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surface, which is a driving force for the adsorption of cationic metal complexes such as

platinum tetraammine (PTA) [(NH;)4Pt]*".

Figure 1.3 General steps for the method of Strong Electrostatic Adsorption: 1) Support
PZC determination, 2) Uptake Survey experiment to determine pH of strongest
interaction 3) Catalyst finishing i.e. reduction in Hydrogen

To perform SEA synthesis, the first step is to determine the PZC of the desired
support material. This can be done very accurately via the measurement of the
equilibrium pH as a function of the initial pH of the adsorbing solution at high support

surface loading (SL). Surface loading is the amount of support surface per liter of

preparation solution and is calculated by the equation below.
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Surface loading is an important concept, that allows for excellent comparison
across experiments, for SEA synthesis as the supports used in catalyst preparation have
widely different surface areas. Using a constant surface loading of 1000 m?/L for
different supports across multiple experiments ensures that there is similar amount of
surface sites for metal precursors to electrostatically adsorb with a high degree of
dispersion. This gives a better comparison of uptake values of metal onto the support
surface (I" umol/m?) when the surface area may vary significantly the, surface loading is
kept constant.

The overarching hypothesis of SEA is that to produce highly dispersed metal
nanoparticles on the support, the metal precursors must themselves be highly dispersed
onto the support during the adsorption stage of preparation. The hydration sheaths and
ligands attached to the metal core of the precursors are removed via catalyst finishing i.e.
reduction or calcination to preserve the highly dispersed metal nanoparticles and this

process is outlined in Figure 1.3.
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Figure 1.4 Modeled adsorption curves for CPA and PTA from the RPA model various
SL [30]
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A parameter free model dubbed the revised physical adsorption model has been
proposed by this research group as a way to model the adsorption of these complexes
with only physical forces, omitting any chemical terms and mechanisms from the
adsorption model [31]. The driving force for the RPA model are columbic forces that are
generated by the difference in the support surface charge relative to the metal complex in
solution as the pH is varied [32]. This model allows for the prediction of the pH shift of
metal oxides in solution as a function of surface loading and Park and Regalbuto were the
first to simulate the pH shift effect of the bulk solution with the addition of higher
loadings of oxide [33]. The RPA model was proposed as a novel technique to accurately
measure the PZC of oxides. This measurement is different from a traditional titration
experiment, as stated earlier, in that the initial solutions of different pH are contacted with
the oxide at various SL. This model predicts that the change in surface loading will have
a buffering effect on the equilibrium pH. In Figure 1.4a the, pH final plateau becomes
much wider as the surface loading is increased from 500 to 150,000 m?/L. The adsorption
of CPA in Figure 1.4b also proceeds to a maximum value and then tapers off. In each
case there exists a pH where there is maximum precursor support interaction, this is the
optimal pH, the point metal uptake is greatest [34]. Maximum uptake also decreases as
the surface loading is increased as the concentration of Pt required to ensure the same
surface density increases. At pH extremes, the increased ionic strength retards the metal

uptake and this is attributed to electric double layer screening [35].
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Figure 1.5 Modeled adsorption curves for CPA and PTA from the RPA
model with supports of various PZC

From the RPA model the PZC of the support material also plays a large role in
complex adsorption (Figure 1.5). Supports with low PZC values have a very broad
adsorption peak where the uptake is at a maximum for PTA over low PZC silica, the
electrostatic potential develops quickly after the solution passes the PZC and we see more
narrow maximum uptake bands for CPA over alumina as the supports PZC increases. The
increased adsorption of CPA, compared to PTA, is attributed to the sizes of the
complexes as CPA is assumed to retain one hydration sheath when adsorbed on the
support surface and PTA retains two thus, the steric limitations may be a contribution to
the difference in total uptake [31].

1.2.5 Adsorption for bimetallics
The study of bimetallic catalysts has become omnipresent within academic

research. A bimetallic catalyst can promote increased selectivity, stability, or overall
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activity when compared to the constituent monometallic samples. The three ways
bimetallic catalysts are believed to increase performance are thought to be ensemble
effects, electronic effects, and bifunctional effects [36]. Ensemble effects are when a
surface component of the bimetallic composition is inactive in the reaction and dilutes the
active metal species into discrete ensembles of atoms. This can result in only desirable
reactions occurring and limiting side reactions. Electronic effects occur when electron
transfer between the two metal components either surface or bulk. Bifunctional effects
occur when both metals are catalytically active for the reaction and the surface
distribution is uniform in nature. This can allow the activation of multiple different
molecules on the surface which allows for increased reaction rates and pathways.
Bifunctional effects are of great interest as they can increase catalytic performance
greatly and thus creating catalysts with well-defined surface composition is of great
interest and the coupling of SEA and ED presents a great opportunity to study this effect.

SEA has also been applied to the synthesis of bimetallic catalysts to produce
either a bimetal composition that is highly alloyed by adsorbing two metal complexes of
similar charge at once onto a charged surface, this is dubbed co-SEA [37, 38]. A core-
shell structure is also possible by exploiting the differences in surface charge between
metal oxide and support [38-41]. Schwarz’s research [39-41] proposed that if you had a
composite support surface that can include a low PZC support such as silica with an
adsorbed high PZC metal oxide on the surface, when operating in an acidic range, the
hydroxyl groups on the surface of the high PZC oxide will be much larger than that of the
silica support. To accomplish this via SEA, a primary metal can be deposited onto the

support surface, i.e. cobalt via cobalt hexaammine, and then oxidized by catalyst
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finishing to cobalt oxide. After this step the secondary metal, for this example anionic
CPA, can be steered to selectively adsorb onto the surface of the cobalt oxide. A

schematic of this example is presented in Figure 1.6.
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Figure 1.6 Diagram for the selective adsorption of Pt onto Cobalt oxide
supported on silica

The work done by Schwarz that attempted to selectively deposit Co?* or Pd?* onto
composite oxides [40-41] did not work as expected as they used bare metal ions as the
precursors for the secondary metal and these species tend to hydrolyze and precipitate at
the pH range used. This can be remedied by using metal-chloride, ammine, or oxide
precursors which are stable over a wide pH range and concentration [35]. The main
drawback for this technique is that there may be the need for multiple cycles of SEA, as
there is limited core metal oxide surface area compared to the bulk support to adsorb

complexes.
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1.2.6 Electroless Deposition

Electroless deposition (ED) is another type of reactive adsorption preparation that
is an excellent method for the preparation of bimetallic catalysts in a core@shell
morphology. It is a natural pairing for SEA as the smaller the base metal particles the
smaller the particles will be after the deposition of the secondary metal onto the first. ED
has deep roots in industrial applications to plate precious metals (e.g. Cu, Co, Pt, Au)
onto different metallic substrates. An external powers source is also not required for the
plating of metal which differentiates this technique from electrodeposition along with the
ability to plate onto non-conductive surfaces. The commercial and industrial applications
for ED are vast as it is used in the manufacturing of catalysts, batteries, semiconductors,
thin films, and even in corrosion prevention [42].

This study focuses on the plating of gold onto primary metal (Pt and Ru)
synthesized via SEA. Gold plating via ED provides a methodology to selectively deposit
the Au onto the preexisting metal and not the support in a controlled manner as shown in
Figure 1.7 [43-46]. ED gives a way to produce bimetallic catalysts with more precisely
controlled surface compositions which allows accurate correlation between surface
composition of a bimetallic to catalyst activity and performance which in theory allows
for optimization and reduction of total metal used [47]. ED also does not require high
temperature catalyst finishing as the reducing agent is used during deposition and this
may help avoid nanoparticle sintering that can occur at elevated temperatures. Work done
here at the University of South Carolina by the Monnier research group has developed a
large array of ED templates with the ability to deposit metals such as Au, Pt, Cu, and Ag

onto supported single metal catalysts of Pt, Pd, Co, Ru prepared via traditional catalytic
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methods i.e. impregnation. [45-51]. These ED baths have the same structure for each
case. A reducing agent, a metal salt that can be reduced i.e. KAu(CN)., and a stabilizer
such as citrate can be used to stabilize the salt. The developer bath must be kinetically
stable while being reactive enough to ensure deposition, sometimes for multiple

monolayers, of the secondary metal onto the previously supported single metal surface.

produced via SEA

RA- Reducing agent
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Figure 1.7 Electroless deposition method for the selective adsorption of Au onto Pt

Autocatalytic Catalytic

The work presented in this thesis will be focused on the catalytic and autocatalytic
deposition of gold atoms onto SEA prepared monometallic catalysts. ED can proceed in
one of two manners, catalytically where the metal salt that is in solution is deposited onto
the preexisting metal catalyst that is facilitated via the organic reducing agent in the bath
that acts on the depositing metal. Autocatalytic deposition can also occur as the newly
deposited metal may also activate the reducing agent in solution, this would result in the
deposition of the metal in solution on the recently reduced metal particles. The method

of electroless deposition begins with catalytic deposition with idea of producing a single
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atom thick monolayer, but after some short time in the bath, both methods start to occur
in conjunction with one another. This can be controlled to some degree through the
choice of the reducing agent, bath conditions (pH and temperature), and the
electrochemical properties of the metal substrate and catalyst. Similar to sequential SEA,
ED can be used to produce core@shell bimetallic particles such as Au@Pd and Au@Pt in
this study [46, 51]. Multiple monolayers of the deposited metal can also be prepared as
the metal beings to deposit autocatalytic in a single-step bath after developing the proper
conditions, as such it provides a much more time and cost efficient way than SEA to
produce core@shell bimetallics with a wide variety of systems, especially in noble metals
such as Ir, Au, Pt, Ru, and Rh [43, 45-47, 49, 51].

The key step to a successful ED system for bimetallics is to develop an ED bath.
The developer bath is typically aqueous in nature and pH is held constant with a metal
source, reducing agent and a monometallic catalyst as the adsorption substrate with
particles that have high dispersion of the core metal to ensure small bimetallic particles
[52]. The requirements for a successful bath are that it must be kinetically stable with no
metal deposition in solution with no substrate present, as well as thermodynamically
unstable to ensure deposition goes to completion as the substrate is present.

The metal salt chosen for the ED bath must be one that is soluble in the solvent
medium (water) and also does not precipitate or undergo complexation to an unstable
species under bath conditions, as this may elicit deposition precipitation or total

precipitation of the metal in solution.
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Table 1.1 Commonly used metal salt precursors for electroless deposition

Metal Metal Salt Precursors
Ag [AgNO;], [NaAg(CN),]
Au [KAU(CN),], [KAuCl,], [NaAu(SO;),]
Co [CoSO,], [CoCl,]
Cu [CuSO,], [KCu(CN),]
Ni [NiSO,], [Ni(H,PO,),], [Ni(CH;CO0),]
Pd [PAC1,], [Pd(NH;),Cl,]
Pt [NaPt(OH)], [(NH;),Pt(NO,),], [Na,PtCl]

The metal salt chosen for the ED bath must be one that is soluble in the solvent
medium (water) and also does not precipitate or undergo complexation to an unstable
species under bath conditions, as this may elicit deposition precipitation or total
precipitation of the metal in solution. In this study, KAu(CN)2 is used as the metal ion
source as cyanide salts have high formation constants and have produced very stable ED
baths. Table 1.1 gives a list of commonly used metal salts such as sulfates, chlorides and
acetate sources [53]. Each metal source offers different drawbacks for use, as cyanide
containing compounds are very toxic and are not industrially favorable. Chlorine
containing compounds, though safer, leave residual Cl- on the surface that needs to be
removed, as ionic chlorine can induce corrosion on the substrate and are pH sensitive.

The developer bath also requires the use of a reducing agent, which is the source
of the electrons that will reduce the metal salt in solution. The selection of reducing
agents is largely based on the work of Ohno et al who measured catalytic activity of

different noble and non-noble metals with reducing agents [54]. Since the reducing agent
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needs a favorable oxidation potential so that it may reduce the metal ion
thermodynamically but not before the activation on the primary metal substrate surface.
This work by Ohno relates the anodic potential of hydrazine, formaldehyde,
hypophosphite, and dimethylamine borane for a variety of metal surfaces and this is
shown in Figure 1.8. When the reducing agent is more active for the metal substrate
surface, catalytic deposition will be the favored mechanism and vice versa for the
secondary metal. Though the chart gives accurate trends for the potential, each bath will
require stability and activity checks to ensure secondary metal deposition.

For the cases in this work, the deposition of Au onto noble metal cores KAu(CN)2
is used as the metal salt with hydrazine (1:10), the reducing agent at the bath pH
maintained at pH 10, as this has previously been studied and shown to be an effective
method of gold deposition onto Pd [45, 46]. Potassium dicyanoaurate was chosen for the
salt as it has a very high formation constant which favors complex stability and the total
cell potential for Au(CN)2" and hydrazine is positive, which is an indication that ED is
favorable (Table 1.2).

Table 1.2 A positive AE for the redox reaction for Au(CN)?# in the presence
of hydrazine for the case of Au@Pd is indicative that ED is favorable.

Au(CN), +& —Au” +2CN °=-0.6V
N,H, +40H — N,+4H,0 +4¢ °x= 116V
Au(CN), +x[N,H, + 40H]— Au” + 2CN +x[N, +4H,0] | AE®=0.56V
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Figure 1.8 Catalytic activity of metals for anodic oxidation

The electroless developer bath can be enhanced to improve the bath stability
lifetime, as well as other properties, such as deposition layer thickness and increased
support adhesion onto the substrate by adding a multitude of agents to the bath.
Compounds that act as a stabilizer or complexing agent may be added to the bath and will
be briefly covered in this literature review. A complexing agent reduces the amount of
metal reduction, which stabilizes the bath, in solution by forming a complex with the
secondary metal salt in solution. The complexing agent can often prevent metal
speciation and hydrolysis, which could result in the deposition metal plating out of
solution. A commonly employed complexing agent is EDTA, which is often used in
copper and cobalt baths and citrate, which is used during noble metal deposition[52]. A
stabilizing agent is often employed to increase the life time of the developer bath, which

is often not a concern in research lab scale experiments with shot time scales. These
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compounds retard the reduction of the metal ions in the developer bath, which stops the
formation of precipitates.
1.3 Vinyl Chloride Monomer (VCM) Synthesis

Vinyl chloride monomer (VCM) is the building block monomer from which poly
vinyl chloride (PVC) is produced. This reaction is of great industrial importance as PVC
has applications that scale a gamut, from plastic use in construction, clothing and
packaging, PVC is an important commodity chemical that catalysis plays a large role in.
Worldwide demand is projected to reach 40 million tons in 2016, with growth in the
market projected until at least 2020 [55, 56]. As the vast majority of VCM produced
worldwide is polymerized to form PVC, the growth projections for both are deeply
intertwined.

Two main methods of VCM production that exist today are the oxychlorination of
ethylene (often called the balanced process) to acetylene, which is a multi-step process
that is the most commonly used process in VCM production. Ethylene is an oil-derived
feedstock as such, the price is tied to the fluctuations in global oil production and pricing.
The second method, common in coal-rich regions where the cost to produce or purchase
ethylene is high, is the direct hydrochlorination of acetylene to VCM. This reaction is

catalyzed by a mercuric chloride catalyst support on activated carbon.

21



Oxychlorination “balanced” VCM process

C,H, + Cl, — CH,CICH,Cl (chlorination step)

C,H, + 2HCl + O, — CH,CICH,Cl + 2H,0 (oxychlorination)

CH,CICH,Cl - CH,CHCI + HCI (cracking to VCM)

Direct hydrochlorination VCM process

C,H, + HCl — CH,CHCI
Figure 1.9 Industrial routes for the production of VCM

The oxychlorination process which (Figure 1.9) involves a chlorination step
where ethylene is directly chlorided to 1,2-Dichloroethane (DCE) as well as an
oxychlorination step that produces DCE as well as water, this product stream must be
purified before thermal cracking unlike the directly chlorided step. The hydrochlorination
of acetylene, which in a single step process (Figure 1.9) that results in a highly pure
stream of VCM that requires little further treatment and no thermal cracking [57]. The
direct hydrochlorination process is becoming more popular as the large surplus of coal in
china make this route economically more feasible than the balanced process. The catalyst
used in this reaction, mercuric chloride supported on carbon, can be reduced under
reaction conditions and leaches as well as sublimes from the catalyst surface. This is due
to the high vapor pressure at reaction conditions, which promotes the thermal desorption
from the carbon surface [58, 59]. This resurgence in the process popularity coupled with
the environmental concerns of releasing Hg® into the atmosphere have led to increased

academic and industrial research for a replacement catalyst that is both catalytically
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comparable to the commercial catalyst as well as the removal of any environmental and
public health concerns.

The search for a catalytically active replacement catalyst has largely focused on a
carbon supported gold catalyst. This work dates back to the initial research of the
Hutchings research group and a work on gold catalysis would not be complete without
mention of this research group. Hutchings et al. hypothesized that gold would be active
for the hydrochlorination of acetylene and by correlating the activity of various supported
metal chloride catalysts with their standard electrode potential in a two-electron process
(Figure 1.10) [60]. This work was studied further by Conte et al. as the standard electrode
potential of the metal chloride salt was used for the correlation [61]. They found that
supported Au/C would be highly active for this reaction system and as such most research
moving forward has focused on ways to increase the activity of these gold catalysts. It
should be noted that Pt is especially inactive for this reaction based on Figure 1.11, which

is corroborated by our reaction results for monometallic platinum catalysts.
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Figure 1.10 Correlation of initial acetylene hydrochlorination activity with
standard electrode potential for supported metal chlorides [60]

23



160 -

Au -
- | L}
£ 140 .
E i
2 120}
E |
T 100+ .
E | _.
- T
g Eﬂ |
% _
Ru .
5 80r WPy
u -
I: 40 |
< | [ ]
=] . Rh - Pt
E 20 __-"
0 "-.I i [ i i i 1 A i i i " i
0.4 0.5 0.6 0.7 0.8 0.8 1.0
E"/V vs SHE

Figure 1.11 Correlation between initial acetylene conversion versus the
standard electrode potential. Potentials are obtained from the reduction
potentials of the following chloride salts (RhCle)*>", (RuCls)*", PdCly,
(PtClg)*", (IrClg)*~, and (AuCI*)~[61]

The initial work on supported gold catalysts, using cationic gold species, showed
a high degree of promise as a potential industrial replacement. Gold supported on carbon
is highly selective to the desired product VCM with selectivity values greater than 99.5
percent. Cationic gold species are electrophilic in nature and react strongly with
nucleophiles. The cationic species then coordinates preferentially to alkene and alkynes,
which leads to their use in the hydrochlorination reaction [62]. In many of the other metal
cases, there is a secondary hydrochlorination step that leads to the formation of DCE and
can often lead to further deactivation. The biggest drawback and hence research thrust in
this work is that the gold catalyst continues to deactivate over long times on stream
(Figure 1.12) and doesn’t reach an equilibrium conversion value [63, 64]. Nkosi et al.

found that there was no loss of gold metal during the reaction unlike the case of the

mercury catalyst. It was instead found that temperature plays a large role on catalyst
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deactivation. Catalysts run at low temperatures (<100°C), had elevated amounts of
carbonaceous coke formation on the gold surface. For reactions run at temperatures
above 100°C, the reduction of the active cationic Au®* species to Au® was found to be the
driving force behind deactivation, as determined via XPS study.

Many studies, this dissertation included, will focus on the use of Au** as a
monometallic environmentally benign replacement [64-67]. There has been considerable
further study conducted on single metal catalysts such as Pd?* [68, 69], Pt**[70, 71], Cu®
[72], Ru®*[73-75], and Bi**[76] and more recently novel nonmetallic supports such as
carbon nitride, boron doped carbon, or graphene [73, 77, 78]. However, these research
efforts have not produced results that are satisfactory for commercial production due to
stability problems that lead to rapid catalyst deactivation. Literature has indicated that
carbon-supported gold catalysts offers high initial normalized activity up to an order of
magnitude higher when compared to traditional mercuric chloride based catalysts on a
mole basis [64, 79]. Despite the high initial activity, the catalysts deactivate rapidly due
to the reduced Au dispersion on the support surface coupled with the reduction of the
active species(Au®") [3,5,6] leading to the need for further fundamental study of the cause
for Au sintering on certain supports and the role of the support synthesis in producing
stable active catalytic sites, which will be covered in great detail in chapters 3 and 4 of

this work.
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Figure 1.12 Conversion of acetylene (black) and selectivity to vinyl chloride (red) 95
hour run for 1 weight percent Au/C at a GHSV of 4500 ™!

The concentration of Au®* on the surface, and retardation of reduction to Au°, is
of great interest to many research groups as it is believed that AuCls or the AuzCle dimer
is the active species on the surface of the gold clusters. Catalysts are often pretreated in
HCI or another oxidizing environment or treatment, such as IWI preparation of catalysts
in aqua regia to increase the Au3* concentration on the surface [65, 80]. This pretreatment
effect is up for debate, as work done by Wittanadecha et al found that after short time
periods (180 min) the effect of pretreatment was negligible on the conversion of
acetylene for samples initially rich in Au®* on the surface or a reduced sample with only
AuC present. This result was confirmed via XPS as samples that had only metallic gold

present on the surface had an induction period that mirrored the deactivation of the Au®*
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rich samples as the surface reaches some equilibrium composition. Clearly, further study
is needed to determine in situ what takes place on the surface of these catalysts, but due
to the corrosive nature of HCI, studies of this nature have not yet been performed.

Recent research suggests that the location of the Au®* species on the surface of the
catalyst may be more important than having an excess of Au®** compared to Au® on the
surface, for increased activity and stability [80, 81]. Researchers have reported that Au®
catalysts, with no pretreatment or oxidization, show activity for this reaction [82]. The on
line HCI may be enough to oxidize the metallic gold to proceed with the reaction, which
makes the concentration of HCI an important variable. The active site as well as the
reaction mechanism for this reaction is still not completely understood. Other variables
have recently become of interest for gold catalysts supported on carbon, including the
role of the support and support surface groups on particle stabilization [76, 83]. Work on
modification of the carbon surface functional groups has shown some promise for
increasing catalyst stability, as we will also discuss in chapter 3. Groups have treated
activated carbon with thermal or chemical treatments to modify the groups or add them
completely [84-86]. Li et al. discovered that the surface functional groups on activated
carbons modified via thermal treatment helped to increase gold particle dispersion, but
also that phenolic or alcohol groups assisted in Au®* reduction to Au®. A wide variety of
different variables in the preparation of catalysts, and support treatment, for VCM
synthesis among research groups as well as differences in gas hourly space velocity
(GHSV) of the reaction make it difficult to draw conclusions on activity studies for this

reaction. Space velocity values range widely from group to group from values on the low
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end near 80 hr! ranging to near 4500 hr, which are typical conditions used in many of
our studies to better reflect real world reactor conditions.

The reactor system used for this study is also important to discuss. A flow reactor
system was built at the bench top scale to safely use HCI as a reactant gas (99.9999%
Praxair) as well as be able to sample the product gas via online gas chromatography
analysis automatically so we can better understand reaction trends by studying this
system for long time on stream (TOS). Figure 1.12 give a schematic for this reactor
system. A Pyrex glass reactor is used for the reactor cell as HCI is corrosive, HCI is
added at the top of the reactor via calibrated mass flow controller, which makes this
system different than most and unreacted HCI is scrubbed out in a shelled scrubber
containing NaOH and cooled via chiller. Setup of the system in this way allows for
removal of HCI from the mass balance as it is added and then removed before GC
analysis, coupled with the use of a digital valve sequence programmer and a switching
valve for analysis we can set up the system to run for long time scales and only need to
change the NaOH scrubbing solution, which can be easily done via three-way valve and

the reactor exit. (Figure 1.12)
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Figure 1.13 Schematic of the reactor system for VCM synthesis used for catalytic
activity and stability studies.

1.4 Dissertation Layout

The bulk of this work involves the synthesis, characterization, and reaction testing
for gold containing catalysts synthesized via SEA and ED supported on carbon.
Acetylene hydrochlorination is used as a method for catalytic testing as a probe reaction
to test catalyst synthesis methods. It is also an important industrial reaction that further
research is necessary to better understand the reaction pathway and the deactivation
mechanism. By the increased control of particle size and surface morphology that can
only be obtained through SEA and ED, this research can result in a better understanding

of this reaction and solve a real industrial and environmental problem.
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Chapter 2 of this work focuses on the characterization of well dispersed
nanoparticles supported on carbon via x-ray powder diffraction. Through the use of an
advanced silicon-slit detector on a Rigaku Miniflex-1l, it enables the characterization of
gold particles at sizes as low as 1.24 nm and weight loadings as low as 0.33 %. This is
well beyond previous limits of detection of 2-2.5 nm and at elevated scan rates XRD
results corroborated very well with STEM. This advancement gives us a way to
determine gold particle size rapidly without needing to send many samples for imaging,
as chemisorption is not an option to accurately determine gold particle size. This work
has been applied to many well defined systems in the research group such as Pt and Pd on
carbon and metal oxides to determine particle size and metal oxide content, thanks to the
high signal to noise ratio of the data.

Chapter 3 of this work will cover the use of SEA to synthesize monometallic gold
catalysts for acetylene hydrochlorination. The method will be applied over a variety of
carbon and metal oxide supports to help elucidate the role of the support and support
surface on the catalytic activity, as well as determine the role of HCI in gold particle
sintering, which appears to be a large barrier to producing stable and active particles for
this reaction and makes determining the role of particle size as well as active sites
difficult.

Chapter 4 will pair SEA with ED to produce core shell catalysts with gold shells
over platinum and ruthenium cores, which are prepared via SEA. The goal is to prepare
particles that are stable under reaction conditions including high HCI concentrations. Pt
and Ru both have higher surface free energies that Au, so we hypothesize that using ED

to deposit a thin shell of gold on the surface will allow for small stable gold particles for
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this reaction and we can better understand the role of particle size as well as the effect of
bimetallic catalysts on the catalytic activity of this system. This work of surface free
energy stabilization has resulted in a patent application as well as funding from the
National Science Foundation for future research and is being applied to multiple systems

here at USC for further study.
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CHAPTER 2: HIGH SENSITIVITY SILICON SLIT DETECTORS FOR 1 NM

POWDER XRD SIZE DETECTION LIMIT

Reprinted with permission from [ O’Connell, K., and John R. Regalbuto. "High
Sensitivity Silicon Slit Detectors for 1 nm Powder XRD Size Detection Limit." Catalysis
Letters 145.3 (2015): 777-783].
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2.1 Abstract

The limit of conventional x-ray powder diffraction for the detection of supported
nanoparticles is usually taken to be 2 — 2.5 nm, at which size low signal to noise ratios
make detection of particles of low weight loading and small particle size difficult.
Advancement in drop in XRD detectors such as a high surface area silicon slit detector
significantly lowers this limit of detection. In this paper we demonstrate the ability of a
Rigaku Miniflex instrument, equipped with a Si slit detector, to characterize Au particles
supported on carbon at sizes as small as 1.2 nm and weight loading as low as .33 %. At
elevated scan speeds good corroboration between STEM and XRD is maintained. Thus,
the latest generation XRD detector allows quick and simple access to the behaviorally
rich 1-2 nm particle size range.
2.2 Introduction

The limit of conventional x-ray powder diffraction for the detection of supported
nanoparticles is usually taken to be 2 — 2.5 nm [87, 88], at which size low signal to noise
ratios and decreased detector sensitivity make detection of particles of low weight
loading and small particle size difficult due to instrumental error and broadening [87-90].
Recent advancements in XRD detector technology, however, substantially lower this
limit of detection. The Rigaku Corporation has recently developed a drop replacement
detector for the Miniflex Il system - a 1D silicon strip detector D/teX Ultra - which is 2
orders of magnitude more sensitive compared to a scintillation detector. This is done by
increasing the active aperture area for detection which increases the count rate by using a
smaller pixel pitch of 0.1mm[90]. This increase in sensitivity and resolution allows for

higher signal to noise ratios at higher scan speeds when compared to conventional
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detectors, increasing throughput while also allowing for deconvolution of smaller metal
nanoparticles using PDXL, a Rigaku software for diffraction pattern analysis, than with
scintillation detectors on the same equipment.

A proof of principal experiment was conducted with carbon supported Au
nanoparticles synthesized at various weight loadings (0.33-3.0 wt.%) and particles size
from 1.2 - 2.5 nm. Au nanoparticles were chosen since they do not readily oxidize at
ultrasmall size when exposed to the atmosphere as do platinum and palladium [91, 92].
Supported Au nanoparticles have received increased interest when it was discovered that
small gold particles are active for CO oxidation at sub-ambient conditions[93, 94].
Reactions of interest over gold nanoparticles include the water gas shift, reduction of NO,
and hydrochlorination of acetylene [63, 95-97]. The activity of Au catalysts generally
increases drastically below 3 nm, which is often below the limits of detection for
scintillation counter detectors for low weight percent Au catalysts [63, 91, 95-98]. This
enhanced activity is suggested to be a function of small metallic particles that have
increased fractions of surface sites [99].

Characterization for highly dispersed Au catalysts often relies on STEM and in
some cases EXAFS for particles size analysis [100]. These techniques have an increased
turnaround time and are more expensive than powder XRD. Thus semiconductor based
detectors for XRD analysis such as the Rigaku D/teX Ultra can provide a time and cost
effective to characterize ultrasmall nanoparticles. Advanced detectors such as the D/teX
system have seen limited use in academic research despite the advantages in signal

intensity and noise reduction [89, 101, 102].
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