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ABSTRACT

This chapter deals with the preparation of plurimetallic nanoparticles by redox chemistry
for application in catalysis. In a first part, the theoretical aspect of this technique will be
briefly described. The second part will be devoted to the practical aspects of this preparation
method. Then, some applications of the resulting catalysts in the synthesis of organic

chemicals, in environmental catalysis and in catalysis for energy will be presented.

INTRODUCTION

Since the introduction of Pt-Re catalyst for naphtha reforming, bimetallic and multimetallic
catalysts have been attracting much attention in order to improve the selectivity and the
stability of metallic active sites. However, the catalytic performances of the supported
nanoparticles strongly depends on the preparation method. Whereas classical coimpregnation
and successive impregnation techniques lead to an unpredictable deposition of the two metals,
different methods were developed to favour the metal-metal interactions, among them the
redox reactions in aqueous phase can be mentioned [1, 2, 3, 4].

This chapter deals with the preparation of plurimetallic nanoparticles by redox chemistry
for application in catalysis. In a first part, the theoretical aspect of this technique will be
briefly described. The second part will be devoted to the practical aspects of this preparation
method. Then, some applications of the resulting catalysts in the synthesis of organic
chemicals, in environmental catalysis and in catalysis for energy will be presented.

1. THEORETICAL ASPECTS

Whatever the technique used, the first step always consists of the preparation of a
monometallic catalyst, which is generally activated by calcination and reduction. Then, the
monometallic catalyst is introduced in the preparation reactor, reduced and the liquid phase is
added to obtain a suspension of the catalyst. The metal constituting the monometallic catalyst
is denoted as “parent” metal. The last step of the preparation procedure consists of the
introduction of the modifier in solution in the form of a precursor salt. The different

techniques differ according to this last step. Indeed, four preparation methods can be chosen
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as a function of the reversible Nernst potential of the different species involved in the
preparation procedure, namely (i) the direct redox reaction between the “parent” metal and the
oxidized form of the modifier, (ii) the redox reaction between an adsorbed reducing agent and
the oxidized form of the modifier, (iii) the catalytic reduction and (iv) the underpotential
deposition. According to these techniques, trimetallic catalysts can also be prepared by
replacing the parent monometallic catalyst by a bimetallic one. This can be extended to the
preparation of multimetallic catalysts.

1.1 Preparation of bimetallic catalysts by direct redox reaction

In this case, metal-metal interactions result from surface redox reactions between the
prereduced parent metal M and the oxidized form of the modifier M4+ .

The half reaction corresponding to the oxidation of the parent metal is the following:

M =——= M%+ze’
According to the Nernst equation, the equilibrium potential ( E .. ) of the reversible

oxidation of M is expressed as the following :

a,,z-
+ﬂLn M (1)
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where a, .+ and a,, are the activities of oxidized (M%) and reduced (M) species, respectively,

E is the standard reduction potential, R the gas constant, F the faraday constant and T

M /M
the temperature.
In the same way, the equilibrium potential of the reversible reduction of the modifier in

oxidized form (M#") is given by :

)

M2 MY M2 MY 2'F a,,
If the value of the change in Gibbs free energy (AG) given by:
AG =-zz2’F (EM,,VM, — EMB/M) 3
is negative M“* will be reduced by the metal M as follows :
i+ Al
IM+zM?% > ZM'+ 2 M* .
The system will tend to an equilibrium that corresponds to the equality of the two

reversible potentials S and E cp- I this way, surface atoms M of the metallic

Z'+ )
particles are replaced by atoms M’ of the modifier. This method is used to deposit metals with

high standard reduction potential, such as noble metals, onto nanoparticles of metals with a
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lower standard reduction potential. Many examples of the use of direct redox reactions in the
preparation of bimetallic catalysts could be quoted such as the modification of (i) copper
catalysts by ruthenium [5, 6], by platinum [7, 8], by palladium [7, 8] or by gold [7], (ii)
platinum by gold [9, 10, 11] or palladium by platinum [12]. As an example, platinum (E°;.2+p,
= 1.188 V/SHE) can be deposited onto copper particles considering copper in the metallic
state (E°; 2+,c, = 0.34 V/SHE) according to the reaction:

Cu (s) + Pt** (aq)— Cu**(aq) + Pt(s)

Of course, if the precursor salt is introduced in the form of a complex, the stability constant
of the complex must be taken into account. For instance, the standard reduction potential of
platinum in chloroplatinic acid solution (E° pici2” /e = 0.744 V/SHE) is lower than that of the
Pt2*/Pt couple and corresponds to the half reaction :

PtCIZ (aq)+4e  ~——  Pt(s) +6Cl (aq)

1.2 Redox reactions of adsorbed species in the preparation of bimetallic catalysts

This method is called in the literature “recharge” or “refilling” method [13, 9, 10, 12, 14,
15, 11, 16] or “adsorption of metallic ions via ionization of adsorbed hydrogen” [17, 18; 19;
20; 21; 22; 23, 24].

In this method, the ions of the modifier are reduced by a reagent (most commonly
hydrogen), which preadsorbs selectively on the metal. This requires the parent metal to
chemisorb hydrogen. Then, the adsorbed reducing agent, for instance hydrogen, can be
considered as a source of electrons according to the following reaction:

Hads —> H+ +e
Then the reduction of the modifier M'Z'+ can occur:

M'Z" + 2" Hags — M'ags + 2’H",

In this method, the prereduced monometallic catalyst suspended in aqueous solution is
treated with hydrogen until the surface of the catalyst is completely saturated by adsorbed
hydrogen. Then, the reactor is flushed with inert gas to remove the hydrogen dissolved in the
electrolyte. After outgassing, a deoxygenated solution containing the precursor salt of the
modifier is added.

Many examples are reported in the literature where platinum, palladium or ruthenium
are used as parent metals, such as Pt-Cu [17, 14], Pt-Au [18, 16, 11], Pt-Pd [25], Pt-Re [26,
27], Pt-Ru [21], Pt-Bi [19] , Pt-Pb [20], Pd-Pt [12], Pd-Cu [22-1, 15], Pd-Ge [23, 24].

1.3 Catalytic reduction in the preparation of bimetallic catalysts
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As for the “refilling” method described in the previous paragraph, the chemisorption
properties of the parent metal are used to activate hydrogen, but the deposition of the modifier
is performed under hydrogen flowing. According to the thermodynamics, molecular hydrogen
in solution can reduce any metallic salt that has a redox potential greater than that of the H*/
H> couple. However, at room temperature, the reduction of several metallic salts is kinetically
limited. Then, the catalytic properties of the metal are used to increase the rate of reduction of
the additive ion by means of a reducing agent, such as hydrogen, in solution. Thus the metal
plays the role of the catalyst in the redox reaction. In such conditions, the additive should be
deposited on the catalytic site that is active for the reduction reaction. However, transfer of
electrons from the parent metal to the metallic modifier could also favour the formation of
three-dimensional agglomerates. In the same way, if the parent catalyst consists of a metal
supported on a conductor, the additive will deposit competitively on the parent metal and on
the support.

To date, the catalytic reduction has been mainly used to modify platinum by rhenium
[26, 28, 29, 30, 31] or by copper [32, 33, 34], palladium by copper [34-36], by silver [34], by
gold [34] or by tin [37], ruthenium by copper [5] or lead [38], or rhodium by copper [39] or
by germanium [40, 41]. Most recently, trimetallic catalysts were also prepared by catalytic
reduction, such as Pt-1r-Sn [42, 43], Pt-1r-Ge or Pt-Re-Ge [44] or Pd-Sn-Au [45].

1. 4 Underpotential deposition

Underpotential deposition consists of the formation of a metal submonolayers at
potentials more positive than the reversible Nernst potential, before the bulk deposition can
occur [2, 46-50]. This technique is also called “adatom deposition” [51] or “adsorption of
metal atoms” [52].

If the bulk deposition of a metal M’ occurs according to the reaction,

M7 +ze —— M
the activity of the deposited metal is assumed to be equal to one. In this case, the equilibrium
potential is given by the following equation:

RT

E = E ﬁ Ln aM.z'+ (4)

M2+ /M Mz T

When M' is deposited in submonolayer (M'mL) on the metal M, the coverage 6 of M by
M" and then the activity of M" in submonolayer is lower than one. The activity of M is given
by:

amy, =0 ®)
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where ym is the activity coefficient of M'.

For the deposition of a submonolayer of metal, the equilibrium potential can be given
by :
RT  Cypz+¥ 2+

MM (6)

Ln

E Mz M T S 0y

M-Z'+/M| (e) = EO

where C_ ..is the concentration of the precursor salt Mz

The equilibrium potential E (6) of the submonolayer is always more positive than the
Nernst potential of a bulk deposition. As a result, an underpotential deposition (UPD) of
adatoms of M' on M can occur. Underpotential deposition leads to the formation of
submonolayers before the three dimensional bulk deposition occurs and the coverage varies
with the potential and time of deposition. UPD is characterized by the existence of adatoms.
The simplest methods for investigating UPD are electrochemical.

Examples of the use of UPD technique are the modification of platinum catalysts by
copper [52, 53, 54, 55, 56, 57, 58], arsenic [59], by gold [60], by iron [61], by lead or tin [62,
63], or by rhodium [64] and the modification of palladium by copper [22], by germanium
[23] or by iron [65, 66, 67]. The majority of these examples concern the modification of
electrodes, which is not the subject of this chapter.

2. PRACTICAL ASPECT

2.1. Stability of supported catalysts in agueous phase

It is mentionned in Section 1 that the preparation of bimetallic nanoparticles by surface
redox reaction occurs under controlled atmosphere between a "parent” monometallic catalyst
and the cation of the second metal dissolved in aqueous solution. However, the immersion of
the parent catalyst in the solution may induce a modification of the metal particle size before
the introduction of the ion of the second metal. In an aqueous medium, water molecules could
penetrate between the metal-support interface and induce the migration of metal crystallites.
Moreover, water and gas, for instance hydrogen, can adsorb and dissociate on metals leading
to a modification of their electronic properties. Consequently, it is important to study the
stability of supported monometallic catalysts in aqueous phase environment under gas
atmosphere at room temperature. The influence of different parameters was examined in the
literature, such as the initial oxidation state of the metal, the pH of the solution, the presence
of chloride anions in the solution and the nature of the gas atmosphere.

The stability of supported metal catalysts treated in aqueous media under gas atmosphere
at room temperature depends on the initial oxidation state of the metal, i.e. preoxidized or in-



24-05-06

situ reduced. Indeed, the immersion in liquid phase of a prereduced platinum supported
catalyst then exposed to air induces a more or less important sintering of the metal depending
on various parameters such as the nature of the support, the pH of the solution,...[68]. An in
situ reduction before catalyst immersion in an agueous solution allows to prevent or to restrict

the metal accessibility loss.

Table 1.

The sintering of the parent metal may result from the immersion in the aqueous medium
only or from both the immersion in the solution and the nature of the bubbling gas. Table 1
shows for example that the metallic dispersion loss of a Pt/silica catalyst is more marked in
the presence of hydrogen, compared to nitrogen, whatever the initial pH of the solution. This
phenomenon results from the metal-H binding energy that can be far higher than that of the
metal-metal [69, 70]. This metal-H interaction would weaken the metal-support interaction
and so the metallic particles would become unstable and would migrate onto the support
leading to platinum nanoparticle growth. This sintering is even stronger in presence of CI°
ions (acidic solution) or OH" ions (basic solution), which can interact with metal particles
inducing also a decrease of the electronic density of the metal [12, 68, 70].

These effects are all the more pronounced as the metal-support interactions of the parent
catalyst are weak. In other words, when the metal-support interactions are prevailing, the
metallic particles would remain stable. Examples (Table 1) are reported in the litterature for
platinum [68, 70], palladium [37] and rhodium [40] showing that silica leads to a more severe
sintering than alumina. Indeed, it appears that the platinum-support interactions decrease
following the sequence: Al,0s > C >SiO; [71]. Furthermore, it was observed aggregates of
parent metal particles on catalysts samples supported on silica and treated in aqueous media
under hydrogen atmosphere and dried at 120°C, contrary to alumina support [70, 40]. The
sintering of the parent metal would occur via crystallite migration onto the support.

In the course of the preparation of bimetallic catalysts by redox reaction, the modifier itself
can induce a modification of the metal particle size. Then, sintering of Pt can occur during
redox reactions under hydrogen atmosphere in the presence of Au which has a higher standard
redox potential than the one of Pt [9]. That sintering is explained by the oxidation of platinum
atoms of low coordination number and a further reduction by hydrogen of those oxidized
forms on platinum atoms of high coordination number. In other hand, the deposition of
germanium restricts the sintering of rhodium particles which is observed when a parent

rhodium/silica catalyst was immersed in an aqueous solution under hydrogen atmosphere. An
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explanation of this phenomenon could be the consumption of hydrogen activated on rhodium
surface by the reduction of the germanium salt [40]. The same phenomenon was observed for
palladium/alumina modified by tin [37].

In conclusion, the treatment of supported catalysts in aqueous medium seems therefore
unfavorable to the presence of well dispersed nanoparticles. Nevertheless, an in-situ reduction
of the parent catalyst allows one to prevent or restrict metal sintering, depending on the nature
of the support. However, in the absence of any contact of the catalyst with air, many
parameters can also influence the metal particle size. Then, for example it is better to avoid
especially very acidic (pH = 2) or very basic (pH = 10) solutions [12, 70].

2 2. Study of the deposition reaction

2.2.1. On bulk catalysts

In the case of powder bulk catalysts, Cu Raney was modified by direct redox reaction
between reduced copper and the salt of a noble metal M (Ru, Pt and Au) [5, 7]. Typically the
Cu-M bimetallic catalysts were obtained by mixing a freshly prepared Cu Raney with an
aqueous solution of the noble metal salt. When the amount of M is introduced in excess
compared to the number of copper surface atoms, it appears that ruthenium deposit is
restristed to approximatively 1/3 of the copper surface atoms. For platinum and gold, a
deposit larger than a monolayer is obtained indicating that subsurface copper atoms are
involved in direct redox reaction. This result is explained by the lower potential difference
between copper and ruthenium compared to that of copper and platinum or gold [7].
However, the reactions involved in the direct redox reaction may be not so simple as indicated
in the theoretical part (section 1). A typical time distribution of ion concentrations in solution
during the preparation of Cu-Pt is shown on Figure 1. It can be observed that platinum ions
disappeared very rapidly from the solution while in the same time copper ions are formed and
their concentration reached a maximum. Further on, the soluble copper fraction decreased
down to a plateau. The Cu™ species concentrations at this plateau are not representative of the
redox reaction but are determined by the solubilities of the different copper ions in the
solution, depending on the anion accompanying the metal precursor [7]. Likewise, Pt Adams
was modified by gold added by direct and refilling redox reactions [9].

Recently, novel catalysts were obtained by impregnation of Cu-Pt or Cu-Pd nanospheres
on active carbon by incipient-wetness technique. The bimetallic species were obtained by
direct redox reaction between the surface of bulk copper nanospheres and Pt or Pd salts. [8].

Figure 1.
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2.2.2. On supported catalysts

The supported catalysts can be modified either by noble metals or based metals.

For noble modifiers, two techniques were mainly used: the direct redox and the refilling
method with preadsorbed hydrogen [9, 12, 72, 11]. The different supports presented in the
litterature are silica [9, 72], alumina [12] and active carbon [11]. It should be pointed out that
the preparation of Pt-Au/SiO> bimetallic catalysts using hydrogen preadsorbed on platinum is
a complex reaction involving simulteously reduction of AuCls by hydrogen and direct
oxidation of metallic platinum. According to the difference in initial rates (10 versus 10%
atoms of Au reduced per s and per m? of Pt) pointed out in ref. [9], it can be assumed that
during the preparation of Pt-Au bimetallic catalysts, for low gold coverages (when the
quantity of hydrogen is sufficient to reduce all the introduced gold ions), gold is reduced by
preadsorbed hydrogen. On the other hand, for higher gold concentrations, reduction by
preadsorbed hydrogen and then by direct oxidation of platinum can occur [9].

When the modifier is a based metal, the mainly used redox reaction is the catalytic
reduction. Nevertheless, the “refilling” method with preadsorbed hydrogen was utilized in
some cases. For example, platinum over alumina reforming catalyst was modified by rhenium
via this technique [26]. However, the rhenium deposit is limited by the amount of hydrogen
irreversibly adsorbed on surface platinum. Then, many sucessive “refilling” steps must be
performed in order to deposit the amount of Re needed for usual Pt-Re reforming catalysts.
On the other hand, the catalytic reduction allows one to deposit large amounts of rhenium in
one step because the reaction is carried out under hydrogen flow [26, 29]. This method was
also used for the preparation of different bimetallic catalysts, such as Rh-Ge [40, 41-1], Pt-Ru
[73], Pd-Cu [35, 34], Pt-Cu [34, 33], Pd-Sn [37], Ru-Pb [38], Pt-Sn [42, 43], or trimetallic
catalysts: Pt-Ir-Sn [42, 43], Pt-Ir-Ge [44], Pt-Re-Ge [44], Pd-Sn-Au [45], Pt-Ru-Sn [73] and
Pt-Ru-Mo [73].

Figure 2.

In the course of the catalytic reduction, deposition of the second metal (or the third) can
occur on both the parent metal and the support depending on the nature of the support and the
operating conditions. Effectively, in the case of bimetallic Rh-Ge [40] and Pt-Sn [37]
catalysts, it was observed that the amount of Ge or Sn deposited is higher on alumina than on

silica supported catalysts (Figure 2). Furthermore, the same experiments carried out under
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nitrogen flow do not lead to additive deposition on silica supported catalysts, while some
deposit occurs on alumina supported catalysts. This result was explained by the adsorption of
the additive anionic species in an acidic medium on alumina support contrary to silica
support, according to their isoelectric points. Moreover, the greater additive deposition under
hydrogen flow compared to that observed under nitrogen bolstered that hydrogen activated on
the parent metal particles participates to the deposition reaction.

In order to decrease the contribution of the support, different parameters can be optimized:

- the deposition on the metal by catalytic reduction being faster than the one on the
support, the reaction time can be limited to some minutes [42, 26, 29],

- a competitive adsorbate can be added to the reaction mixture. For example the
addition of citric acid in the acid medium allowed one to decrease tin deposit on
alumina support in the course of Pt-Sn and Pt-1r-Sn reforming catalyst preparations
[42, 43],

- the nature of the precursor and especially the oxidation state of the additive. For
example the catalytic reduction is faster with Re*" than with Re’*, which promotes Re
deposition on Pt for a short reaction time [26],

- the nature of the reducer [74].

Other parameters can also strongly influence the kinetics and the extent of a modifier
deposition by catalytic reduction, such as the partial pressure of hydrogen, the temperature of
reaction, the concentration of the additive salt and the dispersion of the parent catalyst [26].

2. 3. Characterization of the metal-metal interaction

2.3.1. Model reactions

Different model reactions were used in order to put in evidence the interaction between the
modifier and the parent metal. It was observed that an inert additive introduced by redox
reaction generally poisons more or less the activity of the parent metal or strongly modifies
the selectivity of the reaction, which indicates a deposition of the additive on the parent metal.
For example, a decrease of activity for structure insensitive reactions, such as toluene
hydrogenation [40] or cyclohexane dehydrogenation [42, 75] proves the existence of
bimetallic nanoparticles. Likewise, in the case of 2,2-dimethylpropane reaction, the
modification of both the selectivity and the apparent activation energy, demonstrates an
interaction between Pd and Au introduced by direct redox reaction. Conversely, no
modification was observed on the catalysts prepared by incipient wetness coimpregnation
[72].
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Another useful probe is the cyclopentane hydrogenolysis for indicating the extent of Pt-Re
alloying on reforming catalysts, the alloy being intrinsically more active than either pure
metal [76, 77]. On Figure 3, the synergy in the activity shows a great interaction between the
two metals for Pt-Re catalysts prepared by catalytic reduction [29].

Figure 3.

2.3.2. Adsorption of probe molecules

The adsorption of probe molecules followed by different techniques allowed one to prove
the metal-metal interaction for catalysts prepared by redox reactions. For example, by
chemisorption measurements, it was observed a decrease of the total amount of adsorbed H>
with an increasing germanium content introduced by catalytic reduction on parent rhodium
catalysts [78]. As TEM characterization showed a comparable mean particle size for all the
catalysts, such evolution suggests that Ge covers the Rh surface [40]. These results were
consistent with those obtained by FTIR spectroscopic studies of adsorbed CO showing a
decrease of chemisorbed CO [78]. Moreover, modifications and band shifts of FTIR spectra
of adsorbed CO have indicated a close contact between the two metals in Pt-Cu, Pt-Ag, Pd-
Cu, Pd-Ag and Rh-Ge catalysts prepared by catalytic reduction [34, 78].

The TPR under hydrogen is a technique mainly used to characterize metallic phases. In the
case of M-M2 bimetallic catalysts, a reduction peak usually appears between those of pure
metals M1 and My, this peak being all the more significant as the interaction M1-M3 is high.
Bimetallics prepared by redox reactions show this characteristic (Figure 4) [34, 42, 41, 33].
Nevertheless, when a competitive adsorption of the additive occurs on the support, a
hydrogen consumption corresponding to the reduction of the isolated species appears at
higher temperature [33, 34, 42, 41]. The presence of these species on the support also allowed
one to explain the variations in the Bronsted and Lewis acidity of reforming Pt/alumina or Pt-
Ir/alumina modified by Ge [43]. The model reaction to determine the Bronsted acidity was the
3,3-dimethylbut-1-ene isomerization while FTIR adsorption of pyridine was used to
determine the number of Lewis acid sites.

Figure 4.

2.3.3. Physical techniques

Some physical techniques were also used to characterize metallic nanoparticles prepared
by surface redox reactions, for examples:

- XPS analysis were performed on stored Cu-Au catalysts prepared by direct redox

reaction with no subsequent reduction by hydrogen. After contacting the reduced

copper catalyst with the Au salt, Au appears to be deposited in metallic state [7].
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- XRD technique, which allows one to determine the composition of crystallized
compounds, pointed out that bimetallic aggregates are formed for Pt-Au prepared by
direct redox or refilling method [10] and for Pt-Sn prepared by catalytic reduction
[37].

- EXAFS measurements for Pd-Pt systems prepared either by direct redox or refilling
method indicated the presence of platinum in the vicinity of palladium for both
preparations [12].

- TEM coupled with EDX microanalysis was carried out on Pd or Pt modified by Cu,
Ag and Au [34], Pd-Sn [37], Pd-Cu [35], Rh-Ge [40], Pt-Ru-Sn and Pt-Ru-Mo
(Figure 5) [73], Pd-Sn-Au and Pt-Sn-Au [45] to collect more information on metallic
particles in terms of particle size and composition. The catalysts prepared by redox
reactions showed that the parent metal is always associated to the additive, but that
one can be found isolated for supports which are able to adsorb the modifier,

- Mdssbauer spectroscopy showed that on silica supported catalysts, only Pd-Sn solid
solutions or alloys are present, whereas, on alumina supported catalysts, tin is present
at the interface between the support and palladium, or alone on the support, due to its
high affinity for alumina [37]. On trimetallic Pd-Sn-Au, a trimetallic phase was also
evidenced on silica support [45].

Figure 5.

All these techniques are valuable in assessing the degree of alloying. By combining some
of these techniques, it was possible to go further in the determination of the location of the
deposit (M2) on parent metal particles (M1). Effectively, in the course of redox reactions, the
deposit exhibited a selectivity depending on the relative redox potential of M1"*/M; and
M."*/M.. Then, when the difference of potentiel is low such as for the Pt-Au, Pd-Pt or Cu-Ru
couples, the additive was preferentially deposited on low coordination sites (corners, edges,...)
[9, 12, 7, 6], while when the difference of potentiel is high, for examples with Cu-Pt, Cu-Au,
all Cu sites were involved in the redox reaction [7].

2.4. Influence of the gaseous environment on the nanoparticle stability

The catalytic properties are strongly influenced by the activation mode of the catalysts.
Then, the influence of different gas treatments at the end of the additive deposition by redox
reactions was examined. These treatments may lead to a sintering or a segregation of the

metals.



24-05-06

After preparation by catalytic reduction and after drying overnight at 70°C under nitrogen
flow, Pt-Cu/Al>O3 catalysts were tested as is for the nitrate reduction or after air exposure at
ambient temperature [33]. The highest activity was obtained in the later case. This allows one
to increase Pt accessibility in bimetallic catalysts, whereas the coverage of Pt particles by Cu
in the just prepared catalysts is probably too important. Conversely, a poor activity is obtained
after an oxidation at 400°C, the segregation between the two metals being too important with
a migration of copper towards the alumina support. Likewise, a calcination at 450°C,
followed by a reduction at 500°C greatly diminishes Pt-Re metal-metal interaction [Pieck-
1995, 29). Then, the maximum in activity observed for cyclopentane hydrogenolysis (Figure
3) is shifted to higher rhenium contents after calcination [29].

More often the samples are directly reduced under hydrogen at various temperatures after
additive deposition and drying. It appeared that a direct reduction with a high heating-rate (~
10°C.minY) under hydrogen leads to a sintering whereas a low heating-rate (~ 2°C.min?)
prevents or restricts it [68]. Otherwise, it was observed that the hydrogenating properties of
bimetallic Rh-Ge/Al>Os catalysts prepared by catalytic reduction greatly depend on the
reduction temperature and go through an optimum as a function of the reduction temperature
which depends on the germanium content [41]. This phenomenon can be explained by both a
change of the reduction degree of germanium in contact with rhodium and a Ge enrichment of
bimetallic particles resulting from a migration at high temperature of germanium species
deposited on the alumina support. In the case of Pt-Cu samples prepared by catalytic
reduction, a treatment under hydrogen at high temperature (400°C) induced a surface
enrichment of Pt, copper atoms diffusing inwards [33].

The effect of an oxidation step after a first reduction under hydrogen was also examined. It
appeared that the air exposure of Rh-Ge/Al,Os catalysts prepared by catalytic reduction
results in an irreversible modification of the metallic phase, leading to a segregation of the
two metals [41, 78]. Likewise, hydrogenation of isoprene and FTIR analysis have shown that
air exposure of Pd-Fe catalysts prepared using preadsorbed hydrogen modifies the nature of
the interaction between Fe and the Pd sites of low coordination, leading to inactive species for
the reaction [65]. The detrimental effect of air exposure was also observed for Pt-Au catalysts,
resulting in an irreversible rearrangement of the metallic surface created by the redox
reaction. This rearrangement effect was evidenced by X-ray diffraction and by high resolution

electron microscopy studies [16].
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3. APPLICATIONS IN THE SYNTHESIS OF ORGANIC CHEMICALS

In the field of organic chemistry, the main applications using bimetallic catalysts
prepared by surface redox reactions were developed in selective hydrogenation and

hydrogenolysis reactions.

3.1 Selective hydrogenation

The selective hydrogenation of organic molecules having different functional groups
able to be hydrogenated is one of the main goals in synthesis processes for organic

compounds.

3.1.1 Competition between C=C and C=0 bonds
An interesting case was studied with the carvone molecule (terpenic monocyclic

ketone), since it has three different functional groups which can be hydrogenated: one C=0
group and two C=C groups (endocyclic and exocyclic ones), which display different chemical
reactivities for hydrogenation (Fig. 6). Bimetallic Pd-Cu/SiO, catalysts prepared by the
refilling method favoured the selective formation of carvotanacetone (unsaturated ketone),
whereas the same systems prepared by coimpregnation led to carvomenthone (saturated
ketone) [15]. These different selectivity behaviours were a result of the Pd sites where the Cu
was deposited and then an effect of the method of preparation.

Figure 6

By FTIR of adsorbed CO, a preferential deposit of Cu on Pd sites of lower coordination
was observed on the bimetallic catalysts prepared by redox reaction. On the contrary, in the
coimpregnated systems, a random Cu distribution occurred on the dense Pd(111) planes. It
was reported that the formation of carvotanacetone is produced mainly on the Pd sites of high
coordination where the desorption of the molecule is favoured. The adsorption is stronger on
low coordination sites, leading to a higher residence time of the molecule and then to further
hydrogenation [79].

The performances of bimetallic Rh-Ge/SiO2 and Rh-Ge/Al:O3 catalysts prepared by
catalytic reduction were measured for an another o,-unsaturated aldehyde namely citral (Fig.
7). The addition of Ge to Rh by surface redox reaction promoted the hydrogenation of citral to
the unsaturated alcohols (geraniol/nerol), while the saturated aldehyde (citronellal) was the

main product on the monometallic Rh catalyst [40].
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Figure 7

Moreover, these redox catalysts were more active and selective than bimetallic Rh-Ge
systems prepared by successive impregnations. The citral conversion and the selectivity to
unsaturated alcohols increased with the Ge content, this effect being the most obvious on
alumina supported catalysts (Fig. 8). The selectivity enhancement on this last support in
comparison with silica was explained by Ge deposited on the alumina support in the close
vicinity of Rh nanoparticles during the catalytic redox reaction. These Ge species would be
partially reduced during the reduction step of the catalyst and would promote the activation of
the carbonyl group for hydrogenation. Then, the catalytic properties of the bimetallic Rh-
Ge/Al,Oz catalysts prepared by redox reaction strongly depended on their reduction
temperature, which must be optimised according to the Ge content and the nature of solvent

used for the reaction [41].

Figure 8

The performances of bimetallic Pd-Ge/carbon catalysts prepared by the refilling
technique were also studied for the liquid phase hydrogenation of C=C bonds conjugated with
carbonyl or other functional groups (hydroxyl, carboxyl, nitrile...) [24]. The presence of the
Ge%* centers resulted mainly in changes in the adsorption of substrates and/or products of the

studied reaction.

3.1.2 Competition between C=C bonds
During isoprene hydrogenation, iron added by ionization of preadsorbed hydrogen

promoted the activity of Pd/Al>Os catalysts while the opposite effect was observed when iron
was introduced by coimpregnation or successive impregnations [65, 66]. These different
behaviours were the result of an electron transfer from Fe to Pd, and of a deposition of Fe
adatoms on the surface of Pd nanoparticles by redox reaction while the coimpregnated
catalysts would lead to alloy formation with a strong Pd surface segregation.

Other bimetallic systems containing Pd were studied for vegetable oil hydrogenation in
order to produce lubricants. Main unsaturated fatty acids in vegetable oils are linolenic acid
(C18:3), linoleic acid (C18:2) and oleic acid (C18:1). A partial hydrogenation of rapeseed oil
to the C18:1 acid (keeping the cis isomer form) is needed to obtain oils with a low sensitivity
to oxygen. Moreover, the trans C18:1 and the totally saturated (stearic acid, C18:0)
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compounds must be avoided since they are still solid at ambient temperature. Pd/SiO>
catalysts modified by addition of Cu and Pb by catalytic reduction were investigated for the
selective hydrogenation of sunflower oil at low temperature [80, 81]. The addition of Cu
inhibited the hydrogenating activity of Pd in agreement with the low hydrogenating properties
of Cu at low temperature, slightly decreasing the isomerization toward trans oleic isomers.
The addition of Pb led to a significant drop of the isomerization to trans oleic derivatives. The
advantage of the preparation by redox technique was to maintain the high catalytic activity for

C=C hydrogenation compared to the successive impregnation method.

3.2 Selective hydrogenolysis

Studies on the competitive cleavages of C-C and C-O bonds in polyols such as glycerol,
glucitol (sorbitol) or erythritol in aqueous phase on metals have revealed the particular
properties of copper, especially those of Raney copper. Indeed, this metal is not
hydrogenolysing but is able to dehydrogenate C-O bonds into carbonyls which are
irreversibly adsorbed under reaction conditions. The nucleophilic action of surface hydroxyls
on these adsorbed carbonylated derivatives leads to degradation products by cleavage of C-C
and C-O bonds. Raney copper modification with a more noble metal (M = Ru, Pt, Au, Pd)
than Cu by direct redox reaction allowed one to obtain bimetallic Cu-M systems favouring the

selective cyclodehydration of polyols into more valuable furanic derivatives (Fig. 9) [5, 82].

Figure 9.

This behaviour depended on the surface atomic M/Cu ratio and resulted from an
electron transfer from Cu to the second metal. Bimetallic Cu-Pt and Cu-Au nanoparticles
prepared by the same way but on charcoal support have shown catalytic properties very close
to those of the previous Raney copper based systems [83].

4. APPLICATION IN ENVIRONMENTAL CATALYSIS

The preparation of bimetallic catalysts by surface redox reaction is well adapted for
application in environmental catalysis and more particularly in nitrate removal for water
treatment. The catalytic nitrate reduction in the presence of a reducing agent such as hydrogen
or formic acid leads to intermediate nitrite and to either nitrogen or an undesirable product,
ammonia as final product. Catalysts active for nitrate reduction are composed of (i) a noble
metal, such as palladium or platinum and (ii) a transition metal such as copper, tin, indium or

silver. For this application, the interaction between the noble metal and the promoter is of
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major importance. Indeed, Epron et al. [32] compared the activity of bimetallic Pt-Cu/Al,O3
catalysts with the same nominal composition but prepared according to two techniques,
different by the method of introduction of copper onto the parent Pt/Al.Oz catalyst. These
techniques were (i) the catalytic reduction favouring the deposition of copper onto platinum
and (ii) the impregnation by cationic exchange with the support favouring the deposition of
copper onto alumina. Fig. 10 represents the disappearance of nitrate as a function of time
under hydrogen in the presence of the two types of catalysts. This figure shows clearly that
the most active catalyst is that prepared by catalytic reduction. It was inferred that in the
bimetallic catalyst, the role of copper is to reduce nitrate into nitrite according to a redox
process. In this step, the interaction between copper and platinum is of major importance to
maintain copper in the metallic state by way of hydrogen adsorbed on platinum. This
mechanism involves that the promoter should be easily oxidized by nitrate in the reaction
conditions and then reduced by hydrogen chemisorbed on the noble metal.
-Figure 10-

Then, the preparation by catalytic reduction of multimetallic catalysts for application in water
denitration was extended to other bimetallic nanoparticles such as Pt-Ag [34], Pd-Cu [32, 34,
35, 36], Pd-Sn [37], Cu-Pt [8], Cu-Pd [8] or to trimetallic nanoparticles such as Pd-Sn-Au

[45], deposited on various supports.

5. APPLICATIONS IN CATALYSIS FOR ENERGY

1.1 Naphtha reforming

The reforming of low-octane feedstocks is classically carried out over bifunctional
catalysts made up of a metallic nanoparticles deposited on an acidic phase. The reactions
involved in this process are hydrogenation, dehydrogenation, isomerization, cyclization and
hydrocracking. In the first type of naphtha reforming catalysts, the metal function was
provided by platinum and the acidic one by the support itself, such as chlorinated alumina
(Pt/Al20s-Cl). The disadvantage of this catalyst was its rapid deactivation by coking. The
stability was improved with the second generation of catalysts, appeared in the late 1960°s
and consisting of bimetallic systems such as Pt-Re/Al.O3-Cl. However, this type of catalyst
must be sulphided in order to avoid the formation of undesired gaseous products.

Numerous studies were devoted to the use of bimetallic catalysts either promoted by an
active metal, such as rhenium or iridium, or an inactive one, tin or germanium for example.

These different catalysts were generally prepared by coimpregnation or successive
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impregnations. Moreover, most of the catalysts prepared by redox reactions were only
evaluated in model reactions. For example, Corro et al. [84] prepared Pt-Sn/Al,O3-Cl by
catalytic reduction or coimpregnation and compared their resistance to coking under
cyclopentane feed. Thus, catalysts prepared by surface redox reaction were less sensitive than
the others to deactivation. This result was explained in terms of a more effective interaction
between tin and platinum when tin is introduced by catalytic reduction onto a parent
platinum-based catalysts. The deactivation by coke and sulphur deposition was also studied
on Pt-Au/Al,O3 catalysts prepared by catalytic reduction [85].

Some test reactions were performed under industrial-type conditions and can be considered
as representative of the behaviour which could be observed in real reforming of feedstocks.
For example, Pieck et al. [75] studied the catalytic performances of Pt-Re/Al,O3-Cl prepared
by different methods, namely coimpregnation, successive impregnation and catalytic
reduction. The catalysts were activated by calcination and then reduction. They were tested in
n-heptane reforming, used as model reaction of paraffin dehydrocyclisation. The
dehydrocyclisation is the reaction to promote since it leads to aromatics for petrochemical
industry and also to a large amount of hydrogen. On the contrary, the production of gaseous
products (C1 to Cs) must be avoided. The results obtained with the different sulphided
catalysts and reported in Table 2 demonstrate that the highest conversion and yield in toluene
are obtained with the catalyst prepared by catalytic reduction for which the interactions
between Pt and Re are the highest. This result was explained by the increase of the
dehydrogenation activity of Pt-Re entities by sulphidation. As sulphur adsorbs preferentially
on rhenium, the higher the interaction between Pt and Re, favoured by the preparation
method, the higher the effect of sulphur.

Table 2

Recently trimetallic catalysts were prepared by redox reaction for application in naphtha
reforming. Furcht at al. modified Pt-Sn/y-Al.O3 by addition of Te, Bi [86] or Au, Ir and Pd
[87] by the refilling method. Their catalysts were evaluated in n-octane reforming under
industrial conditions. As reported in [43, 44], it could be advantageous to replace the
sulphidation step by the addition of an inactive element such as germanium or tin on a
bimetallic Pt-Re or Pt-Ir catalyst. Indeed, the presence of tin or germanium instead of sulphur
leads to more stable catalysts with a higher yield in n-heptane dehydrocyclisation under
industrial-type conditions. For example, the conversion of n-heptane and the yield in toluene

are reported on Fig. 11 as a function of the tin content in trimetallic Pt-Ir-Sn/Al>Os-Cl
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catalysts, and compared with those obtained with a presulphided bimetallic catalyst, without
tin. These results show that the conversion is close to 100% for all the catalysts after 5h but
decreases down to around 50% in the worst case after 65 h of reaction. This deactivation,
mainly due to the presence of coke, is less important for trimetallic catalysts with a low tin
content (less than 0.3 wt.%) than for the presulphided bimetallic catalyst. In the same way, a
strong decrease of the toluene yield occurs between 5h and 65 h of reaction. However, the
highest toluene yields are obtained with trimetallic catalysts with less than 0.4 wt.% of tin.

-Figure 11 -

5.2 Fuel cells

One of the drawbacks to the development of Proton Exchange Membrane Fuel Cells
using reformed fuels is the presence of CO in the reformate which drastically decreases the
performance by poisoning of the anodic catalyst. Tolerance to a high CO concentration would
certainly help to simplify the reformer and especially the hydrogen purification system. This
simplification would lead to the reduction of the cost of the system which is the main
challenge to enter the market. Accordingly, the preparation of bi and trimetallic catalysts by
surface redox reaction was investigated by adding modifiers (such as Ru, Sn and Mo) on a
Pt/C based system commonly used both as an anode or a cathode catalyst but having a very
poor CO tolerance [73]. Among the bimetallic samples, the best results were obtained with
the Pt-Sn/C systems prepared by catalytic reduction. Moreover, the modification of Pt-Ru
nanoparticles by Sn or Mo showed better CO tolerance than the corresponding bimetallic
catalysts, with a significant enhancement of the stability in the case of Mo.

CONCLUSION

The preparation of supported multimetallic nanoparticles by redox reaction allows one to
favour the interaction between the different metals, in agreement with the theoretical
predictions. Nevertheless the presence of the support must be taken into account since the
modifier could have a strong affinity for it. In this chapter, it is demonstrated that the
operating conditions can be controlled in order to minimize the deposition of the modifier
onto the support, such as the pH of the solution, the nature of the reducing agent or of the
precursor salt...Furthermore, it is pointed out that, once the multimetallic nanoparticles are
formed, they could be sensitive to external parameters, as for example the gaseous treatments,
the exposure to air and so on, leading to different catalytic performances. Finally, the

different applications presented in this chapter demonstrate that for a same metal loading,
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metallic nanoparticles prepared by redox reaction presentmore interesting properties than their
counterpart prepared by classical techniques. Illustration are given in several areas like

catalysis for organic chemical synthesis, for environment and for energy.
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Table 1. Comparison of the treatment effects on the dispersion loss of different catalysts

under hydrogen and nitrogen in aqueous media during 24h [70].

Platinum dispersion loss (%): 100.(Do-D)/Do

Catalysts

pH=0.7 pH =6 pH =10
1.0 wt.% Pt/SiO2 (Do = 41%)
under N2 60 6 10
underHz 72 38 62
1.0 wt.% Pt/Al203 (Do = 45%)
underH2, 0O 0 10

Table 2. n-heptane (nC7) conversion (at 30 min), yields in toluene and gaseous products (Cy
to C4) obtained with sulphided Pt-Re/Al20s-Cl (0.6 wt.% Pt, 0.5 wt.% Re) prepared by

coimpregnation (ClI), successive impregnations (SI) or catalytic reduction (CR). (Reaction

conditions : T =500°C, He ~ 6 (molar ratio), P = 10 bar, WHSV = 2.9 h'!) [Pieck-1995]

nCr
Preparation method Conversion (%) Toluene (%) Clto C4 (%)
CR 96.5 27.5 32
Sl 79 17 30

Cl 85 21.5 25
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Figure Captions

Figure 1. Time distribution of (w) Cu ion and (o) Pt ion concentrations in solution during the
preparation of Cu-Pt by direct redox reaction, with an initial atomic ratio Pt*/Cus = 57 (2 ¢
of Raney Cu, 100 mL of solution) [9].

Figure 2. Wt.% Ge deposited by catalytic reduction over (w) Rh/silica and (¢) Rh/alumina as a
function of the wt.% Ge introduced in solution [40].

Figure 3. Cyclopentane hydrogenolysis (102 mol converted per second and per gram of Pt)
on Pt-Re catalysts prepared by catalytic reduction in HNO3z medium: (=) catalysts activated
by reduction (hydrogen, 8hrs, 500°C) ; () catalysts activated by calcination (air, 4 hrs,
450°C) and then reduction (hydrogen, 8 hrs, 500°C) [29].

Figure 4. TPR profiles of alumina supported catalysts, oxidized 12 h under flowing oxygen at
400°C: (a) 1 wt.% Cu ; (b) 3 wt.% Pt and (c) 3 wt.% Pt-1 wt.% Cu prepared by catalytic
reduction.

“Reprinted from, Applied Catalysis A, Vol. 237, F.Epron, F. Gauthard, and J. Barbier,
Influence of oxidising and reducing treatments on the metal-metal interactions and on the
activity for nitrate reduction of a Pt-Cu bimetallic catalyst, Pages 253-261, Copyright

(2002), with permission from Elsevier”.

Figure 5. TEM image and metal particle size distribution of a 20 wt.% (Pt+Ru) 1.8 wt.% Mo
| C catalyst prepared by catalytic reduction.

Figure 6. Simplified reaction scheme for carvone hydrogenation

Figure 7. Simplified reaction scheme for citral hydrogenation

Figure 8. Selectivities for Rh-Ge/SiO> (a) and Rh-Ge/Al>O3 (b) catalysts prepared by surface
redox reaction at 50% citral conversion (Treactin = 70°C, P2 = 76 bar, isopropanol as
solvent):

() citronellal; (&) unsaturated alcohols; (®) citronellol

Figure 9. Examples of polyol conversion into furanic derivatives

Figure 10. Nitrate concentration versus time in the presence of Pt-Cu/Al>Os catalysts
prepared by catalytic reduction (A) or by impregnation by cationic exchange (m) ( 0.75
wt.% Pt, 0.25 wt.% Cu, reaction conditions : nitrate source : Mg(NO3)2, T = 10°C, Pr2 =1
bar, Mcaa= 8 g.L™Y).

“Reprinted from Journal of Catalysis, Vol.198, F.Epron, F. Gauthard, C. Pinéda and J.

Barbier, Catalytic reduction of nitrate and nitrite on Pt-Cu/Al2Os catalysts in aqueous
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solution: Role of the interaction between copper and platinum in the reaction, Pages 309-
318, Copyright (2001), with permission from Elsevier”.

Figure 11. n-heptane conversion and vyield in toluene obtained with trimetallic Pt-Ir-
Sn/Al,Os3-Cl prepared by catalytic reduction, after 5 h () and 65 h (H) or presulphided
bimetallic Pt-Ir/Al>O3 catalyst after 5 h () or 65 h () of reaction ( 0.3 wt.% Pt, 0.3 wt.%

Ir, reaction conditions : T = 500°C, icz = 3(molar ratio), P = 5 bar, WHSV =2 h'}).
nCz
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