans le circuit de
refroidissement primaire et atteindre 'enceinte de confinement. En cas de fuite de cette
enceinte, ils sont, in fine, dispersés dans I'environnement. En fonction de la période
radioactive ou de leur évolution chimique, certains isotopes, par exemple : 13!, 1Ry,
106Ru, sont particulierement nocifs, en raison de leur grande volatilité et de leurs
radiotoxicités importantes. Dans le circuit primaire, en raison d’'un fort gradient
thermique, les aérosols formés a haute température, prés du coeur du réacteur, vont
se condenser sur les parois du circuit primaire. Dans ce travail, nous avons étudié
I'adsorption de ces produits de fissions (iodures métalliques et ruthénium oxydes) sur
la surface du circuit primaire ainsi que les mécanismes conduisant a la revolatilisation
de ces dépodts. La surface du circuit primaire, en inox 304L, est constituée
majoritairement d’oxydes de fer ou de chrome. Nous avons étudié par voie théorique
(calculs périodiques par DFT) les mécanismes d’adsorption d’iodures métalliques et
d'oxydes de ruthénium sur des modeles de surfaces d'oxyde de fer, d’oxyde de
Chrome modifiées pour tenir compte des conditions expérimentales. Nous avons
étudié la formation des composés gazeux (l2), RuOzg ou RuOsg) a partir de ces
molécules adsorbées et a partie de surface de RuO2. Nos résultats ont montré qu’il est
possible de former lyg), RuOzg ou RuOgsg a partir des molécules adsorbées.
Cependant, seule la surface d'oxyde de chrome suroxydée permet de former I,
spontanément a haute température. Dans les autres cas, la coadsorption d’'un oxydant
(OH°*) estindispensable pour former I2g). Par contre, la formation de RuOzg) ou RuO4(g)
est possible avec ou sans présence de I'0O2(g). Nous avons démontré que la surface
d’inox joue un rdle important dans la décomposition de RuO4 qui peut aussi accélérer

la réaction.

Mots-clés: DFT, Mécanisme réactionnel, Energie d'activation, Accident nucléaire,

lodure d’argent, lodure de cadmium, Oxyde de ruthénium.
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CHAPTER 1 INTRODUCTION

he global warming is clearly observed since the beginning of the 20" century,

origin is the industrial revolution, though the increase of earth, water and air
temperature. This temperature increase will have important consequences: increase
of extreme weather events, rise of ocean levels (disappearance of coasts and island),
glacier ablation, changes on ecology system which also may have an influence on
biodiversity. In Fifth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC), it was concluded that "It is extremely likely that human influence has
been the dominant cause of the observed warming since the mid-20th century."!

Greenhouse gas effect is one of the initial main causes of global warming. Carbon
dioxide, nitrous oxide and fluorinated gases (such as: hydrofluorocarbons, perfluoro-
carbons, sulfur hexafluoride and nitrogen trifluoride) are all greenhouse gases. One of
the most important causes of carbon dioxide emission is through electricity production.
Therefore, an energy source with small CO2 emission and a low cost should be chosen
for ecological and economic reasons. A Nuclear Power Plant (NPP) seems to be a
good example for producing a worthy energy as it releases less CO; at cheaper cost
than fossil fuel based energy plants.? However, there is important disadvantages for
Nuclear Power Plant (NPP). In the worst situation, a severe nuclear accident can lead
to significant radiological consequences. These consequences are due to radiotoxic
compounds, in particular fission products (FPs), which may be released in the
atmosphere. They will be released from degraded fuels, and then be transported in the
primary circuit, to finally reach the containment building. FPs releases in the
environment result from natural leakages and from the venting procedure if it is
operated.® Depending on their half-life and their chemical evolution, some isotopes,
such as 3%, 1%Ru and °°Ru are especially dangerous due to their high volatility and

important radiological consequences.*
1.1 PRESENTED NUCLEAR POWER PLANT (NPP)

A Nuclear Power Plant (NPP) is a thermal power station where the fissile fuel is used

as a heat source. The heat is produced by the fission reaction of nuclei 22*U and ?*°Pu
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and is used to generate the steam. Most NPP in the world are Light-Water Reactor
(LWR). They can be separated in two categories: one generate directly steam in the
reactor (Boiling Water Reactor/ BWR) and the other one generate the steam in a
secondary loop whose water is heated by the primary system via a heat exchanger
called “steam generator” (Pressurized Water Reactor/ PWR). All the reactor in France
are PWRs.>

Secondary
cooling system

Steam

: turbine
Primary core

cooling system i

N {ina]] Sla—*
H 3 Generator
- Steam / i N
e %4 % Hot water —»

Control

rod } 4 - e ~
Uranium I — Pgn:p | | «—Cold water P

fuel fialie] Pump) iy iy
= <'s - o Pump

Condenser

Nuclear reactor Steam generator

Reactor building Cooling tower

Figure 1.1. Schematic presentation of Pressurized Water Reactor (PWR).®

More in details, a Pressurized Water Reactor (PWR) is represented in Figure 1.1. The
fuel rods are made by a corrosion-resistant alloy where the fission reactions of 23U or
23%9py occur and produce heat. Fission reactions of 22U and 2*°Pu give new fragments
that contain at least one radioactive daughter nuclei. These new fragments and their
daughters are called fission products (FPs) and they continue to disintegrate until
stable nuclei are formed. Water in the primary core cooling system [also called primary
circuit, or reactor cooling system (RCS)] extracts the heat generated by the nuclear
core (around 300°C) to the secondary cooling system. In the secondary cooling
system, steam will be produced through a heat exchanger (exchange heat from the
primary circuit with the secondary circuit), then the steam will drive the turbine and
produce electricity. In the end, the steam in the second cooling system will be
condensed by cold water from the cooling tower and then reutilized for the generation

of electric power.

2
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Severe Nuclear Accident

As the fission products are highly radioactive, three barriers present inside a NPP in
order to avoid the leaks of FPs to environment. The first barrier is constituted by
sheaths made by Zircaloy that contains the fuel pellets. However, there is still some
defects who can allow very small amount of the FPs entry into the primary circuit. The
second barrier is the closed primary circuit that allows the exchange of heat between
the nuclear core and the secondary circuit. The third barrier is the nuclear containment
building that contains both the nuclear core and the primary circuit. This building, made
by concrete, can resist to high internal pressure and should confine FPs in case of a
break occurring to the primary circuit.

1.2 SEVERE NUCLEAR ACCIDENT

A severe nuclear accident can lead to significant consequences to the population and
the environment. According to their severity and impact on environment and human
being, nuclear incidents and accidents are classified into seven levels (International
Nuclear Events Scale/ INES; Figure 1.2) by International Atomic Energy Agency
(IAEA).

Majeur Accident
7 |
Serious Accident
- 6 )
[=
.g 5 Accident with Wider Consequences
g
< a Accident with Local Consequences
Serious Incident
- 3
c
_g 2 Incident
Y ;
£ 1 Anomaly
0 Deviation

Figure 1.2. International Nuclear Events Scale (INES)

Nowadays, three serious accidents have been occurred by Light-Water Reactors
(LWR).
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e 1979: Three Mile Island accident (USA) Level 5 (PWR)

e 1986: Chernobyl accident (ex-USSR) Level 7 (RBMK reactor design, sort of
specific BWR)

e 2011: Fukushima accident (Japan) Level 7 (BWR)

In a severe accident, the fuel is not enough cooled down and can melt with emission
of large amounts of fission products (FPs) and leading to significant amounts of
radioactive FPs released to environment [called “Source Term” (ST)]. Table 1.1 gives
part the radioactivity released into the atmosphere during the two major accidents. It
can be noticed that a large activity due to Cs and | isotopes is liberated. Furthermore,
ruthenium isotopes were also detected. In Chernobyl accident, Ru isotopes and 3|
and %I are responsible for similar radioactive activity in air and on the ground.” 8 1%Ru
is also observed in the Fukushima accident, with a 1°®Ru/**’Cs activity ratio around
0.07-0.2 in water.®

Table 1.1. Isotopes released during Nuclear Accidents in Pbg.'° (PBg=10'°Bq)

Nuclide Half life Chernobyl Fukushima Factor difference
134Cs 20y 85 12 x7
187Cs 30y 85 12 x7
129 1.6x10"y 45 x 10® 5.7 x10° x 8
131 8d 1760 150 x 12
133) 21h 910 146 x 6
132Te 3.2d ~1150 ~ 180 x 6
129T@ 34 d 240 15 x 16

Source terms during an accident can be dispersed widely. For the accident of
Chernobyl, during the 10-day period of maximum release (between April 26 and May
6, 1986), volatile radionuclides were broadly dispersed over Europe and the all
northern hemisphere.”%12 At 8 000 km from Chernobyl (Hiroshima, Japan), a
relatively important quantity of nuclides was detected.'®* According to the type of
accident and location, radionuclides can be transported by sea and by air'4 over large
areas. During this accident, more than 80% of FPs are solubilized into the ocean.®®
35S radioactivity has even been measured in California and has been supposed to

come from Fukushima Nuclear Plant.16
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1.3 RADIOLOGICAL CONSEQUENCES OF FISSION PRODUCTS

The releases of fission products to the environment can lead to important radiological
consequences. Radionuclides disintegrate more or less rapidly according to their
stability. During disintegration, ionizing radiation and energy are emitted and can
damage biological tissues. However, the radiotoxicity depends on the type of isotopes,
their activity, the type of radiation and energy released. The physical and toxicological
characteristic of fission products, that will be studied, are listed in Table 1.2. The
possible pathway for human being contamination following a release of radionuclides

to environment is shown in Figure 1.3.

Table 1.2. Physical and toxicological characteristics of certain fission products.*’

Half-life Mass Activity DPUI* public inhalation (Sv/Bq)

Radionuclide Emission d) (Ba/g) (Target organ)
131 B,y 8.04 4.6 x 10% 2.92 x 107 (Thyroid)
103Ru B 39.3 1.19 x 10%° 7.3 x 1019 (Colon)
106RY B 368.2 1.24 x 10 7.0 x 10°(Colon)

*DPUI: dose per unit intake.

o,
Kot
O,
"

Transport - dispersion

.

Figure 1.3. Scheme of human being contamination following a release of radionuclides to

environment.
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In Table 1.3, fission products, in which we are interested, and their possible chemical
states are sorted depending on the effect on human beings and environment. lodine
will be either released as metallic iodide aerosols (for example: Agl, Csl, Cdl. etc.)
or,as gaseous iodine (I2 (g and CHsl )).181° 13| is the radionuclides that have the most
significant impact on the exposed population at short term.?° It can be easily deposited
into humans’ thyroid. From a radiological point of view, 1°>Ru belongs to the medium
toxicity group while 1°Ru has high toxicity.!” The metallic Ru behaves in the human
body in a similar way as the other platinum group metals meanwhile volatile ruthenium

(RuO4 (g) can be deposited into the lungs or throat after inhalation.??

In Chernobyl case, volatile iodine and ruthenium aerosols of microscopic size have
been produced. They had high mobility and travel up to 1400-1800 km?2 from the
nuclear plant. lodine may have severe impact on environment especially as it may
react with the atmospheric species?® to form numerous volatile species or fine particles
after nucleation processes. The main toxicity of ruthenium is due to the deposition of

fission products on skin.?*

Table 1.3. Fission-product classification and possible chemical states in irradiated UO, fuel

rods?®
Class Fission Products Chemical State*

1 Xe, Kr Xe, Kr

2 I, Br Single phase halide solution Csl, |, I,

3 Cs, Rb Cs, Csl, Cs,UO356, Cs,UQ4, Cs,Te, Cs,M004

4 Te,Sb Single phase chalcogenide solution Cs,Te

5 Ba, Sr Oxides which can dissolve to some extent in
the fuel and form separate phases BaO,
Bay(Zr —U-Pu)O3

6 Mo Single phase metallic alloy, MoO,, Cs:Mo004

7 Tc, Ru, Rh, Pd Single phase metallic alloy

8 La, Y, Zr, Nb, lanthanides, actinides Oxides which dissolve in fuel

9 Ag, Cd, In, Sn, Sb Not determine really

* Principle element used as surrogate for other members of the group of fission products

1.4 RELEASE AND TRANSPORT OF FISSION PRODUCTS

As mentioned in paragraph 1.1 (p.1), the fission products are generated by fission

reactions of 23°U and 23°Pu inside the nuclear reactor. It has been shown in Table 1.3
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that fission products can be presented in different chemical states after fission reaction.
According to different research programs?é-2°, fission products can be classed into four

categories:

e Fission gas and volatile fission products (Kr, Xe, I, Cs, Br, RDb, also Te, Sb, Ag).
e Semi-volatile fission products (Mo, Ba, Y, Rh, Pd, Tc).
e Fission products with low volatility (Sr, Nb, Ru, La, Ce, Eu, Np).

e Non-volatile fission products (Zr, Nd).
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Figure 1.4. Physical-chemical phenomena occurring in the primary circuit in a severe accident

In a nuclear accident, FPs will be, in a first step, released to the primary circuit and
transported by it. Depending on the nature of the accident, the FPs can be transported
to other parts of NPP (until nuclear containment building) or even environment. The
comportment of fission products in the primary circuit is quite complex. The
temperature inside the primary circuit varies a lot according to the location. At the
beginning of the primary circuit (close to the nuclear reactor), the temperature may be
as high as 1500 °C. For a break in the cold leg, the temperature near the break is down
to 200°C. The physical-chemical phenomena occurring in the primary circuit in a
serious accident are presented in Figure 1.4.% First of all, fission gases and vapours
of fission products can react with other gases/vapour, aerosols and surfaces. It is
noticing that structural and control rod materials may be involved the FPs chemical
reactivity. Then, the fission products vapour condenses together and form aerosols by
homogeneous or heterogeneous nucleation or condenses directly on the surface of
the primary circuit. Thereafter, aerosols can be deposited to the surface by Brownian
diffusion; thermophoresis; diffusiophoresis, electrophoresis, sedimentation, flow-
geometry changes, turbulence and pool scrubbing. The deposits formed in the RCS

can potentially be remobilized due to chemical reaction with the surfaces or with a
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change in the carrier gas with potential formation of higher volatile species or
mechanical resuspension due to gas flow acceleration. Consequently, it is important
to understand the phenomena occurring on the surface of the primary circuit to

evaluate this remobilisation phenomena.

1.5 OBJECTIVE OF WORK

As we mentioned before, in a severe nuclear accident, fission products will be released
from the nuclear reactor and parts of them will be deposited on the surface of the
primary circuit. In our work, we will study the chemical reactions occurring on the
surface of the primary circuit in case of severe accident (adsorption of fission products,
re-vaporization of volatile species, etc.). The nature of the RCS surfaces will be
discussed in the introduction. The chemical behaviour of iodine and ruthenium species

will be presented in the introduction of chapter three and four respectively.

1.5.1 NATURE OF THE SUBSTRATE

Adsorption and reactions will occur on the surface of the primary circuit. To model
these surfaces, it is mandatory to define the nature of the materials in contact with the
gas flow. The RCS surface is made in 304L stainless steel that has good resistance to
corrosion thanks to its high concentration of chromium. This alloy is mainly constituted
by iron and chromium (18.17w. %) and a little quantity of other metals (ex: Mn 1.74 .

% etc.). 3¢

This surface can be exposed to a mixture of air and steam or steam. Consequently
oxidation of the surface may occur. Hence many studies have been realized at different
temperatures, for different duration, on the oxidation of 304L stainless steel by air and

steam.

N, Zacchetti et al.3> have used SEM (Scanning Electron Microscope) and GDOES
(Glow Discharge Optical Emission Spectroscopy) techniques to understand the early
stage oxidation on 304L stainless steel surface under air at different temperatures. At
1200 °C, they found that, in the first few seconds, oxidation of chromium occurred and
a fine-grained oxide layer of Cr.O3 is formed on the surface. When all the chromium
on the surface has been totally oxidized, chromium will diffuse from the steel and the
oxidation of iron will begin. These iron oxides will be grown outside the initial chromium

oxides layer and these two oxide layers will cover the steel (Figure 1.5). After 20s of
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oxidation, a 7.5 mm thick duplex scale is formed which is unchanged even after 200s.
After 1200s, its thickness growth up to 9.5 mm. They also study the oxidation under air
at lower temperature (<1000°C). The formation rate for oxide film is quite low. However,
formation of a thin chromium rich oxide layer can always be observed which is much
thinner than at 1200°C.

outer Fe
oxide layer

« ‘oxide layer

e 18Mm
aealz 2aKu 3, 28 mm

BEa1a 2Ky “588 Z8mm

Figure 1.5. SEM surface micrographs in backscattered electrons at two different magnification

(x500 and x 3000) of oxidized specimens at 1200°C in air for 20 seconds.*?

Using the combination of TOF-SIMS (Time of Flight-Secondary lon Mass
Spectrometry), XPS (X-ray Photoelectron Spectroscopy) and LEIS (Low Energy lon
Scattering), A.-S. Mamede et al.>* have studied the influence of temperature on the
oxidation of 304L stainless steel surface under air and steam for long timescale. They
found that the global surface composition does depend neither on oxidation
temperature nor an oxidation time. However, the exact nature of the crystallites formed
may change. For oxidation under air, at 750°C (Figure 1.7 left top and middle), a
mixture of manganese chromite (small particles, representing very small part of the
surface, large crystals present in point 1 in Figure 1.6), iron chromite and separated

chromium and iron oxides are presented on the surface.

Y -

Figure 1.6. SEM images of 304L (a) before oxidation and after oxidation in air at (b) 750°C 24

h.
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With LEIS analyses, it has been evidenced that iron is not present on the first atomic
layer, but it is detected on the second atomic layer in a close contact with chromium.
However, itis hard to distinguish between the mixed oxides and the pure oxide phases.
When the temperature rises to 950°C (Figure 1.7 left down), the surface becomes
more homogeneous with a mixture of Cr.Oz and MnCr204, iron oxide being detected
in a second oxide layer. For the oxidation under steam (Figure 1.7 right), the nature of
the surface is different. At 750 °C, the first atomic layer is almost MnO, while, at 950

°C, a mixture of manganese and iron can be found on the surface.

Air atmosphere Steam atmosphere
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Figure 1.7. ToF-SIMS depth profiling on specimens after oxidation in air and steam

atmospheres. short line: CrO; point: MnO"; line: FeO™

1.5.2 STRUCTURAL MODEL

In our work, we will model the reactions, on the surface of the primary circuit (made by
304L stainless steel). Consequently, the theoretical models of the surfaces should be
chosen. As mentioned in the previous paragraph, the global composition of the surface
does not change for oxidation under air. However, the nature of the surface is quite
complex depending on the temperature and exposition time. Overall, manganese oxide

(MnO), manganese chromite (MnCr204), chromium oxide (Cr203), iron oxides (Fe20s3),
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mixture of manganese and iron oxides and mixture of chromium and iron oxides might

be present on the surface.

The theoretical study on magnetic orderings in MnO(s) have been performed
recentely.34 It was found that magnetic coupling constants s is well described by hybrid-
DFT, but not at the GGA level. However, hybrid-DFT calculations are much more time
consuming than GGA one. Consequently, it will not be possible to study the reactivity
on surfaces at this level. For manganese chromite (MnCr204), only few theoretical
studies have been published. D. Das et al.®® have run the first systematic study on the
bulk chromite series (including MnCr204) comparing their structural and magnetic
properties by using DFT+U method. They found that in order to obtain the correct
structure for the ground state, it is necessary to include the electron-electron
correlation. In the bulk, MnCr.04 is different from the ideal spinel structure with
significant local structural distortions. However, no theoretical study has been
performance on manganese oxide (MnO) and manganese chromite (MnCr.0O4) for their
stability under different conditions.

S. Souvi et al. 3837 have realized a theoretical study on chromium oxide and iron oxide
surface in order to determine the most stable structure under different atmospheres
(O2, H2 and H20) and temperature. For a chromium oxide surface, the most stable
structure is terminated with 1 Cr and 3 O atoms. It will be named as Cr,O3sCr (Figure
1.8 a). At ambient temperature, the dissociative adsorption of O stabilizes the surface.
In this case, one oxygen atom is adsorbed on top of the chromium atom of the surface
(Cr203Cr) and this oxidized surface will be called Chromyl (Figure 1.8 b). At 600K,
900K and 1200K, this structure is always the most stable one above 108, 10! and 300
bars. Cr.0O3Cr surface is the most stable one even under oxygen. At ambiance
temperature, under steam, the surface with 1.5 water molecules adsorbed on each site
is the most stable one for pressures lower than 3 bars. This hydrated surface is named
Cr,03Cr,(OH); (Figure 1.8 c). Above 3 bars, totally saturated surface becomes the
most stable one with 3 water molecules adsorbed per site. At 600K, Cr.03Cr2(OH)zis
stable above 3.10°3 bar of water. Below these pressures, Cr.OsCr surface is still the
more stable one. For the iron oxide, in conditions relevant to severe accident the most
stable surface is similar to the chromium one. This surface is called Fe,OsFe (Figure
1.8 d).
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CeE®:-

Cr0:Cr Chromyl Cr203Cr2(OH)3 Fe2OsFe

Figure 1.8. Theoretical models for the different chromium oxide and iron oxide surfaces under
different pressures, temperatures and atmospheres. %37 (a) Cr,OsCr (neutral chromium oxide
surface), (b) Chromyl (oxidized chromium oxide surface), (c) Cr.OsCr2(OH); (hydrated
chromium oxide surface), (d) Fe-OsFe (neutral iron oxide surface). Chromium: green. Iron:

blue. Oxygen: red. Hydrogen: yellow.

1.5.3 CONCLUSION

There are many possibilities of oxide formation on the 304L stainless steel surface in
case of severe nuclear accident: manganese oxide (MnO), manganese chromite
(MnCr204), chromium oxide (Cr203), iron oxides (Fe;0s), as well as mixture of
manganese and iron oxide and mixture of chromium and iron oxides. Calculations
surfaces of all these magnetic oxides will be challenging and time consuming. Since
chromium oxide and iron oxide surfaces have already been investigated and since they
have similar structures, this work will focus only on these two systems. The calculations

on other surfaces should be performed in the future.

The goal of this work is to investigate the vaporization of iodine and ruthenium species
coming from the aerosol deposited on the RCS surfaces or vapours condensed on the
RCS surfaces. For iodine, itis supposed that the aerosols are formed for metallic iodide

such as Csl, Agl and CdI..28-4% The iodide formation form Csl has been studied in a
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previous work, we will focus on Agl and Cdl». At high temperature, the volatile species
of ruthenium are ruthenium oxides such as RuO, RuO3z and RuO4. We will investigate

theoretically, at the GGA-DFT level, their interactions with chromium and iron oxides.

In the following chapters, firstly, calculation methods will be presented. Then the
adsorption of metal iodides (Agl and Cdl2) on chromium and iron oxides surface and
the possible formation volatile species (I2 (g) will be discussed. In the following chapter,
the adsorption of ruthenium oxides on these two surfaces will be presented.
Additionally, the formation of volatile ruthenium oxide (RuOs () from these surfaces

and from ruthenium dioxide surfaces (RuOz () will be presented.
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CHAPTER2 METHODOLOGY

he chemical properties of reactions in our studies, such as structures of

transition states and the activation energy for the reaction, are computed by
ab initio calculations. In order to find electronic structure of a system, the Schrédinger
equation should be solved. However, the determination of such an exact solution for
this equation is not possible for many body systems. Therefore, numerous
approximations can be utilized in order to obtain a reliable solution keeping reasonable
calculation times. Density Functional Theory (DFT) will be utilized in our work as it has
proven to achieve good precision in relatively short calculation time.! In this chapter
the approximations and methods that will be used in this thesis will be presented.

2.1 THEORETICAL CONTEXT

2.1.1 SCHRODINGER EQUATION

Schrédinger equation is the fundamental equation in quantum physics that can
describe the quantum state of a physical system in function of time. In quantum
chemistry, Schrodinger equation is used to predict physical properties of a chemical
system. It can be applied to a molecule, a surface or a solid in order to determine its
energy and other properties. In quantum chemistry, the state n of a system can be
described by a time-dependent wave function ¥, (14, 13, ..., t) with r;, are the coordinates
of particles n and t corresponds to time. Only stationary states will be studied in our
work, the wave function can be written without time: y,,(ry, 13, ...). By solving time-
independent Schrodinger equation (Equation 2.1), the wave function y,, of a particle

and its associate energy can be found.?

HyY,=Ey, Equation 2.1

= H: Hamiltonian of the system
= Y, : Wave function of system

» E: Energy associated to the wave function
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The Hamiltonian of the system # contains the energy operators (Equation 2.2):
operator for the electrons kinetic energy T., the operator for kinetic energy of nuclei T,,,
operator for electrostatic interaction between electrons 1,,, operator for electrostatic
interaction between nuclei 7,,, and operator for electrostatic interaction between nuclei

and electrons 7,,.

H =T+ T+ Voo + Vo + Vo Equation 2.2

Where

P
Il
|
N| =
D=
<]
_

All the equations above are in atomic unit and with M, and Z, equal to mass and charge
of the atom A. The equation is not soluble directly, and some approximation will be

applied.

2.1.2 BORN-OPPENHEIMER APPROXIMATION

The Born-Oppenheimer approximation is one of the classical approximations. Itis used
when the motion of nuclei and the motion of electrons can be separated. The wave
functions of a molecule could be diverse into two parts (electronic and nuclear

components) in a mathematical way.

Yiotar = Ye " Yn Equation 2.3
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As the nucleus is heavier than electrons (more than 2000 times), the nuclei move much
more slowly than electrons. Consequently, electrons can relax for each nucleus motion
and reach the fundamental state instantly. Thus the kinetic energy and electrostatic
repulsion term of nuclei in the Hamiltonian can be considered as a constant. As a

result, the total Hamiltonian can be simplified (Equation 2.4).

H=T,+V,,+7V, Equation 2.4

However, it is still impossible to solve this equation exactly for a system bigger than
one hydrogen atom. Thus several approximations should be used to find an
approximated wave function. For example, we can mention: Hartree-Fock Method,
Post-Hartree-Fock Method and Density Functional Theory (DFT) method. In our study,

all the calculations were performed by using DFT method.

2.2 DENSITY FUNCTIONAL THEORY

2.2.1 HOHENBERG-KOHN THEOREM

Density Functional Theory based 3 theorems: the first, Hohenberg and Kohn theorem
which demonstrates that the electronic density p(r) of the ground state of the system
is unique for the extern potential V(r) (interaction between electron and nucleus).
Furthermore, the kinetic energy and the potential for interaction between electrons can
be written also in function of the electronic density. Thus, the properties of the studied
system can be determined by using only the electronic density, for example: the
Hamiltonian, the wave function, total energy, and all the properties of the ground state.
The second theorem of Hohenberg and Kohn states that there exists a universal
functional for the electronic density p(r) to compute the energy of the system. This
functional does not depend on the external potential. Moreover, the exact electronic

density is minimized the energy at the ground state of the system.

So for a given potential V(r), the energy of the ground state of the system can be

described as a function of p(r) (Equation 2.5):

Bl = [V@)p@dr +Flp] Equation 2.5

= V(r): Coulombian attraction between electrons and nuclei

21
© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Hao Hu, Université de Lille, 2019

METHODOLOGY

» F[p]: Universal functional, sum of kinetic energy, interaction between

electron and electron, exchange-correlation.

The minimization of the total energy of a system, depending on the electronic density
will give both the exact energy and the exact electronic density.

2.2.2 KOHN-SHAM METHOD

Kohn-Sham Method is used to find energy of the ground state. Orbitals (Kohn-Sham
Orbitals) are introduced in order to obtain a better description for the kinetic energy of
the system.® A Slater determinant is used to describe the wave function. Thus the
following terms can be described:

. 1 .
= Total wave function: Y = \/ﬁ |y ... O Equation 2.6
N
= Electronic density: p(r) = Z:lq;i(r)l2 Equation 2.7
i
= Kinetic energy of non- N 1 .
, _ , Ty = Z <<1)i|—§V2|<1)i> Equation 2.8
interacting particles: .

1

Thus the energy of the ground state (Equation 2.5) can be written as below:

N

Elo)] = . (0]~ 37|01} + [ v@Io@dr + 101 + Beelp]  Equation 2.9

i
= J[p]: Classic interaction between electron and electron (repulsion Colombian)

» E..[p]: Exchange-correlation energy (contains all the non-classic electron-

electron interaction terms)

Then the Kohn-Sham equations can be solved:

1 :

(_EVZ + Veff) d; = &P, Equation 2.10
With Verr = V(@) + V() + Ve () Equation 2.11

= V(r) :Extern potential nuclei apply to electrons cloud

= V4 (r):Potential associate to classic part of electron-electron interaction

= V..(r):Exchange-correlation potential
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The resolution of the Kohn-Sham equation is performed by an iterative method who is
called a SCF (self-consistent field) process (Figure 2.1).

Initial electronic density

p(r)
- . - \
Calculation of effective potential
(Kohn-Sham potential) D
Resolve Kohn-Sham equation
1
(‘EVZ + Veff) $; = &d;
\_ _J

Il

Calculation of new electronic density
()

N
P = D Ibi (I’

SCF converged ?

( Calculation of properties J

Figure 2.1. Self-consistent Field (SCF) process

2.2.3 APPROXIMATIONS TO EXCHANGE CORRELATION FUNCTIONAL

The main difficulty to solve Kohn-Sham equation is the calculation of exchange-
correlation part E,. that can be decomposed in two parts: exchange part and

correlation part (Equation 2.12).

Exc[p] = Ex[p] + E.[p] Equation 2.12
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where Exlp] = f p(r)ex[p(r)]dr
Equation 2.13
Eolpl = [ p@eclp(rilar

2.2.3.1 LocAL DENSITY APPROXIMATION (LDA)

The first approximation of the exchange-correlation energy is called the Local Density
Approximation (LDA) that considers the energy as a local functional of the electronic
density.® This approximation can be used in systems with slow electronic density
variation that can be treated as a Uniform Electron Gas (UEG) system.

Ex4[p] = jp(r)efc’cEG [p(r)]dr Equation 2.14

= UEG: exchange correlation energy density of a UEG of density p

This exchange correlation energy can also be separated in two parts: exchange energy

and correlation energy (Equation 2.15), as is discussed higher (see Equation 2.13).

UEG _ LUEG UEG
Exc = €y + €.

Equation 2.15

* The exchange energy has been determined by Slater* and Dirac®.

Equation 2.16
T

etrelp) = 3 (A7)

* The correlation energy has no exact expression yet. Meanwhile, eV£¢ can
be described by an analytical expression obtained by fitting quantum

Monte-Carlo calculations®.

However, this method is not fully appropriate for chemical systems that could not be
treated as a uniform electron gas (UEG). For example, in molecules and oxides, there
is an important variation in the electronic density. In this case, electronic correlations
will be overestimated while the electronic exchanges are underestimated. Therefore,
better approximations that consider inhomogeneity of the electronic density in the
calculation of exchange and correlation energy should be used to improve the

accuracy of the calculation of the chemical system.
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2.2.3.2 THE GENERALIZED GRADIENT APPROXIMATION (GGA)

Generalized gradient approximation (GGA) is an improved version of LDA to describe
a complex chemical system (solid or molecule). By using a Taylor type development,
the evaluation of the energy will take into account “a non-local correction” including the

gradient of p to the exchange-correlation energy (Equation 2.17).”

EgE4pl = f p(r)eiéAp(r), IVp(r)|]dr Equation 2.17

As we mentioned before, the exchange correlation energy can be separated in two
parts (Equation 2.18).

EZE4 = EZ°4 + EG9A Equation 2.18

The exchange term can be written as below:

B854 = [ p(Iel e (oI Q) Equation 2.19

= f:Enhancement factor

= (¢ : Dimensionless variable

with |Ap|?
( —_

=T 1 _ 8 Equation 2.20
(2(3m2)3)2p3

The exchange functional can be described by two famous “families”. empirical
functionals (suggested Becke?) or rational functionals (suggested by Perdew?). In our

work, the exchange energy was calculated by the latter approximation.

2.2.3.3 PSEUDOPOTENTIAL

In a periodic solid, the electronic wave functions can be described by a basis set of
plane waves. Very large number of plane waves is needed to describe the oscillations
of wave functions of the valence electrons in the core region as it varies very rapidly.
In order to decrease the computational time, a pseudo-potential approximation should
be used. As the chemical bonds are formed by the external valence electrons, and that
the electrons located in the core do not participle in the chemical bonds, the oscillations

of wave functions of core electrons can be removed to simplify the calculation. These
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oscillations of wave functions of core electrons can be replaced by a smoother
pseudopotential that acts on a set of pseudo wave functions illustrated schematically
in Figure 2.2. The all-electron valence wave function (solid line) oscillated very rapidly
in the core region. The pseudo wave function (¥p..q4,) g€nerated by a pseudopotential
Vpseuao (dashed line) is identical to coulomb potential (Z/r) (solid line) after a certain
radius r. (cutoff radius). After this approximation, the profile of wave function is much

smoother near the core, hence it requires less plane waves to describe it.

lJ'Bseudcn

|
L

e \/‘P\J ' ‘i'rc
I

. Vpseudo
\, A

“
7
4

—\‘f

Figure 2.2. Schematic illustration of all-electron (solid lines) and pseudo-electron (dashed
lines) potentials and their corresponding wave functions. The radius at which all-electron and

pseudo-electron value match is designated r.°

In our work, a Projector Augmented Waves (PAW) approach®!! will be utilized to
describe the electron—ion interactions. In this method, the pseudo wave function can

be expanded into pseudo partial waves:

PSy — PS\c.
PP = Z 16 Equation 2.21
L

The transformation of true all-electron wave function with pseudo wave function can

be written as:

AE\ _ PS\ _ AE\ ..
|[PAE) = T|PP°) = Z | )Ct Equation 2.22
L

lilliad.univ-lille.fr
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with identical coefficients c; in both expressions. Hence the all-electron wave function

can be described by Equation 2.23

AE\ _|@PSy _ PS\ .. AE)
1P4E) =19P%) = > 18f)e + ) 1600 Equation 2.23
i L

In this equation, only expansion coefficients for the partial wave expansions are still
unknown. As the transformation 7 is required to be linear, the coefficients are scalar
products of the pseudo wave function with some fixed functions (p{’ 5| called projector
functions. Hence, the coefficients could be the linear function of the pseudo wave

function.

¢; = (pfs|wrs) Equation 2.24

Therefore, the all-electron wave function can be found from the pseudo wave function
by using Equation 2.25.

|PA45) =|PFS) + ZU‘PLAE) — 167°) (0¥ |#7*) Equation 2.25

This equation can be illustrated schematically by Figure 2.3.

o | @
T e e

Plan wave part “True” spherical part Pseudo spherical part

Figure 2.3. Schematic illustration of equation of all-electron wave function.

2.2.3.4 DFT+U METHOD

Highly correlated systems cannot be described correctly by LDA or GGA since DFT
over delocalize electron. Therefore, an additional Hubbard term (denoted “U”) that
describes Coulomb interaction should be added in the calculation. The Coulomb
interactions are particularly important for localized d and f orbital, but can be also

important for p orbital. The interactions can be described by two parameters: U
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(Coulomb interaction) and J (exchange interaction). These parameters U and J can be

deduced from ab initio calculations or in a semi-empirically way.

In first principle calculations, the DFT+U corrections can be introduced in two main
different ways: the first is introduced by Liechtenstein et al.'?> and the second is
proposed by Dudarev et al.*® In our work, the first method will be utilized, and the total
energy of the system will be calculated with the following equation (Equation 2.26).

Etor = Eprr + Enr — Eqc Equation 2.26

= E,, . Total energy of the system with correction term

» Eppr: Energy obtain by DFT calculation

= Eyr : Correction term that considers the correlation

= FE,. : Double-counting term that contains the part of the correlation for

localized electrons already taken into account in the DFT

2.3 TRANSITION STATE THEORY

Studying the reactivity of a system requires discovering the minima on the free energy
surface and also the Transition State (TS) of the possible reactions. As far back as
1935, Eyring, Polanyi and Evans proposed the Transition State theory.!* In this
concept, a chemical reaction can be represented as nuclei moving from one minimum
to another. The origin of Transition State theory is the path of minimum energy that
connects the reactants to the products. This reaction path can be described by Figure
2.4. At the maximum energy of the reaction path, the geometrical configuration of a
system is called the Transition Structure. The activation Gibbs free energy (AG7)
corresponds to the energy difference between the Gibbs free energies of the Transition

State and the reactant (Equation 2.27).

AGi = GTS - Greactant Equation 227

The macroscopic reaction rate constant can be defined by Equation 2.28:

krate = ——€ RT Equation 2.28
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Energy
A
AGH——
AG=0——
Reactant

. P

AGy 1 .
-~ Perpendicular Product
coordinates

Reaction coordinate

Figure 2.4. Schematic illustration of a reaction path®®

2.3.1 NUDGED ELASTIC BAND METHOD (NEB)

In order to find the geometry of the Transition State, the Minimum Energy Path (MEP)
should be found first. Nudged elastic band method (NEB)¢-2° is the most utilized
method for determining the MEP between two local minima (reactants and products).
This method is quite operative to find the Transition State of various types of chemical

reactions?!, or the diffusions of molecule or atom on a surface?2.

Figure 2.5. The nudge-elastic band (NEB) method for locating transition states.'®

The principle of NEB is shown in Figure 2.5. It is necessary to create intermediate
geometries between the initial state and the final state. These intermediate geometries

can be considered as an elastic band of N+1 images (labelled Ry, Ry, R, ..., Ry,
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where R, and Ry should be fixed as they correspond to initial and final states). During
the global geometric optimization of the band, a set of forces is determined from the
position of the previous and following images and applied to the intermediate image in
order to avoid the relaxation of all the geometry towards the initial or final states. The

corrected energy on each point of NEB is calculated according to the equation below.

N-1 N
k
F(Ry,..,Ry) = Z E(Ry) + Z 5 (R = Ri_1)? Equation 2.29
=) =1

The NEB force acting on each image i can be considered as a perpendicular force and
a parallel force (cf. Figure 2.5)%:

Fygp = F{' + F} Equation 2.30

» F; : Perpendicular force due to the external potential

Ff‘ = —VE(R;) + VE(R)). ; T; Equation 2.31

= F3': Spring force

F" = k[(Riz1 — R) — (R — Ri_)]- % Equation 2.32
* 7,:Tangent atimage i

5 = Rit1 —Ri—1 .
i —lRi+1 R4l Equation 2.33

The weakness of this method is that it could not reach the transition state directly but
only an approximate geometry. Therefore, it is possible to use the "climbing image"
NEB method?’. In this method, the force on the image with highest energy is no longer

present in Equation 2.30 but as equation below:

F, . =-VE(R;, . )+2VE'(R; )

lmax

= _VE(Rimax) + VE(Rimax)' %imax %imax

lmax

Equation 2.34

It can be noticed that, this image is not submitted to spring forces. The climbing image

moves up or down the potential energy surface along or perpendicular to the elastic
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bond. Meanwhile the other images converge to the MEP with a good approximation to
the reaction coordinate around the saddle point. When the CI-NEB converge, the
climbing image will converge to the saddle point, consequently the Transition State will
be found.

2.4 MOLECULAR DYNAMICS

Molecular dynamics (MD) is an efficient method for modelling systems at atomic level.
Many effects that will modify the properties of modelled system can be included, for
example solvent and physical parameter effects (ex: temperature). In order to define
the temporal evolution of the atomic positions, a classical Newton’s equation of motion
is integrated depending on the forces acting on the atoms. These forces can be
computed either at the classical or quantum level. Therefore, both equilibrium
thermodynamic and dynamic properties of a system at finite temperature can be

computed.

2.4.1 BORN-OPPENHEIMER MOLECULAR DYNAMICS

In order to combine electronic structure calculation with Molecular Dynamics, several
approaches can be utilized: Ehrenfest?, Born-Oppenheimer? and Car-Parrinello®®
molecular dynamics. In our work, Born-Oppenheimer approximation will be used. This
approximation is based on classical molecular dynamics. In this method, each
molecular dynamic step is considered as a static electronic structure problem. Hence
at each time a set of fixed nuclear positions can be found. In this context, the electronic
structure can be obtained by resolving the time-independent Schrédinger equation. For
the electronic ground state, the Born—Oppenheimer molecular dynamics method is

defined by the following equations.

M,R,(t) = -V, I{lpion{(lpol}[ellpo)} Equation 2.35

Hepo = Eotho Equation 2.36

* R;: Nuclear coordinates
= 3, : Fundamental state

= H, : Electronic Hamiltonian
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The Born-Oppenheimer Molecular Dynamics is a good approximation as equations of
motion can be integrated on the time scale of nuclear motion. However, electronic
structure problems have to be solved self-consistently at each molecular step. The
bottle neck of the simulation is the time needed to solve the Schrédinger equation and
to compute the forces acting on the atoms. However, this method is needed when the
chemical bonds are formed or broken. A classical calculation, using empirical force

fields is not adapted to the evolution of the chemical products.

2.4.2 VERLET ALGORITHM

The Verlet algorithm is commonly used to calculate the particles trajectories in
molecular dynamics simulations. In this method, Newton's equations of motion will be
integrated. Firstly, two third-order Taylor expansions for the positions r(t) will be

written, one forward and one backward in time.

t 1d3 .
r(t + At) = r(t) + v(t)At + ﬂAt2 + =2 A 4 o(AtY Equation 2.37

2 31dt3
a(t 1d3r .
r(t —At) = r(t) —v(t)At + %Atz — EFM?’ + o(Aat?) Equation 2.38

Add Equation 2.37 with Equation 2.38 get the basic form of the Verlet algorithm.
r(t + At) + r(t — At) = 2r(t) + a(t)At? + O(At?) Equation 2.39

As here we integrate the Newton’s equations of motion, so the acceleration a(t) can

be written by Equation 2.40.
_f -
a(t) =— Equation 2.40
m

Where the force is a function of the position r(t).

a(t) = —w Equation 2.41

It can be noticed that the velocity v(t) is not shown in the basic form of Verlet algorithm

(Equation 2.39). In fact, the velocity can be found derived from the trajectory:

r(t + At) — r(t — At)

2 Equation 2.42
AL + O(At?) q

v(t) =
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2.4.3 ENSEMBLE AND THERMOSTAT
In molecular dynamic simulation, three main canonical ensembles are defined:

= Micro-canonical ensemble: NVE in which E is constant.
= Canonical ensemble: NVT in which T is constant.

= |sothermal-isobaric ensemble: NPT in which P and T are constant.

In our Molecular dynamic calculation, canonical ensemble is used, hence thermostat
is operated in order to maintain constant temperature in our system. The temperature
of a molecular system can be defined by instantaneous kinetic energy. The
temperature can be carried out by following expression.

_ T mvf

T= 3NK, Equation 2.43

= m,;: Masse of particle i

= v;: Velocity of particle i

The Nosé-Hoover thermostat?®-28 is a good thermostat for canonical ensemble. The

equation of motion can be represented in following form:

dni _ B |
i - m Equation 2.44
dpi _ - » :
= F,—ex*p; Equation 2.45
1 ip? DT
£=— — = i
0 Lim rkpTy Equation 2.46

* p;: Momentum of the atom i

* D¢ Number of degrees of freedom

= T,: Temperature of the thermostat

Q: Adjustable parameter called virtual mass

¢ is identical for all the particles in the system. ¢ increase when the temperature of the
system is higher than the thermostat (), on the other hand, it will decrease when the
instantaneous temperature of the system is lower than T,. Q is the parameter who will

fix the oscillation frequency of the temperature.
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2.5 APPLICATION IN OUR WORK

2.5.1 GEOMETRY OPTIMIZATION

All calculations are performed within the Density Functional Theory (DFT) framework
using the Generalized Gradient Approximation (GGA) of Perdew, Burke and Ernzerhof
(PBE) ’. The Vienna Ab-initio Simulation Package (VASP)?°3° was used to solve the
Kohn-Sham equations®. The electron wave functions were expanded on a plane-wave
basis set with an energy cut-off of 600 eV. The electron—ion interactions were
described within the Projector Augmented Waves (PAW) approach®. For the
calculation of a small cell (a=5A; b=5A; c=35A), a (55 1) k-points mesh was used.
And for a bigger cell (a= 10 A; b=10 A; c =35 A), a (3 3 1) k-points mesh was used.
For a transition metal, the Coulomb repulsion for electrons located in a 3d orbital is not
correctly described in a spin polarized treatment of DFT, therefore a DFT+U approach
will be used to solve the problem.332 The Value of U is equal to 4 eV for Fe and Cr
with J equal to 1 eV in both cases. The Kohn-Sham equations were solved self-
consistently until energy difference between cycles become lower than 104 eV. The
atomic positions have been fully optimized until all forces applying on the atoms were

smaller than 0.03 eV/ A per atom.

For molecular dynamic simulations, Born—-Oppenheimer molecular dynamic
simulations were carried out in the canonical NVT ensemble, the temperature was
controlled by a Nosé—Hoover thermostat?®?” around 450K. A time step of 1 fs was

utilized for motion equation.

2.5.2 ENERGY AND THERMODYNAMIC CALCULATION

For the adsorbed molecules, various optimized structures were compared and their
adsorption energies compared. The adsorption energy per molecule is calculated by
the equation below (Equation 2.47). Furthermore, a negative adsorption energy
corresponds to an exothermic adsorption.

E —E — (E, Xn ,
Eads — total surface ( adsorbate adsorbate) Equatlon 247

Nadsorbate
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The Gibbs energy is defined in terms of a system’s enthalpy and entropy as below:

G=H-TS Equation 2.48

At constant temperature and pressure, the energy change (AG) may be written as
following:

AG = AH —TAS Equation 2.49

It can be noticed that it varies with temperature. For a given temperature, the Gibbs
energy for an equation can be described by following expression.

AG(T) = Z vibG (0, T) Equation 2.50

l

= y;: the stoichiometric coefficients of the species i of the reaction
For a reaction taking place at 0 K the enthalpy change is simply the electronic energy
change at 0 K32
AH(0K) ~ AEgytq Equation 2.51

Our calculation are running at 0 K, hence the Gibbs energy can be presented as below:

AG(0K) = AE Equation 2.52

Combining Equation 2.50 and Equation 2.52:
AG(T) = BEYS + ) ViGeors (T Equation 2.53
i

Our study mainly focusses on interactions between a solid surface and molecules in
the gas phase. For a solid, its Gibbs energy will not change, as its volume is fixed for
different temperatures under different pressures. Only the thermodynamic corrections
of the Gibbs energy for adsorbed molecules will be calculated using the Gaussian3*
program which is based on statistical thermodynamic for a perfect gas. The correction
to the internal thermal energy and thermal correction to enthalpy and Gibbs energy are

calculated by following enquations.3®
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Eot = & T & T & T & Equation 2.54
furthermore Heorr = €or + kgT Equation 2.55
and Georr = Heorr — TStot Equation 2.56
where Stot =S¢ +85,+S, + S, Equation 2.57
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CHAPTER 3 REACTIVITY OF IODINE ON SURFACE
NUCLEAR REACTOR COOLANT SYSTEM

nder severe accident conditions, part of the iodine presented in the RCS is
under metal iodide aerosols (e.g. Agl, Cdls, etc.) or under of gaseous iodine
(I2@).* lodinated aerosols or condensed vapours are deposited on the RCS surface
consisted of 304L stainless steel tubes.? In this chapter, the adsorption of control rods
metal iodide (Agl and Cdl2) on chromium and iron oxide surface will be detailed.
Additionally, the formation of volatile species (Izg) from adsorbed surfaces will be

discussed.

3.1 LITERATURE REVIEW ON IODINE

As mentioned in Chapter | section 1.3, 3! is one of the most important radionuclides
regarding the radiation dose received by the exposed population.? It could be easily
concentrated into humans’ thyroid. lodine can be found under different forms in the

reactor: metal iodide (for example: Agl and Cdl2) or volatile lodine (l2)).

3.1.1 PHYSICAL PROPERTIES OF IODINE AND METAL |IODIDE

The silver—indium—cadmium control rod alloy is used in PWRs, and contains ~80%uw
of silver, 15%w: of indium and 5%w of cadmium.* These elements can be released in
case of failure of the control rod and in a lesser extent as fission products. They are
important as they can react with fission products such as iodine. First of all, the physics
properties of metal iodide (Agl and Cdl2) and molecular iodine (l2)) that will be studied
in our work, will be introduced. Several isotopes exist for iodine. Only one isotope (*?1)
is stable in nature. Other artificial isotopes have mass numbers ranging from 108 to
141. The commonly used radioactive tracer elements are: 23 (t,, = 13.27 h, electron
capture decay), '®I (t, = 59.408 d, electron capture decay), I (ty, = 1.57x107y, B
decay), 13l (.= 8.02070 d, B- decay).®
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3.1.11 PHYSICAL PROPERTIES OF |IODINE

At room temperature, iodine (l,) is a bluish-black and lustrous solid® with an irritating
odour®. Its melting point is equal to 113.7 °C and its boiling point is equal to 184.4 °C.
Its vapour is violet with a density equal to 6.75 g/L at 101.3 MPa. lodine is not very
soluble in pure water (with 0.03 g per 100 g water at 20 °C)%, however, its solubility in
organic solution is fairly high (for example at 25°C: in CCl4 19.2 g/kg, in ether 337.3
g/kg, in ethanol 27.1 g/kg, in benzene 164.0 g/kg and in toluene 182.5 g/kg).” Models
of lodine (I2) under different forms are shown in Figure 3.1. The solid iodine is in an
orthorhombic structure (Cmca). The volatile iodine is in a diatomic form with a distance
between two iodine atoms equal to 2.66 A.

(b)

Figure 3.1. lodine molecule () in (a) solid form and (b) gas form.

3.1.1.2 PHYSICAL PROPERTIES OF SILVER IODIDE

Silver iodide (Agl) is a yellow solid with a density equal to 5.68 g.cm and its melting
point is equal to 558 °C meanwhile its boiling point is equal to 1506 °C.° It is not soluble
in water (28x107 g/L at 25°C; 25x10® g/L at 60°C) and most acids.® At ambient
temperature, silver iodide crystallize in its B-phase with a hexagonal Wurtzite structure
(Figure 3.2 (a) and (b)) in which Agl form six member rings. Above 420 K (147 °C), its
a-phase becomes more stable with a body-centred cubic structure (zinc blende) and
has the silver centre cations are distributed randomly.® The gas form of Agl is

represented in Figure 3.2 (c). The distance between Ag and | atom is equal to 3.39 A.
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(b)

. 3.39 A .

Figure 3.2. Silver iodide (Agl): (a) B-phase solid form (side view) (b) B-phase solid form (top

view); (c) gas form.

3.1.1.3 PHYsICAL PROPERTIES OF CADMIUM |ODIDE

@

cdq -
i. "

‘ﬂd cd cd b

Figure 3.3. Cadmium iodide (Cdl2) molecule: (a) solid form (side view) (b) solid form (top view);

(b)

(c) gas form.

Cadmium iodide is a stable pearly white or bright white solid which is often found under
hexagonal pads form.1° Its density is equal to 5.64 g.cm™ and its melting point is equal
to 387 °C, meanwhile its boiling point is equal to 742 °C.® Cadmium iodide is very
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soluble in the water (86.2 g at 25 °C and 125 g at 100 °C for 100 g of water) and its
solubility in alcohol is even higher (110.5 g at 20 °C for 100 g ethanol and 206.7 g at
25 °C for 100 g methanol).®!! Models for cadmium iodide (Cdl.) are shown in Figure
3.3. Layers of Cdl. are represented in the solid form (Figure 3.3 (a)) with a ring
structure (Figure 3.3 (b)). The Cd-I bonds are mainly ionic with a character partially

covalent. The distance between Cd and | atoms is equal to 2.60 A for Cdl. gas.*?

3.1.14 OVERVIEW

In conclusion, control rods metal iodide (Agl or Cdlz) can form 6 member rings
structures in their solid states. The three compounds which will be studied in this
chapter (Agl, Cdl> and I2) are in gas form at high temperature (above 1500 °C).
Pressure evolution of saturation vapour for different compounds that contain iodine is
presented in Figure 3.4.13 It is shown that silver iodide (Agl) is the most condensable
iodine species among considered compounds.

0.0 »
.

-0.5 A

-1.0 A

-1.5 A

Log(Psat/Patm)

-2.0 A

254§

n
-3.0 T T T T T T T

0 200 400 600 800 1000 1200 1400 1600
Temperature

Figure 3.4. Pressure evolution of the saturation vapour of Agl (line, circle) Cdl, (short line,

triangle) and I, (point, square).*®

3.1.2 BEHAVIOUR OF IODINE AND METAL |IODIDE IN SEVERE ACCIDENT CONDITIONS

Behaviours of molecular iodine and metal iodides in severe accident conditions have
been discussed for a long time. They have been studied firstly by US Nuclear
Regulatory Commission*4. Their behaviours will depend on the accidental conditions:

temperatures, pressures, flows and reactions with various materials.? For example,
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molecular iodine can form organic and inorganic species during a severe accident.
These compounds can be released directly in gas form. Or else, some of them can
interact with the surface of the coolant system and be deposited on it. Aerosols that
reach the nuclear containment settle in the liquid phase to form iodide (I) which can
be oxidized into molecular iodine (I2g). In this section, literature on chemical
behaviours of iodine and metal iodides will be reviewed into two parts: liquid phase
behaviours and gas phase behaviours.

3.1.2.1 LIQUID PHASE BEHAVIOURS

In case of a nuclear accident, a large amount of iodine and metal iodides may be
released into liquid phase. Even though, iodine is not very soluble in water (Chapter
[ll, Section 3.1.1.1), some metal iodides are soluble in water (ex: Cdl2). So
understanding of chemical behaviours of iodine and metal iodides in the liquid phase

is important.
3.1.211 Chemistry of lodine under Radiation

In 1980, Lin firstly studied the chemistry of iodine ions in aqueous solution under high
intensity gamma-rays at ambient temperature.*®> He found that iodide ions can be easily
oxidized to I at higher concentration of I" and low pH. He proposed the following
reaction schemes:

[T+0OH->1+O0OH™

[+ OH — HIO

[+1-1,

[~ + HIO + H* - I, + H,0

I, + H,0 - H* + I~ + HIO

HIO + n OH(successive oxidation) — 105"

J-W. Yeon et al.'® have concluded that the iodine formation from I ion started by its
oxidation to Iz by HO® formed by gamma radiation and is followed by its release in
air (Figure 3.5). They studied the temperature effect on these steps. They found that,
with the augmentation of temperature, the rate of first step (gamma oxidation) decrease

while the rate for the second step (evaporation of I2) increase.
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1,(9)

Air (2) Proportion

to temperature

y-ray
I~ag)i = e
(1)
Rate is inverse
proportion to temperature.

l,(aq)

Figure 3.5. Paths of iodine from I~ ion dissolved in solution to Iz in the air.*®

3.1.21.2 lodine reactions with silver

lodine in cooling systems may react with silver. A mechanism of this reaction has been

proposed by Furrer et al.1’:
b +2Ag = 2 Agl Equation 3.1

They calculated the forward and reverse rate constant for this reaction (K forwarda =1 mol’
LLts?and Kk reverse =101 molt.L1.s1)Y. Hence the formation of |2 from Agl in the liquid

phase is not kinetically favourable.

3.1.2.2 GAS PHASE BEHAVIOURS

In accidental conditions, temperature can be very high in the reactor (up to 2000°C),
therefore, iodine behaviour in gas phase is of great importance. lodine and metal
iodides can be released from the primary system or from molten core debris. They can
remain airborne or can deposit on surfaces, dissolve in sprays or be otherwise
transferred to liquid.? Inside the reactor coolant system (RCS), gas phase reactivity is

of prime importance or with RCS surface (stainless steel).
3.1.2.2.1 Effect of Cadmium in Transport of lodine

Cadmium is released primarily in case of failure of the control rod.'® In the reactor
coolant system (RCS), cadmium can be expected as: metal (Cd), oxide (CdO),
hydroxide (Cd(OH).) or even may form cadmium iodide (Cdly) in case of reaction with
iodine compounds.'®2% Experimentally, M. Gouéllo et al.?® found that cadmium may

play an important role in transport of iodine in RCS. They heat metallic cadmium and
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caesium iodide in a crucible under three different atmospheres (different percentages
of argon, steam and hydrogen gases) at a temperature lower than 400 °C. By adding
caesium iodide and cadmium at the same time, they observed that iodine was retained
in the crucible by possible formation of a Cd-1 compound when there is no hydrogen or
only a very small amount of hydrogen gas. L. Bosland and L. Cantrel?! have simulated
the Cd-Cs-I-Mo-H20 gaseous system in order to understand the iodine transport
through the RCS in presence of control rod metals. Under oxidant and reducing
conditions, the formation of Cdl2 is limited. The system does not reach thermodynamic
equilibrium. Kinetic limitations will determine the exact composition of the gaseous

phase. Hence, it is interesting to understand the reaction pathway of Cdl> formation.

3.1.2.2.2 Gas Phase Deposition onto Aerosols

Aerosols are very small solid particles or liquid droplets suspended in a gas phase.
The particles size ranges between 0.01-20 um.??> Many reactions may occur on their
surfaces. H.J Allelein et al.??> have reviewed aerosol physics processes. In severe
nuclear accident, the aerosol formation is the main mechanism by which fission
products would be transported inside the reactor coolant system (RCS). They are
formed by the material volatilized in the core. Then, they are carried out to lower
temperature regions and grow up by vapour condensation and agglomeration. Many
experimental experiences and theoretical studies have been performed on this
process.?>27 H. Hijazi?® has performed theoretical study on the adsorption of water on
Agl aerosols and on the formation of Ixg and IOH(g) with and without radical (OH®) in
the gaseous phase. The interaction between Agl surfaces and water is very week
which is coherent with the low solubility of Agl in water. The direct formation of volatile
iodine species from Agl (110) surface is not possible. Moreover, the dissociation of
water molecules on the surface is endothermic, consequently formation of Hl is not
favourable. However the formation of iodine species becomes favourable with the
participation of oxidative species such as OH* radical. The activation energy of the
process is equal to 1.00 eV for the formation of l>g and 0.65 eV for the formation of
IOH. The reaction pathway for the IOH formation in gas form is shown in Figure 3.6.
Firstly, the surface is oxidized by two radical (OH®) (A->B). Then one iodine moves
towards OH group and forms IOH on the top of the Ag atom (B> C). Afterwards, IOH

on the surface is desorbed by breaking bond with iodine on the surface (C->D). In the
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end, there is a displacement of OH group in order to fill the vacancy created by the
missing iodine (D->E).
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Reaction pathway

Figure 3.6. Reaction pathway leading to the formation of IOH including the oxidizing the
surface twice with two OH® (Ag, I, H and O are respectively coloured in bright blue, purple, red

and white).?®

3.1.2.2.3 Gas Phase Deposition onto RCS Surface

An NEA Group of Experts?®® has defined the remobilization phenomena of fission
products which can happen on the primary circuit surface and inside the containment
building. They describe four steps: re-suspension, re-entrainment, re-vaporization and
re-volatilization (Figure 3.7). The three former phenomena may occur on the reactor
coolant system (RCS) surface. Resuspension means that aerosol or condensed
materials that are deposited on the structure surface can be carried as fine fragments
due to drag force generated by fluid flow. Re-vaporization of a compound may occur,
at high temperature, when vapour pressure on the surface (equal to the saturation
pressure) is larger than its partial pressure of surrounding gas. Re-entrainment
describes the entrainment of dissolved or deposited chemical compounds as droplets

by the boiling of liquid or by steam flashing.
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Figure 3.7. Transport behaviour by (a) Resuspension (b) Re-entrainment (c) Re-vaporization

(d) Re-volatilization.?®

The re-vaporization and resuspension of deposited fission product particles on the
primary circuit surface have been considered as the main source term in late phase of
fuel degradation in a severe nuclear accident.3® Some studies have been done on this
topic.2%-34 P.D.W. Bottomley et al.>® have studied the re-vaporization of fission product
deposits (Cs and I) in the primary circuit. By combining experimental and theoretical
modelling studies, the detailed surface interaction and the reactivity of the deposited
fission product can be better understood. They detailed re-vaporization of Cs and | on

the stainless steel 304L surfaces.

D. Obada et al.*>3 have studied the re-vaporization of Csl and Agl aerosols deposited
on stainless steel, by combing ToF-SIMS and XPS, in order to simulate reactions that
occur on the surface of RCS in severe accident condition. For the re-vaporization of
Csl deposits, between 400 °C and 550 °C, the release of molecular iodine is very slow.
At higher temperature (>550°C), the release of iodine is faster. So they supposed that
Csl revolatilize from the surface as Csl species and then react with gas-phase
molecules to form Izg. The re-vaporization of Agl deposits was studied at a
temperature lower or equal to 750°C under three conditions: synthetic air, argon/steam
(%vol. 70/30) and air/steam (%vo. 20/80). The elementary composition of the remaining

compounds on the surfaces, determined by XPS, after re-vaporization of Agl, are
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displayed in Table 3.1. It depends on the gas composition. Under air, the atomic ratio
Ag/l equal to 2.25 which means that there is a preferential re-vaporization of iodine as
l2). Under argon/steam (%.wo. 70/30) condition, the presence of Agl on the surface
after re-vaporization is very low (Ag 0.7 %a. and | 0.3%a) with an atomic ratio Ag/I
equal to 2.3. Consequently, under this condition, even though only very few Agl
remains on the surface after re-vaporization, the re-vaporization of Ixg) is expected.
Under the third condition (air/steam %o 20/80), an important re-vaporization of Iz
can be noticed. Indeed, the surface is composed of 2.1 %3 of Ag while only traces of
iodine can be found («0.01 %a). The shape of the TPD analysis depends on
atmosphere composition: only one release pic for re-vaporization under synthetic air

and two release pics under air/steam condition.

Table 3.1. Residual quantities of I, Ag, Mn, Cr and Fe after re-vaporization of Agl deposition

in different atmospheric conditions (XPS quantitative analysis, %at.) after treatment at 750°C3®

Re-vaporization atmosphere

o Argon / steam Air / steam
Synthetic air (%vol. 70/30) (%vol. 20/80)
lodine 1.6 0.3 «0.01
Silver 3.6 0.7 2.1
Manganese 2.7 174 9.6
Chrome 4.6 3.1 135
Iron 25.9 15 6.1

The ToF-SIMS profiles of Ag-containing ionic fragments for a re-vaporized cutting
under three conditions at 750 °C are shown in Figure 3.8. Normally, this technique is
very sensitive to isotopic element composition analysis. Conversely, from Figure 3.8,
it can be noticed that there is some incoherent in this case with this technique which
up to now have not been determined. For example, for argon/steam %... 70/30 (Figure
3.8 middle), isotropies AgO* and %°AgO* show in totally different evolution shape.
However, the presence of Agl* and Ag'®®AgO* on the surface under synthetic air can
be observed. Therefore, theoretical study on these processes will be very useful in

order to understand the chemistry of Agl on primary circuit surface.
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Figure 3.8. ToF-SIMS profiles of Ag-containing ionic fragments for a re-vaporized cutting
under (left) synthetic air (middle) argon/steam (%vol. 70/30) (right) air/steam (%vol 20/80) at
750 °C.%»

3.2 ADSORPTION OF Agl ON CHROMIUM AND IRON OXIDE SURFACES

In this chapter, theoretical study for the adsorption of control rods metals iodides (Agl
and Cdlz) on the surface of the primary circuit and the mechanisms leading to the re-
vaporization of these iodine deposits will be investigated in order to understand the
influence of Ag and Cd onto the transport of iodine. First of all, the adsorption of Agl
on the surface of the reactor coolant system (RCS) will be discussed. The section is

divided into two parts: thermodynamic and reactivity.

3.2.1 THERMODYNAMIC STUDY

Firstly, Agl molecules were adsorbed on five different surfaces mentioned before
(Chapter | section 1.5.2) in order to understand the adsorption of silver iodides on
stainless steel surface and the formation of molecular iodine from these adsorbed
surfaces: Cr,O3Cr (neutral chromium oxide surface), Chromyl (oxidized chromium
oxide surface), Cr,03Cr,(OH)3 (hydrated chromium oxide surface), Fe,OsFe (neutral
iron oxide surface) and Fe,OsHFe (reduced iron oxide surface)3®3’. The adsorption
simulations are run under different coverages which can be described by equation

below:

r = nAgI adsobed

Nadsorbed sites

" Tygradasobea - NUMber of adsorbed Agl molecules.

" Ngasorbed sites - Number of Cr or Fe sites available for Agl adsorption.
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The most stable structures of adsorbed Agl molecules on these five surfaces are
classed by coverage (Table 3.2). It can be noticed that almost all stable structures are
non-dissociative adsorptions, except the adsorption of Agl below 25% coverage on the
chromyl surface. Hence, it can be concluded that the associative adsorption of Agl over

these five oxide surfaces are more favourable than dissociative ones.

Table 3.2. Adsorption of Agl on chromium and iron oxide surfaces in function of its coverage.
Chromium: green. Iron: blue. Oxygen: red. Hydrogen: light yellow. Silver: yellow. lodine: grey.

Agl Coverage (%)
Model
25 50 100

CI’zOsCI’

Cr Chromyl

Cr203Cr2(OH)3

Fe Fe.OsFe

FEZOaH Fe

Furthermore, in order to compare the adsorption of Agl on different surfaces, the

adsorption energy per Agl molecule adsorbed was summarized in Table 3.3. This
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energy is calculated according to the equation mentioned in Chapter Il Section 2.5.2

which can be written as below for adsorption of Agl:

_ Etotal - Esurface - (EAgI X nAgI)
Eads -

Nygi
with E 45 < 0, corresponding to an exothermic reaction.

Table 3.3. Adsorption energy per Agl, for different coverages, on chromium and iron oxide

surfaces.
Agl Coverage (%)
Model
25 50 100
Cr20sCr -1.51 eV -1.82 eV* -1.81 eV*
Cr Chromyl -1.41 eV -1.42 eV* -1.63 eV*
Cr203Cr2(OH)3 -1.21 eV -1.51 eV* -1.47 eV*
Fe,OsFe -1.93 eV -2.15 eV* -2.23 eV*
e Fe,OsHFe -1.89 eV** -1.62 eV** -1.66 eV**

* Agl form a chain/a cycle, so the energy includes energy of formation of a chain/ a cycle and the
interaction energy between the chain and the surface.
** Spin problem, these energies cannot be compared with the other adsorbed surfaces.

For adsorption of Agl on Cr,O3Cr (neutral chromium oxide
surface), the most stable structure of Agl on this surface is
in tripod form (Ag-OOO, Figure 3.9) where silver atom is
situated on the hollow site of the surface. At 25%
coverage, Agl stays isolated on the surface with an

adsorption energy equal to -1.51 eV. When the coverage

-

increases (50% and 100%), Agl form a chain structure with
Figure 3.9. Tripod structure

of Agl on the surface. Cr: . ,
green. O: red. Ag: yeIIow. I: of the chain (-181 eV, with E adsorption Agl chain = -0.70 eV per

grey. adsorbed Agl).

a slight increase of adsorption energy due to the formation

On the Chromyl surface (oxidized chromium oxide surface), adsorption mode of Agl
changes compared to the other surfaces. At 25% coverage, Agl is dissociated on the
surface. The silver atom is situated between two terminal oxygen atoms and iodine
atom is in bridging position between terminal oxygen atoms of surface (Figure 3.10).

Its adsorption energy is weaker than the one for neutral surface (-1.41 eV).
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(a) (b)

217 A

T 203 A

Figure 3.10. Side view adsorption of Agl on the Chromyl surface at 25% coverage (a) side bc

(b) side aé. Chromium: green. Oxygen: red. Silver: yellow. lodine: grey.

When the coverage reaches to 50%, Agl forms a chain with a slight augmentation of
adsorption energy (-1.42 eV, Figure 3.11 a) which is probably due to the formation of
Ag-l bond in the chain that compensates the reduction of the interaction with the
surface (E adsorption Agl chain = - 0.30 eV per Agl adsorbed). When Agl coverage is equal
to 100% on the Chromyl surface, Agl molecules form a cycle that is in epitaxy with the
surface (Figure 3.11 b), due to the formation of bonds between silver atoms and
terminal oxygen atoms . Its adsorption energy is increased due to the formation of the
cycle (-1.63 eV with E adsorption Agl cycle = - 0.19 eV per Agl adsorbed). This type of cycle
structure has already observed in the solid structure of silver iodide (Chapter IlI,
Section 3.1.1.2).

Figure 3.11. Top view for adsorption of Agl at (a) 50% (b) 100% coverage on the Chromyl

surface. Chromium: green. Oxygen: red. Silver: yellow. lodine: grey.

One the Cr,03Cr,(OH)s surface (hydrated chromium oxide surface), at 25% coverage,
Agl molecule is isolated on the surface with Ag atom present on hollow position (tripod
structure (Ag-O0Q)). Compared to other chromium oxide surfaces, its adsorption
energy is less favourable (-1.21 eV). When the coverage increases to 50%, Agl

molecules form a chain (Figure 3.12 a). The distance between the chain and the
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surface is about 2.5 to 3.5 A. The adsorption energy no longer totally corresponds on
adsorption of Agl, but also on the formation of Agl chain (-1.51 eV, E adsorption Agl chain =
- 0.40 eV per Agl adsorbed). Half of Ag atoms still stay on the hollow position on the
surface, meanwhile the others moved away from the hollow position and they do not
form any bond with the surface. When coverage reaches 100%, Agl forms a ring
structure (Figure 3.12 b) with a formation energy equal to -1.47 eV (where E adsorption
Agl cycle = - 0.04 eV per Agl adsorbed). In this case, no more Ag atom is staying on
hollow position and no bond is formed with the surface. Comparing adsorption energy
per Agl adsorbed on this surface with the other ones, it is fair to say that hydrated
surface is less favourable for adsorption of Agl.

Figure 3.12. Top view for adsorption of Agl with (a) 50% (b) 100% coverage on the
Cr20:Crz(OH); surface. Chromium: green. Oxygen: red. Silver: yellow. lodine: grey. Hydrogen:

light yellow.

Another hydrated surface with H.O atoms adsorbed directly on chromium oxide was
studied (Figure 3.13 a). H-O molecules are adsorbed on chromium oxide surface until
a totally saturated surface is obtained where six water molecules are adsorbed.
Thermodynamic stability of this surface has been discussed in recent study¢. This
surface (named Cr-Osz-H-Cr-OH-(H20): in article®) is stable at ambient temperature
with water partial pressure above 3 bars. The presence of water molecules on the
surface does not prevent Agl to adsorb on the surface. In this case, the Ag atom is still
present with a tripod structure on the surface (Ag-OOO, Figure 3.13 b). The adsorption
energy for 25% coverage of Agl on this surface is even slightly more favourable (-1.61
eV) compared to surface without presence of water (-1.51 eV on Cr20O3Cr surface).
However, when coverage of Agl rises to 75% or 100%, this advantage does not exist
anymore as water molecules adsorbed on the surface block the formation of bonds

between some of Agl molecules and the surface (Appendix Figure A.1).
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(a) (b)

Figure 3.13. a) Totally saturated hydrate chromium oxide surface (with six water molecules).
b) Agl adsorbed on totally saturated hydrate chromium oxide surface. Chromium: green.
Oxygen: red. Silver: yellow. lodine: grey. Hydrogen: light yellow.

On the Fe,OsFe surface (neutral iron oxide surface), the
Agl adsorbed in a geometry similar to the one on neutral
chromium oxide surface (Cr.O3Cr). Silver atom is located
in hollow position of the surface with a tripod structure
(Ag-O0O0, Figure 3.14) and remains isolated on the

surface at 25% coverage. Furthermore, adsorbed Agl

“* also forms a chain with higher coverage (50% and 100%

Flgure 314 TrIpOd structure W|th E adsorption Agl chain = '103 eV and '110 eV per Agl

of Agl on the surface. Fe:
Blue. O: red. Ag: vellow. I; adsorbed). Overall, the adsorption energy is slightly

grey. higher than for neutral chromium oxide (Cr2OsCr, -1.51
eV to -1.80 eV depending on the coverage) and range from -1.93 eV to -2.23 eV in

function of number of Agl adsorbed.

On the Fe,O3HFe surface (reduced iron oxide surface) with coverage equal to 25%,
the tripod structure of Agl (Ag-O0O) is still present on the surface. At higher coverage
(50% and 100%), the presence of H atom on the surface
avoids the formation of Ag-O bond with the surface.
Therefore, a bipod structure (Ag-OO) presents on the
surface with the formation of a chain (Figure 3.15). A spin
problem has been encountered during the calculation, so

itis not possible to compare its absorption energy directly

v

with the one for other surfaces. This issue may be

Figure 3.15. Bipod and chain associated with the low probability of existence of this
structure of Agl on the surface.
Fe: Blue. O: red. Ag: yellow. I
grey. H: light yellow. following works.

surface. Therefore, we will not study this surface in
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In conclusion, at high coverage, Agl tends to form a chain or ring structure rather than
isolated moieties on the surface. Agl adsorbs in same way on the neutral chromium
oxide surfaces (Cr203Cr) and neutral iron oxide surface (Fe2OzFe) with similar
adsorption energy. From an energetic point of view, adsorption on neutral surfaces are
more stable than adsorption on modified surfaces (oxidized or hydrated). It can also
be noticed that the adsorption energy on iron oxide surface is more favourable than on
chromium oxide surface. It may be noticed that the surface of oxidized chromium oxide
(Chromyl), will favour the oxidation of I" into I>. The chemistry of this surface will be

studied in the next part.

A bader® analysis of the electronic density has been performed in order to get a better
understanding of the Agl interaction with the surface. For most of our models (except
Chromyl surface), silver and iodine atoms stay in ionic state (Ag* and I'), and the
electron distribution on the surfaces is almost unchanged compared to bare surfaces
(spin differences below to 0.1). For Chromyl surface, with indirect connection between
chromium atoms of the surface and adsorbed Agl molecules by terminal oxygen atoms,
there is an exchange of electrons between surface and adsorbed species. Chromium
atoms on the top of the surface show an important variation of spin (0.5 - 0.9) according
to the number of Agl adsorbed on the surface. As the surface has been peroxided, Agl

molecules can make exchange of electrons with the surface much easier.

3.2.2 REACTIVITY STUDY

As mentioned in previous chapter, during a nuclear accident, iodine could be liberated
as gaseous iodine Ixg and it may impact the iodine source term, hence, the formation
of Ixg) and Aglyg) from adsorbed surface will be studied in this section. Furthermore,
the formation of Ag i) on adsorbed surface has also been discussed, in order to
compare its formation with the iodine one. In Table 3.4, formation energies for I,4) and
Agsig) and sublimation energy of Aglg) on the three most interesting surface models
are reported. All the calculations are based on most stable structures with different Agl

coverages.
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Table 3.4. Formation energy of Ixg and Ag (sig and sublimation energy of Agl(g) from different
surface models with Agl adsorbed.

N° Reaction Sl\:gf;‘;e AE (eV)
Cr20sCr 2.36
1 Surface-Agl = Surface-Ag + ¥z 1x(Q) Chromyl 0.20
Fe.OsFe 2.13
_ Cr20sCr 5.41
ForT:;“O” > Surface-2Agl D Surface-2Ag + lo(g)  Chromyl 0.71
Fe,OsFe 4.67
Cr20sCr 10.63
3 Surface-4Agl = Surface-4Ag + 2 1x(Q) Chromyl 3.09
Fe,OsFe 9.06
Cr20sCr 0.04
4 Surface-2Agl = Surface-21 + 2 Ag(s) Chromyl 1.25
Formation Fe.0sFe 1.33
Ag (sig) Cr,05Cr 3.26
5 Surface-2Agl = Surface-21 + 2 Ag(Q) Chromyl 4.47
Fe2OzFe 4.56
Cr203Cr 1.51
6 Surface-Agl = Surface + Agl(g) Chromyl 1.29
Fe2OzFe 1.93
_ _ Cr203Cr 3.65
Su?;rr(gt)lon 7 Surface-2Agl = Surface +2 Agl(g) Chromyl 2.84
Fe>OzFe 4.31
Cr0:Cr 7.26
8 Surface-4Agl = Surface +4 Agl(g) Chromyl 6.50
Fe>OzFe 8.87

By comparing formation energy on three different surfaces, it can be noticed that
formation of Ags) on Cr,O3Cr surface seems to be the most favourable reaction
compared to other reactions (AE = 0.04 eV). However this advantage in energy
between Reaction 3 and Reaction 4 (Table 3.4) comes from sublimation of Ag(). The

silver fusion temperature is around 960°C. If the temperature in the RCS is higher,
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silver is expected to become liquid, but its partial pressure will remain low. The second
favourable reaction is the formation of Iyg) on Chromyl surface (oxidized chromium
oxide surface). For a coverage of 25% (Reaction 1, Table 3.4), formation of Iyg) is
slightly endothermic (AE = 0.20 eV). On the opposite, the formation of I from a
chromyl surface with a coverage of 50% is more endothermic (AE = 0.71 eV). In order
to describe the conditions of the reactor, thermodynamic correction taking into account
the temperature and pressure are needed. Furthermore, the thermodynamic correction
term of Iy and Agl) are important at high temperature as silver and iodine atoms are
heavy. Consequently, there may be a competition between formation of I>g and

sublimation of Agl() at high temperature.

3221 FORMATION OF l2(g) ON OXIDES SURFACES WITH Agl ADSORBED

10 { o Cr203Cr 10 A Fe203Fe

-8 T T A -8 T T
0 500 1000 0 500 1000
Temperature (K) Temperature (K)

Figure 3.16. Gibbs free energy for (black) formation of I>g and (red) sublimation of Agl(g) on
surfaces Cr.03Cr and Fe,OsFe with Agl coverage equal to (line) 25%, (short line) 50% and
(point) 100% from 0 K to 1300 K.

By adding thermodynamic correction terms of I,q) and Agl), Gibbs free energy for
formation of Iz and sublimation of Aglg on three most interested surfaces are
calculated and shown on Figure 3.16 and Figure 3.17. It can be noticed that the
formation of Iz is not possible on Cr.O3Cr and Fe2OsFe surfaces as the sublimation

of Agl(g) (red) is more favorable than the formation of l>g (black) (Figure 3.16).
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Furthermore the sublimation of Aglg) will be favoured thermodynamically only when
AG < 0. Consequently, for Cr.O3Cr surface, the sublimation of Agl( occurs at about
556 K for a coverage equal to 25% and about 655 K for coverages equal to 50 % and
100%. Besides, for Fe>OsFe surface, the sublimation temperatures for Aglg on an
adsorbed surface with coverages equal to 25%, 50% and 100% are 702 K, 766 K and
794 K.

On Chromyl surface with adsorbed Agl (Figure 3.17), it can be noticed that the
formation of Iy (black) is always more favourable than the sublimation of Agl) (red)
at low temperature. Ixg) (black, line) can be formed almost spontaneously (at 75 K) with
a 25% coverage while the Agl(g sublimation is thermodynamically possible above 550
K and even more favourable than the I formation above 930 K. When the coverage
increases to 50%, the formation of Ixg) (black, short line) can occur between 305 K and
780 K. Over this temperature, the sublimation of Agl) (red, short line) would happen.
For a surface totally covered by Agl (100%), the temperature ranges for the formation
of Iz (black, point) is very small (from 593 K to 637 K). For higher temperature, Agl

adsorbed on surface will be sublimated (red, point).

Chromyl

AG (eV)

'9 T T T T T T
0 200 400 600 800 1000 1200
Temperature (K)
Figure 3.17. Gibbs free energy for (black) formation of Iy and (red) sublimation of Agl on
surfaces Chromyl with Agl coverage equal to (line) 25%, (short line) 50% and (point) 100%

from O K to 1300 K.
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As the formation of I>g) on adsorbed chromyl surface is possible, the reaction pathway
for this formation will be discussed. At 25% coverage, the most stable form of Agl on
Chromyl surface is a dissociated one (Table 3.2) then the reaction pathway to form
l2@) will be simple as shown in Figure 3.18. Firstly, Agl adsorbed on the surface, with
one bond created between Ag atom and terminal oxygen on the surface (A->B). Then
Agl can be dissociated on the surface with a negative dissociation energy (-1.41 eV,
B->D) with Ag adsorbed between two terminal oxygen atoms of the surface and | atom
adsorbed on one of the two rest of terminal oxygen atoms of Chromyl surface (Figure
3.10). This step goes through an un-dissociated Agl intermediate (C) adsorbed
between the two terminal oxygen atoms of the surface. Afterwards, it is possible to
form Iz with I that come from the dissociation of two different Agl molecules (D> E).

0.9

04 A

-0.1 A

Energy (eV)

-1.1 A

-1.6

Reaction Pathway

Figure 3.18. Energy diagram for formation of I on Chromyl surface adsorbed by Agl at 25%

coverage. Chromium: green. Oxygen: red. Silver: yellow. lodine: grey.

Then transition states between different stable states are calculated by Nudged elastic
band method (NEB) method3°-4! (Chapter Il Section 2.3.1). Between state B and C no
transition state can be found and the energy gap between two states are quite small
(0.13 eV). The transition state between C and D is shown in Figure 3.19 (top) with an
activation energy equal to 0.77 eV. During this step the distance between Ag and |
atoms increases (C: dag.= 2.62 A; TS1: dagi= 3.97 A and D: dag.= 4.55 A) and iodine
atom moves from the top position on the Ag atom towards one of the terminal oxygen

atoms of Chromyl surface. In order to calculate the transition state between state D
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and E (liberation of l2g)), a larger surface (double size) is used aiming to contain two
iodine atoms. The transition state between these two new states are shown in Figure
3.19 (down). It can be seen that the activation for this step is equal to 0.64 eV.
However, energy difference between state D and E for a double size cell is slightly
lower than that in a single one (0.14 eV instead of 0.20 eV) which is due to the change
of cell size. The distance between two iodine atoms decrease from state D to E. One
iodine atom that is still located on the top of one terminal oxygen atom of the surface
while the second iodide move from the top position to form the I-I bond. The Iy
molecule is formed and can be released from the surface. Hence, with several steps
slightly endothermic (AEactivation < 0.80 eV), this reaction can occur rapidly inside reactor
coolant system when the temperature is high. In conclusion, Iz could be liberated in

presence of air when coverage of Agl lower or equal to 25% on Chromyl surface.
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Figure 3.19. Energy diagram of transition states for formation of lg on Chromyl surface with
Agl adsorbed with a coverage equal to 25%. (top) transition state from state C to D (down)

transition state from state D to E. Chromium: green. Oxygen: red. Silver: yellow. lodine: grey.

As shown in Figure 3.17, with Agl coverage equal to 50%, the formation of I is also

possible. The reaction pathway for the formation of I>g is shown in Figure 3.20. When
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the coverage reaches 50%, Agl forms a chain structure on the surface (B) which is
very stable (AE = -2.84 eV). After compression and distortion of this chain (C), two Agl
molecules are separated and move into the spaces between two terminal oxygen
atoms of Chromyl surface (D). In the end, the distance between two iodine atoms
decreases until forming I> and be released from the surface (E).

0.5

\ o
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1 1
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Figure 3.20. Energy diagram for formation of I on Chromyl surface adsorbed by Agl with

coverage equal to 50%. Chromium: green. Oxygen: red. Silver: yellow. lodine: grey.

All previous steps are endothermic and the transition states between different stable
states will be looking for also by using Nudged elastic band method (NEB) method3®-
41 (Chapter Il Section 2.3.1). From state B to C (Figure 3.21, top), the chain structure
of Agl distorts, and forms small segment of Agl which contains two Agl molecules (TS;
and C). The transition state was found with an activation energy equal to 0.52 eV. From
state C to D (Figure 3.21, middle), the bond between two Agl molecules is broken and
each molecule moves towards the space between two terminal oxygen atoms of
chromyl surface. For this step the activation energy is higher than the first step (0.83
eV). For the last step where lxg) is formed (Figure 3.21, down), the distance between
two iodine atoms decreases (D: 3.25 A; TSz 3.08 A and E: 2.66 A). The activation
energy for this step is even higher than for the previous ones (1.14 eV). Compared
with the reaction with an Agl coverage equal to 25%, the activation energy for the 50%

coverage is higher, so the reaction with this coverage is slower.
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Figure 3.21. Energy diagram of transition states for formation of lg on Chromyl surface with
Agl adsorbed with a coverage equal to 50%. (top) transition state from state B to C (middle)
transition state from state C to D (down) transition state from state D to E. Chromium: green.

Oxygen: red. Silver: yellow. lodine: grey.

When chromyl surface is totally covered by Agl atoms, the formation of Ixg) is almost
not probable. It occurs only in a very small temperature range (from 569 K to 613 K).
Since chains and rings are formed on the surfaces at this coverage, we can expect
that the activation energy will be equivalent to the 50% ones. As many possible
reaction pathways may occur, formation of 1> and/or Agl (at the same time), and as the
thermodynamic calculations indicated that the desorption is less probable on the fully

covered surfaces, we did not study these mechanisms.
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3.2.2.2 FORMATION OF I2(g) ON OXIDE SURFACES WITH AN OXIDANT.

From Figure 3.16, it can be noticed that the formation of I on Cr2O3Cr and Fe>OsFe
is not possible. As a result, the formation of I>g) on these two surfaces could occur
only by adding an oxidant. In nuclear studies, OH* is often used as an oxidant as it can
be generated by water radiolysis. The energies of these reactions are grouped in Table
3.5. It can be observed that, with the participation of oxidants (OH®), the formation of

l2i) Will be observed spontaneously (reaction exothermic).

Table 3.5. Formation energy of Iy on chromium and iron oxide surface with Agl adsorbed in
presence of oxidants (OH®).

Reaction Model A Energy (eV)
Surface-2Agl + 20H* > Surface-2Agl-20H > Cr205Cr -2.84
Surface-2Ag-20H + Iz Fe,OsFe -3.29

3.2.3 CONCLUSION

In conclusion, the formation of Ixg) not possible on Cr.O3Cr and Fe>OsFe surfaces by
thermal effect. Sublimation of Agl( on these two surfaces is more favourable. From a
thermodynamic point of view, the formation of l>g should be occurred on Chromyl
surface with Agl adsorbed in some temperature ranges. By transition state calculation,
it can be noticed that the formation of I over a chromyl surface covered by 25% of
Agl is faster than 50%. Furthermore, with participation of an oxidant in the reaction, the

formation of Iz on neutral surfaces (Cr203Cr and Fe2OzFe) become possible.

3.3 ADSORPTION OF Cdl>» ON CHROMIUM AND IRON OXIDE SURFACES.

Secondly, adsorption of cadmium iodide (Cdl2), with Cd coming from rod degradation
on the surface of the reactor coolant system (RCS) will be studied. Mechanisms for re-
vaporization of iodine species will also be discussed. It will also be presented into two

parts: thermodynamic study and reactivity study.

3.3.1 THERMODYNAMIC STUDY

Firstly, Cdl> molecules were adsorbed on four different surfaces mentioned before

(Chapter | section 1.5.2) in order to understand the adsorption of cadmium iodide on
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stainless steel surface and the potential formation of molecular iodine from these
surfaces: Cr,O3Cr (neutral chromium oxide surface), Chromyl (oxidized chromium
oxide surface), Cr,03Cry(OH)s (hydrated chromium oxide surface) and Fe;OsFe
(neutral iron oxide surface)3¢%". Fe,OzHFe (reduced iron oxide surface) surface would
not be discussed in this section as a reduced surface will not favour the oxidation of
an adsorbed species.

Table 3.6. Adsorption of Cdl, on chromium and iron oxide surfaces in function of its coverage.
Chromium: green. Iron: blue. Oxygen: red. Cadmium: yellow. lodine: grey.

Cdl, Coverage (%)

Model

CI’zOsCI’

Cr Chromyl

A
Cl’203CI'2(OH)3 &—w,_& /‘\&/‘\-‘, &}\I‘

A b ed G ded deedeb.

Fe Fe.OsFe

The adsorption simulations are run under different coverages which can be described

by equation below:

_ Ncar, adsobed

Nadsorbed sites
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" Ncar, adgsovea - NUMber of adsorbed Cdlz> molecules.

Naasorved sites - Number of Cr or Fe sites available for Cdl, adsorption.

The most stable structures for adsorption on these four surfaces are classed by
coverage in Table 3.6. It can be noticed that almost all stable structures represent an
associative adsorption. Hence, it can be concluded that the associative adsorption of
CdlI2 on these four oxide surfaces are more favourable than dissociative adsorption.
The adsorption energy per Cdl> molecule adsorbed was summarized in Table 3.7.This
energy is calculated by equation mentioned in Chapter Il Section 2.5.2 which can be
written as below for a surface adsorbed by Cdl:

_ Etotal - Esurface - (ECdIZ X nCdIZ)
Eads -

Near,
with E 4, < 0, corresponding to an exothermic reaction.

Table 3.7. Adsorption energy per Cdl, adsorbed for different Cdl, coverage on chromium and

iron oxide surfaces.

Cdl; Coverage (%)
Model
25 50 100
Cr20sCr -1.40 eV -1.40 eV -0.52 eVv*
Cr Chromyl -0.36 eV -0.80 eV -0.56 eVv*
Cr203Cr2(OH)s -0.04 eV -0.22 eV* -0.42 eV*
Fe Fe,OsFe -2.50 eV -2.35 eV -0.64 eV*

* Cdlz2 form a chain/ a cycle, so the energy corresponds part or a big part to energy of formation of a
chain/ a cycle.

For Cr,0O3Cr surface (neutral chromium oxide surface), Cdl: is also stable in a tripod
structure (Cd-OOO, Figure 3.22 a). At 25% and 50% coverage, Cdl; is isolated on the
surface with an adsorption energy equals to -1.40 eV per adsorbed Cdl.. When
coverage reaches 100%, Cdl» forms a cycle that has no contact with surface (Figure
3.22 b). The adsorption energy here corresponds to formation energy of a cycle or to

the condensation energy of Cdl2 (- 0.52 eV where E adsorption cdi2 cycle = - 0.10 eV).
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Figure 3.22. (a) Tripod structure of Cdl, on the surface. (b)Top view for adsorption of Cdl. with
100% coverage on the Cr,OsCr surface. Chromium: green. Oxygen: red. Cadmium: yellow.
lodine: grey.

On Chromyl surface (oxidized chromium oxide surface), as Agl, Cdl, adsorbed in
different ways compared to adsorption on other surfaces. At 25% coverage, Cd is
situated between two terminal oxygen atoms of the surface with an adsorption energy
lower than on other surfaces (-0.36 eV). The cadmium is located in the center of a
tetrahedral-like structure that is formed by two terminal oxygen atoms of the surface
and two iodine atoms. When the coverage reaches 50%, Cdl> group adsorbed on the
top position on terminal oxygen of surface and form a dimer (Figure 3.23 a) with an
adsorption energy equal to -0.80 eV per Cdl.. For a Chromyl surface totally covered
by Cdl> (100%, Figure 3.23 b), Cdl> forms a chain which has no contact with the
surface. The formation energy of this chain equal to -0.56 eV per Cdl2 (where E adsorption
cdi2 chain = -0.36 eV per Cdl» adsorbed).

Figure 3.23. Top view for adsorption of Cdl; with (a) 50% (b) 100% coverage on the Chromyl

surface. Chromium: green. Oxygen: red. Cadmium: yellow. lodine: grey.

For Cr,03Cr,(OH)s surface (hydrated chromium oxide surface): at 25% coverage, Cdl;
has no contact with the surface, hence its adsorption energy is almost zero (-0.04 eV).
When coverage rises to 50%, Cdl> forms a chain but still have almost no contact with

the surface (Figure 3.24 a) with a formation energy equal to -0.22 eV (E adsorption cdi2
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chain = -0.04 eV). When coverage reaches 100%, Cdl. forms a ring structure that still
has no contact with the surface (Figure 3.24 b). The cycle formation energy is equal
to -0.39 eV (E adsorption cdi2 cycle = 0.00 eV). Consequently, it can be concluded that
hydrated surface is not favourable for adsorption of Cdlo.

Figure 3.24. Top view for adsorption of Cdl, with (a) 50% (b) 100% coverage on the
Cr203Cr2(OH)s surface. Chromium: green. Oxygen: red. Cadmium: yellow. lodine: grey.

Hydrogen: light yellow.

As for Agl, we considered another totally saturated hydrated surface with six water
atoms adsorbed directly on chromium oxide surface (Figure 3.25 a) that is stable
above 3 bars of pressure at ambient temperature®. The adsorption of Cdl, molecule
is not avoided by the presence of water. Cadmium atom is still present in a tripod
structure on this surface (Cd-OOO, Figure 3.25 b). The adsorption energy for 25%
CdlI> coverage, on this highly hydrated surface, is less exothermic (AE = -1.00 eV) than
on adsorption on a dry surface (AE = -1.40 eV on Cr20O3Cr surface). However, the
adsorption on this surface is already more favourable than on the Cr2O3Cr(OH)s3
surface (AE = -0.04 eV for 25% Cdl> coverage on Cr2O3Cr2(OH)3z surface). On the
hydrated surface, bond is formed between adsorbed molecule and surface. However,
with more Cdl; adsorbed on surface, the adsorption becomes less favourable and Cdl>
begins to “float” on the surface as of presence of water molecules inhibits the formation
of bonds between the surface and the Cdl2 (Appendix Figure A.2). It can be observed
that there is always one Cdl in a tripod structure (Cd-OOO) while the excess Cdl
molecules polymerize and “float” on the surface. Hence, with low coverage (< 50%),
CdlI> can be adsorbed on totally hydrated chromium oxide surface which is stable at

high pressure (above 3 bars) under ambient temperature.
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(b)

Figure 3.25. a) Totally saturated hydrate chromium oxide surface (with six water molecules).
b) Cdl, adsorbed on totally saturated hydrate chromium oxide surface. Chromium: green.
Oxygen: red. Cadmium: yellow. lodine: grey. Hydrogen: light yellow.

For Fe,OsFe surface (neutral iron oxide surface), adsorbed Cdl> reacts in the same
way as on the neutral chromium oxide surface and forms a tripod structure (Cd-OQO,
Figure 3.26 a). Cdl» stays also isolated on the surface for coverage equal to 25% and
50% and their adsorption energy (-2.50 eV and -2.35 eV) is significantly higher than
on Cr203Cr (-1.40 eV). Cdl; also forms a cycle that has no contact with the surface at
100% coverage (Figure 3.26 b). The cycle formation energy is slightly higher than on
Cr203Cr surface (-0.64 eV with E adsorption cdi2 cycle = -0.22 V)

In conclusion, when Cdl; totally covers the surface, Cdl> has no contact with surfaces
and forms cycles. In fact, with the increase of the number of adsorbed Cdl> atoms on
the surface, Cdl. polymerizes and forms network that are in weak interactions with the
surface. On iron oxide surface, adsorption of Cdlz on this surface is slightly more
favourable than on chromium oxide surface. The adsorptions energy on a neutral
surface is much more important than adsorption energy on modified surfaces (oxidized
or hydrated). The only possible way to adsorb Cdl> on a hydrated surface is on a totally

saturated surface which only exists under high pressure at ambient temperature.

Ccd

Figure 3.26. (a) Tripod structure of Cdl» on the surface. (b)Top view for adsorption of Cdl, with

100% coverage on Fe,;OsFe surface. Iron: blue. Oxygen: red. Cadmium: yellow. lodine: grey.
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Additionally, a bader® analysis has also been performed. For the adsorption of Cdl,
on these surfaces, on most of the surfaces (except Chromyl surface), cadmium (Cd?*)
and iodide I ions do not exchange electrons with the surface. The repartition of the
electrons on the surface is almost unchanged (difference of spin population below
0.07). For Chromyl surface, as adsorption of Agl, Cdl> molecules being adsorbed on
terminal oxygen atoms, there is an exchange of electron between surface and
adsorbed species. Chromium atoms on the top of the surface show an important
variation of spin (0.9) for 25% and 50% coverage of Cdl.. As the surface has been pre-
oxidised, the exchange of electron between Cdl> molecules and surface is much

easier.

3.3.2 REACTIVITY STUDY

As silver iodide, during a nuclear accident, adsorbed cadmium iodide adsorbed on
reactor coolant surface may also release gaseous iodine (l2), Cdlzqg). Therefore, the
formation of I>g) and Cdlzg) from adsorbed surface will be investigated in this section.
Additionally, as a reference, the formation of Cd(s/g) on adsorbed surface has also been
discussed in order to compare with the formation of iodine species. In Table 3.8,
formation energies for l>g and Cdsig) and sublimation energy of Cdlyg on the three
most representative surface models is simulated. All the calculations are based on

most stable structures with different coverage in Cdl..

By comparing formation energy on three different surfaces, it can be noticed that the
formation of Iyg) can occur spontaneously on Chromyl surface with 25% coverage
(Table 3.8, Reaction 9, AE = -0.08 eV). With augmentation of the coverage, the
formation energy of Ixg on chromyl surface increase (AE = 1.35 eV for 50% coverage
and AE = 4.04 eV for 100%) and become impossible from a thermodynamic point of
view. At the same time, the sublimation of Cdlzg on these coverages seem more
favourable (AE = 1.61 eV for 50% coverage and AE = 1.36 eV for 100% coverage). As
mentioned in previous section, our theoretical calculations are performed 0 K while the
temperature inside the reactor coolant system (RCS) may vary from room temperature
to over 1800 K. Moreover, thermodynamic correction term of Iyg and Cdlyg) are

important as cadmium atom and iodine atom are heavy.
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Table 3.8. Formation energy of Ixg and Cdsig and sublimation energy of Cdlyg from different
surface models with Cdl, adsorbed.

Reaction Model A I?g\c;)rgy
Cr20sCr 3.38
9 Surface-Cdl, = Surface-Cd + Ix(g) Chromyl -0.08
Fe,OsFe 4.28
Cr20sCr 6.77
FO”I';(ZHO” 10  Surface-2Cdl, & Surface-2Cd + 2 1,(@)  Chromyl 1.35
Fe2OsFe 8.27
Cr20sCr 10.47
11 Surface-4Cdl, = Surface-4Cd + 4 Ix(g) Chromyl 4.35
Fe,OsFe 8.79
Cr20sCr 0.19
12 Surface-Cdl, = Surface-21 + Cd(s) Chromyl 1.17
Formation Fe20sFe 1.88
Cdsig) Cr,05Cr 1.84
13 Surface-Cdl, = Surface-21 + Cd(g) Chromyl 2.81
Fe2OzFe 3.53
Cr203Cr 1.40
14 Surface-Cdl, = Surface + Cdlx(g) Chromyl 0.36
Fe2OzFe 2.50
Cr203Cr 2.81
S”%i(;rl'a“on 15  Surface-2Cdl, & Surface + 2 Cdl(g)  Chromyl 1.61
o Fe>OzFe 4.70
Cr.0:Cr 2.09
16 Surface-4Cdl, =» Surface + 4 Cdlx(g) Chromyl 2.25
Fe>OzFe 2.61

Consequently, as the energy for the formation of I>g and sublimation of Cdlzg are
close, a competition can exist and they may become exergonic at high temperature.
Hence, calculation on thermodynamic correction terms of I, and Cdlyg) have to be
performed in order to know which would be the favourable product. Additionally, it

should be mentioned here that, as Cdl> molecules form a ring structure that has no
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contact with surface, the sublimation of Cdlyg) at 100% coverage is much more
favourable than at lower coverages. Hence the release of Cdl. in gas form on this
coverage should be easy. The formation of Cds) on Cr,O3Cr surface seems also to be
a favourable reaction (AE = 0.19 eV). Same as in previous section (formation of
gaseous species form surface with Agl adsorbed), the formation of Iz (AE = 1.35 eV)
and sublimation of Cdlyg (AE = 1.61 eV) with same coverage (50%) are not

thermodynamically favoured.

3.3.2.1 FORMATION OF I2(g) ON OXIDE SURFACES WITH Cdl2 ADSORBED.

By adding thermodynamic correction terms to Iyg)and Cdlyq) at different temperatures,
we can calculate the Gibbs free energy for Iz formation and Cdlxg) sublimation on the
three most interested surfaces (Cr.Os3Cr, Chromyl and Fe>OsFe) in function of
temperature. The results are displayed in Figure 3.27 and Figure 3.28.

12 12
~o CI‘203CI‘

Fe,O;Fe

AG (eV)
AG (eV)

-18 T
0 500
Temperature (K)

1000

-12

-15

-18

500
Temperature (K)

1000

© 2019 Tous droits réservés.

Figure 3.27. Gibbs free energy for (black) formation of I, and (red) sublimation of Cdlyg on
surfaces Cr,03Cr and Fe,OsFe with Cdl; coverage equal to (line) 25%, (short line) 50% and
(point) 100% from 0 K to 1300 K.

It can be noticed that the formation of Izg) (black) is not possible on Cr.O3Cr and

Fe20OsFe surface as the sublimation of Cdlzg) (red) occurs before (Figure 3.27). The
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minimal temperature required for sublimation of Cdlxg) (AG < 0) at coverages equal to
25% and 50% on Cr203Cr surface is almost the same, about 458 K. On the Fe>OsFe
surface, this temperature is higher but still quite close for 25% and the one for 50%
coverages (757 K for 25% and 707 K for 50%). As Cdl> molecules form ring structure
when the surface is totally covered, there is no contact with the surface, its desorption
could occur at very low temperature (192 K for Cr.O3Cr surface and 233 K for Fe>OsFe

surface).
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Figure 3.28. Gibbs free energy for (black) formation of I, and (red) sublimation of Cdlxg on
surfaces Chromyl with coverage of Cdl; equal to (line) 25%, (short line) 50% and (point) 100%
from 0 K to 1300 K.

The comparison of Gibbs free energy for formation of I>g (black) and sublimation of
Cdlyg (red) on Chromyl surface is shown in Figure 3.28. The formation of g with
coverage equal to 25% occurs spontaneously (black, line). Then at about 700 K, the
sublimation of Cdlzg) (red, line) become more favourable for this coverage. For
coverage equal to 50%, the formation of l>g (black short line) is more favourable at
low temperature than the Cdl> sublimation, but its Gibbs free energy is positive, the
partial pressure of the gas will remain low. Around 293 K, the Gibbs free energy

becomes negative and at this moment the sublimation of Cdlz) (red short line) is more

74
© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Hao Hu, Université de Lille, 2019

Adsorption of Cdl2 on chromium and iron oxide surfaces.

favourable than the formation of lyg. For a surface totally covered by Cdl,, the
sublimation of Cdlyg (red point) is always favourable and at 206 K the reaction

becomes possible.
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Figure 3.29. Energy diagram for formation of I>g on Chromyl surface adsorbed by CdlI, with

coverage equal to 25%. Chromium: green. Oxygen: red. Cadmium: yellow. lodine: grey.

As the formation of Ixg) on adsorbed chromyl surface is possible, the reaction pathway
will be discussed. First of all, Cdl, adsorbed on Chromyl surface with only one bond
created between cadmium atom and terminal oxygen atom of surface (Figure 3.29,
A->B, AE =-0.09 eV). Afterwards, Cdl> moves between two terminal oxygen atoms of
surface and form two Cd-O bonds (B—>C). In the last step, the distance between two
iodine atoms decreases until the theoretical distance in iodine gas (lI2), dii,th = 2.66 A,
C->D) and then can be released from the surface. It can be observed that every step

is exothermic. So theoretically, the only limitations will be kinetic ones.

The transition states between different stable states will still be calculated by using
Nudged elastic band method (NEB) method®**-4! (Chapter Il Section 2.3.1).From
geometry B to C (Figure 3.30, top), Cdl> molecule which makes a bond with one of the
terminal oxygen atoms of the surface and moves towards the space between two
terminal oxygen atoms (B> TS;). It forms a tetrahedral-like structure with cadmium
atom in the centre of two iodine atoms and two terminal oxygen ones (C). The
activation energy for this step is quite small (0.06 eV), hence equilibrium between B

and C will be reached at all temperature. From C to D (Figure 3.30, down), the distance
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between two iodine atoms decreases close to the distance in Ixg molecule (C: 3.369
A; TS, 2.969 A and D: 2.66 A). The activation energy for this step is slightly higher
than for the previous step (0.17 eV). We can conclude that the decomposition of Cdl>
on an oxidized surface will be very fast and will prevent the formation of important

coverage. Cdlz is a very probable source of gaseous iodine.
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Figure 3.30. Energy diagram of transition states for formation of lg on Chromyl surface with
Cdl, adsorbed with coverage equal to 25%. (top) transition state from state B to C (down)

transition state from state C to D. Chromium: green. Oxygen: red. Cadmium: yellow. lodine:

grey.

3.3.2.2 FORMATION OF l2(g) ON OXIDES SURFACES WITH AN OXIDANT.

From Figure 3.27, it can be noticed that the formation of I on Cr.OsCr and Fe>OsFe
is not possible. As a result, the formation of I2g on these two surfaces occurs only by
adding an oxidant. In nuclear studies, OH* is often used as an oxidant formed by water
radiolysis. The energies of these reactions are grouped in Table 3.9. It can be
observed that, once the oxidant is added, the formation of Ixg will be spontaneous

(reaction exothermic).
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Table 3.9. Formation energy of Ixg on oxide chromium and oxide iron surface with Cdl»
adsorbed in presence of oxidants (OH®).

Reaction Model A Energy (eV)
Surface-Cdl, + 20H* > Surface-Cdl,-20H > Cr20sCr -3.40
Surface-Cd-20H + I Fe,OsFe -3.24

3.3.3 CONCLUSION

In conclusion, the formation of Ixg) is not possible on Cr.O3Cr and Fe>OsFe surfaces
with Cdl. by pure thermal effect without any oxidant. The sublimation of Cdl is
advantageous on these two surfaces. This result is similar to the conclusion drawn on
Agl adsorption studies. The formation of I can only occur with 25% of Cdl, adsorbed
on Chromyl surface at temperature lower than 700 K. When a strong oxidant such as
OH?* is present, the formation of I>g on neutral surfaces (Cr.O3Cr and Fe>OsFe)

become possible.

3.4 GENERAL CONCLUSION

In our study, the adsorption of control rod metal iodides on the oxide surfaces
(chromium and iron oxides) representative of the RCS surfaces. Overall, the
associative adsorption is more favourable than dissociative adsorption on almost all

these surfaces (except Agl on Chromyl surface with a coverage lower than 25%).

When Agl adsorbs onto these surfaces, it tends to form a chain or ring structures on
the surface forming bonds between silver atoms and oxygen atoms from the surface.
The silver atom stays in a tripod structure (Ag-OOO, hollow site) on most of the
surfaces except the chromyl one (oxidized chromium oxide surface). On the opposite,
when Cdl is adsorbed on these surfaces, Cd only forms bonds with oxygen atoms of
the surface when coverage is low (coverage < 50%, except hydrated chromium oxide
surface). Cd also stays in a tripod structure (Ag-OOO) on most of the surfaces except
chromyl surface (oxidized chromium oxide surface). At high coverage, it will form a
cycle that has no direct interaction with the surface. The adsorption of these two iodide
molecules is always more favourable on a neutral surface than on a modified surface
(oxidized or hydrated).The adsorptions on chromium oxide surface are always less

favourable than on iron oxide surface.
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H. Hijazi?® has found that the formation of I from Agl aerosols without an oxidant is
not possible for moderate temperature (~100°C). However, in our case, it is possible
to form Iz from Agl adsorbed on an oxidized chromium oxide surface (Chromyl).
However, the temperature needed to form Iy depends on the Agl coverage. At 25%,
the formation is easier than over other coverage, due to formation of strong bonds
between Agl moieties. Besides, for a surface totally covered by Agl, the range for the
formation of Iy is quite small. This conclusion can explain the partial re-vaporization

of Iz on stainless steel surface observed by D. Obada et al.®

The formation of I form Cdl, adsorbed on the RCS surfaces shows similar trends.
The formation of l>g) will occur rapidly on the oxidized surface when the coverage is
low (CdlI2 < 25%. For both systems, the formation of Ixg) is unfavourable on a neutral
surfaces (Cr20sCr and Fe>OsFe) without the action of an oxidant (OH®).
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CHAPTER 4 REACTIVITY OF RUTHENIUM IN SEVERE
ACCIDENT CONDITIONS

arly October 2017, a mysterious presence of °Ru has been detected in

almost all European countries with activities ranging from a few pBg/m? to
about 150 mBg/m3.t This type of ruthenium isotope could not be observed in normal
condition in the atmospheres. Until now, the cause and exact location of this release
have not been confirmed. However, it should be recognized that during a nuclear
accident, ruthenium radionuclide (including °°Ru) can be released outside from the
reactor containment as gaseous ruthenium tetroxide and aerosol of ruthenium dioxide.
A great part of ruthenium released is deposited on the reactor coolant system (RCS)
surface.??® In this chapter, the adsorption of ruthenium oxide on the surface of the
reactor coolant system (chromium and iron oxide surfaces) will be presented.
Furthermore, the possible formation of volatile ruthenium oxide (RuOasg)) from these

adsorbed surfaces and the ruthenium dioxide aerosols (RuO2s)) will be studied.

4.1 LITERATURE REVIEW ON RUTHENIUM

Ruthenium is one of the fission products that can be formed by fission of uranium. C.
Mun et al.* made a review of ruthenium behaviour and have presented three reasons
why ruthenium is important in nuclear safety study. Firstly, the amount of ruthenium
rises with fuel burn up and increases with fuel enrichment in 225U for identical burn up.
Furthermore, it becomes even greater in a mixed-oxide fuel (Pu/U). Hence, the quantity
of ruthenium formed during fuel life will continuously rise in the future. Secondly,
ruthenium is a high-specific-activity fission product. Thirdly, not only for their chemical
toxicity, from a radiological point of view, °3Ru and %Ru are also two isotopes who
have medium and high toxicity.> As a consequence, ruthenium is radiologically

important in both short-term and middle-term.
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4.1.1 PHYSICAL PROPERTIES OF RUTHENIUM AND RUTHENIUM OXIDES

Ruthenium has 34 known isotopes, with a mass number varying between 87 and 120.
Among them, 7 isotopes are stable (*°Ru, %®Ru, **Ru, %°Ru, °'Ru, 1°°Ru and %“Ru)
and 27 radioisotopes are radioactive with various half-lives. The most stable
radioisotopes are the following: 1°Ru (t»» = 373.59 d, B~ decay), ®*Ru (t.= 39.26 d, B~
and y decay), °’Ru (t»-2.9 d, B* and y decay).® Ruthenium can be found under metallic
and oxides. Ru can exist in several oxidation states, from O to +8. In our works, only
most stable ruthenium oxides will be studied with oxidation states equal to +2, +4, +6
and +8 (RuO, RuO2, RuO3 and RuO.)3.

C
5

4111 PHYSICAL PROPERTIES OF RUTHENIUM

Eh Ruthenium is a rare transition metal belonging to the
platinum group and it presents as a lustrous metal®. Its
melting point is equal to 2607 K and its boiling point is equal

R : ,
t to 4423 K. Its density near room temperature is equal to

12.1 g/cm3.” The solid ruthenium has four allotropic

o
structures. It appears in hexagonal close-packed (hcp)

(P6s/mmc, Figure 4.1) below 1273.15 K.7#8

Figure 4.1. Crystal model

for metallic ruthenium.

4.1.1.2 PHYSICAL PROPERTIES OF RUTHENIUM OXIDES.

Ruthenium monoxide (RuO) has been found only in the gaseous phase at high
temperature (> 1600 K, Figure 4.2 (a)) and no solid form has been identified.®
Ruthenium dioxide (RuO>) is the most stable and most common form of ruthenium
oxides. It is a grey-black solid with density equal to 7.05 g.cm™ meanwhile its boiling
point is equal to 1470 K and it is not soluble in water or in acid.” As lots of dioxide
species, solid ruthenium dioxide shows a rutile structure (TiO2 type, Figure 4.2 (b)).
The gas form of RuO: is represented in Figure 4.2 (c) and it can be noticed that the
distance between Ru and O atom in solid from (1.94 - 1.98 A) is higher than in gas
form (1.68 A). Furthermore, according to F. Garisto?, the ruthenium dioxide can exist
in gas form only at very high temperature (> 2000 K). The existence of RuO3z has been
proved experimentally by H. Schafer'® and W. E. Belll. However, until now, it can only
be found in gas form and its geometry is shown in Figure 4.2 (d). It can be noticed that

all four atoms (1 Ru and 3 O) are in the same plan'? and the distance between Ru
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atom and O atoms increases slightly compared to the one for RuOz(g) (from 1.68 A to
1.69 A). Ruthenium tetroxide is the most oxidised and was probably the main form
released in early October 20171. Ruthenium tetroxide appears in a prism with a yellow
colour in solid form.” Its density equal to 3.29 g.cm™ and its melting point is equal to
25.4 °C.” RuOu is highly volatile and its vapour is very toxic with a pungent odour like
ozone.%3 |t can enter in the humans’ body mainly by the respiratory system!4. The
decomposition of RuO4begins at 40 °C” and a complete decomposition is observed at
about 108°C™. Its decomposition is limited by kinetic factors as, at room temperature,
the partial pressure in equilibrium with RuOzs) is equal to 10-2° bar. Ruthenium tetroxide
is soluble in water (20.3 g/L at 20 °C and 22.4 g/L at 74 °C) and also in acids, alkalis,
ethanol and especially carbon tetrachloride (freely soluble)®. The model for RuOs is
shown in Figure 4.2 (e). It can be noticed that RuO4 stays in a tetrahedral structure

with distance between Ru atom and O atoms equal to 1.70 A.

(@) (b) i

Figure 4.2. Theoretical models for ruthenium oxides molecules: (a) ruthenium monoxide (gas)
(b) ruthenium dioxide (solid) (c) ruthenium dioxide (gas) (d) ruthenium trioxide (gas) (e)

ruthenium tetroxide (gas). Ruthenium: yellow; Oxygen: red.
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4.1.2 RUTHENIUM OXIDES BEHAVIOUR IN SEVERE ACCIDENT CONDITIONS

During a severe nuclear accident of a pressurized water reactor (PWR), the fission
products (FPs) can be released from the nuclear fuel. Then it could be transported in
the reactor coolant system (RCS) and may reach the reactor containment. In the end,
they may be released to environment. Among all the possible fission products,
ruthenium oxides are particularly important due to their high reactivity, high volatility
and toxicity. The non-volatile forms are mainly deposited on the reactor cooling system
surfaces and also on the containment surfaces. In this section, firstly literature on
chemical relativity of ruthenium oxides will be presented including their thermodynamic
proprieties and on the behaviour in severe accident conditions. In the end, literature
on interactions between ruthenium oxides and reactor coolant system and containment

surfaces will be described.

4.1.2.1 CHEMICAL REACTIVITY OF RUTHENIUM OXIDES.

The chemical reactivity of ruthenium oxides is complex. At high temperature, all the

studied oxide species (RuO, RuO2, RuOs and RuQ4) are in gas form.

4.1.2.1.1 Experimental and Theoretical Studies on Different Ruthenium Oxides

Using mass spectrometry, J. H. Norman et al.}” have detected the formation of RuO,
RuO2, RuOs, and RuOas vapour over Rues) surface under O, atmosphere for a
temperature over 1000 K. Furthermore, H. Schafer et al.'° found that at 1273.15 K,
RuOs, RuO3z and RuO: can be decomposed into RuO. On the other hand,
experimentally, B. Eichler et al.® observed the existence of RuO above 1900 K. RuO-
is not quite stable under gas form. By exposing to oxygen, it can form RuO3 and RuQOa,
and then, as RuOs and RuO4 are thermodynamically unstable, decomposition of these
two oxide compounds should be attended when temperature decreases. This process

can be explained with following reaction®1%:

1 .
RuO, + 502 = RuO, Equation 4.1

RuO, + 0, = RuO, Equation 4.2
C. Mun et al.* have calculated the equilibrium constant for direct sense of Equation

4.2, itis equal to 5x101" at 373 K. For oxygen partial pressure of ~0.2 bar, only ~3x10
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19 mol/L of ruthenium tetroxide will be formed. Hence, the formation of ruthenium
tetroxide from ruthenium dioxide in presence of dioxygen is weak. Furthermore, A.

Leudet?® calculated the equilibrium constant for the reverse reaction as follows:

14880 .
K =——-1153+1135InT (TinK) Equation 4.3

The equilibrium constant calculated decreases with increase of temperature (for
example: at 293 K, K=7x10'%; at 373 K, K=2x10%%). Hence, if equilibrium is reached,
the decomposition is almost complete, RuO4 decomposes to RuO.. C. Mun et al.?°
have proposed different decomposition mechanisms for RuOgg) both in dry and humid
air atmospheres (Table 4.1).

Table 4.1. Chemical steps leading to RuO4 decomposition, with or without steam.?°

N° Reactions Steps
1 e
Eq. 4.4 Ru0,(g) - Ru0; (g) + 502 Initiation processes Low
Eq. 4.5 Ru0,(g) + H,0(g) —» H,RuOs Fast
1 1 .
Eq. 4.6 Ru05(g) - ERuzo5 + 1 0, First +VI - +V Low
1 3 . .
Eq. 4.7 H,RuOs - ERuzo5 - 2H,0 + Z02 Reduction +VIII - +V Intermediate
Eq. 4.8 Ru05(g) + Ru0,(s) = Ru,05(s) Catalytic effect of RuO; Fast
1 .
Eq. 4.9 Ru,05(s) = 2Ru0,(s) + 502 Final +V - +IV ?
1 1 .
Eq. 4.10 5 Ru, 05 - 2H,0 + 2H,0 —~ 2(Ru0, - 2H,0) + 50, Reduction +V - +1V ?

In a dry environment, RuO4 decomposes firstly to RuO3(g) in the gas phase (Eq. 4.4).
Then RuO3(g) reduces to Ru2Os (s) directly (Eq. 4.6) or by another reaction path that is
supposed to be much faster with RuO: as catalyse (Eg. 4.8). In a second step, the
decomposition of Ru20s s) to RuO2 (s) will take place (Eq. 4.9). It should be noticed that,
once RuO: is formed, the formation of Ru2Os by catalytic way (Eg. 4.8) will be much
more rapid than the direct formation (Eqg. 4.6). In a humid environment, RuO4(g) can

be dissolved in water and formed hyper-ruthenic acid (Eqg. 4.5). And then, hyper-
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ruthenic acid is reduced in two steps to the hydrated form of RuO: (Eqg. 4.7 and Eg.
4.10).

4.1.2.1.2 Thermodynamic Properties of Ruthenium Species in Gas From.

In order to predict ruthenium behaviour in severe accident conditions, the
thermodynamic properties of ruthenium species in gas from have been studied by
experimental and theoretical approaches.®?-?* Parts of results for the standard
enthalpies of formation (AH°) of ruthenium and ruthenium oxides were classed in
Table 4.2.

Table 4.2. Standard enthalpies of formation AH’ 208 k) Of ruthenium and ruthenium oxides in

kJ/mol
Species Cordf%mke and Garisto® Zimmerman et Miradji et al.?*
Konings?:? al.?

Ru(g) 649.0 + 3.0 649.6 + 13.0 2 640 t 4 638.4+2.1
RuO() 376 + 25 372.0+42.0 7 376 + 4 420416
RUO2() 136 + 10 133.7 + 15.0 140 + 4 140.3 + 1.0
RUO3() -64.1+2.5 484 +12.7 58 + 4 -50.7 +0.5
RuOu() -188.0 + 0.4 -187.1 + 8.4 188 £ 4 -

E. Cordfunke and R. Konings??® determined the Gibbs energy of formation for
different compounds with experimental data (E.M.F?°, electron diffraction® or mass
spectrometry!”31.32) F. Garisto® used average enthalpies of formation for Ru() which
is calculated by J. Rard?® using several experimental and theoretical works*”-31-34, For
standard enthalpy of formation of RuO(g), it is extrapolated from the value proposed by
J. Pedley?” which is based on the experimental measurement using mass
spectrometric performed by J. Norman et al.'”. The standard enthalpies of formation
of RuO2(g), RuO3) and RuOgsg) have been determined by using a second or third law
of thermodynamic from high temperature vapour pressure datal®it17.26.35 G,
Zimmerman et al.?® have estimated enthalpies of formation mainly based on some
mass spectrometric data!’ and some additional knowledges of structures and
vibrational frequencies obtained from low-temperature matrix studies?3.

Theoretically, F. Miradji et al.?* use TPSSh-5% HF for geometry optimization followed
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by CCSD(T) (single and double coupled cluster theory with inclusion of a perturbative
estimation for triple excitation using MOLPRO40%" software package) with complete
basis set (CBS) extrapolations for the calculation of the total electronic energies of
ruthenium species. They used experimental standard enthalpy of formation of RuO4
and have derived the AsH"(298 k) value from four reactions for each ruthenium oxide and
they calculated the average AH’(208 k) value for each oxide. As a result, the energetic

uncertainties obtained are quite small.

4.1.2.1.3 Overview

The thermodynamic instability of RuOs4 has been evidenced many times by
experimental and theoretical works. Moreover, standard enthalpies of formation have
been measured and calculated in literatures. Furthermore, in the same project as our
work (MiRE project (Mitigation of outside releases in case of nuclear accident) of
IRSN), P. Nérisson et al.® studied the filtration on RuO4 by a sand filter and a metallic
filter. They found these filters employed in French PWRs have no practically retention
for RuOgsg but thermal decomposition can promote the trapping. However, a
remarkable decrease of quantity of RuO4 could be noticed, due to the reduction of
RuO4(g) to RuO2s) which occurs for a temperature between 100 °C and 120 °C. This
result is coherent with literature® where RuO4 reaches a complete decomposition at
108 °C.

Knowing the boiling point of all our mainly chemical forms of ruthenium, it can be
noticed that they all tendency to be present in gas form at high temperature (except
Rus)). Ruthenium species at thermodynamic equilibrium at 1 bar pressure and in 501%
air-steam mixture are shown in Figure 4.3. This chemical speciation is calculated by
U. Backman et al.*. It can be noticed that ruthenium metal solid exist only at very high
temperature (over 1450 °C) and in gas forms, there are two dominant gaseous vapour
species (RuOz and RuO4). As we mentioned before (Chapter 1V section 4.1.1.2), RuO
only exist above 1350 °C (1633 K) in gas form. Furthermore, above 1300 °C, a great
amount of RuOzg could be formed, exactly as in nuclear reactor core accident
conditions. Hence, in severe nuclear accident, RuO, RuO2, RuOz and RuO4 may all be
present in gas form. Furthermore, two thermodynamic equilibrium calculations have
similar profiles, the only important difference is the formation of RuO3OHg) under 50w%
air-steam mixture but the thermodynamic data of this species has been reviewed

recently and with these new data, it is no longer a stable form*°,
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Figure 4.3. (Left) Ruthenium species at thermodynamic equilibrium in air at 1 bar pressure.

(Right) Ruthenium species at thermodynamic equilibrium in 50,.% air-steam mixture.*®

4.1.2.2 BEHAVIOUR OF RUTHENIUM RELEASE FROM DEGRADED FUEL AND TRANSPORT IN

THE REACTOR COOLANT SYSTEM.

P. Froment et al.*! investigated the behaviour of ruthenium under severe accident
conditions. They overheated U and Ru oxide mixtures in order to study released
particles (including ruthenium oxides) which depends on many conditions (for example:
the fuel matrix, the temperature, the oxygen potential of the atmosphere in contact with
the fuel). When RuO: is heated in argon, dismutation of oxide leads to the emission of
volatile RuOs-RuOg4following the equation below with an activation energy equal to 172
kJ/mol.

Ru0,(s) = Ruy,(s) + Ru034(9) Equation 4.11

When mixtures of U and Ru oxides heated under air, higher oxidation state species
are emitted firstly which may pre-exist in the starting pellet materials and then lower
oxidation ruthenium species are released after 40s. However, they did not identify the
released species.

VTT Technical Research Centre of Finland (U. Backman et al.3®#2 and T. Kéarkela et
al.*3%%) have run several experiments in order to study ruthenium transport and
deposition in reactor coolant system (RCS) in case of serve accident condition. They
found that the ruthenium can be transported under several oxidation state. RuOasg) has
been detected in trapping bottle in different percentages depending on the
experimental condition. This trapping of RuO4 will be discussed in the next section

(Chapter IV section 4.1.2.3). In addition, depending on the experimental conditions,
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12-35 w% of the released ruthenium was trapped in the outlet filter as RuO: patrticles.
The ratio of RuO: particles could be improved by seed particles and sharper
temperature gradient. Depending on the reactor temperature, the composition of
gaseous ruthenium is different. At 1300 K, ruthenium was transported in gaseous form
(RuOg4(g) and the increase of steam partial pressure increases the fraction of gaseous
ruthenium. Above 1500 K, ruthenium species are transported almost totally as aerosol
particles (RuOzs)) and the gaseous ruthenium seemed to react on the surface of the
stainless steel tube where RuO: particles had been deposited.

As RuO- can also be used in catalytic reaction, numerous theoretical studies**° have
been performed on this system. The most stable surface for RuO; is (1 1 0) surface*’~
49 (Figure 4.4) which has also been confirmed by our calculations.

Rupr

Figure 4.4. Theoretical model for RuO (1 1 0) surface. Respectively, the directions a, b, and
care [001],[-110]and [1 1 0]. The definitions for different special sites (Rupr, RUcus, Opr and

Os3) are indicated in the figure. Ruthenium: yellow. Oxygen: red.

H. Wang et al.*® has studied the O, dissociation on the RuO (1 1 0) surface. They
found that O2 adsorbed in bridging position between two adjacent Rucus atoms (low
coordination Ru atoms) is the most stable geometry for a molecular adsorption.
However, the dissociative adsorption of Oz on the same position (cus-cus) is about 0.6
eV more favourable. When all Rucs sites are occupied in a 7-fold coordinated
structure, the adsorption energy per Oz adsorbed is about 1.0 eV less favourable than
the one for lower coverage. They also calculated the transition states between different
adsorption modes. They found that, diffusion of O atoms on the surface along cus row

has activation energy about 1.3 eV.
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4.1.2.3 INTERACTIONS BETWEEN RUTHENIUM OXIDES REACTOR COOLANT SYSTEM AND

CONTAINMENT SURFACES.

Current studies generally believe that RuO), RuO2g and RuOz3g could not reach the
containment as they are thermodynamically unstable below 1000 °C, as a result, only
RuQa) might be present in containment.*

P. Cains and S. Barnes®® deposited volatile ruthenium on steel surfaces and found that
above 150 °C the deposition could happen and deposits are under crystalline RuOz ()
without bonding with steel surfaces. The decomposition of RuO4g) on the surface has
been observed by previous mentioned experiments and other experiments55?

according to the reaction described by Equation 4.12.
RuO4(g) = RuO,(s) + 0,(g) Equation 4.12

Only few experimental studies have observed the presence of RuOs. B. Eichler et al.3
studied the volatilization and deposition of ruthenium oxides in a thermal gradient tube.
They detected Ru, RuO2, RuOz and RuOsaccording to different conditions in the tube.
Furthermore, G. Zimmermann et al.>® studied the photochemical decomposition of
RuQas, they found that Ru, RuO, RuO. and RuO3z have been observed during the

photochemical decomposition.

T. Sakuria et al.>® have adsorbed RuO4(g) on stainless steel, Ni, Cu, and Au metals and
have tried to identify the products by X-ray analysis and XPS. They did not observe
any liberation of Oz and, by XPS analysis, they concluded that no ruthenium oxide
nor metal oxides were formed. Hence, they supposed that adsorbed RuO4 stays in a
peroxide state on the metals with Ru-O-O-Ru bonds linked between two RuOas
molecules. However, the results have never been reproduced. J. Holm et al.? have
studied the deposition of ruthenium tetroxide on various surfaces (aluminium, copper
and zinc who represent in reactor containment) using X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), X-ray diffraction (XRD) and
inductivity coupled plasma-mass spectrometry (ICP-MS). Anhydrous ruthenium
dioxide, hydrous ruthenium dioxide and copper-hydro-oxo-oxoruthenate are identified
in ruthenium deposits. Over 300 °C, according to XPS analysis, anhydrous ruthenium
dioxide could be found on the surface. SEM and ICP-MS results show that there is

more ruthenium deposit on copper and zinc surfaces than on aluminium surface.
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Hence, they conclude that RuO4g) reacts fast and extensively on metal surfaces in
severe accident condition.
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Figure 4.5. XPS spectra of Ru 3d core level lines: (a) on a clean metallic sample, (b) of
anhydrous RuOg, (c) of hydrated RuO,-xH-O, (d) of a ruthenium layer deposited on a piece of

stainless steel.>*

C. Mun et al.>* have studied ruthenium deposition on the inner surface of nuclear
reactor containment buildings by XPS. They compare the XPS spectra of a ruthenium
layer deposited on a piece of stainless steel (Figure 4.5 d) with reference spectra
(metallic ruthenium, anhydrous ruthenium dioxide and hydrated ruthenium dioxide,
Figure 4.5 a, b, c). The shape of the Ru 3d for stainless steel samples is similar to the
one for hydrated RuO2-xH20 (Figure 4.5 c). Therefore, ruthenium species deposited
on the surface show in an IV oxidation state. Furthermore, it was observed that the
ruthenium species form on the stainless steel surface is in the same state as the one
formed on a painted stainless steel surface. As mentioned in the previous section, VTT
Technical Research Centre of Finland (U. Backman et al.3%*2 and T. Karkela et al.*344)
have run several experiments in order to study ruthenium transport and deposition in
reactor coolant system (RCS) in case of serve accident condition. With a stainless steel
tube in a dry atmosphere, they found that only very small part of the released ruthenium
(0.1%-0.2%) can reach the trapping bottle. As they did not observe same results with
an alumina tube, they think that the stainless steel surface may play an important role
in the decomposition of RuO4 to RuO2. And they found that the re-vaporization of the
deposited RuO: particles is a very significant source of gaseous ruthenium oxides.
However, in an atmosphere completely saturated with water vapour at ambient
temperature, 5% of the released ruthenium was detected in trapping bottle (50 times

more than the previous case in dry condition). It seems that no decomposition of RuO4
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has took place, hence they suspected that water vapour passivated the stainless steel
surface. Besides, they supposed that RuO: deposits are mainly deposited by
decomposition of RuOs to the stainless steel surface. Furthermore, they found that,
above 1500 K, the gaseous ruthenium reacts on the surface of the stainless steel tube
where RuO: is deposited. In additional, the re-vaporization of ruthenium leads to a
percentage of Ru transported in gaseous form that reaches up to 65%. They think that
this indicates that the surfaces of RCS may act as a source of volatile ruthenium
species even in the late phase of an accident. The nature of the stainless steel
(oxidised or neutral) plays an important role for retention of gaseous RuOa4. At high
temperature, RuO4 can be trapped by oxidized stainless steel surface efficiently and
the presence of RuO: on the surface can improve the retention and catalysed the
decomposition of RuO4. Additionally, at about 100-150 °C, the surface is more efficient
for RuO4 trapping. Intensive works were also performed by IRSN concerning the
transport of ruthenium inside the RCS and it was evidenced potential revaporisation of

Ru deposits at high temperature (T > 800°C) for oxidised stainless steel tube.>®

Besides, it can be noticed that, all previous literature is based on experimental studies.

No theoretical study has been performed on this kind of situation.

4.1.3 CONCLUSION

It can be concluded that, at high temperature, all our interested oxide species (RuO,
RuO2, RuO3 and RuQ,) are in gas form. RuOs and RuOg4 are not very stable and can
be decomposed into RuO2. RuO2> may even have a catalytic effect on the
decomposition process. Moreover, in severe accident conditions, ruthenium can be
partially transported inside the reactor coolant system and containment in gaseous
form (RuOg4g and RuOsg) or aerosol form (RuOzs). Hence, it is important to
understand the reaction occurring on the reactor cooling system surfaces and the
RuOzs) aerosol surface. Furthermore, RuO2 can be deposited on the stainless steel
surface directly or by decomposition of RuOs and RuOg4. Besides, at high temperature,
RuO4 can be trapped by oxidized stainless steel surface efficiently and the presence
of RuO2 on the surface can improve the retention and catalyses the decomposition of
RuO4. Moreover, the presence of steam may restrict the decomposition of RuO4 on the
stainless steel surface. Therefore, the objective is to study the ruthenium behaviour on

these surfaces (RCS and RuO: aerosol) in a theoretical way in order to complement
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experimental observations and better understand how the ruthenium oxides are
adsorbed on the surface (deposition and decomposition) and how the mechanism of

re-vaporization for volatile ruthenium oxide species occurs.

Consequently, in the following sections, different ruthenium oxides will be adsorbed on
the stainless steel surfaces in order to understand all the processes that can occur on
these surfaces (deposition, decomposition and re-vaporization). Then, the reaction
which can be performed on the surface of RuO2s) aerosol will be discussed. In the end,
the formation of RuOgg) from adsorbed RuO: surface will be investigated using ab initio

molecular dynamics.

4.2 ADSORPTION OF Ruthenium Oxides oN CHROMIUM AND IRON OXIDE

SURFACES.

As mentioned in a previous section (Chapter IV section 4.1.2), in most of the
experimental studies concerning the deposition of RuOas) on stainless steel surfaces,
the ruthenium deposits appear as RuOzs). However, there are still some
misunderstanding on the formation of these species. For example, in some of the
experimental studies RuO3 and RuQO4 are observed on the surface®233. Consequently,
in this section, first of all, a theoretical study on the adsorption of ruthenium dioxide,
ruthenium trioxide and ruthenium tetroxide on the stainless steel surface and the
mechanisms leading to the re-vaporization ruthenium oxide deposits will be performed.
The objective is to understand the competition between stability of RuO2, RuOz and
RuOs on the surface and how RuOs or RuO4 can be transformed into RuO2 on the

surface. This section includes a thermodynamic and a kinetic study.

4.2.1 THERMODYNAMIC STUDY

The thermodynamic study on the surface of stainless steel will be presented into three

parts: the adsorption of RuO2, RuOz and RuOa.

4.2.1.1 ADSORPTION OF RuO2 ON CHROMIUM AND IRON OXIDE SURFACES

Firstly, RuO2 molecules are adsorbed on the four different surfaces mentioned before
(Chapter | section 1.5.2) in order to understand the adsorption of ruthenium dioxide on

stainless steel surface: Cr,O3Cr (neutral chromium oxide surface), Chromyl (oxidized
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chromium oxide surface), Cr,O3Cr2(OH); (hydrated chromium oxide surface) and
Fe,OzFe (neutral iron oxide surface)®®’. The adsorption simulations are run under

different coverages which can be described by equation below:

r= nRuOZ adsobed

Nadsorbed sites

" TRpyo, aasobea - NUMber of adsorbed RuO2 molecules.

Naasorbed sites - Number of Cr or Fe sites available for RuO2 adsorption.

The most stable structures for adsorption geometry of RuO2 molecules on these four
surfaces are presented for different coverages in Table 4.3. It can be noticed that all
the most stable structures are molecular adsorption. Hence, it can be concluded that

RuO- will not dissociate on these surfaces.

Table 4.3. Adsorption of RuO2 on chromium and iron oxide surfaces in function of coverage.

Chromium: green. Iron: blue. Oxygen: red. Hydrogen: light yellow. Ruthenium: yellow.

Coverage of RuO; (%)
Model
25 50 100

CI’zOsCI’

Chromyl
Cr

CI’anCI’z(OH):;

Fe Fe.OsFe
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Furthermore, in order to compare the adsorption of RuO2 on different surfaces, the
adsorption energies per RuO2> molecule are computed and summarized in Table
4.4.This energy is calculated according to equation mentioned in Chapter Il Section

2.5.2 which can be written as below for adsorption of RuO2:

Etotal - Esurface - (ERuOZ X nRuOZ)

Eads -

nRqu
with E ;s < 0, corresponding to an exothermic reaction.

Table 4.4. Adsorption energy per RuO; adsorbed for different coverages on chromium and

iron oxide surfaces.

Coverage of RuO; (%)

Model
25 50 100
Cr.03Cr -3.26 eV -3.25 eV -3.03 eV
Cr Chromyl -3.50 eV -3.30 eV -2.64 eV
Cr,03Cr2(OH)3 -1.59 eV -1.83 eV -2.25 eV
Fe Fe.OsFe -3.80 eV -3.71 eV -2.78 eV
For the adsorption of RuO2 on Cr,O3Cr (neutral chromium
oxide surface), the most stable structure of RuOz on this
surface is in tripod (Ru-OOO, Figure 4.6) where ruthenium
Ru

atom is placed in an hollow site of the surface. For the
other coverages, RuO. does not polymerize on the
surface. The adsorption energy for 25% and 50%

Figure 4.6. Tripod structure coverages is equal to -3.25 eV per adsorbed molecule. For
of RuO; on the surface. Cr:

a surface totally covered by RuOz the adsorption energy is
green. O: red. Ru: yellow. y y 2 p ay

slightly lower (-3.03 eV per molecule adsorbed).

On the Chromyl surface (oxidized chromium oxide surface), adsorption geometry of
RuO: on this surface is different from the others. At 25% coverage, ruthenium atom is
situated between two terminal oxygen atoms of the surface and forms a tetrahedral-
like structure, the adsorption energy is equal to -3.50 eV. When the coverage reaches
50%, the adsorption geometry is similar to 25% one. The adsorption energy is equal

to -3.30 eV. When coverage increases to 100%, RuO, molecules form planar triangle
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species with terminal oxygen atoms (Figure 4.7 b) with a smaller adsorption energy (-
2.64 eV for 100% coverage). It should be noticed that RuO; are isolated on this surface.

(@)

a

Figure 4.7. Side view for adsorption direct of RuO, with (a) 25 % and (b) 100 % coverage on

the Chromyl surface. Chromium: green. Oxygen: red. Ruthenium: yellow.

On the Cr,03Cr,(OH)3 surface (hydrated chromium oxide surface), at 25% coverage,
RuO:2 molecule is isolated on the surface and ruthenium atom from a bond with one
oxygen atom of the surface and this oxygen atom and three atoms from RuO. are
located in the same plan (same geometry as RuOs). Compared to other chromium
oxide surfaces, its adsorption energy is less favourable (-1.59 eV). When coverage
increases to 50%, in the most stable structure, RuO2 molecules form a dimer. The
adsorption energy is a little more favourable than for the lower coverages (-1.83 eV)
due to the formation of dimer. When coverage reaches 100%, RuO, molecules
polymerize on the surface with an adsorption energy being equal to -2.25 eV. The
adsorption on the hydrated surface may be a source for the aerosol formation. As for
the adsorption of iodine species, we study the adsorption on RuO, on the totally
saturated hydrate surface (with 6 H>O) (Figure 4.8 a). Thermodynamic stability of this
surface has been discussed in recent study (hamed Cr-Oz-H-Cr-OH-(H20)2 in the
article)>” and it is stable at ambient temperature with pressure above 3 bars. The
presence of water molecules on the surface does not prevent RuO2 adsorption on the
surface. The ruthenium atom still presents in a tripod structure on the surface (Ru-
OOO,Figure 4.8 b). The adsorption energy, for 25% coverage of RuO: on this surface,
is slightly more favourable (-3.35 eV) than on the surface without water (-3.26 eV on
Cr203Cr surface). The adsorption of the second RuO2 molecule is more favourable (-
3.42 eV). The Ru is still located in a threefold hollow site (Appendix Figure A.3 b).
When more RuO2 molecules are adsorbed on the surface, the adsorption energy

decreases as water molecules present on the surface inhibit adsorption of RuO. RuO:
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molecule begins to “float” on the surface where it can only form hydrogen bonds with
the water molecules (Appendix Figure A.3 ¢ and d).

(b)

Figure 4.8. a) Totally saturated hydrate chromium oxide surface (with six water molecules). b)
RuO, adsorbed on totally saturated hydrate chromium oxide surface. Chromium: green.
Oxygen: red. Ruthenium: yellow. Hydrogen: light yellow.

On Fe,OsFe surface (neutral iron oxide surface), RuO>
adsorbed on this surface in a geometry similar to the
neutral chromium oxide surface (Cr203Cr). Ruthenium
atom is located in hollow position of the surface with a
tripod structure (Ru-OOO, Figure 4.9). For larger

coverage, RuO: always stay isolated on the surface.
Figure 4.9. Tripod structure

of RuO; on the surface. Fe:
Blue. O: red. Ru: yellow. augmentation of coverage. For 25%, 50% and 100%

However the adsorption energy decreases with

coverages, their adsorption energies are respectively equal to -3.80 eV, -3.71 eV and
-2.78 eV. It can be noticed that the adsorption of RuO> on this surface (neutral iron
oxide surface) is slightly more favourable for lower coverage (< 50%) than on neutral

chromium oxide surface.

4.2.1.2 ADSORPTION OF RUO3 ON CHROMIUM AND IRON OXIDE SURFACES

Secondly, RuOs molecules are adsorbed on four different surfaces mentioned before
(Chapter | section 1.5.2) in order to understand the adsorption of ruthenium trioxide on
stainless steel surface: Cr,O3Cr (neutral chromium oxide surface), Chromyl (oxidized
chromium oxide surface), Cr,O3Cr,(OH); (hydrated chromium oxide surface) and
Fe,OszFe (neutral iron oxide surface)®®®’. The adsorption simulations are run for

different coverages which can be described by equation below:

_ nRu03 adsobed

Nadsorbed sites

" Tpyo, aasobea - NUMber of adsorbed RuOs molecules.
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: Number of Cr or Fe sites available for RuO3z adsorption.

Nadsorbed sites -

The geometry of the most stable structures for adsorption of RuO3z molecules on these
surfaces are presented in Table 4.5. It can be noticed that all most stable structures
are molecular ones.

Table 4.5. Adsorption of RuO3 on chromium and iron oxide surfaces in function of coverage.
Chromium: green. Iron: blue. Oxygen: red. Hydrogen: light yellow. Ruthenium: yellow.

Coverage of RuO3 (%)

Model
25 50 100

CI’zO3CI’

. (
Chromyl
Cr
A

‘k y lk,. Q:,. q lk y ‘k y 1
Cr203Cr2(0OH)s3

g hge igpiges igeiges

Fe Fe.OsFe

Furthermore, in order to compare the adsorption of RuO3 on different surfaces, the
adsorption energies per RuOs molecule adsorbed are calculated and summarized in
Table 4.6. This energy is calculated by equation mentioned in Chapter Il Section 2.5.2

which can be written as below for adsorption of RuOa:

Etotal - Esurface - (ERu03 X nRu03)

Eqas =
nRu03

with E, ;s < 0, corresponding to an exothermic reaction.
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Table 4.6. Adsorption energy per RuOs adsorbed for different coverages of RuO3z on chromium

and iron oxide surfaces.

Coverage of RuOs (%)

Model
25 50 100
Cr.03Cr -3.14 eV -3.08 eV -2.83 eV
Cr Chromyl -1.68 eV -1.65 eV -1.62 eV
Cr203Cr2(OH)s -0.16 eV -0.15eV -0.13 eV
Fe Fe,OsFe -3.51 eV -2.95 eV -2.17 eV

For adsorption of RuO3z on Cr,0O3Cr (neutral chromium
oxide surface), as adsorption of RuO> on this surface, the
most stable structure of RuOs3 on this surface is also in a
hollow site (Ru-OOO, Figure 4.10). For different

coverages, RuOzs is always isolated on the surface. The

adsorption energy per molecule adsorbed decreases with
Figure 4.10. Tripod structure

of RuOs3 on the surface. Cr:
green. O: red. Ru: yellow. adsorption energy is equal to -3.14 eV. For 50% RuOs

increasing of coverage. For 25% coverage, the

covered the surface, adsorption energy reduces (-2.08 eV) and the adsorption position
of RuO3 does no change. For a surface totally covered by RuQOs, its adsorption energy
is equal to -2.83 eV. Furthermore, it should also be noticed that for coverages higher
than 50%, the configuration of RuO3 shows a perfect epitaxy with the surface (Figure

4.11). The Ru atoms continue the Cr.O3 structure Figure 4.11 (c).

Figure 4.11. Top view for adsorption of RuO; with (a) 50% (b) 100% coverage and (c) side

view for adsorption of RuO3; with 100% coverage on the Cr,OsCr surface. Chromium: green.

Oxygen: red. Ruthenium: yellow.

101
© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Hao Hu, Université de Lille, 2019

REACTIVITY OF RUTHENIUM IN SEVERE ACCIDENT CONDITIONS

On the Chromyl surface (oxidized chromium oxide surface), the RuOsz molecules
adsorbed on this surface do not polymerize. Ruthenium atom is in the centre of a
tetrahedral configuration formed by three oxygens from RuOs and one oxygen atom
from the surface (terminal oxygen atom). When RuOs is adsorbed on one terminal
oxygen atom, the Cr-O bond of this oxygen atom is slightly tilted (the charge of
ruthenium atoms will be discussed in the following part as its nature seems to have
changed). The adsorption energy per molecule adsorbed is very close and reduces
slightly with increasing of coverage (25%: -1.68 eV; 50%: -1.65 eV; 100%: -1.62 eV).

On the Cr,03Cr(OH); surface (hydrated chromium oxide surface), RuOs molecules
only create hydrogen bonds with the surface. The adsorption energy is very low (-0.15
eV per RuO3z adsorbed). Comparing adsorption energy per RuO3s adsorbed on this
surface with the others, it can be concluded that hydrated surface does not favour
RuO3 adsorption. As for RuO2, we study the totally saturated hydrated surface (Figure
4.8 a). The conclusions are similar to the RuO> ones. The presence of water molecules
on the surface does not prevent the absorption of the first two RuOz molecules on the
surface (Figure 4.12). In this case, ruthenium atom is still in a hollow site (Ru-OOO,
Figure 4.10). The adsorption energy for 25% and 50% coverage of RuOs on this
surface is slightly more favourable than on the other surfaces (25%: -3.24 eV and 50%:
-3.19 eV; 25%: -3.14 eV and 50%: -3.08 eV on Cr.O3Cr surface). However, with more
RuOs molecules adsorbed on the surface, the adsorption energy is reduced to -2.41
eV for 75% coverage and -1.93 eV for 100% coverage. RuO3 cannot form bonds with

oxygen atoms of the surface (Appendix Figure A.4 c and d).
(b)

Figure 4.12. RuO3 adsorbed on totally saturated hydrate chromium oxide surface with (a) 25%
and (b) 50% coverage. Chromium: green. Oxygen: red. Silver: yellow. lodine: grey. Hydrogen:

light yellow.

For Fe,OsFe surface (neutral iron oxide surface), the geometry in which RuOs is

adsorbed on this surface is similar to the one on neutral chromium oxide surface
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(Cr203Cr). Ruthenium atom is located in hollow position
(Fe-OOO, Figure 4.13). For different coverages, RuOs3
always stays alone on the surface. There is a significant
decrease of adsorption energy when coverage increases

- h (25%: -3.51 eV: 50%: -2.95 eV: 100%: -2.17 eV). For

Figure 4.13 Tripod structure Coverage equal to 50%, as for the adsorption on Cr203Cr

of RuOs on the surface. Fe: gyrface, adsorption position of RuOz has no influence on
Blue. O: red. Ru: yellow. . .

adsorption energy. For coverage higher than 50%, the
configuration of RuOs is in perfect epitaxy with the surface (Figure 4.14). The Ru atoms

continue the Fe>0s3 structure Figure 4.14 (c).

AR
Figure 4.14. Top view for adsorption of RuO3; with (a) 50% (b) 100% coverage and (c) side

view for adsorption of RuOs with 100% coverage on the Fe,OsFe surface. Iron: Blue. Oxygen:

red. Ruthenium: yellow.

4.2.1.3 ADSORPTION OF RuO4 ON CHROMIUM AND IRON OXIDE SURFACES

RuO4 molecules were adsorbed on four different surfaces mentioned before (Chapter
| section 1.5.2) in order to understand the adsorption of ruthenium tetroxide on
stainless steel surface: Cr,O3Cr (neutral chromium oxide surface), Chromyl (oxidized
chromium oxide surface), Cr,O3Crp(OH); (hydrated chromium oxide surface) and

Fe,OsFe (neutral iron oxide surface)%®”.

The adsorption simulations are run under different coverages which can be described

by equation below:

_ nRuO4 adsobed

Nadsorbed sites

" Npyo, aasobea - NUMber of adsorbed RuO4 molecules.

" Ngasorped sites . Number of Cr or Fe sites available for RuO4 adsorption.
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Table 4.7. Adsorption of RuO4 on chromium and iron oxide surfaces in function of coverage.
Chromium: green. Iron: blue. Oxygen: red. Hydrogen: light yellow. Ruthenium: yellow.

Coverage of RuO4 (%)
Model
25 50 100

CI’203CI’

Chromyl
Cr

4
Cr205Cr(OH)s “‘ ‘1* .%J. .z“. .%'.
Gekged i$padpd \$phdpd

¢ ¢ ¢ ¢ ¢

Fe Fe.OsFe

The most stable structures for RuO4 adsorption on these four surfaces are presented
in Table 4.7. It can be noticed that all most stable structures are molecular ones. The
adsorption energies are presented in Table 4.8. They are computed according to the

following equation:

Etotal - Esurface - (ERu04 X nRu04)

Eqas =
nRuO4

with E 4 < 0, corresponding to an exothermic reaction.

104
© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Hao Hu, Université de Lille, 2019

Adsorption of Ruthenium Oxides on Chromium and Iron Oxide Surfaces.

Table 4.8. Adsorption energy per RuO, adsorbed for different coverages of RuO4 on chromium

and iron oxide surfaces.

Coverage of RuO. (%)

Model
25 50 100

Cr20sCr -1.89 eV -1.30 eV -1.10 eV

Cr Chromyl -0.10 eV -0.08 eV -0.05 eV

Cr205Crz(OH)3 -0.12 eV -0.00 eV -0.01 eV

Fe Fe,OsFe -1.86 eV -1.21 eV -0.72 eV
The RuOs adsorption on Cr,O3Cr (neutral chromium
. oxide surface), differs from the adsorption of the other

ruthenium oxide species. The most stable structure of
RuOs on this surface presents no bond between
ruthenium atom and oxygen atoms of the surface.

However, the oxygen atoms of RuOs form bonds with

Figure 4.15. Configuration chromium atoms of the surface (Figure 4.15) and RuOa4

of RuO4 on the surface. Cr: is still tetrahedral. For all the coverage, RuOys is isolated
green. O:red. Ruzyellow. o the surface. The interaction energy per molecule
adsorbed becomes less favourable with augmentation of the coverage. For 25%
coverage, the adsorption energy equal to -1.89 eV, for 50%, it reduces to -1.30 eV. It
should be noted that the relative adsorption positions of RuO4 have no influence on
adsorption energy which means that all the sites on the surface are identical (Figure
4.16). For a surface totally covered by RuOg, its adsorption energy is equal to -1.10 eV

per RuO4 adsorbed.

Figure 4.16. Top view for adsorption of RuO4 with (a) 50% (b) 100% coverage and (c) side
view for adsorption of RuO4 with 50% and 100% coverage on the Cr,OsCr surface. Chromium:

green. Oxygen: red. Ruthenium: yellow.
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For the adsorption on Chromyl surface (oxidized chromium oxide surface) and
Cr,03Cr,(OH);s surface (hydrated chromium oxide surface), RuO4 molecule is isolated
above the surface. The adsorbed RuO4 creates no real bond with the surface. On the
hydrated surface, hydrogen bonds are created between oxygen atoms of ruthenium
tetroxide and the hydrogen atoms of the surface. The adsorption energies per molecule
adsorbed are all close to zero, even for the most favourable one, the adsorption energy
is equal to only -0.12 eV. Hence, it can be concluded that Chromyl surface and
Cr203Cr2(OH)3 surfaces are not favourable for adsorption of RuOa4. This effect may
cause by the tetrahedral geometry of RuO4 which makes it a nonpolar molecule and
almost non-polarizable (as ClO4). Consequently, this molecule has only small Van der
Waals interactions with surfaces that do not present Levis site. As other ruthenium
oxide species, the adsorption on the totally hydrated surface (Figure 4.8 a) was tested.
The presence of water molecules on the surface does not prevent first RuO4 to adsorb
on the surface. The water molecules are displaced to allow the formation of bond
between the RuOa4 oxygen atoms and the chromium of the surface (25% coverage,
Figure 4.17 a). The adsorption for 25% coverage of RuOas on this surface is less
favourable (Eads = -1.37 eV) compared to surface without water (-1.89 eV on Cr203Cr
surface). However, with more RuOs molecules adsorbed on the surface, RuO4
molecules began to “float” on the surface without creating any kind of bonds, however,
the first adsorbed RuO4 molecule is always adsorbed on the surface (Figure 4.17 b
and Appendix Figure A.5) and their adsorption energies per RuO4 adsorbed decrease
(50%: -0.94 eV; 75%: -0.64 eV and 100%: -0.51 eV) which indicates that the interaction

of the last three RuO4 molecules with the surface is almost null.

(@) (b) ’

Figure 4.17. RuO4 adsorbed on totally saturated hydrate chromium oxide surface for (a) 25%
and (b) 50% coverage. Chromium: green. Oxygen: red. Ruthenium: yellow. Hydrogen: light

yellow.

106
© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Hao Hu, Université de Lille, 2019

Adsorption of Ruthenium Oxides on Chromium and Iron Oxide Surfaces.

For Fe,O3Fe surface (neutral iron oxide surface), RuO4

Is adsorbed on this surface in a geometry similar to the

one on the neutral chromium oxide surface (Cr2OsCr).

- (Figure 4.18). For all the coverage, RuOs is isolated on
the surface. For 25% coverage, the adsorption energy

o is equal to -1.86 eV and -1.21 eV for a 50% coverage.
For a surface totally covered by RuOy, its adsorption

Figure 4.18. Configuration  energy decreases to -0.72 eV. (Figure 4.19)
of RuO4 on the surface. Fe:

blue. O: red. Ru: yellow.

Figure 4.19. Top view for adsorption of RuO4 with (a) 50% (b) 100% coverage and (c) side
view for adsorption of RuO4 with 50% and 100% coverage on the Fe,OsFe surface. Iron: Blue.

Oxygen: red. Ruthenium: yellow.

4.2.1.4 OXIDE STATE DETERMINATION FOR ADSORBED RUTHENIUM SPECIES

For adsorption of RuO2 and RuOz on chromyl surface, the adsorption is favourable but
it is difficult to evaluate the electron transfers between the oxidized surface and the
adsorbate. In order to determinate their oxidation state, the DOS (density of state) of
adsorbed ruthenium atom has been traced for the most interesting configurations
(RuO2 and RuOs adsorbed on Chromyl surface with 25% coverage). By tracing DOS,
normally by identifying the peak position, the oxidation state of interested species could
be determined. The reference DOS for d orbitals of ruthenium atoms in RuO2, RuO3
and RuOas were drawn in Appendix Figure A.6. It can be observed that, for RuO4, a
small peak and an intense peak at -24.79 eV and -13.05 eV. For RuOgs, the small peak
is located at -24.57 eV and two identical intense peaks are at -12.51 eV and -11.57 eV.
For RuO», the small peak is positioned at -24.18 eV and two peaks with different
intensities are sited at -11.17 eV and -10.56 eV. The DOS for d orbital of Ru atoms in

most stable structure of RuO. adsorbed on Chromyl surface and RuO3 adsorbed on
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Chromyl surface with 25% coverage are shown in Appendix Figure A.7 and 8. It is
hard to identify the oxidation state of Ru from peaks around -13 eV to -10 eV as no
peaks can be directly compared to references. However, the position of the small
peaks around -25 eV can provide some information. The adsorbed Ru atom in RuO>
adsorbed on Chromyl surface with 25% coverage (a: -24.96 eV; B: -24.78 eV) and
RuO3 adsorbed on Chromyl surface with 25% coverage (a: -24.84 eV; [3: -24.66 eV)
have similar positions as in RuOa4 (-24.79 eV). However, the differences with the RuO3
peak is small (-24.57 eV). So supplementary charge calculations should be performed
in order to identify the oxidation state of adsorbed ruthenium oxides.

An additional bader®® analysis was performed for the same configurations (RuO2 and
RuO3 adsorbed on Chromyl surface with 25% coverage) and reference molecules
(RuO2, RuO3 and RuOa) in order to compare electron charge on ruthenium atoms. The
electron charge on ruthenium atoms for some interested configurations and reference

species are presented in Table 4.9.

Table 4.9. Electron charge on ruthenium atom for some interested configurations and

reference species.

Model RuO, RuOsz RuOq4 25% RuO, 25% RuOs
on Chromyl surface on Chromyl surface
Electron charge 1273 1217 11.98 1181 11.75

It can be easily noticed the adsorbed RuO2 and RuOs on Chromyl surface (25%
coverage) are oxidized, the charge on the ruthenium atom being similar to the RuO4
molecule. So we can suppose that these ruthenium species might be released from

the surface as RuOa. This point will be discussed in the next section.

4.2.1.5 CONCLUSION

Most of the ruthenium oxide species are adsorbed molecularly and are isolated on the
surface. On the opposite, for Cr.03Crz(OH)s surface, at high coverage, RuO:
molecules polymerize on the surface. However, the adsorption on Cr.O3Cr2(OH)3
surface is not favourable and no covalent bond is formed between the surface and the
adsorbate. The comparison of the molecules studied shows that the adsorption of
RuO: is the most favourable and the adsorption of RuOs is slightly less favourable. For
adsorption of RuO2 and RuOs3 on neutral surfaces (Cr203Cr and Fe2O3sFe), ruthenium

atom is located in threefold hollow site of the surface. For adsorption of RuO, and RuOs3
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on chromyl surface, the adsorption is still favourable by forming RuOa like species. The
adsorption of RuOg is not favourable on Chromyl surface and Cr.0O3Cr2(OH)s surface.
On the opposite, the adsorption on the neutral chromium oxide surfaces (Cr.O3Cr) and
neutral iron oxide surface (Fe>OsFe) is always favourable with the formation of three
oxygen-metal bonds between surface and RuO4 molecule.

4.2.2 REACTIVITY STUDY

As mentioned in a previous section (Chapter IV section 4.1.2.1.2), many reactions can
occur on the stainless steel surface: decomposition of RuO3, decomposition of RuO4
and re-vaporization of RuO.. Therefore, in this section, these possible reactions will be
examined in order to determine the reaction that will occur depending on the
experimental conditions and the possible reaction pathways.

4.2.2.1 DECOMPOSITION OF RUO3

U. Backman et al.>® have found that, due to the decomposition of RuO3, a major part
of ruthenium released, can be deposited on stainless steel surface and formed RuO;
on the surface. So it is interesting to understand the decomposition of RuO3 on the
stainless steel surface. Hence, the decomposition of RuO3 over adsorbed surface will
be studied in this section. Moreover, the sublimation of RuO3z) from surface has also
been discussed, in order to compare it with the decomposition processes. The reaction
energies for above-mentioned reactions are presented in Table 4.10. All calculations

are based on most stable structures with different coverages in RuO3z and RuO..

By comparing formation energies on the three different surfaces, it can be noticed that
decomposition of RuO3z on Chromyl surface with 25% coverage (Reaction 1, Table
4.10) seems to be the most favourable reaction (AE = 0.60 eV). On the other hand, the
sublimation of RuOsg form this chromyl surface with 25% coverage is very
endothermic (AE = 1.68 eV). However, our theoretical calculations are performed at 0
K. Therefore, by introducing thermodynamic corrections, these reactions may become
exergonic at high temperature. Besides, the thermodynamic corrections term of
RuOg3g may become more important than the one for Oy at high temperature as
ruthenium atom is heavy. Consequently, there may be a competition between

decomposition of RuO3 and sublimation of RuOz() at high temperature.
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Table 4.10. Energy for decomposition and sublimation of RuOs on different surfaces.

N° Reaction Surface Model AE (eV)
Cr20sCr 2.30
1 Surface-RuOs; = Surface-RuO; + ¥20,(Q) Chromyl 0.60
Fe,OsFe 2.14
- Cr203Cr 5.40
Decsfmé’uocs)':'on 2 Surface-2RuOs & Surface-2RuO; + Os(g) Chromyl 1.54
Fe2OzFe 3.44
Cr20sCr 8.77
3 Surface-4RuOs; =» Surface-4RuO; + 20,(Q) Chromyl 5.69
Fe.OsFe 7.22
Cr20sCr 3.15
4 Surface-RuOs; = Surface+ RuOs(Q) Chromyl 1.68
Fe,OsFe 3.52
o Cr20sCr 6.17
Suobfllgquagl;n 5 Surface-2RuOs; =» Surface+ 2RuOs(Q) Chromyl 3.30
Fe2OzFe 5.91
Cr203Cr 11.35
6 Surface-4RuQ3; =» Surface+ 4RuOs3(g) Chromyl 6.50
Fe2OzFe 8.64

By adding thermodynamic correction terms of Oyg) and RuOgg), Gibbs free energies
for decomposition of RuO3z and sublimation of RuOsz(g) on three most interested
surfaces can be calculated and drawn in Figure 4.20 and Figure 4.21. It can be noticed
that the decomposition of RuOzis not possible at high temperature on Cr.0O3Cr and
Fe2OsFe surface as the sublimation of RuOzg) (red) occurs before the decomposition
of RuOs (black) (Figure 4.20). Moreover, the sublimation of RuO3(g) could not happen
directly, it could occur only when AG < 0. Consequently, for Cr.O3Cr surface, the
sublimation of RuO3g) occurs at about 1036 K for 25% coverage, about 1008 K for 50%
coverage and about 951 K for 100% coverage. Besides, for Fe-OsFe surface, the
sublimation temperatures for RuO3s(g on an adsorbed surface with coverages equal to
25 %, 50% and 100% are 1131 K, 975 K and 779 K respectively. In addition, no

decomposition of RuOsz can follow. As the sublimation temperature decreases with

110
© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Hao Hu, Université de Lille, 2019

augmentation of coverage, it can be concluded that more RuO3s molecules adsorbed

on the surface, the more easily they could be sublimated. This effect will limit the RuOs

coverage at high temperature.

12
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Figure 4.20. Gibbs free energy for (black) decomposition of RuOs and (red) sublimation of
RuOs3) on surfaces Cr.OsCr and Fe,OsFe with a coverage of RuOs equal to (line) 25%, (short
line) 50% and (point) 100% from 0 K to 1300 K.

On Chromyl surface with RuOz adsorbed (Figure 4.21), it can be noticed that, at low
temperature, the decomposition of RuOsz on the surface (black) is always more
favourable than sublimation of RuOs3) (red). However their Gibbs free energy (AG) is
always positive except for the surface with 25% RuOz coverage. For a very tiny range
of temperature (630 K to 666 K), the decomposition of RuOs on this surface (black,
line) is more favourable than sublimation of RuO3g) (red, line). For other surfaces, the
sublimation of RuO3(g) (red, short line or point) is more favourable. For Chromyl surface,
the sublimation of RuO3) occurs at about 633 K for 50% coverage and about 625 K
for 100% coverage. So it can be concluded that the sublimation of RuO3 occurs at
almost the same temperature range for different coverages on chromyl surface.
Furthermore, as the temperature range that will favour the decomposition of RuO3z on
chromyl surface with 25% coverage is very small, the existence of this reaction is very
improbable. Hence, its reaction path and the corresponding transition states will not

discuss in our work.
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Figure 4.21. Gibbs free energy for (black) decomposition of RuO3 and (red) sublimation of
RuO3 on Chromyl surfaces with a coverage of RuOs; equal to (line) 25%, (short line) 50% and
(point) 100% from 0 K to 1300 K.

In conclusion, the sublimation of RuO3z() is more favourable than the decomposition of
RuO3 on these adsorbed surfaces. The only possibility for the decomposition of RuOs3
is on a Chromyl surface with 25% coverage between 630K and 666K. But, this range

is very limited, the reaction is not probable.

However, experimental studies suggested that major part of released ruthenium can
be deposited on to stainless steel surface and formed RuO: on the surface are due to
the decomposition of RuO3.5° Hence, we think that most of decomposition of RuOs
does not occur on the surface of stainless steel surface, but in the gas phase. This

process will occur with the following equation:

1 1 :
RuO3(g) = RuO,(g) + EOZ(g) — RuO,(s) + EOZ(g) Equation 4.13

4.2.2.2 DECOMPOSITION OF RuQ4

As mentioned in a previous section (Chapter IV section 4.1.2.1.2), U. Backman et
al.3®42 think that the stainless steel surface may play an important role for the

decomposition of RuO4 to RuO»2. They also found that in an environment totally

lilliad.univ-lille.fr



Thése de Hao Hu, Université de Lille, 2019

saturated by water, no RuO4 decomposition can take place. P. Cains and S. Barnes®
have deposited volatile ruthenium on steel surfaces and found that above 150 °C the
deposition could happen and that crystalline RuO2 ) appeared, without strong bonding
with steel surfaces which means that stainless steel surfaces do not play a role in
decomposition of RuO4. They believed that the decomposition of RuOgsg can be
described by Equation 4.12 where no surface is involved in reaction.50-52

RuO4(g) = RuO,(g) + 0,(g) — RuO,(s) + 0,(g) Equation 4.12

In this section, the decomposition of RuO4 on different surfaces will be discussed in
order to determine if the stainless steel surface plays an important role in the
decomposition process. The interactions with the Cr.OsCr (neutral chromium oxide
surface), Cr203Cr2(OH)z (hydrated chromium oxide surface) and Fe>OzFe (neutral iron
oxide surface) surfaces are discussed in this section, except for Chromyl (oxidized

chromium oxide surface) surface, as RuO4 cannot be adsorbed on this surface.

If surface plays a role in the reaction, the decomposition can be described by the

following equation.
Surface-nRu0, — Surface-nRu0, + n0,(g) Equation 4.14

However, other reaction pathways may also exist for RuOsg decomposition without

steam as propose by C. Mun?. They may be modelled according the following

equations:
Low 1 .
Ru0,(g) » Ru0; (g) + 502 Equation 4.4
Low 1 1 )
Ru0;(g) » ERuZOS + ZOZ Equation 4.6
Fast Ru03(g) + Ru0,(s) = Ru,05(s) Equation 4.8
1 .
? Ru,05(s) = 2Ru0,(s) + 502 Equation 4.9

Firstly, RuO4g) decompose to RuO3(g) where the kinetic of this step is low (Equation
4.4). And then RuOsg will polymerize and former Ru2Os by liberated oxygen with low
kinetic coefficient (Equation 4.6). And then Ru.Os will be converted to RuO: by
liberating oxygen (Equation 4.9). It should be noticed that the formation of the first
Ru2Os is difficult. However, once RuO» formed, it could be a catalyser for the reaction

(Equation 4.8). RuO4 on the stainless steel surface may also follow a similar reaction
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pathway: first decomposed to RuOs3 and then to RuO». This process can be described

by equations as follows:

n
Surface-nRu0O, — Surface-nRu0O; + EOZ(g) Equation 4.15

n
Surface-nRuO5; — Surface-nRuO, + EOZ(g) Equation 4.16

Additionally, we studied sublimation of RuO4g and RuOs3() from the surfaces, in order
to compare it with the decomposition processes. All the calculations are based on most
stable structures with different coverages of ruthenium oxide species. All the energy
for decomposition and sublimation of RuOg4g from different surfaces with RuOg4
adsorbed are reported in Table 4.11.

By comparing decomposition energies on three different surfaces, it can be observed
directly that, for Cr.O3Cr2(OH)s surface, the sublimation of RuO4 is more favourable
than its decomposition. It should be noticed that the sublimation occurs almost
spontaneously on this surface. On the other surfaces, the decomposition from RuOa4
directly into RuO, seems less favourable than RuO3z formation. All the reactions are
endothermic, it appears that the decomposition of RuO4 on different surfaces is not
favourable. To determine the possible reaction as a function of the temperature, we
consider thermodynamic corrections on Oyg) and RuOyg). Gibbs free energy for
decomposition and sublimation of RuOasg) are calculated and traced in Figure 4.22,
Figure 4.23 and Figure 4.24.

Table 4.11. Energy for decomposition of RuO4g and sublimation of RuOsg from different

surfaces with RuO4 adsorbed at O K.

N° Reaction Surface Model AE (eV)
Cr.0:Cr 3.09
1 Surface-RuQ4 = Surface-RuO; + O2(Q) Cr03Cry(OH);  3.08
Fe>OzFe 2.53
Cr03Cr 5.08
RuOs=» RuO; 2 Surface-2RuO,4 =» Surface-2RuO; + 20,(g)  Cr.0sCr,(OH); 5.28
Fe>OzFe 4.04

Cr20sCr 10.03

3 Surface-4RuO. & Surface-4RuO, + Ox(g)  Cr20sCrz(OH):  8.98
Fe.OsFe 9.62
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Table 4.11 (suit) Energy for decomposition of RuQOs) and sublimation of RuOug) from different
surfaces with RuO4 adsorbed at 0 K.

N° Reaction Surface Model AE (eV)
Cr203Cr 0.78
4 Surface-RuO4 = Surface-RuOsz + %2 O2(g)  Cr.03Crz(OH)s  0.47
Fe.OsFe 0.40
Cr20sCr 0.54
RuOs=» RuO; 5 Surface-2RuO,4 = Surface-2RuOsz + O2(g)  Cr.03Crz(OH)s  0.96
Fe,OsFe 0.60

Cr20sCr 1.26

6 Surface-4RuO. = Surface-4RuOs; + 202(g)  Cr203Crz(OH);  1.91

Fe2OzFe 2.40

Cr20sCr 1.89

7 Surface-RuO, = Surface + RuO4(g) Cr0sCry(OH);  0.12

Fe2OzFe 1.86

Cr20sCr 2.60

S”gtgzgon 8  Surface-2RuO; & Surface + 2RuO4(g)  Cr:0sCra(OH)s  0.00

Fe,OsFe 2.41

CI’zO3CI‘ 4.42
9 Surface-4RuQ4 = Surface + 4Ru04(g) Cr0sCry(OH);  0.01
F8203Fe 2.84

By comparing decomposition energies on these three different surfaces, it can be
observed directly that, for Cr.OsCrz(OH)3 surface, the sublimation of RuO4 is more
favourable than its decomposition. The sublimation occurs almost spontaneously on
this surface. On the other surfaces, the decomposition from RuO4 directly into RuO2
seems to be less favourable than RuOs3 formation. All the reactions are endothermic, it
seems that the decomposition of RuO4 on different surfaces is not favourable. To
determine the possible reaction as a function of the temperature, we consider the
thermodynamic corrections on Oxg) and RuOa(g). Gibbs free energy for decomposition
of RuO4 and sublimation of RuOjs) are then calculated and reported in Figure 4.22,
Figure 4.23 and Figure 4.24.
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Figure 4.22. Gibbs free energy for (black) decomposition of RuO. into RuO,, (blue) decomposi-
tion of RuO, into RuOz and (red) sublimation of RuO4g) on Cr.OsCr,(OH)s with a coverage of
RuQ., equal to (line) 25%, (short line) 50% and (point) 100% from 0 K to 1300 K.
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Figure 4.23. Gibbs free energy for (black) decomposition of RuO. into RuO,, (blue) decompose
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tion of RuO4 into RuOz and (red) sublimation of RuO4g on Cr,OsCr surfaces with a coverage
of RuO4 equal to (line) 25%, (short line) 50% and (point) 100% from O K to 1300 K.

On the Cr,03Cry(OH); surface (Figure 4.22), the sublimation occurs almost
spontaneously whatever the coverage of RuO4 (except for 25% coverage sublimation
occurs from 100 K). On the Cr,0sCr surface (Figure 4.23), it can be observed that,
the decomposition of RuO4 into RuO:> (black) is never favourable. At low temperature,
the decomposition of RuO4 into RuOs (blue) is more favourable than sublimation of
RuO;s (red). However, when the temperature increases, the latter becomes more
favourable. For 25% coverage, only sublimation of RuO4yg) can occur spontaneously
for temperature higher than 714 K. For 50 % coverage, as mentioned before, the
decomposition of RuO4 into RuO3 occurs for temperature higher than 338 K. After 668
K the sublimation of RuO4 takes advantage. Similar phenomena can be observed for
a surface totally covered by RuOa4. The decomposition of RuO4 into RuO3z occurs from
383 K. And then above 568 K the sublimation of RuO4 is favoured.
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Figure 4.24. Gibbs free energy for (black) decomposition of RuO, into RuO,, (blue) decomposi-
tion of RuO4 into RuOz and (red) sublimation of RuOa) on surfaces Fe,OsFe with a coverage
of RuO4 equal to (line) 25%, (short line) 50% and (point) 100% from 0 K to 1300 K.

Similar behaviour is observed on Fe>OsFe surface (Figure 4.24), it can be observed

that, decomposition of RuO4 into RuO2 (black) is never favourable. At low temperature,
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the decomposition of RuO4 into RuO3 (blue) is also more favourable than sublimation
(red). At high temperature, the latter becomes more favourable. For a Fe-O3Cr surface
with 25% coverage, the decomposition of RuO4 into RuOz occurs above 464 K. Above
821 K the sublimation of RuOs takes advantage. For 50 % coverage, the
decomposition of RuO4 into RuO3 occurs above 379 K, and sublimation above 617 K.
On the opposite, for a surface totally covered by RuO4, the decomposition of RuO4 to

RuOs could not occur and sublimation of RuO4 happens above 397 K.

In the following section, the reaction pathway and transition state for RuOg4
decomposition process on Cr.0OsCr and Fe>OsFe surfaces will be studied. As
mentioned before, the decomposition of RuO4 occurs only on a surface with coverage
equal to 50% and 100% by forming RuOs.
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Figure 4.25 Energy diagram for decomposition of RuO4g on Cr.OsCr surface adsorbed by
RuO, with coverage equal to (Top) 50% and (Bottom) 100%. Chromium: green. Oxygen: red.
Ruthenium: yellow.

For a Cr.O3Cr surface with RuO4 coverage equal to 50%, a possible reaction pathway

is shown in Figure 4.25 (top). RuOs molecules are adsorbed on the surface (A->B)
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and form three O-Cr bonds with the surface. Next two isolated oxygen atoms on the
top of the RuO4 molecules move closer until they formed Oz molecule. The reaction
is slightly endothermic (0.53 eV) (B=>C). During the Oz formation, the two remaining
RuO3, move to the stable position on the surface (hollow site) (Ru-OOO, Figure 4.10).
For a surface totally covered by RuOg4, the possible reaction pathway is shown in
Figure 4.25 (bottom). Four RuO4 molecules are adsorbed on the Cr.OsCr surface
(A->B) and form three O-Cr bonds with surface. In a first step, two of the four isolated
oxygen atoms on the top of the two RuO4 molecules formed one Oy molecule (AE =
0.26 eV) (B>C). Similarly to the previous coverage(50%), ruthenium atoms move to a
hollow site. And then, the last two isolated oxygen atoms on the top of other two RuO4
molecules form a second Oz molecule. This step is more endothermic (AE = 1.37 eV)
(C->D) and ruthenium will react as before.
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Figure 4.26. Energy diagram decomposition of RuO4) on Fe,OsFe surface adsorbed by RuO4

with a coverage equal to (top) 25% and (bottom) 50%. Iron: blue. Oxygen: red. Ruthenium:
yellow.

For a Fe>OsFe surface with RuO4 coverage equal to 25%, the possible reaction
pathway is shown in Figure 4.26 (top). Firstly, RuOs molecule is adsorbed on the

surface (A->B) and form three O-Cr bonds. And then isolated oxygen atoms on the
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top of the RuO4 molecule and another isolated oxygen atoms from neighbour cell
formed Oz (AE = 0.39 eV (B->C)) and the RuOs move to the hollow site as mentioned
before (Ru-OOO, Figure 4.13). For the 50% coverage, the possible reaction pathway
is shown in Figure 4.26 (bottom). The reaction path is similar to the previous ones.
The formation of Oz is endothermic (AE = 0.60 eV (B=>C)).

The transition state for the decomposition of RuO4 into RuO3 on different adsorbed
surfaces with different coverages have been calculated by using Nudged elastic band
method (NEB) method®-%? (Chapter Il Section 2.3.1). Unfortunately, some spin
problems have been encountered. Hence, until now, no coherent results have been
found. After RuO4 decomposed to RuOs, two possible reaction pathways may occur
on the surface: RuOs is decomposed into RuO: or the sublimation of RuO3z). The
competition between decomposition and sublimation of RuOjzg on Cr.OsCr and
Fe>OsFe surfaces have been already discussed in a previous section (Chapter IV
4.2.2.1). Furthermore, it has been concluded that the decomposition on Cr2O3Cr2(OH)3
surface is not possible as the sublimation of RuO4y) occurs before. So, in conclusion,
the decomposition of RuOs into RuO2 could occur only via RuO3z on Cr.O3Cr and
Fe>OsFe surfaces. The first step of this decomposition (RuO4 - RuO3) occurs on the
stainless steel surface and the second step of the decomposition (RuOsz - RuOy)
occurs in the gas phase (RuOszg = RuOgzs). This may explain why there is some
discrepancies in literature.®®4250, Surface does play an important role in the
decomposition of RuO4. Moreover, the decomposition of RuO4 could not occur on a
hydrated surface. This result is in agreement with U. Backman et al.3%42 works as they
showed that in an environment totally saturated by water, no RuO4 decomposition can

take place.

Compared to decomposition of RuOgg) in air where the first reaction step is kinetically
slow, the participation of stainless steel surface could help the decomposition of RuO4
into RuOs. Once RuOg3() is formed (by sublimation), the decomposition of RuO3z(g) into

RuO2s) will be rather fast and catalysed by RuO..

4.2.2.3 RE-VAPORISATION OF GASEOUS RUTHENIUM OXIDES

As mentioned in a previous section (Chapter IV section 4.1.2.1.2), U. Backman et
al.3®42 found that the re-vaporization of deposited RuO; particles is a very significant

source of gaseous ruthenium oxides as confirmed by IRSN within the STEM/STEM2
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OECD projects.®® Hence, it is interesting to understand how adsorbed RuO2 can form
RuOg4g) or RuO3g) on the stainless steel surfaces. Therefore, the re-vaporization of
deposited RuO2 over the three interested surfaces will be studied in this section. The
sublimation of RuOyg from adsorbed surface has also been discussed. It will be
compared to the re-vaporization processes. As mentioned in Chapter IV section
4.1.2.1.1, experimentally, B. Eichler et al.® observed that RuO, can form RuOs and
RuO4 by exposing to oxygen with following reaction®18:;

RuO, + %02 = RuO, Equation 4.1

RuO, + 0, = RuO, Equation 4.2

Table 4.12. Energy for re-vaporization of RuOzg and RuOug) from different surfaces with RuO.

adsorbed under presence of Ox(g).

Surface AE

N° R ion
eactio Model  (eV)

Cr,0sCr  0.84
1  Surface-RuO; + ¥ Oyg=>» Surface + RuOs(Q) Chromyl  1.08
Fe.OsFe  1.38
Cr.03Cr  1.67

Re-vaporization

RUO 2  Surface-2RuO; + Oy=» Surface + 2 RuOs(Q) Chromyl 1.77
3(9)

Fe,OsFe 2.47

CI‘zO3CI‘ 2.58

3 Surface-4RuUO; + 202> Surface + 4 RuOs(g) Chromyl  0.80

Fezo3Fe 1.42

Cr.0sCr -1.21
4 Surface-RuO; + Ozg=>» Surface + RuOa4(Qg) Chromyl -0.97
Fe.OsFe -0.67

Cr.0OsCr  -2.43
5 Surface-2RuO; + 205g=» Surface + 2 RuOa(Q) Chromyl -2.33
Fe.OsFe -1.63

Re-vaporization
RUO4)

Cr.,0sCr -5.61
6 Surface-4RuO; + 405g=> Surface + 4 RuOa(Q) Chromyl -7.40

Fe,Os:Fe -6.78
Hence, we suppose that the re-vaporization of gaseous ruthenium oxides may follow

a similar mechanism. In Table 4.12, re-vaporization of RuOg4g and RuOgzg) over the

121
© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Hao Hu, Université de Lille, 2019

REACTIVITY OF RUTHENIUM IN SEVERE ACCIDENT CONDITIONS

three most interesting surface models with RuO2 adsorbed under presence of Oy are
displayed. All the calculations are based on the most stable structures with different

coverages of RuOo.

It is clearly shown that the re-vaporization of RuOg4yg) is more favourable than re-
vaporization of RuOgzg) from a surface. It can occur spontaneously in presence of
oxygen (all the reactions are exothermic). Compared to the reaction directly in gas
phase (RuO: + O2 - RuO3s or RuO4, mentioned in Chapter IV section 4.1.2.1.1 where
equilibrium constant for direct sense of Equation 4.2 is equal to 5x1017 at 373 K#), the
formation of RuOgg) from ruthenium dioxide adsorbed on stainless steel surface with
present of dioxygen is more favourable. Therefore, it can be concluded that the

stainless steel surface can catalyse the RuOz¢) oxidation into RuOas(g).

The Chromyl surface is an oxidized chromium oxide surface, so the re-vaporization of
RuO4g and RuO3zg does not need the presence of oxygen. In Table 4.13, re-
vaporization of RuO4g) and RuO3g) and sublimation energies for RuO(g) over adsorbed
Chromyl surface models without presence of Oz are reported. All the calculations are

based on the most stable structures with various coverages of RuO».

Table 4.13. Energy for re-vaporization of RuO3g and RuO4g and sublimation of RuOzg) from

Chromyl surfaces with RuO; adsorbed without Oz().

N° Reaction AE (eV)

Chromyl-RuO, =»Cr,03Cr-O3 + RuO3(g) 215

Re-vaporization RuOzq 7  Chromyl-2RuO; »Cr.05Cr-O; + 2RuOs() 4.00

Chromyl-4RuO; =»Cr,03Cr + 4RuOg3(g) 5.80

Chromyl-RuO2 =»Cr203Cr-O2 + RuQOas 1.26

Re-vaporization RuOjy,) 8

Chromyl-2RuO2 = Cr203Cr + 2RuO4(g) 267

Chromyl-RuO, =» Chromyl + RuOz(g 3.48

Sublimation RuOx(g) 9 Chromyl -2RuO;, = Chromyl + 2RuOz() 6.77
Chromyl -4RuO; = Chromyl + 4RuOz() 10.49

By comparing formation energy on three different surfaces, it can be observed that, for
a surface with 25% coverage, the re-vaporization of RuO4yg) (Reaction 8, Table 4.13)

is the most favourable (AE = 1.26 eV) even if it is highly endothermic. For a surface
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with 50% coverage, the same re-vaporization (RuOs(g) is the less unfavourable (AE =
2.67 eV). For a surface totally covered by RuOy, it is not possible to form RuOasg)
directly. However, the re-vaporization of RuO3(g) is more favourable than RuOzg). The
re-vaporization energy is equal to 5.80 eV. All these reactions are endothermic.
Calculations of thermodynamic correction on RuOxg), RuO3zg) and RuQOasg) have to be

performed to take into account the temperature effects.

The thermodynamic stability and the possible reaction on the Chromyl surface are
summarized in the next figure (Figure 4.27). It can be observed that, the re-
vaporization of gaseous ruthenium oxide (red and green) are more favourable than the
sublimation of RuOz) (black) whatever the coverages. The re-vaporization of RuO4(g)
or RuO3(g) may occur (AG <0). At low coverages (25% and 50%) RuOa) will re-
vaporization for temperature around 570 K (553 K and 580 K). At this temperature, the
surface can oxidize the RuO2 deposits. For 100% coverage, the re-vaporization of
RuOs3(g) is possible for temperature above 576 K. In the next section, the reaction path

and corresponding transition state for re-vaporization process are discussed.

Chromyl

-12 T T T T T T

0 200 400 600 800 1000 1200
Temprature (K)

Figure 4.27. Gibbs free energy for (black) sublimation of RuOzg), (red) re-vaporization of
RuOas) and (green) re-vaporization of RuO3zg on surfaces Chromyl with a coverage of RuO:
equal to (line) 25%, (short line) 50% and (point) 100% from 0 K to 1300 K.
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At 25% coverage, the possible reaction pathway is shown in Figure 4.28. Firstly, RuO2
adsorbed on the surface. Only one bond is created between Ru atom and terminal
oxygen on the surface. The form RuOs is planar (A->B). Then ruthenium can move
towards the two terminal oxygen atoms and form a tetrahedral-like configuration with
two terminal oxygen atoms. This step is exothermic (AE= -0.83 eV, B->C). The next
step is desorption of RuO4 from the reduced surface (C->D).
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Figure 4.28. Energy diagram of the re-vaporization RuO4g from RuO; adsorbed on Chromyl

surface with coverage equal to 25%. Chromium: green. Oxygen: red. Ruthenium: yellow.

The reaction from B to C (Figure 4.29, top) as a low activation energy (Eact= 0.36 eV).
The RuO:2 molecule, adsorbed on the top of one terminal oxygen atom moves towards
a second terminal atom and makes a bond. From B to TS;, the distance between
Ruthenium atom and one of the surface oxygen atom decreases (from 3.67 A to 2.51
A) and at the same time the distance between ruthenium atom and other oxygen atom
increase (from 1.85 A to 1.93 A). From TS; to C, there is a rearrangement of structure
until the formation of a tetrahedral-like structure (C). From state C to D (Figure 4.29,
bottom), the distance between tetrahedral-like structure and the adsorbed surface
increase before desorption of RuOg4g) from the surface. The activation energy is equal
to 1.27 eV.

124
© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Hao Hu, Université de Lille, 2019

Adsorption of Ruthenium Oxides on Chromium and Iron Oxide Surfaces.

0.6

04 4

0.2 A

0.0 +

-0.2 A

Energy (eV)

0.4 1

-0.6 A

-0.8 A

-1.0

Reaction Pathway

1.4 A Tsz
1.2 1 S 27)
1.0

cese
.......
.......
eoe

0.8 A
0.6

Energy (eV)

0.4 -
0.2 A

0.0 _ —-'.
(0.00)
-0.2 .

Reaction Pathway

Figure 4.29. Energy diagram of the transition states for re-vaporization of RuOag) from RuO»
adsorbed ona Chromyl surface with a coverage equal to 25%. (Top) transition state from state
B to C (Bottom) transition state from state C to D. Chromium: green. Oxygen: red. Ruthenium:

yellow.

At 50% coverage, a possible reaction pathway is shown in Figure 4.30. In a first step,
two RuO2 molecules are adsorbed on the surface. Each molecule forms one bond
between Ru atom and terminal oxygen (A->B). The second step is the formation of a
tetrahedral RuO4 species on the surface. This step is exothermic (AE = -1.40 eV)
(B=>C). Then, one of the two tetrahedral-like structures can be liberated in air as RuOa.
Meanwhile, the other ruthenium species incline to the surface and a new bond is
created between oxygen atom of ruthenium oxide species and chromium atom of the
surface (which is similar to the configuration of RuO4 on Cr.OsCr surface Figure 4.15)
(C->D). In the end, second RuOgg) desorbs from the reduced Cr.OsCr surface (D2>E).
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Figure 4.30. Energy diagram of the re-vaporization RuOsg on from RuO, adsorbed on
Chromyl surface with coverage equal to 50%. Chromium: green. Oxygen: red. Ruthenium:

yellow.

The geometries of the transition states are similar to the 25% coverage ones. This
displacement of the Ru atom toward the second terminal oxygen atom (B to C (Figure
4.31, top)), has an activation energies of 0.49 eV. The presence of the second RuO3

species on the surface has only a small effect on this step.

The reaction path between C to D (Figure 4.31, middle) is very simple. The two bonds
between oxygen atoms and the surface are broken when the distance between the
surface and the Ru increases. In the meantime, another tetrahedral-like structure is
tilted towards the surface. The oxygen atoms in the second tetrahedral-like structure
form three bonds with chromium atoms of the surface. The later geometry is equivalent
to the one formed by adsorption of RuO4 on Cr203Cr surface (Figure 4.15). The
activation energy for this step is equal to 1.28 eV. The last step, from D to E (Figure
4.31, bottom), is the simple desorption of RuO4g) with an activation energy equal to
1.92 eV.
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Figure 4.31. Energy diagram of transition states for re-vaporization of RuO4g from RuO:
adsorbed on Chromyl surface with a coverage equal to 50%. (Top) transition state from state
B to C (middle) transition state from state C to D (Bottom) transition state from state D to E.

Chromium: green. Oxygen: red. Ruthenium: yellow.

For a surface totally covered by RuO2, the RuOs desorption was studied. A possible
reaction pathway is shown in Figure 4.32. Each RuO2 molecule adsorbed on the
surface creates a bond with the terminal oxygens of the surface and the ruthenium
atom is in the centre of the triangle formed by the three oxygen atoms (similar to RuO3)
(A=>B). Then a first RuOz molecule can desorb from the surface (B-=>C). The process
is different for desorption of the second RuOs molecule (C>D). When RuOs desorbs,

two other triangle structures are tilted towards to the surface and ruthenium are placed
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in a threefold hollow site (Ru-OOO,Figure 4.10). Then, the last two Ru atoms are
desorbed as RuO3 (D>E-2>F). As a result, Chromyl surface is totally reduced.
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Figure 4.32. Energy diagram of the re-vaporization RuO3) from RuO, adsorbed on a Chromyl

surface with coverage equal to 100 %. Chromium: green. Oxygen: red. Ruthenium: yellow.

The first two steps are similar. The distance between the surface and the RuO3
increase till the complete desorption of the molecule. The activation energy of the first
desorption is 1.24 eV (Figure 4.33, top). From the state C to D (Figure 4.33, middle
top), one RuO3 desorbs. The activation energy is equivalent to the previous one (Eact=
1.33 eV). In the meantime, two other ruthenium atoms move in the threefold hollow
site on the surface (The geometry is similar to the geometry of RuO3 adsorbed on the
Cr2-O3-Cr surface Ru-OOO,Figure 4.10) which explains that this step is exothermic.
The transition state for desorption of the third RuOz molecule is represented in Figure
4.33, middle down. The activation energy is quite important (2.93 eV) due to the
formation of three bonds between the Ru and the oxygen atoms of the surface. From
E to F (Figure 4.33, bottom), the last ruthenium atom is desorbed from the surface

under RuOg3(g form. The activation energy is very high (to around 3.0 eV).

128

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Hao Hu, Université de Lille, 2019

Adsorption of Ruthenium Oxides on Chromium and Iron Oxide Surfaces.

17 AT,
1.16

1.0 A .( )
3 0.8 - ® ® ® :
206
% 04 - 4 @ ® ®
w .-'

02 - 4 - i i

B
0.0 A ]
s 0.00 ‘ €
' Reaction Pathway
1.6 A

TS,

® —2 ® [
ol @ T S 2
o5 | }.
i 0.1 o ; ®

> 5
(0.00) } .
§—0.4 8 ® . ;‘
: ® 0 -\
-0.9 41 Ru Ru ..-
1.4 - —D
-1.46
1.9 | L (-1.46)

Reaction Pathway

3.5

30 4 :. }. .....................
0] .(z 93) 97,0
} K

1.5 -

2. ) 4

0.5 -
0‘0 i .D—'... Ru'
0.00) ‘pm :

-0.5
Reaction Pathway

35 - TS, :

o £ &5

2.5 A o0 & ® } ®
A oLt
& =15 ©-¢®
CIJ 10 -
LI.I K

054

00{ —u

o (000) Aeokee Sevlee

Reaction Pathway
Figure 4.33. Energy diagram of the transition states for the re-vaporization of RuO3() from
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To sum up, the re-vaporization of RuO> from stainless steel surface is possible with or
without oxygen. In presence of oxygen, ruthenium can be re-vaporized spontaneous
(exothermic reaction) from all adsorbed surfaces as RuOsg. Without oxygen,
depending on coverage, ruthenium will desorb as RuO3(g) or RuO4(g) from the Chromyl
surface. For a coverage in RuO2 equal to 25% and 50%, ruthenium tetroxide will be
released from the surface. The release of the first RuOsg) molecule is not difficult with
an activation energy lower than 1.30 eV. The sublimation of the second RuQO4(g) is more
difficile (activation energy close to 2.0 eV). On a totally covered surface, the re-
vaporization of RuO: is possible but under RuO3(g) form. The desorption of the first two
ruthenium oxide species is fast (activation energy around 1.3 eV). The desorption of

the last ruthenium oxide will be very slow (activation energy around 3 eV).

4.2.3 CONCLUSION

In summary, ruthenium oxide species can be adsorbed on Cr.OsCr and Fe>OsFe
surfaces and they stay isolated on the surface. On the Chromyl surface, only RuO:
and RuO3 can be adsorbed. On the hydrated surface (Cr203Cr2(OH)3), the adsorption

in not favourable.

The decomposition of RuOs and RuO4 on stainless steel have been studied. It has
been shown that the decomposition of RuO3 on different surfaces is not probable. The

sublimation of RuOs is favoured.

Stainless steel surfaces play an important role in the decomposition of RuO4. RuO4
adsorbed first on the surface, and then it is reduced into RuOz. The RuO3z will desorb
and its decomposition into RuO2 might happen close to the surface due to the low
stability of RuO3(). This behaviour is in agreement with the experimental results
published by P. Cains and S. Barnes®. They have deposited volatile ruthenium oxides
on steel surface and found that above 150 °C the deposition could happen and lead to
the formation crystalline RuO2s). It should also be noticed that the participation of the
surface of stainless steel may accelerate the decomposition of RuOgsg as the first
reaction step for the decomposition of RuOg) is kinetically slow. The decomposition
of RuO4 could not occur on a hydrated surface. On hydrate surface, the sublimation of
RuOg4 take place before the formation of RuO2. This result could explain that in an

atmosphere saturated by water, no RuO4 decomposition can take place3%42,
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The re-vaporization of deposited RuO: particles may be a significant source of gaseous
ruthenium oxides®%42, In presence of oxygen, ruthenium dioxide can be re-vaporized
spontaneously from all adsorbed surfaces as RuOsg). On the opposite, without oxygen,
ruthenium can be liberated as RuO3g or RuOasg only from Chromyl surface. The
nature of the oxide formed will depend on the RuO:> coverage.

4.3 ADSORPTION OF DIOXYGEN ON RUTHENIUM DIOXIDE AEROSOLS

As mentioned before (Chapter IV Section 4.1.1.2), RuOz() can exist only at very high
temperature (> 2000 K)°. So, for the most of the time, ruthenium dioxide is in a solid
state inside the reactor coolant system (RCS) and the nuclear containment. At high
temperature, the main gaseous species present in the containment are RuO4g and
RuO3). However, RuOg4g) is not stable at low temperature, it decomposes totally into
RuO: (s) at temperature higher than ~110 °C. Hence, the formation of RuO; aerosols is
expected when the temperature decreases. Furthermore, above 1500 K, the
transported ruthenium species in the RCS are a mix between almost totally as aerosol
particles (RuO2 5))%%#?>-44 and gaseous ruthenium oxides. In this section, first of all, the
stability of different surfaces of RuO: will be studied. In a second part, oxygen will be
adsorbed on this surface in order to investigate the re-vaporization of ruthenium
species. Finally, we will study the re-vaporization of ruthenium gaseous species from

our surface using ab initio dynamic molecular simulations.

4.3.1 STABILITY OF DIFFERENT RUO2 SURFACES

First of all, the stability of different RuO2 surfaces is
Table 4.14. Surface energy for

different surface RUO, studied in order to determine the surfaces exposed

in RuO, aerosols. The bulk structure of RuO: is

Surface Esurface(J/mM?)

[110] 122 shown in Figure 4.2 (b). It has a rutile structure
[100] 153 (TiO2 type). Several low miller index surfaces are
[001] 1.92 shown in Figure 4.34. In this work, we have tested
[111] 2.98 [110],[100],[001]and[11 1] surfaces. Surface

energy for different surfaces are grouped in Table
4.14. The [1 1 O] surface is the most stable one, this result is consistent with literature

data.*’°
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On the first layer of the [1 1 0] surface, there are two kinds of ruthenium atoms and
two kinds of oxygen atoms (Figure 4.34, right): Ruyr (ruthenium atoms construct the
bridge structure), Onr (OXygen atoms construct the bridge structure), Rucus (ruthenium
atoms expose on the surface), O (3-fold (bulk-coordinated) surface O atoms). Ru
atoms can adsorb on Rucus, Opr and Or. On the [1 0 0] surfaces (Figure 4.34, b), there
is also a Ru-O-Ru bridge. The remaining surface is stepped. The oxygen can be
adsorbed on the ruthenium site of the Ru-O-Ru bridge. On [1 0 0] surface (Figure
4.34, c), the oxygen is adsorbed on the defective Ru atoms. Finally, on [1 1 1] surface
(Figure 4.34, d), Ru-O-Ru bridge formed on the surface and the oxygen can also
adsorb on the low coordination Ru atom. In the following section, the adsorption of
dioxygen on different RuO2 surfaces will be discussed, in order to study the possible

re-vaporization of gaseous ruthenium oxides from RuO- aerosols.

Figure 4.34. Theoretical model for RuO- surfaces. (Left)(@) [1 1 0] (b) [1 0 0] (c) [0 0 1] (d) [1
1 1]. (Right) The definitions of different special sites (Rupr, Rucus, Onr and Ozf) for the most

stable surface [1 1 0] are indicated in the figure. Ruthenium: yellow. Oxygen: red.

4.3.2 ADSORPTION O2(g) ON DIFFERENT RuO2 SURFACES

The most stable structure for molecular and dissociative adsorption configurations are

grouped in Table 4.15. The coverage is defined by equation below:

n02 adsobed
r=———

NRu sites
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Mo, aasobea - NUMber of adsorbed dioxide molecules.

Ngy sites - NUMber of Ru sites available for O, adsorption.

Table 4.15. Most stable structures for molecular and dissociative adsorption of Oz on different

RuO:; surfaces and adsorption energy per O, adsorbed in electron volt. Ruthenium: yellow.
Oxygen: red. Adsorbed oxygen atom: light blue.

Molecular Adsorption Dissociative Adsorption
Surface coverage (%) coverage (%)

25 50 100 25 50 100

[110] Doe; not
exist
2 e & . . | &€ { Does not
[100] Ba-i g ¥t s B e 1

[001]

[111]

-1.53 -1.48 -1.41 -4.51 -4.34 -2.48

The adsorption energy per adsorbed molecule is calculated by equation in Chapter Il
Section 2.5.2 which can be written as below for adsorption of Oa.

_ Etotal - Esurface - (EOZ X noz)
Eads -

Tl02

with E, 4 < 0, corresponding to an exothermic reaction.
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, It can be easily noticed that adsorption of dioxygen
{ molecules are favourable on all studied RuO:
>} & surfaces. On the [1 1 O] surface, the dissociative
E adsorption (25%: -2.24 eV; 50%: -2.12 eV) are
Figure 4.35. The Ru-O-O-Ru bridge more favourable than molecular ones for all the
structure in surface totally covered by coverages (25%: -1.45 eV; 50%: -1.38 eV; 100%:

: E 46 :
Oz who is found in literature™ Ru: g 52 ev), These values are in agreement with
yellow. O: red. Adsorbed O: light blue.

values in the literature (molecular adsorption 25%:
-1.27 eV; dissociative adsorption 25%: -1.83 eV)“5. The oxygen atoms adsorb on Rucuys
site and form a -Ru-O-O-Ru- bridge in molecular adsorption. The only difference
between our calculations and the literature results is on the surface totally covered by
O, in literature, a -Ru-O-0O-Ru-O-0-Ru- bridge (Figure 4.35) is formed which make
ruthenium 7-fold coordinated. This configuration has been also tested in our calculation
but this configuration is not stable and half of the adsorbed oxygen molecules desorbed
during the geometry optimization. This desorption may be due to the 7-fold coordinated
ruthenium atom. The difference between literature and our calculations may due to the
functional used (PW91 in literature and PBE in our works) and different cut off value
(400 eV in literature and 600 eV in our work). In our study, when the surface is totally
covered by oxygen molecules, in the most stable configuration, only one of the two
oxygen atoms makes a bond with ruthenium atom on the surface. The distance
between two O atoms is equal to 1.28 A which is close to distance between oxygen
atoms in dioxygen gas form (do.o = 1.23 A). The length of oxygen bridge in other
molecular adsorptions is equal to about 1.37 A. For dissociative adsorption, the

distance between adsorbed oxygen atoms is close to 3.10 A.

Onthe [1 0 O] surface, the molecular adsorption (25%: -0.34 eV; 50%: - 0.37 eV; 100%:
-1.04 eV) are less favourable than dissociative ones (25%: -1.68 eV; 50%: -1.46 eV)
for different coverages. The oxygen atoms adsorb on top of the ruthenium atoms
situated au Ru-O-Ru bridge on the surface. In molecular adsorption, two oxygen atoms
from the same oxygen molecule are adsorbed on the same ruthenium atom. The O-O
distance (do-o= 1.28 A) is close to the gas phase one indicating that the retro-donation
is weak. For the dissociative adsorption, for a coverage lower or equal to 50%, the
adsorption is exothermic (AE ~ -1.5 eV) and the distance between two oxygen atoms
is higher than 3.11 A.
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On the [0 O 1] surface, the dissociative adsorption (25%: -1.42 eV; 50%: -1.36 eV,
100%: -2.69 eV) are also more favourable than molecular one (25%: -2.70 eV; 50%: -
2.65 eV; 100%: -3.37 eV). The oxygen atoms adsorb on top of the ruthenium atoms
situated in the first atomic layer. In molecular adsorption, the distance between the two
oxygen increases (do-o = 1.36 -1.40 A). For the dissociative adsorption, there are two
types of adsorption. For coverages lower or equal to 50%, two oxygen atoms coming
from the same oxygen molecule are adsorbed on different ruthenium atoms with an
adsorption energy equal to about -2.70 eV and the distance between two oxygen atoms
is higher than 4.50 A. For a surface totally covered by oxygen, two oxygen atoms from
the same oxygen molecule are adsorbed on the same ruthenium atom. The adsorption
energy is equal to -3.37 eV and the distance between two oxygen atoms corresponds
to 2.76 A.

For [1 1 1] surface, the dissociative adsorption (25%: - 4.51 eV; 50%: -4.34 eV; 100%:
-2.48 eV) are more favourable than molecular ones (25%: -1.53 eV; 50%: -1.48 eV,
100%: -1.41 eV). The dissociative adsorption is very exothermic. The oxygen atoms
adsorb on the defective ruthenium atoms situated in Ru-O-Ru bridge on the external
of the surface. In molecular adsorption, distance between the two oxygens is do-o =
1.40 A). For the dissociative adsorption, at low coverage, two oxygen atoms from the
same oxygen molecule are adsorbed on different ruthenium atoms. The reaction is
very exothermic (more than -4 eV). For a surface totally covered by oxygen, two
oxygen atoms from the same oxygen molecule are adsorbed on the same ruthenium
atom. The reaction is less exothermic (-2.48 eV) and the distance between two oxygen

atoms is equal to 2.82 A.

We can conclude that the dissociative adsorption is more favourable than molecular
one on all the surfaces. In the molecular adsorption, the oxygen-oxygen distance is
slightly increased. On most stable surface [1 1 0], a peroxo-type (-Ru-O-O-Ru-) bridge
is formed in molecular adsorption. As expected, the adsorption on the less stable

surface i.e. the [1 1 1] one, gives the more exothermic reactions.

4.3.3 RE-VAPORIZATION OF RUTHENIUM GASEOUS SPECIES FROM DIFFERENT

ADSORBED RUO> SURFACE

In this section, the pathway for re-vaporization of ruthenium gaseous species from

different adsorbed RuO: surface will be studied. There are many possibilities to form
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gaseous ruthenium species (RuOsz() or RuOs(g)) from these surface, so usual standard
molecular simulation may not investigate all possibilities. Hence, Molecular Dynamic
simulation is used, in order to understand the re-vaporization process. In our works,
only one surface will be studied as the running time for a Molecular Dynamic simulation
is quite long. The surface who has been chosen is [0 0 1] with a coverage of O, equal

to 25% as it has a relatively short calculation time.

4.3.3.1 EXPERIMENTAL SECTION

Molecular dynamic calculations are performed with the Projector Augmented Waves
(PAW) approach®. The functional of these potential are applied in the Vienna Ab-initio
Simulation Package (VASP)%455, In the initial configurations, a 2x2 cellule of [0 0 1]
surface with one oxygen molecule adsorbed on the top of the surface (25% coverage)
was utilized by molecular adsorption and dissociative adsorption (Figure 4.36).

Figure 4.36. Systems used in Molecular Dynamics (left) molecular adsorption and (right)
dissociative adsorption of dioxygen molecule on [0 0 1] ruthenium dioxide surface with a
coverage of Oz equal to 25%. t = 0 fs. Ruthenium: yellow; Oxygen: red. Adsorbed oxygen atom:
light blue.

Firstly a standard Molecular dynamic calculation was performed in order to stabilised
the system, Born—Oppenheimer molecular dynamics simulations were carried out in

the canonical NVT ensemble, the temperature was controlled by a Nosé—Hoover
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thermostat®66” around 450 K. A time step of 1 fs was chosen for motion equation. Then
a Meta-Molecule Dynamic simulation with Slow-growth approach was performed using
Anderson thermostat®® which also solves Newton’s equation of motion using time step
of 1 fs.

4.3.3.2 DYNAMICS EVOLUTION OF THE SYSTEM

The dynamics evolutions of the two systems with different modes of adsorption is

divided in several parts: evolution of temperature, evolution of energy etc.

4.3.3.2.1 Molecular adsorption of dioxygen molecule on [0 0 1] RuO, surface
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Energy (eV)
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-539
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-540 rl

'541 T T T T
0 5000 10000 15000 20000
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Figure 4.37. Variation of total energy during Meta Molecule Dynamic simulation with Slow-
growth approach for ruthenium gaseous species from surface with dioxygen molecule
adsorbed associative on [0 0 1] ruthenium dioxide surface from t = 0 to 20 000 fs.

The re-vaporization of ruthenium gaseous species from surface with associative
adsorption of dioxygen molecule on [0 0 1] surface of RuO: will be discussed primary.
The temperature profile of this simulation was shown in Appendix Figure A.9. It can
be clearly observed that the temperature stays around the target temperature (450K).
The variation of total energy for this system during the Meta-Molecule Dynamic

simulation is presented in Figure 4.37.
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Transition State C b
B ' .

Figure 4.38. Configurations corresponding to stationary points for re-vaporization of ruthenium
gaseous species from surface with dioxygen molecule adsorbed associative on [0 0 1]
ruthenium dioxide surface. (Left) Transition state (TS): t = 6 000 fs. (Middle) state B: t= 12
000 fs. (Right) state C: t = 20 000 fs. Ru: yellow; O: red. Adsorbed O: light blue.

It can be noticed that the re-vaporization path is composed of two steps: first step (A>
TS - B) and second step (B - C). The re-vaporization process began with an initial
state A where two oxygen atoms are adsorbed on the same ruthenium atom (Figure
4.36 left) with an energy of the system equal to about -538.8 eV. Next the system goes
to state B by passing a transition state. During this pathway, the ruthenium atom where
two oxygen atoms are adsorbed moves up to the vacuum by pulling one of the oxygen
atom off the surface (around 6 000 fs. Transition state: Figure 4.38 left). The energy
for this configuration is around -535.5 eV. Afterward, some reorganisations happen on
the surface. It can be observed that the ruthenium atom where two oxygen atoms
adsorbed mobilises a little on the surface. The first detached oxygen atom of the
surface makes a new bond with one of ruthenium atoms on the top of the surface. After
some other rearrangements (around 12 000 fs), a second oxygen atom is pulled out of
the surface (State B: Figure 4.38 middle) with a total energy equal to about -537.5 eV.
The activation energy for the first step of re-vaporization process is around 3 eV. In the
second step, the distance between the formed ruthenium oxide and the RuO: cluster
is increasing until being liberated from the RuO2 surface. In this step, the ruthenium is

released under RuO4 form with no a transition state. Total energy for the final system
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(around 20 000 fs) is about -536.5 eV with a different energy from the initial state (A)
equal to 2.3 eV.

In conclusion, the re-vaporization of ruthenium gaseous species from surface with
dioxygen molecule adsorbed associative on [0 0 1] surface ruthenium dioxygen can be
simulated by Molecular Dynamic simulation. This process is occurring in two steps and
ruthenium will be liberated in RuO4 form with an activation energy equal to about 3 eV,

meaning that it is not a very relevant way of formation.

4.3.3.2.2 Dissociative adsorption of dioxygen molecule on [0 0 1] RuO- surface

The re-vaporization of ruthenium gaseous species from surface with dioxygen
molecule adsorbed according to a dissociative process on [0 0 1] surface of RuO2 will
be discussed in this section. The temperature profile of this simulation was shown in
Appendix Figure A.10. It can be observed that the temperature of the system stays
around the target temperature (450 K). The total energy variation for this system during
the Meta-Molecule Dynamic simulation is presented in Figure 4.39.
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Figure 4.39. Variation of total energy during Meta Molecule Dynamic simulation with Slow-
growth approach for ruthenium gaseous species from surface with dioxygen molecule

adsorbed dissociative on [0 0 1] ruthenium dioxide surface from t = 0 to 20 000 fs.

The re-vaporization procedure began by a state A where two oxygen atoms adsorbed
dissociative on two ruthenium atoms (Figure 4.36 right) with an energy of the system
equal to about -540.2 eV. Next the system goes to state B by passing a transition state

(TS). During this pathway, one of the ruthenium atoms where oxygen atom adsorbed
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moves up towards to vacuum by pulling one oxygen atom off the surface (around 6 000
fs. Transition State: Figure 4.40 left) with an energy equal to -537 eV. Afterward, some
reorganisations happen on the surface. It can be observed that formed ruthenium oxide
will move toward another adsorbed oxygen atom by making a new Ru-O bond. Hence,
the ruthenium oxide finishes by staying in RuO4 configuration on the top of the surface.
After some other rearrangements (around 10 000 fs), the gaseous ruthenium oxide will
be pulled out of the surface (State B: Figure 4.40 middle) with a total energy equal to
about -538.5 eV. The activation energy for the first step of re-vaporization process is
around 3 eV. Afterwards, the distance between the formed RuO4 species and the RuO>
cluster is increasing until release from RuO: surface. Total energy for the final system
(around 20 000 fs. State C: Figure 4.40 left) is about -536 eV with a difference energy
from initial state (A) being equal to 4.2 eV.

Transition State

Figure 4.40. Configurations corresponding to stationary points for re-vaporization of ruthenium
gaseous species from surface with dioxygen molecule adsorbed dissociative on [0 0 1]
ruthenium dioxide surface. (Left) Transition State (TS): t= 6 000 fs. (Middle) state B: t= 10
000 fs. (Right) state C: t = 20 000 fs. Ru: yellow; O: red. Adsorbed O: light blue.

In conclusion, the re-vaporization of ruthenium gaseous species from surface with O
adsorbed dissociative on [0 0 1] surface ruthenium dioxygen can be simulated by
Molecular Dynamic simulation. Ruthenium will be liberated in RuO4 form with an
energy over 4.2 eV which is very high and do not constitutes a relevant pathway of

volatile ruthenium formation.
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4.3.4 CONCLUSION AND PERSPECTIVE

In this section, the stability of different RuO> surfaces are discussed. In agreement with
the literature data*’~*°, the [1 1 0] surface appears to be the most stable. Then dioxygen
molecule has been adsorbed on these surfaces by molecular and dissociative
adsorptions. It can be shown that the dissociative adsorption is more favourable than
the molecular adsorption for all the surfaces. The oxygen molecules adsorbed on the
surface stay in this initial state (do.o close to the distance between oxygen atoms in
dioxygen molecule) in the molecular adsorption process. Overall, the adsorption of O>
on [1 1 1] surface is the most favourable one as it is the most unstable surface in our
study. Then according to these results, re-vaporization of volatile ruthenium oxide from
RuO: aerosol is studied by using Molecular Dynamic calculations. Unfortunately, due
to excessive time of computation, only [0 O 1] surface has been explored as it has a
relatively short calculation time. By this method, the reaction pathways have been
identified in including the determination of the activation energy. Hence Molecular
Dynamic calculation is a quite clear way to study a re-vaporization process. It can be
observed that ruthenium is potentially released under RuOs from for these two
adsorbed surfaces by creating a defect on RuO. aerosol surface. However, the
activation energies in these two cases are very high (around 3.0 eV and 4.2 eV), thus
the formation of RuOasg from low oxidized RuO2 aerosol (25% coverage) will not be
very relevant. In perspectives, other coverages and other adsorbed surfaces should

be explored in the future to complete/achieve this study.

4.4 CONCLUSION

In this chapter, ruthenium oxides species are adsorbed on Cr.O3Cr surface, its
modified surfaces and Fe>OzFe surface. It can be noticed that the ruthenium oxides
stay always isolated on the surfaces. The adsorption on a neutral surface is more
favourable than on a modified surface. Based on these adsorbed surfaces, the
decomposition of RuOz and RuO4 and the re-vaporization of gaseous ruthenium oxides
species on stainless steel have been investigated. The sublimation of RuOs is still more
favourable than the decomposition of RuOz on different surfaces. Stainless steel
surface plays an important role in the decomposition of RuO4. The RuO4 decomposed
primarily on the surface to RuO3z and then the decomposition of RuOs occurs in the gas

phase after its sublimation. These reactive pathways can occur on Cr.OsCr and
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Fe>OsFe surfaces but not on a hydrated surface. These results may explain several
experimental observations3%4250, |t is also consistent with the fact that the stainless
steel surface may accelerate the decomposition of RuOg4g). Furthermore, with or
without presence of oxygen in the carrier gas, ruthenium can be re-vaporized
spontaneous from adsorbed surfaces under RuOz) or RuOgyg) form depending on the
coverage. This finding can explain that the re-vaporization of deposited RuO: particles

is a source of gaseous ruthenium oxides as mentioned in litterature3°42,

Then dioxygen molecule has been adsorbed on ruthenium dioxide surfaces (including
the most stable one [1 1 0]) by molecular and dissociative adsorptions where the latter
one is more advantageous. Afterward, based on these adsorbed surfaces, re-
vaporization of gaseous ruthenium oxides species from RuO: aerosol is studied by
using Molecular Dynamic simulation. By this method, the reaction pathways can be
found including its activation energy. According to our calculations, on [0 0 1] surface,
ruthenium species is released under RuOgg) by generating defects on RuO: surface.
However, the activation energy is quite important (over 3 eV), it means that this process
will be very slow. In perspectives, using Molecular Dynamic simulations, the re-
vaporization process involving other coverages and other adsorbed surfaces should

be explored in the future to complete/achieve this study.
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CHAPTER5 GENERAL CONCLUSION AND
PERSPECTIVES

uring a nuclear accident, radionuclides can be released into the environment

under different forms from the reactor containment building and these outside
releases have important radiological consequences on human health and on the
nature. The good prediction of the contamination, based on simulations of the outside
radioactive releases for different types of accident, for realistic dose assessment and
be able to make a suitable crisis management to better protect the public. The gas
phase chemical reactivity of the fission products is relatively well-known but effect of
the contribution of revaporisation processes from deposits on surfaces, typically the
reactor coolant system surfaces (RCS), is not understood. To simulate the potential
remobilisation of radionuclides species deposits during a severe nuclear accident, we
focus our works on iodine and ruthenium fission products and more precisely on
deposits on stainless steel surfaces. These two elements are chosen due to their
important consequences on environment and human’s health. lodine produced by
nuclear fission reactions can react at high temperature, in the RCS with control rod
materials (forming, for example: Agl and Cdlz). These metallic iodide species may
reach the containment building and can be oxidized to gaseous molecular iodine lzg).*
Some oxidative reactions can form ruthenium oxides and more particularly the volatile
RuOgg) form that can, be deposited on the surface of the reactor coolant system and
of the nuclear containment building made with stainless steel for a part of them.?3 For
these reasons, we study theoretically, the adsorption of metal iodides (Agl and Cdl>)
and of ruthenium oxides (RuO2, RuOs and RuOs) on stainless steel surfaces
(chromium oxide and iron oxide) as well as the formation volatile species (I2g), RuOz3(g)
and RuOy)).

The adsorption of control rod metal iodides (Agl and Cdl,) on stainless steel surface
(Fe2OsFe?, Cr.0sCr and its oxidized surfaces®) were studied. For iodine, the

associative adsorption is more favourable than the dissociative adsorption on most of
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the surfaces and the adsorption on a neutral surface is more advantageous than on a
modified surface. The adsorbed molecules form a threefold hollow site on surfaces
(Ag-O0O0 or Cd-O0O0) except on the chromyl surface (which is the oxidized chromium
oxide surface) where they form a tetrahedral structure with terminal oxygen atoms of
the surface. At high coverage, adsorbed Agl molecules form a chain or a ring structure
on the surface, keeping bonds between silver atoms and the surface. On the opposite,
adsorbed Cdl> molecules do not form any covalent bond with the surface at high
coverage. From a reactivity point of view, the formation of I2 ) is possible on a Chromyl
surface when Agl or Cdl> have been adsorbed. However, the temperature that allows
this reaction depends both on the coverage and on the adsorbed species. From a
Chromyl surface with Agl adsorbed, the formation of I>(g is possible at low temperature.
At 25% coverage, the formation occurs almost spontaneously (at 75 K) until above 930
K. When the coverage increases to 50%, the formation of |2 g can happen between
305 K and 780 K. The formation for a surface totally covered by Agl is very restricted
to a very small temperature ranges (from 593 K to 637 K). From a Chromyl surface
with Cdl, adsorbed, only with low coverage (25%) the formation of I is possible (up
to 700 K). This reaction can explain the partial re-vaporization of Agl as Ixg) on stainless
steel® and the limitation in formation of Cdl,’ in certain conditions. Additionally,
formation of lxg) is possible in presence of an oxidant such as OH®* from neutral
surfaces (Cr03Cr and Fe2OsFe).

Ru exists in several oxidation states (0 to +8). In this study, we focus on the more
stable oxides (RuO., RuOsz and RuOj4). As RuOyg can only exist at very high
temperature, ruthenium dioxide is supposed to be in solid state inside the reactor
coolant system (RCS) and in the nuclear containment building. RuO3 and RuO4 are
the two main ruthenium gaseous species at high temperature.® To simulate the
behaviours of ruthenium oxides on stainless steel surface, RuO., RuOz and RuO4 have
been adsorbed on Fe>OsFe, Cr.OsCr and its modified surfaces. This work shows that
these ruthenium oxides are often isolated on these surfaces. The adsorption is more
exothermic on the neutral surface than on the modified ones. Furthermore, by
combining Density of State (DOS) and bader® calculation for adsorbed ruthenium
species, it was evidenced that the adsorption RuO2 and RuOz on Chromyl surface
(25% coverage) leads to the RuO4 formation, the charge on the Ru atoms being similar

to the charge on the gaseous ruthenium tetroxide. So it is possible that adsorbed
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species can be released from the Ru deposits on the surface under RuO4g) or RuO3(g)
form. According to our modelling works, with or without the presence of oxygen in the
gas phase, ruthenium can be re-vaporized from adsorbed surfaces as RuOgzg) or
RuO4(g depending on the coverage. With presence of oxygen in the gas phase, the re-
vaporization of RuO4(g occurs spontaneously on different surfaces. Without presence
of oxygen, from a chromyl surface with 25% and 50% coverage of RuO2, RuOax) will
be re-vaporization for temperature higher than around 570 K. When the chromyl
surface is totally covered by RuO2, RuO3g will be re-vaporized for a temperature
higher than 576 K without presence of oxygen. These results tend to show that re-
vaporization of RuO, deposits is a source of gaseous ruthenium oxides, at high
temperature, as mentioned in litterature®1°. The decomposition of RuO3 and RuO4 and
the re-vaporization of gaseous ruthenium oxides on stainless steel have also been
studied. Stainless steel surfaces play an important role in decomposition of RuO4 and
it may accelerate its decomposition. In a first step, it decomposes into RuOz on Cr203Cr
and Fe»OsFe surfaces and in a second step, the released gaseous RuO3z will be
reduced to RuOyg). The studies performed on the RuO: surfaces, modelling RuO:
aerosols, have shown that the dissociative adsorption of O, molecule is more
favourable than the molecular adsorption on all the surfaces investigated. The re-
vaporization of RuOzand RuO4 from RuO- aerosols was studied by Molecular Dynamic
simulations. This calculation method allows characterising each step in a reaction
pathway and also to determine the activation energy. Ruthenium could be liberated
under RuOgyg) by creating a defect on RuO: [0 O 1] surface, even if, due to the high

energetic barrier, this process should not be relevant.

In order to complete the work presented in this thesis, the adsorption of control rod
metal iodides and ruthenium oxide species on other possible components of stainless
steel surface (for example: manganese oxide (MnO) and manganese chromite
(MnCr204)) could be performed in order to get a more global point of view on these
adsorptions during severe nuclear accident. Furthermore, using Molecular Dynamic
simulations, the re-vaporization process of gaseous ruthenium oxide species with other
O2 coverage and on other RuO: surfaces can also be investigated in order to determine
the role of all the surfaces in the re-vaporization process of gaseous ruthenium oxides

species.
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GENERAL CONCLUSION AND PERSPECTIVES
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APPENDIX

A.1 SATURATED HYDRATE CHROMIUM OXIDE SURFACE

a)

AE =-1.35eV AE =-1.42 eV

Figure A.1. Adsorption of Agl with (a) 25% (b) 50% (c) 75% and (d)100% coverage adsorbed
on totally saturated hydrated chromium oxide surface (with six water molecules). AE is the
adsorption energy per Agl molecule adsorbed with equation shown as below. Chromium:

green. Oxygen: red. Cadmium: yellow. lodine: grey. Hydrogen: light yellow.

_ Etotal - Esurface - (EAgI X nAgI)
A Eads -

Nygi

with E, 45 < 0, corresponding to an exothermic reaction.

Al
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AE =-0.70 eV AE =-0.65eV

Figure A.2. Adsorption of Cdl, with (a) 25% (b) 50% (c) 75% and (d)100% coverage adsorbed
on totally saturated hydrated chromium oxide surface (with six water molecules). AE is the
adsorption energy per Cdl, molecule adsorbed with equation shown as below. Chromium:

green. Oxygen: red. Cadmium: yellow. lodine: grey. Hydrogen: light yellow.

_ Etotal - Esurface - (ECdIZ X nCdIZ)
A Eads -

Near,

with E, 45 < 0, corresponding to an exothermic reaction.

A2
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saturated hydrate chromium oxide surface

AE =-3.35eV AE =-3.42 eV

AE =-2.92 eV

Figure A.3. Adsorption of RuO, with (a) 25% (b) 50% (c) 75% and (d)100% coverage adsorbed
on totally saturated hydrated chromium oxide surface (with six water molecules). AE is the
adsorption energy per RuO, molecule adsorbed with equation shown as below. Chromium:

green. Oxygen: red. Ruthenium: yellow. Hydrogen: light yellow.

Etotal - Esurface - (ERuOZ X nRuOZ)

AEqqs = n
Rqu

with E, 45 < 0, corresponding to an exothermic reaction.

A3
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AE =-3.24 eV AE =-3.19eV

Figure A.4. Adsorption of RuO3 with (a) 25% (b) 50% (c) 75% and (d)100% coverage adsorbed
on totally saturated hydrated chromium oxide surface (with six water molecules). AE is the
adsorption energy per RuOs; molecule adsorbed with equation shown as below. Chromium:

green. Oxygen: red. Ruthenium: yellow. Hydrogen: light yellow.

Etotal - Esurface - (ERu03 X nRu03)

AEqqs = n
Ru03

with E, 45 < 0, corresponding to an exothermic reaction.

A4
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saturated hydrate chromium oxide surface

a) b)

AE =-1.37 eV AE =-0.94 eV
Ru

AE =-0.64 eV AE=-0.51eV

Figure A.5. Adsorption of RuO4 with (a) 25% (b) 50% (c) 75% and (d)100% coverage adsorbed
on totally saturated hydrated chromium oxide surface (with six water molecules). AE is the
adsorption energy per RuO4 molecule adsorbed with equation shown as below. Chromium:

green. Oxygen: red. Ruthenium: yellow. Hydrogen: light yellow.

Etotal - Esurface - (ERu04 X nRu04)

AEqqs = n
Ru04

with E ;s < 0, corresponding to an exothermic reaction.

A5
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APPENDIX

A.2 DENSITY OF STATE FOR DIFFERENT ADSORBED RUTHENIUM SPECIES
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Figure A.6. Density of states for d orbitals (Ru) of reference molecules (top) RuO4 (middle)
RuQOj; (bottom) RuOa..
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Density of State For Different Adsorbed Ruthenium Species

Density of State (State/eV)
= N w
[ [9,] N [9,] w (6,1
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Figure A.7. Density of states for d orbitals for most stable structure of RuO, adsorbed on

Chromyl surface with 25% of coverage (top) alpha (bottom) beta.
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Density of State (State /eV)
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Figure A.8. Density of states for d orbitals for most stable structure of RuO3; adsorbed on

Chromyl surface with 25% of coverage (top) alpha (bottom) beta.
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A.3 MOLECULAR DYNAMIC SIMULATION FOR RE-VAPORIZATION OF RUO3 OR

RuO4 FROM ADSORBED RU0O,; SURFACE
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Figure A.9. Variation of temperature during Meta Molecule Dynamic simulation with Slow-

growth approach for associative adsorption of dioxygen molecule on [0 0 1] surface of
ruthenium dioxygen.t = 0 to 20 000 fs.
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Figure 4.10. Variation of temperature during Meta Molecule Dynamic simulation with Slow-

growth approach for associative adsorption of dioxygen molecule on [0 0 1] surface of
ruthenium dioxygen.t = 0 to 20 000 fs.
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