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Résumé

Les molybdates de bismuth présentent un grand intérét en catalyse d’oxydation
sélective du propene. Leurs mécanismes de formation ont fait 1’objet de nombreuses études

mais leur compréhension reste encore incomplete.

Dans un premier temps, la formation de y-Bi,MoOg au cours de sa synthese par voie
hydrothermale a été suivie in situ par diffraction X combinée a la spectrométrie d’absorption
des rayons X (XAS) et a la diffusion Raman. Les mesures ont été réalisées au synchrotron a
I’ESRF. Des informations sur la cinétique de réaction ont pu étre déduites des données in-situ,
elles ont été complétées par des analyses physico-chimiques ex-situ. L’étude montre que le
catalyseur est généré selon un mécanisme en deux étapes, passant par la formation d’un
molybdate de bismuth de structure proche de la fluorine a partir de laquelle se développent les

cristaux lamellaires de y-Bi,MoOQO.

Ce catalyseur a ensuite été utilis€ en mode découplage redox dans 1’oxydation du
propene a I’aide d’un Réacteur Catalytique a Membrane Dense (RCMD) dont le principe
repose sur une membrane céramique dense, conductrice par ions oxydes O*, qui sépare de
facon étanche deux compartiments alimentés respectivement par 1’hydrocarbure et 1’air. La
composition Biys75M0100es.625 a €té retenue pour la membrane. L’étude montre que 1’ activités
catalytique de la membrane seule ou avec le catalyseur (y-Bi,MoOg) déposé a sa surface peut
étre modulée par I’application d’un courant électrique. L’apport en oxygene est suffisant pour
permettre un travail en continu du catalyseur y-Bi,MoOg qui devrait €tre ré-oxydé par I’air co-

alimenté avec le propene dans un réacteur classique.

Mots clés : Catalyseurs au Molybdéne, Synchrotron, XANES, Spectroscopie Raman,

Diffraction de Rayons X, Réacteur a Membrane, Propene-Oxydation, Electrocatalyse.
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Abstract

Bismuth molybdates have drawn significant research interest because of their catalytic
properties for propylene oxidation. Despite several studies dealing with the mechanism of

their formation, uncertainties remain.

The genesis of y-BixMo0Og under hydrothermal conditions was first elucidated by an
in-situ study combining High-Resolution Powder Diffraction (HRPD) / X-ray Absorption
Spectroscopy (XAS) / Raman Scattering. Experiments were carried out at the European
Synchrotron Radiation Facility. The informations on the two-step kinetics of reaction which
were obtained by these experiments were completed by additional ex-situ characterizations. It
was shown that the catalyst is formed via a bismuth molybdate of fluorite structure acting as a

template for the layered y-Bi,MoOg crystals to be nucleated.

In the second part, the catalytic properties of y-BioMoOgs were studied in a the
Catalytic Dense Membrane Reactor CDMR in which the reduction and reoxidation of catalyst
were physically separated (redox decoupling). Biss75M010Oes.625, known as a good oxide ion
conductor, was used as the dense membrane, separating two compartments, one containing air
and the other containing propylene to be oxidized selectively. The study has demonstrated
that the catalytic activity of the y-Bi;MoOg and of the Biss75M0100es625 dense membrane
itself was modified by applying an electrical bias. In contrast to conventional reactors in
which y-Bi;,MoOs must be reoxidized by air cofed with propylene, in a CDMR the oxygen
supply is high enough for y-Bi1,MoOg to operate continuously.

Keywords: Molybdenum Catalysts, Synchrotron, XANES, Raman spectroscopy, X-ray

Diffraction, Membrane Reactor, Propene-Oxidation, Electrocatalysis.
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Introduction

Acrolein has been commercially produced since 1938. In 1995, the worldwide refined
acrolein capacity was about 113 Kton/year. Acrolein is utilized in the manufacture of organic
compounds such as glycerin, plastics, polymethane, polyester resins, D,L.-methionine (which
is used as an animal food additive), glutaraldehyde, allyl compounds, acrylic acid, acrylates,
perfumes and other esters [1]. It is also widely known as a biocide in oil wells and liquid
petrochemical fuel, as an herbicide for the control of algae and weeds in the irrigation canals,
as a slimicide in the paper industry, and to enter in the composition of military tear gas
mixture [2]. However, the largest single use of acrolein is as an unisolated intermediate in the

production of acrylic acid.

Acrolein is naturally produced from heating of cooking oils, combustion of wood and
tobacco and automobile end diesel exhausts [3]. For industrial applications, acrolein was first
commercially produced in the 1930s through the vapor-phase condensation of acetaldehyde
and formaldehyde [1, 4]. Since the 1940s, the partial oxidation of propylene was strongly

developed and became the primary method used for the acrolein production till today.

The heterogeneous partial oxidation of propylene started to be considerably developed
after Hearne et al. [5] reported, in 1948, that using cuprous oxide catalyst led to acrolein with
a yield of about 50%. An extensive research was later carried out in order to improve the
catalyst performance. In the 1950s, Idol [6] and Callahan et al. [7] reported that bismuth
molybdate catalysts were far more efficient than cuprous oxide. They reported as well that the
bismuth molybdate catalysts were active for the ammoxidation of propylene to acrylonitrile
and the oxidative hydrogenation of butene to butadiene. The bismuth molybdate catalysts
were commercially used by Standard Oil of Ohio Company (SOHIO) and the vapor-phase

oxidation and ammoxidation processes are now utilized worldwide.

Significantly higher yields of acrolein (acrylonitrile) were later obtained upon
inclusion of other elements (Fe, Co, Ni, K, P, Si,...) giving rise to the so-called
MultiComponent Bismuth Molybdates catalysts [8]. During calcination, the added transition

metals are converted to metallic molybdates (mostly MMoO4, M = Fe, Co, Ni, as well as

vii
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M;Mo;0;,, M = Bi, Fe). The synergistic effect observed in terms of the large increase of
acrolein yield is related to coherent interfaces between the structurally parent molybdates [9].
Because the lattice misfit between the lattices is low, the energy barrier at grain boundaries
between crystallites is low, so that the Mo®*/Mo’* redox couple in a bismuth molybdate can
be modified by the Fe**/Fe** couple in iron molybdate at the boundary. The result is that the
additional phases are responsible not only for improving the stability against over reduction
but also for increasing the o oxygen reservoir and for assisting the reoxidation step of the

redox mechanism [10, 11, 12].

Coming back to the more simple Bi-Mo-O catalytic system, the catalytic activity
studies of the three well known parent bismuth molybdates called a-Bi,Mo030,, -Bi,M0,0y,
and y-Bi,MoQg, were not in accordance. For example, Grasselli et al. [13] and Beres et al.
[14] found that the activity/selectivity decreases along > a > vy series, but Batist et al. [15]
showed that the y-phase is as active as o, whereas Cullis ef al. [16] observed the a > > v
order of activity. The protocol of preparation, the calcination [17] and the catalytic operating

conditions are certainly responsible for these differences [18].

The partial oxidation of propylene to form acrolein relies on the well known Mars Van
Krevelen mechanism [19] in which two redox steps are involved: the catalyst is first reduced
to oxidize the reactant and in the second step the catalyst is reoxidized. To increase the
selectivity to the desired product, a redox-decoupling operation which is based on the
separation of the reduction and reoxidation steps in a redox mechanism was proposed. This
redox-decoupling concept was achieved in the DuPont process for the production of maleic
anhydride by mild oxidation of n-butane [20]: the catalyst reacts with n-butane in one reactor
and is conveyed to another reactor to be regenerated. Another set-up which can be proposed

for the redox-decoupling is the Catalytic Dense Membrane Reactor (CDMR) [21].

The principle of CDMR is based on a ceramic membrane which allows oxygen
diffusion at high temperature. The membrane is placed between two compartments, one
containing air and another filled with hydrocarbon. Thanks to this oxide ion conductive
membrane, one can expect to combine the selective oxidation at the hydrocarbon side by O*
species with the in-sifu reoxidation of the catalyst by means of controlled diffusion of o

species through the membrane. The first experiments led with substituted bismuth oxides [21,

viii
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22], BIMEVOX materials which exhibit higher ion oxide conductivity than yttria-zirconia at

lower temperature, were extensively investigated in our laboratory [23, 24].

Interestingly, there is a good oxide ion conductor in the Bi,O3-MoOs3 phase diagram, €
solid solution observed for 25.75 < Bi/Mo < 27.75, composition which is located close to that
of Bi;MoQOg [25]. This material is a good candidate as a membrane for CDMR. Moreover,
according to our knowledge, there is no report on its catalytic properties. One can also
consider that, the combination of a membrane of € like Bizs75M010Oss625 With y-Bi,MoOg

deposited on its surface should lead to interesting catalytic properties.

Despite the fact that multicomponent molybdates are commercially used as catalysts in
oxidation of propylene, the bismuth molybdate structures are still believed to play the main
role in the catalytic activity. It has been shown in the case of MoO; and V,0s during the
oxidation of methanol [26, 27], and of (VO),P,07 [28, 29] during oxidation of n-butane, that
the crystallinity, size and morphology of the particles exert a significant influence on their
catalytic properties. In turn, these properties depend on the chosen method of synthesis as
well as the operating parameters during calcination step. In the meantime, the interest of a
study on the synthesis of y-Bi,MoOg has been brought to our attention. Since y-Bi,MoOg
exhibits an irreversible phase transition near 610°C in a high-temperature polymorph which is
not catalytically active, the methods of preparation at low temperature are favourable,
particularly the hydrothermal synthesis by which well crystallised materials can be obtained.
Although there have been several reports on its synthesis, including by hydrothermal

synthesis [30, 31, 32, 33], the formation of the y-Bi,MoOg catalyst is not yet fully understood.

Therefore we have undertaken a study to understand the genesis of the y-Bi,MoOg
catalyst and to demonstrate that this catalyst and its parent phases like € could be shaped and

used as ceramic membrane for the Catalytic Dense Membrane Reactor.

The work is presented in four chapters. First, the background knowledge related to
selective oxidation catalysis, the possibility to operate the catalyst by redox-decoupling
application, particularly the Catalytic Dense Membrane Reactor is established, and the main
properties of phases in the Bi,0O3-MoOj3 diagram are described. The second chapter deals with

the genesis of y-BiuMoOg under hydrothermal conditions which was studied by in-situ

X
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techniques combining high resolution X-ray diffraction, XANES and Raman Scattering. In
order to complete this study and to get enough information to be able to propose a mechanism
of formation, ex-situ characterizations were performed, of which results will be presented in
the third chapter. Finally, the experiments using a Catalytic Dense Membrane Reactor based
on bismuth molybdenum oxides shaped as membrane and catalyst like Biys75M0;0Ogs 625 and

v-Bi,MoOg will be described in the fourth chapter, before the final conclusion.
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1. INTRODUCTION TO SELECTIVE OXIDATION CATALYSIS

An intimate relationship exists between petroleum and chemical industries since about
85% of the primary organic chemical products are today derived from petroleum and natural
gas sources. The majority of petroleum utilization (about 90-92%) is for energy production
via total combustion to CO, and water. In contrast to this, oxidation reactions in chemical
industries are required to be much more selective, using catalysts to decrease the activation
energy for the selected process and to provide a facile path by which useful products can
form. Such a class of important processes is selective oxidation by heterogeneous catalysis

which represents more than 25% of catalytic processes in the modern chemical industry.

One of the most important applications of selective oxidation catalysis is the
functionalization of hydrocarbons. Today, catalytic oxidation is the basis for the synthesis of a
large part of the monomers or modifiers used for the production of fibers and plastic. The
major industrial applications of catalytic oxidation of hydrocarbons for the synthesis of
monomers are listed in Table 1.1. These data illustrate some major limitations in catalytic
oxidation: few reactions attain total conversion with very high selectivity to product, none of
the reaction runs at maximum selectivity due to the formation of undesired by-products,
processes can generate co-products which are not always economically interesting, and some

raw materials and products are suspected to be toxic.

The petrochemical technologies today are considered as mature. However, owing to
the large production of kilotons or more per year, any increase of selectivity by some
percentage points may increase considerably profit margins. This is the reason why the
improvement of the catalyst performance and processes is still demanded by industries. The
product cost is not the only one factor to improve. The high product purity, energy economics
and the friendly environmental process are all expected from technological innovations in

catalytic oxidation processes.
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Table 1.1 Major industrial applications of catalytic oxidation for the synthesis of monomers [1].

Conversion  Selectivit
Reactant Products/coproduct catalyst y

(%) (%)
Methanol/air Formaldehyde Heterogeneous 99 94
n-Butane/air Maleic anhydride Heterogeneous 70-80 65-70
Benzene/air Maleic anhydride Heterogeneous 98 75
o-Xylene/air Phthalic anhydride Heterogeneous 100 79
Naphthalene/air Phthalic anhydride Heterogeneous 100 84
Propylene/air/NH; Acrylonitrile Heterogeneous 97-99 73-82
Propylene/air Acrolein Heterogeneous >90 80-85
Acrolein/air Acrylic acide Heterogeneous >95 90-95
Isobutene/air Methacrolein Heterogeneous >97 85-90
Methacrolein/air Methacrylic acid Heterogeneous 70-75 80-90
Ethene/O, Ethene oxide Heterogeneous 90 80
Ethene/air/HCI 1, 2-Dichloroethane Heterogeneous >95 >95
Ethene/O,/HCI 1, 2-Dichloroethane Heterogeneous > 95° >97
Propene/hydroperoxide ~ Epoxide/alcohol Homogeneous 10 90
p-Xylene/air Terephthalic acid Homogeneous 90 85-90
Cumene/air Phenol/acetone Homogeneous 35-40 90
Cyclohexane/air Cyclohexanone Homogeneous 5-15 85-90
Cyclohexanone/HNO; Adipic acid Homogeneous >95 92-96
Cyclohexanone/NH,OH/ Cyclohexanone oxime, Homogeneous 100 >98
H,SO,4 (NH4),SO4
Ethylene/acetic acid/air ~ Vinyl Acetate Homogeneous 20-35 98-99

* when the ethene/O,/HCI ratio is close to stoichiometry; otherwise, the conversion per pass depends
on the ethene excess.

1.1. Selective oxidation of light hydrocarbons

The selective oxidation of light hydrocarbons is one of the most attractive and
challenging process due to its high potential as feedstock for providing more useful chemical
products. This process has been intensively studied over the last decades. The major partial
oxidations of light hydrocarbons are presented in Table 1.2. Most of these results are obtained

using conventional reactor (fixed bed or fluidized bed reactors) [2].
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Table 1.2 The major partial oxidations of light hydrocarbons

Reactant Product Catalyst Maximum yield Ref.
(mol%)
Methane | Ethane + Ethylene Li/MgO 25 [3]
Propene | Hexadienetbenzene Bi(Me)O 10 [4]
Ethane Ethylene V/MgO-+oxide 58 [5]
Propane Propene V/MgO-+oxide 18 [6]
dehydrogenation) | n-Butane Butene Metal 38 [7, 8]
Butadiene Molybdates
Methane CO +H, Pt, Ni 95 [9]
Formaldehyde MoSnPO 16 [10]
Ethylene Ethylene oxide Ag/ALLO; 8 [11]
Acetaldehyde + V,0;5 + PdCl, 50 [12]
Acetic acid
Ethane Acetic acid MoVNbLO 10 [13, 14]
Propene Acrolein BiMoFeCoO 95 [1,15]
Propane Acrylic acid MoVNbTeO 8 [16]
n-Butane | Maleic Anhydride (VO),P,0, 70 [17]

1.2. Partial oxidation of propylene to acrolein

CH;CH=CH, + O, — CH,=CHCHO + H,O

The selective oxidation of propylene to acrolein follows the reaction equation below:

(1.1)

The thermodynamic parameters of the formation of acrolein and other propylene oxidation

products are given in Table 1.3. It is noteworthy that the formation of the side-products (such

as CO; and CO) is more thermodynamically favorable than that of acrolein, hence, the use of

a catalyst is extremely important to optimize the formation of acrolein.

© 2011 Tous droits réservés.

Table 1.3 Themodynamic data of the propylene oxidations [15].

Reactions AG®427°¢c (kcal/mol)
C;3He(g) +4.50,(g) — 3CO,(g) + 3H,0(1) -463.86
C3He(g) + 302(g) — 3CO(g) + 3H,0(1) -304.95
C3He(g) + 1.504(g) — C3Ha0(g) + HaO(I) -131.42
CsHg(g) + Oa(g) — C3H4O(g) + H20(1) -80.82
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Mechanism of selective oxidation of propylene on bismuth molybdenum oxide
catalysts has been extensively investigated [18]. Several models have been proposed but the
most widely accepted is the concept of ‘dual site’ proposed by Burrington et al. [19]. The
adsorption studies using allyl radicals or allyl alcohol revealed that the reaction involves
both bismuth oxide and molybdenum oxide sites. The detailed reaction mechanism of
propylene oxidation into acrolein over bismuth molybdate catalysts is illustrated in Fig. 1.1.
The initial chemisorption occurs on coordinately unsaturated Mo(VI) centers (1), followed
by H-abstraction by an oxygen atom associated with bismuth to form a w-allyl complex (2),
which then undergoes C-O bond formation, resulting in a o-O-allyl molybdate (3). The
acrolein precursor and Mo(V/VI) esters are then formed from allyl alcohol and bismuth
molybdate. Lattice oxygen removed from the catalyst during the oxidation of propylene to
acrolein must be replenished by gaseous oxygen in order to reconstitute the active site (1)

and complete the redox cycle [15].

H
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Fig. 1.1 Mechanism proposed for the selective oxidation of propylene on bismuth molybdate
catalysts [19].
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1.3. Mars and van Krevelen mechanism and redox-decoupling operation

In general, the selective oxidation of hydrocarbons on a metal oxide catalyst proceeds

by the redox mechanism proposed by Mars and van Krevelen [20]:

[RCH,] + KO > [RC-O] + HO + K (1.2)
Reactant Catalyst(Ox) Products Catalyst(Red)
K + O, > KO (1.3)
Catalyst(Red) Catalyst(Ox)

This mechanism relies on the direct participation of oxygen ions O® of the oxide
catalyst in the reaction products. It occurs in two steps. The reactant [RCHj] first reacts on the
catalyst surface which is in its oxidized form (KO) to form the products of the selective
oxidation reaction. Meanwhile the metallic cation is reduced and oxygen vacancies are formed
on the surface. The reduced catalyst (K) is then reoxidized by the gaseous oxygen, which is
cofed with the reactant, to restore the original oxidation state of the metallic cation with
refilled vacancies. This reoxidized catalyst can subsequently react with a new molecule of

reactant [RCH,] again.

However, it often happens that the formed products are more reactive than the
reactants, resulting in a non negligible part of complete oxidation to CO,. This is particularly
the case when alkanes are the chosen reactant. The reactant itself may also be directly
oxidized to CO; by O,. The formation of CO; can also be promoted during the second step,

the reoxidation of catalyst by gaseous dioxygen, which proceeds on the surface along:
0, — 0,” = 0, = 20" — 20

Peroxide and other electrophilic species are known to lead to complete oxidation while only

0% oxide ions are selective.

Therefore to increase selectivity one technique would be to oxidize the reactant by
means of the O” jons only, by suppressing the co-fed dioxygen in the first step of redox
mechanism. In other words, following the mechanistic scheme, the reaction could be operated

in two separated steps, which was called “redox decoupling”.

© 2011 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Chanapa Kongmark, Lille 1, 2010
Chapter 1: Aim, Background and Key Concepts

This redox-decoupling concept was achieved in the DuPont process for the production
of maleic anhydride by mild oxidation of n-butane [21]. Mimicking the FCC (Fluid Catalytic
Cracking of petroleum charges) continuous process in which the catalyst reacts in one reactor
and is conveyed (after separation of products) to another reactor to be regenerated, n-butane
was oxidized in a Circulating Fluidized Bed Reactor (CFBR) in two reactors, one for the
reaction, the other for reoxidation of the catalyst (Fig. 1.2). The particles of (VO),P,07, the
vanadium/phosphorus oxide catalyst, were pneumatically carried by the gas stream containing
n-butane in the “riser reactor” where the n-butane was oxidized by the lattice oxygen of the
catalyst to form mainly maleic anhydride. At the top of the riser, the reduced catalyst was
separated from the gas effluent in a cyclone and fell into a fluidized bed reactor where it was

reoxidized with air before being recycled to the riser.

Products
(MA+Cox)
+ n-butane

Reduced catalyst

Air
Regenerator
Oxidized
Reactant
n-butane

Fig. 1.2 The circulating fluidized bed reactor (CFBR).

This process was commercialized in 1996 in Gijon, Spain. However, due to various
operational problems the plant was closed in 2004. Arco (Atlantic Richfield Company)
developed this concept for oxidative coupling of methane as well [22] and Arkema issued

patents to oxidize propylene directly to acrylic acid.
The CFBR is a way to decouple the redox mechanism in space by using two reactors.

Another means is to use membrane reactors, in which the two compartments separated by a

catalytic membrane are fed separately by the hydrocarbon and by air, which will be described
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below. This decoupling may also be achieved along time, by alternating periods of reduction
(oxidation of reactant) with periods or reoxidation of catalyst. This is the case of Periodic feed
Reactors, and Pulse feed Reactors. The difference is small and is mainly related to the
duration and analysis mode (very short time and integral analysis for pulse, vs. longer times
and continuous analysis for periodic reactor). In these fixed reactors, the periodic operation
consists of feeding alternately the reactor by the reactant (hydrocarbon) and the oxidant (air or
oxygen), that is in two extreme conditions: oxidizing and reducing atmospheres. More
particularly, the capacity of the solid to provide (selective) O* oxide ions, the so-called
“oxocapacity”, can be studied as a function of operating parameters (the partial pressure of
reactants, contact time, duration, temperature, etc.) This tool is very useful to elucidate the
reaction mechanism in laboratories but cannot be used at industrial scale due to low capacity

of production.
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2. MEMBRANE REACTORS

Other examples of redox-decoupling operation are the Catalytic (Dense) Membrane
Reactors. The main advantage of the membrane utilization is that it combines reaction and
separation in a single unit [23]. Obviously, the concept of membrane reactor is far from being
new. A number of important membrane processes were initially developed in biological
systems, giving rise to organic membranes. However, most of the catalytic industrial
processes which operate at high temperature and in hazardous conditions require inorganic
membranes, or at least polymer membranes which are stable enough like ® Nafion in protonic
fuel cells [24]. The availability of inorganic membranes in the application market pushed
forward the accelerated development of membrane reactors in the last decades, beginning by
SOFCs (Solid Oxide Fuel Cells) [25] and COG (Ceramic Oxygen Generators). Though the
potential of membrane reactors has been widely demonstrated at laboratory scale for
petrochemical applications, e.g., the direct and oxidative dehydrogenation of hydrocarbons [5,
6], this concept is still rarely applied at the industrial scale [26]. Indeed, the principal
limitation of the development of membrane reactors is the membrane itself. The optimization
of the existing membranes and the discovery of new materials are still necessary for the use of

membranes in industrial applications.

2.1. Types of membranes

Based on the structure of membranes and on the mechanism of transport of chemical
species through them, two categories of inorganic membranes are considered, the porous and
dense membranes [26]. Dense membranes themselves differ if made of metal or behaving as
solid electrolyte. Apart from their permselectivity and reactivity, one of the main
characteristics of these membranes is their permeability which determines the capacity of the
membrane. It is especially dependent of the thickness and the dense or porous texture of the

membranes which determine the transport mechanism.

In catalytic applications, the porous membranes (Fig. 1.3) are used as supports of
catalysts. This type of membrane acts as both a catalyst and a separator between the reactants,
that may be dioxygen (O;) and the hydrocarbon in oxidation reactions. They offer a high
permeability which allows a high O, supply to the catalytic active sites in the whole
membrane. This characteristic is potentially interesting for increasing the conversion rates.

The most appropriate membranes are micro and mesoporous, with pore diameters less than 50
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nm, which allows a good mixing between reactants and catalyst surface. However,
(retro)diffusion of other species than O, may occur and these membranes are not completely
oxygen permselective. Such a disadvantage excludes the use of these membranes for example

in the syngas (CO, H;) production.
a) b)

Fig. 1.3 a) Schematic illustration and b) Scanning electron micrographs of a nanosized porous alumina
membrane [27].

On the contrary, dense membranes are known for their high permselectivity. When
they are metallic, the gas transport inside follows the solution-diffusion mechanism. For
instance, palladium is preferred for their permselectivity to H, while the silver membranes are
generally used for their permselectivity to O,. However, the latter cannot be employed durably
under an oxidizing atmosphere at high temperatures. An extensive research has been carried
out for the utilization of dense membranes for the reaction using O, like in oxidation and
dehydrogenation reactions. When the dense membranes are protonic or oxide ion conducting
they are used as electrolytes in various applications including Solid Oxide Fuel Cell (SOFC),
oxygen sensors, oxygen separators. Restricting to ceramic membranes, the materials behave
as pure ionic conductors or as mixed ionic and electronic conductors (MIEC). Most ceramic
membranes used with success in catalytic membrane reactors in hydrocarbon oxidation belong
to the MIEC category. An example is the brownmillerites used in the methane reforming to

syngas [28].

2.2. Catalytic Dense Membrane Reactor (CDMR) applications

The concept of CDMR theoretically offers the possibility to avoid the direct reaction
between dioxygen gas phase and the hydrocarbon that may lead to its total oxidation [4, 29].
The catalytic dense membrane separates two compartments, the first is fed by the (diluted)
hydrocarbon on the reactant side and the second is fed by diluted oxygen on the oxidizing
side. At the high oxygen partial pressure side (HOP), O, is reduced into O®~ species, which
diffuse through the membrane towards the low oxygen partial pressure side (LOP). Therefore
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the driving force of O*~ diffusion in CDMRs depends on the types of membrane material. It
can be the gradient of oxygen partial pressure between the two sides of the membrane for a
MIEC or the difference in electrical potential between two electrodes applied by means of an

external electric circuit for a pure ionic conductor. The expected reactions are:

- Reduction of dioxygen at HOP: O, +4e — 207 (1.4)

- Oxidation of hydrocarbon by O* coming by diffusion through the membrane at LOP :
[RCH,] + 0> — [RC-O] + H,O +2¢ (1.5)

It must be noticed that when O” arrives at LOP surface, it may be oxidized back to form
gaseous O, by the reverse reaction (Eq. 1.4). This phenomenon corresponds to the semi-
permeability to O, of the material. Otherwise, O* may preferably react selectively with the
hydrocarbon (Eq. 1.5). These processes are illustrated in Fig. 1.4 for pure ionic conductor and

for MIEC.

To be used in CDMR, the dense oxide ion conductive membrane must display a high
ionic conductivity, and must be stable but catalytically active in the reaction conditions. In
this concept, the dense membrane has two roles: it provides the oxygen needed for the
reaction and acts as the catalyst. If the catalytic activity of the membrane is not good enough,

a catalyst can be deposited on the membrane surface to enhance its catalytic activity.

Mixed lonic and

Pure lonic Conductors Electronic Conductors

[RCH,] [RC-0O], H, O [RCH,] [RC-0], H,O
Anode

& 207> 0, +4e

—  O,+4e > 20%
N, Air Cathode N, Air

Fig. 1.4 The pure ionic conductors (left) and the mixed ionic and electronic conductors (MIEC) (right).
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a) Mixed lonic Electronic Conductors

The crystal structures of MIEC are numerous: substituted fluorite (e.g. Ti-YSZ [30]),
perovskite (e.g. La;«SryCoiyFe,O34 [31]), brownmillerite (e.g. SroFe;Os, CaFe Os [28]),
Aurivillus-type (e.g. BiMeVOX [32]), etc. The oxygen transfer in these materials can be
achieved without a current supply due to their intrinsic electric conductivity, but membrane
need to operate at high temperature to have sufficient electric and ionic conductivity. A good
oxygen permeation rate is strongly dependent on the ionic conductivity (for O* oxide ion
diffusion) and also on the electronic conductivity (for electronic diffusion and for ensuring the
reduction of O,). Besides, the oxygen surface exchange can also limit the oxygen permeation
flux. When the oxygen transfer is not limited at the surface, the oxygen permeation flux is
given by Wagner equation:

__RT o0 P,
(4F)’Lo,+o, P,

(1.6)

Jo,

where L is the thickness of the membrane, o, and o; are the electronic and ionic conductivity,
P’02 and P”p; are the oxygen partial pressures in the two sides of the membrane reactor, R is

the gas constant (8,314 Jk'.mol"), T is the temperature in Kelvin and F is the Faraday

0,0, .. . ..
constant (96500 C/mol). The —<—— ratio is known as the ambipolar conductivity, Gampi.
o,+0,;

The mixed-conducting dense ceramic membranes are generally applied for the high
temperature catalytic reactions such as the methane conversion to synthesis gas, methane
oxidative coupling, etc. Recently, Eltron Research Inc. has developed this concept for
selective oxidation of methane to synthesis gas. The potential of these membranes has been
widely demonstrated. Although they often play the role of catalysts (e.g. Lag3Bi; ;O3 [33]),
they are sometimes covered with a specific catalyst layer. An increase of 60% of the
conversion of methane was obtained with a layer of Ni/Al,O3 on the surface of a perovskite
membrane [31]. However, the number of potential applications is limited by the low oxygen

diffusion through membrane at low temperatures, typically below 700°C.

Other examples of mixed-conducting dense ceramic membranes are BIMEVOX
materials, based on the y-Bi,V,0,; structure in which V is partially substituted by ME = Co,
Cu, Ta, Ni, which were extensively studied at UCCS for the temperature range of 550-750°C
[34, 35, 36, 37, 38, 39, 40]. Their catalytic properties in the oxidation of light hydrocarbons,
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such as methane, ethane, propane and propylene, were examined in terms of, (i) active sites on
polished or unpolished surfaces, (ii) operating conditions (T, pO; in the high partial pressure
compartment), which determine the selectivity, either to mild oxidation products (acrolein,
hexadiene, CO) or to partial oxidation product (CO, H;), and, (iii) nature of ME cations and
relative properties. Although BIMEVOX membranes exhibit very low semi-permeability to
oxygen because of a low oxygen transfer coefficient at the surface [41], this property leads to
strong polarization of the membranes which contributed to their good stability, even at low

pressure side of the membrane.

b) Pure ionic conductors

The structure of most pure ionic conductors is fluorite-type, like ZrO,, CeO, or Bi,0;
stabilized by Y, Mg, Er or Ca. Because of their poor electronic conductivity, the
electroneutrality of the oxide is assured by an external electronic circuit when used in CDM-
type reactors. The driving force in this process is the difference in electrical potential between
two electrodes applied by the current generator. The oxygen flux Jo, (cm”.min™) is
proportional to the intensity of the current applied. The theoretical oxygen flux can be
calculated by:

_V.xI

J = 1.7
Ry (1.7)

where V7, is the molar volume (24056 mL/mol at 20°C), [ is the current applied (A) and F is
the Faraday constant (96500 C/mol). For example, when the faradic yield is 100%, a 1 A.cm™

applied current density can generate an oxygen flux of about 3.74 cm™.cm™.min".

The reactors using this process are called electrochemical membrane reactors or
Solid-Electrolyte Membrane Reactors (SEMR). Almost solid electrolytes employed are
yttria-stabilized zirconia (YSZ) but the material used as a porous anode is chosen as a function
of catalytic reactions or desired products. In general, it is a metal, e.g. Ag [42], Au [43], Ni
[44], Pd [45], Pt [46] or Rh [47], which is known for its high catalytic activity in certain
specific oxidation reactions [48]. The main advantage is the possibility to control the O, flux
diffusing through the membrane by the imposed electric current. This allows oxygen diffusion
at low temperatures which is the limitation of MIEC ceramic membranes. With such reactors,
it is possible to perform low temperature catalytic reactions, for example the oxidation of
alkanes and alkenes, the reactions C,Hg, O, — CH3;CHO, CO, CO,, H,O [43], CoHy, O; —
CO,, H,0 [49] and C;Hs, O, — CsHg, CO, H,O [32], etc.
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2.3. Applications to the partial oxidation of propylene to acrolein

The partial oxidation of propylene to acrolein using an electrochemical membrane
reactor has been the matter of considerable attention by the group of Hayakawa and Takehira
in the 80’s. The primary goal of these studies was to examine if acrolein could be produced at
selectivity higher than that achieved in conventional fixed bed reactors (ca. 85% at 95%
conversion). The electrocatalytic formation of acrolein was studied with various metal and
metallic oxide electrodes, with or without metal oxide catalyst on the membrane surface, [50,
51, 52, 53, 54, 55, 56]. For example in 1986, Hayakawa et al. [50] demonstrated the
production of acrolein from propylene by oxygen species generated electrochemically on an
inert gold film via yttria-stabilized zirconia at 450°C. Later, the reactivity and selectivity of
Bi1,03, M00Os, as well as the three well known bismuth molybdate catalysts (a-Bi,M03O12, B-
Bi,M0,0y, v-Bi,M00g), all deposited on a gold anode were evidenced [51, 52, 53]. Among
these catalysts, MoO; showed the highest activity for propylene oxidation to acrolein. Its
activity was up to 600 times higher than that obtained with the same catalyst using a mixed-
gas flow reactor. From these results, it was suggested that oxygen species bound to
molybdenum metal possess a definite role for both hydrogen abstraction from propylene and
oxygen insertion into the allylic intermediate under a sufficient oxygen supply. On the other
hand, the measured oxygen permeation through a Bi,Os film suggested that the bismuth
species is effective for O, incorporation into the catalyst and also for the transportation of

oxide ions through the catalyst [53].

In order to achieve higher oxygen permeation fluxes at lower temperatures (350-
450°C), (Ce03)0s(SmO; 5)9» was later employed as a membrane instead of YSZ [54, 55, 56].
The formation rate of acrolein increased linearly with increasing current density. However,
the addition of oxygen to the propylene-mixed gas at the low oxygen partial pressure side did
not affect the acrolein production. Consequently, it was suggested that propylene was
oxidized to acrolein by the oxygen species produced electrochemically at the triple phase

boundary (TPB) of the gold-electrolyte-gas phase.

Although interesting results were obtained, there have been little studies on this
thematic. There is still no report on the combination of bismuth molybdate membrane and

catalysts for the CDMR applications.
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3. MATERIALS FOR CDMR: Bi,03;-MoO; PHASE DIAGRAM

Looking at the binary Bi,03-MoOs system and the properties of some compounds
(Fig. 1.5 and Fig. 1.6) gives a new incentive for optimization of catalytic membrane reactors,
because the materials used as a membrane and a catalyst can belong to the same binary
system. The combination of one of the well-known active (o, B, y-bismuth molybdates)
catalysts for the partial oxidation of propylene to acrolein with a bismuth molybdate
membrane exhibiting high ionic conductivity at low temperature is expected to give an

efficient system for a catalytic dense membrane reactor.

The binary Bi,03-MoOs system is particularly rich in phases known for their catalytic
properties or their oxide ion conductivity. Most of the early investigations in the 70’s dealt
with the three phases with Bi/Mo < 2: a-Bi;Mo030;,, B-BixM0,09 and y-Bi,MoOs which
exhibited catalytic properties in the partial oxidation of propylene to acrolein (Fig. 1.5) [44].
On the bismuth-rich side, several compounds with Bi/Mo > 2 have recently been identified in
the past few years (Fig. 1.6). They can be described as molybdenum doped 6-Bi,05 related

structures which are known for their good oxide ion conductivities.
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Fig. 1.5 Partial phase diagram of the system Bi,0;-MoO; adapted from Egashira ez al [57]. 2/3 is a-
Bi;Mo030y;; 1/1 is B-Bi,M0,0y; 2/1(K) is v’-Bi;MoOg (low temperature form); 2/1(H) is y’’-Bi;MoOg
(high temperature form).
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Fig. 1.6 Partial phase diagram of the pseudo-binary Bi,O3-MoQO; system (adapted from Sharma et a/
[58]).

Among these compounds, the solid solution called € which is located around the parent
compound BisMo0;900s9 was extensively studied at UCCS [59, 60]. It is a pure oxide ion
conductor which could be used as an oxide ion membrane at low temperatures since its
conductivity has been demonstrated to be higher than that of YSZ at low temperatures. With
the aim to develop a bismuth-molydate Catalytic Dense Membrane Reactor, the upper limit of
the solid solution Biys75M010Oes.625, Was chosen for the membrane. Since only molybdenum
rich compositions were shown to have catalytic properties, to avoid any risk of phase
evolution, y-Bi,MoOs was selected as the catalyst to be deposited on the membrane surface, in

order to increase the catalytic activity in the membrane reactor.

3.1. Bi;sMo019O¢o and its solid solution € as a membrane

3.1.1. Crystal structure and polymorphism

The BiMo019Ogo was possibly first identified in 1971 by Erman et al. [61] who
described it as a phase formulated ~1.4Bi,03;-MoQO;, having a solid solubility. Later
Miyazawa et al. [62] obtained large single crystals from congruent melt with the composition
of 3Bi,03-2Mo0O; despite of a chemical analysis yielding Bi/Mo ~ 2.6. The existence of a
solid solution extending around the 1.3Bi,03-MoO; composition was later confirmed by Chen
and Smith [63]. They found that the symmetry of the monoclinic crystal structure was P2;/m
or P2, with unit cell parameters a = 24.723(3), b = 5.804(1), ¢ = 11.799(3) A and B =
102.76(2)°, rather than a P2/c monoclinic with unit cell parameters, a = 24.786, b = 5.805, ¢
=23.527 A and B = 102.93° as reported by Miyazawa et al. [62].
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The crystal structure of Bi,Mo10O¢o (Fig. 1.7) was accurately solved in 1996 by
Vannier ef al. [59]. The single crystal X-ray diffraction studies revealed a monoclinic crystal
structure in P2/c with a = 11.742(8), b = 5.800(7), ¢ = 24.77(5) A, p=102.94(6)° and Z = 1;

its atomic coordinates are given in Table 1.4.

Fig. 1.7 The crystal structure of Bi,sMo1Ogy structure projected along the b axis (Bi red, O yellow and
[MoQy] in blue tetrahedral).

The BirgMo1¢Og¢y structure can be described as a fluorite related structure. It consists of
rose-shaped [Bi2014]*" columns, containing typically Bi'-oxygen arrangements, which run

parallel along the [010] axis and are surrounded by isolated [MoO,*] tetrahedra.

The bismuth coordination within the rose-shaped [Bi2014]*" networks, Bi(1)-(6)
surrounded by O(1)-(8) atoms, appears irregular. They have a large variation of Bi-O length
(2.10(3)-3.06(3) A) and most bismuth atoms are surrounded by two or three oxygen atoms
with short Bi-O bond lengths (< 2.4 A). Such short Bi-O bonds can be accounted for the
stereochemical active 6s” lone pair of Bi atoms. An isolated Bi(7) atom is coordinated with 8
O atoms and surrounded by MoOy tetrahedra of Mo(1) and Mo(2) type atoms. The Mo(3) type
of MoQy tetrahedra are not involved in the Bi(7) coordination, they are only shared by the two
rose-shaped [Bi12014]8+ columns. The local environment of these three isolated molybdate
groups is tetrahedrally distorted. However, the structure determination of BixsMo010Og9 by
single X-ray diffraction led to the crystallographic formula: [Bi;,014](M0QO4, B1)(M00Q4)4, i.e.
Bi,6Mo0;0Ogs instead of Bi;sMo0;19Og9. The existence of additional oxygen was not revealed by
X-ray diffraction technique. Moreover, the solid solution of this phase, called € , was found in
the range of approximately 2.575 < Bi/Mo < 2.775 by the solid state synthesis using

stoichiometric amounts of Bi,Oz and MoOs.
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Table 1.4 The structure model of Bi,sMo¢Og proposed by Vannier et al. [59].

Bi,6M 010049

Space Group: P2,/c: =17.742(8), b=5.800(7), c=24.77(5) A, p=102.94(6)° and Z~1

Atom Site X y z Biso (A*)  occupation
Bil 4g)  0.04101(8) 04163(2) 0326905  0.99(3) 1
Bi2 (4g)  0.157798) 09151(2) 0.24587(5)  1.06(3) |
Bi3 (4g)  024670(8) 0.01132) 0.400654)  1.20(3) I
Bid (4g)  0.36084(8) 0.5026(2) 0.32328(5)  1.19(3) |
Bi5 (4g)  026942(7) 0.50342) 0.16025(5)  1.07(3) 1
Bi6 4g)  0.07778(7) 0.0081(2) 0.09138(4)  1.033) i
Bi7 (4g) 0.5120(7)  04782)  0.01012)  3.5(2) 0.5
Mol (42) 04180(2)  0.9955(5)  0.07752)  1.54(6) I
Mo2 (4g) 0.83173)  0.5160(5) 0.01082)  2.06(7) 1
Mo3 f) 0.5 0.0078(8)  0.25 1.83(9) I
01 (2¢) 0 0.727(4) 0.25 0.9(4) 1
02 (42) 0.1362)  02613)  0.15828)  13(3) I
03 (4g) 0.1322)  0755@4)  0.153909)  1.7(4) |
04 (42) 02382  07693)  03362(8)  1.4(4) I
05 (4g) 0255(2)  0.589(4)  02440(8)  1.6(3) |
06 (42) 0.0632)  0.066(3)  036748)  13(3) 1
07 (2¢) 0 0.239(5) 0.25 1.4(5) |
08 (42) 02302)  0269(4)  0335009)  1.7(4) 1
09 (42) 0.506(3)  0.7358)  0.0822)  9.0(1) |
010 (42) 0379(4)  0.10609)  0.0133)  11.02) I
ol11 (42) 0302(4)  0976(8)  0.1052)  9.02) 1
012 (4g) 0.528(4)  02059)  0.0993)  12.0(2) 1
013 (42) 09293)  03038)  0.0232)  9.0(1) I
014 (4g) 0.8003)  0.552(6)  094222)  6.0(7) 1
015 (42) 0.888(3)  0.755(6)  0.0492)  6.7(8) i
016 (4g) 0.7103)  0433(6)  0.0322)  6.9(8) I
017 (42) 0378(2)  0.166(5)  0.2452)  43(5) I
018 (4g) 0482(4)  0.8209)  0.1943)  11.0(2) I
019 (4%) 0.2

This structural study and the limits of the solid solution in the Bi,O3-MoO3 binary

diagram were later supported by Buttrey et al. [64]. These authors solved the BizsMo0;9Ogo

structure from neutron diffraction data, and they suggested the existence of an interstitial

oxide for the additional oxygen O(19), to explain the oxygen stoichiometry. Nevertheless,

their model led to a short O-O bond length of 1.62 or 2.11 A due to constrain used in the

refinement. Enjalbert et al. confirmed the basic structural features proposed by Vannier ef al.

[59] as well and later published the structure of isotypic compounds which are PbBi;,M05034
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[65] and Bi;3MosVO34 [66]. However they disagreed on the interpretation of
nonstoichiometry and proposed another solid solubility range of 2.86 < Bi/Mo < 3.5 which
was based on the existence of BisMo0,0;5 compound reported earlier by Miyazawa ef al. [62].
Later, Enjalbert team [67] proposed a new range of solid solubility: 2.534 < Bi/Mo < 3.5
which includes the first solid solution range proposed by Vannier et al. [59]. However, it is
uncertain whether the limit of this solid solution would be up to Bi/Mo = 3.5 because it is not

supported by experimental results.

Vannier et al [60] later redetermined the crystal structure of this solid solution from
neutron diffraction data collected on the Bi/Mo 2.75 composition. There was no significant
change in the structure. Based on a comparison with the fluorite structure, an O(19) site was
introduced in the model and its surrounding exhibits no physical unacceptable characteristics.
Differential Scanning Calorimetry (DSC) and high temperature X-ray diffraction experiments
were carried out by Vannier et al. [59] and revealed that a reversible phase transition between
a low temperature form with triclinic symmetry and a high temperature form with
monoclinic symmetry occurs at about 310°C. These two polymorphs appear very similar,
the only difference is the symmetry. For the range 2.575 < Bi/Mo < 2.775 of solid solubility,
the symmetry is triclinic at room temperature; an increase of the bismuth content leads to the

stabilization of the monoclinic phase at room temperature for Bi/Mo > 2.75.

3.1.2. Physical and electrical properties

Bi,6Mo010Og9 and its solid solution &€ were demonstrated to exhibit high oxide ion
conductivity at low temperature [59, 60, 68]. The conductivity (o) value of Biys75sM019Oss.625
is about 1.5.10% S.cm™ at 500°C which is rather high compared with that of the well-known
solid electrolyte YSZ at the same temperature (¢ = 1.107 S.cm™). It is worth noting that the
ionic conductivity of Biys75M010Oes.625 1s higher than that of BisMo;9Og9 which is probably
due to a higher abundance of interstitial O atoms or of O vacancies in Biss75M019Oes 625

structure.

Vannier et al [60] described three types of oxide ion conductors in the molybdenum
doped 0-Bi,0; related structures: three-, two- and monodimensional. The three-dimensional
conduction occurs in the fluorite type structure 5-Bi,O; that can be stabilized by numerous

appropriated dopants [69, 25] and where oxide ions can move through the lattice without
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direction constraints. The two-dimensional conduction is found in layered structures such as
v-B1,M0Og Aurrivillius phase [70] and the related BIMEVOX compounds [71] where oxide
ions can move along 2D-planes. The first example of monodimensional type conductor is
provided by Bi;sMo019O¢. From neutron diffraction study, two types of O atoms are
distinguished in this structure: those of the [Bi12014]8+ columns and those of Mo
surroundings, the latter are likely responsible for the oxide anionic conductivity because of
their high thermal parameters [60]. This idea was later supported by NMR study [72].
Moreover, measurements of conductivity under variable oxygen partial pressure clearly
indicated that these materials can be considered as pure oxide ionic conductors with
negligible electronic semiconducting contribution within the range of temperature and

oxygen partial pressure studied (719-790°C and 1 - ~10° atm).

The electrochemical stability of the material plays also an important role for the future
applications such as fuel cells or CDMR. The electrochemical stability of Bi;sMo0Og9-based
materials was studied on micro samples by voltametry [73, 74]. These results show a stability
limit located approximately at 100 mV which is higher than that of BIMEVOX. This limit is
probably related to the reduction of Mo(VI) to Mo(IV) and Bi(Ill) to Bi(0), unfortunately the
second redox process is not reversible. This disadvantage prevents the application of these
materials in Solid Oxide Fuel Cell but being more stable than BIMEVOX, they can be a
promising membrane for CDMR applications. Although, their catalytic activity is not proven
yet, the choice of the upper limit of the ¢ solid solution, Biys 7sM010O¢s 625, should prevent any

evolution of the chemical composition during the catalytic test.

3.2. y-BiMo0OQg as a catalyst

3.2.1. Crystal structures of y-Bi,Mo0O¢

The crystal structure of y-Bi;MoOg, with the mineral name koechlinite, was first
determined by Zemann [75] in 1956, using powder X-ray diffraction. It was first described in
Cmca orthorhombic symmetry, with lattice parameters: a = 5.50(2), b = 16.24(6), ¢ = 5.49(2)
A and Z = 4. This structure model was later abandoned in 1982 for a Pbca space group [76]
and ruled out by Van den Elzen and Rieck [77]. These authors showed that its linear
absorption coefficient [75] was too high and that the Cmca space group did not allow a proper

refinement for X-ray data collected from a natural single crystal of koechlinite. They proposed
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the space group Pca2; with cell parameters: a = 5.487(2), b = 16.226(6), ¢ = 5.506(2) A and
Z = 4. However, the nearest O-O distance in this model, only 2.2 A, is too short, showing an
unrealistic physical feature. According to the effective ionic radii of oxygen, the shortest

distance allowable for two unbonded oxygen is about 2.4 A [78].

The structural models proposed by Van den Elzen and Rieck [77] and Pertlik and
Zemann [76] show a good agreement for the positions of the heavy atoms, only the oxygen
arrangements are different for the different space groups. The conventional X-ray diffraction
usually shows the difficulty of locating oxygen ions in the presence of strong scatterers such
as bismuth or molybdenum ions. Using neutron diffraction technique, in which the oxygen
(scattering length b = 0.581x10™'? cm) scatters as well as bismuth (b = 0.853x10" cm) and
molybdenum (b = 0.853x10"% cm) [70], the oxygen positions in koechlinite can be
determined without ambiguity. In 1982, the neutron diffraction study of y-Bi,MoOg was
carried out independently by Teller ez al. [79] and Theobald ez al. [70], using time of flight
and monochromated neutrons, respectively. They clarify the controversy over the space group
symmetry. Both obtained the same result within experimental error for Pca2; space group as
proposed early [77], despite a typographical error in the abstract of the paper by Teller et al.
[79] indicating Pna2;.

The shortest O-O distance of about 2.55 A is now acceptable and the non centro-
symmetric space group Pca2; is compatible with the ferroelectric properties reported by
Ismailzade et al. [80]. The structure model proposed by Theobald ez al. [70] is given in Table

1.5. It will be used later in our XRD refinement studies.

The structure model of y-Bi;M0QOg developed by Theobald ef al. [70] and Teller ez al.
[79] was described as an Aurivillius structure [81] which is built up, with a perovskite
arrangement, by the infinite [Bi,0,>'], layers separated by the infinite layers of distorted
corner-sharing MoOg octahedra: [MoO4 ],, perpendicular to the [010] direction. Three types

of oxygen atoms are distinguished:

- First type: O(2) and O(3) are entirely contained in the [Bi,O,* ], layers, bridging four
metal atoms.
- Second type: O(4) and O(5) are within the MoOg octahedral layers, [MoO4*],,

bridging only two Mo atoms in the plane perpendicular to the y direction.
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- Third type: O(1) and O(6) are two apex ions of the MoOg octahedra, pointing towards
two [Bi,0,%], layers, one above and one below. Each oxygen atom is bonded to one

Mo and two Bi atoms.

Table 1.5 The structure model of y-Bi;MoOg proposed by Theobald et al. [70].

v-Bi;MoOg
Space Group: Pca2;: a=5.487(2), b=16.226(6), ¢c=5.506(2) A and Z=4

atom site X y z Biso (A*)  occupation
Bil (4a) 0.519(1) 04231(4) 0983(2)  0.15(11) 1
Bi2 (4a) 0.483(1)  0.0786(5)  0.989(2) 0.86(16) 1
Mol (4a) 0.001(2)  0.2479(6) 0 0.94(7) 1
O1 (4a) 0.049(2)  0.1428(6)  0.091(2) 1.04(19) 1
02 (4a) 0.259(1)  0.9956(5)  0.271(2) 0.39(15) 1
03 (4a) 0.242(2)  0.5048(5)  0.272(2) 0.97(18) 1
04 (4a) 0.698(2)  0.2297(5) 0251(2)  1.06(14) 1
05 (4a) 0.207(2)  0.2624(6)  0.360(2) 1.84(15) 1
06 (4a) 0.572(2)  0.3602(9) 0.575(2)  2.19(34) 1

According to Theobald et al. [70], the octahedra in this structure are not only distorted but
also folded each other, as demonstrated by the shift of the O(1) and O(6) in the opposite
direction in Fig. 1.8. For the distortion of octahedra, it appears that the Mo atom is shifted
towards one of the O(4)-O(5) edges, about 0.357 A away from the center of the octahedron
and the distance from the Mo atom to the equatorial plane is 0.039(3) A. So the symmetry
around Mo is plausibly C,, rather than C;, or C4,. Consequently, 4 distances (1.78-1.91 A) are
much shorter than 2 others (2.18-2.30 A), so that the Mo-O coordination can be described as
tetrahedral as well. This observation was later supported by Antonio et al/ [82] who carried out
an X-ray absorption spectroscopy (XAS) analysis to determine the local environment of Bi**
and Mo®". In addition, the Bi’* was found to be asymmetrically surrounded by six O*. Using
transmission electron microscopy, Buttrey et al [83] revealed the presence of
incommensurate in-plane modulations in the y-Bi,MoOg structure, giving the (4/7, 0, 2/7)

superstructure reflections.
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Fig. 1.8 a) The y-Bi,MoQg structure in the projection along the ¢ axis and b) Two different type layers:
Bi,0,”" and MoO,4* layers are found perpendicular to the b axis.

3.2.2. Polymorphism of y-Bi,Mo0OQO¢

Unlike a-Bi;Mo030;, and -Bi;M0,09, Bi;M0QOg has three polymorphs: y, y’°, and y’
corresponding to the low-, intermediate- and high-temperature phases, respectively. The
structure just discussed is the low-temperature polymorph vy, which is stable only in a limited
domain of temperature. The phase transitions of Bi;MoOs have been the subject of
considerable attention and were studied by several techniques such as DTA [84], Raman
spectroscopy [85, 86], X-ray absorption spectroscopy (XAS) [87], high-resolution neutron

and synchrotron powder diffraction [83].

The phase transition of Bi;MoOg takes place in two steps. The incommensurate y-
Bi,Mo0Og first transforms to a commensurate form, y’’-Bi,MoQg, around 840 K and then to a
fluorite related high temperature y’-Bi;MoQOs polymorph near 877 K [83]. The first phase
transition is reversible whereas the second one is irreversible. Consequently, caution should
be taken for the preparation of y-Bi;MoOg since only y polymorph is active for partial

oxidation of propylene to acrolein.

24
© 2011 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Chanapa Kongmark, Lille 1, 2010

Chapter 1: Aim, Background and Key Concepts

© 2011 Tous droits réservés.

The structure of y’’-Bi;MoOgs was found to be very similar to the y-Bi;MoQOg; the only
difference is the absence of commensurate modulation in the structure. Interestingly, the high
temperature form y’-Bi;,MoQOg (Fig. 1.9) is the only one of the three polymorphs that has a
fluorite derived structure, similar to a-Bi,M030;, and B-Bi,Mo0,09 phase, but without vacant

metal sites.

Several studies were carried out in order to evidence this particular polymorph

structure of Bi,MoOg.

An accurate crystal structure of y’-Bi;MoOs was achieved in 1994 by Buttrey et al.
[88] who performed single crystal X-ray diffraction and powder neutron diffraction
measurements to precisely localize the cation and oxygen sites in the structure. The structure
was found in P2;/c monoclinic symmetry with unit cell parameters, a = 17.2627(1), b =
22.4296(2), ¢ = 5.58489(5) A, B =90.4974(6)° and Z = 16; its atomic positions are given in
Table 1.6. In agreement with the previous model proposed by Van den Elzen et al. [89],
Buttrey et al. [90] and Watanabe et al. [91], the cation distribution in this structure forms a
fluorite-related supercell without vacant metal site, with infinite ‘Latin cross-shaped’ channels

of bismuth polyhedra along the [001] direction, surrounded by Mo tetrahedra.
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Fig. 1.9 a) The high temperature polymorph y’-Bi,Mo0QOg structure in the projection along the
¢ axis and b) its atom map in half-unit cell.
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Table 1.6 The structure model of y’-Bi,MoOg proposed by Buttrey et al [88].

© 2011 Tous droits réservés.

v’-Bi,M0oOq
Space Group: P2,/c: =17.2627(1), b=22.4296(2), c=5.58489(5) A, B= 90.4974(6)° and Z=16
Atom site X y z Biso (A%)  occupation
Bil (4¢) 0.09503)  0.1934(2)  0.003(1)  0.247(3) 1
Bi2 (4e) 0.2581(3) 0.0713(2) 0.018(1) 0.247(3) 1
Bi3 (4e) 0.2566(3)  0.1877(3)  0.424(1)  0.247(3) 1
Bid (4e) 0.4084(3)  0.0676(2)  0.504(1)  0.247(3) 1
Bi5 (4e) 0.4089(3)  0.1891(2)  0.934(1)  0.247(3) 1
Bi6 (4e) 0.5701(3)  0.1927(2)  0.520(1)  0.247(3) 1
Bi7 (4¢) 0.74233)  0.1956(2)  0.997(1)  0.247(3) |
Bi8 (4e) 0.9094(3)  0.0643(2)  0.018(1)  0.247(3) 1
Mol (4e) 0.0831(5)  0.0580(3)  0.495(1)  1.16(1) 1
Mo2 (4¢) 0.5888(5)  0.0708(3)  0.011(1)  1.16(1) |
Mo3 (4e) 0.7704(4)  0.0611(4)  0.498(1)  1.16(1) 1
Mod (4e) 0.9185(5)  0.1818(3)  0.511(1)  1.16(1) 1
) (4e) 0.0265(5)  0.10094)  0.309(1)  0.519(1) 1
02 (4e) 0.0311(4)  0.0252(4)  0.733(1)  0.519(1) 1
03 (4¢) 0.1516(5)  0.2463(4)  0.751(1)  0.519(1) |
04 (4e) 03276(5) 0.1152(3)  0.754(1)  0.519(1) 1
05 (4e) 03309(5)  0.2501(4)  0.754(1)  0.519(1) 1
06 (4¢) 0.6354(5)  0.0066(3)  0.125(1)  0.519(1) |
07 (4e) 0.5081(5)  0.0959(4)  0.199(1)  0.519(1) 1
08 (4e) 0.5133(5)  0.2508(4)  0.769(1)  0.519(1) 1
09 (4e) 0.5431(5)  0.0442(4)  0.739(1)  0.519(1) |
010 (4e) 0.6372(5)  0.1360(3)  0.917(1)  0.519(1) 1
ol11 (4¢) 0.6754(5)  0.2482(4)  0242(1)  0.519(1) |
012 (4e) 0.7037(5)  0.0066(4)  0.624(1)  0.519(1) 1
013 (4e) 0.8226(5)  0.0227(3)  0.270(1)  0.519(1) 1
014 (4¢) 0.8159(5)  0.0984(4)  0.765(1)  0.519(1) |
015 (4¢) 0.8432(5)  0.2285(4)  0.616(1)  0.519(1) 1
016 (4e) 0.8710(5)  0.1380(3)  0.286(1)  0.519(1) |
017 (4e) 0.1363(5)  0.0104(4)  0280(1)  0.519(1) |
018 (4e) 0.1897(4)  0.1520(4)  0.102(1)  0.519(1) 1
019 (4¢) 0.1526(5)  0.1026(4)  0.625(1)  0.519(1) i
020 (4e) 0.3349(5) 0.1148(3) 0.258(1) 0.519(1) 1
021 (4e) 0.4610(5) 0.1518(4)  0.600(1)  0.519(1) 1
022 (4e) 0.7076(5)  0.11584)  0370(1)  0.519(1) |
023 (4¢) 0.9901(5)  0.22734)  0390(1)  0.519(1) |
024 (4e) 0.9562(2)  0.1440(4)  0.775(1)  0.519(1) |
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The crystal structure of y’-Bi,MoOg is suggested to be similar to that of $-Bi,Mo0,09
[88, 90, 91], where the isolated MoO; tetrahedra of Mo(1), Mo(3) and Mo(4) form square
tunnels enclosing a single column of Bi’” sites. These square tunnels are arranged as pairs and
are further surrounded by Mo(2)O4 tetrahedra. The local environment of Mo atoms is nearly
regular tetrahedral with a variation in Mo-O distance (1.718(12)-1.871(12) A) and O-Mo-O
bond angles (102.33(59)° - 124.75(51)°) [88]. According to Buttrey et al. [88], the
coordination environments of the bismuth atoms within the ‘Latin cross-shaped’ channels:
Bi(1) - Bi(7) are irregular with wide variations in Bi-O distance (2.082(11)-3.108(11) A) and
0-Bi-O bond angles (71.28(32)° - 98.36(39)°); most of them are surrounded by two or three
oxygen atoms with short Bi-O bond lengths (~2.15 A). The lone pairs of ‘Latin cross-shaped’
channels of bismuth oxide appear to be directed away from its channels axis. For the Bi(8),
which is enclosed in the square tunnels of MoQy tetrahedra, it is in a nearly regular fluorite
environment with one marginally distance and seven intermediate bond length of oxygen

neighbors.

Interestingly, it was found that y’-Bi,MoOg and B-Bi,M0,09 have strikingly similar
features: common florite-type cation arrangement, similarities in channel structures, lone
electron pair orientation, site potential, valence sum, etc. In addition, y’-Bi,Mo0Os also adopts
a similar structure to that of the € solid solution in which the rose-shaped [Bi,014] columns
are very alike to the latin cross shape of y’-Bi,Mo0Os. More recently, Vila et al. [92, 93, 94,
95, 96] showed evidence of the low-temperature forms corresponding to the ¢ solid solution.

These forms exhibit layered structural features common to the layered y-Bi,MoOQOs.

4. CONCLUSION

The Bi,03-MoOs; phase diagram appears to be an ideal system for the development of
a Catalytic Dense Membrane reactor all made with bismuth molybdenum oxides since they
display both good oxide ion conductivity and catalytic properties. To allow a good stability of
the catalyst and the membrane at interface, Biys 7sM010Oss 625 composition was chosen for the
membrane and y-Bi.MoOs for the catalyst. Although there have been several studies on the y-
Bi,MoOs synthesis, the formation of this catalyst is not yet fully understood. By means of in-

situ characterization techniques, it will be studied in the next chapter.
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Chapter 2
In-Situ Study of y-Bi,Mo0QO4 Hydrothermal Synthesis by
Combining HRPD, XANES and Raman Scattering

1. INTRODUCTION

Over the years bismuth molybdate catalysts have been prepared by varying the
methods (wet chemistry or solid state synthesis) in order to improve the purity, surface
acidity, surface area, crystallinity and morphology of the catalyst particles which exert a
significant influence on their catalytic properties [1, 2, 3]. Conventional methods of
preparation by solid-state reactions [4] and wet chemistry (e.g. co-precipitation methods) [5]
were first used. They provide a surface area of approximately 1-2m*/g. Other novel methods
such as sol-gel and spray-drying methods were recently demonstrated to increase the catalyst
surface area up to 5.4 m’/g and 17 m?/g respectively, leading to an increase of catalytic
activity [6]. However, these protocols require the use of organic additives that may cause
environmental problem when burning off organic substances. Most wet chemistry techniques
necessitate a calcination step at ca. 400-700°C to obtain the final crystalline material of
which the purity, morphology, surface texture, and grain shape of synthesized material are
not easily controlled. More particularly, the phase transition from y-Bi;MoQOg to inactive

phase y'-Bi,M0Og can occur during this heating process.

In order to overcome this difficulty, hydrothermal methods were applied to synthesize
7-Bi;MoOg under mild conditions, at temperatures below 200°C [7, 8, 9]. Such promising
methods are well known to generate highly crystalline products, with high purity, narrow size
distribution, and low aggregation of particles [7]. A pure y-Bi,MoOQg catalyst with a quite high

surface area of ca. 10m?/ g was first obtained [8].

Aiming at optimizing the conditions of production of y-Bi;MoOg catalyst by
controlling the crystal growth, determining and minimizing any intermediate phases formed
during the synthesis process, in-situ characterizations were performed to follow the catalyst

formation during synthesis.
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This work was intended to complete and to extend the work carried out by Beale et al.
[8, 10, 11] who used the combination of EDXRD (Energy dispersive X-ray diffraction) and
XAS techniques to study in-situ the kinetics of crystallisation of the y-Bi,MoO¢ phase under
hydrothermal conditions in the temperature range from 110 to 150°C. XAS techniques
revealed changes in the coordination of Mo(VI) ions whereas EDXRD gave information on
the solid crystallinity. An intermediate compound (possibly an intermediate layer structure)
was evidenced but at that time, it was not possible to precisely determine its nature and

structure, nor the structural modifications that take place during the growth process.

Another ex-situ study of crystallization mechanism at 180°C, using XRD, TEM and
Raman spectroscopy, carried out by Li et a/. [12] could not show any intermediate phase.
This was likely due to the fast reaction especially during the intermediate state which is
difficult to observe in the time resolution of about 1h while the use of different reactant
sources can not be neglected. In this ex-sifu study, only the synthesis time to obtain a pure
final y-Bi,MoOg phase was optimised, while the transformation of Mo coordination during

the formation of bismuth molybdate was ignored.

It was therefore challenging to elucidate how the crystallites grow and the layered
structure of y-Bi,MoOg forms under hydrothermal conditions in real time. In the present
work, an in-situ study combining High-resolution powder diffraction (HRPD)/ X-ray
Absorption Spectroscopy (XAS)/ Raman experiments was performed. By combination of
these techniques, it is possible to obtain information on both short-range and extended-range

structural changes.

2. CHARACTERIZATION TECHNIQUES

Extended range structural information will be obtained from HRPD. Using high
quality and high resolution powder diffraction data, the crystal structure can be investigated
during phase transition or transformations. In contrast, XAS and Raman scattering will

provide information on the local surrounding of molybdenum.
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Raman Scattering is known as a powerful tool for qualitative analysis. It is very
sensitive to the molecular environments, which can help to identify several compounds:

crystalline phases, amorphous phases, solid, liquid or gas, all at once.

On the other hand, XAS techniques allow both a qualitative and quantitative analysis
of the local environment around an absorbing element; providing coordination numbers,
radial locations and atomic type differentiation. This study was completed by ex-situ

characterizations to fully understand the crystal growth of y-Bi,MoOQg catalyst.

Experiments were carried out on the Swiss-Norwegian beamline (SNBL) at the

European Synchrotron Radiation Facilities (ESRF) in Grenoble, France (Fig. 2.1).

Fig. 2.1 Schematic layout of the Swiss-Norwegian beamline B (SNBL) at ESRF

The hydrothermal syntheses of y-Bi,MoOs were followed sequentially by High-
resolution X-ray diffraction (HRPD) and X-ray absorption and simultaneously by Raman

spectroscopy.
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2.1. High Resolution X-ray Diffraction (HRPD)

Although the Energy Dispersive X-Ray Diffraction (EDXRD) is occasionally used to
identify crystalline phases during reaction because of the short acquisition time [8, 11], this
technique is inappropriate for structure determination. EDXRD provides only a short range
of 20 or d-spacing data that prevents full use of the available information to refine structural
parameters or crystallite size. In contrast, High-Resolution X-ray Diffraction (HRPD) is an
essential technique for phase identification, crystal structure refinement and crystallite
morphology study. It is developed from a standard X-ray diffraction to obtain high resolution

data with a short collection time.

2.1.1. Introduction to XRD refinement

The X-ray diffraction of powder samples results in a pattern characterized by
reflections of given intensity at certain positions. The height, width and position of these
peaks can be used to determine many characteristics of the material structure. The positions
corresponding to lattice spacing and the relative intensity of the reflections are indicative of
crystalline structures, providing a fingerprint of the materials. The phase identification can
be first performed by comparison of the diffraction pattern to a database such as the Powder

Diffraction File (PDF) of the International Centre for Diffraction Data.

2.1.2. The Rietveld method

The crystal structure of known materials can be refined by using the Rietveld
method. A crystal structure, together with instrumental and microstructural information is
used to generate a theoretical diffraction pattern that can be compared to the measured
profile. The profile can be modeled using the calculated counts y; at the i step of 20 by
summing the contribution from neighboring Bragg reflection plus the background:

e

yiwlc = yib + 2S¢Zj¢,h 'Lp¢,h 'P¢,h,« 'A¢,h "FW, iph (2.1)
) A

where y/” is the background intensity,
S41s the scale factor of the phase ¢,
J#n 1s the multiplicity factor of the h'™ reflection,
Lp g 1s the Lorentz-polarization factor,

Py 1s the preferred orientation function,
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Ay 1s the absorption correction,

F4 1s the structure factor,

£ 4, 1s the reflection profile function that models both instrumental and sample
effects.

This technique uses a least squares approach to minimize a function y° that

calc

represents the difference between the calculated y“ and observed y°” intensities at equal

angular intervals by adjusting model parameters.

=Y w iy -y} (22)
i=1

. 1 . . . .
with w; = —-, where 0',-2 is the variance of the observed intensity y,-"bs.

i

2.1.3. The microstructure effects

The Full Width at Half Maximum (FWHM) of a powder diffraction reflection is
influenced by several factors including instrumental factors, the presence of defects and

microstructural effects i.e., strain and size effects.

Since the FWHM can be described as the convolution of the instrumental resolution
and the sample effect, the microstructure effects can be separated from other factors by
using the combination of the Rietveld method with the instrumental resolution function. The
instrumental resolution function can be deduced from the diffraction pattern of LaBgs used as
a standard [13] or from the instrumental profile that the FWHM (H) can be modelled using
the ralationship proposed by Caglioti et al. [14]:

H?*=U-tan’ 0+V -tan@+W (2.3)

The Caglioti U, V and W parameters depend on the instrumental setup.

Once the instrumental resolution function is known, it is therefore possible to
determine the size and strain contribution for each reflection. As the strain effect was

insignificant in our study, we shall focus only on the size effect in the following.

The intrinsic profile of a particular reflection due to size effect has an integral

breadth f; which is formally defined as the integral of the peak profile divided by the peak
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height. For an isotropic size broadening, the averaged apparent size of the crystallites <D>V

in the direction normal to the scattering planes is defined from the Scherrer formula:

A

D) =5 osd 24)

For an anisotropic size broadening, using the Scherrer formula, the size broadening can be

written as a linear combination of spherical harmonics (SPH):

A A
) @Y O @ 2.5
th; cosd 0039% up %/p( hkl h/c]) ( )

ﬂhkl =

where [ is the size contribution to the integral breadth of the reflection hkl

Y

i (©,,,,,) is the real spherical harmonics with normalization [15], the maximum
Y| is 1, represented as a density map of electrons on the surface of the unit sphere in the
direction (®yy, D). This function is based on the Legendre polynomials, where i and j are
quantum numbers that 0 <; <i. The @ variance depends on the parity p; for even parity (p =
1), the function is cosine and for odd parity (p = -1), the function is sine.

After refinements of the coefficients a;;,, the apparent size will be then calculated

along each reciprocal lattice vector.

2.2. X-ray Absorption Spectroscopy (XAS)

In general, when X-rays or electromagnetic radiation interacts with the sample, the
radiation is scattered, transmitted or absorbed. The dominant process in the X-ray absorption
at photon energies below 100 keV is the photoelectric effect, by which the photon is
absorbed, transferring its energy to the ejected photoelectron. When the sample absorbs X-
rays, the linear absorption coefficient p can be obtained from the Beer-Lambert law.

ux = Inyl) (2.6)
where /j and [ are the intensities of the incident and transmitted radiation respectively and x

is the path length of the absorbing sample.

This X-ray absorption coefficient u for photoelectric effect decreases smoothly with
increasing photon energy. However, when the photon energy reaches one of the deep inner-
shell ionization energies of the atom, the absorption increases drastically, giving rise to a so-
called absorption edge, as shown in Fig. 2.2(a). For example, a K-edge corresponds to

removal of a K-shell (1s) electron to a continuum state, to produce a photoelectron. When the
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photoelectron travels outward from the absorbed atoms, the same wave is scattered by the
neighbouring atoms, as illustrated in Fig. 2.2(b). The phase and amplitude of the
backscattered wave are dependent on the type of atom and the distance of the backscattering
atoms from the central atom. Thus, the spectrum giving the absorbance in function of the
incident photons energy is not only characterized by its edge but also by the modulated part.
These modulations are linked to the number of neighbouring atoms and their distance from
the absorbing atom. Therefore, it is possible to determine the chemical environment of the

absorbing atom by analysing XAS data.

(a) °° (b)
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Fig. 2.2 a) Schematic XAS representation of an absorption edge of the absorbing atom. b) Interference
between scattered photoelectrons in a crystalline material.

An XAS spectrum consists of 3 regions, as presented in Fig. 2.2(a):

1) Pre-edge, where the incident energy is less than the edge energy. The features in the pre-
edge region are usually due to the core-shell electron being promoted to unoccupied orbitals,
such as 5p or 5d.

2) X-ray absorption near edge structure (XANES), observed in the edge energy region
extending over the range of about 100 eV. This signal can be used to determine the average
oxidation state and the coordination environment of the element in the sample.

3) Extended X-ray absorption fine structure (EXAFS), observed after the absorption edge at
higher energy (ca. 100-1000 eV) that corresponds to oscillation signal related to

backscattered wave, as previously mentioned.

Due to the limitation of acquisition time, our present study focused on XANES

analysis to determine the coordination environment of the metal atoms in the sample.
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2.3. Raman Scattering

Raman scattering is a promising technique for following the change in the chemical
environment of metal oxide structures or molecular species during the course of the reaction.
From the fact that Raman bands generally reflect the bond lengths, bond strengths, as well as
the overall symmetry of molecules, a particular Raman spectrum can be used as a fingerprint
to identify each molecular species that is present in any state: gas, solution or solid (whether

in crystalline or amorphous phase).

The Raman scattering process relies on inelastic scattering of monochromatic and

coherent light, known as incident electromagnetic radiation

Virtual

sliles

" Vibrational
slates

m
Stokes Rayleigh anti-Stokes

Fig. 2.3 Transitions for scattering process: Rayleigh, Stokes and anti-Stokes scattering [16].

When the excitation energy is equal to the vibration energy, a quantum of radiation
may be absorbed or emitted. These phenomena are known as infrared absorption and
stimulated emission, respectively. Whereas a scattering process generally occurs when the
excitation energy is much higher than the vibration energy (Fig. 2.3). With an excited light
quantum, a molecule will be excited to a virtual state, and relax to an excited state by
emitting a secondary light quantum of the same or different energy. Generally, the exciting
light quanta are elastically scattered giving rise to the so-called Rayleigh scattering. The
inelastic scattering called Raman scattering was also observed but with more than a million
times less probability than Rayleigh scattering. The inelastic interaction of a primary light
quantum with a molecule in the vibrational ground state gives Stokes lines, a secondary light
quantum of lower energy (or frequency). If a molecule is not in its ground state, the
interaction of a primary light quantum may produce a secondary light quantum of higher
energy, giving anti-Stokes lines. Since the intensity of the Rayleigh is several orders of

magnitude higher than that of the Raman lines, the use of an intense monochromatic and
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coherent light, i.e. the ultraviolet, visible or near infrared lasers as the exciting sources is

necessary.

According to the classical theory, Raman scattering can be explained as follows: the
electric field strength (E) of an electromagnetic wave (laser beam) fluctuates with time (t)
and can be described by:

E = Eycos2 vyt 2.7)
where E) is the vibration amplitude and v is the frequency of the laser.
When a molecule is exposed to an electric field, electrons and nuclei are forced to move in
opposite direction. An electric dipole P is induced:

P=aE (2.8)
Here « is the proportionality constant, called polarizability.
It is known that the electric pole moment P is related to the vibrational energy. If the
molecule is vibrating with a frequency v, the nuclear displacement ¢ or the so-called normal
coordinate can be written:

q = qocoS2 vyt (2.9)
where gy is the vibrational amplitude.

For small amplitude of vibration, « is a linear function of ¢. Thus we can write:

a:a0+(a—aj q+.. (2.10)
oq ),

Combining (2.8), (2.9) and (2.10), we obtain:
p=a,E,cos2ru,t) + %[Z—aj q,E, [cos{27r(u0 +, )t} +cos2x(v, —v,, )t}] (2.11)
E)

According to the classical theory, the first term represents Rayleigh scattering, the
second and third terms correspond to anti-Stokes and Stokes lines, respectively. A vibration
can be observed in a Raman spectrum only if the rate of change of polarizability (&) with the
vibration is not zero.

(Z—ZJ #0 (2.12)

If the symmetry of a molecule is such that this condition is fulfilled, then the
transition is allowed, it is called Raman active; if it is not fulfilled, the transition is forbidden,

this 1s called Raman inactive.
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3. IN-SITU EXPERIMENTS

3.1. Preparation of y-Bi;Mo0QOg by hydrothermal route

According to the procedure described by Beale and Sankar [10], two solutions, A:
2.32 g of Bi,0; (Riedel-de-Haén, 99.5%) dissolved in 5.8 ml 65% (wt/wt) HNO3 and B: 0.88
g of (NH4)sM070,4°4H,0 (Janssen Chimica, 99%) dissolved in 5.6 ml 28% (wt/wt) ammonia
were prepared. The solution B was slowly added into the solution A. The pH of this mixture
was adjusted to be higher than 6 before loading about 1 cm’ into the specially designed
hydrothermal synthesis cell (Fig. 2.4). This cell was then introduced into a pre-heated block
just before starting measurements. The experiments were carried out at three temperatures:

160, 170 and 180°C.

3.2. Instrumental descriptions and operating conditions

3.2.1. High-Resolution Powder Diffractometer

The HRPD data were collected with the standard BM1B setup equipped with an X-
ray detector consisting of six independent counting chains, each made of a Silll analyzer
crystal and a Nal scintillation counter, resulting in an intrinsic resolution (FWHM) of

approximately 0.01° at wavelength of 1 A.

3.2.2. XAS

A water-cooled Si (111) channel cut monochromator was used to tune the incident X-
ray beam to the desired energies. X-ray absorption spectra were collected over the
photoemission ranges of Mo K-edges by a Vortex-EM silicon drift X-ray fluorescence

detector, a 50mm? active area single element detector with Xia digital electronics.

3.2.3. Raman Spectrometer

A standard Raman RP10 probe with long distance objective was added to the
experimental setup. It was connected to a dispersive InVia Renishaw spectrophotometer by
optical fibers [17]. The 532 nm laser line was focused on the sample using a video camera
on a RP20V probe head with a final optimization by cyclic fast acquisitions of the Raman
spectrum. The 1200 lines/mm grating calibration was systematically controlled by checking
the position of the Raman line of a Si standard at 520 cm™. Therefore, the standard

microscope lens on the RP20V was replaced by a long-distance optical expander allowing a
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long working distance of 150 mm between sample and the probe and a gain of space for in-

situ auxilliary equipment.

3.3. In-Situ experimental setup

Six channel analyser stage

/\ Optical head

N

Raman probe

_ Optical fiber

- Synchrotron beam

XANES => 6 min
XRD => 7 min

Raman => 2 min

___— Raman Spectrometer

FI detector o ° o
TSI . Powder diffractometer At160°C, 170°C, 180°C
Mo K-edge

Fig. 2.4 Schematic of the experimental setup available at ESRF

The reactions were followed sequentially by XANES / HRPD and simultaneously by
Raman spectroscopy. The Mo K-edge XANES data were collected over 6 minutes at the
Molybdenum K-edge. The energy step and counting times were adjusted to improve the
spectral resolution with a 0.7eV step near the edges, and a 3-10 eV step beyond the edges
with an integration time of 1 s per step. The total XANES collection time including dead
times was 378 sec (about 6 min). HRPD patterns were collected at 0.49995 A wavelength in
the 8.001° - 17.514° 20 domain with a step of 0.003° and 150 ms/step counting time. The
total duration for the collection of a pattern was 475 s, almost 7 min. Since XAS techniques
require a change of the beam energy, it was not possible to carry out XANES and HRPD at
the same time. XANES spectra and HRPD patterns were therefore collected alternately every
13 minutes. Raman spectra were recorded in the 100-1200 cm™ range for 132 s with a laser
power of 70 mWatt. XANES data were processed using the Athena software [18], which is
based on the IFEFFIT program suite [19]. A linear combination fitting analysis was carried
out on the normalised XANES to determine the relative contribution of each coordination
type of Mo(VI) during the reaction. Labspec program was used to normalise and determine
the surface area of Raman Spectra. X-ray diffraction data were refined with the Fullprof
suite [20]. The Thompson-Cox-Hastings pseudo-Voigt profile function was used [21]. The

resolution of the instrument was deduced from a LaB¢ [13] XRD diagram.
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4. RESULTS AND DISCUSSION

Mo K-edge XANES, stacked XRD patterns and stacked plots of Raman spectra
during the hydrothermal reaction at 160, 170 and 180°C, are given in Fig. 2.5-2.7, 2.8-2.10
and 2.11-2.13, respectively. All these techniques revealed that a transformation occurs after

about 33.8, 30.0 and 22.8 minutes of reaction at 160, 170 and 180°C, respectively.

Fig. 2.5 Mo K-edge XANES
spectra collected at 160°C.
The features marked A and B
are characteristic of Mo(VI)
in tetrahedral and octahedral

environment respectively.

3
19900 20000 20100 20200
E (eV)

Fig. 2.6 Mo K-edge XANES
spectra collected at 170°C.
The features marked A and B
are characteristic of Mo(VI)
in tetrahedral and octahedral

environment respectively.

19900 20000 20100 20200
E (eV)

Fig. 2.7 Mo K-edge XANES
spectra collected at 180°C.
The features marked A and B
are characteristic of Mo(VI)
in tetrahedral and octahedral

environment respectively.

19900 20000 20100 20200
E (eV)
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Fig. 2.8 In-situ XRD patterns collected during the hydrothermal synthesis of y-Bi,MoOg at 160°C.

PELLLLLLLLLLY

190
177
165
152
140
127
115
101
89
76
64
51
39
26

14

13

20

T
=

Dbt

16

17

Time (min)

Fig. 2.9 In-situ XRD patterns collected during the hydrothermal synthesis of y-Bi,MoQOg at 170°C.
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Fig. 2.10 /n-situ XRD patterns collected during the hydrothermal synthesis of y-Bi,MoOg at 180°C.
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Fig. 2.12 Raman spectra collected during the hydrothermal synthesis of y-Bi,MoOg at 170°C.
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Fig. 2.13 Raman spectra collected during the hydrothermal synthesis of y-Bi,MoQOg at 180°C.
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All data allow comparing the rate of reaction or the changes during the reaction
observed for XANES, Raman scattering and XRD techniques. However, the figures will be

discussed according to the short- or long-range environment revealed by each technique.

4.1. Short-range environment: XANES

XANES evolution is consistent with a previous study performed on the same system
but at lower temperatures of 120°C and 130°C [8, 11]. It is characterized by two features
labelled A and B in Fig. 2.5 which respectively decreases and increases, after ca. 40
minutes at 160°C. The intensities of the pre-edge peak and the post-edge peak are known to
be signatures of the coordination environment of Mo(VI) compounds. It is well-known that
a very distinctive pre-edge feature appears in XANES spectra for the compounds containing
transition-metal ions in non-centrosymmetric sites. Transitions such as 1s-3d and 1s-4d,
which are forbidden by the selection rules, become allowed in systems without inversion

symmetry when the d-orbitals mix with the surrounding p-orbitals [22] and [23].

In(l,/1)

T T T T T T
19900 20000 20100 20200
E (eV)

Fig. 2.14 Mo K-edge XANES spectra collected at 160°C showing isosbestic points. The features
marked A and B are characteristic of Mo(VI) in tetrahedral and octahedral environment,
respectively.

In Fig. 2.5, the XANES spectra of the initial gel precursor display a strong pre-edge
peak at ca. 19987eV (labelled A) and a weak shoulder on the top of the edge at which
suggests that non-centrosymmetric tetrahedral MoO4>" species are present in the system

[24]. The decreasing intensity of the pre-edge peak and the increasing intensity of shoulder
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on the top of the edge at ca. 20006eV (labelled B) account for conversion of tetrahedral to

octahedral coordination around molybdenum during the course of the reaction.

Moreover, isosbestic points found in XANES spectra during the chemical reaction (in
Fig. 2.14) would indicate that the two chemical species: MoO4> and MoOg have identical
molar absorption coefficients, which remain constant as the reaction proceeds. The stability
of isosbestic points shows that this reaction is probably a direct transformation from MoO,*

to MoOg species.

4.2. Short-range environment: Raman Scattering

Raman scattering confirms these molybdenum coordinations with new insight and

additional information on the local environments of bismuth ions.

4.2.1. Literature reviews of y-Bi,Mo0Os Raman spectra

There have been extensive articles published on Mo local environment studied by
Raman scattering. For bismuth molybdates, it is assumed that bands observed below 400
cm’ are assigned to bending, wagging, translational and librational motions of the different
species in the crystal whereas bands observed above 600 cm™ are assigned to stretching

motions of Mo-O bond.

Although, the Raman spectrum of y-Bi,MoOg form (koechlinite structure) stable at
room temperature has been investigated, the assignment of vibrational modes is not yet
clear. It is usually compared to the spectrum of Bi,WOg, an isomorph to Bi,MoQOs. Their
structures belongs to the Aurivillius family, with general formula: (Bi,0)(As.1B1Osnt1),
where n = 1 and B = W or Mo. The structure consists of perovskite-like layers (MoO,* or
WO4>) of corner-sharing distorted octahedra separated by bismuth-oxygen sheets (Bi,0,)*"
[25, 26, 27] (cf. Chapter 1). Using polarized Raman spectroscopy on an oriented Bi;WOg
single crystal, the assignment of Raman active modes of Bi,WOg structure was achieved.
Both octahedral and tetrahedral characteristics were found for the coordination of tungstate,
so the coordination of W atoms could be described as both octahedra and tetrahedra
depending on the way it is viewed. For y-BiMoOs structure, the distorted octahedral

environment of Mo cation is more significant.
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The Raman spectrum of y-Bi;MoOg powder in Fig. 2.15 shows three main bands in
the high wavenumber range: the strong band at 795 cm™ and two other bands with medium
intensity at 721 and 845 cm’. They are presumably attributable to stretching vibrations
Vi(Aig) and vo(Eg) of the distorted MoOg octahedron in the orthorhombic structure. The
bands between 270 and 360 cm™ including 285, 327 and 354 cm’ are assigned to the
different components corresponding to the bending modes of the octahedron [27, 28, 29].

—_

B 5

i =

(@) ')

i S Fig. 2.15 Raman spectra of
= : v-Bi;M0oO¢ powder at room
= temperature in ESRF and y-
> : )
= ) Bi;MoOg gel at 186 min
& Bi;MoOg gel .

Fé” at 186 min during the hydrothermal

In-Situ (ESRF) synthesis at 160°C.

Bi;MoO¢ powders
Ex-Situ (ESRF)

T, 1§ e

o
v
<
*

]

]

)

!

!

!

!

]

]

]

!

I

!

]

]

)

1

!

d

]

1

]

]

!

!

e 197 em’!

200 400 600 800 1000

Raman shift (cm™)

However, such a distorted MoOg octahedron in y-Bi;MoQOs structure can also be
viewed as a distorted tetrahedron as shown in Fig. 2.16 because of the presence of two long
bonds. The Mo-O vibration band distribution in Bi;MoQOg spectrum was evidenced by 1.
Matsuura et al. [30] by using G-F matrix method. This method, introduced by E. B. Wilson,
relies on the fact that the frequency of the normal vibration is determined by the kinetic and
potential energies of the system [31]. The matrix G gives the kinetic energy in terms of
arbitrary linear internal coordinates and the matrix F represents the potential energy in terms
of these coordinates. The vibrational frequencies corresponding to the MoO4 environment in
Bi;M0O¢ can be then calculated by using this method (Table 2.1) [30]. Most of the

calculated wavenumbers are in good agreement with our experimental data.
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Fig. 2.16 a) Layer of corner-sharing Mo octahedra in y-Bi,MoQs structure according to Theobald
[32] and b) Octahedral and tetrahedral description of the environment of Mo in y-Bi,MoOy structure.

Table 2.1 Band Positions for MoOy in Bi;Mo0OQy. calculated by G-F matrix method [30].

Ref [30]. Observed
Calculated (cm™) IR (cm™) Raman (cm™) Raman (cm™)

865 842 848 845
780 798 799 795
693 735 717 721
613 600 - -

376 375 399 404
355 354 354 354
337 304 326 327
287 287 293 285
196 - 194 197
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4.2.2. In-situ Raman spectroscopy study

® General aspects

The last spectrum obtained at the end of experiment at 160°C (cf. Fig. 2.11) is
compared to that of y-Bi,MoOg in Fig. 2.15. They show the same feature, except for the
spectrum obtained from in-situ study where two extra bands are observed, a small band at
711 cm™ and a strong line at 1050 cm™. They correspond to the angular deformation and the
symmetric stretching mode of NO;™ anion that are present in the solution [33]. The spectrum
of the Bi;MoOg powder also shows better defined Raman bands with a lower background
because of the better crystallization of the Bi,MoOg powder which is in solid state. From
both Fig. 2.15 and 2.17, it is worth noting that the band at 140 cm™ for the powder shifts to
160 cm™ for that in the in-situ study. Some bands in the in-situ spectrum are more
pronounced than in the powder spectrum, e.g., the 198 cm™ band is better defined and the
band at 266 cm™ is more intense. These distinctive bands correspond to the vibrations of
bismuth oxide which are assigned to internal modes above 200 cm™ and external modes
below 200 cm™ [34]. The different features of these bands could be explained by the fact
that during the hydrothermal synthesis of y-Bi,MoOg, the high pressure in the cell probably
enhances the preferential orientation of particles. The presence of nitrate could be also

responsible for these differences.
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=----140 cm’
{2220 160 em

Bi,MoOyg gel In-Situ after 3 min
1,Mo0QOg gel In-Situ after 186 mi
Bi,MoOg Ex-situ (ESRF
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Intensity (a.u.)
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Fig. 2.17 The low wavenumber range of Raman spectra collected during the hydrothermal synthesis

of y-Bi,MoQOg at 160°C at 3 and 186 min and Raman spectra collected on y-Bi,MoO¢ powder at
ESRF and UCCS (without notch filter).
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Concerning the peak at 117 cm™, it is difficult to conclude if it is a Raman band.
Indeed its intensity at the low wavenumber side is much lower than the baseline which
should be usually high due to the approach to the exciting line. Hence, this peak could be a
discrepancy related to the partially charged collection of CCD detector. In order to verify
the possibility of extra peaks due to interferences caused by the Notch filter, the spectra
collected at ESRF were compared to the spectrum of the y-Bi,MoOg powder collected on a
krypton ion laser spectrometer at UCCS without a Notch filter. The experimental setup of
the Raman spectrometer used at UCCS is described in Chapter 3: Ex-situ study. Usually, the
Notch filter is used to reject the Rayleigh scattered light, but it does not allow detection
below 100 cm™ and it could also bring out some extra bands in the low wavenumber range.
In our case, the two spectra are similar. The one collected at UCCS provides a larger range
of wavenumbers, below 100 cm™, with a better spectral resolution, and it does not show any
peak at 117 cm™. This experiment leads to the conclusion that the 117 cm™ peak observed in

the in-situ spectra is due to the partially charged collection of CCD detector.

® | ocal environment of molybdenum atoms during the reaction

We shall first discuss the evolution of Mo coordination during the hydrothermal
synthesis of y-Bi;MoQOg observed by Raman spectroscopy. Since the bending modes are
overlapped by the vibration of bismuth oxide groups, only the stretching modes between
650 and 975 cm™' are worthwhile to examine (Fig. 2.18).

MoOg¢ Octahedra (Bi,MoOg)

(721, 802, 845 cm™)
NO; y
71%
161

@%%%%

cem™)

Time (min)
o
@

600 650 700 750 800 850 900 950
Raman Shift (cm™)

Fig. 2.18 Raman spectra collected during the hydrothermal synthesis of y-Bi,MoOs at 160°C
(corresponding to Mo local environment).
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In the Raman spectrum of the starting gel mixture shown in Fig. 2.18, the broad band
at 897 cm’' and weak band at 841 cm™ correspond to symmetric vi(A,) and anti-symmetric
v3(F2) Mo-O stretching modes of isolated MoQ, tetrahedra, respectively [35, 36]. Other
characteristic vibrations of tetrahedral species noticed around 318 cm™ are assigned to
angular deformations v»(E) and vi(F3). These features confirm the presence of MoO,

species in the initial stage of the reaction as observed by XANES.

As the reaction proceeds, the 897 cm™ band shifts to 881 cm™ during the first 20 min
of reaction and then remains at this position. This remarkable shift is possibly due to the
change in structural parameters of MoOj tetrahedra. The shifted wavenumber value is close
to 880 cm™', the Mo-O stretching vibration of MoQOy tetrahedra in the CaMoOy structure [28].
Interestingly, Beale ef al. [11] claimed that the “B” phase, BiM0,Oy might be initially
formed during the hydrothermal synthesis of y-BioM0QOs. The environment around Mo atoms
in B-Bi;Mo0,0y is also tetrahedral but its Raman band is located at 887 cm’' [28]. After 30
minutes of reaction, the intensity of the 881 cm™ band decreased while new bands appeared
at 721, 845 cm’' and at 802 cm’ (strong, broad band) which are related to the Mo-O
stretching modes of distorted MoOg octahedra in y-Bi,MoOg structure, as previously
mentioned. Other bands found in the low wavenumber range are also assigned to y-Bi,Mo0Og

structure.

600 700 750 800
Raman shift (cm~

Fig. 2.19 Raman spectra collected during the hydrothermal synthesis of y-Bi,MoO¢ at 160°C
(corresponding to Mo local environment) showing isosbestic points.

Consequently, the evolution of these Raman spectra revealed a change of the MoO,4
tetrahedral species, especially a perturbation or a change in structural parameters of MoOj4

tetrahedra that may be caused by the interaction between the positively charged [Bi,0,]*"
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layers and the negatively charged [MoO4]* molecules, before they transform to MoOg
octahedra as in y-Bi,MoQOs structure. This will be illustrated by the evolution of the MoO4
stretching mode wavenumber plotted against the change in the relative abundance of MoO4
and MoQOg species during the reaction (Fig. 2.21). This behaviour is also confirmed by the
isosbestic points (Fig. 2.19) that are found for the Raman spectra obtained after 20 min of
heating, after the shift of the characteristic peak of MoO, from 897 cm™' to 881 cm™ which

then remains at this wavenumber.

It is interesting to note that this change of tetrahedral species was not observed by
XANES. This might be due to a higher sensitivity of Raman spectroscopy for observing the
chemical environment of MoO, species, and may be also to a non optimised resolution of

XANES spectra which is due to the limitation of acquisition time.

® [ ocal environment of Bismuth atoms during the reaction

Let us now discuss the evolution of the bismuth environment during the synthesis
reaction. In general, Bi-O bands found at low wavenumber, below 200 cm™', are known to be
external modes including translational and librational modes. While the internal modes of
bismuth oxide molecules within the unit cell of a crystal occur in the medium and high
wavenumber regions, usually between 200 and 700 cm™, the bands observed at ca. 455 and
620 cm’ are assigned to the stretching modes of Bi-O or of Mo-O-Bi bonds [30, 34].
Regarding the evolution of bismuth oxide coordination during the hydrothermal synthesis
reaction, the spectrum collected at the beginning of the reaction is generally similar to the
one collected at the end of reaction, except for the bands in the 270-400 cm™ range assigned

to molybdate bending modes [30].

From the fact that the modification of Raman bands is not observed at the low
wavenumber domain, especially below 270 cm™”, we can conclude that there is no
significant modification of the local environment of bismuth or crystalline structure during
the synthesis. This remark is in agreement with the results of numerous Raman studies on
the various substitutions of metal oxide compounds [37, 38]. It means that Bi,O,>" layers
could have already been formed at the very beginning of the reaction (3 minutes after
heating) and that these layers remain until the end of the reaction as a part of the y-Bi,Mo0Og

framework.
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4.3. Quantitative Analysis of XANES and Raman spectroscopy

XANES and Raman spectroscopy have proved to be promising tools to determine the
contribution of each Mo component in mixed compounds [39, 40, 41, 42]. Therefore, it is
possible to quantify the change of the relative abundance of MoO4* and MoOs species
during the synthesis.

According to our previous discussion, the Raman spectra evidenced a change of
MoOy tetrahedral species during the initial stage of the reaction, this perturbation of MoOj4
is likely due to a change in their structural parameters that may be caused by the interaction
between the negatively charged [MoO4]* species and the positively charged [Bi,0,]*"
layers, before transforming to MoOg octahedra in y-Bi;MoOQOg structure. Consequently, we
shall focus on the exchange of Mo species from the tetrahedral perturbed MoO4 to MoOg
octahedra in y-Bi;MoOg. The quantification will be essentially performed for the spectra

collected after the change of MoO,. Three assumptions were made:

- No MoOg species are present in the gel before the perturbation of MoOy, is complete.

- The first spectrum collected just after the perturbation of MoO, and the last
spectrum collected at the end of each reaction (at 160, 170 and 180°C) are assumed to be that
of a pure phase constituted fully of perturbed Mo tetrahedra (MoO,) and Mo octahedra
(Mo0Og), respectively.

- Because of a direct transformation from perturbed M0042' tetrahedra to MoOg
octahedra in y-Bi;MoQOg structure, the gel sample observed during the reaction should be

composed only of these two types of molybdenum coordination.

4.3.1. Quantitative analysis by Linear Combination Fit of XANES data

The XANES analysis of unknown samples by comparison of pre-peak, white line and
absorption edge position to reference materials demonstrates that, from XANES alone, it is
not possible to quantify each coordination type of Mo(VI). To overcome this limitation, a
linear combination fit (LCF) was employed to analyze the spectral data afterwards [43, 44,
45]. The LCF analysis of XANES data was done using the Athena software package [18].
This quantitative analysis uses reference spectra of Mo(VI) species to allow the
quantification of species in unknown, multiple-component mixtures. This method uses a
least-squares fitting algorithm to refine the sum of reference spectra to an experimental

spectrum.
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By fitting the unknown spectrum with a linear combination of the standard spectra,
the types of coordination environments of Mo(VI) and their relative contribution to the
analyzed sample can be determined. The LCF analysis was carried out using the normalized
XANES over the fit range: -40 eV < Ej < 30 eV. Since the elongation of tetrahedral species
is not observed by XANES, the data were fitted by using a combination of two standard
XANES spectra: the first and the last spectrum collected of each reaction. All standards used
the same Ey, all weights were set to be between 0 and 1, and the sum of weights was also set

to 1.

The fitting results and fitting statistics (R-Factors) are given in Table 2.2. The
changes in the relative abundance of MoO4 and MoQOg species during the reaction were
plotted as a function of time for 160°C, 170°C and 180°C in Fig. 2.20. The position shift of
MoO4> Raman band during the reaction at 160°C was plotted against the change in the
relative abundance of MoO4* and MoOs species in Fig. 2.21. This plot shows that the
MoO,” tetrahedral species are modified to the perturbed MoO4> before transforming to

MoOg octahedra in y-Bi;MoOg structure.

Table 2.2 Composition of MoO, and MoOg with their R-factors obtained from LCF.

© 2011 Tous droits réservés.

160°C 170°C 180°C

Time Composition R- Time Composition R- Time  Composition R-
(min) MoO; MoO, Factor | (min) g 00; MoOy Factor | (min) MoO; MoOy Factor
3.0 100.0 0.0 - 8.0 100.0 0.0 0.00022| 3.00 100.0 0.0 0.00020
16.3 100.0 0.0 0.00019| 20.1 100.0 0.0 0.00026 | 14.87 100.0 0.0 0.00030
292 993 0.7 0.00034 | 334 702 29.8 0.00009 | 27.78 754 24.6 0.00012
412 869 13.1 0.00023 | 454 305 69.5 0.00015| 39.63 226 774 0.00013
548 572 428 0.00011 | 583 14.1 859 0.00011 | 52.28 10.1  89.9 0.00009
66.7 355 645 0.00010 | 70.3 7.9 92.1 0.00015 | 64.18 1.7 98.3  0.00012
79.9 229 77.1 0.00010 | 83.4 3.0 97.0  0.00015
91.8 146 854 0.00016 88.90 1.2 98.8  0.00012
104.7 8.5 91.5 0.00011 | 1089 1.1 98.9 0.00013 | 10233 0.0  100.0 0.00021
116.5 3.6 96.4 0.00014 | 120.8 1.0 99.0 0.00017 | 118.82 0.0  100.0 0.00017

1340 0.0 100.0 0.00019

1459 0.0 100.0 0.00025
1547 0.0 100.0 0.00014
166.6 0.0 100.0 - 170.8 0.0  100.0 0.00013
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Fig. 2.20 The changes in the relative abundance of MoO,” and MoOg species during the
hydrothermal synthesis of y-Bi,M0QOg at 160°C, 170°C and 180°C, deduced from LCF analysis of

XANES spectra.
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Fig. 2.21 Plots of the position shift of MoO,* Raman band (%) and the composition of MoO,* (O)
and MoOg (@) species (from XANES spectra) during the hydrothermal synthesis of y-Bi,MoOs at

160°C.
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4.3.2. Quantitative analysis of Raman bands

Raman spectroscopy has proved to be an excellent non-destructive tool, not only for
qualitative purposes, but also for quantitative analysis and is widely applied in analysis of
polymorphic forms of pharmaceutical compounds [46, 47] or mixed crystalline phase
compounds [48]. The proportions of each compound in the mixed sample are generally
determined by using the ratio of intensities or areas of two Raman bands characteristic of
these two species. Moreover, Raman scattering is able to provide a spectral range from few
cm™ to 4000 cm™ that can be collected with sub-seconds time resolution for materials with
high cross-sections. Consequently this technique has been used over the last decades to
follow the fast chemical exchange for time resolved experiments, as well as, during in-situ
study of catalytic materials under working conditions. The catalytic activity and selectivity
can be related to changes in the catalysts structure [49]. The kinetic and the equilibrium

constant of reactions in glasses can be determined [50].

® Limitation

In practice, the quantitative analysis of Raman spectra is a difficult task due to broad,
overlapping bands and frequency shift. In addition, the ratios between peak areas are not
always equal to ratios between the abundance of species [46, 48, 49, 51, 52, 53]. The area of
a Raman line does not only depend on the concentration of each component but also depends
on the incident laser power, the frequency of scattered radiation, the absorptivity of the
materials involved in the scattering and the response of the detection system. Hence, the area

under a Raman peak can be expressed [48, 54] as

A() = LK(V)C (2.13)

where ) is the intensity of the excitation laser line

v is the frequency

C is the concentration of the Raman active species

K(v) is a factor which includes the frequency dependent terms: the overall
spectrophotometer response, the self-absorption of the medium and the molecular scattering

properties.
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The K(v) factor is also proportional to the frequency (v), Raman scattering cross-

section (o(v)) and Boltzmann factor (exp(-E;/kT)), as described in Eq. 2.14.

K)o« v* e (V) ® exp(_k—?J (2.14)

Subsequently, the ratio between peak areas of two species, MoO4 and MoOg in our

cases, can be expressed as:

v v
MoO MoO
A 4 K 4 C
MoO4 B MoO4 MOO4
UM 0, - UM 0, * C
o o
4% g %G, (2.15)
MoO MoO

6 6

The quantification of Raman spectra by comparison of relative peak areas must
therefore be considered with care because the absolute or relative Raman scattering factors

are unknown.

To partly overcome this limitation, an external calibration is conventionally used to
determine the relative Raman scattering factors. A calibration curve is generally obtained
from Raman spectra of the standard samples of known concentrations. Quincy et al. [52]
determined Raman scattering factor of MoOs on the TiO, support from the relative peak
areas of molybdate bands and MoOs bands, the calibration was carried out by using a mass
balance. An alternative approach was suggested by Baltrus et al. [53] who quantified the
MoO3 on an alumina support by using a mass balance and measurements with KNO; as an
internal standard. The internal standardization technique was also applied with K;Mg>(SO4)s3
to deduce the MoOj3 content in the MoO;-TeO; glasses [55]. In the latter, the peaks area ratio
calculation was achieved by using a symmetric Gaussian-type profile function to deconvolute
the Raman spectra. It is worth noting that relative Raman scattering factors for MoOs differ

between these different studies.

However this external calibration method seems to be very complicated to perform,
especially for an in-situ study, because the Raman spectra of standard samples are extremely
difficult to carry out under identical working conditions. Interestingly, recent works revealed
the possibility of performing a quantitative Raman spectroscopy without external calibration.

Ohler and Bell [41] could directly determine the exchange of '*O for '°O in Mo=0 bond
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during reaction with H,/O, by using Lorentzian deconvolution to determine the relative peak
areas. Furthermore, Bergwerff et al. [42] suggested a multivariate curve resolution (MCR)
with which the spectra can be deconvoluted into pure component spectra with their
concentration. This analysis was conducted to determine the speciation of polyoxomolydate

as a function of pH and the results showed a good correlation with the theoretical plots.

The purpose of this present study was to determine the evolution of MoQO4, MoOg
composition during the hydrothermal synthesis of Bi,MoOs by quantitative Raman
spectroscopy technique without the necessity of external calibration. Although the
quantification of Mo species was previously accomplished by XANES technique, it is
expected that the transformation of Mo species could be better resolved with shorter
acquisition time of the Raman spectra. Our quantification approach is based on the
deconvolution of Raman bands by using a statistical fit of both Gaussian and Lorentzian
functions to determine ratio between peak areas of the two species, MoO4 and MoOg. The
reliability of this method will be verified by comparing with linear combination fit (LCF)
analysis that uses a least-squares fitting algorithm to refine the sum of reference spectra or
pure component spectra and the quantitative distribution of the reference spectra can be
referred to their concentration. Subsequently, the quantification of Raman spectra will be

validated by comparison with the quantitative information obtained previously from XANES.

® Deconvolution of Raman spectra

According to our previous discussion, the Raman analysis showed the perturbation of
MoO, tetrahedral species accompanied with an absence of isosbestic points for the Raman
spectra obtained during the first 20 min of reaction when the peak position of MoOy shifts
from 897 cm™ to 881 cm™ (Fig. 2.21). Because we are interested in the transformation of
molybdate species from perturbed MoOy, tetrahedra to MoOg octahedra in y-Bi;MoOg, the
quantification was performed only for the Raman spectra in which the characteristic peak
position of MoOy4 remains constant at 881 cm™'. The spectra with the peak position of MoOy
located above 881 cm™ are assumed to be composed by only MoOy tetrahedra because of

the absence of the characteristic MoOg band (Fig. 2.19).
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The Raman bands in the range of 600-975 cm™ are assigned to molybdenum oxide
stretching modes of both tetrahedral and octahedral coordinations. The integrated areas of
these corresponding bands can be obtained as illustrated in Fig. 2.22. However, a small line
at 711 cm™ corresponding to the bending mode of NOs anion [33] can not be neglected and it

has to be subtracted from the area calculation.

All vibration bands of these three

(c) 183.5 min
MoOj with compounds: NO;, MoOs and MoO¢ are
NO;’ trace therefore overlapped hence a deconvolution

is indispensable to determine the peak areas
of molybdate species. To do so, the Raman

analysis Jobin Yvon’s Labspec software was

employed. All spectra were first background-

| — | subtracted by a linear baseline and then
b 60.2 min '

(b) . normalized. The Raman spectra were fitted
by using a statistical fit of both Gaussian and
Lorentzian function for deconvoluting all

Raman bands.

Intensity (a.u.)

The Raman bands of perturbed

@) 29.4 min MoO4* tetrahedral species in Fig. 2.22(a)
MoO, with NO;s™ trace
lV1(A1)

were fitted for Mo=0O symmetric stretching
vibration (vi(A;): 881 cm™) and Mo=0
antisymmetric stretching vibration (vs(F»):

sNoy=vie) " !
! 815 cm™) [35, 36]. For the bands
corresponding to the Mo octahedral species

of y-Bi;MoOg in Fig. 2.22(c), they are

600 650 700 750 800 850 900 950
Raman shift (cm™) presumably stretching modes vi(Ai) and

E,) of the di M h i
Fig. 2.22 The deconvolution of base-line V2(Eyg) of the distorted MoOg octahedron in

substracted Raman spectra collected at 29.4 the orthorhombic distorted structure [27, 28,

min (a), at 60.2 min (b) and at 183.5 min (¢)  29]; they were fitted for 724, 771, 803 and
during the hydrothermal synthesis of v-

. 845 cm™', in good agreement with the inter-
Bi,Mo0Og at 160°C.

molecular coupling.
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It is worth noting that the deconvolution of an overlap of MoOg bands located at 710-
850 cm™ in this study only aims to determine the surface area. It does not refer to the

distribution of each vibration modes.

During the reaction, the molybdenum oxide stretching bands of both MoO4 and
MoOg evolved smoothly; the two stretching bands of MoOy4 decreased while all stretching
vibration bands of MoQOyg increased with the reaction time. The fraction of tetrahedral Mo
oxide species was then calculated from the fraction of the total area under the MoOg bands:

724,771, 803 and 845 cm™ to the total area corresponding to the vibration of molybdates.
19
Z 4 M006
M006

v v o
ZA MoOg +ZA M0(2)4 (2.16)
M006 M004_

Due to the overlap of the nitrate bands and all molybdate bands of MoO4 and MoOg
species, the peak parameters cannot be determined by fitting the spectra independently from
each other. According to Fig. 2.22(b), the bands of MoOQ, tetrahedron, vi(F,) at 815 cm™
and vi(A}) at 881 cm’' strongly overlapped with other molybdate bands. The positions of
these bands were subsequently hold constant and the ratio of the vi(F;) peak area to the
vi(A;) area was constrained. Moreover, since the nitrate feature overlapped with the MoOg
bands and was small, its position, width and height previously obtained from the spectra of

MoOy, were simply held constant in order to fit the spectra of MoOg.

With all precautions, the evolution of MoO4 and MoOg composition during the
hydrothermal synthesis of Bi,MoO¢ was consequently deduced by deconvoluting Raman

spectra and it will afterward be verified by linear combination fit (LCF) analysis

® | inear combination fit (LCF) analysis of Raman spectra

Since the peak area determination by deconvoluting a Raman spectrum is not unique,
i.e., there may be more than one solution; the reliability of this method has to be verified.
The LCF analysis may offer different and complementary tools for the quantification of Mo
species. This technique was previously employed for the quantitative analysis of XANES

spectra.
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This analysis uses linear combinations of
1 183.5 min reference spectra or pure component spectra to
| construct a model spectrum; and their ratio will
be refined by wusing least-squares fitting
algorithm to minimise the difference between

the model and the experimental spectra.

The LCF analysis of Raman spectra was
done using the multiple regression function in
Matlab program [56]. All spectra were first

background-subtracted by a linear baseline and

then normalized before LCF analysis over the fit

range: 600 cm™ < Raman shift < 975 cm™. The
data were fitted by using a combination of two

standard Raman spectra from a perturbed MoO4

Intensity (a.u.)

spectrum and a MoOg spectrum in order to

obtain the relative contribution of both

coordination types in each spectrum. For

example, for the reaction at 160°C, a spectrum
collected at 16.2 min was used as a standard
spectrum for perturbed MoQOy4 species since it

was the first spectrum with a peak position
1

remaining constant at 881 cm . A spectrum
1 29.4 min collected at 139 min was used as a standard
spectrum for MoOg octahedra in y-Bi,MoOg
because it is one of the first spectra of the pure

phase Bi;MoOs. The last spectrum of the

reaction is unfavourable due to the influence of

600 650 700 750 800 850 900 950 . . L
) time of reaction on the crystallite size that would
Raman shift (cm ) . . .
, affect on the ratio of peak intensity.
Fig. 2.23 Comparison between Raman

spectra (red circles) and spectra obtained

from LCF (black lines) after 29.4, 42.6, A good fit between the calculated and
602, 77.8 and 183.5 min of reaction at experlmental Spectra was Obtalned’ as
160°C (bottom to top).

demonstrated in Fig. 2.23.
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Fig. 2.24 The change in the relative abundance of MoOg species, deduced from deconvolution and

LCF of Raman spectra, during the hydrothermal synthesis of y-Bi,MoO¢ at 160°C (M, []), 170°C
(A, A)and 180°C (@, O).
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Fig. 2.25 The change in the relative abundance of MoOg species, deduced from LCF of Raman and

XANES spectra, during the hydrothermal synthesis of y-Bi,MoOg at 160°C (L1, %), 170°C (A, %)
and 180°C (O, *).

67

© 2011 Tous droits réservés.

http://doc.univ-lille1.fr



Thése de Chanapa Kongmark, Lille 1, 2010
Chapter 2: In-Situ Study of y-Bi,MoOg Hydrothermal Synthesis by Combining Techniques

The LCF analysis of change in abundance of MoO4 and MoOg species during the
reaction was achieved. The reliability of the deconvoluted Raman spectra was confirmed by
the coincidence of the results of linear combination fit (LCF) analysis obtained for the similar
values of MoO4 and MoOg composition for all three temperatures: 160, 170 and 180°C. From
Fig. 2.24, we can thus conclude that whatever the analysis methods, deconvolution or LCF of
Raman spectra, they come up with the same results: both can be used to quantify the

molybdate species.

The abundance of MoO4 and MoOg species deduced by Raman and XANES Spectra
are plotted as a function of time for the three temperatures: 160, 170 and 180°C, as shown in
Fig. 2.25. Good correlation results between the two spectroscopic techniques were observed.
The average deviation between the two techniques is within 3 min for the MoOg
compositions below 80%. One must recall that XANES was recorded every 13 minutes
whereas a Raman spectrum was recorded every 2 minutes. It is shown that the LCF analysis
and the ratio of MoO4 and MoOs integrated area obtained by deconvolution of Raman
Spectra can really determine the composition of each species during the course of the
reaction. It is interesting that, in our case, the quantitative results from this Raman
spectroscopy technique is reliable compared to XANES techniques due to the higher time-

resolution.

The evolution of MoOg species follows a sigmoid curve for all temperatures. As
expected, a faster evolution is observed when the temperature increases due to faster
reaction rates. In the following, these results will be used to study the kinetics of the

reaction and to compare with X-ray diffraction results.
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4.4. Extended-Range Environment (Crystalline Structure): HRPD
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Fig. 2.26 In-situ XRD patterns collected during the hydrothermal synthesis of y-Bi,MoOg at 160°C
(A=0.5 A).

By HRPD, a crystalline phase was observed from the first few minutes of the
reaction. However, the y-Bi,MoOg started to grow only after 30 minutes of the reaction (Fig.
2.26). Irrespective of the reaction temperature, an intermediate phase was evidenced and
two steps of phase formation appeared to take place. Unlike previous studies [8, 11] in
which position sensitive detectors with poor angular resolution were used, the HRPD data
obtained here are of very high quality. This high resolution enabled the use of XRD
refinement by the Rietveld method to refine each pattern. However the complete structure
refinement could not be achieved in these studies because of the short d-spacing range
needed to obtain high spatial and time-resolution. Only the unit-cell parameters, the overall
Debye-Waller parameter and the crystallite size were refined. The background of XRD
refinement, including the Rietveld method and crystallite size calculation, was previously
given in details (cf. Characterization techniques). The quantitative analysis was carried out as

well, in order to study the kinetics of the crystal growth process.
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4.4.1. Phase identification and XRD refinement by the Rietveld method

® Fluorite structure of Bi,0;

The Fluorite structure of Bi,O3 was used to refine the initial HRPD data but a good
fit was only obtained when the structure was compressed along the [001] direction. Indeed
the first pattern, recorded at the initial stages of the reaction, could be indexed in a tetragonal
unit cell with the following parameters: a = 4.0237(4) A (ar = a*\2 = 5.6904(4) A in the
cubic fluorite lattice) and ¢ = 5.558(1) A. The relationship between the distorted fluorite unit
cell and the tetragonal unit cell is illustrated in Fig. 2.27. The refinement was finally
performed in I 4/mmm space group with Bi in 2a (0, 0, 0) and O in 4d (0, ', Y4) with an
occupancy of 75% for the O site. Only bismuth was introduced in the 2a site although the

presence of molybdenum in this site cannot be excluded.

Concerning the peak shape, a uniform broadening of Bragg peaks was observed,
which is due to small crystallite sizes. An isotropic size model (or the simple Scherrer
formula) was used to refine the Bi,0; crystallite size and revealed that particles about 10 nm
in size were present in the system. A good fit between the observed and the calculated data
was obtained, as indicated in Fig. 2.28. After 40 minutes of reaction, the Bi,O; phase
gradually disappeared while y-Bi,MoOg reflections began to appear in the HRPD patterns.
During the transformation, the intensity of the peaks corresponding to the distorted fluorite
form of Bi,O; decreases without change in unit-cell parameters. The presence of the y-

Bi,Mo0Og¢ phase only was observed after 120 minutes.

® Structure of y-Bi;Mo0Qs

The y-BinMoOs structure was refined using the structural model proposed by
Theobald et al. [32]. Similar to the case of the Bi,O3 phase, only the unit-cell parameters,
the overall Debye Waller parameter and crystallite sizes were refined. In contrast to BixO3
case, the FWHM of Bragg peaks of several reflections of y-BizMoOg appeared to vary,
which was due to the anisotropic shape of crystallites. To take into account this broadening,
a linear combination of spherical harmonics of the 4™ order [15] was used together with the
Scherrer formula. In good agreement with the layered structure, the refinement revealed a
platelet shape for the y-Bi,MoOg crystallites. The observed, calculated and difference

profiles are presented with the shape of y-Bi,MoOg crystallites in Fig. 2.29.
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Fig. 2.27 Initial phase structure: Bi,0; distorted fluorite structure
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Fig. 2.28 XRD refinement using isotropic model for crystallite size on XRD pattern collected at
160°C after 9 min of experiment, with background corrected agreement factors.
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Fig. 2.29 XRD refinement using an anisotropic model for crystallite size from the XRD pattern
collected at 160°C after 184 min of experiment, with background corrected agreement factors. a) A
zoom of the XRD pattern in the range of 9.8-13°. b) XRD patterns in the angle range studied with
the agreement factors. ¢) A model of crystallite morphology obtained.
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Table 2.3 The Rietveld refinement results of XRD patterns collected 160°C

Bi1,0; Bi,MoOg

temps Cell parameters (A) B, Cell parameters (A) B,

a ap c v a b br C oven
9.00 4.0237(4) 5.6904(4) 5.558(1) 12.4(2) - - - - -
22.30 4.0177(4) 5.6819(4) 5.5711(8) 12.6(3) - - - - -
3522 4.0185(4) 5.6830(4) 5.565(1) 13.6(4) 5.538(4) 16.268 5.423 5.592(4) 7(1)
47.18  4.0185 5.6830 5.565 11.6(6) 5.542(1) 16.268 5.423 5.577(1) 9.9(4)
60.78  4.0185 5.6830 5.565 19(2) 5.5269(6) 16.268(4) 5.423(1) 5.5692(7) 9.2(3)
72.67  4.0185 5.6830 5.565 19  5.5191(6) 16.259(4) 5.420(1) 5.5497(8) 9.3(3)
85.88  4.0185 5.6830 5.565 19  5.5139(4) 16.258(2) 5.4194(6) 5.5380(5) 8.6(2)
97.78  4.0185 5.6830 5.565 19  5.5094(4) 16.249(1) 5.4164(5) 5.5291(4) 8.3(2)
110.67 4.0185 5.6830 5.565 19  5.5083(3) 16.255(1) 5.4184(5) 5.5290(3) 8.1(2)
122.53 - - - 5.5050(3) 16.247(1) 5.4157(4) 5.5249(2) 8.3(2)
135.42 - - - 5.5057(2) 16.2551(9) 5.4184(3) 5.5261(2) 8.5(2)
147.37 - - - 5.5031(2) 16.2489(8) 5.4163(3) 5.5237(2) 8.7(2)
160.73 - - - 5.5047(2) 16.2543(9) 5.4181(3) 5.5246(2) 8.4(2)
172.62 - - - 5.5024(2) 16.2461(8) 5.4154(3) 5.5226(2) 8.6(2)
184.47 - - - 5.5036(2) 16.2496(6) 5.4165(3) 5.5246(1) 8.8(2)

. Bi,03 Bi,MoOg

Time ; . ;

(min) Concentration Size (nm) Concentration Size (nm)

(mol%) (mol%) (002) (200) (060)

9.00 100 9.1 0 - - -

22.30 100 12.9 0 - - -

35.22 89(3) 12 11(2) 16.4 16.0 4.4

47.18 37(1) 13.1 63(3) 16.4 16.0 44

60.78 25(2) 14.3 75(3) 18.0 22.3 5.7

72.67 10.0(8) 14.3 90(3) 18.5 25.3 6.6

85.88 7.0(6) 14.3 93(2) 24.6 26.5 9.0

97.78 4.1(5) 14.3 96(3) 32.5 28.9 11.8

110.67 1.7(5) 14.3 98(3) 39.2 32.9 14.3

122.53 0 - 100 448 34.5 16.8

13542 0 - 100 50.0 36.7 18.7

147.37 0 - 100 50.9 39.8 20.2

160.73 0 - 100 50.5 39.7 19.9

172.62 0 - 100 53.2 41.8 22.5

184.47 0 - 100 61.3 49.8 23.1
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Table 2.4 The Rietveld refinement results of XRD patterns collected 170°C

Bi,0; Bi,MoOg

temps Cell parameters (A) B Cell parameters (A) B

a ar c overall a b bF c overall
14.00 4.0189(4) 5.6836(5) 5.5758(8) 12.4(3) - - - - -
26.05 4.0152(4) 5.6783(6) 5.570(1) 13.1(3) 5.547(2) 16.276 5.425 5.580(3) 84
39.43 4.011(2) 5.672(2) 5.573(4) 17(1) 5.5298(9) 16.276(5) 5.425(2) 5.566(1) 8.4(3)
51.37  4.011 5.676 5.573 17 5.5175(6) 16.251(2) 5.4169(8) 5.5374(7) 9.4(2)
64.33  4.011 5.676 5.573 17 5.5093(4) 16.257(1) 5.4191(5) 5.5292(3) 9.1(2)
76.33  4.011 5.676 5.573 17 5.5050(3) 16.249(1) 5.4165(4) 5.5253(2) 9.0(2)
89.40 - - - - 5.5050(3) 16.254(1) 5.4181(4) 5.5262(2) 8.6(3)
101.45 - - - - 5.5034(2) 16.248(1) 5.4161(3) 5.5242(2) 8.3(2)
114.92 - - - - 5.5042(2) 16.252(1) 5.4175(3) 5.5257(2) 8.8(2)
126.80 - - - - 5.5026(2) 16.2462(9) 5.4154(3) 5.5228(2) 8.6(2)
139.98 - - - - 5.5040(2) 16.2521(9) 5.4174(3) 5.5251(2) 8.4(2)
151.87 - - - - 5.5018(2) 16.2443(9) 5.4148(3) 5.5228(2) 8.7(3)
164.85 - - - - 5.5028(2) 16.2507(7) 5.4169(2) 5.5247(1) 8.9(2)
176.80 - - - - 5.5011(2) 16.2426(7) 5.4142(2) 5.5228(1) 8.6(2)
189.63 - - - - 5.5027(2) 16.2503(8) 5.4168(2) 5.5245(1) 9.2(2)

Bi203 BizMOO6
temps  Concentration Size (nm) Concentration Size (nm)
(mol%) (mol%) (002) (200) (060)

14.00 100 12.8 0 - - -

26.05 84(2) 121 16.3(9) 18.6 19.4 5.2

39.43 32(2) 11.6 68(4) 18.6 19.4 5.2

51.37 8.5(6) 11.6 91(3) 21.6 26.5 8.6

64.33 4.4(5) 11.6 96(3) 38.5 28.4 14.1

76.33 0.9(5) 11.6 99(3) 51.9 36.0 16.9

89.40 0 - 100 51.9 36.9 194

101.45 0 - 100 51.0 41.7 21.7

114.92 0 - 100 60.9 444 22.2

126.80 0 - 100 60.0 43.9 23.8

139.98 0 - 100 60.4 48.9 241

151.87 0 - 100 68.6 494 24.8

164.85 0 - 100 63.3 51.5 27.3

176.80 0 - 100 65.5 52.2 26.5

189.63 0 - 100 71.5 541 27.6
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Table 2.5 The Rietveld refinement results of XRD patterns collected 180°C

Bi,0; Bi,MoOq
Time
. Cell parameters (A) Cell parameters (A)
(min) overall Boverall
a ap c a b br c
9.00 4.0206(4) 5.6860(6) 5.570(1) 11.8(2) - - - - -
20.87 4.0164(4) 5.6801(6) 5.5708(9) 11.9(2) 5.524(6) 16.246 5.415 5.565(8) 8.9
3378 4.016(2) 5.680(2) 5.554(5) 18(1) 5.5266(7) 16.246(4) 5.415(1) 5.5615(8) 8.9(3)
45.63 4.016 5.680 5.554 18  5.5099(4) 16.256(1) 5.4186(5) 5.5299(3) 9.4(2)
58.28 4.016 5.680 5.554 18  5.5069(2) 16.2536(8) 5.4179(3) 5.5281(1) 8.8(2)
70.18 - - - 5.5035(2) 16.2451(8) 5.4150(3) 5.5248(1) 8.7(2)
83.05 - - - 5.5047(2) 16.2517(7) 5.4172(2) 5.5261(1) 8.8(2)
94.90 - - - 5.5031(2) 16.2457(8) 5.4152(3) 5.5239(2) 9.0(2)
108.33 - - - 5.5040(2) 16.2511(7) 5.4171(2) 5.5259(1) 9.0(2)
124.82 - - - 5.5038(1) 16.2524(7) 5.4175(2) 5.5259(1) 8.7(2)
138.00 - - - 5.5019(2) 16.2450(7) 5.4150(2) 5.5237(1) 9.5(2)
Time Bi,05 Bi;MoOg
) Concentration Concentration Size (nm)
(min) Size (nm)
(mol%) (mol%) (002) (200) (060)
9.00 100 9.7 0 - - -
20.87 95(2) 10.5 5.3(7) 18.1 19.1 6.3
33.78 29(2) 10.2 71(3) 18.1 19.1 6.3
45.63 4.1(6) 10.2 96(3) 39.6 29.3 12.8
58.28 0.4(5) 10.2 100(2) 56.6 40.4 19.3
70.18 0 - 100 60.9 44.8 24.1
83.05 0 - 100 67.6 48.1 25.6
94.90 0 - 100 68.7 50.4 26.3
108.33 0 - 100 69.0 535 27.7
124.82 0 - 100 69.0 55.7 29.5
138.00 0 - 100 81.1 59.1 32.9
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The XRD refinements were carried out for all XRD patterns collected at 160, 170
and 180°C. The refined unit-cell parameters, overall Debye Waller parameter and crystallite
size are given in Table 2.3, 2.4, 2.5, respectively. The evolution of crystallite size and
morphology with time was derived from these Rietveld refinement results. Between ca. 120
and 180 minutes of reaction, the aspect-ratio remains the same although growth in all the
directions appears to take place, which suggests that the morphology is not altered during the

growth process.

4.4.2. Kinetics of the crystallization process of y-Bi,MoQOg

According to the previous discussion, an intermediate phase is formed during the
reaction and y-Bi;MoOg exhibits a highly anisotropic morphology. It is therefore important
to perform a kinetic analysis that would, afterwards, help to optimize the condition of
production of y-Bi;MoOQOs catalyst and to control the crystal growth: its size, shape and

morphology.

In previous studies followed by in-situ EDXRD measurements at 110-150°C [8, 10,
11], it was claimed that at 120°C there was no favoured direction of crystallization by
noticing the simultaneous growth of all main reflections of y-Bi,Mo0Qs. In contrast to other
temperatures, a two-dimensional growth crystallization mechanism was later found which is
diffusion-controlled and has a decreasing rate of nucleation. It is worth noting that these
reactions follow an isokinetic process by which the reaction mechanism does not change
within the temperature range study. However, these experiments revealed neither the
existence of the intermediate phase nor the occurrence of a phase transformation during the

reaction.

As we found that an intermediate phase crystallized at 160-180°C; it is obvious that
the reaction exhibits a different reaction mechanism which has to be studied. However, the
information obtained from HRPD with a time resolution of 7 min, would not give enough
detailed and accurate kinetic analysis compared to EDXRD technique. To overcome this
limitation, the quantitative results obtained previously from LCF analysis of Raman spectra
with an acquisition time of 2 minutes will be employed. According to our knowledge, Raman

technique is rarely used for studying the isothermal crystallization kinetics. However, Feth et
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al. [57] have recently demonstrated that the recrystallization process of amorphous

Ciclesonide can be detected and quantified by the hot-stage Raman microscopy.

Since the Raman bands account not only for the crystalline phase but also those of the
amorphous phase, the use of quantitative Raman spectroscopy for the investigation of such
phenomena should be therefore considered with care. In our case, the use of Raman technique
will be fulfilled only if:

- The crystallization of Bi,Mo0Qgs is a direct transformation from Bi,O3 to Bi,Mo0Qs.

- The change in the Mo environment is a direct transformation from perturbed

MoO,” tetrahedral species to MoOg octahedra in y-Bi;MoOs.
- The consumption rates of perturbed MoO,” tetrahedral species are equivalent to

those of B1,0s.

To justify these assumptions, the evolution of MoOg species obtained from XANES
and Raman scattering was compared with the evolution of y-Bi,MoQOg obtained from XRD

at all temperatures: 160°C, 170°C and 180°C.

® Quantitative Analysis of XRD data

The quantification of Bi,0O3; and Bi,MoO¢ compositions was achieved through XRD
refinement by using Fullprof program. The composition obtained from Fullprof program is
usually given in weight fraction. The Bi,03; and Bi,MoOs compositions has to be changed
from weight fraction to molar fraction, in order to compare these results to those obtained
from XANES and Raman scattering techniques. The molar fraction values of Bi,O; and
Bi;,MoOg¢ for the reaction at 160, 170 and 180°C are given in Table 2.3, 2.4 and 2.5,
respectively and plotted in Fig. 2.30 a) against time.

The curves in Fig. 2.30 a) confirmed a direct transformation of Bi,O3 (intermediate

phase) to y-Bi,Mo0QOg via a solid-solid transformation.
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Fig. 2.30 a) XRD monitoring the evolution of Bi,O3; and Bi,M0QOg contents during the reaction at
160°C ([1,M), 170°C (A, A) and 180°C (O,®). Evolution of MoOg obtained from XANES (A)
and Raman scattering (@) and Bi;MoOg obtained from XRD ([I1,H) at 160°C (b), 170°C (c) and

180°C (d).
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The sigmoidal curves of Bi;MoOg contents are typical of a crystallization process
consisting of (i) an initial induction time (ti,q) followed by (ii) a slow growth of initial nuclei
before (iii) a rapid transformation into Bi,MoOs particles until all of the reactant is consumed.
The growth of Bi,MoQOg at 160, 170 and 180°C takes about 100, 75 and 60 min, respectively
to reach completion (Fig. 2.30 a). It is clear that the rate of crystallization increases with
temperature. However, it is difficult to determine the induction time from these HRPD data
because the collection time is too long (about 7 min and every 13 min) which would lead to a

significant error.

In order to have better statistical data, the evolution of Bi,MoOg contents obtained
from XRD was compared with the MoOgs composition obtained from XANES and Raman
scattering for the reaction at 160, 170 and 180°C in Fig 2.30 b), c¢) and d), respectively.
Interestingly, a good correlation of transformation kinetics was observed at 180°C. At 160 and
170°C, it appears that the rate of MoOg transformations is the same as that of y-Bi,MoOg but
with a delay time of about 7 min. This might be due to the long collection time of HRPD.
Despite of this uncertain induction time, and since the formation rate of MoQOgs obtained
from Raman scattering is comparable to that of y-Bi,MoOs obtained from XRD, the former
results can consequently be used to determine the mechanisms of crystallization process of

'Y—BizMOO6.

® Kinetic evaluation of the formation of y-Bi>MoQOg

The Johnson-Mehl-Avrami kinetic model was employed to obtain information about
the isothermal crystallization kinetics of y-Bi,MoQOg at different temperatures. This nucleation
and growth approximation was simultaneously proposed by Johnson and Mehl [58], and by
Avrami [59, 60, 61], and later by Erofe’ev [62]. They assumed that the germ nuclei necessary
for the transformation to a new phase are already present in the initial phase. Generally these
nuclei are generated at certain heterogeneities in the initial phase and their number can be
altered by temperature and duration of reaction. When the internal free energy of the new
phase is lower than in the initial phase, a cluster of the new phase, called germ nuclei, is
created. These may consist of foreign particles with an adsorbed layer of the newly forming
phase or tiny crystals of the new phase. It is proposed that (i) some of these nuclei become
active growth nuclei for grains of the new phase, or (ii) others are ingested by these growing
nuclei, or (iii) they dissolve back into the old phase. These growth nuclei continue to grow

until all the old phase is consumed.

79
© 2011 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Chanapa Kongmark, Lille 1, 2010
Chapter 2: In-Situ Study of y-Bi,MoOg Hydrothermal Synthesis by Combining Techniques

The Johnson-Melh-Avrami equation is represented in Eq. 2.17. This model has been
used for analyzing a variety of solid-state process such as phase transitions [63, 64, 65], phase
transformations of Aurivillius phases [66, 67] as well as crystallization under hydrothermal
conditions of bismuth molybdate catalysts [10, 11], zeolites [68, 69, 70] and nano materials
[71, 72].

a =1-exp[—(kt)"] (2.17)

The extent of reaction (o) is the extensive quantity describing the progress of a
chemical reaction corresponding to the number of chemical transformations. The extent of
reaction (o) in time (t) is related to the rate constant (k) and the Avrami exponent (n). It is
worth noting that time (t) in these equations refers to the time after a period of induction ().
In our case, the extent of reaction (a) for each temperature was achieved through the
normalization of the y-Bi,MoQOg contents monitored by in-situ Raman spectroscopy. Their

values were then plotted against the reaction time in Fig. 2.31.

at 160°C
at 170°C
at 180°C

Extent of reaction (a)

0 20 40 60 80 100 120 140 160 180
Time (min)

Fig. 2.31 Crystallization curves of y-Bi,MoOs monitored by in-sifru Raman spectroscopy at 160, 170
and 180°C.

Once the Avrami exponent value is known, it is possible to establish the mechanism of
crystallization process of these reactions. However, the determination and interpretation of the
Avrami exponent are delicate in several situations, e.g., when the reaction mechanism changes
during the course of the reaction, when it is different according to different experimental
conditions, when the zero time is difficult to establish or when the reaction is controlled by

heat transfer phenomena, etc.
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To partly overcome these difficulties, a mathematical approach proposed by Sharp et
al. [73] was employed for kinetic analysis as well. This method assumes that the Johnson-

Melh-Avrami equation (Eq. 2.17) can be expressed in Eq. 2.18.

In[-In(l1-a)]=nlnk +nint (2.18)

Using a reduced-time scale, the Sharp-Hancock plots give rise to approximately linear
plots of In [- In (1 - @)] against In ¢z, giving slopes corresponding to the exponent (n) values.
The Sharp-Hancock analysis was performed for « values from 0.15 to 0.80, because the
results obtained from the three different techniques (XRD, XANES and Raman spectroscopy),
are the most convincing and coherent in this range of «. Moreover, deviations in the initial

and the final periods of reaction can affect the results.

The resulting Sharp-Hancock plots for y-BinMoOs at various temperatures are
presented in Fig. 2.32. Three linear Sharp-Hancock plots confirm that these reactions can be
represented by a nuclei growth model. It appears that the reaction mechanism did not change
in the o range study, as shown by a straight line obtained for reaction at each temperature.
The derived rate constants (k) and Avrami exponents () are given in Table 2.6. These values
are in the same range than those obtained by Beale ez al. [8, 10, 11] for the same system but at
lower temperatures, from 110 to 150°C. However, the Avrami exponent values obtained in the
present work are between 1.5 and 1.8, are slightly higher than 0.97-1.19 obtained in the

previous study.

tt, 4 (Min)
7.4 20.1 54.6
0.5-
0.0
3
< -0.51 )
£ /
I o/
C /
= 1.0
/ at 160°C
15 . s at170°C
e at180°C
A
200
2.0 25 3.0 35 4.0

In(t-t, )

Fig. 2.32 Sharp-Hancock plots for the data recoded at various temperatures: 160, 170 and 180°C
over the data range of 0.15 < & < 0.80.

81
© 2011 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Chanapa Kongmark, Lille 1, 2010

Chapter 2: In-Situ Study of y-Bi,MoOg Hydrothermal Synthesis by Combining Techniques

Table 2.6 Avrami exponents (n) and rates of crystallization (k) as derived from Sharp-Hancock

analysis in Fig. 2.32.

2
Tem(lz’eé?ture k (min") faiors
160 1.51 0.0283 0.9966
170 1.68 0.0410 0.9969
180 1.73 0.0697 0.9859

According to the analysis of Hulbert [74], the difference in the exponent values

corresponds to different growth mechanisms. He proposed the mathematical models derived

from the Johnson-Melh-Avrami equation which can be all expressed in Eq. 2.18 for nuclei

growth models with various boundary conditions (phase-boundary controlled or diffusion

controlled). Table 2.7 summarizes the values of #, which can be obtained for different growth

mechanisms.

Table 2.7 Summary of nuclei growth models with the corresponding » values [74].

Phase-boundary controlled Diffusion controlled
Three-dimensional growth
- Constant nucleation rate 4 2.5
- Zero nucleation rate 1.5
- Decreasing nucleation rate 34 1.5-2.5
Two-dimensional growth
- Constant nucleation rate 3 2
- Zero nucleation rate 2 1
- Decreasing nucleation rate 2-3 1-2
One-dimensional growth
- Constant nucleation rate 2 1.5
- Zero nucleation rate 1 0.5
- Decreasing nucleation rate 1-2 0.5-1.5

It is worth noting that only three cases of nucleation rate are considered here. The

nucleation rate is either zero, or constant, or it is a maximum at the beginning of the

transformation and decreases during the course of the reaction.

© 2011 Tous droits réservés.

82

http://doc.univ-lille1.fr



Thése de Chanapa Kongmark, Lille 1, 2010
Chapter 2: In-Situ Study of y-Bi,MoOg Hydrothermal Synthesis by Combining Techniques

With the Avrami exponent values » obtained between 1.5 and 1.8 (Table 2.6), various
crystallization mechanisms with a decreasing nucleation rate are all possible: 1D-growth with
a phase-boundary control, 2D- or 3D- growths with a diffusion control are all possible. It is
clear that considering only the Avrami exponent value is not enough to determine the growth

mechanism in this case. Thereby, other information should be considered.

According to the previous results from XRD refinement, it is revealed that the y-
Bi;MoOg crystallites grow anisotropically, forming the platelet-shaped crystallites during the
course of the reaction. So we are convinced that the growth mechanism of y-Bi1,MoOg at 160-
180°C should be a 2D-growth process which is diffusion-controlled and has a decreasing rate
of nucleation. This mechanism is similar to the one proposed for lower temperatures reported
by Beale et a/ [8, 10, 11], but with a higher rate of nucleation. The increase of the nucleation
rate with temperature is commonly observed for ceramics [65] and glasses in certain range of

temperatures [75].

The 2D-growth process of y-Bi,Mo0QOg is believed to be strongly related to its layered
Aurivillius-type structure consisting of [Bi,0,]*" layers alternated with layers of corner-
sharing MoOg octahedra. This could be explained by Gibbs-Curie-Wulf theorem [76],
stating that the shape of a crystal is determined by the relative specific surface energy of
each facet of the crystal. It is suggested that, under equilibrium condition, the
crystallographic plane with the highest density of atoms (along the a and ¢ axes), has the
lowest interfacial energy, and that the minimum growth rate is in the direction normal to

the plane.

However, the growth process of a crystal can be influenced by other factors as
well, such as the method of preparation or the chemical potential environment in the
solution [77], etc. It is thus possible to obtain the particles of Aurivillius phase in other

forms such as elongated grains [78] or rod-like form [66] for other conditions of reaction.
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4.4.3. Hypothesis on the formation of y-Bi,Mo0QOg¢

In the previous section, the crystallization mechanism of y-Bi;MoOg under
hydrothermal synthesis was shown to be strongly influenced by its structure. In this section
we attempt to explain how this growth process occurs at the atomic scale with the help of

the XRD refinement results.

The evolution of the cell parameters of Bi,O3 and Bi.MoQOg obtained previously from

XRD refinement was plotted as a function of time at 160, 170 and 180°C in Fig. 2.33.
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To allow a better comparison, the cell parameters of Bi,O; and Bi,MoOs were
transformed to the fluorite unit cell parameters. As previously mentioned, the a cell
parameter of Bi,O; can be described as ar = a*V2 in fluorite unit cell whereas the b cell
parameter remains the same. Approximately, the y-Bi,MoOg structure can also be viewed as
a stack of three fluorite-like unit cells along [010] direction. The b cell parameter of y-
Bi,Mo0Og can thus be described as by = b/3 in fluorite unit cell while a and ¢ cell parameters

remain the same.

According to the evolution of cell parameters during the reaction, in the intermediate
domain in which the two phases coexist, the refined @ and ¢ parameters of the Bi,MoOg
phase strongly decrease during the crystallization process as shown by the shift of the main

Bragg peaks towards higher 20 angles in Fig. 2.34.

It is worth noting that if we extrapolate these a and c¢ unit cell parameters, they
converge to those of the distorted fluorite Bi,Os. Moreover these two parameters correspond
to the bismuth oxide layers of the Bi,MoQOg structure which suggests the possible growth of
v-B1,Mo0OQg crystallites from the initial Bi,0; particles. In addition, the accuracy in the b
parameter was very poor at the first moment of the formation of Bi,MoQOg. The lack of
intensity in the 0kO reflections could be due to a very small platelet thickness along [010] or
to the disorder in the stacking of layers along [010] direction. This idea is also supported by a
remarkable correlation between the reflection planes of Bi,Os; and those of y-Bi;MoOg

presented in Fig. 2.34.

<— 060
200
112

Fig. 2.34 XRD patterns collected during the hydrothermal synthesis of y-Bi,MoOg at 160°C (A=0.5
A). Peaks are indexed in a tetragonal unit cell (a = 4.0 A. ¢ =5.55 A) and an orthorhombic unit cell
(a=5.50 A. b=16.24 A. c=5.52 A) for the initial Bi,O; and the final v-Bi,Mo0OQg forms, respectively.
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Since Bi;O3 and y-Bi;MoOg structures can be described as a distorted fluorite and a

stack of three fluorite-like structures, it was thus possible to relate the reflection planes of

these two structures to those of fluorite unit cell. The relation between the reflection planes

of Bi;O; and y-Bi,MoOg i1s demonstrated in Fig. 2.35 and in Table 2.8. It seems justified,

therefore, to assume that y-Bi;MoOg forms from the initial Bi,O; crystallites while

tetrahedral Mo(VI) undergoes modification.

Fluorite
unit cell
(111)r

Tetragonal
unit cell
(101)

Fig. 2.35 An example of correlation between the tetragonal (7/01) plane of Bi,O; and the cubic

(111)g plane of a fluorite unit cell.

Table 2.8 The correlation between reflection planes of Bi,O; and y-Bi,M0QO.

Bi,0; Fluorite unit cell v-Bi,MoOg
Tetragonal (14/mmm) Cubic (Fm3m) Orthorhombic (Pca2,)
(101) (111) (131)
(110)/(002) (200) ¢ / (020) ¢ / (002) ¢ (002) / (200) / (060)
(200) / (112) (220) g/ (022) ¢ / (202) ¢ (202) / (062) / (260)
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S. CONCLUSIONS

In summary, from XANES and Raman scattering, isolated tetrahedral molybdenum
species, MoQOy, were evidenced in the initial stage of the synthesis. In this first step, Raman
scattering revealed the perturbation of MoO4 species before converting to a distorted
octahedron, an evolution which was not shown by XANES. Simultaneously to the
appearance of octahedral species, the y-Bi;MoOQg structure started to grow. Although it was
not possible with the current data to accurately define the atomic architecture of the initial
and intermediate phases, it was possible to propose that a distorted fluorite structure acts as a
skeleton for the conversion to the two-dimensional y-Bi,MoQOg Aurivillius type structure.
From XRD data, at the temperature range studied here (160-180°C), the crystal growth of y-
Bi,MoOg occurs in two steps: spherical Bi,O3 particles, 10 nm in diameter first form before

the growth of highly anisotropic y-Bi,MoOs platelets from these particles.

The ratio of MoO4 and MoOg species during the reaction was quantified by XANES,
its evolution was similar to the ratio of Bi,O3 and y-Bi,MoOg phases during the reaction.
Moreover, a better resolution in time was obtained with Raman data of which the
quantification was performed by a linear combination of reference spectra. From these
data, it is shown that a diffusion-controlled 2D growth process occurs from the Bi,Os;
particles. Therefore, the reaction occurs in two steps through the formation of Bi,0O;
particles in the initial stages, and the growth of highly anisotropic platelets in a second step.
It is inferred that Bi,Os particles are involved in the crystal growth process and this result
could be of first importance for its catalytic activity. However, one can not exclude the
possible presence of molybdenum in the initial Bi,0O3 form, in which case it would be in a
tetrahedral coordination. In order to fully understand the formation of catalyst particles, ex-

situ characterizations were performed and will be detailed in the next chapter.

Therefore, this study has shown that the combination of XRD, XANES and Raman
scattering in-situ techniques is a powerful tool for understanding the structural formations
and transformations, which will further enable us to control the crystal growth of a

crystalline catalytic material like y-Bi,Mo0Og.
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Chapter 3
Ex-Situ Study of y-Bi;M0O¢ Hydrothermal Synthesis

1. INTRODUCTION

In the preceding chapter dealing with the in-sifu study of the hydrothermal conditions
of y-Bi2MoOsg, it has been clearly shown that crystals of y-Bi;MoQOg are nucleated from an
intermediate distorted fluorite structure related to Bi,Os;. However, at this stage, some points
remain uncertain. What is the exact composition of the intermediate form? Does it contain any
molybdenum in the structure? In addition, one wonders how the pH of the initial mixture
affects the Mo local environment, as well as how the grain morphology is in accordance or not
with the X-ray study. Aiming to fully understand the crystal growth of the y-Bi;MoOg
catalyst, this study was completed by a study of pH effect upon the hydrothermal synthesis of
v-BiM0Og and an ex-situ study of the solid formation at 180°C. The solid formed at different
times of reaction was characterized by XRD, Scanning electron microscopy (SEM), Energy
dispersive X-ray spectroscopy (EDS), Transmission electron microscopy (TEM) and Raman

scattering.

2. COMMON CHARACTERIZATION TECHNIQUES

2.1. Powder X-ray diffraction (XRD)

Room temperature XRD powder diffraction patterns were collected with a Bruker
AXS D8 advance diffractometer equipped with a SolX energy dispersive detector in the 5° —
80° range with a step of 0.02° and a counting time of 2 sec per step, using CuKa radiation

(hka1 = 1.5406 A).

High temperature X-ray diffraction patterns were performed on a Siemens Bruker D8
diffractometer equipped with an Anton Paar HTK 1200N high temperature chamber and a
one dimensional detector (Vantec-1). The sample was placed on a Pt foil. The experiments
were performed from room temperature to 800°C with a heating rate of 0.05°C/s and a
diffractogram was recorded every 25°C, in the 10° — 70° range in 260, with a step of 0.015°

and a counting time of 0.2 sec per step.
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2.2. Raman Scattering

Room temperature Raman spectra were recorded with the 647.1 nm excitation line
from a Spectra Physics krypton ion laser. All spectra were collected at a very low laser power
(3 mW at the sample). The beam was focused on the samples using the macroscopic
configuration. The scattered light was analyzed with an XY Raman Dilor spectrometer
equipped with an optical multichannel detector (liquid nitrogen-cooled charge coupled
device). In the investigated 15-1200 cm’ range, the spectral resolution was approximately 0.5

-1
cm .

High temperature Raman spectroscopy was performed on the same spectrometer
equipped with a CCR1000 catalyst cell reactor distributed by Linkam Scientific Instruments
Ltd, using the microscopic configuration. The sample was introduced in an alumina crucible,

and deposited on an alumina/silica fabric filter for heating up to 800°C.

2.3. Scanning Electron Microscopy — Energy Dispersive X-Ray Spectroscopy
Analyses (SEM - EDS)

In general, Scanning Electron Microscopy and Energy dispersive X-Ray Spectroscopy
are based on the irradiation of a focalized electron beam on the surface of the sample. When
the electron beam interacts with the material, several physical processes occur: secondary

electrons, backscattered electrons and X-ray emissions, giving different informations:

- The secondary electrons are ejected from the specimen atoms by inelastic scattering
interactions with the primary electron beam. Due to their low energy (~100eV), these
secondary electrons are only emitted from a few nanometers from the sample surface. Since
these electrons are sensitive to the variation on the surface, they give information on the

surface topography.

- Backscattered electrons are high-energy electrons originated from the primary
electrons that are backscattered from the sample by elastic scattering process. In contrast to
the secondary electrons, the backscattered electrons are emitted from a few micrometers
form the sample surface and are sensitive to the atomic number of element. As the heavy
elements backscatter electrons more strongly than light elements, the contrast between areas
in the backscattered electron images can be used to discriminate between different chemical

compositions.
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- Characteristic X-rays are emitted when the impact of the incident electron removes
an inner shell electron from the sample, causing a higher energy electron to fill the shell and
to release the energy. These emitted X-rays are usually detected by means of an energy
dispersive detection. The technique is called Energy Dispersive Spectroscopy (EDS). The
energy and intensity of the emitted X-rays are used to determine the composition and the

abundance of elements in the sample.

In the present work, SEM-EDS were used to examine microstructural features (grains,
grain boundaries) and chemical compositions of the samples. The analysis was performed on

a Hitachi S4700 electron microscope.

2.4. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) was carried out on a Philips CM30

microscope. The microstructural features were studied at the nanoscale.

2.5. Thermogravimetric (TG)/ Differential Thermal (DT) combined analysis

TG/DT combined analysis was carried out using a SETARAM 92-1600 instrument.
The sample was placed in a platinum crucible which was heated at a heating/cooling rate of

5°C/mn under air flow.

3. INFLUENCE OF PH DURING HYDROTHERMAL SYNTHESIS

It is known that the pH, the concentration or the metallate type precursor in solution
may affect the spatial element distribution in the solid catalyst precursor by way of the

formation of various polyoxometallates.

3.1. Literature reviews

3.1.1. Influence of pH

The synthesis of bismuth molybdenum oxide was reported to be extremely dependent
on the pH value [1]. Beale [2] studied the hydrothermal synthesis of three bismuth molybdate
phases: a-Bi;Mo0301,, B-Bi,M0,09 and y-Bi;MoQOg at 140°C for 20 hours for 1 < pH < 9. The

results are summarized in Table 3.1.

97
© 2011 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Chanapa Kongmark, Lille 1, 2010
Chapter 3: Ex-Situ Study of y-Bi,MoO4 Hydrothermal Synthesis

Table 3.1 The effects of pH and reactant stoichiometry on the final crystal structure. All samples were
hydrothermally treated at 140°C for 20 hours [2].

pH a-gel (Bi/Mo=2/3) B-gel (Bi/Mo=1) v-gel(Bi/Mo=2)
1.0 o Unknown + o Amorphous + v
2.0 Poorly crystalline + a Unknown + o Amorphous + vy
3.0 Amorphous + a Amorphous + o Amorphous + y
4.0 Amorphous + vy Amorphous + y Amorphous + y
6.0 Amorphous + vy Amorphous + vy Poorly crystalline + vy
7.0 Y Y Y

9.0 Y Y Y

Interestingly, y-Bi2MoOg itself can be prepared from a gel in which Bi/Mo atomic ratio is
equal to that in oo (Bi/Mo = 2/3) or B (Bi/Mo = 1) at pH > 7.0. The y-phase is also predominant
in the gels at pH > 4.0 and it is also present in every synthesis carried out using the y—gel over
the entire pH range used in this study. However, as the pH decreases from 7.0 to 1.0, the
crystallinity of the y-phase decreases. On the contrary, for the synthesis of a-Bi;Mo030;,, a
combination of both correct reactant stoichiometry and pH is necessary, while the -
Bi;M0,09 cannot be obtained by hydrothermal synthesis even with careful control of

stoichiometry and pH.

3.1.2. Influence of the metallate precursor and Raman spectra

It appears that the polyoxomolybdate species

<1 2 . [Mo702
co,"’ :? 3 play an important role in bismuth molybdate
2 o ] % hydrothermal synthesis.
A 2| =
£
G -3
g [MoO.J The polyoxomolydates in aqueous solutions
4 have been widely studied by several authors using
Mo3s0112]% . .
[McesOiad Raman scattering [3, 4, 5, 6, 7]. Himeno ef al. [3]
5 HiMoOJ | | H[MoOJ) o o .
e — identified six different forms of polyoxomolydates in

0 1 2 3 4 5 6 7

pH aqueous solutions. They are summarized in Table
3.2 and illustrated in the predominance diagram in

Fig. 3.1 Predominance diagram of . .
. . Fig. 3.1 [8]. Fig. 3.2 shows examples of molecular
various polyoxomolydates in aqueous

solutions at different pH [8]. structure of three of them. Other polyoxomolydates
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such as [Mo,Os]*" appear at pH below 0.4 with Raman bands at 953 and 920 cm” [9]. The

condensation to M0oO3.xH,0, “molybdenum acid”, occurs at pH below 1 [10].

Table 3.2 Raman band positions for various polyoxomolydates in aqueous solutions [3].

Polyoxomolybdate pH range Characteristic Raman bands
[MoO,]* 14-6.5 897, 841, 318
[M070,4]" 5.8-3.5 943, 903, 840, 790, 560, 422, 362, 219, 170
[M03010]* 4429 950
a-[MogOa]*" 2.8-1.9 959
B-[MogO5]" 2.8-1.9 971
[Mo3s01 151" 1.6-0.6 982, 955,901

[Mo07024]" B-[MosO24]" [Mo30,0]*

Fig. 3.2 Polyhedral representations of [M07024]6', B—[M08026]4' and [M03010]2' molecular anions.

3.2. Experiments: Preparation of titrated ammonium molybdate solutions

Several solutions containing ammonium molybdate were prepared at different pH to
obtain different oxo-precursors to see their influence on the preparation of y-Bi,MoQOg. The
nature of polyoxomolydates was later studied by Raman spectroscopy. Ammonium molybdate
solutions were prepared by dissolving 1.7655 g of (NH4)¢M07024°4H,0 in 11.25 ml of
ammonia which is about 0.127 M. They were then titrated with different volumes of 65 wt%
nitric acid solution to get the final solutions with desired pH values: 1, 4, 6, 7 and 10. The
titrated solutions were then introduced into the glass tubes which were sealed for analysis by

Raman scattering (macroscopic configuration).
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3.3. Results and discussion

The Raman spectra of ammonium molybdate solutions are illustrated in Fig. 3.3,
together with spectra of (NH4)sMo0,0,4°4H,0 powder and of in-sifu experiment. The line at 1050
cm’! corresponds to the vibrations of NOs™ anion in nitric acid solution. As expected, the
Raman bands revealed the type of oxo-precursor. At pH > 6, bands at 319, 842 and 898 cm’
indicate the presence of [MoO4]* in the solution. At pH 6, the bands corresponding to
[Mo70,4]% appear at 215, 362 and 940 cm™ in addition to those of the [MoO4]*. Upon further
acidification at pH 4, the band at 940 cm™ (terminal M=0) shifts to higher frequency and is
then located at 946 cm™ . According to Dieterle [8] and Bergwerff et al. [11], this shift is due
to the protonation of the [M07024]" anion to [HMo070,4]". At pH = 1, Raman bands are

located at 898, 956 and 984 cm™. These new bands are assigned to the formation of the

[MO360112] 8- anion.
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940 cm’™
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Fig. 3.3 Raman spectra of the titrated ammonium molybdate solutions at different pH values
compared to (NH4)sM070,4°4H,0 powder and spectra from in-situ experiment.

The pH dependence of the observed species is in good agreement with literature.
Consequently, the formation of the pure crystallized y-Bi;MoOs from a gel at pH > 7.0 is

obviously related to the necessity of the monomeric molydates, [MoO4]*, in the reaction.
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4. EX-SITUSTUDY: SYNTHESIS AND FORMATION OF Bi,M00Oy

4.1. Preparation of y-Bi,MoO

The y-Bi,MoOg was prepared by using the same procedure of hydrothermal method
described for in-situ study. The main difference is that the gel for ex-sifu study was prepared
from a greater amount of the two solutions: A (2.3298 g of Bi;O; dissolved in 5.8 ml
concentrated HNO3) and B (0.8829 g of (NH4)sM070,4°4H,0 dissolved in 5.6 ml ammonia).
The pH of this mixture was always adjusted to be higher than 6 before loading it into a 20-mL
Teflon-lined autoclave which was then introduced in a preheated oven at 180°C. The
experiments were stopped at different times (30 min, 1h, 1h10, 1h20, 1h30, 2h and 20h), and
the autoclave was let to cool down for 2h to room temperature. The precipitate was then
filtered and washed with warm deionised water and further dried in air at room temperature.
In one experiment, the precursor was filtered before the reaction in order to identify the

sample in the initial stage.

4.2. Characterization of samples after different times of reaction

The XRD patterns and the Raman spectra of the precursor and of samples after
different times of reaction in a conventional autoclave under hydrothermal conditions are
presented in Fig. 3.4 and Fig. 3.5 respectively. A similar two-step evolution as found for the
in-situ study was observed, an intermediate phase being first formed before it transforms to y-

Bi2M006.

However, the kinetics of the in-sifu and ex-situ reactions is clearly different. Ex-situ
experiments showed that the transformation from the intermediate phase to y-Bi.MoOg lasted
for 20 min and that y-Bi,Mo0Og starts to form after 1h10, vs. 40 min and 20 min for in-situ
experiments, respectively. These time shifts are possibly due to the high thermal inertia of the
conventional autoclave during heating and cooling. The equilibrium may not be reached for
small time of reaction and the slow cooling rate may favour the progress of reaction. The
difficulty to control the reaction time during ex-situ experiments emphasizes the ability of in-
situ technique to get information on the kinetics and mechanisms of the y-Bi,MoQOg formation.
However, the aim of the ex-situ study in the present chapter is to identify the composition and

to clarify the structure of the intermediate form.
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Fig. 3.4 XRD powder diffraction patterns of samples prepared by hydrothermal method at 180°C for

different reaction times.
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Fig. 3.5 Raman spectra of samples prepared by hydrothermal method at 180°C for different reaction
times.
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® [ ioht on the intermediate compound

From the stacked of XRD patterns presented in Fig. 3.4, it is seen that a poorly
crystalline phase exists for the precursor dried at 25°C. After 30 minutes of hydrothermal
treatment, the intermediate crystalline phase first formed. According to the XRD patterns
shown in Fig. 3.6, the precursor phase was still present after 30 minutes, while it disappeared

after 1h of reaction.

-

1h
30 min

Precursor

W
’ o0 oty o
T ‘ T T

\_ 3 /4 50 66

20

Fig. 3.6 Illustration of the different backgrounds at 23° < 20 < 35° for the XRD patterns of the
precursor and of the sample prepared by hydrothermal method at 180°C, after 30 minutes and 1h of
reaction.

The same crystalline phase was found in the sample synthesized for 30 minutes and
1h, however, it is better crystallized with increasing time. Since no shift of the Bragg peak
positions was observed, one can conclude that the composition of the crystalline phase formed
after 30 minutes is the same as the phase observed after 1h. The unit cell parameters of this
phase were refined in a fluorite unit cell. Unlike in-situ results in which a tetragonal form,
which could be viewed as a distorted fluorite was evidenced, here, a good fit was obtained
only when a cubic cell with a=5.638(4) A was considered. The difference in the symmetry of
structure could be the result of the autogenous pressure generated during the in-situ reaction.
Again the advantage of an in-situ study for an accurate characterization of a reaction process

is emphasized.
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Therefore, it is interesting to verify if the crystallite size of the intermediate phase
obtained from ex-situ study is identical to that obtained from in-situ studies. The XRD profile
analysis of the intermediate phase, in the 1h-sample, was examined using Fullprof program
[12]. The instrumental resolution was deduced from a LaBg [13] XRD diagram. To model the
XRD profile, a pseudo-Voigt function pV(x) which is formally defined as a linear
combination of a Lorentzian(L) and a Gaussian(G) with a constant ratio (7) [14], was
tentatively used.

pV(x)=nL(x)+(1-1n)G(x) 0<np<1 (3.1

However, attempts to refine the XRD profile led to a 7 > 1 (ca. 1.25). This super-

Lorentzian profile is characterized by a strong peak broadening especially at the foot of peaks,

as shown in Fig. 3.7 a) and c).
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Fig. 3.7 Peak shape of XRD Bragg peaks of the sample after 1 hour of reaction, fitted using a
Lorentzian function a), ¢), and using a super-Lorentzian function b), d).
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Such a particular XRD profile could possibly be explained by the existence of at least
two populations of particles of different crystallite sizes: strong peaks would characterize the
bigger particles, and the broadening at the foot of the peaks would refer to the smaller ones.
TEM was therefore carried out on theses particles. Micrographs presented in Fig. 3.8

confirmed that particle sizes may be very different, and that very small particles are present.

Fig. 3.8 TEM images of the samples prepared by hydrothermal method at 180°C for 1h at two
different magnifications.

9 Although, it might be

8 erroneous because of the

presence of particles with

1 hour: y =8.2318x + 1.2314

64 R%=0.982 different sizes, an analysis of
: 0

the evolution of the Full

/ Width at Half Maximum of
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0-+—

030 035 040 045 050 055 0.60 Hall plots [15] corresponding
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Fig. 3.9 Plot of f8* as a function of d* Fig. 3.9.
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Reciprocal coordinates, where ﬂ*:@, d*:2s216? and S being the integral

breadth of each peak, were used. Only the four main peaks of the fluorite structure were
investigated. To be able to use the fit function of the Winplotr interface, a pseudo-Voigt with
a 7 constraint forced at 0.98 was used. The diffractometer resolution was derived from a

LaBg pattern. According to Williamson and Hall, a linear evolution is expected.
1
*=—42ed* 32
B D (3.2)

where D is the average apparent size of crystallites and ¢ is the root-mean-square (rms) strain
[16, 17] or the so-called maximum strain. A horizontal line would account for a size effect,
only whereas a straight line through the origin would account for a strain effect. Interestingly,
here a slope and a y-intercept were noticed for both contributions. The maximum strain
calculated from the slope values was 2% after 30 minutes of reaction, and two times higher
(4%) after 1h of reaction. The mean crystallite size being obtained from the y-intercept values

would be 50 nm and 80 nm after 30 minutes and 1 hour of reaction.

According to Fig. 3.5, there are similarities between Raman spectra obtained by in-
situ and ex-situ characterizations. It is worth noting that Mo species in tetrahedral
environment were already present in the dried precursor, as indicated by the Raman bands
located at 833 and 891 cm™. After 30 min and 1h, the strong band shifts from 891 cm™ to 886
cm” and to 881 cm™, respectively. Meanwhile the local environment of molybdenum does
not change and remains tetrahedral. However, this frequency decrease is probably due to a
perturbation or a change in structural parameters of MoQO, tetrahedra that may be caused by
the interaction between the negatively charged [MoO4]* molecules and the intermediate
phase fluorite structure which can be viewed as the positively charged [Bi,0,]*" layers from

the bismuth oxide fluorite structure (cf. Chapter 2).

Interestingly, in the 30 min sample spectrum, the Raman band position at 886 cm™
indicates a particular local environment of Mo between a nearly regular isolated MoO4> and a
perturbed MoOQOy species. The presence of the isolated Mo tetrahedra and the shift in frequency
were also observed during the in-sifu study. However, at that time, it was uncertain whether
Mo atoms were incorporated in the intermediate structure or remained in the solution because
the experiments were performed in liquid state. Here, with dried samples, it is certain that the

molybdate species characterized by Raman spectroscopy are all in solid state. In addition, the
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very low background of the XRD pattern of the 1h-sample is an indication that there is no
amorphous phase in this powder. Consequently, it means that molybdate species are present in
the fluorite structure. Thereby, one can conclude that the intermediate phase of fluorite-like
structure, which formed as an intermediate compound during in-situ experiments, is actually a
Bi/Mo solid solution written (Bi;xMox),03:s5. The results of these complementary ex-sifu

experiments clarify one of the ambiguities that arose in Chapter 2.

After 1h10 of experiment y-Bi,MoOg starts to crystallize and becomes the main
compound, but its crystalline state is poor. The presence of (Bi;.xMo0y),03.5 in this sample is
hardly noticeable in XRD pattern but it is more visible in the Raman spectra in which the
characteristic bands of MoQOy species, though weak, are clearly observed beside those of
MoOg species. In contrast, a single y-Bi,MoOg phase was obtained after 1h20 of heating. This
conclusion is consistent with XRD patterns and Raman spectra in which the characteristic
bands of MoOg species in Bi,MoOg structure, including three main Raman bands at 721, 802

and 845 cm™, are found.

In order to evidence the Mo contents in the samples prepared for different times of
reaction, Energy dispersive X-Ray Spectroscopy (EDS) analyses were performed. The EDS
results are reported in Table 3.3. As expected, the Mo stoichiometry is close to the theoretical
value of Bi;MoOg (ca. 2 % of error). Good homogeneity is noticed in the samples after 1h10
in accordance with XRD patterns that indicate the presence y-Bi,MoOg only. For shorter times
of reaction, the presence of Mo in the intermediate phase is ascertained but its content seems
to be smaller than in y-Bi,MoOg (Bi/Mo = 2). The existence of the (Bi;xMoy),03,5 solid

solution is confirmed, but x is smaller than 0.5.
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Table 3.3 Bi and Mo contents in the samples after hydrothermal synthesis at 180°C for different
times, obtained from Energy dispersive X-ray spectroscopy (EDS) analyses.

Sample Zone 1 Zone 2
Bi (wt%) Mo (wt%) Bi(wt%) Mo (wt%)
Precursor 79.1 20.9 81.4 18.6
30 min 85.7 14.4 83.4 16.6
1h 83.9 16.1 85.1 14.9
1h10 78.1 21.9 79.4 20.6
1h20 78.9 21.1 78.4 21.6
1h30 79.7 20.3 84.0 16.0
2h 77.8 222 81.6 18.4
20h 80.0 20.0 81.1 18.9
BiMoOx 81.33 18.67

(theoretical values)

SEM was carried out on the precursor and the precipitates after hydrothermal reaction
for various times in order to study the microstructural features of these samples. The resulting

images are shown in Fig. 3.10.

The grains of the precursor are nearly spherical, about 50 nm in diameter. After 30 min
and 1h of heating, grains are slightly bigger. This is in good agreement with the crystallite size
deduced from XRD analysis which would indicate single crystal grain. They exhibit spherical
shape and correspond to the intermediate crystalline phase of fluorite structure (cf. Fig. 3.4).
The size of the first particles of y-Bi,MoOg which appear after 1h10 of reaction is variable.
The particles display irregular disc shapes, in good agreement with the morphology of
crystallites which was deduced from the in-sifzu XRD characterization. It is also worth noting
that the thickness of theses particles is very small and smaller than the size of the precursor
particles. Ten minutes later, they transform rapidly into irregular plates which are about 3
times larger. Then, these platelets grow slowly with the reaction time. This behaviour was
also observed by XRD analysis. The XRD peak profile of Bi,Mo0Og is highly broadened after
1h10 of reaction. Only 10 minutes later, it becomes narrow and shows a similar shape for the

rest of the reaction (Fig. 3.11).
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Fig. 3.10 SEM micrographs of the precursor and of the samples prepared by hydrothermal method at
180°C for 30 min (top), 1h and 1h10 (bottom) at two magnitudes.
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Fig. 3.10 (foll.) SEM micrographs of the samples prepared by hydrothermal method at 180°C for
1h20, 1h30, 2h and 20h (from top to bottom) at two magnitudes.
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Fig. 3.11 Evolution of main peak of the intermediate phase (at 27.4°) and of y-Bi;MoQOs (at 28.3°) in
the samples prepared by hydrothermal method at 180°C for different reaction times (on the normalized
XRD patterns).

This observation confirm the two-step mechanism that was evidenced from the in-situ
study (chapter 2): Isotropic ‘Bi,O3’ particles first grow in the initial stage followed by highly

anisotropic platelets of y-Bi,MoOQg in a second step.

According to the previous discussion in the Chapter 2: [n-situ study, the two
dimensional growth of y-Bi,MoOQg is strongly related to its structure. The y-Bi,MoQOg structure
belongs to the Aurivillius family that is built up by the intergrowth of BiO,*" and pseudo-
perovskite layers. The anisotropy of this crystal structure generally results in a characteristic
lamellar-like growth habit, where the shortest direction corresponds to the stacking direction,

giving rise to y-BizMoOg platelets with a very small thickness along [010].

This platelet morphology can also enhance an inhomogeneous distribution of crystal
orientation which is referred to the so-called preferential orientation effect. With the platelet
shape, the y-Bi,MoOg particles will naturally lay along the (010) plane, perpendicular to the
layer-stacking b axis. The intensity of the (010) reflection plane will be drastically influenced
by the preferred orientation. This effect is clearly observed in the XRD patterns which were

collected in Bragg Brentano geometry.

The preferential orientation effect is more pronounced in the XRD patterns of

precipitates after 2h30 of hydrothermal treatment presented in Fig. 3.4. The intensity of the
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(020) plane at 10.9° and (060) plane at 33.1°C change from one XRD pattern to another but

the intensity of these two peaks evolved in the same way.

To conclude, this SEM analysis confirmed the calculated crystallite shapes obtained
from XRD refinement in the in-situ study. The intermediate phase first formed in nearly
spherical particles before transforming into the y-Bi;MoOg platelets. An increase of strain

seems to occur in the intermediate form before it splits into thin y-Bi,MoOg particles.

5. STRUCTURE OF THE INTERMEDIATE PHASE

According to the XRD and Raman scattering results in Fig. 3.4 and Fig. 3.5, as well as
to EDS experiments that were discussed previously, the Mo tetrahedral species appear to be
incorporated in the intermediate phase structure as (Bi;xMoyx),034s solid solution. To verify
this hypothesis, the structure of the precipitate obtained after 1 hour of reaction was carefully

analyzed by XRD and Raman scattering at high temperature.

5.1. Studies at high temperature

Another way to show the existence of Mo inside the intermediate fluorite structure is
to heat this powder until it transforms to the high temperature phase which will be easier to
identify. TGA/DTA (Thermogravimetric Analysis/Differential Thermal Analysis) and
separate  XRD and Raman scattering studies were performed during the phase
transformation, from room temperature to 800°C. The sample after 1h of hydrothermal

synthesis will be more particularly studied.

5.1.1. Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTA)

During the heating process of the sample after 1h of hydrothermal synthesis from
room temperature to 800°C, two weight losses are shown by TGA (Fig. 3.12): ~1.09% from
room temperature to 209°C and ~0.28% between 209 and 460°C. Some small fluctuations of
the TGA curve at temperatures above 460°C may be due to the instrumental errors. No
variation is observed above 460°C during heating to 800°C. During the cooling process (from

800°C), no variation was observed all the way down to room temperature.
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The second mass loss is related to an exothermic process at 240°C. Gases released
during the heating process were identified by mass spectrometry. The first and second mass
losses appear to correspond to the elimination of water and nitrate/ammonium compounds,
respectively. However, there are some other peaks in DTA curve which are not correlated
with mass losses: a large broad exothermic peak at 427°C, two small endothermic peaks
located at 670, 690°C during heating process and a small exothermic peak found at 348°C on
cooling, respectively. These signatures might indicate the phase transformations that will be

studied more precisely by high temperature X-ray diffraction techniques.

Fig. 3.12 Simultaneous
m/z 18 (H,0) TGA/DTA of the sample
after 1 h of reaction at

180°C and mass spectra

m/z 30 (NO) corresponding  to  the

evolved gases H,O and NO

T T T T T T T T during heating,
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5.1.2. High temperature X-ray diffraction

The XRD patterns collected at various temperatures are given in Fig. 3.13. The fluorite
structure which was observed at room temperature appeared to be stable up to 400°C, then it

suddenly transformed at 420°C and a second transformation was observed at 680°C.
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Fig. 3.13 Stack of XRD patterns of the 1h hydrothermal sample heated from room temperature to
800°C in air. o: Fluorite to L-Bi2n+4MOnO6(n+1), o L-Bi2n+4MOnO5(n+1), v ’Y-BizMOO6, *: H-
Bi5,+:4M0,O¢(»+1) (€ solid solution), #: y’-Bi,M0Os.
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The final XRD pattern of the sample after the experiment at 800°C (Fig. 3.14) reveals
the presence of two phases: A member of € solid solution (for 27.75 < Bi/Mo < 25.75) [18,
19] and y’-Bi,Mo00Os, the high temperature form of y-Bi.MoOg). This is an indirect proof of the
initial composition of the sample which is Bi/Mo > 2. If the composition of the precipitate had
corresponded exactly to Bi;MoOg, only y’-Bi;MoOg would have been expected. This result
confirms the data previously obtained by EDS analyses which showed that the bismuth
content in the intermediate phase was slightly higher than in Bi,M0QOg. A careful examination
of the XRD patterns collected between 400°C and 600°C, revealed that besides y-Bi,MoOg a
compound of the Biy,+4M0,O¢(»+1) series, recently evidenced by Vila ef al. [20, 21, 22, 23, 24],

is presented.

-

Fig. 3.14 XRD pattern of the 1h hydrothermally treated sample after heating at 800°C is identified as
Bi,sM0;0Og9 and y’-Bi,MoOs (PDF number: 01-089-0563 88-16 (blue) and 01-089-0563 88-16 (red),
respectively).

For a better understanding of this phase transformation, a background knowledge of
the structure of Bis,+4M0,Os(+1 series is necessary. The BijxMo4O3g (with n = 4) powder was
first obtained by Vila et al. [20], in 2004. A wet-chemistry procedure was employed to obtain
first a precipitated reactive precursor that was then annealed at different temperatures for
different times leading to isolated polycrystalline polymorphs. From the same preparation
method, the Bi;)Mo030,4 with n = 3, was obtained a year later [21] followed by the discovery
of two other compositions: Bi;sMo0sOs¢ with n = 5 and Bi;6Mo¢Os, n = 6 in 2007 [22].
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However, an accurate structural determination was achieved only in 2009 by HREM, neutron
diffraction and X-ray diffraction [23, 24]. The crystal data of the Bi»,+14Mo0,Os:+1y series
compounds (n = 3, 4, 5 and 6) are given in Table 3.4. The structures of the Bi,+4Mo0,O¢(n+1)
series (with n = 3, 4, 5 and 6) are illustrated in Fig. 3.15. The structures can be viewed as a
stack of [Bizni4O0an6]™" layers which run parallel to the (001) plane surrounded by groups of n
isolated MoQy tetrahedra. The groups of #MoQ;, are inserted into channels along [010] and
bordered by Bi lone pairs.

Table 3.4 Crystal data of the low temperature forms of Bi,,+4M0,O¢(,+1) series compounds [23].

Bi/Mo=3.33 Bi/Mo=3 Bi/Mo=2.8 Bi/Mo0=2.66
Data Bi;oM03054 Bi;:M04039p B11sM05O35  Bi11;sM0gOas
LT n=3 LT n=4 LT n=5 LT n=6
System Monoclinic Monoclinic Monoclinic  Monoclinic
Space
C2 P2,/a 2 P2,/a
Group
a(A) 23.7282(2) 29.0674(4) 34.476(2) 39.97(2)
b (A) 5.64906(6) 5.64795(7) 5.6414(3) 5.632(4)
c(A) 8.68173(9)  8.6620(1)  8.6433(4) 8.634(4)
Q) 95.8668(7) 97.98(1) 99.69(1) 101.02(2)
V(A% 1157.62(1)  1408.3(2) 1657.1(1) 1907.6(2)
Z 2 2 2 2

© 2011 Tous droits réservés.

A polymorphism study was carried out for Bi;xMo04O39, one of the Bi,14M0,Og(n+1)
series [20]. The TGA/DTA analysis revealed two high-temperature polymorphous: H-
Bi;,M0403p and H’-Bi;,M0403¢. The L& H-Bi;,M0403 (at 700°C) is partially reversible but
the transition H& H’-B1;,Mo0403 (at 860°C) is not reversible. H-Bi1;,Mo0403 corresponds to
the bismuth rich limit of the € solid solution as proposed by Galy [25]. This phase transforms
into H” phase just before the melting point. More interestingly, the TGA/DTA and high
temperature XRD analyses revealed several phase transformations of the precipitated reactive
precursor during the heat treatment, from room temperature to 850°C. This study evidenced a
remarkable transformation from the precursor to y-Bi,MoOg at 400°C before the formation of

Bi1,Mo0403¢ at 500°C. The phase transition L< H-Bi;,Mo0403 later occurred at 700°C.
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Bi,(M030,4: n=3, space group C2 Bi;4Mo50;34: n=5, space group C2
[Bi;012](M00Oy); crystal network

[Bi;4016](M00Oy)s crystal network

Bi;;Mo0,405: n=4, space group P2,/a Bi;sMo0sO4,: n=6, space group P2,/a
[Bi;,014](M00Qy,), crystal network [Bi16015](MoOy)s crystal network

Fig. 3.15 Structure of Bi,,:4M0,O¢+1) serie [23].

The H-Bi;,Mo0403¢ phase belongs to the well-known [Bi12014]8+ columnar structural-
type which corresponds to the € solid solution [18, 19]. The phase transitions between
precursor < 7-BixMo0Og < L- & H-Biy,:4Mo0,O¢(,+1) were also found for other compositions
i.e. BijaMosO36 and Bi;sMosO4, in the recent study [22] with slightly different transition
temperatures, except for Bi;o)Mo030,4 [21], the Bi rich composition, which decomposes into a

mixture of € phase and Bi;sMo07,075 [26].

In our high temperature X-ray diffraction experiment, the thermal evolution of the y-
B1;M0oOs and the Bi,+14Mo0,Oss+1) series compound above 420°C correlates well with the
polymorphism study of Bi;,Mo04030. The y-Bi;MoQOg starts to form at 420°C, resulting in a
large broad exothermic peak observed at 427°C in DTA curve. After an increase of 40°C, it is
well crystallized while the fluorite phase gradually transforms to a Biy,+4M0,Og(s+1) phase. In
good agreement with the literature [20, 22], from 460°C to 640°C, the intensity of peaks
related to y-Bi;MoOg decreases with temperature while Biy,+aM0,Og(»+1) becomes well
crystallized. However, at 640°C the y-BixMoOs does not totally transform into

Biz,;+4M0nOg(n+1). This is likely due to the higher amount of Mo in our sample compared to
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Bi2,+4M0,O¢(n+1). At high temperatures, above 660°C, the phase transition from y-Bi;MoOg
into y’-Bi;MoOg (the high temperature form of Bi;MoOg) occurs just before that of
Bi7,+4M0,O¢(»+1) Into a e-type structure. It is worth noting that these phase transitions correlate
well with the two small endothermic peaks, located at 670 and 690°C, observed in DTA
curve. Moreover, the formation of a phase belonging to the ¢ solid solution is also in good
agreement with the endothermic peaks observed in DTA on cooling at 345°C which likely
corresponds to the monoclinic & triclinic transformation observed for molybdenum rich

compositions of the € solid solution [18].

5.1.3. High temperature Raman scattering

The phase transitions observed by HTXRD were confirmed by Raman spectroscopy. A

stack of Raman spectra recorded from room temperature to 800°C is shown in Fig. 3.16.

T
(&) (&)
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= 750°C
= A 700°C
,4\\\\_ 650°C
600°C
™\ 550°C
w4 ‘\\L 500°C
DR ey
- /] 400°C
=T /] 300°C
- o _,,/ \ A 100°C
‘ ‘ ‘ et ‘ ‘ ‘ RT
200 400 600 800 1000 1200

Raman shift (cm'l)

Fig. 3.16 Stack of Raman spectra of the 1h hydrothermally treated sample heated from room
temperature to 800°C.
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As mentioned previously (cf. Chapter 2), Raman bands observed below 400 cm™ are
generally assigned to bending, wagging and translational and librational motions of the
different species in the crystal while bands observed above 600 cm™ are assigned to stretching
motions of Mo-O bond [27, 28]. Since the bending mode range is probably overlapped by the
vibration of bismuth oxide group, only the stretching modes observed in the range of 700-950
cm” are useful to us. Interestingly, the general aspects of the evolution of Raman spectra
show two significant changes in the local environment of Mo atoms at about 400 and 700°C
which are coincidently related to the two phase transition temperatures observed by XRD:
from the fluorite intermediate phase to y-Bi-MoOgs and L-Bi,:4M0,O¢»+1) first and then from

7-Bi2Mo0Og and L-Bi3,+4M0,O¢(+1) to 7’-Bi12M0Og and € solid solution.

The Raman spectrum of the lh-sample collected at room temperature in Fig. 3.16,
shows the medium band at 883 cm™ and weak band at around 812 cm™ which correspond to
symmetric vi(A;) and anti-symmetric v3(F;) Mo-O stretching modes of MoO, tetrahedra,
respectively. Other characteristic vibrations of tetrahedral species noticed around 318 cm™ are
assigned to angular deformations v,(E) and v;(F3). The absence of significant spectral
variation in the thermo-Raman spectra collected in the temperature interval from 25 to 400°C
revealed that the intermediate phase structure was not dramatically disturbed in this range of
temperature. The two small extra bands at 1024 and 1054 cm’, corresponding to the
vibrations of NO3™ anion in bismuth nitrate or/and ammonium nitrate, shift to 1035 and 1064
cm’, respectively and disappear at about 500°C. This behaviour correlates well with the mass
losses observed in the TGA curve and the evolution of NO observed by mass spectrometry

from 209°C to 460°C, indicating the elimination of these compounds.

The first spectral variation, observed in the temperature range 400-500°C, is shown for
the transformation from the fluorite intermediate phase to L-Bi,+4M0,0¢(»+1) and y-B1,MoOe.
The main characteristic peak of MoO, tetrahedra shifts from 883 to 877 cm™ at 400°C and
later to 858 cm™ at 500°C. This frequency shift indicates the change in the structural
parameters of the molybdates, which could be influenced by the different environment of
MoOQ, tetrahedra, probably due to the different type of bismuth oxide network on going from
the intermediate phase to the L-Bi,+14M0,0¢(s+1). Furthermore, the spectrum at 500°C also
shows some characteristic Raman bands of y-Bi,Mo0Og, such as a small band at 720 cm’ and a

shoulder at 812 cm™, which could be an envelope of two other characteristic peaks at 799 and
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848 cm™ [27]. No significant modification was observed from 500°C to 650°C. The decrease
in intensity of the characteristic Raman bands of y-Bi,MoOs was only noticed, in good
agreement with XRD results which showed that a fraction of y-Bi,MoOg transforms to L-

B12,+4M0,O¢(»+1) 1n this temperature range.

The second spectral variation occurring at about 700°C would indicate the
transformation from y-Bi,MoOs and L-Bis,+4M0,Oss+1y to 7’-BizM0Og and € solid solution,
respectively. At 700°C, the appearance of a new band at 886 cm™ was observed, followed by
the extinction of the characteristic Raman bands of L-Bis,+4Mo0,Og(s+1), located at 858 cm™, at
800°C. The two principal medium bands at 858 and 886 cm™ in the Raman spectrum collected
at 700°C could refer to at least two types of MoOQO, tetrahedra surrounded by different
arrangements of bismuth oxide system. The first one is assigned to MoO, tetrahedra
intercalated between the [Bi2n+402n+6]2”+ layers in L-Bi,+4M0,O¢(+1) structure. The second
one would be assigned to MoO, tetrahedra filling in the space between the [Bi12014]8+
columns in y’-Bi;M0Og and e-type structure. Due to the similarity of the latter two structures
and the thermal effect for the high temperature measurement, it is difficult to discriminate
each component spectrum. The characteristic Raman bands of y-Bi,MoQOg are not found, as

shown by XRD results, at 700°C, meaning that y-Bi,MoOg is fully transformed at this stage of

reaction.

The Raman spectra collected back from 800 to 25°C, revealed no major changes in the
spectral profile. A thorough observation of the room temperature spectrum reveals a better
defined peak profile: the intensity of all bands increases while their width decreases and the
highest Mo-O stretching frequency shifts from 886 to 903 cm™. This observation could be
explained by the thermal effect at high temperature. Back to the room temperature, the Raman
bands characteristic of nitrates, at 1026 and 1055 cm™, appear again below 400°C. This is
likely due to the condensation of nitrates on the powder during the cooling process because no

gas flow was used for this experiment.
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5.2. Structural study of the 1h sample after heating at 800°C by Raman scattering

The room-temperature Raman spectrum of the lh-sample after heating at 800°C is
compared with spectra of Biys7sM019O¢s625 (the molybdenum rich limit of the € solid

solution) and y’-Bi,MoQg in Fig. 3.17.
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Fig. 3.17 The room temperature Raman spectra of the 1h hydrothermally treated sample after heating
at 800°C compared to those of Biys75M01¢Oss.625 and y’-Bi,MoOg.

In good agreement with the high-temperature XRD, the Raman spectrum of the
sample is very similar to that of Biys75sM010Oss.625 (the upper limit of the € solid solution) and
it also contains some Raman bands of y’-Bi;Mo0Os, (shown by dashed lines) indicating the
presence of Biys7sM0;10Ogs.625 as @ major phase and y’-Bi;MoOg as a minor phase. The two
small extra bands at 1026 and 1055 c¢cm’ correspond to the vibrations of NOs3™ anion in

bismuth nitrate or/and ammonium nitrate.

To understand the Raman spectrum of this mixture, a good understanding of each
component spectrum and their corresponding structure is necessary. Unfortunately, the Raman
bands of the € solid solution and the assignment of vibration modes of the y* form of Bi,Mo0Og
structure have never been studied in the past. Only a few short Raman analyses of y’-Bi,MoOg

have been carried out. The Raman spectra of y’-Bi;MoQOg shows a strong Raman line at 903
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cm” with other several weaker lines in the 776-903 cm™ range. They correspond to symmetric
vi(A)) and anti-symmetric vi(F,) Mo-O stretching modes of MoOj, tetrahedra and their values
are compared with those published by Matsuuura ef al. [29] and Hardcastle and Wachs [27] in
Table 3.5. The absence of Mo-O stretching bands in the 540-730 cm™ region argues against
the presence of MoOg octahedra as well as of bridged MoO, and MoOs species [29]. Since the
wavenumber value of the strongest Mo-O stretching band is close to 897 cm™, which is the
stretching vibration of distorted MoO4 in Na,M004.2H,0O and Bi(FeO4)(Mo00Os),, the Mo
coordination in this structure is thought to be isolated distorted MoO4 [29]. This hypothesis
was later confirmed by Buttrey ez al. [30].

Indeed the complete structure model of y’-Bi,MoOg was resolved by Buttrey ef al. [30]
using single X-ray diffraction and powder neutron diffraction data (Fig. 3.18a) (cf. Chapter 1).
Four types of Mo atoms were found. The tetrahedra of Mo(1), Mo(3) and Mo(4) form square
tunnels enclosing a single column of Bi*" sites and these square tunnels are arranged in pairs
and are further surrounded by other MoO, tetrahedra of Mo(2). These four molybdates form
isolated distorted tetrahedra with 16 different Mo-O distances (1.718(12)-1.871(12) A) and a
variation of O-Mo-O bond angles (102.33(59)° - 124.75(51)°). On the contrary, the
tetrahedron found in BaMoOy is a regular, with Mo-O bond length of 1.7658(24) A and a O-
Mo-O bond angle of about 109° (108.325(118) and 111.789(107)°) [31]. The three Raman
lines characteristic of Mo-O stretching modes in such a regular tetrahedron are assigned to the
symmetric mode (A,) at 888 cm” and anti-symmetric modes (B, and E,) at 835 and 789 cm’,

respectively [32].
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Table 3.5 Summary of the Bi,03-Mo0O3; Raman band positions

¥’ -Bi;MoOg Biys.75M010O6s 625 o
ir  Raman Raman 2) . N ‘ P

7] 7] 29] Raman Raman . p ,v. . '
8905, 892100 897, 90240 90300 1 '
8805 883y 884, 88150 ,/-/\1}
868,s 8644 865 87055 g

8513 8564 854,

840,5

829, 8283
825, 8223, 822,

8104
780y, 787, 788 79310 7979
77029 7710 774 776,
740,,
710 69555 7154
645,
562, 574,
527
467, 461y,
391, 399 4015
380, 37513 380,
3590 362 3677
3514
335, 320y,
300, 3155 316,  3llig 310s; Fig. 3.18 a) 7 -Bi;MoOs structure
290,, 3035, 294, & 2971 2985, projected along the c axis [30] compared
25816 2624 262 with b) BiysMo0,0Ogo structure (the parent
2269 2315 23624 compound of & solid solution) projected
208, 2105 along the b axis [18].
1864 1773,
145, 150gs

* vw=very weak; w=weak; m=medium; s=strong; vs=very strong; sh=shoulder
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Matsuuura et al. [29] and Hardcastle and Wachs [27] noted that the multiple Mo-O
bond lengths and MoQ, tetrahedron types in y’-Bi;MoOg would explain the split of the
stretching vibration bands of a regular tetrahedron into several stretching bands at 776, 794,
828, 856, 871, 885 and 903 cm’ Subsequently, the shortest Mo-O bond distance of about
1.718 A would be responsible for the highest stretching wavenumber occurring above 856
cm™, Interestingly, several Raman bands of Biys75sMo010Ogs 625 appear at the same frequency as
those of y’-Bi,Mo0Qs. This is explained by the similarity of these two structures, as illustrated
in Fig. 3.18, which both exhibit a fluorite-cation arrangement. The structure of BizsMo0;¢Ogo:
the parent compound of Biys75sMo019Oss.625 Was determined by single X-ray diffraction and
powder neutron diffraction [18, 19, 33]. The description of this structure was also given in

detail in the first chapter.

From Fig. 3.18, the rose-shaped [Bi12014]8+ column in Bi,sMo019Og9 was found to be a
predominant part of the bismuth oxide latin cross-shaped channels in y’-Bi;MoOs. The
[Bi1,014]*" column displays the same geometry, dimensions and thickness in both cases. The
latin cross-shaped channels in y’-Bi,MoQOs are obtained by linking the rose-shaped [Bi;2014]*"
columns with Bi,0, chains. The isolated MoO, tetrahedra fill in the space between these

channels of bismuth oxide [18].

However, only three types of Mo atoms were found in the BiysMo0;¢Og9 structure. Two
of them, Mo(1) and Mo(2), surround the isolated Bi(7) atom coordinated with 8 O atoms. The
Mo(3) type MoOy tetrahedra are not involved in the Bi(7) coordination, they are only shared
between the two rose-shaped [Bi12014]8+ columns. These three molybdates are also isolated
distorted tetrahedra with 9 different Mo-O bond lengths: two shortest bond distances, 1.65(2)
and 1.69(3), and others (1.71(3)-1.85(3) A) which are also found in y’-Bi;MoQs structure
[19]. These similar Mo-O bond lengths could explain why all the Mo-O stretching bands of
Biss5.75sM0100e6s.625 spectrum are found in the y’-Bi,MoOg spectrum but with different intensity.
For the two shortest bond distances: 1.65(2) and 1.69(3) in Bis75M019O¢s.625, it 1s possible
that the presence of these bonds could be one of the factors that influence the large peak shape
of the highest vibration frequency at 903 cm™. The wider Raman bands observed for
Bi,5.75M0100s6s.625 could also be caused by the oxygen defects found in this structure which is

strongly related to its good ionic conductivity property [34].
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5.3. Correlation between polymorphs of Bi;M0Og and Bi,+4Mo0,O¢(.+1) series

The phase transitions of y-Bi-MoOgs and L-Biy,+4M0,O¢n+1) < 7’-B12M0Og and the
high-temperature [Bi;2014]*" provide a new insight into structural relationship between these
phases. The similarity between the high-temperature forms, y’-Bi;MoOs and the ¢ solid
solution, has been previously demonstrated. The structure of the low-temperature forms, y-

Bi;M0Og and L-Bi,,+4M0,0¢(s+1), are strongly related as well.

The structure of Biy,+4Mo0,Og(+1) series can also be described as a crystallographic
shear derived from Aurivillius-type phase such as y-Bi;MoOg (with n=c), consisting of
[Bi,0,]*" layers alternated with layers of corner-sharing MoOg octahedra [24], as shown in
Fig. 3.19. However, the local environments of Mo surrounded by O in these two structures are
different, a tetrahedral coordination in the former and an octahedral coordination in the latter.
The Mo surrounding in y-Bi,MoQOgs is highly distorted and characterized by two longer Mo-O
bond lengths. This is likely due to the 6s” lone pair of Bi that perturbs tetrahedral coordination
of Mo atom. This assumption is also consistent with the presence of the perfect MoO,

tetrahedra in the La;MoQOg structure [35], a similar structure to that of y-Bi,Mo0Og.

CS CS CS
IR % S B S SDK IS SR S R S ek

Fig. 3.19 Crystallographic shear
(CS) operation applied to v-
Bi,MoOg every six [MoOy]
tetrahedral gives rise to the

Bi,,M0¢O4, structure. Gray lines
indicate the CS operation [24].

Coming back to the structure of the Biy,+4Mo0,0O¢+1) series, it is built upon
[Bizn+402n:6]™"" layers surrounded by groups of isolated MoOy tetrahedra (Fig. 3.15 and Fig.
3.19). As these layers can also be viewed as blocks of fluorite structure, a model based on this

consideration of the formation of y-Bi,MoOg can be proposed.
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6. TENTATIVE SCENARIO TO EXPLAIN THE y-Bi;MoOg
FORMATION

From the in-situ study, it was clear that under hydrothermal conditions, y-Bi.MoOg

forms from a distorted fluorite structure. The ex-situ experiments give us new insights:

1) At pH > 6, MoO4> species are present in the solution at the beginning of the

reaction. This seems to be a requisite for the formation of y-Bi;Mo0Og.

2) The intermediate form is (Bi;xMox),03.5 solid solution with fluorite structure, in

which Mo content is slightly lower than in y-Bi,Mo0Os.

3) The Mo (VI) atoms are present as isolated tetrahedral MoO4* species in the

fluorite structure.

4) When the hydrothermal reaction time increases, the composition of the
intermediate fluorite structure remains the same but a slight increase of the

particle size is observed and an increase of strain is likely to occur.
5) The first particles of Bi,MoQOg are characterized as thin platelets.

6) By heating in air, the intermediate form transforms to a mixture of y-BizMoOg
and a member of the L-Bi,,+14M0,O¢(++1) series. The structure of the latter can be

viewed as Bi-O blocks of fluorite structure spaced with MoO4 species ordered

along [010].

Therefore, according to the in-situ and ex-situ studies during hydrothermal synthesis of
v-Bi,MoOg, it appears that this phase forms from a distorted fluorite structure in which MoO4
species are randomly distributed. As the reaction time increases, these species would self-
organize, leading to an increase of strain and to the division of starting structure into thin
strips of BixMoQg. Then, these thin platelets further grow into well crystallized y-Bi;MoOe.
These assumptions are supported by XRD and SEM, as shown in Fig. 3.20.
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Fig. 3.20 XRD patterns, SEM pictures and proposed atomic-level schemas of the sample prepared by
hydrothermal synthesis at 180°C for 30 min, 1 h, 1h30 and 20h.
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7.  CONCLUSION

The in-situ characterization by combination of high resolution X-ray diffraction,
XANES and Raman Scattering has proven to be a powerful technique to study the formation
of a solid, as shown in Chapter 2. It allows the accurate characterization of compounds in real
conditions. Moreover, kinetic information on crystal growth is obtained, whereas in ex-situ
experiment, reaction times may be erroneous because of thermal inertia during the heating and

cooling process.

However, the analysis of the sample morphology by ex-situ characterization gives new
insights in the crystal growth process and by combining in-situ and ex-situ characterization; a
mechanism of y-Bi,MoOg formation can be proposed. y-Bi,MoOg grows from (Bi; xMo0x),03.5
solid solution with fluorite structure in which the arrangement of MoOj, species leads to the
division of particles into thin strips of y-Bi,MoOg, the first particles of y-Bi,MoQs. It is
interesting to note the structural similarities between both high-temperature and low-
temperature forms of the & solid solution (around the parent compound BisMoQOg9) and
Bi,M0QOg, which are both derived from the fluorite structure. However, the former, being
oxygen deficient, is a good oxide ion conductor whereas the latter is a good catalyst. With the
aim to combine the oxide ionic conductivity of the € solution and the catalytic properties of y-
Bi:MoOg, the development of a Catalytic Dense Membrane Reactor (CDMR) is possible. The

catalytic applications of these materials are the aim of Chapter 4 of this thesis.
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Chapter 4

Experiments in Catalytic Dense Membrane Reactor

1. INTRODUCTION

Nowadays, selective oxidation of light hydrocarbons by heterogeneous catalysis is the
basis for the synthesis of a large part of the monomers or modifiers used for the production of
fibers and plastic, which represents a large segment of the modern chemical industry. The
selective oxidation of light hydrocarbons has been intensively studied over the last decades [1,
2,3,4,5, 6,7, 8]. It is one of the most attractive and challenging process due to the high
potential as feedstock for providing more useful chemical products. However, the major
problem of this process is the low selectivity of the desired products because the products are
usually more active than the reactants, resulting partly in complete oxidation to CO,. One of
the effective methods to increase the selectivity to the target products can be accomplished by

optimizing the process design.

As already written in Chapter 1: Aim, Background and Key Concepts, the selective
oxidation of hydrocarbons follows the redox mechanism determined by Mars and Van
Krevelen [9]. This mechanism relies on the direct participation of oxygen ions O” of oxide
catalyst (oxygen lattice) in the reaction products. However, it is known that the direct
formation of CO, can be promoted when the gaseous oxygen present in the reactor interacts
directly with hydrocarbon which is usually the case in conventional reactors. It was found
possible to achieve higher selectivity to the desired products by “isolating” the gaseous
oxygen while the catalyst reacts with the hydrocarbon. The result is the decoupling of the two
steps of the redox mechanism that may be performed either along time (pulse and periodic

feed reactors) or along space (circulating fluid bed reactor, catalytic membrane reactor) [10,

11].

The Catalytic Dense Membrane Reactor is one of the most interesting devices which
can combine reaction and separation in a single unit [11]. The potential of membrane has been
demonstrated at the laboratory scale for the direct and oxidative dehydrogenation

hydrocarbons [2, 12]. Despite some tries, this concept is not applied at the industrial scale
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[13]. The principal limitation of the development of membrane reactors is the membrane
itself. The optimization of the existing membranes and the development of new membrane
materials that would be more appropriate, are still necessary and deserve studies for a future

use of membranes in industrial applications.

One of the most important characteristics of the membrane is its high oxide ion
conductivity. In this context, the ¢ solid solution based on the parent compound Bi;sMo0;0Og9
could be a good candidate as a membrane material. It was demonstrated to exhibit a high
conductivity at low temperature and its physico-chemical properties have been well
characterized [14, 15, 16, 17, 18, 19]. Although the catalytic properties of these compounds
have not yet been well established, it is expected that the two principal elements of this solid
solution, bismuth associated with molybdenum, would favor the partial oxidation of
propylene, possibly to acrolein. In case the catalytic properties would not be correct, a
solution would be to deposit y-Bi,MoOg, well known as an efficient catalyst for the reaction,
on the membrane surface to enhance the catalytic activity of the system. The use of
Bis575sM01006s.625 as @ membrane whose composition is close to y-Bi;MoOg in the Bi,Os-
MoO; binary diagram should avoid any chemical incompatibility with y-Bi,MoQOs catalyst

and any evolution of chemical composition during the catalytic process.

Therefore, the aim of the final part in this manuscript is to examine the feasibility of
such membranes and to study their properties in the oxidation of propylene. To do so, the
physicochemical and electric properties of Biys75sM019Oss.625 have to be investigated. More
particularly, the sintering process to obtain a dense membrane (relative density > 90%) will
have to be optimized, in order to avoid leaks or direct path of oxygen gas to interact with
hydrocarbon. The experimental procedures, the membrane and the reactor will have also to be

adjusted for improving the oxygen permeation.
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2.  TECHNIQUES

2.1. Physicochemical Characterization Techniques

Several techniques were used to characterize the powder and membranes before and
after the catalytic reaction. Some of them were already desscribed in former chapters (XRD,
SEM-EDS, TGA/DTA). X-Ray Photoelectron Spectroscopy (XPS) to study the upper nm-
depth of samples and BET to obtain the specific surface area will be described here, together
with conductivity measurements and catalytic bench scale experiments, including the catalytic

dense membrane reactor (CDMR).

2.1.1. X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is a surface chemical analysis technique that
can be used to characterize the surface chemistry of a material within 10 nm from the surface.
In general, when X-rays or electromagnetic radiation interacts with the material, the radiation
is scattered, transmitted or absorbed. The dominant process in the X-Ray Photoelectron
Spectroscopy is the photoelectric effect, whereby the photon is absorbed, transferring its
energy to the ejected photoelectron. The kinetic energy of these photoelectrons is equal to the
incident-photon energy minus the binding energy of the electron. The number of
photoelectrons and the binding energy are used to quantify and identify the element or

chemical species, respectively.

From XPS spectra, it is possible:

- To identify all elements (except H and He) and to determine their atomic
concentration (0.1% detection limit and 10% error),

- To determine the nature of the chemical bond, the local environment and oxidation
number of the elements,

- To verity the uniformity of elemental composition on the top of the surface or in the

depth by ion beam etching.

XPS analysis was carried out with a VG ESCALAB 220 spectrometer under ultra high
vacuum condition (107 Pa). The powder and the membrane were analyzed before and after
the reaction in order to check any modification in the surface composition and to know the

oxidation/reduction state of different elements that would occur during the catalytic reaction.

136
© 2011 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Chanapa Kongmark, Lille 1, 2010
Chapter 4: Catalytic Dense Membrane Reactor

2.1.2. BET Surface Area Measurement

The Brunauer-Emmett-Teller (B.E.T.) method is widely used for the calculation of
surface area of solids by physical adsorption of gas molecules (N3). It is assumed that the
nitrogen molecules physically adsorb on a solid in layers, there is no interaction between each
adsorption layer and the Langmuir theory can be applied to each layer. The BET equation can
be expressed by:

1 1 +(C—1)£
V(B /P)]-1 v, C v, C P

(4.1)

where P and Py are the equilibrium and the saturation pressure of absorbates at the adsorption
temperature, respectively; v is the volume of nitrogen adsorbed; v,, is the volume of nitrogen
monolayer adsorbed and C is a constant that is related to the heat adsorption. In general, the
linear relationship between 1/v[(Py/P)-1] and Py/P is maintained in the range of about 0.05 <
P/Py<0.30. The slope and y-intercept of the plot 1/v[(Py/P)-1] vs. Py/P are used to determine

the quantity of nitrogen adsorbed and therefore to calculate the BET surface area.

The analysis of the surface area of powder was carried out using Micromeritics ASAP

2010. Prior to measurement, powder samples were degassed at 150°C.

The surface area of the y-Bi,MoOg catalyst was determined by BET method, as given
in Table 4.1.

Table 4.1 Surface area measurements for y-Bi,MoOy hydrothermally synthesized before and after

calcination.
Sample BET surface area m”/g
v-Bi;M0Og non calcined 82+0.5
v-Bi,M0Oj calcined at 550°C 4.0+0.5
137
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2.1.3. Conductivity Measurement

® Principle

Impedance Spectroscopy is a technique that measures the impedance of a system by
applying an alternating current (AC) potential and measuring the current over a range of
frequency. There are several electrical circuit models for a charge transport mechanism in a

ceramic, however, the simplest one is a resistor R and a capacitor C, as shown in Fig. 4.1.

R

C

Fig. 4.1 Circuit model of a resistor and a capacitor in parallel.

The impedance of this equivalent circuit is expressed in terms of the resistance R, the
capacity C and the frequency win Eq. (4.2)

z-—1 4.2)

l+icoC
R

The impedance can be separated into its real, Z’, and imaginary, Z”, parts:

1

7 - R —i oC =Z'-iz" (4.3)

1) , 1) ,

A plot of Z’ vs -Z” (as dependent parameters of ®) known as the Nyquist plot, will

result in a semicircle of radius R/2 in Fig. 4.2. The time constant of this simple circuit is

defined as:
7, =RC =— (4.4)
It corresponds to the characteristic relaxation time of the sample. Substituting @, from

Eq. (4.3) into Eq. (4.4) gives Z’ = R/2, Z”’ = R/2, so that the characteristic frequency lies at the

peak of the semicircle.
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0o = 1/RC

27(Q)

\(o

v

2(Q)

Fig. 4.2 Nyquist plot for a circuit of a resistor and a capacitor in parallel.

However, the Nyquist plot of a polycrystalline sample appears more complex. It
exhibits an arc at high frequency, a second arc at intermediate frequencies, and a third arc at
the lowest frequencies, as shown in Fig. 4.3 a). The corresponding circuit model is shown in
Fig. 4.3 b). Three parallel RC circuits are connected together. The first circuit (R, and Gy) is
assigned to the grain interior behavior, the second one (Rg, and Cy) is the grain boundary

behavior and the third one (R and Cy)) is the electrode behavior.

(a) (b)

8 10 12 14
)y /1070

1l
0 2 6
Z

Fig. 4.3 a) Nyquist plot and b) Circuit model of a polycrystalline sample in which components in
parallel have been connected together.

In our study, the conductivity of the material was deduced from the total resistant (Ry)
which corresponds to the sum of the bulk resistance (Rp) and the grain boundary resistance
(Rgp). For a cylindrical sample with parallel surfaces of the same surface area, the conductivity

o is calculated from Eq. (4.5) and is expressed in S.cm™.

O=—X— 4.5)

where e is the thickness and S is the cross-section area or the surface of the sample.
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Moreover, the ionic conductivity is strongly dependent with the temperature and it can

be expressed as:

A AE
o =—exp| — 4 4.6
T p( RT j (4.6)

where A, E,, R and T are the pre-exponential term, the activation energy, the gas

constant (8,314 J.K'.mol™) and the temperature (in Kelvins), respectively.

® Experiments

Electrical measurements were performed on a pellet (4.36 mm in diameter, 7.43 mm
height, 97% relative density) sintered at 850°C for 1 h. The surface was first sputtered with a
thin layer of gold (Emscope SC 500 sputter coater) and it was then painted with a gold past
(6440 DMC? France) and treated at 650°C for 1h with a 5°C/min heating-cooling rate. Both
methods are used to assure a good adhesion and durability of gold electrode on the two

sufaces of the sample.

To measure the total conductivity, under static air, as a function of temperature, a
Solartron 1255 frequency response analyser was used in the 1 Hz to 1 MHz range with a 400
mV amplitude signal, between 200°C and 800°C. The measurements were perfomed with a

20°C step and a 1 h holding time between each measurement.

To measure the conductivity under varying oxygen partial pressure (from 1 to 4-107
atm) as a function of temperature, a Solartron 1260 frequency response analyser was used in
the 0.1 Hz to 1 MHz range with a 20 mV amplitude signal between 600°C and 750°C. The
measurements were performed with a 50°C step and about 12h holding time for the
conductivity to be stabilized at a given temperature before each measurement. It is interesting
to note that the conductivity measurements were carried in a one-atmosphere chamber (Fig.

4.4), unlike membrane reactor.
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Fig. 4.4 Conductivity measurement chamber.

2.2. Catalytic Techniques

All catalytic experiments, electrochemical characterization and oxygen permeation
measurements on the membrane were carried out using an experimental setup which is
composed of three parts:

- The reactor system.

- The CDMR reactor.

- The Analysis System: reactants and products were analyzed by mass spectrometer.

2.2.1. Reactor System

The membrane reactor was placed in a tubular furnace equipped with a temperature
controller (connected with a furnace thermocouple and a reactor thermocouple which is
placed close to the membrane). The reactor was divided into three parts which are connected

to three gas flow distributions, as illustrated in Fig. 4.5.
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Fig. 4.5 Schematic of the reactor system

- The High Oxygen Partial Pressure side (HOP) was fed with air or oxygen with a flow
rate controlled by flowmeter. The oxygen concentration in this part can be varied by dilution
with helium or argon. With a three-way valve, the inlet and outlet flow rate can be verified by

a bubble flowmeter.

- The Low Oxygen Partial Pressure side (LOP) was fed with helium in which the

hydrocarbon can be diluted. All flow rates were controlled by mass flowmeters.

- The outer enclosure was fed with non reactive gas, i.e. nitrogen, helium or argon, to
control and to reduce possible leakages at constant flow rate controlled by flowmeter. The

purity of nitrogen and argon was 99.9% and of helium was 99.9999%.
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The selection system allows the analysis of either the gas inlet or the gas outlet. It is
possible to choose, either passing only the gas inlet (or outlet) of the reactor to be analyzed or
dividing the flux into two parts so that the flow rate of one can be measured while the other is
being analyzed. Two precision needle valves are added to adjust the flow rate of the divided
fluxes (usually in the same proportion) or to modify the contact time in the reactor. A four-
way valve is used to choose either inlet or outlet gas to be analyzed. The gas can be analyzed
by either a mass spectrometer or an oxygen sensor depending on the position of a four-way

valve. Argon feed is required for the use of the oxygen sensor.

2.2.2. Catalytic Dense Membrane Reactor

The reactor consists of the dense membrane which is sealed between two mullite
(aluminosilicate) or alumina tubes by using a pyrex ring (or a ceramic glass powder as sealing
agent) to allow the gas-tightness between the HOP (High Oxygen Partial Pressure side) and
the LOP (Low Oxygen Partial Pressure side), as illustrated in Fig. 4.6 and Fig. 4.7.

An alumina ring covers the membrane sidewall to protect the membrane and to allow
the tightness. The outer enclosure part of the reactor is used to check possible leaks between
the LOP and HOP parts. Moreover, the inert gas fed in this part of reactor would help to
isolate the membrane reactor and the external environment and to limit the oxygen diffusion

from the side of the membrane into the LOP part.

Fig. 4.6 Picture of a membrane sealed with pyrex glass.
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Fig. 4.7 Schematic of the CDMR reactor

2.2.3. System of Analysis

With a four-way valve, the gas inlet and outlet can be directed:

- To an oxygen sensor (Setnag) in order to measure the oxygen concentration in the

gas at HOP and LOP parts, to determine the oxygen permeation of the membrane.

- Or to a quadrupole mass spectrometer (Pfeiffer Omnistar) to follow the catalytic

reactions.

The quadrupole mass spectrometer was used to analyze continuously several
preselected mass-to-charge ratios: m/z (Table 4.2) and to follow the evolution of the reactants

and the formed products. In order to discriminate the signal of a product from the background
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noise, the gas outlet was measured periodically to compare with the gas inlet of the reactor.

By this operation the hydrocarbon pressures as well as the total pressure were known.

Table 4.2 Masses measured by the quadrupole mass spectrometer and their corresponding products.

m/z 2 | 4 (15|16 18|26 | 28 [ 29 |32 |40 | 41 | 44 [ 56 | 67 | 72 | 78
Produc
H, 100
He 100
H,0 1.8 1100
Ar 100
N, 100 | 0.7
CO 2.8 100 | 1.2
0, 18 100
CO, 16 13 100
Methane 85 | 100
Ethane 4.7 22.21100 | 20
Propane 7.2 9.8 1 61 | 100 26 | 15| 24
Ethylene 1.8 53 1100 | 1.8
Propene 5.5 13.8] 1.8 29.5]1100
Benzene 32| 2 100
Hexadiene 2.7 | 4.6 5.5 | 100 100
Acrolein 72.8| 53 |56.2 2 100
Acrylic 52.5(17.5] 6.2 15.6| 1.5 64.5
Acid

From Table 4.2, it is worth noting that a mass-to-charge ratio can correspond to several
fractions of different products. The values in gray color correspond to the measured mass of
each product. The different contributions, calculated from the background noise, are required
to determine the signal corresponding to each measured product. These signals are later

converted to the partial pressure of the corresponding products in the reactor.

Especially for the case of N, and CO, they both correspond to the 28 mass-to-charge
ratio. In order to avoid any confusion, nitrogen should not be used to sweep neither in the
outer enclosure nor in the LOP and HOP parts. Ethane and ethylene belong to this mass-to-
charge ratio as well. Consequently, the partial pressure of all these gases is taken into account

in the quantification of CO.

145
© 2011 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Chanapa Kongmark, Lille 1, 2010
Chapter 4: Catalytic Dense Membrane Reactor

2.3. Electrochemical Analysis Techniques for CDMR

2.3.1. Galvanodynamic and Galvanostatic mode

The galvanostatic and galvanodynamic polarization measurements are referred to the
current imposition on the membrane which results in the voltage difference between two
electrodes, offering opportunities to drive the O through the membrane into the desired
direction and to modify the catalytic reactivity of the membrane. It is worth noticing that the
polarization can be performed only on a pure ionic conductor membrane while a short circuit

may occur on a mixed ionic and electronic conductor membrane.

In order to achieve these measurements, electrodes have to be deposited on the surface
of the membrane and they are contacted to two gold wires (Fig. 4.8) which are connected to

the external electrical accessories, i.e. Solartron 1260, current generator or voltmeter.

Gold wire

Gas tube

Fig. 4.8 Gold electrode in the HOP part of the reactor.

The first galvanostatic and galvanodynamic polarization measurements were
performed under air flow in both LOP and HOP sides of the membrane reactor, with the aim
of determining the range of applied current amplitude in which the membrane will operate
properly without degradation. Usually, a linear relationship between voltage and current

according to Ohm’s law should be observed for the working range of current amplitude.

The galvanostatic and galvanodynamic measurements were carried out using a
Solartron 1260 impedance analyzer. In the galvanostatic method, the current was applied from

0.1 mA up to 120 mA with about 3 minutes holding time for the stabilization of voltage at
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each measurement. In the galvanodynamic method, the current density was increased by step

0f 0.001 mA from 0.1 to 120 mA with a 0.1 mA/s sweeping rate.

In this work, the galvanostatic polarization has also been used in the CDMR to force
the diffusion of oxygen through the membrane from HOP (air) to react with the hydrocarbon
in LOP side,. This process is sometimes called anodic polarization. The current was
generated from a DC power supply (FX1730), and the potential difference was measured by a
PHM?220 Lab pH meter (Radiometer analytical SAS.). The current was increased by step of
10 mA from 10 mA to 50 mA.

2.3.2. Oxygen Permeation Measurement

The oxygen permeation flux through the membrane can be measured by an
electrochemical oxygen sensor (Setnag) [20]. In order to determine this permeation flux, the
partial pressure contained in the helium feed gas Po; (initary has to be controlled while the
oxygen partial pressure after passing through the membrane reactor Po, (finaic) 1S being

measured.

Knowing the experimental conditions, the oxygen fluxes Jo, (mol.cm?:s™) diffusing
through the membrane can be deduced from:

AX-D-P,
J. = 4 4.7
“ R-S-T *D

where AX is the difference of oxygen molar fraction calculated from the final and initial
oxygen pressure.

Py is the total pressure of the feed gas (Pa)

D is the inlet gas flow rate of the reactor (cm’.min™")

R is the gas constant which is equal to 8.314 J.k".mol”

S is the surface area of the sample (cm?)

T is the temperature (K)
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2.4. Experimental Procedures for Catalytic Experiments

® Set up

The membrane was carefully displayed between the two ceramic tubes which were
sealed to the membrane with a sealing glass at high temperature. Depending on temperature
range at which the reaction proceeds, two reactors differing by the nature of tube and the
sealant were used, mullite (aluminosilicate) tubes and pyrex ring as a sealant at 600-700°C,
and two alumina tubes and a ceramic glass powder as a sealant at 500-600°C. To seal the
membrane, the reactor was placed inside the furnace and heated slowly (5°C /min) to the
sealing temperature (700°C for pyrex and 680°C for ceramic glass). The gas-tightness
between HOP and LOP and the outer enclosure part were further controlled. The electrical
contacts were verified. If there is any bad electrical contact or a short circuit from gold
electrode, it is possible to take off carefully the head of the reactor and put it back properly. It
is no need to take apart the whole reactor which would damage the membrane. The cooling
down of the reactor to room temperature is avoided in order to prevent the cracking of the

membrane due to the different thermal expansion of ceramic and sealing.

® Procedure

After setting up the flow rate of air in the HOP and helium in LOP (100 cm®/min), the
electrical properties or the oxygen permeation of the membrane were studied in the
temperature range 500-700°C. Before starting any catalytic experiments, several operating
parameters, such as flow rates, temperature, oxygen partial pressure in HOP and the flow rate

of hydrocarbon before feeding into LOP (Table 4.3), were adjusted and controlled.

Table 4.3 Controlled parameters during the catalytic tests.

Temperature 500-600 (°C)
Hydrocarbon Propene
PO, in HOP 0.21 atm (air)
He Total flow rate in LOP 100 cm’/min
Inlet flow rate of LOP 50 cm’/min
Outlet flow rate of LOP 50 cm®/min
Contact time t© 2,3s
Hydrocarbon flow rate 1 cm’/min
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Once the reactor was stabilized, the hydrocarbon was flowed in LOP and the evolution
of reactants and products during the reaction was followed by means of the quadrupole mass

spectrometer.

The conversion of hydrocarbon was calculated from the measured partial pressure,

using the following equations.

) _ (Phydmca:;n )0 - (Phydrocarbo n) %100 (48)
h

Conversion (%
wdrocarbo n )O

Unfortunately, the selectivity of products and the carbon mass balance cannot be
calculated in our present study due to difficulties to determine accurately the sensitivity

factors for products such as water, acrolein, benzene and hexadiene.

For reactants and other products, precise gas mixtures allowed correct calibration and
results are expressed in absolute pressure unit (Pa). For the other products, arbitrary
sensitivity factors were attributed allowing comparative analysis and discussion of results

obtained on different materials and reaction conditions.
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3. PHYSICOCHEMICAL PROPERTIES OF Bi;s75M049Ogs.625

Prior to the study of catalytic reaction in the CDMR, it was necessary to determine the
physicochemical and electrical properties of Biys7sM010Oss.625, as well as to optimize the

elaboration of the dense membrane.

3.1. Synthesis

12.875 Bi;053 + 10 MoO3 —  Bis 75M019Ogs 625
The Biys75Mo01006s625 powder was prepared by solid state reaction in air, using
stoichiometric amounts of pure oxides, MoOs; (Acros, 99%) and Bi,O; (Riedel-de Haén,
99.5%) which was first decarbonated by calcination at 600°C. The oxides were mixed and
ground in an agate mortar and the mixture was preheated at 600°C for 12h. The preheated
mixture was then ground and calcined at least 3 times, at 800°C for 12h with 5°C/min heating
and cooling rates. The purity of the obtained solid was checked by X-ray diffraction (XRD)

until a pure Biys75sM010Oes.625 phase was formed.

3.2. Analysis of the polymorphism

Since the CDMR is operated at high temperature, a good understanding of the
behaviour of the high-temperature polymorphs of Biys75sMo019Oss.625 1s necessary. TGA/DTA
and XRD analyses were performed to show the phase transformation between room

temperature and 800°C.

3.2.1 Thermogravimetric/Differential Thermal Analysis (TGA/DTA)

The TGA curve of Bis75M01006s.625 from room temperature to 1300°C displays a
significant mass loss, about ~3.63 %, from 1015 to 1300°C (Fig. 4.9 a). This loss is related to
the melting point of Biys75sMo010Oss.625 at about 976°C where a sharp endothermic peak was
observed in the DTA curve and is likely due to the sublimation of molybdenum oxide.
According to the polymorphism study of Bi;sMo0;9Ogo (the parent compound of the € solid
solution) reported by Vannier et al., the reversible phase transition triclinic <> monoclinic
occurred at ca. 310°C [14]. It is obvious that this phase transition should occur in
Bi575sM01006s.625 as well. In order to verify the phase transition of the Biys75M0;0Ogs.625

composition, a second TGA/DTA was carried out during heating and cooling between room
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temperature and 800°C (Fig. 4.9 b). No significant modification observed for the TG curves
whereas the DT curves exhibit a thermal effect at 325°C. An endothermic and exothermic
peak was observed during the heating and cooling process, respectively, that confirms the

reversible phase transition triclinic <> monoclinic of Biys75M010Oss.625.
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Fig. 4.9 TGA/DTA combined analyses of Biys7sMo019Osse2s @) heated from room temperature to
1300°C and b) heating and cooling between room temperature and 800°C.

3.2.2. High Temperature X-ray Diffraction

To confirm the phase transition, X-ray diffraction was carried out from room
temperature to 800°C, for heating and cooling processes (Fig. 4.10). The evolution of XRD
patterns clearly revealed a reversible phase transition at ca. 350°C which correlates well with
the temperature observed by DTA. This phase transition correlates well with the study of
Bi,6Mo010Og9, the parent compound of Biys7sM010Oes.625, in which the phase transition occurs
at about 310°C. Vannier ef al. [14] also found that the transition temperature decreased when
the bismuth content increased. This is in good agreement with a slightly higher transformation

temperature of Biss.75M010065.625-
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Fig. 4.10 Stack of XRD patterns of Biys75M0,0Ogs.625 heated from room temperature to 800°C (below)

and cooled to room temperature (above).
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3.3. Preparation of Dense Bi,s575M0190¢s.625 Ceramic

3.3.1. Powder Preparation

A SEM microscograph image of the Biys75sM010Oss.625 powder synthesized at 800°C
by solid state reaction is shown in Fig. 4.11 a. The grain size appears highly inhomogeneous
and too big to elaborate dense ceramics. Therefore this powder was milled with a Netzsch
R41-25/4/FDA batch agitator mill. About 55 g of powder was milled in ethanol with 2-mm-
diameter yttrium stabilized zirconia (94.8 wt% of ZrO, and 5.2 wt% of Y,0Os3) balls. The
milling was completed by using a Nylon grinding disc in a 570 cm® Teflon jar. The rotating
speed was fixed to be about 1000 round/min. The efficiency of milling was followed by
Scanning Electron Microscopy on the obtained particles (Fig. 4.11 b, ¢ and d). After 4 hours

of attrition milling, the particle size decreased to less than 1 um.

[
Bi25.75M0100broydh x2000 15kV

10 um -

Fig. 4.11 Scanning electron micrographs of Biys7sM01¢Ogs 625 powder synthesized at 800°C (a), after
milling for 2 hours (b) and after milling for 4 hours (c. and d. with different magnifications).
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3.3.2. Optimization of the Sintering

Sintering is a method for manufacturing objects from ceramic powder. This technique
offers at least two advantages: improving the mecanical consolidation by increasing the
adhesion between particles and increasing the density by reducing the pores (the powder is

heated just below the melting point) of a ceramic.

In order to optimise the sintering conditions, a non-isothermal sintering study was
carried out by a Linseis L75 dilatometer. A green cylindrical pellet (4.54 mm in diameter,
3.97 mm height, 63% relative density) was prepared from the attrition milled powder by
uniaxial prepressing followed by 180 MPa isostatic pressing. The relative density is the ratio
of the experimental density deduced by measuring the mass and pellet dimension to the
theoretical density calculated from crystallographic parameters (mass of a unit volume in a
crystal lattice). The thermal cycle with 5°C/min heating and cooling rates with a maximum
temperature at 900°C was used to investigate the linear shrinkage of Biys75M010O¢s.625 pellet.
The maximum temperature should be situated below the melting point observed previously in
the TGA/DTA curves (Fig. 4.9 a), at about 976°C. The linear shrinkage curve and linear

shrinkage rate of Biys7sM0;0Ogs 625 as a function of temperature are shown in Fig. 4.12.
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Fig. 4.12 Linear shrinkage and linear shrinkage rate as a function of temperature for attrition milled
Bis57sM010Ogs.625 powder with a 5°C/min heating rate.
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Two characteristic temperatures are deduced: the starting shrinkage temperature (Ts)
and the temperature of the maximum shrinkage rate (Tm). The shrinkage of Bizs 7sM010Oss 625
starts at approximately 450°C (Ts) and the maximum shrinkage rate is found at 770°C (Tm).
The sintering process ends at about 900°C with a final shrinkage of about 16%. After the
dilatometric study, the relative density of this Bis75M0100ecs.625 pellet reached 98%. Above
this temperature, the shrinkage was expected to be negligible, the grain growth would become

more significant and cracks would occur.

In order to determine the optimal sintering temperature, Biys 7sM0;0O¢s.625 pellets were
sintered for one hour at temperatures between Tm=770°C and the melting point (976°C). To
do so, pellets (10 mm in diameter and approximately 4 mm height) were prepared by uniaxial
prepressing followed by 180 MPa isostatic pressing. The average relative density of the green
pellets was about 63%. Then, the green samples were placed on the top of a Bizs 75M010O6s.625
powder layer in an alumina trail and sintered at 825 and 850°C with 5°C/min heating and
cooling rates. A higher sintering temperature was not investigated as it will likely lead to grain
growth and to crack formation in the ceramic. After sintering, the relative density of the pellet
sintered at 850°C was 98% which is slightly higher than the 96% relative density obtained for
the pellet sintered at 825°C.

The difference of density values between these two sintered pellets can possibly be
explained by their different microstructure which was studied by SEM. To examine the
surface of sintered pellets, a thorough preparation is necessary. The samples were polished
using SiC paper of 1000, 1200 and 2400 and 3-um-diameter diamond powder and they were
later etched at a temperature at least 50°C below the sintering temperature (775 and 800°C)
for 30 min, to enhance the grain boundaries. The surface was sputtered with a thin layer of

gold using Emscope SC500 sputter coater before the SEM characterization.

(a) 825°C, 1h . ' W (1)850°C, 1h

Fig. 4.13 Scanning
electron micrographs
of  Bis75M01¢Oes.625
sintered at:

a) 825°C for 1 hour
b) 850°C for 1 hour

]

4 10 pm

J = o .
Bi26Mo10fritt825 x2000 15kV Bi25.75Mo10frittée a 850°C x2000 15KV
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The micrographs (Fig. 4.13) revealed the microstructure of the Biys75sMo019Oss.625
pellets at the final stage of sintering process at 825 and 850°C. They both had a similar grain
size but the only difference was the presence of pores for the lower sintering temperature at
825°C which explains its lower relative density. Consequently, sintering at 850°C for 1 hour

was chosen as the optimized sintering conditions for Biys75M019O¢s.625.

3.4. Electrical Properties of Bizs75M019O¢s.625

34.1. Conductivity of Bi25.75mmg68.625 under Air

The total electrical conductivity of Biys75sMo019Oss625 Was measured by impedance
spectroscopy from 200 to 800°C on an optimised dense ceramic. Two heating-cooling cycles
were performed. The plots of Biys 7sM010Oes.625 conductivity are compared to the conductivity
data of YSZ (Yttria-Stabilized Zirconia, ZrO;-8 mol% Y,03) [21] in Fig. 4.14. The
remarkable change in the slope of the Arrhenius plots, around 340°C, is due to the phase
transition of Biys 7sM010Ogs 625 from monoclinic to triclinic symmetry.
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Fig. 4.14 Arrhenius plot of conductivity of Biys75sM019Oss625 together with the conductivity data of
YZS.
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From the conductivity obtained in the second cooling process, the average activation
energy values calculated for the triclinic (below 320°C) and monoclinic (above 360°C) were
1.28 + 0.03 eV and 0.525 + 0.002 eV, respectively. Besides, there was no evolution of
conductivity between heating and cooling process, except a slight difference around the
transition temperature, which would indicate the good stability of the material in general. It is
worth noting that the conductivity of Biys75M010Oes.625 1s clearly higher than that of YSZ
(Yittria-stabilized Zirconia) for temperatures below 650°C, with rather low activation energy
for oxide ion conduction which is characteristic of bismuth based conductors. This makes
Biys7sM019Oes625 an appropriate  membrane for CDMR applications, operating at

temperatures higher than 360°C to avoid the phase transition.

3.4.2. Conductivity of Biys 75M019Oes.625 under Partial pO,

We have just seen that Biys7sMo010Oss 625 has a good conductivity at low temperature.
However it was still uncertain whether the material is a pure ionic conductor or a mixed ionic
electronic conductor. Therefore, the conductivity measurements as a function of oxygen
partial pressure were performed at different temperatures in order to determine the nature of
charge carriers. It is known that the features of ionically or electronically conducting materials
can be differenciated by the way in which their defect concentration varies with the external
factors such as temperature, oxygen partial pressure and other imposed thermodynamic
parameters. Moreover, it has been seen that some ionically conducting materials can become

electronically conducting (p or n-type) depending on the atmosphere.

Usually the Brouwer approximation is used to describe the effect of oxygen partial

pressure on the defect equilibria. Three regions are present:
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Fig. 4.15 Brouwer diagram: Defect equilibrium diagram
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- Region I at low oxygen partial pressure: Predominant defects are the electron (e’),
‘n-type conductivity o,’, even though oxygen vacancies (V, ") are also present. The defect

equilibrium at low oxygen partial pressure is given by
20, = 0, + 2V, " +4¢’ (4.9)

According to the Brouwer diagram, upon decrease of the oxygen partial pressure, the

lattice oxygen is oxidized to oxygen gas and the ceramic is consequently reduced.

- Region II at intermediate oxygen partial pressure: The conductivity of the material is
independent of oxygen partial pressure and, thus, the majority of charge carriers is oxygen

ions. Consequently the predominent conductivity is ‘ionic conductivity o; .

- Region III at high oxygen partial pressure: Predominant defects are electron holes
(h"), ‘p-type conductivity oy’, although interstitial anions (O;”) are also present. The defect

equilibrium at high oxygen partial pressure can be given by
0, — 205" + 4h” (4.10)

Therefore, as the oxygen partial pressure increases, the oxygen diffuses in the structure
and the electron hole concentration increases to preserved electroneutrality. The ceramic is

consequently oxidized.

The conductivity of Biys75sM010Oss.625 Was measured as a function of oxygen partial
pressure: 1, 0.21, 9.08-10™, 1.18-10™ and 3.86-10” atm in the temperature range of 600-

750°C in order to determine the nature of charge carriers.
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Fig. 4.16 A plot of total conductivity of Biys75M0;0Ogs625 as a function of oxygen partial pressure at
600 , 650, 700 and 750°C.
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From the plot of total conductivity of Biys7sM010Oss.625 VS. 0Xygen partial pressure in
Fig. 4.16, it is clear that the conductivity of Biys75M010Oes625 1S effectively independent of
oxygen partial pressure between 600°C and 750°C, and for oxygen partial pressures from 10~
to 1 atm. Consequently, it is concluded that Bis75M019QO¢s.625 is a pure ionic conductor in

this range of oxygen partial pressure and temperature.

As previously mentioned in Chapter 1, the CDMR applications require a good oxygen
permeation which is strongly dependent to the ionic conductivity, for oxide ion diffusion, and
also to the electronic conductivity, for electronic diffusion. Moreover, the oxygen surface
exchange can limit the oxygen permeation as well. However, the surface exchange kinetics in
Bi,5.75sM0100es.625 are still unknown. Although Biys7sM010Oes.625 has a high ionic conductivity
but a negligible electronic conductivity, it is clear that this material cannot provide any
oxygen permeation. The same difficulty was encountered in the study of BIMEVOX
membranes in the frame of Hervé Bodet PhD thesis [22]. To improve the oxygen permeation
rate, a BIMEVOX/Au cermet was first tested, but, as shown by E. Capoen et al. in a previous
study [23, 24], the oxygen transport in the ceramic was limited by the oxygen surface
exchange kinetics. Therefore, an electrical bias was applied in order to force the oxygen

transfer through the ceramic, [25].

The same methodology was applied to the Biys75Mo019Oes.625 membrane. At first, a
cermet membrane was built to increase the electronic conductivity. A current supply was
further used to control the oxygen diffusion. In the latter case, y-Bi,MoOg was deposited onto

the surface in order to modify the catalytic activity of the membrane.

4. Bi25.75M010068.625-Ag CERMET FOR CDMR APPLICATIONS

Making a cermet membrane to improve the oxygen flux by increasing the electronic
conductivity of the membrane seems to be a promising means. The cermet designation
corresponds to a mixed CERamic-METal compound and we choose to work on a
Biys575M01006s.625-Ag cermet with 60 vol% of Bizs75sM0100es.625 and 40 vol% of silver. Silver
was chosen because its cost is lower compared with gold and its chemical compatibility with
Bis575M019O0e6s.625 18 good. 40 vol% of silver was chosen to ensure a good percolation of the

oxide ion conducting (Bizs7sMo010Oss625) and the electronically conducting (Ag) phases.

159
© 2011 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Chanapa Kongmark, Lille 1, 2010
Chapter 4: Catalytic Dense Membrane Reactor

Indeed, Wu and Liu found that the percolation treshold should be 1/3 volume fraction, and
that the ambipolar conductivity (c.f. Chapter 1, CDMR applications) would be relatively high
when the volume fraction of each phase is within the range 1/3 to 2/3 [26]. This was verified
in the case of YSZ-Pd cermet for which the YSZ-Pd (30 vol%), which displayed
discontinuous Pd phase, provided a much lower oxygen permeability than YSZ-Pd (40 vol%)
continuous Pd phase in Fig. 4.19 [27].

4.1. Synthesis and Sintering Optimization

The cermet powder was prepared by mixing Biys75sM010Oss625 powder and silver
powder (Aldrich, 99.9%, 2-3.5 um grain size) in ethanol. A homogeneous mixture was
obtained by supersonic bath and the ethanol was then evaporated slowly by using a rotative
evaporator. To obtain the wanted volume concentration, the mass of each component was
calculated using the following equation:

m

— total d (411)
1+ (1 - x) x g
X

Bi 575 Mo 10O 63

Bi 5575 Mo 190 636

MAg = Mot - NBi25.75M010068.625

x 18 the volume concentration of Biyrs 75sM019O¢s.625 In the cermet
_ 3

dag =10.55 g/cm

_ 3
dgins.75Mo10068.625 = 7.51 g/em

The sintering optimization was proceeded by using the same preparation methods than
described for sintering the pure Biys;sMo19Ogse2s. A non-isothermal sintering study was
carried out on a green cermet pellet after uniaxial pressing and iso-static pressing at 180 MPa
(3.97 mm in diameter, 4.42 mm height, 69% relative density). A thermal cycle: heating and
cooling rates of 5°C/min with a maximum temperature at 900°C, the same temperature as that
of the pure ceramic, was used to investigate the linear shinkage of Biys75M010Oss 625-Ag

cermet pellet.

The shrinkage curves of the Biys7sM0;0Ogs 625-Ag cermet in Fig. 4.17 are completely
different from that of the ceramic alone. They show two shrinkages and the moltening of the
cermet after the critical temperature (Tc) at 750°C where the final shinkage is about 52.57%.

This could be explained by the moltening of silver when the temperature gets close to its
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melting point at about 961.8°C. The first shrinkage was found between 385 and 570°C, with
the starting shrinkage temperature (Ts;) and the temperature of the maximum shrinkage rate
(Tm;) at 385 and 455°C, respectively. The second shrinkage was located between 570 and
750°C which is characteristic by Ts; at 570 and Tm, at 665°C. It appears that the optimal
sintering temperature of Biys75sM0100e¢s.625-Ag cermet should be between Tm; at 665 and the
critical temperature (Tc) at 750°C because above this temperature, the silver would molten

and the distribution of silver particles would be inhomogeneous.

Tsy Tm; Ts; Tm, Tc
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Fig. 4.17 Linear shrinkage (heating-cooling) and linear shrinkage rate (heating) as a function of
temperature for Biys 7sMo019Ogs 625 powder with a 5°C/min heating-cooling rate.

The sintering conditions of Biys75M0;0Ogs.625-Ag cermet were first investigated on a
small pellet (10 mm in diameter and approximately 4 mm height) at 750°C for one hour with
a 5°C/min heating-cooling rate. After sintering, the pellet had a 95.57% relative density which
is reasonably good enough for the CDMR applications. The microstructure and the
distribution of silver in this pellet were studied by SEM with backscattered electrons. Prior to
SEM analysis, the sample was prepared by polishing the surface, etched at 700°C for 30 min

to enhance the grain boundaries and sputtering the surface with gold.

The SEM micrographs collected by secondary and backscattered electrons (Fig. 4.18 ¢
and d, respectively) reveal the microstructure of the Biys75sM0100e¢s.625-Ag cermet pellet at the
final stage of sintering process at 750°C. The image collected by secondary electrons in Fig.
4.18 c shows only the texture, the roughness and few small holes on the surface of the

membrane. While the image collected by backscattered electrons in Fig. 4.18 d shows extra
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information about the distribution of silver in the pellet, the ceramic and silver are

discriminated by a contrast in color: the black parts correspond to silver and the white parts

correspond to ceramic. In general the silver distribution appears homogeneous.

Afterward, a membrane to be used for the CDMR applications was prepared by the

same method used previously for other pellet, but with a larger dimension (about 20 mm in

diameter). The green Biss7sM010Oes.625-Ag cermet membrane was then sintered at 750°C for

one hour. The two surfaces of the membrane were polished first with a SiC paper of 1000 and

then another SiC paper of 220 to increase the surface area to improve the catalytic activity

[28]. A SEM image of the membrane with a rough surface for CDMR applications is shown

in Fig. 4.18 b.

,
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Fig. 4.18 Scanning electron micrographs of Bi,s75M0;¢Ogs.625—Ag cermet powder a), membrane with a
rough surface for CDMR applications b), dense pellet sintered at 750°C for 1 hour viewed with

secondary electrons c) and backscattered electrons d).
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4.2. CDMR Applications

4.2.1. Oxygen Permeation

The oxygen permeation flux through the dense cermet membrane was measured under
oxygen partial pressure of air (21% of O,) (HOP) and He (~10° Po, atm) (LOP), in the
temperature range of 600-700°C. A pyrex ring was used as a sealing agent to assure the gas-
tightness between the LOP and HOP parts. The oxygen fluxes Jo, (mol.cm2.s™) diffusing

through the membrane were deduced from equation J,, =M (cf. 2.3.2 Oxygen

RS.T
Permeation Measurement). They are given in Table 4.4 and plotted in Fig. 4.19.

Table 4.4 The oxygen permeation fluxes through a Bi,s7sM0;¢Ogs 625-Ag cermet dense membrane.

Temperature | O, conc. (outlet) Jo, log(Jo,) Jo, log(Jo,)
(°C) (ppm) (ppm.ml/min.cm?®) | (ml/min.cm?) | (umol/s.cm?®) | (umol/s.cm?)
602 2.8 103 -3.99 7.0x107 -4.16
625 33 124 -3.91 8.4x107 -4.07
649 3.7 159 -3.80 1.1x10™ -3.97
676 5.2 231 -3.64 1.6x10™ -3.80
700 7.1 301 -3.52 2.0x10™ -3.69

t (C 0) 1) Lao‘gsl’o]COOg_s
1200 1000 800 600 2) BagoY(1C003.5
. * 3) YSZ-Pd (40 vol%), continuous Pd
1 h
. phase
+ 2 * gy X 4) YSZ-Pd (30 vol%), discontinuous
a? -1 - (5) @
& Pd phase
'_g 5 ‘(3\)\\ N 5) La0,58r0,5C003-5
5: ] © 6) (Zr02)0.7-(Tb2035)0.228-(Y203)0.072
'% 7) SI'COQ.8F60_203_5
g 21 (10)
- | 8) BE25-Ag (40 vol%)
6
4 (4)\‘\ (6) \\.\(\12) 9) Bao_.66Yo_33COO3-5
10) (B1203)0_75—(EI'203)0.251 (BE25)
T T T T T T T
0.6 0.8 1.0 1.2 1.4 11)BY25-Ag (35 vol%)
-1
1000/T (K™) 12) Bis.75M010Oe6s.625-Ag (40 vol%)

Fig. 4.19 The oxygen permeation fluxes through a Bis75M00Og¢s625-Ag cermet dense membrane
compared with other references [27].
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According to the oxygen permeation flux results, it is clear that the oxygen permeation
of the Biys75sMo010O¢s.625-Ag cermet dense membrane was very modest despite an addition of
metal (i.e. Ag). Their values are even lower than that of (Bi203)¢.75-(Er203)0.25 (referred to as
BE25). This oxide is generally considered as a pure ionic conductor even though it has a
minor p-type electronic conductivity, with an ionic transference number close to unity (¢4 is
0.992 at 700°C and 0.987 at 800°C) [29]. However, the oxygen permeation flux of BE25
increases by about two orders of magnitude after an addition of 40 vol% Ag [27]. Thereby, it
is possible to assume that the oxygen permeation trough the Biss7sMo019Oes625-Ag dense
membrane is not limited by the electronic conductivity, but rather by the slow kinetics of
oxygen exchange at the surface of the ceramic. Sometimes called electrode reactions, they
correspond to the dissociation of gaseous oxygen (HOP side) and the recombination of O

(LOP side).
0, +4e” — 20% HOP side
20% = 0, + de” LOP side

Although the Biys75M010O6s.625-Ag membrane has a low oxygen permeation flux, it is
still interesting to identify its catalytic activity in the membrane reactor. Bi;V(sTa20ss
(BITAVOX) is an example of membranes which provides low permeating oxygen (pO,-°" <
100 Pa) and which was active in the oxidation of light alcanes [28]. For this material, it was
shown that the oxygen permeation was limited by the recombination of O*” at LOP. However,
the reaction with hydrocarbon provided an alternative way for the extraction of oxygen from

the membrane.

4.2.2. Catalytic Activity

The catalytic results obtained with Biys75M010Oes.625-Ag cermet dense membrane for
the oxidation of ethane and propane are reported in Table 4.5. A stationary regime was
observed for all reactions, as shown in Fig. 4.20 - Fig. 4.23. The conversion was very low (<
1%) in all cases. Because of the absence of oxygen permeation, CO and CO, were not
measured in these studies. Surprisingly, some water was generated in all reactions but
unfortunately it could not be quantified. In general, the Biys75M010O¢s.625-Ag cermet seemed
inactive for the oxidation of light alcane. Only some small amounts of hydrogen and

hydrocarbons such as CHs, C,H4 and CsHg were obtained.
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Table 4.5 The distribution of product pressures at different temperatures.

Pressure (Pa)

Temperature (°C) | H, (Pa) | C,Hy(Pa) | CHy (Pa) | CsHg (Pa) | O, (Pa)
C,Hg
675 5.0 3.6 0.0 0.0 0.0
700 7.3 4.5 0.0 0.0 0.0
CsHg
650 2.2 1.3 2.3 2.0 0.0
700 4.1 3.7 5.8 3.1 0.0
40
35
30 —H20 —
25 —H2
/ — Ethylene
20 Methane
I / — Propene
15 —O02
10 +
5 Avivegyon s el e -
O i T T T T 1 1
0 1000 2000 3000 4000 5000 6000
Time (s)

Fig. 4.20 Distribution of product pressures vs. time using a Biys7sM019Ogs.625-Ag cermet membrane
(675°C, 1% C,Hg¢/He in LOP, air in HOP).
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Fig. 4.21 Distribution of products pressures vs. time using a Biys 7sM0¢Ogs.625-Ag cermet membrane
(700°C, 1% C,H¢/He in LOP, air in HOP).
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Fig. 4.22 Distribution of products pressures vs. time using a Biys7sM019Ogs.625-Ag cermet membrane
(650°C, 1% C;Hg/He in LOP, air in HOP).
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Fig. 4.23 Distribution of product pressures vs. time using a Biys7sMo019Ogs.625-Ag cermet membrane
(700°C, 1% C;Hg/He in LOP, air in HOP).

* The oscillation of product pressures observed in this experiment is due to an unidentified electrical interference
affecting the mass flowmeter and/or the mass spectrometer.
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4.2.3. Characterization of membrane after catalytic experiments

In Fig. 424 a, a SEM-EDX analysis of membrane shows that the texture of the
Biys575M019O0es.625-Ag cermet membrane at the LOP side was modified after the catalytic
reaction. The grains became bigger and more crystallized but, unexpectedly, the membrane
appeared more porous. From the image collected by backscattered electrons in Fig. 4.24 b, the
distribution of ceramic and silver is shown by a contrast in color. According to EDS (Fig. 4.24
c), it is possible to deduce that the black and white colors correspond to silver and ceramic,
respectively. The inhomogeneous distribution of ceramic and silver probably resulted from
the softening of silver while the membrane was working at high temperature for a long time.
Therefore, the discontinuous silver phase could be one of the important factors which caused
the low permeation of the membrane. As in the case of BIMEVOX membrane, the low
kinetics of oxygen surface exchange may also be the reason for low permeation. Moreover,
because the oxygen dissociation and recombination process would occur basically at the triple

point ceramic/Ag/gas phase, the number of catalytic active sites is considerably limited.

BiMoAgAprés x2000 20kV

fugy
©
Coupling Fig. 4.24 Scanning electron micrographs of
EDS Analysis with Bizs 7sM019Oss.625—Ag cermet membrane at the
Backscattered- LOP side after catalytic tests viewed with

Electron image

1), (2), 3)

secondary electrons a) and backscattered
electrons b) and EDS analysis c).
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S. Bi»5.7sM01906s.62s FOR CDMR APPLICATIONS

The previous study has demonstrated that the addition of metal (i.e. Ag) in the
Biy575M019Oes.625 membrane is not only ineffective, but also brings out some difficulties in
utilization of this membrane for CDMR applications. Indeed, the oxygen permeation of
Bi,575sM01906s.625s membrane could not be improved, and the silver phase was discontinuous

as a result of the low softening point of silver.

Another option to increase the oxygen permeation flux is to impose an electric current
to control the oxygen diffusion through the membrane. This type of membrane reactor is
called electrochemical membrane reactor or Solid-Electrolyte Membrane Reactor (SEMR).
As written before, such a reactor was already tested with BIMEVOX as membrane [22, 25].
Both surfaces of a BICOVOX (ME = Co) ceramic were recovered by a BICOVOX/Au cermet
to allow the application of an electrical bias. The reactor was operated in the partial oxidation
of propane at 700°C. It was shown that the propane conversion was steady and amounted to
Xez = 10-12 mol% whatever the applied polarization, H, being the main product with
selectivity Sy, around 55-60 mol%. However at this temperature, one could not exclude
thermal cracking which would account for the high selectivity to hydrogen. At open voltage
circuit (OCV), no product of oxidation was observed except water which could not be
quantified. Under anodic polarization, traces of CO and a small increase of propylene content
were noticed but with a decrease of the H, production due to its oxidation into water.
Therefore the effects were modest but they showed the possibility of such a SEMR system to

modify the catalytic properties of membrane.

Under an electrical bias, the oxygen permeation flux can be provided at lower
temperature. Therefore, to limit the possibility of thermal cracking but also to allow the
possibility to use y-Bi,MoOg as a catalyst at the membrane surface at LOP, it was decided to
build a reactor similar to the reactor studied by H. Bodet [22, 25] but with a Biys75M010O0es.625

membrane which can operate at temperatures below 600°C.
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5.1. Preparation of Bis75M019QO¢s.625 -Au Cermet Electrode

An external circuit and a current generator will be added to the membrane reactor in
order to control and increase the oxygen permeation flux through the Biys75sMo10Oss 625
membrane. For our study, the use of a cermet composite electrode seemed more attractive
than a pure metal because of the higher specific surface area of a cermet electrode that can
accelerate the electrode reaction process [30]. A porous cermet electrode is composed of
metal particles, pores and electrolyte particles. The metal component, i.e. gold in our case, is
considered as a basic building block indispensable for the electrode. It supplies and transmits
electrons for the electrode reaction and allows electronic current to pass through the system.
The pores account for about 50% of the total electrode volume. This porous structure
facilitates the gas to freely reach the active sites, i.e. tripe phase boundary (TPB), where the
mass and the charge transfers occur. As a consequence, Biys75sMo010Ogs625-Au cermet
electrodes were deposited on the Biys75sM010Ogs 625 membrane to ensure good adhesion and

the electrode reaction.

The cermet powder of Biys75M0100es.625-Au was prepared by using the same method
previously described (in cf. 4.1) but in this case a gold paste (Ferro couleurs France S.A., 85-
90 wt% Au, d50% < Ium) was used instead of silver powder. Two compositions of cermet
were prepared according to the protocol used by H. Bodet [22, 25]: the first one contained 35
vol% Au and the second one contained 70 vol% Au. A controlled thickness layer of cermet
was placed on the membrane by an adapted screen printing technique. The screen printing
paste was prepared from the mixed 75 wt% cermet powder and 25 wt% polymer resin (EC3
resin is consisted of terpineol and ethylcellulose-terpineol). It should have an appropriate
viscosity for the screen printing in an ink-blocking: perforated sticker (70 um thickness and
12 mm in diameter) which was placed on the top of the membrane. A schematic of the

Bis575M0190Oes.625s membrane with two layers of cermet is shown in Fig. 4.25.

16 mm

1.5 mm

Biys 75M010Oes 625-Au
Cermet: 65%-35%

\ Biss 7sM019Oes 625-Au

Cermet: 30%-70%

Fig. 4.25 A schematic of the Biys75sM01¢Oss.625 membrane with two layers of cermet on both faces.
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The first layer of cermet paste, corresponding to the 35 vol% Au composition, was
deposited on the pretreated Biys75sM0100es625 membrane described as follows: the green
membrane pellet, prepared according to cf. 3.3.2, (1.8 mm in diameter) was first preheated at
700°C for 30 min, with a heating-cooling rate of 4°C/min. It was later polished with a SiC
paper of 1000 to assure the parallelism of the membrane and then with another SiC paper of

220 to roughen the membrane surface for a better adhesion.

After the screen printing of the first layer of cermet, it should be pre-dried at 60°C in
an oven before sintering at 850°C for 1 hour. The membrane with deposited cermet was
heated in air slowly to eliminate the resin and achieve a layer of porous cermet with the
thermal treatment, as described in Fig. 4.26. Later, the second layer of cermet, the 70 vol% Au
composition, was put on the top of the first layer of cermet in the same conditions but with the

different sintering temperature, at 750°C for 1 hour as shown in Fig. 4.27.

850°C
5°C/mn
440°C 3.3°C/mn
1a0°¢ 0.25°C/mn
200 ~ 17C/mn 20°C
— e P ¢+— P>
2h 20h 2h10 1h 415

»  Time

Fig. 4.26 Thermal treatment used for sintering the membrane with the first layer of cermet: the 35
vol% Au composition.

750°C
5°C/mn
440°C 3.3°C/mn
1a0c 0.25°C/mn
20°C 1°C/mn 20°C
— > ¢—r—r >
2h 20h 1h43 Ih 3h45

» Time

Fig. 4.27 Thermal treatment used for sintering the membrane with the second layer of cermet: the 70
vol% Au composition.
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SEM-EDX analyses were carried out to examine the porous texture and chemical
composition distribution of the Bis75M019Oeg625-Au cermet electrodes (Fig. 4.28). An
observation of the electrode surface, in Fig. 4.28 a, illustrates the porosity obtained after the
elimination of resin. The image collected by backscattered electrons in Fig. 4.28 b shows the
distribution of ceramic and gold by a contrast in color. EDS analyses in Fig. 4.28 ¢ confirm
that the gray color corresponds to ceramic and the white one is assigned to gold. A
homogeneous distribution of the ceramic and gold was observed. A cross-section SEM image
of Biys75sM01906s.625 membrane with cermet electrodes in Fig. 4.28 d reveals two porous
cermet layers of about 30 and 40 um in thickness for the first and the second electrode layers,

respectively.

Au L

Coupling
EDS Analysis with
Backscattered-
Bi FElectron image

(1), (2), 3)

10 um 0.0 2.0 4.0
keV

A HLRA L A
BiMoElAuCoteRedo X1000 20kV

Fig. 4.28 Scanning electron micrographs of Bis;5M0,0Ogs625-Au cermet electrode with secondary
electrons a) and backscattered electrons b). Cross-section SEM images of Bi,s75M0;¢Ogs 625 membrane
with cermet electrodes after sintering c) and EDS analysis d).
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5.2. Electrical Properties of Bizs.75M019Ogs.625 With Cermet Electrodes

The electrochemical properties of Biys7sM019Ogs.625 membrane with Bias 75sM010O0es.625
-Au cermet electrodes were investigated by the galvanostatic and galvanodynamic

polarization methods. The oxygen production rate and current efficiency were also established.

5.2.1. Current Measurement

The voltage response of the membrane was measured under air atmosphere as a
function of imposed current, by galvanostatic and galvanodynamic polarization methods (Fig.
4.29), in order to determine the working range of the applied current in which the membrane

can operate properly.

In galvanostatic mode, a linear relationship between voltage and current according to
Ohm’s law was maintained in the range of 0.01 and 0.07A (Fig. 4.29). The slope of this linear
region corresponds to the resistance of the membrane of about 37.4 Q, in good agreement
with the expected value of conductivity. A different behaviour was observed above 0.07A/cm’
which might be due to the reduction of the Biys75M010Ogs.625 membrane to Bi that exhibits a
higher conductivity, leading to a decrease of resistance and voltage values which are clearly
observed by the galvanostatic measurement. Consequently, the current will be applied in the

range of 0.01-0.05A to avoid any membrane degradation.

4.0
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3.0 1
2.54
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Fig. 4.29 Galvanostatic and galvanodynamic polarizations on the Biys75M019Oes.625
membrane with Biss 7sM0100¢s.625-Au cermet electrodes at 500°C under air flow.
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5.2.2. Oxygen Permeation Measurement

The current imposition (Fig. 4.30), which results in a constant potential difference
between two electrodes, offers opportunities to drive the O* through the membrane into the
desired direction (i.e. LOP) and to modify the catalytic reactivity of the membrane. The
current, in the range of 10-50 mA, was in general applied to increase the oxygen permeation
flux for the catalytic reaction at the LOP side. This process is sometimes called anodic
polarization. This current application is similar to the oxygen generator operations. The
oxygen production rates were always measured in Air (HOP)/ He (LOP) before each catalytic
reaction in order to verify the current efficiency and to estimate the amount of oxygen
permeation flux electrically supplied during the reaction. The measured oxygen permeation
flux values are given in Table 4.6.

<+ LOP
(Low Oxygen Pressure)

HOP
—> (High Oxygen Pressure)

Fig. 4.30 Current application on the Bi,s75M0;0O¢s625 membrane to increase the oxygen permeation
flux at the LOP (Low Oxygen Pressure).

Table 4.6 The oxygen permeation flux*, through the membrane with Biys7sM0;¢Ogs.625-Au cermet
electrodes (under He in LOP and air in HOP), provided by the current.

Experiment Current Voltage Jo, Jo, (exp) Jo, (th) Current
order (mA) (mV)  (ppm.ml/min.cm2) (ml/min) (ml/min) Efficiency (%)
500°C 0 -102 <100 - - -
3 10 855 28031 0.028 0.037 76
30 1593 88500 0.089 0.112 79

525°C 0 -107 <100 - - -
4 10 738 29351 0.029 0.037 78
30 1381 89388 0.089 0.112 79

550°C 0 -124 <100 - - -
1™ 10 600 36167 0.036 0.037 97
30 1115 100413 0.100 0.112 89

565°C 0 -149 <100 - - -
2 10 552 31477 0.031 0.037 84
30 1042 100139 0.100 0.112 89

*The incertitude on these values was of about 1%.
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It is interesting to note that the measured oxygen permeation flux values are in general
close to the theoretical values. In other words, the Biys7sM010Ogs.625 membrane operates with
a current efficiency of more than 76% in this temperature range. Moreover, the potential
differences AE., measured at open circuit voltage (OCV) are AE.,, = -102, -107, -124 and -
149 mV at 500, 525, 550 and 565 °C, respectively. With air in HOP (pO, = 0.21x10° Pa), and
assuming that the equivalent oxygen content in LOP was less than 10 ppm, from Nenst
equation AEy, = -166, -171, -176 and -180 mV were expected from the two surfaces of the
membrane at 500, 525, 550 and 565 °C, respectively. The experimental values show that the
system is not at equilibrium and that the LOP face of the membrane is polarized. This
polarization would suggest that the rate of exchange of oxygen molecules at the surface of the
membrane is low, as if some oxide ions were blocked closed to the membrane surface. They
may thus act as an oxygen reservoir available for oxidation of hydrocarbon. The same
behavior was observed for BIMEVOX membrane, it was even more important since the
potential at OCV was only a few mV [22, 25, 28]. This factor appeared to be a key parameter

in the membrane stability.

5.3. CDMR Applications

The CDMR applications were performed by using the propylene as a reactant
hydrocarbon for the temperatures in the following chronological order: 550, 565, 500 and
525°C. The anodic polarization was applied on the cermet covered membrane. The

distributions of product pressures vs. time are reported in Fig. 4.31-Fig. 4.36.

At the beginning of the reaction at 550°C (Fig. 4.31), under open circuit voltage
(OCV), only the formation of water was observed. Interestingly, the hydrogen production
appeared later and it slightly increased with time. For reaction under anodic polarization,
about 1700 seconds later, the distribution of products was in general affected by the applied

current amplitude.

The current was increased by step of 10 mA from 10 mA up to 50 mA. An increase of
the oxygen content in the gas phase with the current density was observed; this oxygen is not

completely consumed during the reaction. From the distribution of products during the
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reaction at 500-565°C, only hydrogen production decreased while CO,, acrolein and water

formations increased as the current bias increases. A small increase of ethylene and CO

production was also noticed. The formation of CO,, acrolein and water can be accounted for

by the selective oxidation (CsHg + O, — C3H40 + H,0) and the total oxidation of propylene

(C3Hg + 4.50, — 3CO; + 3H,0), respectively. The small increase of ethylene and CO amount

could result from the thermal cracking and incomplete oxidation, respectively. Therefore,

even at these temperatures, one can not exclude the possibility of water formation from the

reaction between H, (from cracking reactions) and oxygen diffusing through the membrane,

which may explain the decrease of H,.
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Fig. 4.31 Distribution of product pressures vs. time using a Biys7sMo01¢9Ogs65 membrane with
Biss57sM010Ogs.625-Au cermet electrodes (550°C, 1% CsHg/He in LOP, air in HOP).
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The increase of CO; is in line with the increased amount of oxgygen available for
reaction due to the imposed current. What is more interesting is the increase of the selective
oxidation products, acrolein in this case, in these conditions. This is clearly an effect of the
CDMR concept, even though with increasing oxygen supply the indicative acrolein/CO, ratio
tends to decrease; these values decrease 0.55 > 0.43 > 0.35 > 0.31 > 0.28 along increasing 10
<20 <30 <40 <50mA current, respectively. Unfortunately a precise measure of conversion
was not possible probably due to electric interferences affecting the mass flow controllers.
Nevertheless, according to Fig. 4.32, it is also interesting to note that the conversion of
propylene increases slightly during the reaction. The behavior is however erratic and thus

difficult to interpret.

The similar catalytic behavior of the membrane under anodic polarization was also
observed at other temperatures, as shown in Fig. 4.33-Fig. 4.35. However, it is worth noting
that hydrogen is obtained in large amounts during the catalytic reaction under open circuit
voltage (OCV) at 500, 525 and 565°C. The production of hydrogen is probably due to
cracking reaction, although some water is observed. H, was not observed only for the first
catalytic reaction on the membrane under OCV at 550°C (Fig. 4.31). It appears that the
activation of the membrane or the formation of some specific compounds formed on the
membrane surface may favor cracking reaction. This transformation may occur after the first

catalytic reaction.
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Fig. 4.33 Distribution of product pressures vs. time using a Biys7sMo019Ogs.65 membrane with
Biss57sM010Ogs.625-Au cermet electrodes (565°C, 1% CsHg/He in LOP, air in HOP).
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Fig. 4.34 Distribution of product pressures vs. time using a Biys7sMo019Ogs625 membrane with
Biys5.75M010Ogs.625-Au cermet electrodes (500°C, 1% CsHg/He in LOP, air in HOP).
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Fig. 4.35 Distribution of product pressures vs. time using a Biys7sMo01¢gOgs.65 membrane with
Bis57sM010Ogs.625-Au cermet electrodes (525°C, 1% CsHg/He in LOP, air in HOP).
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Moreover, a complex transient behavior of the membrane under OCV at 500 and
525°C was observed at the beginning of the reaction. The evolution of the main products
obtained during transient regime at 500°C is illustrated in Fig. 4.36. Initially, the formation of
ethylene and CO, decreased to zero while the water amount increased and stabilized. Later,
CO; was formed and disappeared again while the formation of hydrogen and CO increased

and stabilized. A stationary regime was later observed with hydrogen as the main product.

It is also worth noting that at the lowest temperatures (500 and 525°C), the
stabilization of the activity was slow, or in some cases it did not reach the steady state in the
time scale of the experiments. At low current imposition (10mA) the products, in particular
acrolein, reacted rapidly to the imposed current and then it decreased slowly while O,
appeared progressively in the gas phase. At higher currents (30-40mA), oxygen appeared
immediately in the gas phase and was slowly consumed for both total and selective oxidation

reactions. At 20 mA current, both reactivity and oxygen permeation stabilized rapidly.
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Fig. 4.36 Distribution of product pressures vs. time using a Biys7sMo01¢gOgs.65 membrane with
Biss57sM010O¢s.625-Au cermet electrodes (500°C, 1% CsHg/He in LOP, air in HOP).

On the contrary, at 550 and 565°C the active surface equilibrated rapidly in response
to all the changes of imposed current. This behavior suggests that modifications occurred at
the surface of the membrane affecting both reactivity and permeation. The rates of these
phenomena are rather slow at the lowest temperatures explored (500 and 525°C) making the
balance between permeation and reactivity very delicate and dependent on the amount of

oxygen delivered to the LOP surface through the imposed current.
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To improve the catalytic activity of the membrane, y-Bi,MoQOg catalyst was added to
the membrane system. 200 mg of y-Bi,MoOs powder was loaded on the surface of the
membrane at the LOP side. The distribution of products and conversion of propylene under

open circuit voltage (OCV) at 500°C are shown in Fig. 4.37-Fig. 4.38.
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Fig. 4.37 Distribution of product pressures vs. time using the Biys;5M0;0Ogs6s membrane with
Biys5.75M010Ogs.625-Au cermet electrodes and Bi,MoOg as a catalyst powder (500°C, 1% C;H¢/He in
LOP, air in HOP).
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Fig. 4.38 Conversion of propylene vs. time using the Biys;5M010Ogs65 membrane with
Biys.75M010Ogs.605-Au cermet electrodes and Bi,MoQOg as a catalyst powder (500°C, 1% C;H¢/He in
LOP, air in HOP).
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A higher and more stabilized conversion rate of propylene was observed. However, the
decrease of propylene conversion and of product pressures with time, when compared with
the reaction under OCV at the beginning and at the end of catalytic experiments, indicates that

v-Bi,Mo0QOg catalyst deactivated.

At the beginning of the reaction under OCV (Fig. 4.37), the formation of water,
hydrogen, CO,, ethylene, acrolein and small quantities of CO and benzene was observed. This
is in contrast to the previous catalytic reaction with the sole membrane, in which only the
formation of hydrogen and water was observed. It is clear that the formation of several
products in this experiment should be promoted by y-Bi,MoOg catalyst. Interestingly, a short-
time transient regime, accompanied with an optimum formation of hydrocarbons and
oxidation products, was observed at the beginning of the reaction. A stationary regime was

later observed with ethylene and hydrogen as main products.

Under anodic polarization, about 2000 seconds later, the distribution of products was
in general affected by the applied current amplitude. The current was increased by step of 10
mA from 10 mA up to 30 mA. In contrast to experiments with y-Bi,MoQOs catalyst, the
production of dioxygen was not observed, which means that it might be completely consumed
during the reaction. In general, the production of water, hydrogen and hydrocarbons decreased

while CO and CO, formation increased as the current bias increased.

The catalytic behavior of the membrane in the presence of deposited y-Bi,MoOg
catalyst under anodic polarization was clearly different as compared to the membrane without
additional catalyst. The selective oxidation products of propylene like acrolein decreased
while the total oxidation products of propylene like CO, increased with current amplitude.

Consequently, the acrolein selectivity decreased as the current bias increased.

It should also be noted that cracking reactions producing mainly ethylene occur all
along the process. Furthermore ethylene and acrolein curves run parallel, suggesting that both

products are governed by the same rate limiting step of reaction path.

Interestingly, part of the initial activity and selectivity is recovered when the current is

stopped. The phenomenon is not immediate and indicates that a transformation (restructuring)
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of the active surface occurs. The increase of activity is accompanied by cracking product

(ethylene) and it does not affect the CO, pressure.

These results suggest that, without current, the reaction proceeds through the
activation of propylene and that such activated species undergo cracking to produce ethylene,
but also significant amounts of CO, and acrolein (indicative acrolein/CO; ratio of 1). When
the current is imposed, the overall activity diminishes suggesting that the increase of oxygen
supply would deactivate the sites responsible for activating propylene. The resulting activated
species react more preferentially towards total oxidation, as the acrolein/CO; ratio decreases

significantly (0.68 > 0.44 > 0.37) as the current increases (10 <20 <30mA).

The recovery of the initial behavior when the current is stopped is probably due to the
renewed formation of the reduced species responsible for the activation of propylene. It also
shows that the catalytic behavior observed is not due to a “one-shot” reduction and exhaustion

of the oxygen contained in the Bi,MoQs catalyst deposited at the surface of the membrane.

In order to better understand and compare the behavior of these materials for
propylene oxidation, temperature programmed reactions have been performed on powder
materials in a separate setup. Experiments were made in reductive conditions (1% propylene
in inert gas) similar to those of the LOP compartment of CDMR or in more classical co-feed
conditions (1% propylene +1% oxygen). The evolution of partial pressures and conversion
versus time/temperature are shown in Fig. 4.39 for the reaction under reductive conditions
(TPR). Experimental details and other figures (e.g. for Bi:MoO¢ in cofeed and

Biy575M019Oes.625 in both conditions) are assembled in appendix.

It is interesting to note that the indicative acrolein/CO; ratio of about 1, obtained from
the reaction (Fig. 4.37) in the CDMR under open circuit voltage (OCV) at the beginning and
the end of the reaction correlates well with the value obtained from the Temperature-Program
Reduction (TPR) of Bi;MoOg catalyst in propylene at the same temperature (Fig. 4.39 and
Table 4.7). Moreover, this acrolein/CO, ratio value is largely higher than that obtained from
cofeed reaction (of about 0.16) in gas mixture of oxygen and propylene also reported in Table
4.7 and illustrated in Appendix. Similar observations can be made for Biss7sMo019Oes.625

although the indicative acrolein/CO; ratios are globally lower than for Bi,MoOg.
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These results, although still exploratory, suggest that it is indeed possible to create in a
CDMR the necessary conditions for obtaining a more selective catalyst by working in the
absence or at very low oxygen concentration in the gas phase. However, contrary to TP
reactions were the lattice oxygen is consumed in a “one-shot” operation and would need a
discontinuous regeneration step, the CDMR allows to provide the sufficient oxygen through
diffusion through the membrane and thus to operate in a continuous way. They are very
promising in respect to the development of such application but still need to be deepened. In
particular, it is clear that such system depends on a delicate balance between several
properties (oxygen diffusion, catalytic activity of surface species, gaseous oxygen

concentrations, etc.) all intimately interconnected to each other.

Table 4.7 Comparison of catalytic results obtained from different catalytic reactions at 500°C

500°C 550°C
) Current : .
Operations (mA) Conv. pO, Acrolein/CO, Conv. pO, Acrolein/CO,
(%) (Pa) ratio (%)  (Pa) ratio
0 <5% <1 - <5% <1 -
10 <5% 12 0.38 6% <1 0.55
CDMR 20 <5% 31 0.35 6% 4 0.43
Biss -eMo0100s.co6 30 <5% 47 0.35 8% 10 0.35
40 - - - 9% 20 0.31
50 - - - 10% 33 0.28
0 <5% <1 - <5% <1 -
0 24t0 14 <0.5 1.13 - - -
CDMR 10 14t0 11 <0.5 0.68 - - -
Bi;5.75M019O¢s.625 20 11to8 <0.5 0.44 - - -
+ Bi;MoOj 30 8 <0.5 0.37 - - -
0 8to 10 <0.5 1.73 - - -
Bizs.7sM019Oes.625
TPR - <5% 0 0.20 5% 0 0.49
Co-Feed TP - <5% 1000 0.19 <5% 1000 0.21
Bi,MoQOg
TPR - 11% 0 0.95 14% 0 1.47
Co-Feed TP - <5% 1000 0.16 6% 1000 0.14
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Fig. 4.39 Distribution of product pressures vs. time and temperature for the Temperature-Program

Reduction (TPR) of Bi;Mo0Og catalyst with 75 ml/min Ar, 24 ml/min He and 1 ml/min C;Hg in a
conventional reactor.
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5.4. Characterizations after catalytic experiments

The membrane and catalyst on the LOP side was characterized after the catalytic tests.
The XRD pattern of Biys7sM019Oess25-Au cermet electrode after the CDMR applications
confirms the presence of Biys7sMo019Oes.625, BizM0Og and gold, as shown in Fig. 4.40.
However, some small Bragg peaks of Bi,Mo0,0¢ were found, that might be related to the

degradation of the membrane.

Biys.75M0190g6s.625
Bi,Mo0O Membrane

Bijs.75M0100Oes8.625 Gold
BizMOzOg

Fig. 4.40 XRD pattern of Biys75M010O¢s625-Au cermet electrode after the CDMR applications
compared with that of Biys 75M01¢06s.625 and Bi,MoOg powder before the test.

In addition, SEM images using secondary electrons and backscattered electrons in
Fig. 4.41 show a homogeneous distribution of ceramic and gold on the membrane surface,

which remains similar to the membrane before the reaction.

- %
LI T I A R | LI T I I T B

Bi30minRe 15.0kV 26.3mm x2.00k SE(L) 20.0um Bi30minRe 15.0kV 26.3mm x2.00k OTHER1 20.0um

Fig. 4.41 Scanning electron micrographs of Biys 7sMo019Ogs 625-Au cermet electrode after the CDMR
applications with secondary electrons a) and backscattered electrons b).
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The 10 nm-depth of membrane and catalyst before and after the catalytic experiments
on the LOP side were also characterized by X-ray Photoelectron Spectroscopy (XPS). The
principal elements detected were Bi, Mo, O and Au, with the following binding energies: Bi*"
(4f7/2: 159 eV and 4f5/2: 165 eV), Mo®" (3d5/2: 232 eV and 3d3/2: 236 eV), O™ (1s: 530 eV)
and Au (417/2: 84 eV and 4f5/2: 88 eV). About 28 atom% C was found in all materials, before
and after reaction (BE 1s = 285 eV). The XPS spectra of the principal elements are illustrated
in Fig. 4.42 and Fig. 4.43.
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Fig. 4.42 XPS spectra of different elements (Bi, Mo, and O) on the LOP side of Biys75sM0;¢Ogs.625
membrane surface (dashed line and solid line represent materials before and after the reaction,

respectively).
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Fig. 4.43 XPS spectra of different elements (Bi, Mo, and O) of Bi,MoOs catalyst deposited on the
membrane surface (dashed line and solid line represent materials before and after the reaction,
respectively).
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The atomic percentages of elements found on the surface of materials were calculated
from the peak areas (Table 4.8). The Bi/Mo ratios of membrane and catalyst before and after
the reaction are higher than the theoretical values. This is quite common in bismuth-
containing mixed oxides and is due to the ability of bismuth to segregate as bismuth oxide
which is prone to sublimation [31]. Shaping the Bi,s75Mo01¢Oes.625 powder as a membrane leads to
an increase by ca. 10% that may not be significant. It is worth noting that the membrane after the
reaction is covered by some Bi;MoOg catalyst powder which could explain its lower Bi/Mo
ratio as compared with the membrane before reaction, as well as account for the absence of

Au characteristic photopeaks.

Table 4.8 XPS Analysis of membrane and catalyst materials before and after catalytic reactions

Bi4f  Mo3d Ols Au4f  Experimental Theoretical

Material
aterals atom% atom% atom%  atom% Bi/Mo ratio  Bi/Mo ratio
Bi,MoOg calcinated at 550°C 29.46 10.01 60.53 - 2.94 2
Bi,Mo0Og after the reaction 28.90 10.56 60.54 - 2.74 2
Biss 7sMo0100O b
2375010 es.62s MEMDTANG 4991 565 3732 37.12 3.53 2.58
before the reaction
Biss 7sMo010O b
123750100 ss625 MEMOTANCG 51 44 1016 58.40 ; 3.10 2.58
after the reaction
Biss 7sM01¢Ogs 625 powder 3115 974 59.11 - 3.20 2.58

© 2011 Tous droits réservés.

By comparison with XPS spectra of the membrane before and after the reaction, no
shift of Mo binding energy was observed, indicating an absence of reduced species on the
membrane surface after the reaction. The absence of reduced Mo specie like Mo’" is common,
even after catalytic reaction, in bismuth molybdate catalyst powders. Although it is known
that such reduced specie occur on the surface during the reaction, they are quickly reoxidized
as soon as the solid is put in air. Compared with Bi,MoOg catalyst, a very slight shift in
binding energy of Bi*" toward low binding energies, by 0.02 eV and a larger FWHM (full-
width at height medium) could be assigned to a partial reduction of Bi in Bi;MoOQOg catalyst.
Finally the shoulder observed in Ols photopeak at ca. 533 eV is probably due to silica that

comes from the sealing glass.

186

http://doc.univ-lille1.fr



Thése de Chanapa Kongmark, Lille 1, 2010
Chapter 4: Catalytic Dense Membrane Reactor

6. CONCLUSION

By optimization of the powder preparation and of the sintering conditions to get a
membrane, as well as the reactor assembly and operating conditions, we have studied the
feasibility of a Catalytic Dense Membrane Reactor using bismuth molybdenum oxides. Since
low catalytic activity and low oxygen permeation were observed with the cermet
Biy575M0190e6s.625-Ag membrane, an electrochemical membrane reactor was later built to take
advantage of applying a current. It was based on a dense Biys75M019O¢s.625 membrane onto

which Biys75M010Oss.625-Au cermet electrodes were deposited.

Interestingly, a very low catalytic activity was observed at open circuit voltage,
whereas the production of acrolein was noticed only when an electrical bias was applied. The
membrane activity comes back to its initial stage when the current was turned off. After the
deposition of y-Bi,MoOg catalyst on the membrane surface, the conversion of propylene
significantly increased with production of acrolein, even at OCV. In contrast to the previous
experiment without y-Bi,MoQOg catalyst, the acrolein production decreases with the current
density. By this study, and although the role of oxygen species provided by Biys 7sM010Oss 625
is difficult to explain, it has been demonstrated that combining a decoupling redox operation,
by using the CDMR with oxide ion conducting BiMoO membrane, and the catalyst Bi,MoOg
allows to operate continuously in reduction conditions. In these conditions the selectivity to
acrolein is higher that that obtained in a conventional reactor which is fed by both

hydrocarbon and gaseous oxygen

Electrocatalysis is a wide field which is applied industrially. This is a preliminary
study that would deserve far more numerous experiments to elucidate the phenomena.
Anyway it seems that the application of a current to a catalyst/membrane system would be a

powerful tool to modify the catalyst activity.
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1. LOW TEMPERATURE SEALING GLASS

According to the CDMR study with a Biys7sM019Oes625-Ag cermet membrane, a
pyrex glass has been demonstrated to be an appropriate seal, providing a good gas-tightness
between the LOP and HOP chambers, for the operating temperature range between 600 and
700°C. However, its sealing performance is moderate at lower temperature. Thereby, the
investigation of a new seal for the SEMR applications, with operating temperatures below

600°C, was required.

One of the most important challenges for the development of intermediate-
temperature SEMR was the development of a proper sealant that separates the LOP and HOP
chambers and maintains the gas-tightness of the total system at operating temperatures. Seals
are generally applied to the cell edges between the membrane and the ceramic tubes.
Commonly used rubber O-ring seals are not suitable for these applications due to their
resistance limits (<400°C). Only inorganic materials with high melting points can be
employed for sealing at higher temperatures. Several CDMR, SEMR and oxygen permeation
studies used soft and relatively inert metal, such as silver and gold, as a seal [1, 2, 3]. In our
study, the only metal which could be used was gold in order to avoid the alloy formation that
would occur between the gold electrodes and other metal seals. In this technique, the gas-
tightness is achieved by exerting a compression force on the metal ring. However, the system
can be sustained under thermally-induced stress because of the use of compression force and
difference in thermal expansion coefficients between the metal seal, tubes and ceramic
membrane. Another main drawback of gold sealant is its high sealing temperature should be

at 800°C for one night [4] which is close to the melting point of Biys 7sM010O¢s.625-

Therefore the utilization of glass based seals was considered. In this case a glass paste
or ring is placed between membrane and ceramic tubes. The glass softens at high temperature,
filling the gap of the joint, and the temperature is then lowered to solidify the seal for
application. The glass based seals have a better spreading properties and thermal compatibility

with the ceramic components, as compared with the metal seals. However, a good glass seal
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should fulfill the following requirements: it should have a good wettability and thermal

expansion compatibility with both membrane and supporting tubes; it should also have a

suitable viscosity and should be chemically inert in the operating temperature range [5]. The

thermal expansion coefficients of the membrane material, seals and some commonly used

support materials are listed in Table 1.

Table 1 Thermal properties of the membrane material, seals and some commonly used support

materials.
B ilicat
Materials Membrane Alumina Mullite Quartz Gold ?}rl(:lzls 1[0 6? ©
Bizs7sM019Oes.s2s  (ALO3)  (3A1,0;.2510,)  (Si0,) (Si0,-B,03)
Melti fteni
clting/softening 976 2045 1870 1470 1063 440-840
point (°C)
Th | i
ermal exparsion 10 9.2 6.5 0.6 152 2-14

coefficient (10°.K™")

From Table 1, it is clear that glass has thermal expansion coefficient range covering

both support and membrane material. Moreover, the thermal expansion coefficient of

Bi;57sM019O6s.625 1s closer to that of alumina than that of mullite and quartz, indicating that

alumina is likely the most appropriate material to be used as a support tubes in our reactor.

After some literature reviews, five glass families were chosen. The main criterion to

select sealant materials is their thermal expansion coefficient (TEC), which must be

compatible to that of membrane and support materials. ZnO-Sb,03-P,0s glasses and Barium-

containing glass system, including Ba alluminoborosilicate, BaCa borosilicate, BaMg

borosilicate and BaZn borosilicate with TEC values of approximately 8x10° to 12x10° K™!

and Tg in the temperature range of 400-650°C are promising for our applications. Their

compositions are given in Table 2. The glasses were prepared according to the experimental

procedure described in the corresponding paper. In order to evaluate the sealing

performance, a series of tests were performed. Pressed powder pellets of each glass

composition were placed between the dense membrane and alumina pellets. Later, they were

heated to the sealing temperature and then cooled down. The results of these tests showed

that only AlBaSi glass had the best sealing performance. It had a good viscosity, wettability

and binding strength with the Bi,s75M0;¢O6s.625 membrane and alumina.

202

© 2011 Tous droits réservés.

http://doc.univ-lille1.fr



Thése de Chanapa Kongmark, Lille 1, 2010
Appendix

Table 2 Glass compositions.

Glass Composition (mol%)
Sb20 [7] 40% ZHO, 20% Sb203, 40% PzOs
Sb40 [7] 20% Zn0O, 40% Sb,03, 40% P,0s

CaBaSi [8] 36.21% BaO0, 9.4% B,03, 35.33% Si0,, 5.18% Al,03, 12.64% CaO, 1.23% ZrO,

AlBaSi [9] 66.81% BaO, 15.66% B,03, 3.13% Si0,, 14.40% Al,O3,

MgBaSi [10] 27% BaO, 15% B,03, 40% Si0,, 18% MgO

SchottBi* 1-10% B,0s3, 0.1-1% Si0O3, 0.1-1% Al,O3, 10-50% ZnO, > 50% Bi,0;
*Industrial glass distributed by Schott.

Prior to application of AlBaSi glass seal for the CDMR applications, a rigorous
thermal characterization of this composition has been investigated. A DT analysis was
performed during the heating process from room temperature to 1300°C. It is worth noticing
that there is no significant modification observed in the DTA curve for the temperature range
from room temperature to 400°C, subsequently only the thermal evolution from 400°C to
1300°C is presented in Fig. 1.

TX] TC] TXz TC2
Tg \

12

Heat (uV)

4

T T T T T T T T
400 600 800 1000 1200
Temperature (°C)

Fig. 1 DT analysis of AlBaSi glass heated from room temperature to 1300°C.

From Fig. 1, the characteristic temperatures of AlBaSi glass: the transformation
temperature (Tg=638°C), the temperatures of beginning of crystallization (Tx;= 766°C and
Tx,= 808°C) and the crystallization temperatures (Tc;=791°C and Tc,=829°C) were

evidenced.
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For the sealing applications, it is necessary to determine the sealing temperature.
According to Pacual et al. [10], the viscosity of glasses, which is known to vary with
temperature, influences considerably the binding property between glass and other
components. It has been found that the appropriate sealing viscosity should be around 10’
dPa.S, which is located between two characteristic temperatures: maximum shrinkage and

half ball temperatures [11].

In order to determine these characteristic temperatures, a Hot-Stage Microscope
(HSM) with image analysis used to fellow the softening of a cylindrical sample of glass
powder. In this study, the sample was heated from room temperature to the flow point (or
melting point) with a 10°C/min heating rate and an image of the sample was recorded every
10°C. From the sample shape, characteristic temperatures were deduced. These results are
reported in Fig. 2. The characteristic temperatures: first shrinkage (FS=560°C), maximum
shrinkage temperature (MS=657°C), sphere temperature (R=685°C), hemisphere temperature
(HS=753°C) and flow temperature (F=791°C) were evidenced. The appropriate sealing

temperature of AlBaSi glass was finally determined to be around 680°C.

110
100 4
] FS FS MS
. |-HIIIIIIII l..lllll.lll...llllh...
S
3 704 Room R R HS
Z | Temperature
60 - Ms N\ HS . -
50 —
40
30 i

0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 2 The characteristic temperatures of AlBaSi glass: first shrinkage (FS=560°C), deformation
temperature (MS=657°C), sphere temperature (R=685°C), hemisphere temperature (HS=753°C) and
flow temperature (F=791°C) obtained by HSM and alumina substrate.

In good agreement with the conditions of use of the SEMR we wanted to develop,

this composition of sealant (AIBaSi) was finally chosen for our application.
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2. CATALYTIC RESULTS

2.1. Catalytic Results of Reactions in a Catalytic Dense Membrane Reactor

Table 3 Distribution of product pressures at different current density using a Biys7sM019Oes.625
membrane with Biys 7sM01¢Ogs 625-Au cermet electrodes (500°C, 1% C,Hg/He in LOP, air in HOP).

31% Gas & Voltage/I(mA) avant HC 0 10 20 30 0 sans HC
0, Voltage (mV) -102 - 855 - 1593 - -
Permeation | PO, of gas outlet (Pa) 6.0 - 65.2 - 195.4 - -
Voltage (mV) -95.00  -349.00 845.00 1228.00 1609.00 -347.00 -217.00
PO, (Pa) 0.53 0.21 12.30  31.20 47.10 0.31 0.38
PH, (Pa) 0.00 95.84 66.70  56.70 50.90 60.40 2.08
PCO, (Pa) 0.00 0.00 8.68 11.80 16.80 0.00 0.00
Reaction PCO (Pa) 1.19 1.61 3.88 4.57 5.26 1.36 1.33
Pethylene (Pa) 0.00 0.00 4.57 5.88 7.80 0.00 0.00
Paccrolein (a.u.) 0.10 0.28 3.30 4.14 5.84 0.26 0.00
PH,0 (a.u.) 2.01 2240  60.10  69.90 87.10 20.30 0.00
Conversion (%) - 0.37 4.02 3.02 2.58 0.86 -

Table 4 Distribution of product pressures at different current density using a Biys7sM019Ogs.625
membrane with Biss7sMo010Ogs.625-Au cermet electrodes (525°C, 1% C,Hg/He in LOP, air in HOP).

4% Gas & Voltage/I(mA) avant HC 0 10 20 30 40 0 sans HC
0, Voltage (mV) -107 - 738 - 1381 - - -
Permeation | PO, of gas outlet (Pa) 4.4 - 66.1 - 193.2 - - -
Voltage (mV) -101.00 -355.00 697.00 1027.00 1365.00 1652.00 -349.00 -204.00
PO, (Pa) 0.49 0.18 598 22,10 34.10 44.50 0.25 0.40
PH, (Pa) 0.00 78.60 60.80 52.20 47.40 4540 5570 1.32
PCO, (Pa) 0.00 0.00 11.20 1580 25.10  33.10 0.00 0.00
Reaction PCO (Pa) 1.15 1.53 4.90 5.63 6.40 7.55 1.26 1.29
Pethylene (Pa) 0.00 0.00 6.96 7.38 13.00 16.10 0.64 0.00
Paccrolein (a.u.) 0.00 0.27 4.72 5.45 7.75 9.88 0.26 0.00
PH,O (a.u.) 1.54 19.60 6830 8220 111.0 138.0 18.60 0.21
Conversion (%) - 1.09 2.83 3.64 4.63 6.72 0.18 -
205
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Table 5 Distribution of product pressures at different current density using a Biys7sMo019Ogs.625
membrane with Biss 7sMo010Ogs 625-Au cermet electrodes (550°C, 1% C,Hg/He in LOP, air in HOP).

15 I(mA)/ avant HC 0 10 20 30 40 50 0 sans HC
Gas & Voltage
o, Voltage (mV) -124 - 600 - 1115 - - - -
Permeation PO, - 84.2 - 224.6 - - - -
of gas outlet (Pa)
Voltage (mV) -104.0  -327.0 500.0 8&11.0 1082.0 1334.0 1562.0 -354.0 -213.0
PO, (Pa) 0.55 0.00 036  3.79 10.30 19.80  32.90 0.19 0.35
PH, (Pa) 0.00 18.30  73.30 59.20 49.50 43,50  38.80  48.80 0.85
PCO, (Pa) 0.00 0.00 1330 2470 3530 43.60 51.70 0.00 0.00
Reaction PCO (Pa) 1.31 1.34 596  7.69 8.80 9.57 9.97 1.19 1.44
Pethylene (Pa) 0.00 0.00 1230 17.10 2090 2320 24.80 0.36 0.00
Paccrolein (a.u.) 0.00 0.39 7.34  10.70  12.30 13.70 14.30 0.38 0.00
PH,0 (a.u.) 1.24 1590 7830 118.0 150.0 179.0 199.0 18.80 -2.51
Conversion (%) - 4.30 6.09 598 7.86 8.77 9.56 2.31 -

Table 6 Distribution of product pressures at different current density using a Biys7sM019Oes.625
membrane with Bi,s 7sMo010Ogs 625-Au cermet electrodes (565°C, 1% C,Hg/He in LOP, air in HOP).

© 2011 Tous droits réservés.

2" I(mA)/ avant HC 0 10 20 30 40 50 0 sans HC
Gas & Voltage
0, Voltaﬁgg (mV) -149 - 552 - 1042 - - - -
; 2
Permeation of gas outlet (Pa) 0.0 - 67.8 - 213.5 - - - -
Voltage (mV)  -149.00 -363.00 450.00 749.00 1005.00 1245.00 1471.00 -359.00 -161.00
PO, (Pa) 0.41 0.13 028  3.83 11.20  21.50 35.80 0.29 0.40
PH, (Pa) 0.51 76.40 51.50 4440 3880 3640 3540 50.20 0.24
PCO, (Pa) 0.26 0.00 1290 25.10 3530 45.10 52.20 0.00 0.00
Reaction PCO (Pa) 1.40 1.10 7.11 9.06 10.20 11.40 1230 1.62 1.27
Pethylene (Pa) 0.00 0.00 8.00 1340 16.60 1870  20.40 1.37 0.00
Paccrolein (a.u.) 0.00 0.35 7.02  10.00 11.50 12.90 13.50 0.46 0.20
PH,O (a.u.) 0.20 13.50 7490 1150 147.0 176.0 199.0 16.10 0.38
Conversion (%) - 0.00 494  7.07 9.54 1040  11.50 3.10 -
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Table 7 Distribution of product pressures at different current density using the Biys7sMo19Oes.625
membrane with Biys7sMo019Ogs.625-Au cermet electrodes and a Bi,MoOyg catalyst powder (500°C, 1%

C,H¢/He in LOP, air in HOP).

5t Gas & Voltage/I(mA) avant HC 0 10 20 30 0 sans HC
0, Voltage (mV) -94 - 877 - 1626 - -
Permeation | PO, of gas outlet (Pa) 2.65 - 60.98 - 205.18 - -
Voltage (mV) -89.00  -621.00 868.00 1236.00 1618.00 -616.00 -578.00
PO, (Pa) 0.40 0.20 0.28 0.33 0.34 0.07 0.10
PH, (Pa) 0.00 8340 76.10 68.40 62.40 60.30 0.76
PCO, (Pa) 0.00 35.50 39.80 38.60 31.80 15.50 0.00
Reaction PCO (Pa) 0.08 3.79 4.83 5.75 5.51 0.00 0.00
Pethylene (Pa) 0.15 89.40  60.90 40.90 29.50 58.50 0.20
Paccrolein (a.u.) 0.00 40.00 27.20 16.90 11.80 26.80 0.00
PH,O (a.u.) -4.68 241.0 213.0 186.0 160.0 10.30 0.00
Conversion (%) - 1420 11.10 8.49 7.56 10.30 -

* Experiment order.

2.2. Catalytic Results of Reactions in a Conventional Reactor

The temperature programmed reactions and co-feed reactions were performed on the

Bi;MoOg and Biys.7sM0100O¢s.625 powder in a conventional reactor in order to better understand

the behavior of these materials for propylene oxidation. Experiments were carried out in

reductive conditions (1% propylene in inert gas) similar to those of the LOP compartment of

CDMR or in more classical co-feed conditions (1% propylene +1% oxygen). The evolution of

partial pressures and conversion versus time/temperature of these reactions are shown in Fig.

3-Fig. 5.
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Fig. 3 Distribution of product pressures vs. time and temperature for the co-feed reaction of Bi,MoOg
catalyst with 50 ml/min Ar, 48 ml/min He, 1 ml/min CsHg and 1 ml/min O, in a conventional reactor.
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Fig. 4 Distribution of product pressures vs. time and temperature for the Temperature-Program

Reduction (TPR) of Biys75sM019Ogs625 With 75 ml/min Ar, 24 ml/min He and 1 ml/min C;Hg in a
conventional reactor.
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Fig. 5 Distribution of product pressures vs. time and temperature for the cofeed reaction of
Biy575M0100sg.625 With 50 ml/min Ar, 48 ml/min He, 1 ml/min C;Hg and 1 ml/min O, in a conventional

reactor.
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