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ABSTRACT

This dissertation considers effective bimetallic preparation for supported Ir-based
bimetallic catalysts and their catalytic activity. Since bimetallic catalysts exhibit
significantly different catalytic and chemical properties than their corresponding
monometallic components by providing enhanced selectivity, stability and /or activity,
many monometallic catalysts in industrial processes have been replaced by bimetallic
catalysts. However, conventional synthetic methods used to produce monometallic and
bimetallic catalysts often result in wide particle size distributions and non-uniform
materials which can be difficult to characterize on a fundamental level. Two alternate
preparation methods, dendrimer templating and electroless deposition, are developed and
compared with conventional incipient wetness method. In dendrimer templating method,
poly(amidoamine) (PAMAM) dendrimers are used to form and stabilize cluster and
nanoparticles in solution generating dendrimer metal nanocomposites (DMN) precursors.
On the other hand, suitable reducing agent and metal ion source are selected for
electroless deposition method which allows the ability to tailor the catalyst surface sites
upon which the secondary metal is deposited. In the present work, the effectiveness of
using two distinct method as well as conventional method to prepare Al,O3 supported Ir-

Au, Ir-Ag catalysts is reported.

Ir-Au/Al,O3 catalysts were prepared utilizing the DMN approach by four different

synthetic routes and allowed for comparison with the conventional counterparts. These

Vi



catalysts showed different metallic dispersions with various particle sizes and
distributions, depending on the preparation method. These properties influence the
catalytic performance, dendrimer-derived catalyst with higher dispersion and narrow
particle size distribution resulted in enhanced activity toward CO oxidation and higher
selectivity towards N,O and a better intrinsic catalytic turnover frequency for reduction

of NO by CO and NO decomposition.

On the other hand, a series of alumina supported Ag-Ir and Au-Ir bimetallic
catalysts having controlled and incremental coverages of Ag or Au, have been
successfully prepared in an optimized electroless deposition bath. The structural and
electronic properties of the catalysts were characterized using hydrogen chemisorption,
atomic absorption spectroscopy, Fourier transform infrared spectroscopy, and X-ray
photoelectron spectroscopy. The results suggest that Ag and Au metal was deposited on
all types of Ir surface sites in a non-discriminatory fashion. However, kinetic studies of
CO oxidation revealed different result for Ag-Ir and Au-Ir bimetallic system. That is,
higher coverages of Au resulted in lower turnover frequencies (TOFS) indicating that no
bimetallic effect between Au and Ir for this reaction. In contrast, the highest TOF was
obtained at the half point in Ag-Ir bimetallic catalysts where the Ir-Ag pair sites are
maximized. This clearly suggests a bifunctional effect, where the Ag provides a non-
competitive source of adsorbed oxygen for reaction with CO adsorbed on Ir. Consistent
reaction order studies were obtained. On the other hand, enhanced catalytic activities
were found toward NO-CO reaction over both ED-derived bimetallic Au-Ir as well as
Ag-Ir catalysts. This can be explained by a probable bifunctional effect, but more kinetic

studies need to be done to fully understand the mechanism for this.

vii
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CHAPTER 1
INTRODUCTION

1.1 OVERVIEW

Heterogeneous catalysis is critical to chemical technology, facilitating
innumerable chemical reactions. During the catalytic process, chemical bonds are broken
and new chemical bonds are formed repeatedly, usually without a significant change of
the catalyst. In the absence of the catalyst, this chemical transformation would either not
occur or would take place with lower efficiencies or slower rates. Therefore, many
catalysis researchers have been committed to the development and improvement of
heterogeneous catalysts for hydrogenation, dehydrogenation, isomerization, and
polymerization reactions. These catalytic reactions all played a key role in the
development of the industrial revolution and have impacted our society and lifestyle over
the past several decades. As we live in the 21% century, we would have difficulty
imagining our world without the fruits of heterogeneous catalysis, because it has an
impact on nearly every part of our daily lives, ranging from the production of gasoline to
pharmaceuticals to plastics [1, 2]. The needs for better catalysts will only increase as
environmental and economic concerns motivate the development of more efficient

processes.



Among heterogeneous catalysts, transition metals are widely used since they
possess unique properties that enhance activity and selectivity in chemical reactions.
Such metals are usually maintained on a support, which is normally a high surface area
material such as alumina, silica or carbon. Consequently, the support provides a very
large area over which the expensive metal can be distributed, thus allowing maximum
exposure of the active metal surface. In industry, these supported catalysts are often
prepared either by wet impregnation or incipient wetness impregnation methods.
However, these conventional synthetic techniques do not effectively control the
distribution or homogeneity of metals on the substrate in many cases. In addition to less
than optimal performance, such non-uniform materials can also be difficult to
characterize [3]. One goal in catalyst synthesis, therefore, is to exert more control over
delivery of metal nanoparticles to supports. In order to obtain uniform materials, a variety
of synthetic techniques have been developed over the years, including the use of ion
exchange method [4], colloidal routs with various stabilizers [5] or organometallic cluster
complexes [6], to name a few. One very promising synthetic method that has been
explored recently is the use dendrimer-metal nanocomposite (DMN) precursors on route
to supported metal catalysts [7]. This relatively new approach is interesting due to the
possibility to control resulting metal particle size and composition. As another alternate
electroless deposition (ED) method, which is based on a well established method of
coating films, is also intriguing. As compared to traditional methods such as
impregnation, vacuum deposition, and sputtering, ED may be an attractive future
commercial synthesis technique that provides with its simplicity of operation and better

control.



Supported Ir catalysts are outstanding candidates for a variety of catalytic
reactions due to their stability, activity and selectivity under reaction conditions [8-11].
For example, Ir catalyst have been shown to be capable of stereo selective hydrogenation
of C=C bonds [12]. Nevertheless, compared to other platinum group metals, Ir metal has
been less explored although it is situated among the same 5f orbital metals as Pt. In
addition, there is very little information about supported Ir catalyst synthesis using the
DMN approach or ED method. In this study, it is proposed to study synthesis and
characterization of dendrimer-derived and electrolessly-deposited Ir mono- and bi-
metallic catalysts as opposed to conventionally-derived one. Thus, a family of dendrimer-
derived or electrolessly-deposited Ir-based catalysts has been prepared to illustrate
synthetic method effects on bimetallic structure and correlate physical and/or chemical
properties of the bimetallic catalysts with their kinetic behavior for NO reduction and CO

oxidation and direct NO decomposition.

1.2 BACKGROUND AND LITERATURE REVIEW
1.2.1 PREPARATION OF BIMETALLIC CATALYSTS

In the 1940’s, scientists began to experiment with the combination of various
metals in one catalytic system [13]. These poly-metallic catalysts have been implemented
industrially and have had major impact on petroleum refining. Generally, research has
shown that bimetallic catalysts exhibit significantly different catalytic and chemical
properties than their corresponding monometallic components by providing enhanced

selectivity, stability and /or activity [14, 15]. Owing to these desirable attributes, many



monometallic catalysts in industrial processes have been replaced by bimetallic or poly-
metallic catalysts [14, 15].

Many different methodologies have been developed to prepare bimetallic catalysts.
Two of the most widely used industrial procedures are successive impregnation of
different metal salts (two metal salts are successively deposited), and coimpregnation
(two metal salts are simultaneously deposited) followed by reduction on the support.
Unfortunately, these methods typically result in the formation of both monometallic
particles of each of the two metals, and bimetallic catalyst particles of varying
compositions of the two metallic components [4]. This complex mixture usually brings
not only poor catalytic performance but it also makes any correlations between catalyst
activity, catalyst characterization, and catalyst composition virtually impossible. Thus, an
alternate method of preparation is required.

One alternative is the ion exchange method for preparation of zeolite supported
metals, which rely on support influences and properties to control metal placement. The
framework of zeolite contains an AI** atom surrounded by four oxygen atoms, which
result in an excess negative charge that is neutralized by cations such as Na®. In this ion
exchange method the cations associated with the Al groups are exchanged for ligated
metallic ions such as [Pt(NHs)4]**, for example. The exchanged material is then calcined
to remove the ligands (NHj3), and finally the material is exposed to flowing hydrogen for
metal reduction. This procedure has been used for the preparation of bimetallic Ag-Pt
catalysts where the Pt/NaY zeolites were prepared and exposed to a room temperature,
aqueous solution containing AgNOg3, which was ion exchanged to yield the final

bimetallic catalyst [4]. Successive ion exchange of a second metal salt solution is used to



introduce the second metallic component of the bimetallic system and the bimetallic
catalysts prepared in this manner have shown promising results and have been
implemented in several industrial processes [4]. However, this methodology does not
guarantee that the two metals will be intimately associated with each other. In addition,
the calcinations step may induce several undesired effects such as autoreduction, which
can cause particle agglomeration [4].

Several other preparation methods have been developed whereby the metal
placement is more precisely controlled. Many of these methods are based on the use of
colloids, which are suspended solids, because their small size and high dispersion provide
notable advantages. However, it is necessary to stabilize the suspension to prevent the
undesired agglomeration of these unstable nanoparticles. This may be done using
electrostatic and/or steric stabilizers or ligands. Once the stabilized, a dispersed
suspension is attained, and the metal particles can be reduced by various methods
including chemical reduction, thermal decomposition, and electrochemical methods. To
convert to a more conventional, heterogeneous format for metallic catalysts, the metal
particles are often deposited on a support using impregnation or grafting, although the
deposition process often results in a less active catalytic material [5]. The preparation of
bimetallic catalysts via colloidal methodologies proceeds in the same manner wherein the
metals may be reduced simultaneously or successively. Unfortunately this preparation
method has sometimes resulted in suspensions having particles larger than 10nm and
irreproducible catalytic properties.

Organometallic precursors have also been investigated for their ability to

simultaneously act as a template and a stabilizing agent for nanoparticles. In principle,



they allow clusters to be supported while maintaining their metal-metal bond. First, the
organometallic precursor, which contains the desired metals, is contacted with a given
support. This supported monometallic cluster can then be exposed to another cluster
containing the secondary metal. By proper selection of ligands, it is possible to have
direct interaction between the two clusters, leading, in principle, to the formation of a
bimetallic catalyst after the ligands are removed by various thermal treatments. Although
these methods do provide metal precursors with defined structures and stoichiometries,
the deposition process and thermal removal of ligands may cause the metals to segregate
and lose the intimate contact desired in the preparation of bimetallic catalysts.
Additionally, organometallic derived catalysts often lose their high dispersion under
reaction conditions due to the unstable nature of the particles. Thus, the catalysts prepared
from bimetallic clusters do not offer obvious advantages in application [6]. Nevertheless,
it was noted that these materials are still very probative from an academic perspective [6].
Metal species may also be stabilized and templated using dendrimers. Dendrimers
[16] are monodisperse, hyperbranched spherical organic macromolecules that emanate
from a central core with repetitive branching units, allowing for controllable size. While
possessing a very dense exterior, they contain less dense interiors that can be ideal for
encapsulation of metal nanoparticles. One of the most successful applications along these
lines has been the synthesis of metal nanoparticles using poly-(amidoamine) (PAMAM)
dendrimers. Originally pioneered by Crooks et al. [17], the approach takes advantage of
the fact that transition metal ions (e.g., Pt**, Pd**, Cu**) can coordinate with the interior
tertiary amine and secondary amide functional groups of the dendrimer. The interior void

spaces are then used for stabilization and creation of metal clusters or nanoparticles upon



reduction treatment. These dendrimer-metal nanocomposites (DMNSs) are stable for
extended periods of time and can exhibit interesting catalytic properties [18]. The
dendrimer can exert control over size and (in the case of multiple metal ions) composition
of resulting nanoparticles or clusters, which can allow for tuning of catalytic properties.

Unfortunately this method does not work well for ions such as Ag* which only
weakly complex to the dendrimer. As such, metal-displacement methodologies have been
developed in which Cu nanoparticles are deposited via direct reduction and then exposed
to Ag”. Due to its more positive half-reaction, Ag* oxidizes the Cu and becomes reduced.
By altering the pH or the Ag™ concentration and allowing some of the Cu to remain in its
reduced form, bimetallic dendrimer encapsulated nanoparticles can be formulated [18]. A
similar method has been used for the preparation of Au-Pt nanoparticles. In this case the
Cu encapsulated nanoparticles were prepared via direct reduction using G5-OH PAMAM
(generation five hydroxyl-terminated poly(amidoamine)) dendrimers. The dendrimer-
encapsulated Cu nanoparticles were then exposed to a solution of K;PtCl, and HAuUCl,,
which oxidized the Cu and resulted in small “intimately mixed” bimetallic Pt-Au
nanparticles [19]. There are now many investigations exploring the use of DMNSs as
precursors to synthesize supported catalysts, and narrow metal particle size distributions
have been observed for different transition metals such as Pt [20-25], Pd [25], Au [19, 26],
Ru [27, 28], Pt-Au [19], and Pd-Au [26] catalysts.

Recently, another series of preparation methods based on reduction-oxidation
(redox) reactions have neen developed to prepare bimetallic catalysts. Unlike the other
techniques previously described, these methods rely on redox chemical reactions to

control the placement of the secondary metal. Consequently, there is no need to remove



excess materials through calcination or heat treatments. Furthermore, the redox
methodologies hold a great deal of promise since they allow the ability to tailor the sites
upon which the secondary metal is deposited [4]. In the catalytic reduction methodologies,
such as electroless deposition (ED), the primary metal activates a reducing agent, which
then reduces the secondary metal from solution. Different reducing agents may be used,
although the choice of reducing agent influences the type of sites upon which the second
metal will be deposited. Thus, this process also provides a means of tuning the catalyst so
that certain sites can be selectively blocked. This scheme will be discussed in detail in

section 1.2.3.

1.2.2 DENDRIMER-METAL NANOCOMPOSITES (DMN) FOR CATALYST SYNTHESIS

For a number of reasons, metal nanoparticles synthesized by the dendrimer route
have great potential to be used as catalysts. First, dendrimers can exert control over the
size and composition of metal particles (in the case of multiple metal ions) by choosing
the proper generation of dendrimer solution and mixing it with suitable amounts of metal
ion solutions. Second, dendrimers can prevent the metal nanoparticles from
agglomeration, which leads to larger particles and lower metal surface area. However, it
is important that the polymer does not passivate the catalytic sites, thus allowing the
reactive substrates to penetrate through the dendrimer and access the metal surfaces.
Finally, in the case of heterogeneous catalysis, dendrimer can be a useful delivery device
for immobilizing metal nanoparticles onto various supports. Therefore it is not surprising
that several studies in recent years have examined the utility of these materials for

catalysis.



1.2.2.1 DENDRIMER DESCRIPTION

The concept of a dendritic molecule was first proposed about 30 years ago, but
only until recently is there more and more interest in their applications [16, 29]. These
hyper-branched, monodisperse, spherical organic materials have three common
geographical features: a core, repetitive branches and terminal groups. These features
make the dendrimer a very versatile material since structure and chemical properties of
dendrimer can be controlled through their variation. For example, dendrimers terminated
with hydrophilic functional groups are soluble in polar solvents such as water and low-
molecular-weight alcohols [30]. The density of the external functional groups increases
with generation, allowing control of access to dendrimer interiors [31]. The divergent and
convergent approaches are two ways to synthesize dendrimers. In the former method, the
growth of dendrimer comes from the core to the exterior, including a serial repetition of
chemical reactions as shown in Figure 1.1.
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Figure 1.1 Amine-terminated PAMAM dendrimer synthesis [31]



Different terminal groups can be introduced onto the dendrimer outer shell by using
different monomers in the last synthesis step or by modifying the terminal groups of
primary amine terminal groups [31]. The latter method builds from the periphery to the
core. This involves a cycle reaction as well, but in this case each step is used to
synthesize individual dendrimer branches (dendrons). So far, fewer materials have been
successfully synthesized using the convergent method, and very high generation
dendrimers (>10) cannot be made this way. Two of the most successful products from the
divergent approach are poly(amidoamine) (PAMAM) and poly(iminopropane-1,3-diyl)
(PPI) dendrimers. Table 1.1 contains physical characteristics of PAMAM dendrimers as a
function of generation. The exterior of a high (>4) generation dendrimer is very dense
while its interior is relatively hollow and the size, density, and number of functional
groups of dendrimers depend only on the generation. Hydroxyl-terminated
poly(amidoamine) (PAMAM-OH) dendrimers have polar tertiary amines and secondary
amides in their interior. This type of dendrimer has been used because pH control is not
as necessary (as it is for amine terminated dendrimer), allowing metal ions to complex in

Table 1.1 Physical characteristics of PAMAM dendrimers [31]

number of | number of molecular weight
Generatio surface tertiary NH; terminal OH terminal diameter®
n groups amines group group (nm)
0 4 2 517 521 15
1 8 6 1430 1438 2.2
2 16 14 3256 3272 2.9
3 32 30 6909 6940 3.6
4 64 62 14215 14277 4.5
5 128 126 28826 28951 5.4
6 256 254 58048 58298 6.7
7 512 510 116493 116993 8.1
8 1024 1022 233383 234382 9.7

# Molecular dimensions determined by size exclusion chromatography.
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their interiors [31].
1.2.2.2 MONOMETALLIC DMNSs

Dendrimers can be used as host molecules, with the interior hollow pocket serving
as containers that can hold metal and semiconductor nanoparticles. The possibility of
encapsulating guest molecules in dendrimer hosts was first discovered by Maciejewski in
1982 [32], and has developed as the major application of dendrimers ever since. In one of
the earliest investigations of dendrimer-metal interactions, Ottaviani et al. [33] studied
copper and manganese complexation with full generation poly(amidoamines) starburst
dendrimer (SBD) using electron paramagnetic resonance (EPR) spectroscopy. The
complexation studies were carried out with Cu?* and Mn (11) as function of temperature,
pH, dendrimer generation and aging of the samples. They found at pH greater than 3.5,
surface amino groups of SBDs prevented interaction with Mn(11), but allowed Cu?*
complexation. When pH values were between 4 and 5, Cu®* ions were found to be
coordinated to two surface NH, groups and two internal NR3 groups, giving Cu
coordinated to 4 Nitrogen (Cu-N4). The complexes showed higher mobility at higher pH,
with Cu®* moving to the interiors of the SBDs structures. These interactions between
dendrimer and copper metal ions were quite strong and stable so that the complete
decomposition of SBDs was found after 60 days of preparation for pH >5.5.

The concept of the template-synthesis strategy to prepare metal nanoclusters
within the dendrimers was successfully proved by Crooks and co-workers [34]. They
prepared different size Cu clusters by encapsulating Cu®* into the interior of PAMAM
starburst dendrimer by reduction. The Cu clusters were found to be stable when they are

inside the dendrimer, despite their small sizes of less than 1.8 nm. They reported that
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Cu?* bonding with dendrimer is pH dependent as well, because H* and Cu®* compete for
tertiary amines sites. One of their major findings was that the ability to prepare metal
nanoclusters inside the dendrimer strongly depends on the chemical composition of the
dendrimer.

They also synthesized noble metal nanoparticles such as Pt and Pd with high
monodispersity and controlled size using PAMAM dendrimer [35, 36]. As shown Figure
1.2, the synthesis process is very straightforward. After preloading proper metal ions into
a dendrimer template by mixing them together and stirred for an extended period of time,
and then chemically reducing them, the dendrimer-encapsulated metal nanoparticles are
formed. These metal nanoparticles can be used as catalysts with or without the presence
of dendrimer templates. Hydroxyl-terminated PAMAM dendrimers are found to prevent
agglomeration of the nanoclustes since they are confined within the interior. Pt particles
had roughly spherical shape with an average diameter of 1.6 nm (G4-OH(Ptg)) and 1.4
nm (G4-OH(Pt,)) depending on the metal to dendrimer ratio. They found that clusters

size is related to the dendrimer generation and the number of ions preloaded into the

Figure 1.2 Synthesis route for dendrimer-encapsulated metal nanoparticles [18]

12



dendrimer interior prior to reduction.

For the transition metal ions that cannot coordinate with the interior amine groups
of dendrimers (e.g. Ag™) via either covalent bonds or by forming strong complexes, an
alternative way was proposed by Crooks and co-workers. These displacement reactions
were accomplished by in-situ exchange resulting from differences in electrochemical
potentials [37]. The more noble metal ions can be reduced to form metal nanoparticles
through an intra-dendrimer exchange reaction. This concept was applied to obtain Pt, Pd,
Ag, and Au nanoparticles using Cu?* as the first displaced ion since the standard potential
for their half-reactions are more positive than Cu?*/Cu. Ag nanoparticles were obtained
by primary displacement of Cu nanoparticles, but Au, Pt, and Pd were obtained either by

primary or secondary displacement as shown in Figure 1.3.
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There are some other groups who used similar ways to synthesize dendrimer-
encapsulated metal nanoparticles. Theoretically, by changing the generation of dendrimer,
the terminal function groups, the kids of metal ion, and the dendrimer/metal ion ratio,
almost any kind of dendrimer-encapsulated metal nanoparticles can be synthesized.
Balogh et al. prepared Cu nanoclusters by mixing PAMAM G4 and copper (Il) acetate
solution together, followed by reduction with aqueous hydrazine solution [38]. The
copper domains dispersed within dendrimer were confirmed by UV-vis spectroscopy and
the estimated Cu nanoclusters were much smaller than the dendrimer. Esumi and co-
workers synthesized Pt nanoparticles in ethyl acetate solvent using different generations
of PAMAM dendrimer with methyl ester terminal groups [39]. The characterization was
carried out using FT-IR and UV-vis spectroscopies to investigate the interaction between
Pt** ions and dendrimers and it was found that a ligand substitution reaction occurred
from CI” to oxygen or nitrogen of the dendrimer. They also investigated interaction
between Au and PAMAM dendrimers of different generations (G0-G5) with using UV-
irradiation method to reduce Au** ions [40]. With increasing irradiation time, the
existence of Au colloids was observed. Manna et al. [41] reported size-controlled Ag and
Au nanoparticles with PAMAM G4 by using the same procedure of displacement

reactions that Crooks group used.
1.2.2.3 BIMETALLIC DMNSs

From the catalytic point of view, bimetallic nanoparticles are very attractive

because they possess unique properties that are rather different from those of the
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individual metals. Addition of a second metal is commonly used to improve the catalytic
activity and/or selectivity of a certain reaction. In order to achieve bimetallic dendrimer-
metal nanocomposites, three different synthetic methods can be used as shown in Figure

1.4[17, 18].
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Figure 1.4 Dendrimer-encapsulated bimetallic nanoparticles [18]
The first tactic is the preparation of mixed-metal intradendrimer nanoparticles by partial

displacement. This is accomplished following the total displacement reactions as the

Crooks group proposed. However, in this case, less than stoichiometric amount of the

15



second metal is used in order to have partial replacement of the first. This is different
from the other two techniques that the metals were added in stoichiometric quantity to
complex fully with a particular dendrimer generation to obtain monometallic particles.
The second approach is co-complexation of two different metal ions. In this method, two
different metals ions are added to a dendrimer solution simultaneously followed by a
single step of reduction. Lastly, bimetallic nanoparticles can also be obtained by the
sequential loading method, in which single metal ions are added to a dendrimer solution
one after the other separated by a step. In principle, these three methods for preparing
bimetallic nanoparticles could be applied to also prepare trimetallics, although this has
not been proved.

Although there are less reports showing the DMN approach for bimetallic
nanoparticle preparation compared to those for monometallic DMNs, Crooks et al. [17,
18] have successfully prepared Pt-Pd DMN bimetallic nanoparticles using both the co-
complexation and sequential methods. They used two different solutions of PtCl,% and
PdCI,%, and mixed them together with G6-OH followed by a single reduction step for the
co-complexation method. This process was characterized via UV-Vis spectroscopy,
where the complex mixture spectrum was the sum of the G6-OH/ PtCl,* and G6-OH
IPdCI,* spectra. For the case of sequential method, the size of metal nanoparticles was
examined by TEM during each step. It was found that an average particle diameter of Pt
(G6-OH(Ptss)) that was reduced first exhibited 1.4 £ 0.2 nm. After subsequent addition of
Pd followed by reduction yielded a final bimetallic particles size of 3.0 + 1.0 nm. This
was attributed to interdendrimer transfer of Pd atoms during the second reduction. They

further investigated those Pd-Pt bimetallic catalysts via co-complexation approach using

16



PAMAM G4-OH dendrimer [42]. The total metal-to-dendrimer molar ratio was held at
40:1(e.g. G4-OH(Pdx-Pt40.x), where x varied from 0 to 40. TEM and X-ray energy
dispersive spectroscopy (EDS) confirmed that bimetallic particles were present instead of
physical mixture on monometallic particles. For DMNSs containing 75% Pd and 25% Pt,
the particles size were found to be 1.9 + 0.4 nm and 2.1£0.6 nm in bright-field and high-
angular dark-field mode of high resolution TEM, respectively. The effect of Pd-to-Pt
molar ratio was examined for hydrogenation of allyl alcohol in water, where the turnover
frequency was correlated to the molar ratios. The results suggest that this method can
efficiently prepare monodisperse bimetallic catalyst under controllable conditions.
Furthermore, they also synthesized and characterized other bimetallic dendrimer
encapsulated particles such as Pd-Au [7].

Several different bimetallic DMNs were synthesized by some other groups. For
instance, Chung and Rhee have synthesized and characterized Pd-Rh [43], Pd-Ag [44],
and Pt-Pd [45] bimetallic DMNSs. The first two bimetallics were prepared by co-
complexation of the dendrimer-salt solutions, while Pd-Ag bimetallic DMNs were
prepared mixing dendrimer with silver(l) bis(oxalate)palladate(Il) complex to solve the
intrinsic problems of the Pd-Ag system [44].

The use of dendrimer-encapsulated approach has also been used to prepare
different combination of supported heterogeneous bimetallic catalysts. The Chandler
group [19] has prepared supported bimetallic Pt-Au nanoparticles via the partial
displacement reaction method as explained above. They found from TEM and EDS
results that this preparation method yields intimately mixed bimetallic nanoparticles

smaller than 3 nm. Scott et al. [26, 46] prepared titania supported Pd-Au bimetallic
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catalyst via both co-complexation and sequential method. It was noticed that the metals
can be placed in a core or shell position by using sequential loading method depending on
the loading order. On the other hand, the co-complexation method is more likely to
produce nanoscale metal alloys. They also found that this Pd-Au supported on titania
catalyst exhibited a synergetic catalytic effect toward CO oxidation compared to
supported monometallic catalysts.

Liu et al. [47] studied a series of silica-supported monometallic (Pt, Ru) and
bimetallic (PtRu) catalysts that synthesized using both dendrimer—metal nanocomposites
(DMNs) and metal salt precursors. Histograms obtained from electron microscopy reveal
that the dendrimer-mediated synthesis yields smaller particle sizes and narrower particle
size distributions compared with the conventional incipient wetness impregnation for the
monometallic Ru and Pt—Ru. In addition, XRD patterns suggest that the co-complexation
sample has the highest Ru content (33%) in its alloy phase, while conventional PtRu has
the least Ru content (12%) in its alloy phase. In concert with these findings, O—H,
titration shows that the cocomplexation catalyst has a relatively Ru-enriched surface,
while conventional PtRu has a Pt-enriched surface.

Xie et al. [48] also investigated similar study with Pt-Cu DMNs. STEM analysis
suggests that the G4OH dendrimer was capable of exerting significant control over
particle formation and sintering on the catalyst support. Consequently, the sizes of the Pt
and Pt—Cu nanoparticles in these catalysts indicate a smaller average particle size and
narrower size distribution for the metal nanoparticles in the DD catalysts than in the CD

catalysts. They also found that the differences in the IR spectra which can be related to
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differences in the oxidation state, particle size, and relative Pt/Cu composition of the

catalysts.

1.2.3 ELECTROLESS DEPOSITION (ED) FOR CATALYSTS SYNTHESIS

Electroless deposition (ED) became an industrial process after Brenner and
Riddell’s accidental discovery in 1946 of a stable ED solution that led to smooth, hard
nickel deposits [49, 50]. Brenner and Riddell named the process ‘electroless deposition’
which is essentially an autocatalytic process whereby metal is deposited without the use
of an external electrical current [49]. Unlike displacement and contact deposition,
autocatalytic deposition allows deposition to continue after the primary metal is covered.
Consequently, autocatalytic deposition can be used to formulate very thick coatings that
generally exhibit desirable electrochemical properties such as low porosity and increased
hardness [51]. One of the most appealing aspects of ED is the wide variety of metals that
can be deposited. In fact, any metal that can be deposited using electrodeposition (use of
an external current to promote reduction) can also be deposited via ED given the proper
deposition conditions [49]. As a result, ED has been developed for a wide variety of
metals including most Group VIII metal as well as Ag, Au, Cu, Cd, Cr, Sh, Sb, In, etc
[52]. Furthermore, ED provides the ability to deposit this wide variety of metals on
conductive, semi-conductive, and non-conductive materials, whereas electrodeposition is
only practical on conductive materials [51, 53]. Initially, electoless deposition was used
to provide coatings for decorative purposes, but with development of modern
technologies, other innovative uses have been found [54]. In fact, materials formulated by

ED have applications in the electronics, aerospace, and battery industries [49, 53].
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Additionally, the “selective” nature of ED makes it appealing for the preparation of
heterogeneous catalysts, since it could potentially lead to the production of large volumes

of highly dispersed, supported bimetallic catalysts at relatively low costs.

1.2.3.1ED BATH

As a promising candidate method for synthesis of bimetallic catalysts,
fundamental understanding of the chemistry and physics of the ED method is quite
important. To understand deposition Kinetics, it is good to discuss the experimental
parameters that usually describe the solution (often called the ED bath) in which
deposition takes place.The bath is usually aqueous and is generally composed of a metal
ion source, a reducing agent, a complexing agent, a stabilizing agent, and possibly an
accelerant [53]. In order for catalytic electroless deposition to be achieved, a delicate
balance must exist between these components such that a kinetically stable bath is
attained. Otherwise, rather than depositing the metal at active catalytic sites, the metal

will simply be thermally reduced and will precipitate from solution [49].

Metal source: The metal source is a basic ingredient for formulation of an electroless bath.
It should be soluble in order to provide stable bath configurations. The nature of metal
complex used will directly affect the quality of both deposition and deposit. A wide
variety of metal sources (e.g., sulfates, phosphites, chlorides, cyanides, nitrates, acetates)
are available. In addition to deposition characteristics and bath environment, the effect of
impurities and by products on the final deposit plays a key role in metal source selection.

Generally, chloride precursors are safe; however, they are very sensitive to bath
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parameters such as pH of solution, reducing agent and activity of the substrate. In
addition, chloride baths are capable of inducing corrosion on aluminium or ferrous
substrates, which may lead to substrate dissolution. Moreover, residual chloride ions are
often not desired in catalysis applications. In contrast, cyanide metal sources are well
known to provide more stable electroless baths, although their toxic nature hinders
extensive use in industry. The potential metal sources used for electroless plating of
several metals are described in Table 1.2. The metal precursor will undergo various
transformations during electroless deposition such as complexation and hydrolysis. For
example the kinetics of nickel deposition is mainly dependent on the metal ion
complexion process in aqueous solution. Hexaaquonickel ion [Ni(H20)4(OH)]° forms
from Ni*? in a reversible process dependent on the concentration of metal ion and pH of
the solution. So, a clear understanding of metal source and its aqueous phase
complexation processes helps in choosing a suitable metal precursor to formulate a stable
electroless system.

Table 1.2 Metal precursors for different metals [53]

Metal Metal sources
Ag AgNO3, KAg(CN),, NaAg(CN),
Au HAUC|4, KAU(CN)Q, NagAU(SC)g)z
Co CoS0y, CoCl,
Ni NiSQOy,, NiCl,, Ni(H2PO,),, Ni(CH3COO),
Pd PdCl;, Pd(NHz3)4Cl,
Pt Nath(OH)g, (NH3)2Pt(NOz)2, HZPtC|6

Reducing agent: The reducing agent donates electrons to the metal that is being reduced.

Typical reducing agents for ED include hypophosphite, formaldehyde, alkali

borohydrides, dialkylamine borane, and hydrazine [55]. There are several factors that
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influence which reducing agent is chosen. In order for the process to be catalytic, the
standard redox potential of the reducing agent must be more negative than that of the
metal that is being reduced. For example, sodium bypophosphite is a practical reducing
agent for nickel since its redox potential is -0.5V while that of nickel is only -0.25V [53].
Furthermore, the order of reducing agent activation on metals should be considered for
synthesis of true bimetallic catlysts. In other words, the reducing agent should prefer to
activate on the primary metal rather than the second metal or substrate, so as to produce a
bimetallic surface. Ohno et al [55] measured the catalytic activity of different metals (Au,
Pt, Pd, Ag, Ni, Co and Cu) for commonly used reducing agents. The anodic potentials of
these metals at constant current density for each reducing agent are compared. Figure 1.5
shows the order of reducing agent activation on metals for anodic reduction in electroless
plating and these trends are very useful to formulate different electroless baths. For
instance, hydrazine and borohydride are better choices for electroless gold or silver

deposition on Pt, where as DMAB and formaldehyde are recommended for Pt deposition
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Figure 1.5 Catalytic activity of metals for anodic oxidation of different reactants, where
Er: Oxidation-reduction potentials of reducing agents. [55]
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Although the above chart recommends certain reducing agents for different combinations
of metals, the overall ED kinetics of metals can also depend on the nobility of the metal

and its resistance to both dissolution in the electroless bath, and excessive oxidation.

Bath Medium: An aqueous medium is preferred for most of the electroless deposition

processes due to the availability of OH™ and H” ions that facilitate the electron exchange
or transfer. Moreover, the aqueous medium affects the overall charge on the supports

used such as in the case of alumina and silica, where a neutral support acquires different
charge according to solution pH. The pH can easily be controlled in aqueous media, and
so is a critical parameter to control electroless deposition processes. The other important
parameter is the solubility of the metal complex, which greatly influences the stability of
the electroless bath. Aqueous baths are suitable for most of the metal precursors used for

electroless deposition of various metals.

Supported monometallic catalyst: Electroless deposition is possible on metallic and non

metallic substrates. Typically, a monometallic supported catalyst is used as substrate for
synthesis of bimetallic supported catalysts. The metal — support interactions of the
primary monometallic catalyst are very vital for successful deposition of secondary metal.
Because some electroless baths are run at temperatures near to 100 < and highly acidic
or basic environments, the support should hold the primary metal strong enough in such

harsh conditions.
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Additives: An electroless bath can be improved by introducing various agents that
enhance the bath lifetime and induce desirable properties such as porosity, thickness of
coating, and stronger support adhesion in the final deposit/coating. A single compound
(even the metal source) can even play multiple roles (e.g., stabilizer, complexing agent,
and depolarizer). These compounds are labeled according to the respective intended
function in the electroless bath. The residual quantities of additives left behind in deposits

can often deteriorate the quality of the final product.

1.2.3.2 ED THEORY

In the ED process, deposited secondary metal is selectively formed on
catalytically active sites of the prmary metal by the chemical reduction of a metal salt
from an aqueous solution. An example of the redox reactions occurring during ED may
be seen in Figure 1.6 [53]. The figure depicts a substrate, which can be thought of as a
catalytically-active site (typically a metal which may exist as a uniform coating or as
isolated particles on a non-metallic support). The substrate is composed of anodic and
catholic sections. In practice, however, the anode and cathode are adjacent sites on a
metal surface. By convention, oxidation (loss of electrons) takes place on the anode and
reduction (gaining electrons) occurs on the cathode [56]. In this case, hypophosphite
(H2POy) is the reducing agent that supplies electrons through the anodic reaction [49, 53]:

H,PO,” + H,O — HyPO; + 2H' + 2¢ [1.1]

The electrons donated to the substrate then travel to the cathodic section where they are
used for the nickel reduction reaction:

Ni?* + 2¢° — Ni [1.2]
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In general these overall oxidation, and reduction reactions may be expressed as [52, 54]:

M* +R"™ (catalyst) —» M° +R*" (overall) [1.3]
R™ — R™? + ze™ (oxidation) [1.4]
M* +ze" — M° (reduction) [1.5]

Where R is the reducting agent, z is the valence, and M is any of the viable ED metals
described previously. At steady state these oxidation and reduction reactions occur
simultaneously such that no net current (movement of electrons) is generated [49]. At that
point, the current being generated by the anodic reaction exactly equals the current from
cathodic reaction. This current is directly related to the rate of the electroless deposition

reactions [55].

Ni2*

H2PO2_

- H 2 P O 3_
CATHODE Flow of electrons ANODE
(reduction) (oxidation)

SUBSTRATE

Figure 1.6 A schematic of the electroless deposition of nickel using hypophosphite as the
reducing agent [53].

When the ED method is used for synthesis of bimetallic catalysts, it can be further
distinguished according to whether the secondary metal deposits on a primary metal or
substrate (i.e., catalytic deposition) or on to deposited secondary metal sites (auto-

catalytic deposition) (see Figurel.7). Since both phenomena involve the reducing agent it
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can be difficult to distinguish between catalytic and auto-catalytic processes. They can
occur in conjunction or succession in electroless deposition depending on the activities of
metals towards reductant oxidation. Nevertheless, ED starts always with catalytic
deposition, where the primary metal substrate acts as catalyst. It is only after the surface

is covered (or partially covered) by a monolayer of metal that the autocatalytic deposition

B B
AR (AKA)
Catalytic Support

Autocatalytic

begins.

QQAQ A 01&0 AXA) QIQAQ N e

Support —_— Support —_— Support

Figure 1.7 A schematic of the electroless deposition. Where R, A and B represents as
reducing agent, primary metal and second metal, respectively.

1.2.3.3 ED OF SILVER AND GOLD

The two metals most commonly deposited using ED are Ni and Cu. However, as
noted previously, many other metals may be deposited using ED [52]. Silver is
particularly interesting for decorative purposes and for use in electronics, since it has
highest electrical conductivity of all metals commonly used for electrical devices [57].
Electroless deposition of gold, like silver, has also been developed for both decorative
and electronic applications [52, 57].

The following are some of the most commonly used metal ion sources,
complexing agents, stabilizing agents, and reducing agents for silver and gold electroless

plating.
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Table 1.3 Commoly used metal sources and agents for Ag and Au ED bath [52, 57] .

_ Ag ED bath Au ED bath

Vel larseides s AgNO3s, KAgG(CN); KAU(CN),, KAUCly,
NasAu(SOs),
Colelodinel el Cyanide, ammonia, organic Cyanide, sulfite, ethanolamine,
acids, arabic gum, gelatin citrate, chloride
Seelieinel A Formaldehyde, hydrazine, Formaldehyde, hydrazine,

glucose, Rochelle salt, sodium  sodium hypophosphite,
hypophosphite, sodium dimethylamine borane, KBH,,
thiosulfate, dimethylamine hydroxylamine,

borane, glyoxal cyanoborohydride

Siclel el A egge | 3-lodotyrosine, 3,5- Nitrilotriacetic acid,
diiodotyrosine, ammonia, Cu?*, mercaptosuccinic acid,

Ni?*, cysteine, dimethyldithio  dithizone, 2-mercapto-

carbamate benzothiazole
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CHAPTER 2
EXPERIMENTAL TECHNIQUES

2.1 LIST OF CHEMICAL MATERIALS

Fourth generation hydroxyl-terminated poly(amido)amine (PAMAM) dendrimer (G40H)
(10 wt% in methanol solution, Aldrich).

Gamma-delta-theta phase alumina (specific surface area =104 m?/g, pore volume = 0.9
mL/g, provided by Toyota)

Gold chloride (HAuCl,, Aldrich)

Hydrazine (35 wt.% N,H,4 solution, Sigma-Aldrich)

Hydrochloric acid (HCI): EMD, 34-37%

Iridium trichloride (IrCl3-3H,0, AlfaAesar)

Potassium dicyanoaurate (KAu(CN),, (68 wt.% Au), Sigma-Aldrich)
Potassium silver cyanide (KAg(CN), (54 wt.% Ag), supplied by Technic, Inc.)
Silver nitrate (AgNOs3, > 99%, Sigma-Aldrich)

Sodium boron hydride (NaBH,4, ReagentPlus: Sigma-Aldrich)

Sodium hydroxide (NaOH, EM pellets, 97% assay)

2.2 CATALYSTS PREPARATION

Alumina supported Ir, Au and Ag monometallic and Ir-based bimetallic catalysts
(i.e., Ir-Au or Ir-Ag) were prepared using three different techniques: conventional

incipient wetness (IW), dendrimer metal nanocomposites (DMN), and electroless
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deposition (ED). A general description of these synthesis methods are provide here, while

the specific details can be found in the Experimental Sections of Chapters 3-6.

2.2.1 CONVENTIONAL INCIPIENT WETNESS

Conventional Ir, Au and Ag catalysts were made by incipient wetness method. A
proper amount of metal precursor solution (IrClz-3H,0, HAuCl,4, and AgNO3 as metal
sources) was added dropwise to Al,O3 and the resulting slurry was dried in an oven at
60°C overnight before use. A proper pretreatment was conducted to activate the surface
metal sites. In the case of conventional Ir-Au bimetallic catalysts, equal volumes of Ir and

Au metal precursor solutions were mixed together and then added to the Al,Os.

2.2.2 DENDRIMER METAL NANOCOMPOSITES

Since the dendrimer metal nanocoposite method does not work well for ions such
as Ag* which only weakly complex to the dendrimer, only Ir, Au and Ir-Au catalysts
were prepared by this method. For monometallic catalysts, a proper amount of metal
precursor solution (IrCl3-3H,0 and HAuCl,) was added under N, purging to G40OH
dendrimer solution to reach a molar ratio of metal to G40OH of 20:1. The mixed solution
was stirred at room temperature with N, flowing to protect the metal ions from oxidation
by dissolved O, and allow the complexation of metal ions with the functional groups in
the G40OH dendrimer. The formation of dendrimer encapsulated metallic nanoparticles in
solution was attempted by adding a 10-fold excess solution of NaBH, at room
temperature. These dendrimer metal nanocomposites (DMNSs) were then loaded onto

alumina support by standard wet impregnation. The extra water was removed under
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ambient conditions by evaporation of the stirring slurry for 3 days. For bimetallic Ir-Au
DMN:S, a sequential method was followed, whereby one metal was complexed with the
dendrimer, followed by the second metal. For both monometallic and bimetallic catalysts,
a proper pretreatment was conducted to thermally remove the dendrimer and activate the

surface metal sites. The specific details are described in Chapters 3 and 4.

2.2.3 ELECTROLESS DEPOSITION

To prepare Ag-Ir and Au-Ir bimetallic samples, the electroless deposition of Ag or
Au on a conventionally prepared Ir/Al,O3; was conducted using an aqueous bath
containing potassium silver cyanide, KAg(CN),, or potassium dicyanoaurate, KAu(CN),,
respectively, as metal precursor sources. The initial metal ion concentration in the ED
bath was varied depending on the targeted weight loadings of the second metal.
Hydrazine was chosen as the reducing agent, and NaOH and/or HCI were used to adjust
the pH of the ED bath. Once the optimized ED bath was prepared, a proper amount of
primary Ir/Al,O3 catalyst was added into ED bath. All baths were then vigorously stirred
to minimize any possible external mass transfer limitations. As the Ag or Au deposition
was conducted at room temperature (RT), small aliquots of ED solution (<2 ml) were
collected to monitor the concentrations of the second metal ion remaining in the bath
during deposition. After the completion of ED, the slurry was filtered, washed, dried, and
stored at ambient conditions. The catalysts were then subjected to a proper pretreatment

to activate the surface metal sites. The specific details are described in Chapters 5 and 6.
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2.3 CATALYSTS CHARACTERIZATION
2.3.1 SCANNING TRANSMISSION ELECTRON MICROSCOPY (STEM)

Scanning transmission electron microscopy (STEM) was conducted using a JEOL
2100F 200 kV FEG-STEM/TEM equipped with a CEOS Cs corrector system. High angle
annular dark-field (HAADF) STEM images were acquired on a Fischione Model 3000
HAADF detector with a camera length such that the inner cut-off angle of the detector
was 50 mrad. Holey-molybdenum coated Cu grids were dipped into finely powdered
catalysts samples for examination under the microscope. Histograms of particle size
distribution were obtained by measuring at least 300 randomly selected particles from at

least 6 different micrographs for any sample analyzed.

2.3.2 ATOMIC ABSORPTION SPECTROSCOPY (AAS)

Atomic absorption spectroscopy was performed on a Perkin-Elmer 3300 and used
to determine the elemental concentrations of Ir, Au and Ag. In addition, the weight
percentages of metals in the final bimetallic catalysts were also determined by digesting
0.1 g of sample in aqua regia at 120 C for 4 h and then diluting (~20 times) with DI
water before analysis. A set of standards (known concentration of each specific element)

was prepared to calibrate the instrument before the actual measurements were made.

2.3.3 H, CHEMISORPTION STUDIES

Hydrogen chemisorption measurements were performed on an automated
AutoChem 1 2920 from Micromeritics. For conventionally-derived and dendrimer-
derived sample, approximately 0.1 g oxidized sample (350 <C for 30 min) was reduced

in-situ in flowing H; (50 mL/min) at 400 <C for 1 hour followed by Ar(50 mL/min)
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purging at the same temperature for 1 hour to remove any residual H,. For electrolessly-
deposited sample, approximately 0.1 g was reduced in-situ in flowing H, (50 mL/min) at
200 <C for 1 hour followed by Ar(50 mL/min) purging at the same temperature for 1 hour
to remove any residual H,. The chemisorption experiments were done using the pulse
methodology by dosing a known volume of 10% Hy/Ar in 4 min intervals. Hp-
chemisorbed on the samples was measured at 40 °C and atmospheric pressure and the

metallic dispersion and particle size were determined.

2.3.4 FOURIER TRANSFORM INFRA-RED SPECTROSCOPY (FT-IR)

In situ FTIR spectra were recorded using a Nicolet Nexus 470 spectrometer
equipped with a mercury-cadmium-telluride B (MCT-B) detector cooled by liquid
nitrogen. FTIR spectra were collected in single beam absorbance mode with a resolution
of 4 cm™ at room temperature. Catalysts samples of approximately 30 mg were prepared
as self-supporting pellets with a diameter of 12 mm. These samples were placed in a
variable temperature gas flow transmission cell made of stainless steel. The cell has a
length of 10 cm with two IR-transparent NaCl windows cooled with flowing water. The
temperature of the cell was monitored by a thermocouple placed near to the catalyst
sample. The heating was achieved using a heating element wrapped around the cell and
an Omega CN76000 temperature controller.

In order to understand CO adsorption on the Ir-Au or Ir-Ag bimetallic catalysts,
the molecular adsorption of CO onto the catalysts was examined after various treatment
steps. These treatments include both an oxidation and reduction procedure. Catalyst

pellets were placed inside the FTIR cell and first exposed to He flowing gas (~70 mL/min)
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in order to remove any impurities. Subsequently, the catalysts were exposed to the
desired gas and heated at 5 /min from room temperature to a selected temperature
where it was maintained at that temperature for the necessary time. After cooling to room
temperature, the system was purged with He 15 min and a background spectrum was
recorded. For CO adsorption, a 1% CO/He mixture was flowed through the catalyst for
15 min, followed by He for an additional 15 min to purge CO gas and remove weakly
bonded CO species. The same procedure was used for adsorption of NO, except flowing
1% NO in He instead of CO gas mixture. All spectra were referenced to an initial
background spectrum taken in He prior to CO or NO exposure.

The curve fitting of these FTIR spectra was conducted with different fitting
models (e.g., Gaussian, Lorentzian, log-normal) to obtain the peak position, width, height,
and area of the overlapping peaks. Initially, the individual peak parameters (i.e. position,
full width at half maximum (FWHM), and height) were chosen based on visual
inspection of the experimental spectrum for the Ir-CD sample. Then, the residual between
the overall fit and raw spectrum was minimized by minimizing the square root of the sum
of square errors in an iterative fashion. The peak deconvolution using spectral curve
fitting was continued for other samples in the similar fashion. It was found that all the

peaks were effectively modeled by Gaussian line shapes.

2.3.5 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
X-ray photoelectron spectroscopy measurements were made on selected samples
using a Kratos AXIS Ultra DLD XPS system with a monochromatic Al Ka source

operated at 15 keV and 150W and a hemispherical energy analyzer. All oxidized samples
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were reduced at 400 €, the same temperature used for all other characterization methods,
for experimental consistency. After pretreatment, the samples were transferred into the
UHV chamber for XPS analysis without exposure to air. The XPS spectra were fitted to a
Shirley-Linear background using XPSPEAK software version 4.1. The deconvolution
was accomplished with Gaussian-Lorentzian band shapes. Appropriate peak positions,
FWHM’s and area constraints were used for peak splitting of 4f electron. The FWHM
was maintained constant at ~2.0 eV for Ir 4f and ~1.3 eV for Au 4f electrons. The shifts
reported are accurate to within £0.1 eV. The Al(2p) binding energy (BE) was used as a
reference and was compared to the literature value of 74.4 eV. The same difference
(charging correction) in eV was applied to all other XPS peaks to give corrected BE’s of

Ir(4f), Au(4f), Ag(3d) and O(1s) electrons for both monometallic and bimetallic systems.

2.4 CATALYSTS EVALUATION
2.4.1 CO OXIDATION

The catalytic oxidation of CO was performed in a quartz single-pass fixed-bed
microreactor at atmospheric pressure, a space velocity of 100,000 mL-g*h™, and
temperatures between 25 and 400 <C.
- With NDIR analyzer (For dendrimer-derived Ir-Au bimetallic sample)

The reaction feed contained 1000 ppm of CO and 500 ppm of O, balanced with
He. The inlet and outlet of the reactor were analyzed with an on-line single beam NDIR
analyzer (Ultramat 23, Siemens) capable of detecting CO with a limit of 1 ppm. Prior to

the catalytic measurements, the samples were treated in a flowing10% O, in He mixture
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or H, as the temperature was ramped at 5 €C/min and then held at the desired value for 2
h. No measurable conversion of CO was observed in the absence of a catalyst.
- With MS analyzer (For electrolessly-deposited Ag-Ir and Au-Ir bimetallic sample)

The reaction feed contained 4000 ppm of CO and 2000 ppm of O,, with balance
He. The outlet of the reactor was monitored by means of a quadrupole mass spectrometer
(Inficon, Transpector 2 gas analysis system, MS) equipped with a fast response inlet/leak
valve system. All lines between the reactor outlet and the inlet of the MS, including also
the latter, were held at 120 °C. Prior to the catalytic measurements, the ED-derived
samples were reduced in situ in flowing H; at 200 °C for 1 h. A flow of He gas was used
for 30 min at the same temperature to purge residual H, from the system, followed by
system cooling to room temperature. Steady state for the reaction was considered
achieved for a given temperature when the mass intensities for reactant and product
species were constant with time. Mass numbers (m/z) of 4, 18, 28, 32 and 44 represent He,
H,0, CO (the CO peak was corrected for the m/z = 28 peak resulting from CO,
fragmentation), O, and CO,, respectively. No measurable conversion of CO was
observed in the absence of a catalyst.

For the calculation of turnover frequencies (TOFs) for the CO oxidation reaction,
reaction rates calculated from the CO light-off curve and metal dispersion converted from
H. chemisorption data (or O, chemisorption at 170 °C for the Ag/Al,O3; sample) were

considered for each catalyst.
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2.4.2 NO-CO REACTION AND DIRECT NO DECOMPOSITION

The catalytic evaluation for the NO-CO and direct NO decomposition reactions
were performed in a fixed-bed quartz reactor at atmospheric pressure using space
velocities of 100,000 and 5,000 mL-g*h™, respectively. The temperature range was 25-
600 °C with a ramp of 5 °C/min. For the NO-CO reaction, 60 mg of sample was loaded
and the reaction feed contained 2000 ppm of NO and 2000 ppm of CO balanced with He.
Direct NO decomposition was carried out with 200 mg of sample and the feed contained
2000 ppm of NO balanced with He. For temperature-programmed desorption of NO (NO-
TPD), 50 sccm of 1% NO/He was used at room temperature for 30min, followed by He
purge for another 30min, and then NO-TPD was recorded in He gas. The outlet of the
reactor was monitored by means of a quadrupole mass spectrometer (MS) equipped with
a fast response inlet capillary/leak valve system. All lines between the outlet of reactor
and the inlet capillary of the MS, including also the latter, were held at 120 °C. Prior to
the catalytic measurements, the oxidized samples were reduced in situ in flowing H; at
400 °C for 1 h. A flow of He gas was used for 30 min at the same temperature to purge
the residual H, from the system, followed by system cooling to room temperature. Steady
state for the reaction was considered achieved for a given temperature when the mass
intensities for reactant and product species were constant with time. Mass numbers (m/z)
of 2, 15, 18, 28, 30, 32, 44 and 46 represents H,, NO, H,0, N2(CO), NO(NO,), Oy,
N.O(CO,) and NO,, respectively.
For the calculation of turnover frequencies (TOFs) for the reactions over each catalyst,
reaction rates calculated from the light-off curves at differential conversions (i.e., less

than 20%) and metal dispersion derived from chemisorption data were used.
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CHAPTER 3

PREPARATION, CHARACTERIZATION OF DENDRIMER-DERIVED
BIMETALLIC IR-AU/AL,O3; CATALYSTS FOR CO OXIDATION

In this chapter, the synthesis of alumina supported Ir-Au bimetallic catalysts using
the dendrimer metal nanocomposite (DMN) approach is reported. The surfaces and
nanostructures of four bimetallic DMN-derived samples with similar Ir and Au loading
and composition were correlated with their activity for CO oxidation. Results were
compared to a catalyst prepared by conventional incipient wetness impregnation of metal
salts. Scanning transmission electron microscopy and H, chemisorption data reveal that
these catalysts have different metallic dispersions with various particle sizes and
distributions, depending on the preparation method. Moreover, in situ transmission
Fourier transform infrared spectroscopy of CO adsorption allowed for identification of
exposed metal surface area in the catalyst. DMN-derived catalysts were tested for CO
oxidation, with turnover frequencies calculated in order to determine the intrinsic activity
of the samples. Single-pass fixed-bed microreactor measurements show that the activity,
measured under identical conditions, differ significantly for these catalysts and are
correlated with the catalyst preparation method and with the Au role in the bimetallic
catalysts. This points to a distinct Au effect and a direct participation of the Au in the

reaction.
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3.1 INTRODUCTION

Transition metal-based heterogeneous catalysts are frequently employed in
numerous industrial reactions, as well as environmental applications such as automotive
catalytic converters and alternative energy areas including fuel cells and biomass
conversion. In industry, these supported bimetallic catalysts are often prepared either by
wet impregnation or incipient wetness impregnation methods. However, these
conventional synthetic techniques do not effectively control the distribution or
homogeneity of metals on the substrate in many cases. In addition to less than optimal
performance, such nonuniform materials can also be difficult to characterize. In order to
obtain uniform materials, several synthetic techniques have been developed over the
years including the use of polymers, surfactants, well-defined organometallic cluster
complexes, size-selected metal clusters and ionic liquids [5, 6].

One method that has received considerable attention in recent years is the use of
dendrimer-metal nanocomposites (DMNS) as precursors [7]. Dendrimers [16] are
monodisperse, hyperbranched spherical polymers that emanate from a central core with
repetitive branching units, allowing for controllable size. While possessing a very dense
exterior, they contain less dense interiors that can be ideal for encapsulation of metal
nanoparticles. One of the most successful applications along these lines has been the
synthesis of metal nanoparticles using poly-(amidoamine) (PAMAM) dendrimers.
Originally pioneered by Crooks et al. [17], the approach takes advantage of the fact that
transition metal ions (e.g., Pt?*, Pd**, Cu**) can coordinate with the interior tertiary amine
and secondary amide functional groups of the dendrimer. The interior void spaces are

then used for stabilization and creation of metal clusters or nanoparticles upon reduction
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treatment. These dendrimer-metal nanocomposites are stable for extended periods of time
and can exhibit interesting catalytic properties [18]. The dendrimer can exert control over
size and (in the case of multiple metal ions) composition of resulting nanoparticles or
clusters, which can allow for tuning of catalytic properties. There are now many
investigations exploring the use of DMNSs as precursors to synthesize supported catalysts,
and narrow metal particle size distributions have been observed for different transition
metals such as Pt, Pd, Au, Ru, Cu, Ir, Pt-Pd, Pt-Au, Pd-Au, Ir-Pd, and Ag-Au catalysts
[20-22, 27, 28, 58-62]. However, there is as of yet no information about supported Ir-Au
bimetallic catalyst synthesis using the DMNs approach.

The oxidation of CO, although one of the simplest catalytic reactions known [63-
67], is important for mitigation of harmful industrial and automotive exhausts [68] and for
purification of H, feeds for fuel cells [69]. Numerous basic and applied investigations
over a variety of catalysts have been performed, and the (relative) simplicity of CO
oxidation makes it an ideal probe reaction for surface science investigations [64-67]. This
reaction on platinum group metals has been studied extensively, with the majority of
investigations having been performed on either supported Pt, Pd or Rh [70-75]. Recently,
oxide supported Au nanoparticles have also attracted considerable attention for the
reaction of CO oxidation [76] due to their high catalytic activity at low temperatures [77].
Iridium, however, is less explored in this reaction although it is situated among the same
5f orbital metals as Pt and Au. Therefore, in this investigation we examine the catalytic
performance of Ir-Au bimetallic catalysts for the CO oxidation reaction. Moreover,

because the catalytic performances of gold catalysts are strongly dependent on the size of
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the gold particles [78, 79], the nature of the supports and the preparation conditions, the
highly dispersed nanoparticles afforded by the DMN approach are desirable.

In this study, a family of dendrimer-derived Ir-Au catalysts has been prepared to
illustrate dendrimer-templating effects on bimetallic structure and correlate physical
and/or chemical properties of the bimetallic catalysts with their kinetic behavior for CO
oxidation. Especially, the role of Au in changing the catalysis of Ir for CO oxidation was
focused on. It was found that dendrimer-derived bimetallic catalyst exhibited different
metal nanoparticle sizes and distributions associated with different preparation routes and
also differ from conventionally prepared samples. In addition, the most highly dispersed
Ir-Au bimetallic catalyst was obtained using a dendrimer templating sequential method,

resulting in an enhanced activity for CO oxidation.

3.2 EXPERIMENTAL

Fourth generation hydroxyl-terminated poly(amido)amine (PAMAM) dendrimer
(G40OH) (10 wt% in methanol solution) was obtained from Aldrich. Prior to use, an
aqueous solution was made by evaporating methanol with flowing N, and diluting the
residue to 1.7x10™ M with deionized water. IrClz-3H,0 (AlfaAesar), HAUCI, (Aldrich)
and NaBH, (granules, 99.995%, Aldrich) were used as received. Deionized water (18
MQecm Milli-Q) was used to prepare all the aqueous solutions. A gamma-delta-theta
phase alumina (specific surface area =104 m?/g, pore volume = 0.9 mL/g) was provided

by Toyota. CO, O,(UHP), He (UHP) and H,(UHP) were supplied by Airstar.

The synthesis of dendrimer-metal nanocomposites was adapted from the literature

[17, 19], and has been published previously [27]. A proper amount of 8.0x10° M
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IrCl3-3H,0 precursor solution was added under the N purging to G40OH dendrimer
solution with the concentration of 1.7x10™ M to reach a molar ratio of Ir** to G4OH of
20:1. The mixed solution was stirred for 7 days at room temperature with N, flowing to
protect the Ir** ions from oxidation by dissolved O, and allow the complexation of Ir**
ions with the functional groups in G4OH dendrimer. The formation of dendrimer
encapsulated metallic Ir nanoparticles in solution was attempted by adding a 10-fold
excess solution of NaBH, at room temperature. The supported catalyst was made by
standard wet impregnation of the reduced dendrimer-Ir nanocomposite onto Al,O3, to a
nominal Ir loading of 1.0 wt % (Ir-DD). The extra water was removed under ambient
conditions by evaporation of the stirring slurry for 3 days. The same procedure was used
to make dendrimer-Au monometallic nanocomposites except allowing complexation time
of 2 minutes, with the corresponding supported catalyst having a nominal Au loading of

1.0 wt% (Au-DD).

Sequential Method (B1)

B1NR

Tdays 2 min

Sequential Method (B2)

Figure 3.1. Schematic of Ir-Au DMN precursor synthetic routes.
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In order to examine the effect of Au on the structure of bimetallic catalysts, two
synthesis routes were used to produce bimetallic Ir-Au DMNs, as shown in Figure 3.1. In
the sequential method (B1) the Ir metal precursor solution was first mixed with the
dendrimer solution, and then allowed to complex for 7 days under N purging. Then, Au
metal precursor solution was added, whereupon further complexation occurred (on the
order of minutes). This resulting solution was either reduced using NaBH, (B1R), or used
as is (BINR). Finally the bimetal-dendrimer complex was loaded onto an Al,O3 support
by wet impregnation. In contrast, the sequential method (B2) involved first mixing Au
metal precursor solution with dendrimer solution for 2 minutes, followed by reduction
with NaBH, after complexation was completed. Then, the Ir metal precursor solution was
added. The resulting solution was allowed to complex for 1 day under N, purging (B2R1),
and subsequently reduced once again with NaBH,4 (B2R2). This was again followed by
impregnation of the bimetal-dendrimer complex onto an Al,O3 support. For both methods,
the target ratio of each type of metal atom to dendrimer was 20 to 1, thus making a total
metal atom loading of 40 atoms per dendrimer. The dendrimer-Ir-Au bimetallic
nanocomposites made by both B1 and B2 sequential methods were impregnated onto
alumina as described above, with the nominal loading of 1.0 wt% Ir and 1.0 wt% Au.

Conventional Ir and Au catalysts were made by incipient wetness (IW) method
(Ir-CD and Au-CD). A proper amount of 5.78x102 M of IrCls-3H,0 precursor solution
was added dropwise to Al,O3 and the resulting slurry was dried in an oven at 80°C for
overnight before use. A conventional Au catalyst was made with exactly the same
protocol. In the case of conventional Ir-Au bimetallic catalyst, equal volumes of 11.6x10

2 M of IrCl3-3H,0 and HAUClI, precursor solutions were mixed together and then added
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to the Al,O3. The nominal metal loadings of all the conventional catalysts were the same
as their DMN-derived analogues.

All catalysts studied were activated under flowing O, treatment at 350°C for
30min and H, treatment at 400°C for 1 hour with a slow temperature ramp rate of 5°C
/min followed by cooling to room temperature. This activation protocol was adapted for
consistency from a previous study [62], which showed that G4OH dendrimer template
could be sufficiently decomposed on an y-Al,O3 support to expose the metal

nanoparticles.

3.3 RESULT AND DISCUSSION
3.3.1 PARTICLE SIZE, DISTRIBUTION AND COMPOSITION

STEM and AA measurements were performed to measure the particle size
distributions and compositions of the catalysts after activation using both treatment
protocols. Figure 3.2 and Figure 3.3 show STEM images of the Ir, Au monometallic and
five bimetallic 1.0 wt.% Ir-1.0 wt.% Au catalysts synthesized by the a) conventional CD
b) B1R c) BINR d) B2R1 and e) B2R2 methods, respectively. Their corresponding
particle size distributions with average diameter (Dave) and a volume-surface mean
diameter (Dyswmp) are presented in the histograms next to the STEM images. Although the
same amount of Ir and Au were loaded on alumina support in every case, it was noticed
that the morphology of these catalysts varies depending on the synthetic method
employed. The conventional catalyst (Ir-Au-CD, Fig. 3.3a) has an asymmetric
distribution with most (91 %) of the particles between 0.5-2 nm and the remaining 9% of

particles spread out between 2-6 nm creating a broad particle size distribution. Similarly,
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a majority of the particles in Ir-Au-B1R (Fig. 3.3b), Au-Ir-B2R1 (Fig. 3.3d) and Au-Ir-
B2R2 (Fig. 3.3e) catalysts were smaller than 2 nm (~70% of particles), with the
remaining particles scattered over a wide range. In contrast, in the Ir-Au-B1NR catalyst
(Fig. 3.3c), a very narrow particle size distribution with a more symmetric distribution
was observed and no particles larger than 3 nm were observed.

It is apparent that the conventional Ir-Au catalyst(Ir-Au-CD) has a larger volume-
surface mean diameter (3.1 £ 0.8 nm) with lower H; dispersion (10%) and broader size
distribution than the dendrimer-derived Ir-Au-B1NR catalyst with VSMD of 1.6 £ 0.1 nm
and 43% H, dispersion, as listed in Table 3.1. This implies that G4OH PAMAM
dendrimer exerts control over particle formation. However, despite using dendrimer

templating approach, bimetallic catalysts synthesized by the B1R, B2R1 and B2R2
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Figure 3.2. STEM images and histograms of Ir/Al,O; and Au/Al,O3 monometallic
catalysts (a) Ir-CD, (b) Ir-DD, (c) Au-CD and (d) Au-DD.
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Figure 3.3. STEM images and histograms of Ir-Au/Al,O3 bimetallic catalysts (a) CD, (b)
B1R, (c) BINR, (d) B2R1 and (e) B2R2.

45



methods exhibit a larger average and volume-surface mean diameter with lower
dispersion than Ir-Au-B1NR catalysts. It seems that the total number of times that
reducing agent is introduced during the synthesis process affects particle size. The reason
for this is not clear. However, Biella et al. reported that the effect of the presence of a
reducing agent such as NaBH, on the dimension and size distribution of gold particles is
very high. An increase in Au particle size was correlated directly to increased amounts of
NaBH, [80]. In particular, they obtained larger particles, probably through an aggregation
mechanism, when NaBH, was added in large quantities in one step as opposed to gradual
addition. Schaal et al. also demonstrated a substantial decrease in metal dispersion for
AQ/SiO, catalyst with increasing concentration of reducing agents such as formaldehyde,
dimethylamine borane, or hydrazine [81]. The particle size distribution showed that
exposure of reducing agent resulted in an increase in average particle size and an overall
broadening of the particle size distribution.

As shown in Table 3.1, when dendrimer precursors are used to prepare 1.0 wt.%
Ir monometallic catalyst (Ir-DD), the result is a catalyst with a larger volume-surface
mean diameter (2.1 £ 0.1 nm) than conventional Ir (Ir-CD) that is 1.1 + 0.1 nm.
Nevertheless, both methods produce supported Ir particles with a very narrow distribution.
On the other hand, as has been observed previously for other metals such as ruthenium
and rhodium [27, 82], DMN precursors do appear to play a role in controlling the
sintering/agglomeration processes of Au nanoparticles over alumina, thus influencing the
particle size and distribution. Thus, dendrimer-derived Au (Au-DD) has a much smaller
volume-surface mean diameter (9.8 £ 0.9 nm) than Au-CD catalyst (18.5 = 1.6 nm).

Nevertheless, sintering of alumina supported Au nanoclusters during the dendrimer
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thermal removal step was substantially larger than that observed for Ir particles on the

same support [83].

Table 3.1 Metal particle size, dispersions, actual metal loading and bulk composition

Metal Bulk
STEM _H2 Weighte Comp(gsiti-
- Loadin on
Catalysts’ Volume Geometrical Dslisopr:edr -

Surface Mean  Dispersion® (%) (!r ,ﬁ\u Ir A
Diameter’(nm) (%) (%) (%) (%) (%)

Ir-CD 1.1+£0.1 91+6 1417 1.0 - 100 -

Ir-DD 2.1+0.1 52+5 659 1.0 - 100 -
Ir-Au-CD 3.1+0.6 35+12 10+1 09 1.0 48 52
Ir-Au-B1R 2.2+0.4 50+13 165 1.0 10 48 52
Ir-Au-BINR 1.6+£0.1 686 43+3 1.0 1.0 50 50
Au-Ir-B2R1 5.2+1.1 217 20+8 1.0 0.8 57 43
Au-Ir-B2R2 8.312.0 1315 17+6 1.0 0.8 54 46
Au-CD 18.5+1.6 6+1 - - 0.9 — 100
Au-DD 9.840.9 12+2 - - 0.7 - 100

All catalysts were prepared by conventional-derived (CD) and dendrimer-derived (DD)
method including B1R, BINR, B2R1 and B2R2 (see Figure 1 for detail).

N N
"Calculated usingD =) N;D}; /> N,D;;, where N, is number of particles and p_, is

the measured diameter from STEM images [84].
‘Estimated by Volume Surface Mean Diameter values from STEM.
9 Obtained by H, chemisorption analysis(H per Ir metal).

*Obtained by elemental analysis.

The sintering of supported metal clusters depends on the type of metal, and can
explain the discrepancy in the role of starting metal in influencing final bimetallic
average particle size. When Au metal was reduced first, then Ir metal precursor solution

was added (i.e., B2 method), the final average particle size was relatively larger than for
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the B1 method, which starts with Ir metal followed by Au metal precursor addition. The
fact that Ir helps to control Au sintering seems to be in agreement with previous literature
[76]. It was found that when Ir and Au were deposited sequentially on TiO, support, the
bimetallic sample was more homogeneously deposited on the support and more stable
against sintering than the codeposition method. Liu et al. [85] also showed by DFT
calculations in the Au/lrO,/TiO, system that the introduction of the dual-oxide support
allows the presence of an active Au/lrO; interface that could increase the resistance to
sintering of gold nanoparticles. They indicated that nucleation of Au typically occurs at
O-vacancy sites and that the bonding of Au with IrO; is intrinsically stronger compared
to other oxides. The results supported Haruta group's experimental finding [86] that Au
preferentially grows on IrO; in an IrO,-TiO, binary support resulting in an active catalyst
having long-term stability.

Table 3.1 lists the estimated geometrical dispersion of metal (Au + Ir) from
STEM (Dysmp) and the Ir dispersion measured by H, chemisorption. The latter values
were obtained by assuming that Au does not chemisorb H,. By comparing these two
values, the catalysts can be classified as follows. The first group (Ir-Au-CD, B1R)
showed much lower H; dispersion compared to the geometrical dispersion. In these cases,
the surface would appear to be enriched with Au, as indicated by the decreased CO
adsorption observed in the FTIR spectra (cf. Figure 3.4). The second group includes the
B2R1 or B2R2 samples, where the estimated dispersions based on STEM and H,
chemisorption are very similar. This implies the surface would be enriched with Ir.
Finally, the BINR sample has the smallest particle size and tightest distribution, and a 50%

higher geometrical dispersion compared to that estimated from H, chemisorption. It
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therefore seems likely that BLNR contains reasonably uniform mixtures of Ir and Au,

with some mixed Ir-Au on the surface based on the FTIR of CO adsorption (cf. Fig. 3.4).

The actual metal loading and bulk composition were obtained via atomic absorption

spectroscopy (AAS). As shown in Table 3. 1, the actual metal weight loading was similar

to the nominal values and the average percentages of Ir present in the catalysts are similar

to 50% average elemental composition, albeit with some scatter.

3.3.2 INFRARED SPECTRA OF ADSORBED CO

Spectra collected following the adsorption of CO at room temperature on the

monometallic Ir and Au catalysts, and the five Ir-Au bimetallic samples, are shown in

Figure 3.4.
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Figure 3.4. FTIR-CO adsorption of Ir/Al,03, Au/Al,O3 and Ir-Au/Al,O3 bimetallic

catalysts with different preparation method.



No characteristic vco Vibrations were observed in the spectra of the Au-CD and
Au-DD samples, which had an average Au particle size of approximately 19 and 10 nm
(Table 3. 1). This result is consistent with previous literature reports demonstrating that
the adsorption of CO on Au depends on the particle size of the Au crystallites and is
observed only on Au nanoparticles with sizes below 5 nm [87, 88].

When the conventional and dendrimer-derived Ir monometallic samples (Ir-CD
and Ir-DD) were exposed to CO under similar conditions, three strong bands were
observed at 2008,2040 and 2074 cm™. As a matter of fact, there are several peaks
involved between 2000 and 2100 cm™ and can generally be assigned to linearly adsorbed
CO species on fully reduced Ir sites (2035, 2053cm™) or on partially oxidized Ir sites
(2092cm™) or antisymmetric (2012cm™) or symmetric (2078 cm™) vibrations of
adsorbed dicarbonyl species on Ir ions (see Figure 3.5 for detail). The assignment of these
peaks in this small region is based on our previous published work [89] and the available
literature [90-99].

Similar results were also obtained with the Ir-Au-B1NR, B1R and CD bimetallic (Ir-Au-
CD) samples in terms of their peak positions. However, the intensities of the peaks varied
depending on the catalysts. The peak intensities in the spectra for the Ir-Au-B1NR or
B1R samples were almost the same as those for the Ir-DD sample. On the other hand, the
spectra of Ir-Au-CD exhibited much weaker band intensities compared to the Ir
monometallic or BINR bimetallic samples. Such a depressed peak could be related to Ir
active sites exposed to the surface. The H, chemisorption data show that after

oxidation/reduction treatment, the Ir-Au-CD sample had a much lower dispersion when
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compared to Ir-CD (Table 3. 1). The dispersion decreased from 74% to 10%, indicating
that the number of Ir active sites of the surface was significantly decreased by the
presence of Au metal atoms.

When similar FTIR experiments were repeated with the Au-1r-B2R1 and B2R2
samples, different peak shapes were obtained from the other three bimetallic samples.
The peak maximums are located at 2050 cm™ for B2R1and at 2040 cm™ for B2R2, as
opposed to the higher frequency (i.e., 2074 cm™ in the case of conventional samples).
These observed patterns clearly indicate that linearly adsorbed CO species on fully
reduced Ir sites (2035, 2053cm™) are more dominant than adsorbed dicarbonyl species on
Ir ions (2012, 2078 cm™). Specifically, the band at around 2078cm™ iis due to the
symmetric dicarbonyl vibration and the ca. 2008 cm™ band is due to the antisymmetric
carbonyl vibration [92]. Generally these bands are found in highly dispersed Ir catalysts,
where the gem dicarbonyl species adsorbs on small clusters or isolated Ir atoms that can
accommodate the simultaneous adsorption of two CO molecules [93]. Thus, the different
band appearance in the B2 samples appears to result from adsorption on larger metal
particles in these samples, as confirmed by STEM measurements.

The negative peaks observed in the B2R1 and B2R2 samples are attributed to the
gradual removal of adsorbed carbonyl containing dendrimer fragments upon exposure to

carbon monoxide.

3.3.3 CATALYTIC OXIDATION OF CO
In order to evaluate the catalytic activity for a family of alumina supported Ir-Au

catalysts, CO oxidation was chosen as a probe reaction. The light-off curves showing the
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temperature dependence of CO oxidation over those Ir-Au bimetallic samples are shown
in Figure 3.6. As references, Ir and Au monometallic catalysts were investigated (Figure
3.6a). Similar complete CO conversion behaviors were observed with conventional Ir (lr-
CD) and dendrimer-derived Ir (Ir-DD) catalysts at approximately 250 and 260 <C,
respectively, consistent with the similar structure of these two catalysts. The performance
of Ir was much better than that achieved over conventional Au, which required 317 <C for
complete CO conversion. However, it should be noted that Au-CD sample has much
larger particle size than the Ir-CD or Ir-DD samples, and such a poor control of the
particle size led to low activity toward CO oxidation. Anumber of reports have pointed to
a high activity of iridium supported on Al,03[99], SnO,, TiO, [100], and CeO, in CO
oxidation [101].

Several previous works [102, 103] have also demonstrated that a secondary metal
can improve the catalytic performance of Ir in the preferential oxidation of CO (PROX)
reaction. For example, Nojima et al. [103] investigated the effect of Rh, Pd, Cr, Co, Ni,
Cu, Fe and Sn on supported Ir catalyst for PROX reaction. In their report, Ir-Rh and Ir—
Fe catalysts showed highest activity for CO selective oxidation because of the
suppression of hydrogen adsorption and promotion of CO adsorption in a wide range of
reaction temperatures.

Figure 3.6b shows the effect of Au on Ir catalysts for CO oxidation. The catalytic
activity toward CO oxidation can be varied depending on the synthetic method employed.
The highest activity was obtained for the Ir-Au-B1NR catalyst, based on the higher CO
conversion over the entire reaction temperature region compared with other bimetallic

catalysts. As shown in Table 3. 2, this BLNR sample also represents enhanced catalytic
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performance, achieving about 20% conversion of CO at 170 €C, compared with Ir
monometallic catalysts (Ir-CD or Ir-DD) that only show CO conversion of 4-6% at the
same temperature. This suggests that the improvement seen for BINR can be explained
by the contributions of Au. However, it is clear that not every bimetallic Ir-Au catalyst
showed enhanced performance compared with the monometallic catalyst and this would

imply that the Au play a different role in each.

Table 3.2. CO oxidation conversion (%) and TOFs at 170 <C for all catalysts

Catalysts CO conversion (%) CO oxidation TOFs® (min™)
Ir-CD 6.2 10+1
Ir-DD 4.2 8+2
Ir-Au-CD 2.3 2814
Ir-Au-B1R 0.04 0.3+0.1
Ir-Au-BINR 19.6 54+5
Au-Ir-B2R1 1.8 11+7
Au-Ir-B2R2 4.4 3148

*Based on metallic dispersion obtained from H, chemisorption data.

To study the role of Au in catalytic activity and for better comparison between the
catalysts, the intrinsic activities expressed in terms of turnover frequencies (TOFs) were
calculated at a reaction temperature of 170 <C for the entire family of catalysts, as shown
in Table 3.2 and Figure 3.7. This temperature was chosen for comparison since all of the
CO conversions were found to be ca 20% or less. Both conventional and dendrimer-
derived monometallic Ir catalysts (Ir-CD and Ir-DD) are similar in their activity for CO
oxidation based on the TOF values of 10 and 8 min™, respectively, which suggests that
they have similar structures. For Ir-Au bimetallic catalysts, it can be seen that bimetallic
samples have generally better activities than Ir monometallic one, except the Ir-Au-B1R

sample, which has a TOF of almost zero. As shown in Table 3.2, the B2R1 shows similar
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TOF or slightly better activity compared with Ir monometallic samples (Ir-CD or Ir-DD).
On the other hand, the B2R2 and the Ir-Au-CD bimetallic sample are about a factor of
three more active than Ir monometallic samples. Finally, the Ir-Au bimetallic catalyst
prepared by the BLNR method is the most active one among the five bimetallic catalysts
examined based on the highest TOF value of 54 min™. The order of activity of the
catalysts is in the following sequence:

BINR (54 %) » B2R2 (31 %) = CD (28 %) » B2R1 (11 %) = Ir-DD (8 %) » BIR (0.3 %).

This order of activity indicates that the presence of Au plays generally a positive role in

the catalytic activities for CO oxidation by varying the surface structure of catalyst and

morphology.
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Figure 3.7. TOF of CO oxidation at 170 € for Ir/Al,O3; monometallic and Ir-Au/Al,O3
bimetallic catalysts with different preparation method.
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In the case of the conventional derived Ir-Au bimetallic sample (Ir-Au CD), the
enhanced activity can be explained by geometric or ensemble effects [104, 105]. The
FTIR data suggests that this catalyst appears to be surface enriched in Au since the signal
is very low. This conclusion was also made from dispersion analysis, as described in
Section 3.3.1. In this case, the dilution of Ir surface sites by Au probably results in the
boost in its intrinsic activity. And therefore, the TOF of Ir-Au-CD appears to be about
three times higher than Ir monometallic sample.

Although the TOF value of B2R2 sample is similar to the CD bimetallic sample
(Ir-Au CD), the possible role of the Au in this B2R2 bimetallic catalyst would be
different. This is because the FTIR result suggests quite different surface structure. In
addition, unlike the Ir-Au-CD sample, surface enrichment of Ir in the B2 samples was
suggested based on the geometrical and H; dispersion data. Thus, the enhanced activity
for this B2R2 sample is likely attributed to an electronic effect of Au on Ir, rather than a
geometric effect. On the other hand, B2R1 is less active than B2R2 based on the lower
TOF and it is rather similar to the Ir monometallic sample (Ir-DD). This might be because
of the difference in the oxidation state of Ir metal surface sites. By comparing the FTIR
spectra of B2R1 and B2R2, it can be noticed that the peak at around 2100 cm™ is absent
for B2R2. As described above, this peak can be assigned to linearly adsorbed CO species
on partially oxidized Ir sites. This indicates that Ir metal oxide was more effectively
reduced during the B2R2 procedure involving two reduction steps, while some of Ir metal
oxide still remains for the B2R1 sample. Indeed, the only difference between these two

samples in the preparation was the number of reducing agent steps applied.
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Finally, BINR showed the highest TOF among five bimetallic catalysts. It was
also about five times more active than Ir monometallic sample. Such an improvement in
its activity could be result from: a) bimetallic Ir-Au sites that have higher intrinsic
activity caused by geometric or by electronic effect of Au on Ir b) contribution of Au
metal sites that can be catalytically active when dispersed as small particles on an oxide
support or ¢) a combination of the two hypotheses. It is easy to check out the first
hypothesis by comparing the activities between Ir monometallic and Ir-Au-B1INR
bimetallic from the calculated TOF. As shown in Figure 3.7, Au clearly plays a positive
role in enhancing the intrinsic activity of Ir metal in BLNR sample, possibly due to the
electronic effect. Based on the FTIR data, a comparable amount of CO species was
adsorbed on this BINR sample surface to that on the Ir monometallic sample. This
suggests that the size of Ir surface domains is not affected by the presence of Au metal.
This also implies that Au is in a highly dispersed state because we know that this catalyst
is reasonably uniform mixtures of Ir and Au from the dispersion analysis as described
above in Section 3. 3.1.

On the basis of these observations, it is argued that some portion of the metal
particles formed in the Ir-Au-B1NR catalyst are likely bimetallic in nature. The close
proximity of Ir and Au helps sustain Au in a highly dispersed state that is required to
efficiently catalyze the CO oxidation reaction with higher conversion of CO at the same
temperature. In this way, the second hypothesis would be in effect. Therefore, the
enhanced catalytic activity of BINR catalyst likely results from Au helping to enhance
the intrinsic activity of Ir through an electronic effect combined with more activity

resulting from the increased total number of active (i.e., Au) sites.
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3.4 CONCLUSION

CO oxidation reactions were investigated in a family of Al,Os-supported Ir-Au
bimetallic catalysts with various preparation methods. It was noticed that the catalytic
activity toward CO oxidation over bimetallic catalysts can be varied depending on the
synthetic procedure. A conventionally derived Ir-Au bimetallic sample (Ir-Au-CD)
exhibit better intrinsic activity compared with the Ir monometallic catalyst (Ir-CD) due to
the geometric effect of Au on Ir. In contrast, an electronic effect of Au appears to be a
most important driver of the enhanced activity in the B2R2 catalyst. In the case of the
most active BINR catalyst, highly dispersed Au metal plays a key role in the higher
catalytic activity, likely providing synergetic interactions between the metals and an
increased total number of very active Au sites. The combination of these effects result in
increased TOF. Overall, the results indicate that the proper addition of Au to Ir can boost
the activity for CO oxidation. While the DMN methodology clearly provides a measure
of control over eventual catalyst performance, other synthetic methods for preparation of
Ir-based bimetallics are being pursued in our laboratory to provide more systematic

exploration of these effects.
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CHAPTER 4

KINETIC EVALUATION OF DIRECT NO DECOMPOSITION
AND NO-CO REACTION OVER DENDRIMER-DERIVED BIMETALLIC
IR-AU/AL,0O3 CATALYSTS

This chapter presents the effect of Au on the catalytic performance of Ir metal
towards NO reduction by CO and direct NO decomposition. It has been investigated over
dendrimer-derived Ir-Au bimetallic catalyst. Results were also compared to a catalyst
prepared by conventional incipient wetness impregnation of metal salts. Characterization
of Ir-Au bimetallic samples using scanning transmission electron microscopy, H,
chemisorption and temperature programmed desorption of NO reveals that highly
dispersed Ir-Au particles can be obtained by dendrimer templating method. In-situ
transmission Fourier transform infrared spectroscopy following adsorption of probe
molecules (i.e., CO and NO) on the dendrimer-derived Ir-Au bimetallic sample indicated
the presence of electron transfer from Ir to Au sites. In contrast, a geometric effect of Au
on Ir was observed over the conventional-derived sample, consistent with X-ray
photoelectron spectroscopy measurements. These properties influence the catalytic
performance, with higher selectivity towards N,O and a better intrinsic catalytic turnover
frequency for reduction of NO by CO and NO decomposition observed for the
dendrimer-derived sample. Overall, the results suggest that both NO-CO and NO

decomposition reaction are structure-sensitive reactions.
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4.1 INTRODUCTION

The exhaust gases from automobile engines and industrial plants contain mainly
oxides of carbon (CO and CO,) and nitrogen (NOy), hydrocarbons (HC), sulphur dioxide
(SOy), particulates and soot. One of the most urgent problems is removal of NOx,
typically produced during high-temperature combustion, which contributes to formation
of smog and ground-level ozone by reacting with hydrocarbons in the presence of
sunlight. More stringent NO, emission requirements are being issued every day,
necessitating development of more effective catalytic NOy abatement technologies.
Direct NO decomposition to N, and O, (without an added reductant) is an attractive
alternative to NOy traps and selective catalytic reduction for this application [106].

Thermodynamically, NOy is unstable and tends to decompose through reactions such as

NO YN, +1/0, AG?=-86 KJ mol™ [4.1]

The equilibrium concentration of nitric oxide in the air is high at elevated
temperatures (for example, 2x10* ppm at 2273 K), but decreases with the temperature
(less than 200 ppm at T < 1273 K). Therefore, a direct decomposition reaction at
moderate temperature should be an attractive method for NO, abatement. However, the
obstacle in using reaction (1) for the NOy emission control involves finding a proper

catalyst for decreasing its huge energy barrier (E,= 364 kJ mol ™) [107].

Supported Group VIII metals, such as Pt, Pd, Rh and Ir exhibit varying degrees of
NO decomposition activity, albeit at high temperatures (600-800 <C) [108-110].
Supported Pt and Pd exhibited good initial decomposition activity; however, they

deactivate rapidly at low temperatures due to oxygen poisoning [108, 111]. Ir, on the
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other hand, exhibits superior ability to convert NO under oxidizing conditions. Tauster
and Murrell [112] were the first who studied NO reduction by CO with Ir catalysts. They
showed that Ir is the only noble metal favoring the NO-CO over the CO-O; reaction in
the presence of O,. Absorbed oxygen on Ir was the predominant surface species and its
reaction with gaseous CO generated free surface sites. These sites were available for the
chemisorption of NO and O,. Taylor and Schlatter [113], who studied NO reduction by
CO in the presence of O, over alumina-supported Ir, Rh, Pt and Pd catalysts, confirmed
these results. The high effectiveness of Ir compared to the other metals was attributed to

its ability to adsorb NO dissociatively in the presence of excess O..

Recently, an increasing number of studies have shown the advantage of the use of
bimetallic clusters, which often provide enhanced selectivity, stability, and/or activity, in
catalysis [114-119]. Among them, Peng et al. and Wang et al. reported the benefit of the
addition of other elements to the Pd active site through the formation of bimetallic
clusters in the activity of CO oxidation [118, 119]. They especially focused on Au [118]
and Ag [119] as additives, since these are elements with high resistance to oxidation
might keep nearby Pd metal atoms in their metallic state. Here, the combination of Au or
Ag with Ir would also be beneficial and therefore Au was selected as an additive and Ir-

Au bimetallic clusters were examined for NO decomposition.

Different Ir-based catalysts have been recently prepared and tested [120-129],
with most studies revealing that the effect of the size of Ir particles on the deNOXx activity
was crucial [125-129] and related [112, 113, 130] to the competitive reactions of CO with
NO and CO with O,. Activation of the Ir catalysts was achieved by high temperature

pretreatments [122, 123, 131] or by in situ activation during catalytic tests [125, 126].
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Both methods led to crystallite growth and a coexistence of Ir and 1IrO, [125, 128]. Thus,
size control of Ir-based catalysts is needed to achieve optimal performance for the

simultaneous reduction of NO and CO emissions.

In order to obtain size-controlled uniform materials, several synthetic techniques
have been developed over the years including the use of polymers, surfactants, well-
defined organometallic cluster complexes, size-selected metal clusters and ionic liquids.
One recent method that has received considerable attention is the use of dendrimer-metal
nanocomposites (DMNSs) as precursors [7]. Dendrimers [16, 132] are monodisperse,
hyperbranched spherical polymers that emanate from a central core with repetitive
branching units, allowing for controllable size. While possessing a very dense exterior,
they contain less dense interiors that can be ideal for encapsulation of metal nanoparticles.
The use of dendrimers as templates/stabilizers for synthesis of nanoparticles is a
relatively new but active field. There are now many investigations exploring the use of
DMNSs as precursors to synthesize supported catalysts, and narrow metal particle size
distributions have been observed for different transition metals such as Pt, Pd, Au, Ru, Cu,
Pt-Pd, Pt-Au, Pd-Au, and Ag-Au catalysts (see for example [17, 18, 28, 58-61, 133, 134].
Most recently, we found that dendrimer-derived Ir-Au bimetallic catalyst with higher
dispersion compared to conventionally derived catalyst resulted in an enhanced activity

for the CO oxidation reaction [135].

The scope of the present work is to characterize a series of Ir-Au catalysts in order
to derive relations between physicochemical and catalytic properties for NO reduction
and CO oxidation and for direct NO decomposition. It was found that dendrimer-derived

bimetallic catalyst (Ir-Au-DD) exhibited highly dispersed metal nanoparticles and narrow
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size distribution when compared with conventionally prepared sample (Ir-Au-CD).
However, Ir-Au-DD showed similar activity for the NO-CO and direct NO
decomposition reactions compared with Ir monometallic catalyst, whereas an enhanced

activity was found on Ir-Au-CD.

4.2 EXPERIMENTAL

Fourth generation hydroxyl-terminated poly(amido)amine (PAMAM) dendrimer
(G40H) (10 wt% in methanol solution) was obtained from Aldrich. Prior to use, an
aqueous solution was made by evaporating methanol with flowing N, and diluting the
residue to 1.7x10™ M with deionized water. IrCls-3H,0 (AlfaAesar), HAUCI, (Aldrich)
and NaBH, (granules, 99.995%, Aldrich) were used as received. Deionized water (18
MQecm Milli-Q) was used to prepare all the aqueous solutions. A gamma-delta-theta
phase alumina (specific surface area =104 m%g, pore volume = 0.9 mL/g) was provided

by Toyota. NO, CO, O, (UHP), He (UHP) and H, (UHP) were supplied by Airstar.

The synthesis of dendrimer-metal nanocomposites was adapted from the literature
[19, 136-138] and has been published previously [139]. A proper amount of 8.0x10° M
IrCl3-3H,0 precursor solution was added under N purging to G40H dendrimer solution
with the concentration of 1.7x10™* M to reach a molar ratio of Ir** to G4OH of 20:1. The
mixed solution was stirred for 7 days at room temperature with N, flowing to protect the
Ir** jons from oxidation by dissolved O, and allow the complexation of Ir** ions with the
functional groups in G4OH dendrimer. The formation of dendrimer encapsulated metallic

Ir nanoparticles in solution was attempted by adding a 10-fold excess solution of NaBH,4
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at room temperature. The supported catalyst was made by standard wet impregnation of
the reduced dendrimer-Ir nanocomposite onto Al,O3, to a nominal Ir loading of 1.0 wt %
(Ir-DD). The extra water was removed under ambient conditions by evaporation of the
stirring slurry for 3 days. The same procedure was used to make dendrimer-Au
monometallic nanocomposites except allowing complexation time of 2 minutes, with the

corresponding supported catalyst having a nominal Au loading of 1.0 wt% (Au-DD).

The sequential method was followed for bimetallic Ir-Au DMNs, which involved
first mixing Ir metal precursor solution with dendrimer solution for 7 days under N,
purging. Then, Au metal precursor solution was added, whereupon complexation
occurred (for a short period, order of minutes). In this case, the target ratio of each type of
metal atom to dendrimer was 20 to 1, thus making a total metal atom loading of 40 atoms
per dendrimer. Finally, these bimetal-dendrimer complex nanocomposites were
impregnated onto alumina as described above, with the nominal loading of 1.0 wt% Ir

and 1.0 wt% Au (Ir-Au-DD).

Conventional Ir and Au catalysts were made by incipient wetness method (Ir-CD
and Au-CD). A proper amount of 5.78x10 M of IrCls-3H,0 precursor solution was
added dropwise to Al,O3 and the resulting slurry was dried in an oven at 80°C for
overnight before use. A conventional Au catalyst was made with exactly the same
protocol. In the case of conventional Ir-Au bimetallic catalyst (Ir-Au-CD), equal volumes
of 11.56x107 M of IrCl5-3H,0 and HAUCI, precursor solutions were mixed together and
then added to the Al,Os. The nominal metal loadings of all the conventional catalysts

were the same as their DMN-derived analogues.
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All catalysts studied were activated under flowing O, treatment at 350 °C for 30
min and H, treatment at 400 °C for 1 hour with a slow temperature ramp rate of 5 °C
/min followed by cooling to room temperature. This activation protocol was adapted for
consistency from a previous study [139] which showed that G4OH dendrimer template
could be sufficiently decomposed on an y-Al,O3 support to expose the metal

nanoparticles.

4.3 RESULT AND DISCUSSION
4.3.1 PARTICLE SIZE, DISTRIBUTION AND COMPOSITION

The average particle sizes and metallic dispersions were determined by electron
microscopy and H,-chemisorption after activation using both treatment protocols (Table
4.1). STEM analysis and H,-chemisorption data for alumina supported monometallic Ir
and Au were reported before [135]. The Au monometallic catalysts exhibit a volume-to-
surface mean diameter (VSMD) [84] that is much larger than the Ir monometallic
catalysts (Table 4.1). The difference in average particle size between Ir and Au suggests
that the latter has higher mobility on the alumina support than the former at the elevated
oxidation and reduction temperatures used here. This in turn leads to more extensive
sintering of Au nanoparticles. On the other hand, Ir-Au-CD and Ir-Au-DD bimetallic
catalysts have smaller VSMDs than the Au monometallic catalysts (i.e., below 4 nm).
Thus, it appears that the presence of Ir at these ratios prevents the sintering or
agglomeration of Au. Atomic absorption spectroscopy analysis shows that there is no

significant different between these two bimetallic catalysts in terms of the actual metal
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weight loading on alumina support. The loadings are similar to the nominal values and

expected Ir to Au ratio (within the error of the measurement).

Table 4.1. Metal particle size measured by STEM, dispersion by H, chemisorption,
actual metal loading and bulk composition

Metal Weight Bulk
Volume-to- .
Mean Disp- Loading® Composition
Diameter surface Mean X
Catalysts . a  ersion
(nm) (nm) Ir (A)) (%) Ir (A)) (%)
Ir-CD 1.0£0.2 1.1+0.1 747 1.0 - 100 —
Ir-DD 2.0£0.4 2.110.1 6549 1.0 - 100 —
Ir-Au-CD 1.5+2.4 3.1+0.8 10+1 0.9 1.0 48 52

Ir-Au-DD 1.5+0.3 1.6+0.1 43+3 1.0 1.0 50 50
Au-CD 4.9+7.6 18.5+1.6 - - 0.9 - 100
Au-DD 9.6+3.4 9.8+0.9 — — 0.7 — 100

p,is

N N
*Calculated using D = > N;D;; /> N;D;,, where N; is number of particles and p,, is
the measured diameter from STEM images [84].
> Obtained by H., chemisorption analysis. (H per Ir metal).

‘Obtained by elemental analysis.

However, it was noticed that the morphology of these two bimetallic catalysts
varies with different methods as shown in Figure 4.1A and B. The conventional catalyst
(Ir-Au-CD) has an asymmetric distribution with most (91 %) of the particles between 0.5-
2 nm and the remaining 9 % of particles spread out between 2-6 nm creating a broad
particle size distribution. In contrast, in the Ir-Au-DD catalyst, very narrow particle size
distribution with a more symmetric distribution was observed and no particles larger than

3 nm were observed. It is apparent that the conventional Ir-Au catalyst has a larger
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volume-surface mean diameter (3.1 £ 0.8 nm) with lower dispersion (10%) and broader
size distribution than the dendrimer-derived Ir-Au catalysts with VSMD of 1.6 + 0.1 nm

and 43% dispersion, as listed in Table 4.1. This implies that G4OH PAMAM dendrimer

exerts control over particle formation.
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Figure 4.1. STEM images and size distributions for A) Ir-Au-CD and B) Ir-Au-DD.

Although there is relatively little effect on controlling particle sizes when
dendrimer precursors are used to prepare 1.0 wt.% Ir monometallic catalyst, DMN

precursors do appear to play a role in controlling the sintering/agglomeration processes of
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Ir-Au bimetallic and Au monometallic nanoparticles over alumina, thus influencing
particle size and size distribution. This has been observed previously for other metals

such as ruthenium and rhodium [19, 82, 137].

Figure 4.2 shows the Ir 4f and Au 4f regions of the Ir-Au bimetallic samples that
were investigated before and after NO decomposition reaction by XPS. All the spent
bimetallic samples for NO decomposition reaction were re-reduced at 400 < in the XPS
main chamber for in situ sample pretreatment. The theoretical separations of the spin-
orbit split components were 3.0 eV for Ir 4f and 3.7 eV for Au 4f. The full width at half
maximum (FWHM) values of the 4f 7/2 and 4f 5/2 peaks were assumed to be identical.
These fitting parameters were used in all the cases below for the metal peaks in spectra

containing metal and/or oxide.

In Figure 4.2A, the dendrimer-derived sample shows a broader band envelope
compared to the conventional-derived sample, with four peaks at binding energies of 61,
62, 64 and 65 eV. The broader envelope corresponds to the relatively higher binding
energies of 62 and 65 eV, which are associated with IrO,. This suggests that it is harder
for the dendrimer-derived sample to be reduced than for the conventionally derived
sample under the same pretreatment protocol. These oxidation peaks were gone for the
spent catalysts of NO decomposition reaction after re-reduction step as shown in Figure
4.2C. More interestingly, the Au 4f region for the conventional-derived sample shows
greatly increased signal compared with Ir 4f signal, while the Au 4f signal of Ir-Au-DD is
similar to or a little smaller than Ir 4f in terms of their intensities. This implies that these

two samples that were synthesized different ways have different surface composition
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Figure 4.2. XPS data for oxidation state of Ir and Au on Ir-Au-CD and Ir-Au-DD before
(A, B) and after (C, D) NO decomposition reaction.
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even though the bulk composition are similar each other based on the AA analysis. This
might indicate that in the case of Ir-Au-CD, the Au is enriched on the surface by
agglomeration of Au over Ir. Such an agglomeration of Au also affects the dispersion of
Ir-Au-CD sample and leads to much lower dispersion when compared to Ir-CD (Table
4.1). Thus, the number of Ir active sites of the surface was significantly decreased by the
presence of Au metal atoms. On the other hand, for Ir-Au-DD, it seems to have relatively
well mixed surface of Ir and Au. Thus, this difference would be expected to affect the

performance of the catalyst in the reactions.

4.3.2 INFRARED SPECTRA OF ADSORBED NO AND CO

Infrared spectra collected following the adsorption of NO and CO at room
temperature on the Ir monometallic and the Ir-Au bimetallic samples are shown in Figure
4.3. In our previous work, we found that there are no characteristic vyo vibrations or vco
vibrations in the spectra of the Au-CD and Au-DD samples, which had an average Au
particle size of approximately 19 and 10 nm (Table 1) [135]. This result is consistent with
previous literature reports demonstrating that the adsorption of CO on Au depends on the
particle size of the Au crystallites and is observed only on Au nanoparticles with sizes

below 5 nm [140-142].

When the conventional and dendrimer-derived Ir monometallic samples were
exposed to NO under similar conditions (Figure 4.3A), three strong bands were observed
at 1829, 1887 and 1956 cm™ which can be assigned as linearly adsorbed NO on fully
reduced Ir sites or on oxidized Ir sites, as listed in Table 4.2 [126, 143, 144]. In the same
way, three strong bands were observed at 2008, 2040 and 2074 cm™ for the CO

adsorption on two Ir monometallic samples (Figure 4.3B). However, there are several
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Figure 4.3. FTIR results for A) NO adsorption and B) CO adsorption on Ir monometallic
and Ir-Au bimetallic catalysts.

Table 4.2. NO and CO adsorption wavenumber (cm™) of all catalysts

Catalysts Linealy adsorbed NO Linealy adsorbed CO
Ir’-NO Ir'-NO Ir’-Cco Ir'-CO
Conventiona  I-CD 1829,1887 1956 2035,2053 2092
I-Derived |, Ay-CcD 1821,1880 1949 2027,2046 2083
Dendrimer- Ir-DD 1828,1885 1954 2034,2054 2093
Derived Ir-Au-DD  1844,1899 1963 2041,2063 2098

peaks involved between 2000 and 2100 cm™ and can generally be assigned to linearly
adsorbed CO species on fully reduced Ir sites (2035, 2053cm™) or on partially oxidized Ir
sites (2092cm™) or antisymmetric (2012cm™) or symmetric (2078 cm™) vibrations of

adsorbed dicarbonyl species on Ir ions (see Figure 4.4 for detail). The assignment of these
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peaks in this small region is based on our previous published work [136] and the

available literature [93, 94, 97, 98, 143, 145-149].

In order to investigate the effect of Au on both conventional and dendrimer-
derived bimetallic samples, the same FTIR experiment was carried out and the results are
listed in Table 4.2 after the curve fitting. For the conventional bimetallic sample, it was
clearly noticed that the intensity of spectra for both NO and CO adsorption were
considerably depressed compared to the Ir monometallic sample. Also, a comparison of
the spectrum characterizing the Ir-Au-CD sample with the one obtained for Ir-CD
indicates that in this case the vno and vco bands were shifted to the lower wavenumbers
by 7-8 cm™. Such a shift could be related to a variety of different reasons. The dispersion
of metal for example, can play a role as it was observed earlier [94, 147, 148]. Indeed, the
STEM data show that after oxidation/reduction treatment the Ir-Au-CD sample had a
larger average metal particle size when compared to Ir-CD (Table 4.1). However, in this
case, a blue shift in the vco would be expected due to the increased coordination number
of the surface Ir atoms in large particles, leading to the reduction of back-donation of
electrons into the antibonding molecular orbitals of CO [93], which contradicts our
observations. Another possible explanation could be related to a geometric effect, caused
by a dilution of Ir surface sites by Au. If such dilution was to take place, the decreased
dipole-dipole coupling between adsorbed CO molecules would result in a red shift in the
vco, consistent with our observations as well as the decreased peak intensities. The
general behavior of NO during the adsorption on metal surfaces and the formation of M—

NO bonds can be interpreted using the same arguments as proposed for the adsorption of
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Figure 4.4. FTIR-NO adsorption and peak fitting for (a) Ir-CD, (b) Ir-DD (c) Ir-Au-CD,
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antisymmetric (Peak 5) vibrations of adsorbed dicarbonyl species on Ir ions.)
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CO [150]. This is because the similar distribution of electrons in CO and NO allows the
use of both molecules to probe metal surfaces. Moreover, because NO has an extra
electron occupying the 7 antibonding molecular orbital, it can be more sensitive to the
electronic state of the adsorbate; in this orbital, even slight changes in the electron density
noticeably change the frequency of the vno vibrations [150]. The dilution of Ir surface
sites by Au in the Ir-Au-CD sample can also explain the surface enrichment of Au that

was observed in the XPS analysis.

When similar FTIR experiments were repeated with the dendrimer-derived
bimetallic samples, on the other hand, there were no significant changes in the band
strength in the spectra of NO and CO adsorption compared to the monometallic sample.
These peak intensities could be related to Ir active sites exposed to the surface, indicating
that Ir active sites on the surface of the Ir-Au-DD sample are not significantly decreased
by the presence of Au metal atoms. This is consistent with our XPS result for the Ir and
Au surface analysis. However, in the presence of Au in the bimetallic sample, the peak
positions were different from the monometallic sample, with blue shifts in the vyo and
vco bands listed in Table 4.2. Since it was confirmed that the Ir-Au-DD sample had a
smaller particle size than Ir-DD sample by STEM data, the dispersion of the metal is not
the reason for the peak shift. Thus, the possible explanation for the shift could be an
electronic effect caused by net electron transfer from Ir to Au. For example, such a
transfer would result in a decrease in back-donation of electrons into the antibonding
molecular orbitals of CO, resulting in a blue shift in vco. Also, the position of vyo band

shifted to higher wavenumbers in the Ir-Au-DD sample, similar to what was observed
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during the adsorption of CO on the same sample. This once again suggests that the

electronic property of Ir was significantly affected by Au in the bimetallic sample.

4.3.3 CATALYTIC REDUCTION OF NO wiTH CO

In order to evaluate catalytic activity of the catalysts, the NO-CO reaction was
tested. As a result, light-off curves showing the temperature dependence of NO
conversion for the NO-CO reaction over conventional and dendrimer-derived Al,O3-
supported Ir-Au catalysts are shown in Figure 4.5. As references, Ir and Au monometallic
catalysts were also investigated. Since the CO is not labeled with **C isotope, we could
not differentiate the N, formed and the CO consumed simultaneously, owing to the same
mass numbers of N, and CO (m/e = 28). The same situation exists for CO, and N,O (m/e
= 44) and for NO and NO, (m/e = 30). In spite of this, we can still compare the de-NOx
activity of the Ir-Au bimetallic with that of Ir or Au monometallic catalysts from the
decrease in NO concentration by following m/e = 15. In general, similar NO conversion
behaviors were observed with conventional Ir and dendrimer-derived Ir catalysts, except
that Ir-DD showed slightly higher NO conversion than Ir-CD above 350 <C. This
indicates that the dendrimer templating approach does not play a significant role in this
case. These catalytic performances were much better than that achieved over Au
monometallic catalysts according to the higher NO conversion at the same reaction
temperature for this NO-CO reaction (e.g., about 60 % for Ir and below 5 % for Au
monometallic samples at around 300 €C). However, they cannot be simply compared to
each other because the catalytic activity is dependent on various factors such as nature of

the material and support, kind of precursors or size of metal, etc. Thus, it should be noted

76



that Au monometalic samples have much larger particle size than the Ir monometallic
samples, and such a poor control of the particle size may have led to low activity for the

NO-CO reaction.

90 | |=-Ir-CD - Ir-DD
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Figure 4.5. NO-CO light-off curves for CD and DD catalysts.

It has been reported that use of a secondary metal such as Au and Ag enhances
activity for nitric oxide decomposition over supported Pt-group metals [151].
Furthermore, Qun and co-workers have demonstrated that Ir-based bifunctional catalyst
can not only improve the catalytic performance but also enhance the stability under the
strict conditions for direct and NO-assisted N,O decomposition [152]. However, unlike
our expectations, none of the bimetallic catalyst prepared in our work showed enhanced
performance compared with the Ir monometallic catalyst. That is, almost the same

catalytic performance was obtained on Ir-Au-DD as for Ir-DD, while the Ir-Au-CD
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showed even lower NO conversion than Ir-CD catalyst at the same reaction temperature
(i.e., about 60 % and 20 % for Ir-Au-DD and Ir-Au-CD sample, respectively, at around
300 ). On the other hand, the dendrimer-derived samples such as Ir-Au-DD or Au-DD
showed better catalytic activity than conventional Ir-Au-CD or Au-CD samples,
respectively. This indicates that the dendrimer approach is an effective way to control Au
metal size of the catalyst and can result in the improvement in catalytic performance.
Such a conclusion is consistent with the STEM data as well as metal dispersion data

presented above (see Figure 4.1 and Table 4.1).

Figure 4.6 reveals the relationship between dispersion and average particle size of
the catalysts, and catalytic activity for NO-CO reaction, represented as Tsg (i.€.,
temperature at 50 % NO conversion) from the NO-CO light off curves. Previously, Davis
and co-workers [153] have investigated the correlation between the Pd particle size and
the catalytic activity toward the NO-CO reaction. In their work, it was found that Pd
particles of 1 nm average diameter were more active for the NO-CO reaction than 4.5 nm
Pd particles. In our work, although we are considering not just monometallic but
bimetallic samples as well, it also seems that the catalysts with higher dispersion or with
smaller particle size showed lower Tsq values for the NO-CO reaction, as shown Figure in

4.6A and 6B.

4.3.4 CATALYTIC DIRECT NO DECOMPOSITION

Figure 4.7 shows light-off curves for direct NO decomposition with low gas hour

space velocity of 5,000 h™ over conventional and dendrimer-derived Al,O3-supported Ir-
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Figure 4.6. Effect of dispersion and particle size of catalysts on Tso for NO-CO reaction.
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Au bimetallic catalysts, Ir and Au monometallic catalysts and Al,O3 support. All the NO
conversions under these reaction conditions were lower than 30% up to 500 <C. The
general activity trend was similar to that obtained for the NO-CO reaction. That is, Ir
monometallic catalysts showed the best catalytic activity over almost the entire reaction
temperature range. Conventional and dendrimer-derived Ir-Au bimetallic catalysts
followed, and then very low activities (i. e., below 5 % of NO conversion) were achieved
over Au monometallic catalysts. Such a low NO conversion obtained on Au
monometallic catalyst was almost the same as activity over support by itself, indicating
that Au metal atoms were inactive for direct NO decomposition. The light-off curves

characterizing both the conventional and dendrimer-derived Ir-Au catalysts were slightly
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Figure 4.7. NO decomposition light-off curves for CD and DD catalysts.
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better than that of Au monometallic and worse than that of Ir monometallic sample. This
also indicates that the presence of Au in this sample has no substantial effect on Ir

activity; Au rather remains as an inactive material.

In order to make clear the relationship between the catalytic performance and the
adsorption behaviors of the Ir-Au bimetallic catalysts, we carried out TPD of NO over the
bimetallic samples, and then made comparison with the TPD results over the Ir
monometallic catalysts, as illustrated in Figure 4.8. It can be seen that the amounts of NO
desorbed from the Ir-based catalysts (Fig. 4.8A-D), especially, Ir-Au bimetallic samples,
are higher than that from the Au-DD (Fig. 4.8E) or Al,O3 (Fig. 4.8F), indicating that the
Ir-based catalysts have stronger ability for NO adsorption than Au metal catalyst or
alumina support. Although the amount of NO desorption from Ir-CD and Ir-Au-CD are
similar to the Ir-DD and Ir-Au-DD, respectively, it seems that the desorption profiles of
other molecules are different between them. When we compare the peaks of m/e = 44,
which correspond to the amount of N,O formed, it is clear that the N,O formation peaks
over the dendrimer-derived samples are sharp and high at around 325 °C, whereas, over
conventional-derived samples, they are relatively broader and smaller. Moreover,
accompanying N,O formation, N, was also formed on these catalysts (indicated by the
peaks of m/e = 28). However, the observed N, formation peaks were much smaller than
N,O formation peaks over these samples. It is known that the N as well as N,O

formation in this case is via the following paths [154]:

NO + * — NO* [4.2]
NO* — N* + O* [4.3]
N* + N* — Ny + 2% [4.4]
N* + NO* — N,0 + 2% [4.5]
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Figure 4.8. NO-TPD over A) Ir-CD, B) Ir-DD, C) Ir-Au-CD, D) Ir-Au-DD, E) Au-DD
catalysts and F) Al,O3 support; m/e: 30 NO, 32 O,, 28 N, 44 N,O and 46 NO..

According to the above mechanism and NO-TPD results over the Ir-Au bimetallic

catalysts, it can be concluded that NO dissociation on the surface of a catalyst is

considered to be the key step.
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It should be mentioned that, different from N, desorption, the desorption of O,
(corresponding to m/e = 32) was not detected well in this case, probably because oxygen
was more strongly bound on the catalyst surfaces than N,. The same phenomena were

also observed by Shi et al [155].

4.3.5 CATALYTIC ACTIVITY

In order to investigate the intrinsic activity of Ir and elucidate further the effect of
Au on catalytic performance, the turnover frequencies (TOFs) were calculated as a
function of different reaction temperature over the conventional and dendrimer-derived
Ir-Au bimetallic catalysts and the Ir monometallic catalysts for both the NO-CO reaction
(Figure 4.9A) and direct NO decomposition (Figure 4.9B), respectively. These TOFs
were expressed as mole of NO reduced to N, and N,O per mole of surface iridium atom
and per minute, as listed in Table 4.3 and 4. Since NO conversions were higher than 30 %
above 300 <C, only the reaction temperature up to 250 C was considered for TOFs of
NO-CO reaction, whereas the entire reaction temperature region up to 500 <C was

considered for direct NO decomposition.

For the NO-CO reaction, it was interesting that the TOF gradually increased with
decreasing iridium dispersion, irrespective of the catalysts, at the same reaction

temperature. The Ir-CD sample with the highest iridium dispersion, Dy, = 74 %, showed
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Table 4.3. NO-CO reaction TOFs for all catalysts

Surface site amount  NO-CO TOFs (min™) at different temperature (<C)
Catalysts

(atoms/g cat) x10® 55 100 500 250
Ir-CD 23.2+2.2 0 3.9 8.7 38.6
Ir-DD 20.5+2.7 0 22.1 33.2 57.2
Ir-Au-CD  3.1+0.3 0 187.5 184.6 395.0
Ir-Au-DD  13.5%1.1 0 33.0 41.5 69.9

Table 4. 4. NO reaction TOFs for all catalysts

Surface NO TOFs (min'l) at different temperature (<C)

site
Catalysts amount
(atoms/g 25 100 200 250 300 350 400 450 500

cat) x107%8
Ir-CD 23.2+2.2 1.0 1.9 2.4 2.5 1.9 1.8 21 1.9
Ir-DD 20.5+2.7 0.5 1.1 2.1 3.2 45 5.2 2.7 1.8

Ir-Au-CD 3.1+0.3
Ir-Au-DD  13.5%1.1

34 24 72 83 72 84 49 1.0
09 14 14 26 34 49 38 1.0

o O o o

the lowest activity over the entire temperature range based on the calculated TOF values.
The Ir-DD sample with iridium dispersion of 65 % exhibits slightly better activity,
followed by Ir-Au-DD (D, = 43 %). Finally, the maximum TOF of NO-CO reaction was
attained over Ir-Au-CD with iridium dispersion of 10%. By comparing Ir-DD and Ir-Au-
DD, there was no great difference in TOF, as can be seen in Figure 4.9A. This indicates
that highly dispersed Au metal due to the dendrimer templating approach in this
bimetallic sample does not affect to the activity of the catalyst, although there is
electronic effect between Au and Ir observed in the sample based on the blue shift of IR
peaks. In contrast, simply adding Au metal on Ir-Au-CD sample led to decrease Ir
dispersion that is attributed to diluting surface Ir sites by Au and a concurrent change the

intrinsic properties of the catalyst. Thus, with such a low dispersion, the TOF increased
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dramatically due to the possible geometric effect of more weakly bound CO or NO on
smaller Ir ensembles with presence of Au, as we observed red shift in FTIR spectrum.
However, it should be noted that the increased activity per surface atom at low dispersion
Is offset by the decrease in the number of surface atoms. However, these results clearly
indicate that NO reduction with CO over Ir-based catalysts seems to be a structure-

sensitive reaction.

Similar results were obtained for direct NO decomposition as shown in Figure
4.9B. The Ir-Au-CD sample with the lowest iridium dispersion of 10 % showed the
highest activity over the entire temperature range based on the calculated TOF values.
Such an enhanced TOF was presumably attributed to altered surface structure by Au that
changes the intrinsic catalytic activities for NO-CO and NO reactions by varying the
surface structure. However, it eventually diminished the Ir surface active sites that are
available for such reactions and led to poor catalytic performance with lower NO
conversion compared with activity on Ir monometallic catalysts as shown in the Figures
4.5 and 7. On the other hand, both dendrimer-derived Ir monometallic and Ir-Au
bimetallic catalysts exhibited similar TOF values over an entire reaction temperature
region, suggesting that Au metal does not play a significant role in those materials in this

reaction.

4.4 CONCLUSION
In this research, we prepared the Ir-Au bimetallic catalyst by using both

dendrimer templating (Ir-Au-DD) and conventional incipient wetness (Ir-Au-CD)
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methods. The dendrimer-derived sample showed highly dispersed particles with very
narrow particle size distribution confirmed by STEM and H, chemisorption
measurements, compared to the conventionally-derived sample. As a result, the Ir-Au-DD
sample exhibited better catalytic performance in NO reduction by CO and NO
decomposition reaction compared with Ir-Au-CD sample. NO-TPD results also illustrate
sharper and larger N,O formation peaks for the dendrimer-derived sample. In addition,
the effect of Au in Ir-Au bimetallic catalysts was investigated by calculating TOFs. From
these results, it was noticed that catalytic properties for the reduction of NO by CO and
direct decomposition of NO over the Ir-Au bimetallic catalysts appear to be structure
sensitive. For the case of dendrimer-derived Ir-Au catalyst, there was no great difference
in TOF by comparison to an Ir monometallic catalyst, suggesting that highly dispersed
Au metal does not affect to the activity of the catalyst. In contrast, higher TOF was
obtained for the Ir-Au-CD sample than for Ir-CD, and this was most likely due to a

geometric effect involving a dilution of Ir surface sites by Au.
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CHAPTER 5

BIMETALLIC AG-IR/AL,03; CATALYSTS PREPARED BY ELECTROLESS
DEPOSITION: CHARACTERIZATION AND KINETIC EVALUATION

In this chapter, a series of alumina supported Ag-Ir bimetallic catalysts having
controlled and incremental coverages of Ag, have been successfully prepared in an
optimized electroless deposition bath. The starting monometallic Ir/y-Al,O3 catalyst was
highly dispersed (volume-surface mean diameter of 1.1 nm) with a narrow particle size
distribution, as demonstrated by H, chemisorption and scanning transmission electron
microscopy (STEM). While both catalytic (Ag on Ir) and autocatalytic (Ag on Ag)
deposition were observed, coverages of Ag on Ir (measured by H, chemisorption) were
successfully varied up to 6ag = 0.85 by varying Ag weight loadings up to 0.81 wt%. In-
situ transmission Fourier transform infrared spectroscopy (FTIR) of CO adsorption
demonstrated that the Ag is indiscriminately deposited on all types of Ir surface sites
during the ED process. Kinetic studies of CO oxidation revealed that higher coverages of
Ag resulted in higher turnover frequencies. Comparison of reaction orders in CO and O;
on monometallic Ir and the most active bimetallic catalyst (6ag = 0.37) suggests a
bifunctional effect, where the Ag provides a non-competitive source of adsorbed oxygen

for reaction with CO adsorbed on Ir.
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5.1 INTRODUCTION

An increasing number of investigations have shown the advantage of employing
bimetallic alloys in catalysis to provide enhanced selectivity, stability, and/or activity
[114-117] for a variety of reactions. These bimetallic catalysts are typically prepared by
either co-impregnation or successive impregnation of both metal salts onto the catalyst
support [156]. However, these traditional methodologies often provide inadequate control
over metal placement and accordingly yield catalysts containing both isolated,
monometallic particles and bimetallic particles with varying compositions [1, 157]. This
complex mixture results in poor control over the final catalyst performance, complicates
catalyst characterization [158], and makes it very difficult to directly correlate the
relationship between catalyst composition, characterization, and performance. Thus, new

and reproducible methods are required for rational bimetallic catalyst design.

An alternate, industrially feasible method for the preparation bimetallic catalysts
is electroless deposition (ED), where a controlled chemical reaction is used for selective
deposition of reducible metal salts onto catalytic metal sites that have been activated by a
reducing agent. Depending on the nature of the activated metal site, the process can
involve deposition of the metal salt [A*] from solution either onto the pre-existing metal
[B®] on the support (catalytic deposition) or onto the just reduced, deposited metal [A°]
(autocatalytic deposition) [159]. In principle, this ED method should result in the
selective deposition of the secondary metal on the surface of a monometallic catalyst
without formation of isolated crystallites of the secondary metal on the catalyst support.

A more detailed description of this process has been published elsewhere [160].

89



The catalytic oxidation of carbon monoxide has been studied extensively due to
its application for removing CO from waste gases of automotive combustion [161, 162],
use in active filters of gas-masks [163], and for a variety of remote sensing applications
[164-166]. The catalysts adopted consist mainly of oxides with variable oxidation state of
the metal ions [167] and of supported noble metals on oxides [168, 169]. Especially, the
oxidation of CO on platinum group metals has been studied extensively, and the reaction
mechanism has also been thoroughly investigated over these catalysts [170-175]. A high
activity for CO oxidation at higher reaction temperatures (150-250 °C) can be obtained
on Pt catalysts; however, the competitive adsorption of CO and O, decreases their low
temperature activity [176, 177]. On the other hand, more recently, oxide supported Au
nanoparticles have attracted considerable attention for the reaction of CO oxidation[178,
179] due to their high catalytic activity at low temperatures [77]. Iridium, however, has
not as often been considered as the catalyst for this reaction although it is situated among
the same 5f orbital metals as Pt and Au. Therefore, this investigation explores the use of
Ir-based bimetallic catalysts for the CO oxidation reaction. As the second metal, Ag was
chosen due to the fact that silver metal has been extensively and successfully used for
partial oxidation reactions, in which the silver—oxygen interaction is considered as a key

step to explain the catalytic activity [180].

In this work, a series of Ag-Ir bimetallic catalysts has been synthesized to
illustrate the effectiveness of the electroless deposition method to tune bimetallic surfaces
for different catalytic purposes. The levels of Ag deposition have been intentionally
limited to sub-monolayer coverages on the Ir surface, as verified by selective H,

chemisorption and FTIR of CO adsorption on the Ir component of the Ag—Ir bimetallic
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surface. Catalytic CO oxidation on the ED-derived Ag-Ir/Al,O3; bimetallic catalysts are
compared to those obtained for Ir and Ag monometallic catalysts prepared using
traditional incipient wetness methods. It was found that the difference in the structures of
these series of bimetallic catalysts affected their catalytic performance, especially in
terms of intrinsic activity of Ir metal. The targeted and efficient Ag placement on the Ir
surface in the ED-derived Ag-Ir/Al,O5; bimetallic catalysts induces dramatic changes in

intrinsic activity.

5.2 EXPERIMENTAL

The electroless deposition of Ag on Ir/Al,O3 was conducted using an aqueous
bath of de-ionized (DI) water (made using Milli"™-Q system), potassium silver cyanide,
KAQ(CN), (54 wt.% Ag) supplied by Technic, Inc. as metal precursor, hydrazine (35 wt.%
N2H, solution, Sigma-Aldrich) as the reducing agent, and NaOH (EM pellets, 97% assay)
to adjust pH. Metal salt/reducing agent molar ratios of 1:5 were used and the Ag
deposition was conducted at room temperature (RT). Typically, the electroless bath
volume was 100 ml for 0.5 grams of base Ir/Al,O3 catalyst (1.0 wt%; dispersion ~74% by
H. chemisorption) prepared by the conventional incipient wetness (IW) method [181].
For this base Ir/Al,O3 catalyst, Ir metal ions were first impregnated onto a gamma-delta-
theta phase alumina (specific surface area =104 m?/g, pore volume = 0.9 mL/g, provided
by Toyota). This material was then dried at 60 °C in a vacuum oven for overnight and
then reduced at 400 °C in 100 cm®min (STP) of flowing H, for 1 h before storing at
ambient conditions. The initial potassium silver cyanide concentration in the ED bath was

varied depending on the targeted weight loadings of the Ag metal. All baths were
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vigorously stirred to minimize any possible external mass transfer limitations and the
solution pH was maintained at 11+0.5 by careful addition of concentrated NaOH solution.
Small aliquots of ED solution (<2 ml) were collected and filtered using a Sum mesh
syringe filter at various time intervals of deposition to monitor the concentrations of Ag
salts remaining in the bath during deposition. After the completion of ED (deposition
times between 120 and 360 min), the slurry was filtered and washed repeatedly until all
the remaining water soluble ligands (i.e., residual Ag(CN), and CN") were removed. The
wet sample cakes were dried under vacuum at room temperature and stored at ambient
conditions. Thus, a series of the Ag—Ir/Al,O3 bimetallic catalysts with incremental Ag
metal weight loadings and surface coverages on Ir was synthesized. A 1.0 wt% Ag/Al,Os
monometallic catalyst was also prepared by incipient wetness impregnation of AQNO; (>
99%, Sigma-Aldrich) for comparison, followed by drying and reduction at 250 °C for 1h

under flowing Hs.

5.3 RESULT AND DISCUSSION
5.3.1 ED BATH DEVELOPMENT

Thermodynamically unstable, but kinetically stable electroless development baths
are usually composed of a metal source, a reducing agent and solvent (typically water)
[182, 183], and these conditions must be carefully controlled to avoid spontaneous metal
reduction or precipitation in the deposition solution. Optionally, various chemical
additives such as stabilizing agents, promoters, or inhibitors can be added to the ED bath
for better stability, or to modify the deposition kinetics [184]. Unlike commercial uses

such as electronic film or coating applications, which require a high rate of deposition
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[185], preparation of bimetallic catalysts requires more precise control over the
deposition kinetics to have fractional coverage of the second metal on the primary metal
surface [160, 182, 186, 187].

Potassium silver cyanide, KAg(CN),, which is a CN"-coordinated Ag” salt, was
chosen as the silver salt since it has a low standard reduction potential [Ag(CN), + €’
—+Ag + 2CN’, E? = -0.31 V] that provides high stability in the bath. This salt has also
been well investigated for ED [187], where Rebelli et al. developed a series of electroless
deposition baths using bis-cyano metal salts as sources for Cu, Ag, and Au deposition on
silica-supported Pd surfaces. In this earlier work, according to the trend of catalytic
activity for anodic oxidation, hydrazine was selected as the reducing agent for Ag
deposition since hydrazine was preferably activated on Pd surfaces relative to the Ag
metal that was being deposited [55]. Further, in order to reduce the stable Cu(CN),,
Ag(CN),,, and Au(CN), species to their metallic states in a reasonable time period, a
strong reducing agent such as N,H, was needed. Thus, hydrazine as a reducing agent was
also used for our study of Ag deposition on Ir/Al,O3 as well.

The formation of true bimetallic catalysts requires that ED occurs only on the catalytic Ir
sites and not on the alumina support. To prevent unwanted electrostatic metal adsorption
of bis-cyano metal anions onto Al,O3, the pH of the ED bath can play a key role. If the
pH of the ED bath is kept above the point of zero charge (PZC) of the support, a
negatively charged surface is maintained, which inhibits Ag(CN), -support interactions
[1]. The PZC of the alumina support in this study was ~ pH 9; thus, the pH of the bath

was maintained at 11+0.5.
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5.3.2 SYNTHESIS OF AG-IR/AL,03 CATALYSTS

The time-dependent metal deposition profiles are illustrated in Figure 5.1. The
series of Ag—Ir/Al, O3 bimetallic catalysts were prepared with increasing coverages of Ag
on the Ir surface, and approximately 0.5-1 gram of each Ag—Ir/Al,O3 bimetallic catalyst
was prepared by varying bath volumes. Initial Ag concentrations were varied depending
on the targeted, theoretical monolayers of the Ag metal to be deposited onto the Ir metal
surface sites. It can be seen in Figure 5.1 that the rate of Ag deposition was very fast from
0 - 30 min, and then decreased. In addition, it was also found that samples using higher

initial concentration take more time to complete the ED process. Thus, the sample with
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Figure 5.1. Time-dependent electroless deposition profiles for Ag(CN), + N,Hz on 1.0
wt.% Ir/Al,O3 The legend denotes wt.% of Ag metal as determined by AA analysis of
sample after deposition. The alumina support blank was the same as the support used for
the 1.0 wt.% Ir/Al,O3 sample.
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the highest initial Ag concentration required up to 360 min to complete the ED process,
with deposited weight loadings up to 0.81 wt. % Ag being prepared. The most likely
explanation for this is because hydrazine had been largely depleted at longer deposition
times. Thus, it is limiting electroless deposition process.

On the other hand, the deposition of the Ag metal on Al,O3 support alone was
negligible, indicating that there was no strong electrostatic adsorption (SEA) of Ag(CN),’
on the oxide surface, as expected. This also confirms that alumina does not catalytically
activate the reducing agent (N2Hj) to facilitate electroless deposition (ED) under the
given conditions. Therefore, Ir metal (or deposited Ag metal itself) is required for

catalytic activation of the reducing agent.

5.3.3 CATALYST SURFACE CHARACTERIZATION

Hydrogen chemisorption was conducted on the series of Ag—Ir/Al,O5 catalysts to
quantitatively determine the exposed Ir surface sites. Since Ag does not chemisorb H; at
40 °C [188, 189], Ag deposition on Ir should lead to a decrease in H, uptake. Thus, Ag
coverage on Ir/Al,O3 or the fraction of the Ir surface covered by Ag for the bimetallic
catalysts was determined in the following fashion. The number of surface Ir sites in the
given bimetallic sample was subtracted from the number of surface Ir sites in the
monometallic Ir/Al,O3 sample, and the resulting value was normalized to the latter. As a
result, in Figure 5.2, the increase in Ag surface coverage for the bimetallic catalysts is
evident with some scatter in the data. AA analysis of the ED baths and filtrates collected
before, during, and after exposure of Ir/Al,O3 to pH 11 solutions detected no Ir or Al

content. Further, the effect of hydrazine on sintering of Ir particles was non-existent and
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this was confirmed by H, chemisorption. Recent work has shown that modest reducing
agent-induced sintering of Pt or Pd particles can occur when contacted with specific
reducing agents at ED conditions [81]. Hence, the lower hydrogen uptake with increase in
Ag wt.% is due to electroless deposition of Ag metal on surface Ir sites or on previously-

deposited Ag (see below).
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Figure 5.2. Normalized coverage of Ag on Ir for Ag-Ir/Al,O3 bimetallic catalysts derived
from H, chemisorption data. The solid line is the theoretical plot assuming monodisperse
coverage of the Ag metal on the Ir surface at a 1:1 deposition stoichiometry.

For a basis of comparison, the solid line in Figure 5.2 represents the theoretical values for
monodisperse coverage of Ag metal on Ir at a 1:1 deposition stoichiometry. In this case,
0.41 wt.% of Ag is required for one theoretical monolayer. A complete summary of

weight loadings of Ag metal deposited by ED is shown in Table 5.1. At higher Ag

loadings there is a deviation of the experimental ED profile from the theoretical solid line,
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indicating that autocatalytic deposition is also occurring. Specifically, autocatalytic (Ag°-
catalyzed) deposition predominates at higher weight loadings of deposition while
catalytic (Ir°-catalyzed) deposition prevails at lower ones. This is largely because ED is
kinetically- controlled; thus, the concentration of available surface Ir sites decreases as
the surface concentration of the second metal increases to give more autocatalytic
deposition. Similar results have been reported for group 1B electroless deposition over Pd
[187]. Although both catalytic and autocatalytic deposition processes occur, the great
majority of the Ir surface (up to 85%) was covered by Ag metal. This suggests that
hydrazine was indeed preferentially oxidized (i.e., activated) on Ir relative to Ag to favor

catalytic deposition of Ag on Ir.

Table 5.1. Electrolessly deposited weight loadings and surface coverages of Ag metal on
Ir/Al,03. Omono refers to theoretical monodisperse layers of Ag metal on Ir and Oexpri
denotes Ag coverage determined from chemisorption analysis.

Ag-Ir/Al;,O3, from Ag(CN),

wt.% Ag® Bmono, ML? Oexptt, ML
0.81 1.95 0.85
0.60 1.45 0.81
0.39 0.96 0.68
0.21 0.49 0.37

*Obtained by elemental analysis.

®Based on metallic dispersion obtained from H, chemisorption data (H per Ir metal).

Spectra collected following the adsorption of CO at room temperature on

monometallic Ir/Al,O3 and Ag/Al,O3, as well as the Ag-Ir/Al,O3 bimetallic samples, are
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shown in Figure 5.3. A common absorbance scale was used to better illustrate the
differences between the spectra. For both 1r/Al,O3 and Ag-Ir/Al,O; catalysts, CO
stretching bands were observed in 1950-2150 cm™ region, whereas no characteristic vco
vibrations were observed in the spectra of the Ag/Al,Oj3 catalyst, in agreement with
observations of Rodriguez et al. [190]. For the Ir/Al,O3; sample, the region between 1950
and 2150 cm™ contains several overlapping features, which can be deconvoluted into five
peaks centered at 2012, 2035, 2053, 2078 and 2092 cm™. These peaks are attributed to
linearly adsorbed CO species on fully reduced Ir sites (2035, 2053cm™) or on partially
oxidized Ir sites (2092cm™) or antisymmetric (2012cm™) or symmetric (2078 cm™)
vibrations of adsorbed dicarbonyl species on Ir ions, respectively. The assignment of
these peaks in this spectral region is based on our previous published work [191] and the
available literature [95-97, 145].

In the case of bimetallic surfaces, the intensity of FTIR spectra decrease with
increasing Ag content, indicating lower CO uptake due to electroless deposition of Ag on
Ir. However, the relative intensity ratios of linear CO adsorption on Ir sites or vibrations
of adsorbed dicarbonyl species were not significantly changed with Ag deposition,
suggesting that Ag is indiscriminately deposited on all Ir surface sites. In such a situation,
the intensities of all bands would be expected to decrease, but the shape of the spectra
would remain roughly constant. Thus, the results suggest that Ag electroless deposition
on Ir is not particularly favored on any of the various Ir surface planes or other sites that

are exposed, which is in agreement with the recent literature [160, 187].
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Figure 5.3. Transmission FTIR spectra of CO adsorption on Ir/Al,O3, Ag/Al,O3 and Ag-
Ir/Al,O3 bimetallic catalysts. Arrows highlight peak intensity losses (|) as Ag wt.%
Increases.
5.3.4 CATALYTIC OXIDATION OF CO

In order to evaluate the catalytic activity for the family of alumina supported Ag-
Ir bimetallic catalysts, CO oxidation was chosen as a probe reaction. As expected, before

the evaluation of catalysts, the activity of the Al,O3 support was found to be virtually

inactive for CO oxidation at the reaction conditions used in this study.

The light-off curves showing the temperature dependence of CO oxidation over
the Ag-Ir bimetallic samples along with Ir and Ag monometallic catalysts are shown in
Figure 5.4. The Ag/Al,O3 shows low levels of activity for CO oxidation based on the
lower CO conversion over the entire reaction temperature region compared with other

Ir/Al,O5 and Ag-Ir bimetallic catalysts. On the other hand, the Ir/Al,O; catalyst shows a
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Tso (i.e., temperature at 50% CO conversion) of ~218 °C, while the lower Ag coverage
bimetallic catalysts exhibit enhanced performance for CO oxidation reaction based on the
lower Tso values. Specifically, the lowest Tsyo of ~ 195 °C is observed for the Ag-Ir/Al, O3

catalyst with 04, = 0.37. Further, catalytic CO oxidation activity declines for 05, = 0.81
and 0.85 due to Ag coverage of active, surface Ir sites. This is similar to a trend observed
in previous work by our group [183] for the hydrogenation of 3,4-epoxy-1-butene over
Ag-Pt bimetallic catalysts. A maximum in activity was observed at low Ag coverages for
Ag-Pt/Si0,, with the activity decreasing at higher Ag loadings. As in the case for the Ag-
Pt catalysts, the apparent synergistic effect of Ag on Ir is interesting since Ag addition to
Group VIII catalysts typically lowers activity for catalytic reactions [192, 193]. However,

it sometimes improves catalyst stability and modifies product selectivity [194].
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Figure 5.4. Light-off curves of catalytic CO oxidation over Ir/Al,O3, Ag/Al,O3 and Ag-
Ir/Al,O5 bimetallic catalysts.
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To study the role of Ag in the ED-derived Ag-Ir/Al,O3 catalysts regarding activity
and for better comparison between the catalysts, the intrinsic activities expressed in terms
of turnover frequencies (TOFs) were calculated at a reaction temperature of 175 °C, as
shown in Figure 5.5. This temperature was chosen for comparison since all of the CO
conversions were pseudo-differential at <20%. It was also confirmed that there is no
mass and heat transfer limitations in this kinetic regime by using the Weisz-Prater and the
Mears criteria [195, 196] (see Appendix A for details). Detailed procedures were adopted
from the literature [197, 198]. In the case of Ir-containing samples, the TOF values were
calculated using the number of exposed Ir surface sites based on the H, chemisorption as
we described in Section 5.3.3, whereas for the Ag monometallic catalyst the number of
Ag sites determined by O, chemisorption using the method described by Vannice [199]
was used. As references, Ir/Al,0O3 and Ag/Al,O3; monometallic samples show TOF values
of 1.8 and 0.8 s, respectively. In the case of Ag-Ir/Al,O3 bimetallic samples, higher Ag
coverages show higher intrinsic activities based on the higher TOF values. Thus, the
bimetallic catalyst with the highest Ag coverage has a TOF value that is about a factor of
five higher than for monometallic Ir, as shown in Figure 5.5 (a). This improvement in the
catalytic activities for CO oxidation indicates that selectively deposited Ag metal on Ir
plays a key role in changing the catalysis on Ir by varying the surface structure and

morphology of the catalyst.

However, Figure 5.5 (a) likely overstimates the bimetallic effect, since it neglects the
intrinsic activity of Ag in the samples.. In calculating the TOF values, only the number of
exposed Ir surface sites was used, but not for the Ag sites or Ir-Ag sites that can be also

active toward this reaction. It is difficult to measure the exact value of exposed Ag sites

101



10.0

@ Q
o o
\
\

\

TOF at 175 °C (s)
.
P
\
\

20 &~

0.0 | ¢ ¢ e
0.0 0.2 0.4 0.6 0.8 1.0

BAg on Ir/AlL0,

3.0

25 - P “

TOF at 175°C (s)
- N
o o
A
\
/
/s

-—
o
’

0.5 -

00 F—— b v e
0.0 0.2 0.4 0.6 0.8 1.0

BAg on Ir/AlLO,
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bimetallic catalysts. See text for details.
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with direct chemisorption methods. However, the ED results show that Ag covers the Ir
metal sites. Thus, it can be assumed that the total number of exposed metal (Ir + Ag)
remains roughly constant and equal to the number of original surface Ir sites in the
monometallic Ir/Al,O3 sample. In this case, the plot shown in Figure 5.5 (b) is obtained,
which shows a typical volvano type behavior with a maximum at an Ag coverage of
around 0.5. Given the relatively even deposition of Ag atoms on Ir based on the FTIR
spectroscopic results for CO adsorption, this point is where there would be the most Ir-Ag

site pairs on the surface.

The higher activity for the Ag-Ir bimetallic catalysts can result from: a)
contribution of Ag metal sites to form bifunctional Ag-Ir sites that are catalytically more
active by preferential adsorption of oxygen on Ag that reacts with CO adsorbed on Ir to
form CO,, b) bimetallic Ag-Ir surface that have higher intrinsic activity caused by
geometric or electronic effects imposed on Ir by Ag, or ¢) a combination of the two

hypotheses.

To determine whether the bifunctional active site hypothesis was operative,
detailed kinetics were investigated. Two separate sets of CO-O; reaction experiments
were done at 175 °C for both the monometallic Ir and the Ag-Ir bimetallic sample that
gave the lowest Ts (0a¢ = 0.37) and is near the maximum of the plot in Figure 5.5 (b). In
the first experiment, a high constant Pco and variable Po, from high to low values were
used, while in the second experiment, a high constant Pp, and variable P¢o from high to
low values were employed. Since the reaction rate of CO, formation can be expressed as
the power rate law in Eq. (5.1), taking the logarithm of both sides permits determination

of the reaction orders in O, for the first set of data [Eq (5.2)], where the O, reaction order
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is the value of the slope y and the reaction order for CO [Eq. (5.3)] is the value of slope x.

TCOZ = kPCOx Pozy (51)
lanO2 =In(k * Prp*) + yIn POZ (5.2)
lanOz = In(k * Pozy) + x1In PCO (5.3)

Figure 5.6 (a) and (b) show the /nrco; versus [nPco or [nPo; plots for
monometallic Ir and bimetallic Ag-Ir catalysts. From the slope values in Figure 5.6(a), the
CO reaction order was -1 over Ir and approximately zero order over Ag-Ir. For O, (Fig

5.6b) the reaction orders were half order for Ir and lower fractional order for Ag-Ir.

Based on the Langmuir-Hinshelwood (L-H) formalism, the kinetic parameters for
CO; formation over monometallic Ir can be expressed by equations 5.4-6 for competitive

adsorption of CO and O, on Ir sites.

rcoy =k19co(;)00(;) G4
KcoPco kads
COUr) ™ T+ KcoPco+ Koo 0 "~ Kdes (5:5)
(KooP05)"°

90(17*) -1 +KcoPco + (KOZPOZ)O'S (5.6)

For strongly adsorbed CO on Ir, the KcoPco term is much larger than the sum of the other
terms of the denominator in equation (5.5). In fact, reports show that K¢ is proportional
to the heat of adsorption of CO which is much larger than for atomic O adsorbed on Ir
metal [200, 201]. Thus, the coverage of CO and atomic O can be rewritten as follows.

KCOPCO__1

= (5.7)
KcoPco

Oco(py) =
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0.5
(Ko,P0o5) 58)

90(17”) = KcoPco

After substitution of equations (5.7) and (5.8) into equation (5.4), the reaction rate is 0.5
in O, and -1.0 order in CO as shown in equation (5.9).

(K0,P05)"*

=k'P 9,*°Pcp~? (5.9)
KcoPco 02 7¢O

“TCOp = k1
Thus, the results shown in Figure 5.6 are consistent with competitive adsorption of CO
and O; on Ir. For the case of the Ag-Ir bimetallic catalysts, the coverage of CO and
atomic O on the both metals must be considered since Ag is active for dissociative

adsorption at T > 150 °C [199, 202]; thus, the overall reaction rate of CO, formation may

involve several surface reactions which can be written as follows:

rcop = k1lfcobonl T k2lOco ()00 ) T k3l0co(4 )00 (1)

+ k4[9CO(Ag)90(Ag)] (5.10)

Since the coverage of CO on Ag is negligible due to weak adsorption (Figure 5.3),

adsorption on Ag can be simplified to:

00(4.) = (K'0,P07)** . K'0yP0p)™
(Ag) 1+K'coPco+ (K'OZPOZ)O'S 1+ (K’OZPOZ)O'S

(5.11)

Then, by substituting equations (5.7), (5.8) and (5.11) into Equation (5.10), equation

(5.12) is obtained.

K P )0.5 (Kl P )0.5

_ .. | KoxPox)™ 02Po

rCOZ—kl[ o ]+k2[1+(K,2 PZ s (5.12)
coPco 0,F0,

If there is no participation of O adsorbed on Ag for CO, formation, then the second term
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in eqn. (5.12) is negligible, and the reaction rate would be the same as for monometallic

Ir (i.e., Equation 5.9). For high Pco, the first term in eqn. (5.12) can be neglected and then

(KIO PO )0.5
=k 2 Y2
rCO» 2 1+ (KIOZPOZ)O.S

= k'P COOPOZy where 0 <y < 0.5 (5.13)

This analysis implies that if the reaction rate is governed by a bimetallic Ir-Ag
interaction, the reaction rate should be zero order in CO and y order in O, where y is
larger than 0 and smaller than 0.5 as shown in Equation (5.13). This is consistent with the
Kinetic results shown in Figure 5.6. Such a non-competitive adsorption of CO and O leads
to increased formation rates of CO; over the bimetallic catalyst. This is largely because
(@), on group VIII metals, CO usually has high heats of adsorption, which are
approximately equal to the activation energy for CO desorption [203] and (b), the surface
reaction between adsorbed CO and O is also very efficient for all platinum group metals
[203]. Therefore, the kinetic result is likely to be associated with the adsorption of
oxygen. If the metal particles formed in the Ag-Ir catalyst are bimetallic in nature (as is
the case here) and these proximal Ag surface sites provide sites upon which O, can
dissociatively adsorb, this will result in higher rates of CO, formation. According to the
Kinetic results, it is concluded that a bifunctional effect is operative. Consideration of an
Eley-Rideal (E-R) mechanism (see E-R mechanism prediction in Appendix B) led to

predicted reaction orders inconsistent with those observed here.

The presence of small electronic or geometric effects of Ag on Ir cannot be

entirely excluded. However, an electronic effect appears unlikely since no binding energy
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Figure 5.6. CO oxidation reaction order plots at 175 °C for Ir/Al,O3 and Ag-Ir/Al,O3
bimetallic (6ag = 0.37) catalysts in a) CO and b) O,. See text for details.
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shift is observed for the Ir4f or Ag3d XPS peaks regardless of the Ag coverage on Ir (see

Figure 5.7 for details). All the deconvolution of signals was assigned based on the

literature [204-207]. A possible geometric effect is also not easy to rule out. This is

largely because previous results for Ag-Pd [186, 187] and Ag-Pt [183] in our group have

shown that small ensembles of Pd and Pt strongly favor the formation of more weakly-

bound linear CO than the more strongly bound two-fold and three-fold adsorbed species.

However, based on the lack of any evidence, such as a shift in FTIR peak positions, an

ensemble effect in this work is unlikely. Clearly the Ag atoms need to be geometrically

arranged on the Ir to cause the bifunctional effect. However, it this change in Ir ensemble

size with increasing Ag coverage does not appear to significantly change the bond

strength between CO and the

Ir surface sites.
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Figure 5.7. XPS data for oxidation state of A) Ir 4f and B) Ag 3d on a) Ir/Al,O3 and Ag-

Ir/Al,03 bimetallic catalysts with b) 649 = 0.37 and c) 0ag = 0.85. See text for details.
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5.4 CONCLUSION

A series of alumina-supported Ag-Ir bimetallic catalysts having controlled and
incremental coverages of Ag, has been successfully prepared in an optimized electroless
deposition bath. All characterization methods confirmed that the deposition of Ag metal
occurred only on the Ir surface, and not the alumina support, to give true bimetallic
catalysts. The extent of decrease in Ir surface sites with increased addition of second
metal indicated that catalytic deposition predominates at lower level of Ag coverage,
whereas autocatalytic electroless deposition (Ag* deposition onto Ag®) also occurs at
higher Ag coverages. Furthermore, infrared studies showed that the deposited Ag is non-
preferentially located on all Ir surface sites.

Bimetallic Ag-Ir catalysts prepared by electroless deposition method resulted in
better catalytic activity for CO oxidation reaction compared with Ir monometallic catalyst.
CO conversion over Ir/Al,O3 was greatly enhanced by the addition of small amounts of
Ag, which is not very active for CO oxidation itself. Such an increased activity is clearly
linked to the modification of the Ir surface by the addition of Ag. Higher intrinsic
activities of Ir were obtained with increasing Ag coverage in the bimetallic catalysts, and
the highest TOF was obtained at the half point where the Ir-Ag pair sites are maximized.
Thus, this modification appears to involve almost purely a bifunctional effect of
noncompetitive adsorption of O, on Ag sites contiguous to Ir sites where CO is strongly

adsorbed.
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CHAPTER 6

PREPARATION, CHARACTERIZATION AND EVALUATION OF
ELECTROLESS DEPOSITED BIMETALLIC Au-IR/AL,03 CATALYSTS

In this chapter, a series of Au—Ir/Al,O3 catalysts with controlled and incremental
coverages of Au have been prepared by the electroless deposition. The structural and
electronic properties of the catalysts were characterized using hydrogen chemisorption,
atomic absorption spectroscopy, Fourier transform infrared spectroscopy, and X-ray
photoelectron spectroscopy. The results suggest that Au was deposited on all types of Ir
surface sites in a non-discriminatory fashion. Kinetic studies of CO oxidation revealed
that higher coverages of Au resulted in lower turnover frequencies, indicating no
bimetallic effect between Au and Ir for this reaction. In contrast, enhanced catalytic
activities were found toward NO-CO reaction over ED-derived bimetallic Au-Ir as well
as Ag-Ir catalysts. This can be explained by a probable bifunctional effect, but more

kinetic studies need to be done to fully understand the mechanism for this.

6.1 INTRODUCTION

Nanocrystalline gold supported on oxides has been widely studied since the
discovery in the late 1980s that gold can be catalytically active when it is dispersed as
small particles (<5 nm) on an oxide support [142, 208, 209]. These most remarkable

catalytic properties of supported gold were first obtained for the oxidation of CO at room
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temperature by Haruta et al [210]. Gold can also be active in various other reactions, such
as water gas shift [211], CO and CO; hydrogenation [212], selective hydrogenation [213,
214], reduction of NO with hydrocarbons [215], epoxidation of propylene[216], and

oxidation of volatile organic compounds [217].

These gold catalysts, however, are not stable because their catalytic activity
decreases gradually during the catalytic run [218, 219] due to either the sintering of gold
particles [219, 220] or the adsorption of carbonates on catalytic active sites [221, 222].
This insufficient stability has hindered their wide use in commercial applications. Many
investigations have been made to stabilize these gold catalysts by adding a second metal.
The addition of a second metal could change the electronic properties of gold particles
[223], or it could change their local atom distribution by rearranging surface structures
between gold and the added metal [224]. Iridium is one of the metals that has been added
to gold catalysts [76]. Density functional theory calculations of Liu et al. [85] in the
AU/IrO,-TiO, system show that the introduction of the iridium oxide allows the presence

of an active Au/lrO, interface that could increase the resistance Au sites to sintering.

Recently, the catalytic activity and stability of a series of Ir and Au-Ir catalysts
supported on titania during the CO oxidation was explored [76]. In that work, high
catalytic activity of supported gold catalysts depended strongly on the preparation method.
Thus, it was observed that the most active Au-Ir catalysts were those prepared by
sequential deposition: first depositing iridium and then gold. These Au-Ir catalysts had a
higher catalytic activity for the oxidation of CO than those containing only gold and were

more stable.
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Besides CO oxidation, supported Au-Ir catalysts have been used to catalyze other
chemical reactions. For instance, Chimentao et al. have found that the addition of Au
improved the chemisorptive and catalytic properties of bimetallic Ir-Au/y-Al,O3 catalysts
compared to the pure Ir sample for methylcyclopentane hydrogenolysis [83]. In these
catalysts, some influence of the preparation method on the catalyst stability was also
observed. Okumura et al. [225] reported that Au in combination with Ir shows high
catalytic activity for the decomposition of dioxins at temperatures below 200 °C. Akita et
al. [86] deposited gold and iridium simultaneously on a rutile TiO, single crystal in an
attempt to clarify any synergetic effects on the catalytic performance for the oxidative

decomposition of dioxins.

In the present work, a series of Au-Ir supported on Al,O3 catalysts were prepared
by electroless deposition (ED) to study the catalytic performance of these materials in the
CO oxidation reaction. It is shown for the first time that ED method is able to deposit
targeted Au wt.% on Ir metal selectively for rational bimetallic catalyst design. In
addition, the activity and stability of the Au-Ir/Al,O3 catalyst is improved with respect to
the Au/Al,O3 catalyst. Although, tt should be noticed that this Au monometallic catalyst
was prepared by conventional IW method, thus the size of Au particles are not optimized.
The effect of Au on Ir dispersion and H, adsorption properties of the catalyst was
determined, which leads to relevant structure-function relationships for the investigated

reaction.
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6.2 EXPERIMENTAL

A similar procedure was used to prepare electrolessly deposited Au-Ir bimetallic
samples as was used for Ag-Ir bimetallic samples (see Section 5.2 for details). Briefly,
the electroless deposition of Au on Ir/Al,O3 was conducted using an aqueous ED bath
containing potassium dicyanoaurate (KAuU(CN),, (68 wt.% Au), Sigma-Aldrich), as metal
precursor, hydrazine (35 wt.% N,H, solution, Sigma-Aldrich) as the reducing agent, and
NaOH (EM pellets, 97% assay) to adjust pH. Metal salt/reducing agent molar ratios of
1:20 were used and the Au deposition was conducted at room temperature (RT). The
initial potassium dicyanoaurate concentration in the ED bath was varied depending on the
targeted weight loadings of the Au metal. . The synthesis of the 1 wt% Ir/Al,O3 catalyst
was described in Chapter 5. All baths were vigorously stirred to minimize any possible
external mass transfer limitations and the solution pH was maintained at 9+£0.5 by careful
addition of concentrated NaOH solution. To accelerate the rate of gold deposition, small
aliquots of concentrated hydrazine solution were added every 30 min during the complete
ED process. The final slurry was filtered and washed repeatedly until all the remaining
water soluble ligands (i.e., residual Au(CN), and CN ) were removed. The wet sample
cakes were dried under vacuum at room temperature and stored at ambient conditions.
Thus, a series of the Au—Ir/Al,O3 bimetallic catalysts with incremental Au metal weight
loadings and surface coverages on Ir was synthesized. A 1.0 wt% Au/Al,O3
monometallic catalyst was also prepared by incipient wetness impregnation of HAuCl,

for comparison, followed by drying and reduction at 200 °C for 1h under flowing Ha.
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6.3 RESULT AND DISCUSSION
6.3.1 ED BATH DEVELOPMENT

A wide variety of gold electro-deposition and electroless-deposition baths are
commercially available due to their extensive use in electronic or semiconductor coating
applications [52, 57, 226]. For these baths, high rates of deposition are required to give
continuous film. However, in the case of bimetallic catalyst synthesis, kinetically
controlled deposition is essential to have fractional coverages of the second metal (i.e.,
Au) onto the primary metal (i.e., Ir) surface. The appropriate ED bath can be developed
by tuning various ED bath parameters such as concentrations of metal ion source,
reducing agent, pH and temperature. The present ED bath was configured using
potassium dicyanoaurate, KAu(CN),, which is a CN"-coordinated Au™ salt, as the gold
source, since it has a low standard reduction potential [Au(CN), + & — Au + 2CN", E® =
-0.596 V] that provides high stability in the bath. This salt has also been well investigated
for ED by Rebelli et al. [187], who developed a series of electroless deposition baths
using bis-cyano metal salts as sources for Cu, Ag, and Au deposition on silica-supported
Pd surfaces. In this earlier work, according to the trend of catalytic activity for anodic
oxidation, hydrazine was selected as the reducing agent for Au deposition since hydrazine
was preferably activated on Pd surfaces relative to the Au metal that was being deposited
[55]. In addition, in order to reduce the stable Cu(CN),’, Ag(CN),", and Au(CN)," species
to their metallic states in a reasonable time period, a strong reducing agent such as N,H,4
was needed. Thus, hydrazine as a reducing agent was also used in the present case for Au
deposition on Ir/Al,Os. Furthermore, the successful ED of Ag on Ir/Al,O3 was

demonstrated in Chapter 5 using hydrazine as a reducing agent. However, hydrazine was
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found to be largely depleted at longer deposition times, limiting the Ag electroless
deposition process (see Chapter 5 for details). This is largely because hydrazine
consumes two electrons to form ammonia, while at the same time serving as a four
electron donor in alkaline baths [227]. Therefore, an additional small aliquot of
concentrated NH, solution (< 1ml) was added every 30min during the ED process to

accelerate the rate of Au deposition (see Figure 6.1 for detail).

For optimum ED Kkinetics, the choice of solution pH of the bath is also very
important. At basic pH values, the activity of reducing agent is typically higher and the
rate of deposition increases. In addition, the pH of the solution can determine the charge-
based interaction between metal ions and support. If the pH of the ED bath is kept below
the point of zero charge (PZC) of the alumina support (between 7 and 9), a positively
charged surface is maintained, which leads to Au(CN), and support interactions. Thus, to
prevent unwanted electrostatic metal adsorption, the solution pH should be maintained
above the PZC of the support. However, it should be noted that if the pH is too high, the
bath becomes unstable even at short times, resulting in spontaneous metal reduction and

precipitation.

6.3.2 SYNTHESIS OF AU-IR/AL,O3 CATALYSTS

The series of Au-Ir/Al,O3 bimetallic catalysts was prepared with increasing
coverages of Au on the Ir surface. The bath concentrations were chosen at kinetically
stable conditions, but were thermodynamically unstable, such that complete deposition
occurreds within 2 hr. The various Au-Ir/ Al,03 bimetallic catalysts were synthesized at

room temperature and pH 9 with the Au(CN), : N,H4 molar ratio chosen to be ~ 1:20.
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Initial Au concentrations were varied depending on the targeted, theoretical monolayers
of the Au metal to be deposited onto the Ir metal surface sites. The time-dependent metal

deposition profiles are shown in Figure 6.1.

As explained above, the formation of true bimetallic catalysts requires that ED
occurs only on the catalytic Ir sites and not on the alumina support. The deposition curves
in Figure 6.1 indicate that alumina alone does not result in deposition of Au, but that Ir is

required for catalytic deposition.

N N hwa

==Alumina support
==0.60 wt.% Au
—=0.52 wt.% Au
===(.39 wt.% Au
-a=0.29 wt.% Au

[Au(CN),’] remaining in bath (ppm)

0 30 60 90 120
Deposition time (min)
Figure 6.1. Time-dependent electroless deposition profiles for Au(CN), + N,H; on 1.0
wt.% Ir/Al,O3. The legend denotes wt.% of Au metal as determined by AA analysis of

sample after deposition. The alumina support blank was the same as the support used for
the 1.0 wt.% Ir/Al,O3 sample.
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6.3.3 CATALYST SURFACE CHARACTERIZATION

Bimetallic samples were characterized by hydrogen chemisorption to determine
the effectiveness of the ED process for deposition of Au on Ir. As Au weight % increases
in Au—Ir/Al,O3 bimetallic samples, H, uptake would decrease because Au does not
chemisorb H; at 40 °C [83, 228]. Thus, Au coverage on Ir/Al,Os (i.e., the fraction of the
Ir surface covered by Au) for the bimetallic catalysts can be determined in the following
fashion. The number of surface Ir sites in the given bimetallic sample was subtracted
from the number of surface Ir sites in the monometallic Ir/Al,O3 sample, and the resulting
value was normalized to the latter. Figure 6.2 shows normalized Au coverages on Ir
determined by chemisorption plotted as a function of Au weight loading as measured
using AA spectroscopy. For a basis of comparison, the solid line represents the
theoretical Au coverages that would arise, assuming only catalytic deposition of Au on Ir
ina 1:1 Au:lr surface atom ratio. A summary of weight loadings of Ag metal deposited
by ED is shown in Table 6.1. Experimental Au coverages in Figure 6.2 increases linearly
with increasing Au wt.% up to 0.6 wt.%, indicating that Au is being deposited on the Ir
surface. However, even with higher Au loadings, the entire Ir surface is not covered by
Au. This experimental ED profile is similar with the previous observation in Au ED
deposition on Pd/SiO, [186], which showed that H, uptake decreased linearly up to 0.5
wt.% Au deposition and then only marginally decreased at higher Au wt.%. Thus,
catalytic deposition (Au on Ir) prevails at the early stage of the process, while auto
catalytic deposition (Au on Au) is favored at higher Au loadings due to the decrease in

available surface Ir sites. It is also evident from Figure 6.2 that the experimental Au
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Figure 6.2. Normalized coverage of Au on Ir for Au-Ir/Al,O3 bimetallic catalysts derived
from H, chemisorption data. The solid line is the theoretical plot assuming monodisperse
coverage of the Au metal on the Ir surface at a 1:1 deposition stoichiometry.

Table 6.1. Electrolessly deposited weight loadings and surface coverages of Au metal on
Ir/Al,03. Omono refers to theoretical monodisperse layers of Au metal on Ir and Oexpri
denotes Au coverage determined from chemisorption analysis.

Au-Ir/Al;O3, from Ag(CN),

wt.% Au® Bmono, ML Oexptt, ML
0.60 0.80 0.73
0.52 0.68 0.61
0.39 0.51 0.55
0.29 0.38 0.34

*Obtained by elemental analysis.
"Based on metallic dispersion obtained from H, chemisorption data (H per Ir metal).
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coverages increased very steeply in the initial stages with increased Au loading,
suggesting that ED approach provides a targeted placement of Au on the Ir surface.

FTIR measurement of CO adsorption at room temperature was conducted on the
series of Au-Ir/ Al,Os catalysts. The procedure was the same as described in Chapter 5.
The FTIR spectra attained after He purge to remove residual gas-phase and weakly
asorbed CO are shown in Figure 6.3. Similar spectra for Ag-1r/ Al,O3 have been obtained
and discussed in Chapter 5. As expected for Au/ Al,O3 [186], CO adsorption is negligible
under these conditions. On the other hand, for Ir/ Al,O3 and Au-Ir/ Al,03 samples, strong
CO stretching bands were observed in 1950-2150 cm™ region, containing several
overlapping features. This region can be resolved by curve fitting into peaks at 2012,
2035, 2053, 2078 and 2092 cm™. These peaks are associated with linearly adsorbed CO
species on fully reduced Ir sites (2035, 2053cm™) or on partially oxidized Ir sites
(2092cm™) or antisymmetric (2012cm™) or symmetric (2078 cm™) vibrations of adsorbed
dicarbonyl species on Ir ions, respectively. The assignment of these peaks in this spectral
region is based on our previous published work [191] and the available literature [95-97,

145].

In the case of bimetallic surfaces, the intensity of the FTIR bands decrease with
increasing Au content, indicating lower CO uptake due to electroless deposition of Au on
Ir. However, the relative intensity ratios of linear CO adsorption on Ir sites or vibrations
of adsorbed dicarbonyl species were not significantly changed with Au deposition,
suggesting that Au is indiscriminately deposited on all Ir surface sites. In such a situation,
the intensities of all bands would be expected to decrease, but the shape of the spectra

would remain roughly constant. Thus, the results suggest that Au electroless deposition
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on Ir is not particularly favored on any of the various Ir surface planes or other sites that
are exposed. These results are in agreement with the non-specific Ag deposition (using a
pH 11 solution with NH, as the reducing agent) on all Ir sites in the Ag-1r/Al,O3 case

discussed in Chapter 5. Thus, the non-discriminatory nature of ED on Ir surfaces may be

more due to the nature of Ir rather than the selection of solution pH or reducible metal ion.

v

0.2 a.u.
Ir/Al,O4

34 ML Au-I/AL,O;
0.55 ML Au-Ir/Al,0,

0.73 ML Au-Ir/AL,O,
AUWALO,

2200 2100 2000 1900 1800
Wavelength (cm-")

Figure 6.3. Transmission FTIR spectra of CO adsorption on Ir/Al,O3, Au/Al,O3 and Au-
Ir/Al,05 bimetallic catalysts. Arrows highlight peak intensity losses () as Au wt.%
increases.

6.3.4 CATALYTIC OXIDATION OF CO
In order to evaluate the catalytic activity for the family of alumina supported Au-

Ir bimetallic catalysts, CO oxidation was chosen as a probe reaction. As expected, the
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activity of the Al,O3 support was found to be virtually inactive for CO oxidation at the

reaction conditions used in this study.

The conversion of CO as a function of Au weight loading is summarized in Figure

6.4. The Ir/Al,O3 catalyst shows a Ts (i.e., temperature at 50% CO conversion) of ~218

°C, while the Au/Al,O3 shows low levels of activity for CO oxidation based on the lower
CO conversion over the entire reaction temperature region. For Au-Ir bimetallic catalysts,
on the other hand, catalytic CO oxidation activity declines with increasing Au coverage
based on the higher Ts values. This is largely because of the Au coverage of active,
surface Ir sites. It is known that addition of second metal such as Ag or Au to Group VIII

catalysts typically lowers activity for catalytic reactions [192, 193, 229].
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Figure 6.4. Light-off curves of catalytic CO oxidation over Ir/Al,O3, Au/Al,0O3 and Au-
Ir/Al,O3 bimetallic catalysts.
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In order to examine the intrinsic activity of Ir with increasing Au loadings,
turnover frequencies (TOFs) for CO conversion were calculated using the exposed Ir sites
measured by chemisorption. A reaction temperature of 175 <C was chosen for comparison
since all of the CO conversions were pseudo-differential at < 20%. Figure 6.5 shows
TOFs plotted versus coverage of Au on Ir. For TOF calculations, dispersion obtained by
H. chemisorption data was converted to get the number of surface Ir sites. On the other
hand, for the Au monometallic catalyst the number of Au sites determined based on
VSMD of STEM data. As a result, Ir/Al,Ozand Au/Al,03 monometallic samples show
TOF values of 1.8 and 1.1 s, respectively. In the case of Au-Ir/Al,O3 bimetallic samples,
since it is hard to measure the Au sites that involve the CO oxidation reaction in Au-Ir
bimetallic samples, TOF values can be calculated by using only the number of exposed Ir
surface sites for bimetallic samples, as shown in Figure 6.5 (a). However, the Au sites in
Au-Ir bimetallic samples may have their own TOF and they may contribute to the
reaction. If it is assumed that the exposed metal sites (Ir +Au) are roughly constant and
equal to the number of surface Ir sites in the monometallic Ir/Al,O3 sample, then Figure
6.5 (b) is obtained. These two plots represent how the bimetallic effect looks different
based on different TOF analyses. In Figure 6.5 (a), higher Au coverages show higher
intrinsic activities and therefore, the bimetallic catalyst with the highest Au coverage has
a TOF value that is about a factor of three higher than for monometallic Ir. However, this
plot probably makes the bimetallic effect look larger than it actually is. If there is
contribution of Au to the activity as shown in this TOF plot, the enhanced performance

should be observed over the bimetallic sample in light-off curve in Figure 6.4.
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In contrast, all the Au-Ir bimetallic catalysts lie essectially on the same line with Ir
monometallic catalyst. The TOF declines gradually starting from Ir to Au in Figure 6.5

(b), implying almost no bimetallic effect.

As in the case of Ag-Ir (see Chapter 5), any bimetallic effects would arise from a)
bimetallic surface that have higher intrinsic activity caused by geometric or electronic
effects imposed on primary metal by second metal, b) contribution of bifunctional sites
that are catalytically more active than two individual sites. Thus, the presence of any
bimetallic effect or not in this Au-Ir system can be further explored by checking these two

hypotheses.

If there is an absence of a bimetallic effect in the family of bimetallic ED-derived
Au-Ir catalysts, very little electronic interaction between the Ir and Au would be expected.
Indeed, there is no binding energy shift is observed for the Ir4f or Au4df XPS peaks
regardless of the Au coverage on Ir, as shown in Figure 6.6. In addition, a possible
geometric effect for the formation of Au-induced Ir ensembles is also unlikely present
based on the lack of any vibrational band shifts in FTIR spectrum with increasing Au

coverage.

Bifunctional Au-Ir sites that are catalytically more active by non-competetive
adsorption of oxygen and CO to form CO; is also implausible. This was confirmed with
the related reaction order studies as shown in Figure 6.7. The procedure for detailed

kinetics was the same as described in Chapter 5. Briefly, two separate sets of CO-O,
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Figure 6.6 XPS data for oxidation state of A) Ir 4f and B) Au 4f on a) Ir/Al,O3 and Au-
Ir/Al,O3 bimetallic catalysts with b) 64, = 0.34 and c) 64, = 0.73. See text for details.

reaction experiments were done at 175 °C (a high constant Pco and variable Poy, or a high
constant Po, and variable Pcp) for the most active Au-Ir bimetallic samples (64, = 0.34).
When the logarithm of reaction rate of CO, formation is plotted with the logarithm of Pco
or Pogy, the values of the slope yield the reaction order in CO and O, respectively. The
results are shown in Figure 6.7(a) and (b). As was discussed in Chapter 5, if the reaction
rate is governed by a bimetallic Ir-Au interaction, the reaction rate should be zero order in
CO and y order in O, where y is larger than 0 and smaller than 0.5 (eqn 5.13), like the
case for bimetallic Ag-Ir catalyst. However, from the slope values, reaction orders were
approximately -1 in CO (Fig 6.7a) and half order in O, (Fig 6.7b) over Au-Ir. These

values are very similar to what we obtained over monometallic Ir, which showed
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competitive adsorption of CO and O,. Thus, it is concluded that a bifunctional effect is

not operative for this bimetallic Au-Ir system.

Given the apparent lack of a bimetallic effect in the family of bimetallic ED-
derived Au-Ir catalysts, the calculated TOF values for bimetallic Au-Ir samples should

appear to look like Figure 6.5 (b).

In our previous work, alumina supported Ir-Au bimetallic catalysts were prepared
with different synthetic methods such as dendrimer templating approach (DD) or
conventional incipient wetness (CD) and tested for CO oxidation as described in Chapter
3. It would thus be interesting to compare those catalysts with ED-derived Au-Ir catalysts.
However, most of dendrimer-derived Ir-Au bimetallic samples (B1R, B2R1 and B2R2)
and conventionally-derived Ir-Au-CD sample are not true bimetallic catalysts. They
contain a combination of both isolated Ir and Au monometallic and bimetallic particles
with varying compositions of the two components on their surface. It is thus not easy to
compare or use the same analysis for their activity with ED-derived one. Thus, we
decided to look at only Ir-Au-DD (B1NR), since this catalyst was shown to have a
bimetallic surface for comparison. The same evaluation of CO oxidation was performed
with the MS analyzer as described in Section 2.4.1, and the TOF was calculated in the
same way as for the ED-derived samples. In this case, to estimate the coverage of Au on
Ir in the BINR sample, the dispersion estimated from STEM data (68%, Table 3.1) was
compared with that estimated by H, chemisorption (43%, Table 3.1). Given the disparity,
it can be assumed that the surface coverage of Au on Ir (or dilution of Ir sites by Au in a
surface alloy) is about 37% . Figure 6.5 (b) shows the TOF value for BINR as a red

square. The data point falls on the trend line, indicating that the bimetallic effect is not so
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obvious in the Ir-Au bimetallic system regardless of the preparation method. This
contrasts the Ir-Ag bimetallic system, which showed a considerable bimetallic effect as a

volcano shape curve (Fig 5.5b) due to a bifunctional effect.

The effect of both Au and Ag on activities for the NO-CO reaction was also
explored. As shown in Figure 6.8, superior catalytic performance was observed for the
entire family of ED-derived Au-Ir and a few of Ag-Ir bimetallic catalysts. This indicates
that there is a bimetallic effect in these ED-derived bimetallic catalysts. Figure 6.9 (a) and
(b) demonstrate the effect of Au or Ag on the TOFs as function of the second metal
coverage for the NO-CO reaction. A very similar improvement of intrinsic activity was
observed with some scatter regardless of the type of second metal (i.e., Au or Ag), as
shown in Figure 6.9, implying that the Au and Ag seem to play a similar role in the

process.

The considerably higher NO-CO reaction rate in bimetallic catalysts could be
explained by electronic, ensemble and/or bifunctional effects. With respect to an
electronic effect, the chemisorptive properties of a metal overlayer on a dissimilar metal
can differ dramatically from those of the parent bulk overlayer metal [230]. For instance,
the adsorption energies and dissociative reaction barriers of small molecules such as CO
have been correlated with changes in the electronic properties of certain alloy overlayers
[231]. However, for the Ir-Au bimetallic system, the work functions for Au and Ir are
very similar (5.3 versus 5.7 eV, respectively [232]) and the electronegativities are also
not so different (2.54 Au and 2.2 Ir). Furthermore, XPS data imply very limited charge

transfer between Ir and Au in Au-Ir bimetallic system, with no peak shifts observed in
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Figure 6.6. Based on these data, the electronic effects in Au-Ir system seems to be
minimal.Although there is some difference between Ag and Ir in terms of the work
functions and the electronegativities, an electronic effect appears less probable for Ag-Ir
bimetallic system as well, since no binding energy shift is observed for the Ir4f or Ag3d

XPS peaks, as shown in Figure 5.7.

It is also unlikely that an ensemble effect is involved for the higher activity for
NO-CO reaction over bimetallic catalysts; i.e., the formation of smaller ensembles of Ir
surface sites with increasing Au or Ag coverage that strongly favor the formation of more

weakly-bound linear CO than the more strongly bound multiful-fold adsorbed species.

It seems that the bifunctional effect is the most plausible explanation for the
volcano type curve in the activity with extent of second metal loadings. Related kinetic
studies need to be done to explain more details about the process. Nevertheless, TOFs in
Figure 6.9 appear to indicate that bifunctional Au-Ir or Ag-Ir sites exist and that they can

be maximized at the half coverage point.

6.4 CONCLUSION

A Kinetically stable, electroless bath consisting of Au(CN)," and N,H, was
developed and optimized in order to selectively deposit the Au on Ir, as opposed to the
Al,O3, while avoiding formation of undesired Au clusters in solution. A series of ED-
derived Ag-Ir bimetallic catalysts have been characterized by using H, chemisorption,
AA, FTIR, and XPS to reveal several features of the ED process and bimetallic catalyst

structure. The extent of decrease in Ir surface sites with increased addition of second
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metal indicated that catalytic deposition predominates at lower level of coverage of Au,
whereas autocatalytic electroless deposition process (Au* deposition onto Au®) also
occurs at higher Au coverages. In addition, the catalytically deposited Au was found to
deposit on all types of Ir surface sites in a non-discriminatory fashion, as adjudged by the
results of FTIR measurements.

The catalytic performance of these catalysts was evaluated for CO oxidation, and
it was found that TOFs for this reaction declined gradually with the elevated fractional
corveages of Au on Ir. Such behavior argues for almost no bimetallic effect in this Au-Ir
bimetallic system. Furthermore, this is consistent with the result obtained over the
dendrimer-derived Ir-Au (BINR) sample. However, bimetallic Au-Ir catalysts prepared
by electroless deposition method result in better catalytic activity for NO-CO reaction
compared with Ir monometallic catalyst. NO conversion over Ir/Al,03 was greatly
enhanced by the addition of small amounts of Au, which is not very active for NO-CO
reaction itself. Higher intrinsic activities were obtained with increasing Au coverage in
the bimetallic catalysts, and the highest TOF was obtained at the half point where the Ir-
Au pair sites are maximized. Thus, this modification seems to involve a possible
bifunctional effect. Interestingly, a very similar improvement of intrinsic activity was
observed over bimetallic Ag-Ir catalysts, implying that both Au and Ag appear to play

positive role in this process.

Finally, the results reported here demonstrate that ED provides an approach to
rationally prepare bimetallic catalysts with controlled composition. Certainly, the present

interesting catalytic results for CO oxidation and for NO-CO reaction show the improved
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fundamental insight that can be obtained by systematically preparing a wide range of

bimetallic compositions with relatively small increments of surface coverage.
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CHAPTER 7
CONCLUSION

In the present work, novel synthetic methods such as the dendrimer templating
(DD) and electroless deposition (ED) were developed to prepare alumina supported Ir-Au
and Ir-Ag bimetallic catalysts. Conventional incipient wetness (CD) was also used for

comparison.

Dendrimer derived Ir-Au/Al,O3 catalysts showed different metallic dispersions
with various particle sizes and distributions, depending on the preparation synthetic
routes. Ir-Au-B1NR bimetallic catalyst, which was prepared thru complexation of Ir and
Au metal ion sequentially with dendrimer solution, shows considerably uniform particle
size distribution with higher dispersion compared to the others. This indicates that the
PAMAM dendrimer probably not only acts as a stabilizer in solution but it also prevents
growth metal particle size during the heat treatment. As a result, the Ir-Au-B1NR
represented enhanced catalytic performance toward oxidation of CO compared with Ir
monometallic catalyst and better activity for NO-CO reaction and NO decomposition

then conventionally derived one.

On the other hand, a series of alumina supported Ag-Ir and Au-Ir bimetallic
catalysts having controlled and incremental coverages of Ag or Au, have been

successfully prepared via ED method using hydrazine as a reducing agent. STEM study
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showed the highly dispersed Ir/y-Al,03; monometallic catalyst (volume-surface mean
diameter of 1.1 nm) with narrow particle size distribution which makes this base catalyst
to be a good starting material for Ag or Au deposition. Hydrogen chemisorption was
investigated on bimetallic catalysts with different Ag (or Au) wt loading to determine the
coverage of Ag (or Au) on Ir metal. Moreover, in situ FTIR of CO adsorption allowed for
identification of exposed metal surface area in the bimetallic catalysts, suggesting that Ag
and Au metal was similarly deposited on all types of Ir surface sites in a non-
discriminatory fashion. In contrast, kinetic studies of CO oxidation revealed different
result for Ag-Ir and Au-Ir bimetallic system. It was clear to see the bimetallic effect in
Ag-Ir bimetallic system; thus, the highest TOF was obtained at the half point in Ag-Ir
bimetallic catalysts where the Ir-Ag pair sites are maximized. In case of Au-Ir bimetallic
catalysts, on the other hand, higher coverages of Au resulted in lower turnover

frequencies (TOFs).

Among the several different techniques, ED method allowed the advanced
fundamental studies possible by providing a systematic approach to prepare bimetallic
catalysts with targeted compositions and surface coverage. It was found that the catalytic
properties of metal strongly depend on the preparation methods, which bring about a
great difference in the size of particles and the surface configuration of two metals. These
differences result in enhanced catalytic results that can be explained by a combination of
bifunctional, electronic, and geometric effects. In particular, for the ED catalysts a

bifunctional effect is likely to be the governing factor in these systems.
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APPENDIX A — MASS AND HEAT TRANSFER CALCULATIONS FOR OXIDATION
oF CO

Mass and Heat Transfer Calculations for Oxidation of CO on Ir/Al,O3

Mears Criterion for External Diffusion [196]

If ~rppRN <0.15, then external mass transfer effects can be neglected.
¢~ Ab

—r,' = reaction rate, kmol/kg-cat - s

n = reaction order

R = catalyst particle radius, m

pb = bulk density of catalyst bed, kg/m®

pc = solid catalyst density, kg/m3

Cab = bulk gas concentration of A, kmol/m?®

k. = mass transfer coefficient, m/s

_LAprRn:M'S x 10" kmol-CO/kg-cat . s] [710 kg/m®][ 0.7 x 10® m][1]/([ 1.92
¢~ Ab

m/s]*[ 0.0032 kmol/m*])=3.5x10" <0.15 {Mears for External Diffusion}
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Weisz-Prater Criterion for Internal Diffusion [195]

_ rl R2
If Cyp = VA <1, then internal mass transfer effects can be neglected.

eLns
-1’ A(obs) = Observed reaction rate, kmol/kg-cat -s

R = catalyst particle radius, m

p. = solid catalyst density, kg/m?; [pe, aiumina = 3950 kg/m°]

D. = effective gas-phase diffusivity, m%/s

Do, 0
zﬁwhere
T

Dag = gas-phase diffusivity m%/s; ¢,= pellet porosity; o, =constriction factor; 7

=tortuosity.

Cas = gas concentration of A at the catalyst surface, kmol-A/m*

' 2
-r A(obs) pcR

C,o =
wp DeCAs

=[4.3 x 10® kmol-CO /kg-cat . 5] x [ 3x10° kg-cat/m®] x [ 0.7 x 107

m]? / ([4.87 x 10°° m%s] x [0.0032 kmol-CO/m®]) = 4.0 x 10° < 1

{Weisz-Prater Criterion for Internal Diffusion}

Mears Criterion for External (Interphase) Heat Transfer [196]

|- AH, (—1,") p,RE]|

5 <0.15
hT,"R,
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[210.58 kJ/molx 4.3 x 10 mol/kg-cat . s x 710 kg-cat/m® x1.4 x 10" mx 103 kd/mol] /
[6.5 kd/m?.K.s x 4482 K?x 8.314 x107 kJ/mol.K]=8.5x10° < 0.15

{Mears Criterion for External (Interphase) Heat Transfer}

Mears Criterion for Combined Interphase and Intraparticle Heat and Mass

Transport [196]

-r',R? - 1+0.33yy
CwD, |n—7,5|1+0.33nw)

E E . 5 _(AHDC, . _(aH)-r,R. iR

7:—1 7[3 = 1 ﬂ = 1 = ) -
R, T, RT, AT, hT, k.Cpp

y = Arrhenius number; f, = heat generation function;
A = catalyst thermal conductivity, W/m.K;
x = Damkohler number for interphase heat transport

= Damkdéhler number for interphase mass transport

. rlA R2
CAb De

=[4.3x10° kmol/kg-cat.sx 710 kg-cat/m*x (0.7x10°®)> m?]/[0.0032

kmol/m®x4.87x10° m%/s]=9.5x10® < 3

{Mears Criterion for Interphase and Intraparticle Heat and Mass Transport }
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Mass and Heat Transfer Calculations for Oxidation of CO on Ag-1r/Al,O3 (0.2 wt%
AQ)

Mears Criterion for External Diffusion [196]

If = Fa ppRN

. <0.15, then external mass transfer effects can be neglected.
¢~ Ab

—r,' = reaction rate, kmol/kg-cat - s

n = reaction order

R = catalyst particle radius, m

pb = bulk density of catalyst bed, kg/m®

pe = solid catalyst density, kg/m®

Cap = bulk gas concentration of A, kmol/m?

k. = mass transfer coefficient, m/s

_LAT'%Rn:[GA x 10°® kmol-CO/Kg-cat . s] [710 kg/m?][ 0.7 x 10 m][0.11]/([ 1.92
¢~ Ab

m/s]*[ 0.0032 kmol/m®])=5.7x10"® <0.15 {Mears for External Diffusion}

Weisz-Prater Criterion for Internal Diffusion [195]

-r R?
If Cyp = g’b—‘épc <1, then internal mass transfer effects can be neglected.
As

e

-’ a(obs) = Observed reaction rate, kmol/kg-cat - s

R = catalyst particle radius, m
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pe = solid catalyst density, kg/m?; [pe, aiumina = 3950 kg/m°]

. = effective gas-phase diffusivity, m/s

— Ds ¢p O,
T

where
Dag = gas-phase diffusivity m%/s; ¢, = pellet porosity; o =constriction factor; 7
=tortuosity.

Cas = gas concentration of A at the catalyst surface, kmol-A/m?

' 2
-r A(obs) pcR

DC =[6.4 x 10° kmol-CO /kg-cat . 5] x [ 3x10° kg-cat/m®] x [ 0.7 x 10
e~ As

Cup =
m]? / ([4.87 x 10°® m?/s] x [0.0032 kmol-CO/m®]) = 6.0 x 10° < 1

{Weisz-Prater Criterion for Internal Diffusion}

Mears Criterion for External (Interphase) Heat Transfer [196]

|_AHF(_ZA')"*)RE|<o.15
hTy 'R, |

[210.58 kd/molx 6.4 x 10° mol/kg-cat . s x 710 kg-cat/m® x1.4 x 10°° mx 103 kJ/mol] /
[6.5 ki/m®.K.s x 448% K?x 8.314 x10™ kd/mol.K]=1.3x10° < 0.15

{Mears Criterion for External (Interphase) Heat Transfer}

Mears Criterion for Combined Interphase and Intraparticle Heat and Mass
Transport [196]
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-r',R? - 1+0.33yy
CwD.  |N—7,5,|1+0.33nw)

E ., _(AH)DC, . _(-AH)-r,R. ~_-r,R

E
y=——i %= By = » X=
R, T, RT, AT, hT, k.Cpy

y = Arrhenius number; /S, = heat generation function;
A = catalyst thermal conductivity, W/m.K;
x = Damkohler number for interphase heat transport

= Damkdéhler number for interphase mass transport

' 2
cr Ag =[6.4x10° kmol/kg-cat.sx 710 kg-cat/m>x (0.7x10°®)? m?]/[0.0032
Ab e

kmol/m>x4.87x10° m?%/s]=1.4x10" < 3

{Mears Criterion for Interphase and Intraparticle Heat and Mass Transport }
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APPENDIX B — ELEY-RIDEAL (E-R) MECHANISM PREDICTION

The reactions for the Eley-Rideal (E-R) mechanism can be written as

A(g) + S(s) © AS(s) €Y)
AS(s) + B(g) - P(g) +S(s) (2)
Assuming that k., >>k;, we can apply a steady-state approximation to species AS:

d[AS]
dt

= 0 = kq[A][S] - k_1[AS]ss — ko[AS]ss[B] 3)

As in the case of unimolecular catalyzed reactions, we can express the concentrations of
AS and S in terms of a fraction of the total number of active sites, Sg and rewrite the

above equation as

0 = k1[41(1 - 8)[S]g — k_16[S1g — k261S]o[B] *®
Solving for 4 yields

k1[A]

o= k1[A] + k_1 + k2[B]

(5)

Furthermore, if ko << k; and k.1, we can simplify 6 to
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k1[A]

o= k1[A] + k_1 ©
The rate of production of P can be expressed as
d[P] _ _ _ k1ka[AllS]o[B]

We can also write the above expression in terms of the equilibrium constant, K, which is

equal to ki/ kg

d[P] _ Kkp[A][S]o[B]
dt K[A] +1

(8)

Based on the E-R formalism, the kinetic parameters for CO, formation over
monometallic Ir can be expressed by equations 9-10, where oxygen adsorbs onto the

catalytic surface and then it reacts with CO molecules in the gas phase.

rcoy = k200(;,)[S1oPco )

(KOZPOZ)O'S kads
= K = 1
0N = 1% (KoyP0p)"° where Kdes (10

After substitution of equations (10) into equation (9), equation (11) is obtained.

= k2 (Ko,P05)°?
CO2 1+ (KOZPOZ)O'S

[SloPco

=k'P OZyPC01 where 0 <y < 0.5 (11)
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This analysis implies that if the Eley Rideal mechanism is occurring, the reaction rate
should be first order in CO and y order in O,, where y is larger than 0 and smaller than
0.5 as shown in Equation (11). This is inconsistent with the Kinetic results shown in

Figure 6.

For the case of the Ag-Ir bimetallic catalysts, the coverage of atomic O on the
both metals must be considered; thus, the overall reaction rate of CO, formation may

involve several surface reactions which can be written as follows:

rcoy = k2l0o(;)1ISloPcot k'2[00( Ag)][S]OPCO (12)

: _ (KIOZPOZ)OS
O(Ag) 1+ (KIOZPOZ)O.S

(13)

By substituting equations (10) and (13) into Equation (12), equation (14) is obtained.

(KOZPOZ)O'S l ' (KIOZPOZ)O'5

ey = , [S]oP 14

This analysis again predicts that the reaction rate is first order in CO and y order in Oy,
where y is larger than 0 and smaller than 0.5, which is inconsistent with our kinetic
results. Therefore, it is concluded that the observed kinetic results do not followed the E-

R mechanism.
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