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PALLADIUM CATALYSTS USING CHEMISORPTION AND

TITRATION TECHNIQUES

Andrew Thurstan Boucher
Thesis Co-Advisors: Dr. Brian G. Frederick and Dr. Thomas J. Schwartz
An Abstract of the Thesis Presented
In Partial Fulfilment of the Requirements for the
Degree of Master of Science in Chemistry
December 2023

A bimetallic nanoparticle catalyst combines two different metals on an oxide support,
which can increase the selectivity towards useful products that may be too tightly bound to a
monometallic catalyst. To explore the surface properties of such a system, we made a group
of four PdAu bimetallic catalysts with varying gold mass loadings to compare with a parent
Pd catalyst. The parent catalyst was synthesized using ion exchange, and gold was added to
this parent Pd catalyst using incipient wetness impregnation (IWI) to create four bimetallic
catalysts. All catalysts were characterized using H> and CO chemisorption in tandem with O
and Hb titration methods. The measured dispersion of the parent catalyst ranged from 60-72%
which is consistent with previous measurements for catalysts synthesized with the same
loading and synthesis technique. This dispersion value implies an average Pd particle
diameter of about 1.8 nm. Each bimetallic catalyst was characterized using chemisorption
and titration methods and the fractional gold coverage was found to be about 70%,
independent of the gold loading. In parallel with the chemisorption and titration
measurements, we used ICP-OES analysis to determine the gold content in the bimetallic

catalysts, but these results were inconsistent with the quantities of gold used in the IWI

synthesis.
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CHAPTER 1- INTRODUCTION
1.1 What is a bimetallic catalyst?

The basic principle of a catalyst is to make a chemical process that produces specific
compounds more efficient and energetically favorable. For example, one way a catalyst is useful
is to remove methane (a known greenhouse gas) from the exhaust of natural gas engines.!
Palladium based catalysts, both monometallic and bimetallic, have been widely studied in this
methane removal mechanism, specifically in the process of methane oxidation. Recent studies of
Pd and Pd-Pt have shown that the bimetallic Pd-Pt catalysts has better long-term stability,
catalytic activity, and higher sulfur tolerance than supported Pd monometallic catalysts.>

There are several definitions for what a bimetallic catalyst is, especially with regards to the
distinction between surface and bulk alloys. Ponec et al. inquire what is meant by alloying and
how this consideration applies to bimetallic catalysts.® An alloy is a metallic system that contains
two or more components regardless of how they are mixed. In the case of bimetallic catalysts of
interest, they are specifically “surface alloys”. For example, in a Pd-Au/SiO bimetallic catalyst
with an average particle size of 1 nm, the Au and Pd atoms are supported on silica gel. The silica
is used as a carrier for the PdAu clusters. These differ from bulk alloys because nearly every
metal atom in the small, supported cluster is exposed to the surface.* In contrast, at low
dispersion (e.g., <20%), a significant fraction of metal atoms are not on the surface of the
nanoparticle and instead embedded within the cluster, and they may behave closer to bulk
materials.

In bimetallic systems with high metal dispersion, one can consider a spectrum of inter-
metallic interactions depending on segregation, mixing, or other morphologies.’ The catalytic

performance can depend the system morphology, based on conditions including metal type,



support type, size of nanoparticles, temperature and pressure of the reaction, and even reduction
and calcination conditions. Sinfelt studied some of these possibilities in earlier work in a
hydrogenolysis reaction of ethane to methane using various bimetallic combinations of group
VIII and group IB metals. He learned that the activity of group VIII metals was many orders of
magnitude greater than that of group IB metals and that using the combination of the two metal
types improved the activity by three orders of magnitude compared to monometallic group VIII

supported metal catalyst.

1.2 Applications of bimetallic catalysts

The idea that combining two metals on a support can improve the performance of the
bimetallic catalyst compared to a monometallic catalyst has been applied in many catalytic
reactions to improve selectivity, activity, and conversion. In another example, the performance of
both monometallic and bimetallic catalysts was compared in an aqueous phase reforming (APR)
study.® Biomass derivatives were combined with the catalysts in aqueous solution at controlled
temperatures and pressures to produce hydrogen and other products. The APR process involves
both C-C bond cleavage of oxygenates such as ethylene glycol and water-gas-shift (WGS) that
converts CO and H>O to CO; and H». Using platinum as a parent catalyst and a second metal like
Ni, Co, or Fe improved the catalytic activity during the WGS pathway thereby increasing carbon
dioxide and hydrogen production rates. The conversion of ethylene glycol using Pt/Al,03
compared to the conversion using 1.15Pt/0.35Ni/Al,O3 was improved from 1.4% to 79%.” Such
significant improvement can be explained using Density Functional Theory (DFT). According to
DFT studies, a catalyst that contains both platinum and nickel causes a decrease in the d-band

density of states compared to a catalyst with only platinum.?* It has been shown that this shift to



a lower d-band correlates to a decrease in CO binding energy and further facilitates the WGS
pathway.

In a second example comparing bimetallic and monometallic catalysts, the
hydrogenolysis reaction of ethane was studied by Sinfelt et al.® In this specific example, the
activity of the reaction was measured at varying atomic copper compositions while keeping the
atomic composition of ruthenium constant in a Cu-Ru/Al,O3 catalyst. They discovered that when
copper and ruthenium have a 1:1 atomic composition ratio the activity is reduced by three orders
of magnitude relative to the same reaction using a pure Ru/Al>Oj3 catalyst. In this case, the
addition of a second metal type causes a decrease in activity during the hydrogenolysis reaction.

For a Pd-Au bimetallic catalyst, gold atoms are believed to be less active compared to
palladium atoms during catalytic reactions; therefore, gold acts as an inert metal relative to
palladium.’ The influence of impacting the selectivity for the reduction of furfural in water was
studied by Modelka et al. using Pd-Au/SiO, bimetallic catalysts.!! The catalysts were prepared
via co-impregnation on silica with aqueous solutions of PdCl> and AuCl; containing 5 wt %
palladium and 0.5, 1, 2, 5, and 10 wt % Au. By using catalysts containing a higher amount of
gold while keeping the palladium loading constant, one would expect less available active sties
on the catalyst surface. This directly impacts product selectivity in the reaction.

It was found that using these Pd-Au/SiO; bimetallic catalysts for reduction of furfural
resulted in a large range of possible products like furfuryl alcohol, tetrahydrofurfuryl alcohol, 5-
hydroxy-2-pentanone, and 2-methyloxolan-2-ol.!! By using catalysts with increasing gold weight
percent, the selectivity towards furfuryl alcohol and 5-hydroxy-2-pentanone decreased and the
selectivity towards tetrahydrofurfuryl alcohol increased. The authors also discovered that crystal

size of Au and dispersion of Pd impacted the product distribution. Through XRD evidence of



determining crystal size according to the Scherrer equation, it was found that crystal size of
palladium clusters did not change significantly (5.4 nm-7.8 nm) upon adding more wt % Au but
the crystal size of Au clusters did change significantly (8.4 nm -43.4 nm). The formation of 2-
methyloxolan-2-ol was favored at a small Au crystal size of 8.4 nm (1 wt% Au) and formation of

tetrahydrofurfuryl alcohol was favored at a larger crystal size of 41.3 nm (5 wt% Au).

1.3 Geometric and electronic effects

A “geometric effect” occurs when a less active metal dilutes the atoms of a more active
metal thus decreasing the size of homogenous regions on the catalytic surface.!® Alloying two
metals in this way on an oxide carrier can cause a lattice mismatch from the atom displacement
which in turn can cause changes in the d-band location thus impacting the activity of the catalyst.
One type of geometric effect is described by Nerskov et al. as a strain effect in which there is
surface alloy within the lattice consisting of two metals.!3A metal of one phase is not simply
grown on another metal in a different phase but rather there is a local deformation of one metal
phase caused by the other metal.

This strain effect can be utilized to impact the chemisorption properties of the catalyst.
Norskov et al. computationally studied a metal Ru(0001) slab under both tensile and
compressive stress in order to show that the chemisorption energies as well as barriers are
different on strained lattices. This can be applied to several catalytic systems. They implemented
a surface strain by changing the equilibrium lattice constant parallel to the surface between 2.7-
2.8 A for CO and O chemisorption and found that bond strength of both increases the greater the
lattice constant. The trend found by Nerskov follows experimental STM oxygen adsorption

studies on Ru(001) strained surfaces because oxygen was found to adsorb on sites at the outer



region of the surface.?> This would correspond to a high binding energy at a large equilibrium
lattice constant distance. Results of CO adsorption were hard to interpret because CO was very
mobile on the surface. This resulted in small differences in binding energies between different
types of adsorption sites.

Another aspect to consider is how the charge distribution of sites can impact what
chemistry can occur on the surface. This falls under “electronic effects” where the local
electronic properties of one metal atom type are impacted by the electronic properties of another
atom. Going back to the APR example discussed earlier, there was a decrease in the d-band
strength by alloying two metals causing a decrease in binding energy of CO and H».®> This
allowed more active sites to be available for the reaction.

The development of the d-band model of catalysis came following several theories that
had previously attempted to explain the effect of bimetallic catalysts. According to Rigid Band
Theory, for a metal to have catalytic activity, it must have a high density of states at the Fermi
level and an incomplete electron filled d-band orbital.!'* Furthermore, metal A and metal B have
the same electronic structure and a change in catalytic activity results in changing the entire alloy
rather than individual metal A or metal B. This theory does not consider the composition of an
alloy at the surface.

The next level of theory was established by Jacobsen and was referred to as the Effective
Medium Theory, where the composition of an alloy at the surface did matter.!> This theory
describes density-dependent energy of overlapping atoms in a condensed system where the total
energy of any metal atom in a system is impacted by the effects of other surrounding atoms. The
currently established theory now used is the d-band model which expands on the effective

medium theory. This model, which is described in a study by Nerskov et al., shows molecular



and atomic binding energy as a function of d-band centers (the center of the d-type density of
states in an atomic sphere that is centered at an atom on the surface) for various transition metal
surfaces.!® They show that adsorbates interact with the same metal atoms in the same local
geometry; however, changing the number of neighboring metal atoms changes the adsorption
energy, as seen in Figure 4 of that study. The difference in the distances changes the d-band
center because of the change in electron density of the metal atoms.

This distance can be changed by adding another metal in a surface alloy such as in the
case of a bimetallic catalyst, and this can impact how favorably an adsorbate binds to a surface.
For example, a study by Ruban and Nerskov investigates whether CO binds more strongly on a
bimetallic Cu/Pt(111) surface vs a single monolayer Cu(111) surface.!® This trend also holds for
the case for Ni(111) and Ni/Ru(0001). What Ruban and Nerskov conclude is that CO
chemisorption energy depends on the shift in d-band centers. After normalizing the shift in CO
adsorption energy predicted with their model and plotting this against shifts in d-band centers in
Figure 2! from the study, a trend can be seen where a shift in d-band center towards higher
energy corresponds to a greater adsorption energy of CO.

In Table 1 of the same study!®, the evidence indicates an upshift in d-band centers when a
small radius metal element is alloyed with a larger metal. This corresponds to an increase in CO
binding energy. Alternatively, when a large metal is alloyed with a smaller metal surface there is
a shift towards lower d-band centers and an expected decrease in CO binding energy. For
example, when nickel is alloyed on a palladium surface compared to gold alloyed on a pallidum
surface, there is a downshift in d-band center from 0.54 eV to -0.14 eV suggesting that CO binds

more favorably on a Ni/Pd surface compared to a Au/Pd surface.



1.4 Characterization techniques

What has been described so far includes definitions of bimetallic catalysts, ways in which
they are applied, and geometric and electronic properties that are of interest. Next,
characterization techniques will be discussed. Using characterization techniques, specific aspects
of bimetallic catalysts can be learned, including volumetric uptakes on metallic active sites,
metal dispersion on the oxide carrier, and particle size based on dispersion. Furthermore, by
using these techniques one can make comparisons of various bimetallic systems.

In XRD characterization work by Bonarowska et al., they studied both palladium and
pallidum-gold catalysts.!” The monometallic catalyst was synthesized in two different ways, one
being ion-exchange and the other being incipient wetness impregnation. If palladium were highly
dispersed on the surface, one would expect to observe a broad peak in the X-ray diffractogram
for the (111) plane compared to if there were large clusters of palladium atoms. In the
diffractogram, they observed a narrow peak in the catalyst made via wetness impregnation
compared to the catalyst made via ion excahnge. One advantage of using XRD in this case is that
particle sizes can be studied (if the particles are larger than ~2 nm) in looking at two different
experimental ways to synthesize a monometallic catalyst.

Expanding more on XRD in this study, Bonarowska et al. also evaluated the XRD
patterns of Pd-Au/SiO2 bimetallic catalysts and specifically looked at variations in structure and
phase compositions under reduction conditions. They found for a catalyst with 80 mol %
palladium and 20 mol % gold that there was a noticeable change in the X-ray diffractogram
before and after reduction in hydrogen at 400°C. After the deposition reaction to make the
bimetallic catalyst, it was observed that two separate fractions of highly dispersed monometallic

gold and monometallic palladium atoms existed on the surface at the same time. After only a



one-hour reduction, the gold phase was no longer observed, a new Pd-Au combination peak was
formed, and a smaller amount of pure palladium was observed. This could indicate that all the
gold alloyed with the palladium leaving some monometallic palladium sites exposed if the
nanoparticle size was greater than 2 nm. Below this particle size limit, XRD peaks are too broad,
and it would be impossible to tell from XRD evidence how the surface composition is affected
by reducing for various time periods.

In the application of chemisorption and titration techniques to Pd-Au/SiO> bimetallic
catalysts, the Pd surface site density can be determined because metal surface atoms can be
probed and counted at the molecular level by selective adsorbate gasses.!® CO chemisorption
occurs non-dissociatively and can be a useful probe molecule for palladium characterization. CO
can bind to metal sites in a stoichiometry of 1:1 (linear) or 1:2 (bridged) as seen in the schemes

below:

[Linear- 1:1 CO/M]

O
|

C
7\

CO +2M; —> Mg M; [Bridged- 1:2 COM]

Early on, it was suggested based on evidence of Hz, Oz and CO chemisorption that the

best approximation for CO adsorption to most metal sites, including palladium, is to assume a



1:1 ratio.!” As the weight percent of gold loading increases, more palladium atoms share an

oxidation state with Au, and less pure palladium sites are available for CO adsorption.

Another sensitive gas adsorption technique is a hydrogen-oxygen titration reaction where
either a pre-existing monolayer of oxygen is titrated with H» or a pre-existing monolayer of

hydrogen is titrated with O, first proposed by Benson and Boudart as shown below:?2

Hydrogen Titration: Pd,O+3H, — Pd;H + H,0O

(1.1)

Oxygen Titration:  Pd H +20, — Pd,O+1H,0 (1.2)

In accordance with equation 1.1, the palladium on the surface can be passivated by
oxygen atoms at 298 K. This creates a thin layer of oxygen on the Pd (which is still metallic) that
can then be titrated with hydrogen gas. During this titration process, the silica support should
adsorb the water in the reaction; therefore, one can quantify the amount of gas phase hydrogen
adsorption using volumetric dosing. This technique also has a higher sensitivity over CO
chemisorption because of an increased stoichiometry of adsorbate per palladium atom (from 1
CO/Pd to 1.5 Ho/Pd).

An important parameter that can be quantified using these chemisorption and titration
techniques that is able to differentiate bimetallic catalysts by surface composition is the
dispersion of metal atoms on a support. Vannice defines dispersion as the ratio of the number of
metal atoms on the surface of the nanoparticle to the total number of metal atoms in the

nanoparticle and this expression can be seen in equation 1.3.18

mols of surface metal (13)

Metal Dispersion =
mols of total metal



Another factor that must be considered during chemisorption measurements is Pd hydride
formation. This effect has been studied most recently by Sibel et al. during gas phase reactions
using XAFs and EXAFS.?! They address what a palladium hydride phase is, why does it matter
for a reaction, how can it be understood and quantified, and what conditions are required to avoid
it if desired. More recent studies involve calibrating changes in quick scanning X-ray absorption
spectroscopy (QEXAFS) spectra with temperature-programmed reduction to quantitatively
evaluate Pd hydride formation.?? Benson and Boudart discuss practical conditions for carrying
out hydrogen titration and mention that palladium hydride formation can be avoided by keeping
the hydrogen pressure below 2.27 kPa at 303K or below 46.7 kPa at 373K, and evacuation at
room temperature.?? If one is doing hydrogen titration of chemisorption to quantify palladium

dispersion, steps must be taken to break beta-hydride that is formed during reduction.

1.5 Synthesis techniques of supported Pd-Au nanoparticles

One synthesis technique to make catalysts like a 2 wt% Pd/SiO is incipient wetness
impregnation (IWI) where an aqueous solution of palladium dichloride is added to a silica
slurry.!” The slurry is well mixed, and capilary action draws the palladium into the pore
structure, where it binds to the support. A very interesting point made by Bonarowska et al. is a
qualitative example of why their use of incipient wetness impregnation did not result in a
consistent particle size distribution in a Pd/SiO> catalyst. Upon visual inspection it was found
that the catalyst made with this technique did not have a consistent grey color but rather
contained black and very dark grains, thus indicating that very large Pd nanoparticles were
present. This was confirmed in their XRD results where the particle size was determined to be

100 nm, suggesting these Pd particles exist outside of the silica pore structure. In the same study,

10



they synthesized another 2 wt% Pd/SiO; catalyst by the technique of ion exhange using an
aqueous solution of PA(NOs)2-4NH3 and a silica slurry under a basic pH. In this method, there is
a reversible interchange of one ion that is contained in a solid with a like-charge ion present in a
solution surrounding the solid. This technique resulted in much more homogenous crystal
clusters of smaller size between 10-15 nm. A bimetallic Pd-Au/ SiO; can also be made using
incipient wetness impregnation by adding an aqueous solution of a gold salt like HAuCl4 to

Pd/Si0;.

Another way to make a catalyst with two metals is to make a colloidal metal suspension
of Au and Pd particles suspended in an alcohol in the presence of polyvinylpyrrolidone (PVP).?*
The advantage of using PVP is that it prevents the suspended particles from agglomerating, and
this results in a more favorable and more monodispersed particle size distribution than something
like incipient wetness impregnation. This technique has produced Pd-Au catalysts that have
outperformed either monometallic Pd or Au catalysts such as in the work of Pawelec et al. with
aromatic hydrogenation.? The activity of naphaline production normalized to palladium loading,
for example, was highest using the Au-Pd/SiO; catalyst prepared using PVP compared to the
same catalyst synthesized using wetness impregnation. However, using a high calcination
temperature of 400°C to remove the organic binder can change the catalyst structure in such a

way that the optimum composition may not be achieved.!?

Once a parent catalyst is made with one metal on the support, the technique of electroless
deposition can be utilized where a 2nd metal is catalytically deposited only on the pre-existing

metal and not the support such as shown in the reaction scheme below:?

N + M*"(aq) + RA(aq) - M—N + 0Ox(aq) (1.4)

11



In the above redox reaction, an aqueous reducible salt (Mz+) is reduced by the reducing
agent (RA) to deposit the secondary metal on the catalytic nuclei (N) to form a bimetallic
catalyst in a stoichiometric reaction producing the oxidized form of the RA. Furthermore, the
difference in electrochemical potential between gold and palladium is what allows Au to be
deposited over a “less-noble” Pd metal. The reaction can also continue auto-catalytically where
multiple layers of M can occur to form multiple shells. Because the reduction of the Au takes
place catalytically in solution using hydrazine as a reducing agent, these mild reduction
conditions (e.g., compared the high-temperature reduction needed following IWI) leads to

negligible effects of changing the ensemble configuration due to temperature.
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CHAPTER 2- EXPERIMENTAL

2.1 Synthesis

1) Ion Exchange

To make the Au-Pd/SiO» bimetallic catalysts, a 2 wt% Pd/SiO> parent catalyst was first
prepared by ion exchange of Pd(NO3)2-4NH; (Sigma Aldrich 10 wt% Pd(NOs)2-4NHj3 solution in
water) on silica gel following the procedure described by Schwartz et. al.?® The silica gel was
first crushed and sieved between 50 and 100 mesh. 5.0014 grams of SiO» silica gel was
suspended in 125 mL of Milli-Q water and then concentrated NH4OH (10 wt%) was added to
raise the pH to 11. Finally, 2.864 grams of the aqueous Pd(NO3)2-4NH3 (10 wt%) solution was
added and the mixture was magnetically stirred for 1 hour. The catalyst was dried in air at 383 K
for 3 hr, calcined in flowing air at 573 K, reduced in flowing hydrogen at 533 K, and passivated
in oxygen. It should be noted that 0.2864 grams of Pd(NO3)2-4NH3 corresponds to 0.1024 grams
of palladium and this results in a palladium loading of 192 umol Pd/ g catalyst. This loading will

be important for the discussion later.

2) Wetness Impregnation

Four Pd-Au/SiO; catalysts were made using a measured mass of chloroauric acid hydrate
(seen in the Table 2.1) dissolved in Milli-Q water for each intended gold loading sample. The
incipient wetness impregnation point for approximately 0.7 grams of the parent catalyst was
found to be about 1.34 grams of Milli-Q water. Each HAuCls sample was then dissolved in that
measured amount of water and this solution was added to approximately 0.7 grams of the parent
catalyst and mixed. The chloroauric acid hydrate was freshly prepared from Sigma Aldrich and

is hygroscopic meaning the actual mass of gold loading may be less than the value massed out on
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scale due to absorption of atmospheric water. The bimetallic catalyst samples were dried at 90°C
overnight and next reduced by heating at a 2°C/min ramp rate in flowing hydrogen and holding

at 260°C for 2 hours.

3) Aqua Regia Digestion

Gold compositions were confirmed with ICP. To prepare the catalyst samples for this
analysis, as described by Schwartz et al., approximately 50 mg of each catalyst sample was
digested in 5 mL aqua regia for 4 hours at 140°C under magnetic stirring.?® Each batch of aqua
regia was made by adding approximately 1.25 grams of nitric acid to 3.75 grams of hydrochloric
acid. The actual experimental masses can be seen in Table 1. After digestion, each sample batch
was diluted with about 50 grams of DI water to be above a 10 ppm ICP detection limit and after
this step, the samples were ready for ICP analysis. Analysis was performed at UMaine by the

Soil Science Laboratory, using gold calibration standards.
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Table 2.1: Experimental masses for each bimetallic Pd-Au/SiO> sample during a) wetness
impregnation and b) aqua-regia digestion and dilution.

Sample | HAuCl 4-nH ,0(g)* | Pd/SiOx(g)* | Water(g)® | Aqua-regia (g)° | Pd-Au/SiO> (g)°
AuPd-1 0.00924 0.7008 58.000 5.006 0.052
AuPd-2 0.0121 0.7009 50.994 5.044 0.066
AuPd-3 0.0194 0.7006 52.942 5.165 0.050
AuPd-4 0.02515 0.6997 58.910 5.149 0.054

2.2 Characterization

A Micromeritics ASAP 2020 instrument was used for chemisorption of H> and CO and
titration of H> and O». Special care was taken to avoid the formation of beta palladium hydride
phase as described by Benson and Boudart by performing hydrogen analysis at either 35°C and
below 17 torr or at 100°C and below 350 torr.?? Three sets of experiments were performed on all
catalysts as described below, and for each set a leak test was performed by the software and all

reported results have a leak rate less than 10 ptorr/min.

1) First set:

The catalysts were pretreated by being reduced in Hz at 350°C, cooled to 35°C and

evacuated, and then analyzed using hydrogen chemisorption. It was expected that chemisorbed
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hydrogen uptake should decrease with increasing gold. Once this trend was verified, all four gas
adsorption measurement techniques were performed on approximately 100 mg of the parent

catalyst and then on the 4 Pd-Au bimetallic catalysts in this order for the second set.

2) Second set:

1) One hour reduction in flowing hydrogen at 350°C followed by a one hour evacuation after
cooling the sample to 35°C and then hydrogen chemisorption was done at 35°C, 2) oxygen
titration of the hydrogen remaining from step 1 at 35°C, 3) hydrogen titration of the oxygen
remaining from step 2 at 100°C followed with an evacuation at 100°C to desorb any remaining

hydrogen, and 4) CO chemisorption at 35°C.

3) Third set:

To show reproducibility, all four techniques were repeated in the same sequence for the
AuPd-3 catalyst. Also, an independent Ha titration set of experiments were conducted on 3 of the
bimetallic catalysts (AuPd-2,-3,and -4) to verify the linear response in uptake using titration and
whether there were any differences between a technique used in tandem and a technique used
independently. This followed the method described by Boudart et al. The catalysts were reduced
at 350°C, evacuated, and then cooled to 100°C, pretreated with flowing oxygen at 100°C for one
hour, evacuated at the same temperature for 1 hour, and then analyzed at 100°C via hydrogen

titration.
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CHAPTER 3- RESULTS AND DISCUSSION

3.1 Monometallic 2 wt % Pd/SiO: parent catalyst

The dispersion of the parent 2 wt% Pd/SiO; catalyst was characterized using
chemisorption methods. The isotherm chemisorption profiles on the parent catalyst shown in
Figure 3.1 are consistent with expected results as described by Vannice.?! The isotherm with the
greatest uptake corresponds to adsorption on the palladium plus the support. The catalyst is then
evacuated at the analysis temperature and a second isotherm is measured. The isotherm with the
smaller uptake is adsorption only on the support, because the adsorbates that are already bound
to palladium sites are not desorbed during evacuation but those on the support are physisorbed
and desorb. Therefore, the difference between the two isotherms is the amount of adsorbate
bound on palladium. Furthermore, following the logic described by Vannice, chemisorption of
either CO or H; on an unsupported Pd surface can be represented by a Langmuir type isotherm
of adsorbate uptake vs. adsorbate pressure. For example, the adsorption of H> on the pure silica
support is a weak and reversible interaction that is usually described by Henry’s Law and
represented in the isotherm with the lowest uptake seen in Figure 3.1A. The interaction of H> on
pure palladium is much stronger where a chemical bond is formed with a binding energy of
about 1eV. The isotherm with the largest uptake represents the contributions of both a weak
interaction and a strong chemisorption influence. Therefore, the difference between these two
isotherms represents the binding of only hydrogen to palladium and can be used to count the

number of exposed palladium atoms.

The difference between the uptake in the 1% and 2" isotherms, shown in Table 3.1, is 56

+1 umol Hy/g. The palladium site density takes into account the stoichiometry of the reaction
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H, + 2Pd — 2PdH, (3.1)

and therefore, the palladium site density is 112 £ 2 pmol/g. The dispersion can be calculated

directly from the ratio of the Pd site density to the Pd loading of 192 umol/g to be 58%.
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Figure 3.1: Representative measurements for A) H, chemisorption at 35 °C, B) subsequent O
titration of the preadsorbed hydrogen at 35 °C, C) Hz titration of the preadsorbed oxygen at 100
°C, and D) CO chemisorption at 35 °C after evacuation at 100 °C. Orange lines are uptake on the
palladium and silica support and grey is uptake on silica. CO uptake points are excluded from
pressures of 210 torr to 500 torr to avoid a negative slope in the linear fit.
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Table 3.1: Uptake (umol/g) and uncertainties in y-intercepts using a linear fit for volumetric
uptakes. 1% isotherm is uptake on palladium and support and 2" isotherm is uptake on the

support.
H: 1st H: 2nd H: 0: H; CO1st | CO2nd CO
Catalyst | Isotherm | Isotherm | uptake | titration | titration | Isotherm | Isotherm | uptake
100Pd 76+ 1 20£04 | 56=+1 86+ 1 209 +2 150+1 32+1 118 £1

After the hydrogen chemisorption was completed, the surface was titrated with oxygen,
as shown in Figure 3.1 B. The uptake of 86 pmol/g can be converted to a Pd site density using
the stoichiometry factor of 4/3, according to equation 1.2, resulting in 115 umol/g or a dispersion

of 60%.

After the oxygen titration was completed, the surface was titrated with hydrogen, as
shown in Figure 3.1 C. The uptake of 209 umol/g can be converted to a Pd site density using the
stoichiometry factor of 2/3, according to equation 1.1, resulting in 139 pmol/g or a dispersion of

73%.

The oxygen remaining on the surface was then desorbed by evacuating at 100 °C. Then
an analysis of the site density by CO chemisorption was performed, as shown in Figure 3.1 D.
The uptake of 118 umol CO/g is equal to the Pd site density assuming a SF of 1, which results in

a Pd dispersion of 61%.

To assess the reproducibility of the chemisorption and titration measurements, three trials
using separate samples of the parent catalyst were performed and the results are shown in Table
3.2. The uncertainty in the hydrogen chemisorption for the parent catalyst of £3 pmol/g was
calculated at a 95% confidence interval for the three trials. For subsequent measurements, the

reported amount of exposed palladium will be reported with an uncertainty of +£3 pmol/g. The
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uncertainty for Hp titration was 4 pmol/g for three trials. Therefore, 4 umol/g will be used to

report the amount of exposed palladium for titration measurements on other catalysts.

Table 3.2: Palladium site density (umol/g) of catalyst for three different trials with reported
averages and uncertainties at a 95% confidence interval.

Trial 1 Trial 2 Trial 3 Average
H> Chemisorption 112 £2 107 £2 112 £3 1104
H; Titration 139 +1 132 +1 133 +1 135+2

A summary of the dispersion and particle sizes using the two titration and two
chemisorption techniques is given in Table 3.3, along with the stoichiometry factor (SF) values

from Benson and Boudart.?? The particle size, d, was calculated from the dispersion,

1.1

d=2 (3.2)

D

where D is the dispersion and the particle size is in nm, following the standard convention.*
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Table 3.3: Palladium dispersion, particle size, and assumed SF used in gas adsorption methods.

Stoichiometry
Factor (mol
Pd/mol
Technique Dispersion (%) Particle size (nm) adsorbate)
H> Chemisorption 60 1.8 2
O, Titration 61 1.8 4/3
H Titration 74 1.5 2/3
CO Chemisorption 65 1.7 1

Evidence gathered here from all four gas adsorption techniques for the 2 wt% Pd/Si0,
parent catalysts shows that the dispersion of the catalyst made by ion exchange is comparable to
previous work using this method. The average dispersion from all 4 techniques is 65% with a
standard deviation of 7%. Because the statistical uncertainty in the hydrogen chemisorption and
titration measurements are small compared to the difference between the calculated Pd site
density, the variation in quantified palladium dispersion is most likely due to the accuracy of the

idealized stoichiometry factors.

What is interesting is how well these profiles compare to earlier work by Chou and
Vannice.? For a 2.10 wt% Pd/SiO; catalyst (made in the same way as the catalysts in this thesis
through ion-exchange using Pd(NO.).-4NH.), the CO chemisorption uptake was quantified as
127.5 pmol/g at 300K. This is close to the value reported here of 121 pmol/g. The higher CO
uptake of the 1987 study makes sense because there is slightly more palladium. The wt % of the
catalyst used in Vannice’s study was verified by plasma emission spectroscopy and neutron

activation analysis. While the Pd wt % was not verified for the parent catalyst used in this thesis,
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the comparison in how closely the CO chemisorption profiles match between the catalyst in this
thesis and Vannice’s work indicates that the catalysts created here with the ion exchange
technique have a Pd loading expected based on the amount of Pd used in the synthesis. Also
reported in the study by Chou and Vannice? was a hydrogen chemisorption uptake of 67 umol/g
and scaling this by the same palladium wt % ratio yields 64 pmol/g which is close to the average

H> chemisorption uptake reported here of 56 +/- 3 pmol/g.

For comparison, in the 1973 Boudart study, the variation in reported dispersion for the
same four gas adsorption techniques under the same conditions is about 7%.%? Despite these
systematic differences in the estimated dispersion, the characterization of the parent Pd/SiO:
catalysts indicates that the pretreatment conditions employed was successful in preparing the
parent catalyst and that the sequence of reduction, H> chemisorption, O; titration, Hp titration,

and CO chemisorption resulted in amounts of exposed palladium consistent with previous work.

Note that in Table 3.3, the stoichiometry factors are based on idealized models of how the
adsorbates populate the Pd surface and oversimplify the quantification of the palladium site
density. To illustrate this point, Alba-Rubio et al. show a transmission IR spectrum of CO
adsorbed on highly dispersed 3.5 wt % Pd monometallic Pd/SiO> and 3.1 wt % Au bimetallic Pd-
Au/SiO; catalysts.*® The spectrum of the bimetallic catalyst in that study represents that there is
significant reduction in linear binding when gold is added. Interestingly, for their low dispersion
catalyst, the ratio of bent to linear IR bands did not have a significant change. For this catalyst in
the study, the number of palladium sites in pmol/g decreased from 91 to 28 (assuming a 0.67
CO/Pd stoichiometry which isn’t appropriate for Pd-Au catalysts because the distribution of CO
bridge vs linear sites isn’t the same as pure palladium) with the addition of gold making the

bimetallic catalyst 1 wt % in Au. In the context of the evidence gathered for this study, one
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would need to verify the CO stoichiometry with IR data for each catalyst and interpret how these
measured stoichiometries correlate to quantifiable CO uptake and by extension, the number of

exposed palladium sites.

Adding another level of complexity to the idea of knowing correct surface
stoichiometries, the effect of surface segregation upon the adsorption of CO on the palladium
sites can be considered. Kunz et al. showed that this can occur due to heating the surface from
273K to 323K according to their IR data.!? They showed that for a 50Pd50Au Pd-Au/Al,O;3
catalyst the band at 2105 cm™! that corresponds to CO bound linearly to gold sites significantly
decreases going from 273K to 323K. At the higher temperature, the IR bands that correspond to
CO bound in a linear orientation to palladium decreased while the bent orientation increased.
The ratio for the number of bridged sites over the number of linear sites at 273K is 0.99 and at
323K is 1.89. This would then suggest that at the CO chemisorption analysis temperature used
here at 308K for the bimetallic catalyst there is a mixture of bent and linear CO adsorption
geometries. Therefore, the stoichiometry factor assumed according to Boudart et al.?? being

1Pd:1CO is most likely not accurate for the application of bimetallic catalysts used here.

3.2 Au/Pd preparation and characterization

The composition of the AuPd bimetallic catalysts was determined using ICP-OES and
compared to the gold loading used in the synthesis. Table 3.4 shows the mass of the gold
hydrate used in the synthesis to calculate the gold loading, assuming that the precursor was the
monohydrate. The results of the ICP analysis were converted into gold loadings based on the
mass of catalyst digested. As shown, the gold loading determined by ICP is larger by about a
factor of two. The masses measured of the HAuCls hydrate may not be entirely correct because

the precursor is hygroscopic and takes in water very easily. This can overcount the true gold
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mass and ICP should have determined a mass less than what was used in the synthesis. If the
gold loading from the synthesis is compared to the exposed Pd site density of 112 pmol Pd/g
catalyst, based on H> chemisorption, then the amount of gold can cover from about 1/3 to 90% of
the Pd particle surfaces. However, if the ICP analysis is correct, then the gold loading for AuPd-
2, -3, and -4 is more than enough to completely cover the Pd particles. If the ICP results are
accurate, we would expect to measure exposed palladium in the chemisorption and titration

techniques only for catalyst AuPd-1.

Table 3.4: Actual gold hydrate mass and corresponding loading used in synthesis of
AuPd/SiO; catalysts, gold concentration in the digest from ICP, and quantified gold loadings
based on ICP results.

Sample Mass of Au Gold loading | Concentration of | Gold loading based
hydrate used in based on gold from ICP on ICP analysis
synthesis of synthesis analysis (ppm) (umol Au/g catalyst)
catalyst (g) (umol Au/g
catalyst)

AuPd-1 0.00924 37 15.5 77

AuPd-2 0.0121 48 22.8 225

AuPd-3 0.0194 77 245 130

AuPd-4 0.02515 100 45.6 134

The composition of the AuPd bimetallic catalysts can be estimated from the ratio of the

gold loadings to the Pd loading based on the synthesis, as described in Sect. 3.1, and shown in
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Table 3.5. The ICP analysis results in a higher bulk Au composition than the estimates based on
the Pd and Au used in the synthesis. These ratios provide an indication of the composition of the

particles if a homogeneous alloy is formed.

Table 3.5: Ratio of mass loadings [(umoles Au/g cat)/(umoles Pd/g cat)] from the IWI synthesis
procedure and the ICP analysis.

Sample IWI synthesis ICP Analysis
procedure

AuPd-1 0.19 0.40

AuPd-2 0.25 1.17

AuPd-3 0.40 0.68

AuPd-4 0.52 0.70
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3.3 Chemisorption measurements on Au-Pd/SiO; Catalysts

The dispersions and palladium site density of the AuPd catalysts were characterized using
chemisorption methods. The isotherm chemisorption profiles on the catalysts shown in Figure
3.2 are consistent with what was described in section 3.1, where the isotherm with the greatest
uptake corresponds to adsorption on the palladium plus the support and the isotherm with the
smallest uptake is adsorption only on the support, because adsorbates are already bound to
palladium sites, and the difference between the two is the amount of adsorbate bound on
palladium. The differences between the two are expected to be smaller than in the parent catalyst

because gold on the surface should block some palladium sites.
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Figure 3.2: Representative hydrogen chemisorption measurements at 35 °C for each bimetallic
palladium-gold catalyst samples. Orange lines are uptake on the palladium and silica support and
grey is uptake on silica.
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The difference between the uptake in the 1% and 2" isotherms for hydrogen chemisorption
for all bimetallic catalyst samples is shown in Table 3.6. For multiple measurements of the same
catalyst, the results shown are average values. For sample AuPd-1, the difference is 14.5+1
umol Ho/g. The palladium site density takes into account the stoichiometry of reaction 3.1 and
therefore, the palladium site density is 29 + 2 pmol/g. The dispersion can be calculated directly
from the ratio to the Pd loading of 192 umol/g to be 15%. For sample AuPd-2, the difference
between the uptake in the 1%t and 2™ isotherm is 16.3, the palladium site density is 32.6 + 2
umol/g, and the dispersion is 17%. For sample AuPd-3, the difference between the uptake in the
15t and 2" isotherm is 11.3, the palladium site density is 22.6 + 2 pmol/g, and the dispersion is
12%. For sample AuPd-4, the difference between the uptake in the 1%t and 2™ isotherm is 14.6,
the palladium site density is 29.2 + 2 pmol/g, and the dispersion is 15%. Effectively, the amount
of surface exposed palladium is relatively constant, even with an increase in gold loading

between each sample.

Table 3.6: Uptake (umol/g) and uncertainties in y-intercepts using a linear fit for volumetric
uptakes on the bimetallic catalysts. 1% isotherm is uptake of palladium and support and 2"
isotherm is uptake of the support.

Catalyst H> 1st H: CO
Isother H: 2nd uptake 02 H: CO 1Ist CO 2nd uptake
m Isotherm titration | titration | Isotherm Isotherm

AuPd-1 | 245404 | 10.0+£0.3 | 14.5+0.5 | 30.0+0.2 70+1 37.6+0.9 11.2+0.3 26.4+0.9

AuPd-2 | 26.5+0.4 | 10.2+0.5 | 16.3+0.6 | 26.4+0.5 69+1 43.3£0.5 12.5+0.6 30.8+0.8

AuPd-3 | 18.8+0.3 7.540.2 11.3£0.4 | 25.7£0.7 65+1 30.1+0.8 9.3+0.4 20.8+0.9

AuPd-4 | 23.3+0.3 8.7+0.3 14.6+0.4 | 24.3£0.5 61+1 30+1 1242 18+2
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After the hydrogen chemisorption was completed, the surface was titrated with oxygen, as

shown in Figure 3.3. For the AuPd-1 sample, the uptake shown in Table 3.6 is 30.0 + 0.2 umol/g.

This can be converted to a Pd site density using the stoichiometry factor of 4/3, according to

equation 1.2, resulting in 40 umol/g or a dispersion of 21%. For the AuPd-2 sample, the uptake

shown in Table 3.6 is 26.4 &+ 0.5 umol/g. This can be converted to a Pd site density using the

stoichiometry factor of 4/3, according to equation 1.2, resulting in 35 umol/g or a dispersion of

18%. For the AuPd-3 sample, the uptake shown in Table 3.6 is 25.7 = 0.7 umol/g. This can be

converted to a Pd site density using the stoichiometry factor of 4/3, according to equation 1.2,

resulting in 34 pmol/g or a dispersion of 18%. For the AuPd-1 sample, the uptake shown in

Table 3.6 is 24.3 + 0.5 umol/g. This can be converted to a Pd site density using the stoichiometry

factor of 4/3, according to equation 1.2, resulting in 32 pmol/g or a dispersion of 17%.

140

120

— 100

80

0, Uptake (umol/g

O, Titration

® AuPd-1y = 0.2405x + 24.892
AuPd-2

AuPd-3
AuPd-4

50 100 150 200 250 300
Pressure (torr)

350 400 450

Figure 3.3: Oxygen titration results at 35 °C for samples AuPd-1 to AuPd-4 with linear fits.
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After the oxygen titration was completed, the surface was titrated with hydrogen, as shown in
Figure 3.4. For the AuPd-1 sample, the uptake shown in Table 3.6 is 70 = 1 pmol/g. This can be
converted to a Pd site density using the stoichiometry factor of 2/3, according to equation 1.1,
resulting in 47 pmol/g or a dispersion of 24%. For the AuPd-2 sample, the uptake shown in
Table 3.6 is 69 + 1 pmol/g. This can be converted to a Pd site density using the stoichiometry
factor of 2/3, according to equation 1.1, resulting in 46 pmol/g or a dispersion of 24%. For the
AuPd-3 sample, the uptake shown in Table 3.6 is 64.9 £+ 0.8 umol/g. This can be converted to a
Pd site density using the stoichiometry factor of 2/3, according to equation 1.1, resulting in 43
pmol/g or a dispersion of 22%. For the AuPd-1 sample, the uptake shown in Table 3.6 is 61+ 1
umol/g. This can be converted to a Pd site density using the stoichiometry factor of 2/3,

according to equation 1.1, resulting in 41 pmol/g or a dispersion of 21%.
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Figure 3.4: Hydrogen titration results at 100°C for samples AuPd-1 to AuPd-4 with linear fits.
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The oxygen remaining on the surface was then desorbed by evacuating at 100 °C. Then an

analysis of the site density by CO chemisorption was performed, as shown in Figure 3.5. For the

AuPd-1 sample, the measured uptake of 26.4 pmol CO/g shown in Table 3.6 is equal to the Pd

site density assuming a SF of 1, which results in a Pd dispersion of 14%. For the AuPd-2 sample,

the measured uptake of 30.8 umol CO/g shown in Table 3.6 is equal to the Pd site density

assuming a SF of 1, which results in a Pd dispersion of 16%. For the AuPd-3 sample, the

measured uptake of 20.8 pmol CO/g shown in Table 3.6 is equal to the Pd site density assuming

a SF of 1, which results in a Pd dispersion of 11%. Finally, for the AuPd-1 sample, the measured

uptake of 18 umol CO/g shown in Table 3.6 is equal to the Pd site density assuming a SF of 1,

which results in a Pd dispersion of 9%.
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Figure 3.5: Representative carbon monoxide chemisorption measurements at 35 °C for each
bimetallic palladium-gold catalyst sample. Orange lines are uptake on the palladium and silica

support and grey is uptake on silica.
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According to Vannice, titration offers an advantage over chemisorption techniques
because of the increased sensitivity, and it can eliminate possible surface contamination. '8
However, it is possible that the oxygen predosed onto the nanoparticle can cause surface
segregation of Pd. In the standard method used here, the palladium surface was saturated with
oxygen and then titrated with hydrogen. For example in the AuPd-1 catalyst, the previously H>
chemisorbed sample was titrated with O» measuring 40 +/-4 pmol/g of palladium and then the
preabsorbed oxygen atoms were then titrated with H measuring 48 +/-4 pmol/g. Alba-Rubio et
al. have also shown that gold atoms in gold-palladium catalysts do not bind oxygen in their
hydrogen peroxide decomposition reaction on their Pd-Au/SiO; catalysts.>* One needs to also
consider possible surface migration of hydrogen atoms to gold even though it is believed that
hydrogen should dissociate at Pd sites only. If the migration were possible, the different
stoichiometries in the two titration methods described in the introduction and seen below could

show a significant difference in the number of palladium sites:

Pd,H +30, > Pd,O+1H,0 Oxygen titration (3.3)
Pd,O+3H, > Pd;H+H,O Hydrogen titration (3.4)
One would then expect the palladium site density in hydrogen titration to be lower than oxygen
titration. The difference in site density is 8 +/-4 pmol/g between the two techniques, and so
either surface segregation or hydrogen migration may be possible.
Both H> and O» titration results shown in Figures 3.3 and 3.4 indicate that as more gold is
added, the y-intercept for the uptake extrapolated back at zero pressure decreases. There is a
reduction to about 30% in uptake compared with the site density with the monometallic catalyst,
as shown in Figure 3.6. However, if one considers the uncertainty of 4 umol/g catalyst there is

not a significance difference in Pd site density between the catalyst samples.
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The exposed palladium measured with the chemisorption methods gives similar results to
the titration measurements, as shown in Figure 3.7. For the three trials in hydrogen
chemisorption for the AuPd-3 catalyst, the average palladium site density is 23 pmol/g, the
standard deviation is 5 pmol/g, and the uncertainty at a 95% confidence interval is 6 pmol/g.
Considering the average and this uncertainty of 23 +/- 6 umol/g of exposed palladium, the
chemisorption result ranges from 18 to 29 umol/g. The average palladium site density of the
AuPd-1 and AuPd-4 gold samples fall within this range and the average for the AuPd-2 sample is
very close within this range. These results suggest that the same site density of palladium is

being measured even with an increasing amount of gold between samples. If one applies this
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logic to the CO chemisorption, the same conclusion can be made because all average amounts of

exposed palladium within an uncertainty of +/- 6 umol/g overlap with each other.
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Figure 3.7: Averages of chemisorption results plotted for each catalyst sample. Error bars are
based on the reproducibility for measurements on the Pd100 catalyst.

All of the uptake data for both chemisorption and titration is summarized in Table 3.7.
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Table 3.7: Summary of exposed Pd site densities (umol/g) for chemisorption and titration results
for all techniques and all catalysts.

Sample H> H> H> H: Chemisorption
Chemisorption | Chemisorption | Chemisorption Average
1 2 3
100Pd 112 107 112 110
AuPd-1 28 30 - 29
AuPd-2 30 36 - 33
AuPd-3 20 18 30 23
AuPd-4 29 29 - 29
Sample | O; Titration 1 O Titration 2 O Titration 3 O Titration Average
100Pd 114 112 - 113
AuPd-1 40 - - 40
AuPd-2 35 - - 35
AuPd-3 33 35 - 34
AuPd-4 32 - - 32
Sample | H; Titration 1 H: Titration 2 H: Titration 3 H: Titration Average
100Pd 133 133 139 135
AuPd-1 48 - - 48
AuPd-2 46 - - 46
AuPd-3 41 45 - 43
AuPd-4 41 - - 41
Sample CO CO CO CO Chemisorption
Chemisorption | Chemisorption | Chemisorption Average
1 2 3
100Pd 118 - - 118
AuPd-1 26 - - 26
AuPd-2 27 25 - 26
AuPd-3 18 23 - 21
AuPd-4 25 - - 25

Additional experiments were performed on 3 of the 4 bimetallic catalysts of independent

hydrogen titration runs where each sample was soaked in flowing oxygen at 100 °C for an hour

before performing the titration and the results can be seen in Figure 3.8. Converting the uptakes




using a SF of 2/3 give exposed palladium site densities of 56.8 pmol/g for AuPd-2, 53.6 for
AuPd-3, and 52 for AuPd-4. The effect compared to the results in Figure 3.6 is larger, where the
number of exposed palladium sites is higher in all three catalysts compared to the hydrogen
titration experiments that were done in the tandem method described earlier. This indicates that

flowing in oxygen likely causes some surface segregation of the palladium.
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Figure 3.8: Results in uptake for a separate hydrogen titration set of experiments with quantified
amount of exposed palladium.
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3.4 Interpretation of chemisorption data

In work by Monnier et al, they synthesized Pd-Au/SiO2 bimetallic catalyst samples with
varying gold loadings using the technique of electroless deposition to deposit gold on a 1.86 wt%
Pd/SiO; catalyst.>* They characterized each catalyst sample with various techniques including
hydrogen pulse titration of preadsorbed oxygen. During the pretreatment processes of preparing
the catalysts for pulse titration, each sample was reduced at 200°C during hydrogen reduction,
exposed to 100% Ar for 1 hr at 200°C to remove chemisorbed hydrogen, cooled to 40°C, and
exposed to 10% Oz/balance Ar to saturate the palladium surface with atomic oxygen. In Figure 7
of the study, there was a higher uptake in the 0.5 wt% Au catalyst (0.08 +/- 0.02 mL hydrogen
STP/g catalyst) than the 2 wt% Au catalyst (0.02 +/- 0.01 mL hydrogen STP/g catalyst) and this
evidence shows within their level of uncertainty for the measurements that there are less exposed
palladium sites with the catalyst of a higher weight percent gold. Their parent catalyst is 1.86 wt
% Pd and if their bimetallic catalyst with the highest gold loading is 2 wt% Au, then all of the
gold should have deposited on the palladium. However, they still detected palladium sites even at

the highest gold loading.

To have a site balance on each of the bimetallic catalysts, the fraction of Pd covered by gold
plus the fraction of palladium not covered must equal 1. Since the chemisorption and titration
techniques only measure the amount of palladium on the surface of the catalysts and that the site
density of the 100Pd catalyst was measured for each technique, the fraction of the palladium on

the surface covered by gold (84,) on each catalyst is:
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Applying this formulation on the experimental results for the average amount of exposed

Oay =1 —0Opy

Measured Pd site density on Bimetallic catalyst

HAuzl_

Measured site density on 100Pd

(3.5)

(3.6)

palladium seen in Table 3.7, the corresponding data for each technique is shown in Table 3.8:

Table 3.8: Apparent surface coverage of gold based on experimental data. Uncertainties are

estimated to be £0.01.

Catalyst H2 Chemisorption | O2 titration | H2 titration | CO chemisorption
100Pd 0 0 0 0

AuPd-1 0.74 0.65 0.65 0.78

AuPd-2 0.70 0.69 0.66 0.78

AuPd-3 0.76 0.69 0.68 0.83

AuPd-4 0.74 0.71 0.70 0.79

The results in Table 3.8 indicate that the surface coverage of gold is roughly 70% for all

the bimetallic catalysts and there is good agreement between the different chemisorption and

titration methods. The coverage estimates from the chemisorption methods are slightly higher

than the estimates in the titration methods. If you compare the gold loadings used in the IWI

synthesis (Table 3.4) to the amount of exposed surface palladium on the 100Pd catalyst, the

fraction of gold surface coverage ranges from 28% to 77%. This implies that the amount gold for

catalysts AuPd-1,-2,-3 is not enough to achieve the fractional gold coverage of 70%. On the

other hand, if you compare the gold loadings determined by ICP analysis (Table 3.4) to the

amount of exposed surface palladium on the 100Pd catalyst, the fraction of gold surface
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coverage could range from 60% to 170%. This implies that the amount of gold is enough to

completely cover all the palladium particles on all bimetallic catalysts except for AuPd-1.

This means that for the other catalyst samples, the question is why there is still exposed
palladium. One possibility is that not all the gold adsorbed on palladium particles and could have
adsorbed on other places on the support such as in its own independent nanoparticle clusters. In
this case gold could be forming pure gold nanoparticles on the surface in addition to covering
about 70% of palladium nanoparticles. A second possibility is that during some of the
pretreatment steps some of the gold goes into the interior of the nanoparticles and palladium can

segregate to the surface.

3.5 Conclusions and Future work

In this thesis we have synthesized a 2 wt% Pd/SiO; parent catalyst and characterized
surface properties with chemisorption and titration methods. The measured dispersion ranged
from 60-72% which is consistent with previous measurements for catalysts synthesized with the
same loading and synthesis technique. A set of four bimetallic catalysts with varying gold
loading were synthesized by incipient wetness impregnation. Each catalyst was digested in aqua-
regia and the total gold content was determined by ICP-OES. The gold loading determined from
the ICP analysis was roughly twice the gold loading used in the IWI synthesis. Then each
bimetallic catalyst was characterized using chemisorption and titration methods and the
fractional gold coverage was found to be about 70% independent of the gold loading. Based on
the gold loadings from the IWI synthesis, a coverage of 70% gold could not have been possible

except for the catalyst with the highest gold loading. Based on the gold loadings from ICP
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analysis, there should have been enough gold to completely cover all palladium particles except
for the catalyst with the lowest loading of gold.

Carrying this thesis work forward, more information about Pd/Au alloys and possible Au-
Au clusters needs to be gathered. XRD would not be an effective way to achieve this because the
determined particle size of ~2 nm is below the limit of detection. A more appropriate technique
to determine the average chemical composition is XPS; however, it cannot provide spatial
distribution of two metals on a support at the nanoscale level.** One could combine XPS
information with EDS (energy dispersive X-ray spectroscopy) where, for example, raw EDS
mapping data is grouped into a statistical two-dimensional data set that is able to tell how

homogenous the composition is with two metals.

Chemisorption and titration data give information about the quantity of exposed Pd at the
surface assuming a stoichiometry-based adsorption on one metal type. When a probe molecule
interacts with bimetallic sites and bimetallic nanoclusters, the adsorption configuration of the
probe could be different than the classic metal nanoparticles. For example, CO may be adsorbed
on small metal clusters via the bridged configuration instead of the linear configuration. For this
reason, IR spectra can be collected at different probe molecule coverages at various temperatures

and reduction conditions to evaluate the reconstruction influence on bimetallic surfaces.

What can also be done for future work is to synthesize bimetallic catalyst using the
technique of electroless deposition and see the effect of what changing reduction conditions has.
During wetness impregnation, the gold is reduced on the surface in flowing hydrogen and there
is a possibility that some of the gold deposited on the silica support in addition to the palladium

atoms. In this case, one needs to consider if it’s a more favorable process for the gold to form
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nanoparticles on the silica support because of metal-metal interactions between gold particles
than it would be for the gold to interact with the palladium. If electroless deposition is used, the
palladium already on the surface acts as a catalyst for the reducing agent during the reduction

process to only deposit the gold on the palladium and not the support.
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