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Abstract

Alcohol steam reforming is a promising source of hydrogen as fuel, and could be improved

by the use of an optimal catalyst. The methanol steam reforming reaction,CH3OH+H2O

→ 3H2 + CO2 is frequently conducted by means of a Cu/ZnO catalyst. Unfortunately,

this catalyst deactivates quickly and is pyrophoric. Pd catalysts are much more stable, but

reactions using these catalyst follow the decomposition pathway,CH3OH → 2H2 + CO.

PdZn alloys can achieve the desired selectivity, and have been noted to form under reaction

conditions from Pd/ZnO heterogeneous catalysts. In the present work, careful synthesis

techniques of specific support and nanoparticle surfaces have been developed to gain a

better understanding of the interaction between each phase.

Synthesis focused on preferential exposure of the most active surface of each material.

In the case of ZnO, the polar facets of the crystallite were desirable. These high-energy
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surfaces are less commonly exposed than non-polar facets in typical powders. Tailored

platelet shapes were produced in solution by restricting the growth along the (0001) direc-

tion, producing thin crystallites. The surfaces of these crystallites were primarily (0001)

surfaces, anden masse constituted a high surface area powder, ideal for use as a catalyst

support.

For the Pd nanoparticle phase, small particles are necessary for high activity. Synthetic

techniques to produce nanoparticles typically use organic capping material, which was

shown here to be detrimental to the overall activity. A simpler technique was developed in

which methanol was used to reduce a Pd precursor in solution without capping agents. This

method was effective when depositing Pd on carbon, and has been shown to be strongly

dependent on surface chemistry when used with oxide supports. By manipulating the

oxide surface with simple solvents, this technique has been generalized for the synthesis

of supported nanoparticle catalysts.
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the top of a reaction flask to condense effluent vapor and return it to the

reaction.

SEM Scanning Electron Microscopy uses a focused electron beam (usually low

energy, 2-10 kV) to image a sample. The two imaging modes used in this

study are secondary electron (SE) and backscattered electron (BSE).

TEM Transmission Electron Microscopy differs from SEM by the intensity of

the electron beam used. Whereas the SEM uses low energy electrons to

interact with the surface, a TEM uses a high energy (200 kV) beam to

penetrate the sample and produce a projected image.

XRD X-ray diffraction is used to study the crystallographic structure of a mate-

rial. Incident X-rays are projected onto a sample and are diffracted by the

crystallites present. The diffraction pattern corresponds to the material

present and the size of the crystallites.

PEM Proton Exchange Membrane fuel cells use a semipermeable membrane to

split hydrogen into protons and electrons. The protons pass through the

membrane and a subsequent electrolyte to a cathode. The electrons are
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Glossary

transported outside the electrolyte through an external load and reintro-

duced to the protons at the cathode.

TGA/DTA Thermogravimetric analysis and differential thermal analysis are two re-

lated techniques integrated into the same instrument. TGA measures the

mass loss of the sample as it decomposes, and DTA compares the tem-

perature difference between the sample and a reference.

BET The Brunauer, Emmet and Teller method [9] of determining surface area

by gas adsorption.

MSR Methanol Steam Reforming: CH3OH+H2O→CO2+3H2

GC A Gas Chromatograph is used to separate constituent gases by flowing

them through a porous column. Samples were run under isothermal con-

ditions, depending only upon elution time to identify each gas (acetylene,

ethylene and ethane).
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Chapter 1

Introduction

Lithium ion batteries have enabled the development of an entire ‘ecosystem’ of portable

electronic devices. The continuing progression of smaller batteries with higher capacity

and improved lifespan stimulates the idea of reaching a Moore’s Law conundrum in power

technology. How small and how dense can batteries get? Just as the semiconductor in-

dustry is facing material limitations to how much smaller chips can be made, there is a

physical limit to the capacity of a battery. The most dense energy carriers are liquid fuels,

which are fed to fuel cells to produce electric current. There are two options for using a

liquid fuel; reform a small hydrocarbon to produce hydrogen, which is then fed to the fuel

cell, or feed that hydrocarbon directly to a compatible fuel cell.

1.0.1 Background of Fuel Systems

The two fuel cell types considered here are reformed hydrogen polymer exchange mem-

brane (H2PEM) devices and direct methanol PEM fuel cells (DMFC). Both operate on the

same basic platform; the key difference is in the fuel delivery. The simplest fuel in terms
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Chapter 1. Introduction

of reaction is the oxidation of hydrogen to water (reaction 1.1).

H2 +
1

2
O2 → H2O ∆Hf − 285.5

kJ

mol
(1.1)

The reaction is energetic and produces one of the most benign products possible, water.

Unfortunately, transporting the necessary hydrogen as fuel for this reaction is difficult.

Compressed hydrogen is dangerous to store, and likewise cumbersome to transport, so it

is not an ideal fuel for portable applications. Other options include storing the hydrogen

in a metal hydride, or reforming it on-site from a liquid hydrocarbon. Metal hydrides store

atomic hydrogen within the interstitial spaces of a lattice, which allows for the storage of

hydrogen without the danger of spontaneous tank decompression as is the fear with a com-

pressed hydrogen storage system. There is a large body of work dedicated to finding suit-

b

a

c

Figure 1.1: Schematic of a metal hydride (PdH) where H atoms (pink) fill in the interstitial
spaces between the Pd atoms (grey). Structure courtesy of Downs and Hall-Wallace [1],
rendered using VESTA [2].

able hydrides that can be cycled to absorb and release hydrogen in a safe and predictable

manner. While promising for automotive applications, metal hydride storage is not an

optimal system for personal electronic devices. The most feasible solutions to powering

portable electronic devices are to reform a hydrocarbon to produce hydrogen on demand,

or use the hydrocarbon directly. Short chain alcohols, such as methanol or ethanol are

the most frequently considered hydrocarbons as potential fuels. These liquids are viable

options because they have a reasonably high energy density (see table 1.1) and are easily

2
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transported. According to Rashidi et al. [10], methanol has been recently approved by the

DOE for transport aboard aircraft.

Fuel Volume (mL) Mass (g)

Lithium ion battery 600 1000
H2,gas 340 920
H2,liquid 95
H2,metal hydride 95 530
MeOH 33 26
Diesel 13 13

Table 1.1: Energy density of common energy carriers to deliver 150 Wh, adapted from
Browning et al. [8]

DMFC

Incoming methanol and water are fed to the fuel cell, where it is contacted with oxygen

in one of two ways. In an active DMFC, a stoichiometric quantity of oxygen is injected

into the system, where it reacts with a likewise stoichiometric quantity of MeOH. In con-

trast, a passive DMFC relies on available oxygen from the atmosphere to react with an

unmonitored influx of MeOH. According to Rashidi et al. [10], active DMFCs are high-

maintenance, high output devices, whereas passive DMFCs are low-maintenance, low out-

put devices. In either case, the incoming MeOH/water solution is contacted with a PtRu

catalyst to produce 6 protons and electrons, of which the electrons are directed through

a working circuit, and the protons pass through the electrolyte to the cathode. Once at

the cathode, the protons react with the completed circuit and incoming oxygen to produce

water. A significant drawback to the DMFC is methanol crossover, where MeOH crosses

the through the electrolyte with the protons, as discussed in section 1.1.
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Overall : CH3OH+
3

2
O2 → 2H2O+ CO2 (1.4)

Figure 1.2: Schematic of a DMFC fuel cell system, adapted from Karim [3].

H2PEM

A steam reformed methanol H2PEM relies upon a pretreatment to convert MeOH to hy-

drogen. An incoming aqueous MeOH solution is passed over a catalyst bed to reform the

methanol into hydrogen and CO2, as illustrated by reaction 1.5.

CH3OH+H2O → 3H2 + CO2 (1.5)

CH3OH → 2H2 + CO (1.6)

3H2 + CO2 ⇋ CO+ H2O (1.7)
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Since steam reforming is a gas-phase reaction, the feed must be vaporized as it enters

the reforming unit. The heat is provided by combusting excess hydrogen redirected from

the fuel cell stack. The remaining hydrogen is then stripped of the electron at the anode

and passed through the electrolyte. After completing an electric circuit, the electron re-

combines with the hydrogen and oxygen from the air at the cathode. In a self-contained

system, the waste water is recycled into the methanol feed.
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Anode : 2H2O+H2 → 2H3O
+ + 2e− (1.8)

Cathode :
1

2
O2 + 2H3O

+ + 2e− → 3H2O (1.9)

Overall : 2H2O+ 2H2 +
1

2
O2 → 3H2O (1.10)

Figure 1.3: Schematic of a H2PEM, courtesy of Karim [3].

The use of an appropriate catalyst is of the highest importance to this reaction, because

it is possible for MeOH to decompose directly to hydrogen and CO (reaction 1.6). CO is

undesirable because it is a health hazard and poisons PEM membranes. It is necessary to
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use a selective catalyst that will avoid the production of CO as much as possible. It is not

possible to produce exclusively CO2 due to the reverse water-gas shift (reaction 1.7). The

reverse water-gas shift is an equilibrium between the products of the MeOH reforming

reaction (reaction 1.5) and less desirable products. To further illustrate the similarities

between the two systems, note reactions 1.2 and 1.5. The anode of a DMFC is effectively

a methanol reforming reactor. On the basis of the reactor system, the H2PEM system

appears to be much more cumbersome than its direct methanol counterpart; however, there

are important design aspects to be considered.

1.1 Balance of Plant

Both of the systems presented in this study share a very similar operating chemistry. The

key difference between them is in the way that the reaction is managed by the balance

of plant. From initial inspection, it would seem that a H2PEM fuel cell would require

more hardware to provision the cell. The fuel cannot be used directly, so in addition to the

fuel cell itself, the H2PEM requires a reforming unit to pretreat the fuel. The ostensibly

less complex DMFC does not require fuel pretreatment; however, it suffers from fuel

diffusion through the cell, termed crossover. Fuel crossover reduces the cell potential and,

depending on the system, may require post-processing by a recycle stream.

1.1.1 Methanol Crossover

According to Aydinli et al. [11], the most vital component to an active DMFC is a methanol

sensor to combat fuel crossover. Methanol can diffuse through the membrane very readily

and react with oxygen at the cathode [12, 13], see reaction 1.11.

CH3OH+O2 → CO + 2H2O (1.11)
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This competing reaction does not contribute to the external electrical load, and is thus a

loss to the system. Instead of electrons flowing through an outside circuit, they are retained

by the MeOH and lower the potential at the cathode. Furthermore, methanol oxidation

depletes the available oxygen to complete the cathodic reaction, thereby reducing the total

output. This is an especially problematic scenario for actively fed systems that rely on a

stoichiometric supply of oxygen. The control systems used to ensure a stoichiometric feed

must be constantly overtaxed to combat crossover. This naturally requires a more robust,

larger, and more energy-expensive monitoring and control system to perform continuous

corrections. If methanol crossover did not occur, it is conceivable that the control system

would only need to modulate minor fluctuations in the fuel and oxygen streams and could

be much less complex. Passive systems would not suffer quite as much from oxygen

consumption, as the feed is non-stoichiometric to begin with.

The opportunity for methanol crossover to occur stems from the nature of the oxida-

tion reaction at the anode. The oxidation of MeOH is relatively slow [14], so there is

a high chance of MeOH passing through the membrane unreacted or partially reacted.

Furthermore, in a DMFC, the methanol concentration gradient is greatest at the anode,

so in addition to slow kinetics, there is a strong driving force for MeOH to diffuse. Since

crossover is caused by diffusion, both the temperature [11, 13] and fuel concentration must

be reduced to limit fuel loss. A lower MeOH concentration provides less of a driving force

for diffusion to occur; however, the cost comes in reduced capacity by carrying less fuel.

1.1.2 Catalyst Efficiency and Thermal Management

Since the methanol in a reformed H2PEM is vaporized and nearly entirely converted to

hydrogen and side products, fuel crossover does not exist in a H2PEM. What little MeOH

might remain unconverted is a very small percentage of the total fuel, so it is unlikely to

diffuse through the membrane. Unreacted MeOH is an inefficiency of the system, but is
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due to an insufficient catalyst, not diffusion. The catalyst used in the steam reforming unit
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Figure 1.4: Methanol steam reforming catalysts demonstratevarious degrees of activity
and stability. Cu/ZnO/Al2O3 based catalysts are highly active, however, they deactivate
quickly. Pd/ZnO catalysts are much more stable, however, are significantly less active.

is a key focus of research for H2PEM systems, as noted by several researchers [3, 15–17].

There are several aspects to improving the catalyst; activity, CO2 selectivity, and stability.

Current commercial catalysts are Cu/ZnO/Al2O3, which demonstrate a high initial activity,

but degrade quickly (see Figure 1.4). Furthermore, Cu based catalysts are pyrophoric

and thus undesirable in a mobile system [3]. Pd/ZnO catalysts demonstrate much greater

stability (Figure 1.4); however, are significantly less active. The required mass of the

Pd/ZnO catalyst is three times greater than the corresponding Cu catalyst for the same flow

rate of MeOH to achieve the same conversion. Thus, while it is possible to achieve very

high conversion of MeOH to H2 and CO2, it is not yet practical. A further complication
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of reforming methanol is that Pd tends to decompose MeOH rather than reforming it to

hydrogen, as illustrated in reaction 1.12.

CH3OH → 2H2 + CO (1.12)

The selectivity of the reaction to proceed towards methanol reforming rather than decom-

position is dependent on the type of catalyst used. The polymer membrane used in H2PEM
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Figure 1.5: Pd/ZnO catalysts demonstrate high conversion (♦) and selectivity (�), while
Pd/Al2O3 catalysts show poor conversion (�) and non-existent selectivity (�) towards
CO2.

systems is sensitive to CO poisoning, so it is desirable to avoid production of CO during

the reforming reaction. This is especially important in mobile systems, where the weight,

volume, and operating energy of a CO scrubbing unit are undesirable. Pd/ZnO catalysts

show the greatest utility for steam reforming, but still require improvement to ensure a

high activity and near complete conversion.

A consequence of near complete vapor phase conversion is the thermal management

of the system. Methanol steam reforming catalysts are active at 250◦C [3, 15], which can
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rapidly become a problem for small devices. A notebook computer operating at such a

temperature would not be particularly user friendly, though it would be a ‘hot’ consumer

product. The functionality of the product would be entirely dependent on effective in-

sulation, or separating the reforming unit from the electronic device. The effectiveness

of insulation would dominate the portability of the product. If an additional centimeter

of insulation was required for a cellular phone, the product would be regarded as bulky

by modern design standards. A notebook computer or other somewhat larger electronic

device could survive the application of an extra layer of insulation. Separating the re-

forming unit could be useful to low demand customers, who could use a large reforming

unit as a hub to provide hydrogen for individual electronic devices. This application does

significantly reduce the portability of the system, so it seems to be an unlikely solution.

1.2 Summary

The two devices studied are variations of reactors designed for the same reaction. A DMFC

reforms methanol in a liquid phase by an electronic process, and a H2PEM achieves the

same result by a gas phase thermal process. The phase of the reactants is the critical differ-

ence between the two systems. The greatest challenge in deploying DMFCs is methanol

crossover, which limits the design of the entire system. Crossover MeOH lowers the po-

tential of the system by competing for oxygen at the cathode. Since stoichiometric feed

is required for high output devices, such competition severely impacts the performance of

the device. Passive DMFCs would logically be the optimum implementation of DMFC

technology in low power demand electronics.

In H2PEM fuel cells, vaporizing the fuel provides the necessary driving force to avoid

fuel diffusion later in the fuel cell stack. The greatest concern in these systems is the on-

board reformer, which requires high temperatures to operate. Improving the performance

of the H2PEM fuel cell could be achieved by using a more active catalyst which is effective
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at lower temperatures.

1.3 Selectivity improvement by alloy formation

Copper based catalysts are currently used in industrial syngas plants, but suffer from the

limitations discussed previously. Palladium based catalysts are much more stable, but are

not as active or selective under all conditions. Iwasa and Takezawa [4] demonstrated that

the selectivity towards CO2 production of various Pd-based catalysts depends on the sup-

port used. Since this discovery, the interaction between Pd and ZnO has been extensively

Figure 1.6: Selectivity of Pd/ZnO, Pd/ZrO2 and Pd/SiO2 as a function of reduction tem-
perature. From Iwasa and Takezawa [4]

studied from an experimental and theoretical approach. The increase in selectivity as re-

duction temperature increases (Figure 1.6) is a particularly interesting phenomenon. Work

by Conant [18] has shown that a bimetallic PdZn phase forms under reaction conditions.

It was suggested that Zn migrated from the support to the Pd particles, producing the de-

sired PdZn phase. This process was described as a self-healing mechanism, leading to
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enhanced stability of the catalyst over several cycles. The improvement in selectivity of

PdZn compared to Pd is believed to be caused by the similar electronic structures of PdZn

and Cu. Chen et al. [19] have shown that the Cu density of states matches PdZn closely.

The similarities betweend-band states was further investigated by Lim [16, 20] to verify

a proposed reaction mechanism for methanol steam reforming and decomposition. In that

work, methoxide decomposition was found to be much more favorable on Pd than Cu or

PdZn. Further dehydrogenation lead to CO, the undesired product in reaction 1.6. The

critical difference in steam reforming or decomposition is the scission of the C-O anc C-

H bonds. In the case of Pd catalysts, dehydrogenation is much more favorable, leading

to a single CO molecule. Stepped Cu and PdZn surfaces were found to increase the C-

H bond breaking barrier, and improve CH2O binding, an important intermediate to CO2

production. The authors noted that small islands of metallic Pd could be responsible for

some CO production in experimental catalysts. In conjunction with the findings of Conant

[18], there is an apparent need to understand the formation of PdZn under the most ideal

conditions.

1.4 Previous reports of PdZn formation

The PdZn alloy formation reported by Conant [18] was the result of reducing a Pd/ZnO

catalyst after it had been charged to the reactor. This was an effective, but non-specific

technique which left questions about the formation of the most active phase. Particle size

and composition varied widely, which complicated the analysis. Karim et al. [21] reported

an unexpectedlack of size dependence on selectivity, as particles up to 30 nm in diameter

were selective catalysts. Improving the uniformity requires precise control over both the

metal and oxide phases. This is easily achievable under ultrahigh vacuum conditions,

in which precise amounts of metal can be sputtered onto a substrate of choice [22–24].

Unfortunately, large scale production of powder catalysts cannot use this technique due to
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the porosity of powder substrates. Aqueous synthesis is much simpler, and only requires

precipitation of solvated Pd(NO3)2 and Zn(NO3)2 in a desired ratio. The resulting product

is highly disordered (Figure 1.7a) and therefore not suitable for detailed study. In the same

work, an organic precursor (Pd(OAc)2) was dissolved and added drop-wise to the powder

until the pore volume was filled (incipient wetness, Figure 1.7b). The powder was then

(a) Coprecipitation (b) Incipient wetness

Figure 1.7: Conventionally prepared Pd/ZnO samples prepared by [5].

dried and the process repeated until the total volume of dissolved precursor had been used.

While time-consuming, this process did produce a more uniform catalyst, with distinct Pd

regions coating the ZnO crystallites. The large aggregates produced were also not ideal

for a study of Pd-Zn interaction at the interfacial level.

1.5 Problem statement

In order to improve the understanding of PdZn bimetallic formation, and the performance

of catalysts in general, it is necessary to develop highly uniform, but practical heteroge-

neous catalysts. Such catalysts must be suitable for continuous flow reactors, simple to

prepare, and provide high surface area for metal-support interaction.
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Synthesis and Activity of Heterogeneous

Pd/Al2O3 and Pd/ZnO Catalysts

Prepared from Colloidal Palladium

Nanoparticles

2.1 Introduction

Though widespread, the use of portable electronic equipment remains a function of the

portability of the power source. Even the best battery is limited to a finite run time

with a fairly low energy density, and requires convenient access to an electrical source

to recharge. Furthermore, the battery typically comprises a significant percentage of the

size and weight of an electronic device. An alternate solution is to use a liquid fuel, which

has a very high energy density, can be easily transported, and provides a much longer

lifespan than a typical battery.

Methanol, in particular, is desirable to use as a source for hydrogen because it under-
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goes few side reactions, does not contain sulfur, and is reformable at low (200-250◦C)

temperatures. Methanol steam reforming is a very simple reaction, so undesirable side

products can be minimized. Specifically, CO production can be avoided if the reaction

conditions are selective towards the production of H2 and CO2 rather than H2O and CO.

The key to utilizing this reaction as a source of hydrogen is efficient, low temperature

conversion of methanol.

It has been shown that PdZn alloys are active for methanol steam reforming and selec-

tive towards CO2 [4, 25]. However, previous work in our group [21] and elsewhere [26]

has shown that the synthesis method involves coprecipitation of palladium and zinc oxide

from a highly acidic solution. This process destroys the ZnO morphology, which is be-

lieved to play some role in the final activity of PdZn catalysts. Furthermore, the synthesis

methods presented previously require multiple precursor impregnation steps to achieve the

desired high metal loading on the oxide. Once deposited, the precursors must be reduced

to produce metallic particles.

One less caustic process would be to use an organic based precursor, such as palladium

acetate (Pd(OAc)2), which can avoid low pH solutions. This method does minimal dam-

age to the ZnO while producing polydisperse Pd particles. In order to achieve both particle

size control and maintain ZnO morphology, colloidal nanoparticle synthesis offers a great

advantage over traditional catalyst synthesis from metal salts. Colloidal synthesis allows

for a greater control over the nano-particle size while providing a narrow size distribu-

tion, the surfactant protects the nanoparticles from agglomeration, and can be removed to

expose the surface for catalytic activity.

While other researchers have used acid-free techniques to prepare supported PdZn al-

loys [27, 28], and Cu/ZrO2 [29], our work is focused on preparing particlesex situ and

depositing them on an oxide support of our choice, without damaging the support in the

process. Using solution precipitation methods similar to those described by [30] and [31],

Pd/ZnO catalysts can be prepared without damage to the ZnO. In a typical procedure,
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a metal precursor (Pd(OAc)2) is decomposed in a surfactant (trioctylphosphine or octy-

lamine), producing metal particles enshrouded with an organic capping agent. The organic

ligand prevents particles from agglomerating in solution, however, it also restricts catalytic

activity. It is necessary to remove the surfactant prior to use as a catalyst, yet this opens

the possibility for particles to agglomerate.

This research investigates methods to produce Pd particles, immobilize them on an

oxide surface, and then remove the surfactant. Herein, we present preliminary findings of

monometallic palladium particles on oxide supports. Catalytic activity is probed by the use

of CO oxidation to provide a consistent test reaction to evaluate various oxide supported

catalysts. Our work demonstrates a method that incorporates a surfactant to stabilize the

nanoparticles, and prevents support degradation by avoiding acidic precursors.

2.2 Experimental

2.2.1 Palladium Nanoparticle Synthesis and Catalyst Preparation

Two different synthesis routes were followed, each based on a common experimental set-

up. First, an inert environment was prepared using a 50 mL three neck round bottom flask

fitted with a reflux condenser connected to a Schlenk line. The remaining two ports were

sealed and used either for a thermocouple support or reagent injection. One method made

use of 0.081 g of “Pd(Mes)2”, (where Mes =

C6H2(CH3)3-2,4,6, in-house intermediate), which was injected into 30 g (80 mmol) of tri-

octylphosphine (TOP, 90% technical grade, Aldrich). A separate procedure used 0.22 g

(1.0 mmol) Pd(OAc)2 (98%, reagent grade, Aldrich) mixed with 0.30 mL (2.0 mmol) of

octylamine (Aldrich) and 0.20 g (7.5 mmol) 1, 2-hexadecanediol (90%, technical grade,

Aldrich) in 20 mL (67 mmol) octylether (99%, Aldrich) and 0.30 mL (0.5 mmol) olelic

acid (90%, technical grade, Aldrich). Both methods then required the system to be opened
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to an argon atmosphere and heated to 300◦C using a temperature controlled heating man-

tle. After the reaction had proceeded for 30 min., the system was allowed to cool to room

temperature. Once at room temperature, 50 mL of methanol (Reagent grade, Aldrich)

was added to precipitate the particle micelles. The solution was centrifuged to recover the

solid and the supernatant was discarded. The remaining solid was redistributed in hex-

anes (Aldrich, mixture of isomers). This process was repeated until the supernatant was

clear. The amine route was further modified following a procedure described by Woehrle

et al. [32] to partially substitute a thiol chain for some of the amine ligands. 0.085 mL (10

mol%) 6-mercaptohexanoic acid (90%, Aldrich) or 12-mercaptododecanoic acid (90%,

Aldrich) were added to a vial of previously prepared amine-capped colloidal nanoparticle

solution and shaken vigorously for five minutes to achieve partial substitution.

2.2.2 Catalytic Activity and Characterization

As-prepared NPs were added to 0.50 g alumina (Sasol) [TOP route] or 0.50 g zinc oxide

powder (99.99%, Aldrich) [amine route, thiol-amine route] in 25µl increments and agi-

tated until the liquid was evenly dispersed throughout the powder. As-prepared samples

were examined by TEM and STEM using a Jeol 2010F FASTEM field emission gun scan-

ning transmission electron microscope with Oxford-Link energy dispersive spectroscopy

(EDS). Images were taken at 200 kV accelerating voltage. Colloidal samples were pipetted

onto a holey carbon 200 mesh copper grid (SPI Supplies) and allowed to dry. The particles

were reexamined after CO oxidation to determine the extent of growth and agglomeration.

The surfactant removal temperature was found by examining the decomposition tempera-

ture using DSC/TGA on a TA SDT Q600 in a temperature range of 0 to 700◦C. Calcined

samples were heated at a ramp rate of 10◦C/min. to 80◦C, then 1◦C/min. to 120◦C

and held for two hours. Afterwards, the temperature was increased to 350◦C at 5◦C/min.

and held for three hours. EDS was used to examine samples for palladium content. CO

oxidation was performed using a flow of 1.0% CO and 0.5% O2 in a balance of helium
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at a space velocity of 300,000 ml·h−1·gmol−1. Sample gas was passed through a 12 mm-

i.d. glass column packed with Pyrex glass wool and 20 mg of either prepared sample

or conventionally prepared (with Pd(NO3)2 similar to [21]) 0.3 wt% Pd/Al2O3 samples.

Catalyst powder was crushed and sieved to ensure particles were between 106-250µm

in size. The tube was maintained at the desired reaction temperature by enclosing it in a

covered heating mantle. Gas effluent aliquots were analyzed for CO, CO2 and O2 every 12

minutes using a Varian 3400 gas chromatograph. The sample chamber temperature was

varied from 100 to 250◦C in 5 ◦C increments from 100 to 160◦C, then 10◦C increments

thereafter. The temperature ramp was run three times on an automated system.

2.3 Results and Discussion

2.3.1 Pd/Al2O3 from TOP Route

During heating, the solution changed color from transparent brown to opaque black at

60 ◦C indicating decomposition of the precursor. The nanoparticles produced had an

average diameter of 2.4± 0.4 nm, as determined by TEM images (Figure 2.1b). When

examined by STEM (Figure 2.1a), the colloidal suspension disperses very evenly on the

carbon grid. Average dispersion is approximately 500 particles per 1000 nm2. This high

loading on the carbon film was not observed on the Al2O3. Once mounted on Al2O3

(Figure 2.5) and oxidized, the particles were observed to grow slightly to 2.6± 0.7 nm.

After calcination to 350◦C a bimodal distribution appears at 5 nm, however, the majority

of the particles remained close to their original size (2.4± 0.4 nm→ 2.9± 1 nm, Figure

2.2). Some growth can be expected after calcination, and in this case, the number of

particles experiencing growth is low enough to consider the particles to be stable under

reaction conditions. TGA analysis, shown in Figure 2.4, indicates that the TOP begins to

decompose around 200◦C, but does not fully decompose until 500◦C. Our calcination
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Figure 2.1: As-prepared TOP-encapsulated Pd particles (a) demonstrate a Gaussian distri-
bution (b).

step was limited to a maximum of 350◦C to avoid particle agglomeration.

Most importantly, the catalytic activity of the calcined sample is seen to be greater than

the non-calcined sample, indicating that the surfactant inhibits CO oxidation on the Pd

particles. Both are capable of achieving a 100% conversion to CO2, however, the calcined

sample lights off at a much lower temperature as shown in Figure 2.6. For comparison,

we also include the results for a 0.3 wt% Pd/Al2O3 sample. The conventionally prepared

sample (average particle diameter of 4.0 nm) outperforms both laboratory samples with

complete oxidation at 160◦C.

EDS spectra indicates that there is a very low Pd loading on the colloidal Pd catalyst

since the Pd peak was below EDS detection limits. The activity of this sample, however,

increases after the surfactant is removed via calcination.
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Figure 2.2: Size distribution of calcined Pd nanoparticles [TOP route] fit to a log normal
distribution. The peak maximum of 2 nm is similar to that of the as-prepared sample, but
an additional tail is seen past 5 nm.

2.3.2 Pd/ZnO from Amine Route

The amine capped nanoparticles tended to be larger than those produced by the TOP route.

The average diameter was found to be 4± 1 nm for as-prepared particles. The synthe-

sis proceeded in a similar manner to the TOP route (section 2.3.1). The most distinct

difference is that the amine coated particles tended to cluster more than the TOP-coated

particles (see Figure 2.7a compared to Figure 2.1a). In order to enhance the loading of Pd

on the ZnO, the procedure used in section 2.3.1 was modified to include thiol functional-

ization to improve particle binding to the support. The thiol-amine particles were found

to associate (Figure 2.7a) instead of attaching to the ZnO support as intended. While this

is not ideal, the ZnO does remain highly faceted (Figure 2.7b, hexagonal face) even after

the particles are deposited. No metal-metal interactions are believed to occur between the

particles. The clustering effects observed are believed to be due to ligand entanglement.

This excess ligand is believed to inhibit catalytic activity in CO oxidation and methanol
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(a) (b)

Figure 2.3: (a) STEM image of Pd nanoparticles supported on Al2O3 after CO oxidation.
A few larger particles are noticeably outside the 3 nm size range although the majority are
smaller than 3 nm. (b) STEM image of calcined Pd/Al2O3 sample showing particles of a
similar size as their pre-calcined counterparts.

steam reforming tests. Initial tests employed CO oxidation to compare to previous experi-

ments with alumina supported catalysts. Both the amine capped and thiol capped particles

demonstrated low activity compared to the 0.3 wt% conventional catalyst as shown in fig-

ure 2.8. Little difference is observed between the thiol capped and amine capped particles,

suggesting that the activity of both samples is inhibited by the organic ligands. In contrast,

the calcined sample (to 350◦C) shows significantly improved activity. The effect of ligand

removal can be further corroborated by examining a TGA/DTA scan of the supported sam-

ples. The original sample (Figure 2.9, solid line) shows a significant weight loss at 180◦C.

The post-calcination sample (medium dashed line) indicates that most of this weight loss

is eliminated during calcination. This discrepancy between samples suggests that there

is a significant amount of unbound organic material in the original sample. In order to

improve catalytic activity, it is therefore necessary to remove all excess organic material
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Figure 2.4: TGA/DTA plot of as-prepared [TOP route] Pd nanoparticles in N2 (solid lines)
and air (dashed lines). The particle encapsulating surfactant decomposes at 700◦C as
evidenced by the weight loss curves (darker lines).

prior to depositing on an oxide support.

2.4 Conclusions

We have prepared Pd/Al2O3 and Pd/ZnO heterogeneous catalysts prepared from colloidal

Pd nanoparticles and measured their activity for CO oxidation. Use of organic capping

agents was shown to be detrimental to the activity of the catalyst. The organic component

prevents particle agglomeration, yet, in doing so, the catalyst cannot achieve full potential

activity. We have demonstrated that it is possible to improve the activity by removing the

ligands. However, both the alumina and ZnO supported catalysts demonstrate very poor

weight loading. Although the colloidal suspensions demonstrate very high loading on car-

bon TEM grids, we were not able to extend this high loading to the oxide supports. In this

work, the prepared powders remained very light colored compared to the 0.3 wt % conven-

tional catalyst. We believe that changing the interfacial interaction can help improve the
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Figure 2.5: STEM image of Pd nanoparticles supported on Al2O3 after CO oxidation. A
few larger particles are noticeably outside the 3 nm size range although the majority are
smaller than 3 nm.

amount of sample deposited on the oxide. The organic ligands used in this work provide

an alternative method to producing nanoscale palladium catalysts on an oxide support.

The use of this method achieves the two desired properties: avoiding damage to the oxide

support and preserving Pd particle size. However, it does introduce the problem of or-

ganic inhibition and does not provide high weight loading. We are currently investigating

support chemistry and nanoparticle capping agent/support interactions to achieve higher

particle adhesion to the oxide surface.
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Figure 2.6: The calcined Pd/Al2O3 sample (�) achieves full conversion at 180◦C whereas
the as-prepared Pd/Al2O3 sample (•) requires a temperature of 250◦C to achieve the same
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Figure 2.7: (a) STEM image of colloidal amine coated palladium nanoparticles. (b) Image
of Pd nanoparticles on an undamaged ZnO crystallite.
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Figure 2.8: CO oxidation results of amine capped and thiol capped Pd/ZnO samples.
•=amine capped particles,�=thiol substituted particles,�=0.3 wt% conventional sample,
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Figure 2.9: TGA/DTA plot of as-prepared and calcined Pd/ZnO samples in air. The solid
line indicates the % weight loss of the as-prepared sample and the large dashed line indi-
cates the corresponding heat flow curve. The medium dotted line shows the calcined %
weight loss and the small dotted line indicates the corresponding heat flow curve.
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Chapter 3

Synthesis of High Surface Area

ZnO(0001)/(0001̄) Powders

3.1 Introduction

Zinc oxide (ZnO) is an important component of supported catalysts such as those for

methanol synthesis [33] and steam reforming [4]. Karim et al. [5] have suggested that

faceted ZnO powders play an important role in the activity of Pd/ZnO steam reforming

catalysts. Of these facets, the polar(0001)-Zn and(0001̄)-O surfaces are considered [24,

34–36] the most active ZnO surfaces and are reportedly responsible for the entirety of

methanol decomposition activity in a prepared catalyst [34]. Vohs and Barteau [36] have

argued that the geometry of the (0001)-Zn surface allows for the exposure of active ion pair

sites, while the oxygen terminated surface completely obscures those sites. In practical

use, such a geometry is difficult to produce as commercially available powders consist of

prisms that do not exhibit pronounced(0001) and(0001̄) surfaces. These prisms primarily

expose non-polar(101̄0) and(112̄0) facets with the only polar facets at the end caps as

a result of the unbalanced Zn2+ or O2− terminated faces. A typically synthesized ZnO
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powder possesses an aspect ratio of 6, where the length of the prism along the [0001]

direction is compared to the thickness of the prism in a direction perpendicular to the

[0001]. This morphology implies that the majority of the exposed surface of a typical ZnO

powder is inactive [37]. To improve the activity, ZnO supports with lower aspect ratios

exposing more polar facets are desired.

Polar surfaces are typically prepared by polishing single-crystal wafers [23, 24, 36, 38]

or grown by chemical vapor transport [39]. While the exposed plane is well-controlled,

these wafers are limited by very small surface areas (tens of square millimeters) and there-

fore very few active sites are available. To minimize ambient contamination on these

limited active sites, catalytic tests on single crystal wafers are conducted under ultrahigh

vacuum (UHV) conditions which lend themselves to single turnover experiments. The

temperature programmed desorption experiments conducted by Hyman et al. [24] demon-

strated that CO was more weakly bound to the Pd/ZnO (0001) surface than to Pd/ZnO

(101̄0) and that the production of CO by MeOH decomposition was likewise greater on

Pd/ZnO (0001). The authors suggested that this could be due to more facile PdZn alloy for-

mation on the ZnO(0001) surface rather than the(101̄0) surface. Such studies offer useful

mechanistic insights into the behavior of catalysts, but these samples do not lend them-

selves to steady state reactivity measurements. Therefore, a high surface area ZnO(0001)

powder is needed to take advantage of the molecular level insights into catalytic behavior

provided by these surface science studies.

Many techniques exist to synthesize highly faceted ZnO powders, but the platelet sur-

face area is low(< 15m2

g
) [40, 41] and thermal stability has not been demonstrated. Some

examples of successful routes to powders exposing the (0001) plane include the research

efforts of Xu et al. [42] when they prepared ZnO (0001) platelets from a vapor phase

transport technique. While this was effective to produce ZnO (0001), it was not easily

scalable to appropriately evaluate the catalytic behavior. Wang et al. [43] have reported an

electrodeposition method for the production of ZnO (0001) films on ITO glass, but these
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tended to pit upon annealing. Such behavior is not unexpected as work by Staemmler et al.

[44] has suggested that the(0001) and(0001̄) surfaces reconstruct or balance the charge

via hydrogenation of the surface.

Charge balance by ligands in solution is an alternate approach to stabilize the po-

lar facets and solution techniques are amenable to large scale synthesis. Of the solu-

tion routes available, Yu et al. [45] have demonstrated a technique wherein a range of

concentrations of zinc acetate [Zn(CH3COO)2 · H2O, noted as Zn(OAc)2] and hexam-

ethylenetetramine [C6H12N4, termed HMT] produced nanorods or prisms. The prism

morphology was improved upon by Wang et al. [46], who produced highly faceted pow-

ders composed of low aspect ratio (0.33) (0001) plates using a mixture of water and

ethanol as the solvent. A different technique by Tian et al. [47] used a sodium citrate

[HOC(COONa)(CH2COONa)2 · 2H2O, denoted as Na3Cit] solution at room tempera-

ture to produce powders with(0001) facet exposure. The amount of Na3Cit used was very

small in comparison to the amount of ZnO precursor, which suggested that the Na3Cit was

a very aggressive capping agent and only required in small amounts. While these studies

did not report the surface area, it is clear from the size of the prisms presented that the area

was minimal (on the order of a few square microns).

This report details the preparation of high surface area (75 m2/g) ZnO(0001) powders

capped with Na3Cit in the presence of HMT as a buffering agent. Commercial ZnO pow-

ders have surface areas of a few square meters per gram, but they do not expose the polar

plane. Hence this work represents a significant improvement in the surface area of ZnO

powders that predominately expose the polar plane.
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3.2 Experimental

All chemicals used were ACS reagent grade obtained from Sigma-Aldrich. ZnO platelets

were prepared by mixing 3.3 g (15 mmol) Zn(OAc)2 with 2.1 g (15 mmol) HMT and either

1 mg (0.0034 mmol), 10 mg (0.034 mmol) or 100 mg (0.34 mmol) of Na3Cit in 30 mL

of distilled water in a three neck round bottom flask fitted with a reflux condenser open

to the atmosphere on the benchtop. Prepared samples are described as ZnO-Na3Cit-1,

-10 or -100 throughout this manuscript. An additional batch without Na3Cit was pre-

pared using otherwise similar conditions and is referred to as ZnO-HMT. The solution

was stirred for 5 min or until all reagents were completely dissolved and then heated to

reflux temperature (∼90 ◦C) for 5 h. After cooling, the resultant precipitate was separated

from the mother liquor by centrifugation and rinsed with∼50 mL EtOH. The powder was

allowed to air dry prior to characterization. Platelet shape was analyzed using images

collected in a scanning electron microscope (SEM, Hitachi S5200) operated at 2 kV ac-

celerating voltage. Transmission electron micrographs were acquired on a JEOL 2010F

field emission gun transmission electron microscope (TEM) operated at 200 kV. Selected

area diffractograms (SAED) were likewise collected on the JEOL 2010F using a Gatan

ES500W camera. Powder X-ray diffractograms (XRD) were collected on a Scintag Pad

V diffractometer with DataScan 4 software from MDI, Inc. for system automation and

data collection. Cu-Kα radiation (40 kV, 35 mA) was used with a Bicron Scintillation

detector with a pyrolitic graphite curved crystal monochromator. The scan settings used

a 0.02 step size and a 10 second dwell time. Whole-pattern Reitveld refinement [48] was

conducted on the collected patterns using GSAS [49] and EXPGUI [50]. Reference val-

ues for the ZnO profile were obtained from the American Mineralogist Crystal Structure

Database [1]. Fourier-transform infrared spectroscopy (FT-IR) was conducted using an

attenuated total reflectance (ATR, Smart Orbit) attachment on a Nicolet 6700 using 256

scans at a resolution of 2 cm−1. Thermogravimetric analysis and differential thermal anal-

ysis (TGA/DTA) were performed on a TA SQT Q600 under flowing N2 at a ramp rate of
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Figure 3.1: Hexagonal prisms of the ZnO-HMT sample did not display any substantial
preference towards the exposure of the (0001) facet.

20◦C per minute to 700◦C. The surface area was determined by the Brunauer, Emmet and

Teller method [9] with a Micromeretics Gemini 2360 after outgassing at 120◦C in flow-

ing N2 overnight. Additional pretreatments were conducted at 250 and 340◦C in flowing

N2 to evaluate the stability of the plates at and above a commonly used temperature for

methanol steam reforming [5].

3.3 Results and discussion

3.3.1 Role of HMT on ZnO Morphology

Following the synthetic procedure outlined in Section 5.1, ZnO powders were synthesized

in the presence of HMT to produce ZnO-HMT regular hexagonal prisms, as shown in Fig-

ure 3.1. The exposed area of the polar (0001)/(0001̄) planes was comparable to that of the

(101̄0) facet as determined by a visual inspection of the SEM images. The surface area

was estimated at 1 m2/g using the average crystallite size found by inspection of the SEM

images. BET analysis (Table 3.1) was unable to provide a reliable measurement as the
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value was below the minimum range of the instrument and could not be accurately deter-

mined. Since the surface area was undetectable at the lowest (120◦C) outgas temperature,

further pretreatment was not undertaken.

3.3.2 Role of Na3Cit on ZnO Morphology

ZnO powders were also synthesized in the presence of HMT with 1, 10 or 100 mg of

Na3Cit to produce ZnO-Na3Cit-1, -10 and -100 platelets. These samples had a plate-like

morphology, and the plates became thinner with increasing Na3Cit content. The depen-

dence upon Na3Cit concentration can be seen in Figure 3.2, where the lowest concentration

(ZnO-Na3Cit-1, Figure 3.2a) produced a combination of thin plates and prisms. Increas-

ing the concentration further (ZnO-Na3Cit-10, Figure 3.2b and 3.2c) yielded plates which

tended to stack regularly in the [0001] direction like a ream of paper, while the ZnO-Cit-

100 plates were much more disordered (Figure 3.2d).

This was suspected to be a result of the differing degrees of surface charge compen-

sated for by the capping agent. TGA and FTIR analysis of the Na3Cit plates revealed that

the surfaces were capped in Na3Cit with no detectable HMT present. TGA/ DTA analy-

sis (Figure 3.3) indicated that the HMT volatilized completely between 200 and 300◦C.

In contrast, both the Na3Cit and the ZnO-Na3Cit-100 exhibited similar peaks near 150

and 315◦C. The close match suggests that the ZnO-Na3Cit-100 was coated with Na3Cit,

thereby causing similar peaks to occur during TGA/DTA analysis. In addition, FT-IR

spectroscopy (Figure 5.7) confirmed the presence of the Na3Cit on the prepared powder.

Combined, these results suggested that the Na3Cit was strongly bound to the ZnO surface

with no evidence to indicate the presence of HMT. This behavior suggested that the HMT

acted as a buffer in solution, while the Na3Cit was actively bound to the ionic surfaces,

consistent with reports in the literature [45, 51]. Therefore the Na3Cit acted as a charge

stabilizer and was observed in the product, while the HMT was not retained on the sur-
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face. As a result, the platelets synthesized with Na3Cit and HMT had a more thoroughly

charge compensated surface and were able to grow much thinner (Figure??c and d) than

the prisms produced with HMT alone (Figure??a).

3.3.3 Characterization of ZnO Platelets

The above data indicated the Na3Cit concentration had a strong influence on the stacking

of the platelets as well as the morphology. In order to determine the exposed facets, we

studied the powders via XRD and electron diffraction in the TEM. Reitveld analysis of

the XRD pattern (Figure 4.2) indicated a substantial anisotropic broadening of the (0002)

peak, which is a higher order reflection of the forbidden (0001) reflection. This peak broad-

ening also substantially reduced the (0002) peak height. An additional set of peaks was

identified as{[Zn2(C2H2N3O)(OH)3] · 2H2On} based upon a match to a similar copper

compound in the ICSD database (card # 260453, [52]). This phase was found to comprise

∼ 20 wt% of the crystalline fraction of the sample by Reitveld analysis, which suggested

that the material existed as a bulk contaminant in the powder rather than a monolayer ad-

sorbed on the surface and did not contribute to the layered structure. The average plate

thickness was found by XRD to be 25 nm, which is at the high end of the range (10-25

nm) measured from SEM images (Figure 3.2c). Since the XRD average determined by the

Scherrer equation is a volume average, the calculated value was weighted towards thicker

plates. SEM measurements were also imprecise due to the error induced by measuring

images of a tilted surface. The platelet thickness calculated from the BET surface area, as

described in Equation 3.1, (derivation in Appendix B) was 7 nm.

c =
2

BET × ρZnO

(3.1)

While it was not possible to determine an exact aspect ratio due to the difficulty in measur-

ing the width of the platelets, we estimate it to be on the order of 0.01 when considering

the stacks of micron-sized platelets with 7 nm thickness.
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In contrast, the ZnO-Na3Cit-100 sample showed randomly oriented platelets which

did not form layered structures. Inspection of individual ZnO-Na3Cit-100 platelets via

selected area electron diffraction (Figure 3.6) confirmed exposure of the (0001) facet.

The stacking of platelets in each sample strongly influenced the surface area and ther-

mal stability. The surface area measurements (Table 3.1) for each sample correlated to the

concentration of Na3Cit in the synthesis step. The ZnO-Na3Cit-10 sample demonstrated a

surface area of 50 m2 per gram, and the surface area of the ZnO-Na3Cit-100 sample was

nearly doubled (96 m2/g). The weight loss (by TGA, Figure 3.8) of the ZnO-Na3Cit-100

sample was double that of the ZnO-Na3Cit-10.

3.3.4 Thermal Stability of ZnO Plates

Since these platelets were were developed as novel supports for steam reforming catalysts,

the thermal stability was tested by heating the samples to 250◦C. When heated, the surface

area of the ZnO-Na3Cit-10 decreased, which is believed to be due to the stacked orienta-

tion of the platelets. The layered structure observed by SEM (Figure 3.2c) placed each

crystallite in close proximity to a neighboring platelet. Upon heating, the energetically

unstable(0001)/(0001̄) facets were in close contact and fused easily (Figure??a). Sim-

ilar stacking behavior has been reported by Cao et al. [53] when growing ZnO platelets

on Si substrates. In contrast, the ZnO-Na3Cit-100 sample was very disordered, and thus

Table 3.1: BET surface area of prepared ZnO powders.

Sample Surface Area(m
2

g
)

120◦C 250◦C 340◦C

ZnO-HMT < 1
ZnO-Na3Cit-10 50 < 1
ZnO-Na3Cit-100 96 75 48
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a greater void space existed between each platelet (Figure 3.9b). Since the polar facets

were not in immediate contact, the platelets could not condense like the ZnO-Na3Cit-10

sample. As a result, the sample retained a high surface area (75 m2/g) when heated to

methanol steam reforming temperatures. The plates developed a mottled texture, as seen

in Figure 3.9. TEM images show that the plate had broken into individual crystallites,

but these retained their orientation as seen from electron diffraction patterns in Figure 3.7.

These small crystallites also exhibited (0001) faces as shown by SAED (Figure 3.7, inset).

Reitveld analysis indicated that the average thickness after heating to 250◦C was 11 nm,

which along with the BET (5 nm) and SEM measurements (20-30 nm) demonstrated that

the platelets could survive moderate heat treatment. As noted previously, determination of

plate thickness via SEM was difficult since it was not easy to find plates that were sitting

edge-on. Further pretreatment at 340◦C caused additional loss in surface area.

The presence of Na3Cit was found to have no effect on the platelet thermal stability.

FTIR scans (Figure 3.10) of post-treated ZnO-Na3Cit-100 samples indicated that some

Na3Cit remained on the surface at 340◦C and thus removal of the ligand was not consid-

ered to be a factor in the break up of the plates into smaller crystallites. As such, the ligand

is not necessary to maintain platelet stability and can be removed to avoid interference with

subsequent catalytic activity.

3.4 Conclusion

We have demonstrated a simple solution-based synthetic technique that produced high

surface area ZnO platelets with (0001) faces. The growth mechanisms via synthesis using

the amine-based competing ion technique and citrate based poisoning method show that

the competing ion effect provided only a weak interaction, while the poisoning method

was a far more robust process. FTIR and TGA/DTA results indicated the HMT ligand was

not bound to the ZnO after synthesis, thereby implying that it provided a weak interaction
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in solution to moderately favor (0001) facet growth. In contrast, the presence of Na3Cit

produced a much thinner platelet. The thermal stability of the sample was found to be

dependent on the relative proximity of the individual platelets. Stacked platelets tended

to condense upon removal of the citrate ligand by heat treatment whereas plates that were

separated from each other retained a high surface after thermal treatment. The stacked

platelets lost surface area when they sintered to form thicker crystallites. In contrast, the

disordered platelets did not have the nearest neighbor contact that the stacked platelets did,

and thus remained distinct. Many of the deformed plates continued to expose the (0001)

facet, which suggests that moderate heat treatments were not detrimental to the overall

exposed facet. Studies to investigate the activity of supported catalysts using these polar

powders are underway.
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(a) (b)

(c) (d)

Figure 3.2: Samples synthesized with a range of Na3Cit from 1 mg (ZnO-Na3Cit-1, a) to
10 mg (ZnO-Na3Cit-10 plates, b and higher magnification, c) and 100 mg (ZnO-Na3Cit-
100, d) demonstrated formation of increasingly thin platelets.
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Figure 3.5: XRD diffraction pattern showing ZnO-Na3Cit-10 (Open diamonds) with cor-
responding Reitveld refinement curve shown as a solid line. Major peaks corresponding to
ZnO (Wurtzite, [1]) are noted by filled diamonds. The other set of peaks (filled triangles)
fit the pattern for an organometallic phase (ICSD card # 260453).

Figure 3.6: SAED (inset) of an individual platelet of the ZnO-Na3Cit-100 sample after
heating to 150◦C exposing the (0001) facet. Images processed with ImageJ [6].
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(a) (b)

Figure 3.7: Both the ZnO-Na3Cit-10 (a) and ZnO-Na3Cit-100 (b) samples maintained the
(0001) facet upon heating to 250◦C, as shown by the SAED images (insets).
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Figure 3.8: TGA/DTA analysis of ZnO-Na3Cit-10 and -100 samples show a significant
difference in weight loss due to ligand removal.
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(a) (b)

Figure 3.9: After heating to 250◦C, the ZnO-Na3Cit-10 (a) and ZnO-Na3Cit-100 (b) plates
remained intact but showed signs of thermal damage.
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Figure 3.10: FTIR spectra of the ZnO-Na3Cit-100 sample as a function of pretreatment
show that the sample retained some Na3Cit at each pretreatment temperature.
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Chapter 4

Acetylene Hydrogenation Activity of

Monodispersed Pd Nanoparticles by

Photoreduction in Methanol

4.1 Introduction

Supported Pd nanoparticles constitute the active phase in catalysts used for energy con-

version, chemical synthesis and pollution abatement. To achieve the highest selectivity

and reactivity, it is desirable to have well dispersed nanoparticles (NPs) that have identi-

cal properties and distribution of active sites [54]. Unfortunately, conventional synthesis

routes donot provide the requisite degree of control, since they start from Pd salts which

are first deposited on a support by impregnation or precipitation. Reduction is achieved by

high temperature treatments involving calcination and H2 reduction, or chemical reduction

by sodium borohydride [55]. The resulting broad distribution of particle size, shape, and

composition is detrimental to catalyst performance. Hence, there has been considerable

interest in developing colloidal routes to synthesize well defined nanoparticles that could
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be used to prepare heterogeneous catalysts [56–58]. Typically, solution routes require var-

ious reducing agents such as hydrazine [59], alkaline borohydrides, [60] or amine groups

[61] where the particles are protected by polymer groups, surfactants or ligands to prevent

agglomeration and growth [60, 62].

Polymer protecting agents such as poly(vinyl pyrrolidone) (PVP) and polyvinyl alco-

hol (PVA) allow preparation of metal colloids that can be stable for months with reasonable

control over size as well as shape [63–67]. The synthesis involves addition of polymer to

the metal salt followed by chemical or thermal reduction to produce a stable black suspen-

sion of Pd0 particles. These polymer-capped nanoparticles have been shown to be capable

of adsorbing probe molecules (i.e., CO) [65] and to be active in a variety of liquid-phase

reactions, such as olefin hydrogenation [56] as well as alcohol oxidation [68]. However,

when the polymer capped nanoparticles are deposited on a support for gas-phase reac-

tions, the capping agent must be removed to achieve catalytic activity [54, 69, 70]. The

high temperature oxidation and reduction treatments used can lead to particle growth and

loss of monodispersity. Therefore, there is a need to develop novel routes that can provide

metal nanoparticles without protective polymers or capping ligands.

In solvothermal synthesis, precursors such as palladium chloride, or palladium (bis

acetyl acetonate) are added to high boiling solvents such as bromobenzene, toluene or

methyl isobutyl ketone in the presence of a surfactant to achieve reduction to the metal

[71]. A more easily reduced precursor, such as palladium acetate (noted as Pd(OAc)2) al-

lows for colloidal synthesis at lower temperature using simple alcohols as reducing agents

[57, 58, 72]. However, literature reports that utilize methanol (MeOH) without a capping

agent indicate that large aggregates will form [72]. These aggregates can reach diameters

of 50 nm and are not suited for catalytic applications. The uncontrolled reduction of Pd

complexes at elevated temperatures has been described in the homogeneous catalysis lit-

erature as a nuisance [73]. These studies all suggest that capping agents or ligands are

essential for the synthesis of nanoparticles in solution at elevated temperatures.
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Recent work by Chen et al. [74] has shown that graphene oxide can directly reduce

K2PdCl4 to produce NPs. While this is an effective technique and yields Pd nanoparticles

of about 3 nm in diameter, it is limited to reactions using graphene oxide as a support.

We describe here a more general route for synthesizing nanoparticles that involves the

reduction of the precursor by the solvent. In order to avoid capping agents, a mild reducing

agent must be employed to limit rapid particle formation, growth, and coalescence. We

have found that the room temperature reduction of Pd(OAc)2 in MeOH is slow enough

to produce a suspension of Pd NPs. These NPs can then be used as the metal phase

of a heterogeneous catalyst without the need for thermal treatment prior to reaction. A

Pd-NP/C catalyst was prepared by mixing the carbon support into the suspension of Pd

NPs and evaporating the solvent. Aggregate formation was a concern, as there were no

capping agents to prevent particle growth. Therefore, the nanoparticles were collected

quickly before substantial aggregation could occur. As the reduction was not caused by

the support, this technique is general and can be extended to other powder supports. The

catalyst was active as-prepared and was found to be active and very selective for acetylene

hydrogenation in the presence of excess ethylene.

4.2 Methods

4.2.1 Chemicals

All chemicals were used as received and stored under ambient conditions unless otherwise

noted. Two separate containers of Pd(OAc)2 were used, one stored and used in an argon-

filled glovebox and the other stored and used under bench-top conditions. Anhydrous

MeOH and bench-top MeOH, ethanol, 2-propanol, toluene and acetone were reagent grade

and purchased from Sigma Aldrich. Vulcan XC72R was obtained from Cabot Corporation.

Hydrogen, nitrogen, and a mixture of 0.5% acetylene and 35% ethylene (balance nitrogen)
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were UHP grade from Matheson Trigas.

4.2.2 Synthesis

Preparation of colloidal nanoparticles

For a typical sample, Pd nanoparticles were synthesized by mixing Pd(OAc)2 (5 mg) in

MeOH (15 mL) in a scintillation vial and stirring for approximately 5 min with unob-

structed exposure to room lighting. The vial was placed on an elevated stir plate for ob-

servation and allowed to react undisturbed for 20 min. After 20 min, a TEM grid was

dipped into the vial and allowed to dry. Variations on this method were conducted with

air-exposed precursors and solvents, including acetone, toluene, ethanol, and 2-propanol.

The dependence upon light was evaluated by isolating a vial in an insulated container

placed over a stir plate. The solution was stirred for 5 min in the dark and allowed to

sit undisturbed over a 2 h period. Observations were conducted at 10 min intervals to

minimize light exposure.

Preparation of supported catalyst

A supported catalyst was prepared by dissolving anhydrous Pd(OAc)2 (20 mg) in anhy-

drous MeOH (30 mL) and stirring continuously for 10 min in a Schlenk flask under inert

atmosphere. The flask was removed to ambient atmosphere and Vulcan XC72R carbon

(1.0 g) was added. The slurry was mixed for an additional 10 min and subsequently at-

tached to a rotovap, using the bath to maintain the flask at ambient temperature. The

solvent was removed while the reaction continued to progress. After 30 min, the reaction

was complete and the slightly damp powder was allowed to air dry prior to characteriza-

tion. No additional treatments were performed prior to catalytic activity measurements.

This sample will be referred throughout the manuscript as Pd-NP/C. A similar sample
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was prepared under identical conditions, except toluene was used as the solvent. As this

sample did not form nanoparticles in solution, it will be referred to simply as Pd/C.

4.2.3 Acetylene hydrogenation

The catalyst was granulated by pressing the dried powder under∼7 metric tons with a

Carver hydraulic press to produce a pellet. The pellet was ground and the powder sieved

to between 106 and 250µm using # 140 and # 60 U.S. standard testing sieves from VWR.

A sample of 15 mg of powder was mixed with 400 mg SiC (350µm average grain size,

Washington Mills) as an inert to minimize temperature non-uniformity. The mixed powder

was packed in a 0.25 inch quartz tube between two plugs of quartz wool. A mixture of

acetylene (0.5%) and ethylene (35%) in a balance of nitrogen was passed over the powder

at a flowrate of 66 mL/min. Hydrogen was passed at 1.4 mL/min to produce a 5:1 ratio of

hydrogen to acetylene. Product gases were sampled at temperature intervals of 10◦C by

a Varian 3800 gas chromatograph equipped with a CP-PoraBOND U column and an FID

detector.

4.2.4 Characterization

FTIR (Nicolet 6700, 32 scans, 4 cm−1 resolution) was used to probe for the presence of

hydroxyl groups on each precursor. The prepared colloids were examined by transmission

electron microscopy (TEM, JEOL 2010F) operated at 200 kV in scanning (STEM) and

high resolution (HRTEM) modes to determine the size and composition of the particles. X-

ray diffraction (XRD, Panalytical X’Pert Pro, 45 kV 40 mA) was used as a complementary

technique. An aliquot of the colloid was pipetted onto a zero-background Si wafer and

allowed to dry at room temperature. As the solvent evaporated, the particles coalesced and

produced a film, which was then analyzed to verify production of a metallic phase.
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4.3 Results and Discussion

The initial investigation involved the reduction of Pd(OAc)2 in MeOH to produce a sus-

pension of Pd NPs (Figure 4.1). A systematic study of precursor conditions, light exposure

and solvent was undertaken. In the initial study, using an air-exposed precursor and sol-

vent, the dissolution of the red-orange Pd(OAc)2 in MeOH yielded a pale yellow solution

which progressively darkened to a black solution after 60 min (Figure 4.1a).

Subsequent attempts to reproduce the reaction resulted in longer reaction times (up

to days) and moderate variation in particle size. Under rigorously dry conditions, the

color change was found to be both faster (dark green in 20 min, black in 30 min) and

reproducible. A TEM grid was dipped into the solution at 20 min and a dark field STEM

image is shown in Figure 4.1b. The mean diameter of 1.5 nm (Figure 4.1d) is remarkable

in view of the simplicity of the preparation. Multiple tests were performed and it was found

that the size distribution was very similar in each case. The Pd particles were so small that

they were very difficult to detect via HRTEM on the carbon film and could only be imaged

via dark field imaging in a STEM. Our estimate of precision in size measurement is based

on the probe size used for our STEM imaging, 0.2 nm. The electron diffraction pattern

is very diffuse in agreement with the small size and the low loading of the Pd NPs on the

carbon film.

A sample of Pd(OAc)2 in MeOH that was stored in a ‘black box’ was found to yield

no color change after 2 h. Exposure to UV light only led to a similar reaction rate as the

sample under ambient light. Larger chain alcohols (ethanol and 2-propanol) produced a

color change in several hours, but non-alcohol solvents, such as acetone took one week

to react. TEM samples prepared from the acetone preparation revealed that large Pd ag-

gregates had formed. These observations indicated that alcohols were effective reducing

agents, as noted by Hirai et al. [56]. Exposing a solution of Pd(OAc)2 in anhydrous MeOH

to ambient room light yielded optimal results. Following these reaction conditions, a cat-
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alyst was prepared by mixing Vulcan XC72R carbon powder into the solution after 10

min of reaction. The suspension was stirred for an additional 10 min followed by dry-

ing in vacuo at room temperature. The powder was analyzed by TEM (Figure 4.1c) and

the nanoparticles were found to be similar in size to those noted in the previous synthesis

(Figure 4.1b). The Pd NPs in this colloid were confirmed to be metallic based on the XRD

analysis of the dried colloid, which yielded the expected fcc Pd pattern. An XRD sample

of the colloid was prepared by pipetting an aliquot of the suspension on a silicon wafer

and allowing it to dry prior to analysis. As there were no surfactants, the metal dried to a

thin film which produced peaks corresponding to metallic Pd. These peaks were indexed

to ICCD card 89-4897 (fcc Pd) while the precursor did not display any metallic phase,

shown in Figure 4.2. The Pd-NP/C powder did not feature any prominent Pd peaks, which

was expected due to the small crystallite size and low weight loading. EDS indicated that

∼1 wt % loadings had been achieved.

Each as-prepared catalyst was subsequently tested for acetylene hydrogenation with

a 70:1 mixture of ethylene:acetylene in a packed bed reactor. Interestingly, the Pd-NP/C

catalyst was found to be selective (Eq. (4.1)) toward ethylene production at high conver-

sion (Figure 4.4) and active (Figure 4.3,Ea = 49 kJ
mol

) without any pretreatment. Four

subsequent trials showed similar results (Figs. 4.3 and 4.4, Table 4.1). The catalyst was

therefore active without pretreatment, and stable over the time interval studied. Pd is a

well-known hydrogenation catalyst and is commonly diluted with other metals when used

for selective hydrogenation of acetylene [7, 75]. The Pd-NP/C catalyst yielded selectiv-

ity equivalent to the performance of the best catalyst reported in the literature, Pd3Ga7

[76]. The Pd/C catalyst exhibited an activation process where subsequent trials showed

much greater activity in comparison to the initial experiment (Figure 4.3, activation en-

ergies tabulated in Table 4.1). Each trial was significantly less selective (Figure 4.4) at

100% conversion of acetylene. Both catalysts demonstrated activation energies within the

reported values of 40-50kJ
mol

[7, 77], except for trial 1 of Pd/C.
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Table 4.1: Comparison of the performance of the Pd catalysts using selectivity as defined
by Eq. (4.2).

Sample Ea
kJ
mol

Conversion (%) Selectivity (%)
Pd-NP/C
Trial 1 49 76 +72
Trial 2 47 100 +52
Trial 3 47 100 +43
Trial 4 45 98 +44
Trial 5 42 96 +40
Pd/C
Trial 1 98 100 -105
Trial 2 37 100 -224
Trial 3 39 100 -203
Trial 4 42 100 -76
Trial 5 42 100 -89
Pd3Ga7 [76] 99 +71
Pd/Al2O3 [76] 43 +17

Selectivity was defined as the moles of ethylene generated permole of acetylene con-

sumed, as shown in Eq. (4.1). In the notation used,f denotes feed ande denotes effluent.

Selectivity =
CEthylene

e − CEthylene
f

CAcetylene
f − CAcetylene

e

× 100% (4.1)

The change∆CEthylene is caused by production of ethylene from acetylene hydrogenation

and consumption to ethane. Therefore, a positive selectivity indicates a net gain in ethy-

lene compared to the feed. A negative value represents a loss due to consumption of the

feed ethylene in addition to total hydrogenation of acetylene to ethane. This definition of

selectivity differs from an equation used by Osswald et al. [76] who consider the change

in ethylene concentration∆CEthylene to be unreliable, and use equation (4.2) instead.

Selectivity =
CAcetylene

f − CAcetylene
e

CAcetylene
f − CAcetylene

e + CEthane
e + 2Cother

e

(4.2)

This alternate definition of selectivity was used to compare our results with those of Os-

swald et al. [76]. The termCother
e was omitted as there was no green oil detected in the

present work. The comparison (Table 4.1) showed that the performance of Pd-NP/C was
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comparable to Pd3Ga7 and significantly better than Pd/Al2O3. Another study by Studt et

al. [7] reported data in terms of ethane production, but using∼ 26x lower ethylene content

in the feed. The ethane content of the present work is shown in Figure 4.5 as moles of

ethane in the effluent per mole of ethylene in the feed to compare the data on the same

basis. Using this approach, it can be seen that the Pd-NP/C catalyst prepared in this work

showed higher selectivity than the Pd/MgAl2O4 reported by Studt et al. [7]. The high se-

lectivity of Pd-NP/C could be a result of the size of the nanoparticles, the carbon support,

or possible carbonaceous species derived from the catalyst precursor and is under inves-

tigation. As the nanoparticles formed in solution, any carbonaceous impurities present

could have deposited onto the particle as the sample dried. The presence of carbonaceous

layers may have resulted in improved selectivity, as reported previously in the literature

[78]. One possible cause has been attributed to formation of a carbonaceous species due

to the differences between pulse and flow operation. Under standard reaction conditions,

the reactant gasses were allowed to flow through the reactor continuously, and sampled

by the GC. In pulsed operation, the gas flow was turned off while the sample was ana-

lyzed, then turned on two minutes before the subsequent sample was collected. Evidence

for a carbonaceous layer can be seen in the curvature of the selectivity plots (Figure 4.4).

The selectivity can be divided into three different regimes; single turnover, kinetic limited

and diffusion limited. At low temperatures, the hydrogenation is a single turnover event,

and results in 100 % selectivity. Some carbonaceous deposits form, resulting in positive

selectivity at higher temperatures. These deposits are removed during the course of re-

action, resulting in peak selectivity between the kinetic and diffusion regime. Above this

peak, full hydrogenation begins to take place. When the test was conducted in pulse mode,

the carbonaceous deposits did not form, as there was no reactant stream to continuously

replenish the carbon.
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4.4 Conclusions

In summary, a simple route to a highly active and selective Pd-NP/C heterogeneous hy-

drogenation catalyst has been developed. The Pd0 NPs were synthesized from the ambient

temperature reduction of Pd(OAc)2 in MeOH under anhydrous conditions. The inclusion

of Vulcan XC72R during the synthesis led to isolation of the active catalyst that did not re-

quire any additional treatment. This technique alleviated the need to pre-treat the catalyst,

and provided a substantial improvement in selectivity. Additional work on understanding

the performance of these catalysts, and Pd NPs on other supports, is being undertaken to

explore the broader utility of this simple route to Pd0 nanoparticles.
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Figure 4.1: (a) Time-progression (in min) of formation of air-exposed Pd NP solution in
MeOH, (b) STEM image of colloid deposited on carbon film, (c) Pd-NP/C before reaction,
(d) particle size distribution of Pd NP from MeOH.
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L igand and support effects of supported

PdNP catalysts for acetylene

hydrogenation

The synthesis of heterogeneous catalysts has typically been achieved using one of two wet

chemical routes, both of which can result in metal particles of varying size and dispersion.

The most common and well-documented technique is to simply contact a dissolved metal

precursor with the desired support. This can be achieved by incipient wetness [79, 80] or

coprecipitation methods [21], both of which require a heat treatment in either an oxidizing

or reducing environment, depending on the precursor used. Particle growth is not mediated

by any control mechanism and the resulting particles often vary in size by a factor of 6-7

[21, 80].

An increasingly popular alternative is to synthesize particles prior to impregnating on

the support, thus achieving a much finer degree of control over the particle size and, ideally,

dispersion on the surface. Many elegant routes to prepare colloidal capped nanoparticles

have been described [81, 82], but they suffer from a common problem in that the particle
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size is not maintained when preparing and activating the catalyst. Choo et al. [81] report a

critical limitation of polymer encapsulation synthesis for the production of heterogeneous

catalysts. They found that the particle size was inversely proportional to the concentration

of the polymer used. This presents a challenge as the smallest, most desirable particles

are also the ones that are coated with the most organic material. The difficulty arises

due to the need to remove the capping agents to expose the metal surface for catalytic

reaction. Heat treatment is not a viable option as it results in the same particle growth

described in the impregnation method. Radio-frequency plasma generation can remove

organic material without heating to elevated temperatures; however, Gehl et al. report that

surface modification is unavoidable with this technique [83].

In previous work, we found that Pd NPs could be synthesized with a narrow size dis-

tribution without capping agents, which enabled us to produce an active Pd/C catalyst

without pretreatment [84]. The activity and selectivity of a reaction, specifically alkyne

hydrogenation, has been shown to be strongly dependent on the initial state of the catalyst

[85]. Clean Pd, PdH and surface PdC were reported to produce drastically different results

under identical reaction conditions. The authors reported that formation of PdC inhibited

hydrogen uptake, while on a clean Pd surface, a hydride formed easily. The clean and PdH

surfaces indiscriminately hydrogenated any adsorbed hydrocarbon, while PdC selectively

hydrogenated alkyne to alkene. Other reports describe surface carbon [78] and Pd alloys

[76, 86] achieving a similar result. Electronic effects have been suggested where PdC

[87], PdAg [7] or acetylene poisoning [88] energetically favor alkyne adsorption but not

the alkene. The need for carbon in monometallic selective hydrogenation catalysts can be

evaluated by comparing oxide and carbon supported Pd NPs.

The solution synthesis technique developed in our group [84] enables the rapid, facile

production of Pd NPs which were easily deposited on a carbon support. In this work, we

have synthesized a series of PdNP/C and PdNP/oxide powders in order to understand the

influence of synthesis conditions on the activity and selectivity of the final product. Pre-
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treatment was found to be a significant factor in the selectivity of the catalyst. Residual

precursor on the oxide-supported samples reduced during reaction conditions, produc-

ing numerous clusters of non-selective particles. In contrast, the carbon-supported sample

consisted entirely of pre-reduced NPs, which were more favorable for selective hydrogena-

tion. Additionally, formation of coke [78] and green oil [80] is a significant consideration

which our clean, environmentally benign synthesis avoids.

5.1 Experimental

Oxide- and carbon-supported catalysts were prepared using methanol-assisted photore-

duction as described in previous work [84]. Supports used in this study includeγ-Al 2O3

(Sasol Capatal B, calcined to 850◦C for 5 hours prior to use), TiO2 (anatase, Aldrich

99.97%), carbon (Vulcan XC72R) and ZnO (Aldrich 99.99 %). Powders were transferred

to the glovebox by slurrying with 5-10 mL of methanol (MeOH) or pyridine (py) and dry-

ing under vacuum. Nanoparticles were prepared by dissolving 0.02 g Pd(OAc)2 in 20 mL

MeOH in an argon-filled glovebox. The solution was decanted into a 250 mL flask con-

taining 1 g of the support powder. This process was repeated twice to dissolve as much of

the precursor as possible, using 60 mL total volume of solvent. Any residual solids after

the third addition were assumed to be insoluble and not added to the flask. Subsequently,

the flask was transferred to a rotovap, where the powder was dried while maintaining the

flask at room temperature in a water bath. The slurry was fully dried in about 10 minutes.

A non-functionalized alumina supported sample was prepared in the same manner, except

that the alumina powder was added outside the glovebox after 20 min. of reaction time.

This sample will be refered to simply as PdNP/Al2O3. Fourier-transform infrared spec-

troscopy (FTIR) scans were conducted before and after each reaction using an attenuated

total reflectance (ATR, Smart Orbit) attachment on a Nicolet 6700 scanning at 128 scans

with a resolution of 4 cm−1. Thermogravimetric analysis and differential thermal analysis
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(TGA/DTA) were performed on a TA SQT Q600 under flowing N2 at a ramp rate of 20◦C

per minute. CO oxidation experiments were performed using a Varian CP-4900 Micro-GC

utilizing a TCD detector. A balance of UHP He was used to maintain a∼2% CO concen-

tration in the gas stream (He=75 mL/min, CO=1.5 mL/min, O2=1 mL/min). Each sample

(0.020 g) was packed between portions of glass wool in a stainless steel reactor tube. The

temperature was set to increase to 300◦C from room temperature at a rate of 2◦/min.

The gas exit stream of the reactor was sampled every 3 minutes for the entire duration of

the temperature ramp. Acetylene hydrogenation samples were prepared by pressing each

powder under∼7 metric tons and subsequently crushing and sieving to between 100 and

250µm to attain a suitable packing size for the 0.25 inch glass tube reactor. A 0.015 g

sample was mixed with 0.30g SiC (350µm average grain size, Washington Mills) as an

inert to alleviate thermal effects and mixed thoroughly in the reactor tube before capping

with quartz wool. The reactant gases consisted of a mixture of 0.5% acetylene, 35% ethy-

lene (balance nitrogen) and hydrogen to produce a 5:1 ratio of hydrogen to acetylene. Gas

flowrates were 66 mL/min hydrocarbon and 1.4 mL/min hydrogen; all were UHP grade

from Matheson Trigas. Product gases were sampled by a Varian 3800 gas chromatograph

at intervals of 10◦C. After the test was complete, the reactor was purged with N2 and

cooled to room temperature before repeating for a total of 5 trials for each sample. The

catalyst powders were examined by scanning transmission electron microscopy (STEM,

JEOL 2010F 200 kV) to determine the size and composition of the particles before and

after pretreatment.
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Figure 5.1: The dried (as-prepared) PdNP/MeOH-Al2O3 (left) was substantially darker
than PdNP/py-Al2O3 (right).
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Figure 5.2: FTIR-ATR plots of MeOH-Al2O3 and PdNP/MeOH-Al2O3.

5.2 Results and Discussion

5.2.1 Reduction of Pd(OAc)2 to Pd0

Reduction in solution

Once the Pd(OAc)2/MeOH solution was mixed with MeOH-Al2O3 as described in the

previous section, rapid reduction was observed. As the solution was mixed with the dried

powder, a rapid color change from yellow to olive green/grey was observed. This color

change was previously noted [84] and attributed to particle aggregation in solution. The

resulting powder was a dark brown (Figure 5.1), visually suggesting that rapid reduction

and growth had taken place. ATR-FTIR scans indicated the presence of organic species on

the surface (Figure 5.2). Clearly, the AP catalyst was coated with organic material. This
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suggests that some residual precursor monomers were present, despite an observed reduc-

tion in solution. The the extent of reduction was highly dependent on the oxide surface

chemistry. When the oxide was slurred in py and dried prior to synthesis, no observable

color change took place. The solution was light yellow, and when mixed with theγ-Al 2O3

powder, the resulting suspension was beige. Upon drying, the resulting powder was only

slightly shaded, appearing white unless held next to a stock sample for comparison. In

contrast, the MeOH-functionalizedγ-Al 2O3 was not an attractive surface for the precursor

monomers, which proceeded to reduce in solution.

5.2.2 Reduction on the oxide

Other oxides used in this study did not exhibit a pronounced color change during synthesis,

and the resulting powders were light beige. Comparisons between MeOH- and py-ZnO,

-TiO2 and -MgO indicated that the presence of bound solvent did not strongly influence

the synthesis.

Pd-NP/TiO2

Like theγ-Al2O3 in Section 5.2.1 the pretreatment of the oxide influenced the presence

of acetate peaks in the prepared sample. The MeOH−TiO2 exhibited minor peaks in the

1400-1600 cm−1 range; however, py−TiO2 demonstrated many more features in this re-

gion. Two very sharp peaks at 1600 and 1400 were attributed directly to the py, while

broad shoulders were found after depositing the PdNP in solution (5.7). These peaks di-

rectly match the features of Pd(OAc)2, which suggests that some residual organic material

accumulated on the oxide during solution synthesis. After reduction, the sharp peaks at

1600 and 1400 were significantly diminished, while the shoulder remained relatively un-

changed. A TGA/DTA scan of the powder in H2 to 350◦C showed fewer events than the

PdNP/py-TiO2 (Figure 5.3). Micrographs of the catalyst taken before (Figure 5.4a) and
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Figure 5.3: TGA of (a) PdNP/MeOH-TiO2 and (b) PdNP/py-TiO2.

after (Figure 5.4b) TGA reduction show the presence of sub-nanometer particles which

grow slightly to 2-3 nm upon reduction.

(a) (b)

Figure 5.4: TEM micrographs of PdNP/MeOH-TiO2 (a) as-prepared and (b) after reduc-
tion in H2 at 350◦C.
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5.2.3 CO oxidation

CO oxidation experiments confirmed the presence of residue, which was easily removed

under reaction conditions. CO oxidation confirms a substantial difference between the

two catalysts, as the PdNP/MeOH-Al2O3 did not undergo an activation process (Figure

5.5a). The nearly white PdNP/py-Al2O3 did reduce under reaction conditions, resulting

in a much more pronounced change in activity between the first and second trials (Figure

5.5b).
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Figure 5.5: Oxidation of CO over supported catalysts.

The CO oxidation activity correlates closely to the acetylene hydrogenation activity.

The activation observed after the first acetylene trial suggests that the excess hydrogen

in the feed reduced the monomers, resulting in more active sites for each subsequent trial.

The excess hydrogen in the feed likely prevented PdC formation, as Garcı́a-Mota et al. [87]

report that PdC formation is not favorable on existing PdH surfaces. The reduction was

highly dependent on the oxide pretreatment, as shown by the differing activities in Figures

5.6a and 5.6b. Interestingly, the py-TiO2 demonstrated a substantial improvement upon

reduction, which may be due to the bound py preventing agglomeration. This suggests

that the PdNP/py-TiO2 surface underwent minor changes. Paradoxically, the PdNP/py-

TiO2 showed the greatest drop in CO light-off temperature (Figure 5.6b)
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Figure 5.6: Oxidation of CO over TiO2.
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Figure 5.7: FTIR-ATR plots of TiO2 support.

Pd-NP/ZnO

The ZnO-supported samples showed much less change between the AP and reduced cat-

alysts. While TiO2-supported catalysts underwent substantial reduction during the CO

oxidation reaction, the ZnO-supported powders exhibited only a small change in light-off

temperature (Figure 5.8a). This small change in activity corresponds to minor surface

changes observed by TGA and FTIR. Much less mass was volatilized under reduction

conditions
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Figure 5.8: Oxidation of CO over ZnO.

5.3 Acetylene hydrogenation

The activity and selectivity of PdNP/γ-Al 2O3 underwent an activation process, as shown in

5.9. After the initial reaction, each subsequent trial demonstrated a slight thermal runaway

at the first temperature point. Although the temperature controller was set at 35◦C, the

recorded temperature was 40◦C for trials 2-4. Each subsequent point was within 1◦C
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of the setpoint. The conversion at low temperatures also increased significantly; trials

2-4 each begin at∼ 75 % conversion whereas the initial trial showed negligible activity.

Due to the increased activity, the corresponding selectivity was only comparable at high

conversion (Figure 5.10), although minimal differences were observed between each trail.

5.3.1 PdC-NP/C

The acetylene hydrogenation activity of PdC-NP/C remained constant after several trials

(5.9), which suggests that the surface was not modified during reaction. The selectivity

to ethylene decreased slightly at each trial (Figure 5.10) however, net production of ethy-

lene was maintained at full conversion for each trial. These observations suggest that the

surface of the NPs remains constant while surface adsorbates cause a change in selectivity.
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5.4 Conclusion

This work has shown that the support used when preparing heterogeneous catalysts via

the alcohol reduction route influences the composition of the resulting NPs. The resulting

Pd-NP/C catalyst exhibited greater selectivity, but reduced activity in comparison to the

Pd-NP/oxide catalysts. It is likely that the high selectivity was due to abundant carbon

deposits on the Pd-NP/C catalyst. Literature reports [87, 89] describe diffusion limitations

when generating surface PdCin operando. As the pre-formed NPs were already coated

in carbon, the production of PdC was facile in this case. This PdC species was respon-

sible for the high selectivity observed in this work and previously [84]. In contrast, the

Pd-NP/oxide catalysts exhibited poor selectivity, which is frequently reported [85, 87] to

be due to clean Pd metal or PdH. These surfaceswere formed during reaction due to the

presence of unreduced precursor. Reports in the literature [90, 91] describe strong bind-

ing of acetylacetonate to oxide surfaces. As the Pd(OAc)2 precursor is chemically similar

to acetylacetonate, it is likely that residual monomers bonded to the oxide during syn-

thesis. These monomers were not removed when the powder was dried, and were only

reduced when subjected to excess hydrogen in the reactor. As noted in Section 5.2.1, a

hydrogen-rich environment prevents PdC formation, thusin operando reduction leads to

a non-selective catalyst. In contrast, the precursor monomers were not strongly bound to

the carbon, and thus only the fully reduced nanoparticles remained on the surface when

drying. The fully reduced metal therefore exhibited consistent catalytic performance when

subjected to a reducing environment. These particles were slightly larger than the adsorbed

monomeric species present on the oxide, which is why the activity of Pd-NP/C was lower.

Therefore, we conclude that the alcohol reduction method to prepare NPs for supported

catalysts is dependent on the support used.
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Density Functional Theory

6.1 Background Theory

Density functional theory is a method to solve the N-electron Schrödinger equation. Each

of the N electrons requires 3N dimensions to describe, so large systems become difficult

to calculate very quickly. To simplify the matter, Hohenberg and Kohn [92] showed that

the 3N electrons can be modeled by a single electron in an effective potential [93]. The

benefit to this manipulation is that by mapping the entire system onto a single electron,

the 3N dimensions shrink to only 3, which rapidly reduces the complexity of the problem

[94]. The effective potential itself thus becomes the problem of interest. The Kohn-Sham

[95] system is able to find the potential exactly from the probability density. It does so

by taking the liberty of using a system of non-interacting electrons with the same density

as the real system [94]. A non-interacting particle obviously doesn’t exist, but it is a

useful concept to model the system. Actually achieving this numerically remains difficult

[93], so there are many ways to work around this limitation and calculate problems as

accurately as possible. The simplest is the Hartree-Fock effective potential, which is able

to produce a good pattern, but is not exact. It misses the correlation energy [94], which
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is improved upon by a local density approximation (LDA) and further by a generalized

gradient expansion (GGA). The LDA approximates the total energy by setting the kinetic

energy density equal to a uniform electron gas [94]. Thus, when the kinetic energy density

is numerically equal to the uniform electron gas density, the approximation is perfect,

and when it’s not, the approximation only has a small error (≈ 15%). Most important to

this study, the LDA overestimates cohesive energies and can miss transition state barriers

entirely [94], which makes it less than ideal. The LDA can be improved upon by using a

gradient expansion of the density functional. The gradient expansion approximation is an

improvement over the LDA in most respects. It is more accurate, but instead of slightly

underestimating the exact values, it tends to overestimate. Burke [94] notes that a simple

gradient is not sufficient to correct the LDA, it must be ‘patched’ in a few places. First, the

LDA is uniform, but when a gradient is applied, errors in the LDA propagate to very large

values at one end of the spectrum. This must be accounted for by artificial constructions,

producing the generalized gradient approximation (GGA). The error in a GGA calculation

is numerically smaller than an LDA, so the GGA is a useful tool in density functional

calculations.

Many of the numerical methods used rely upon plane waves for computational effi-

ciency [93, 94]. Specifically, plane waves are easy to treat with fast Fourier transforms;

making periodic calculations comparatively simple. In the instances where periodic calcu-

lations are more difficult; such as the core electrons, a pseudopotential is used to simplify

the matter. Pseudopotentials simplify the calculation by replacing the core electrons with

an effective potential. While this enables the calculation to execute in less time and pre-

serve the valence electrons, it does introduce a contrived nature to the calculation.
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Long-Range Effects on Adsorbates

7.1 Introduction

PdZn is a well known methanol steam reforming catalyst; however, the precise mecha-

nism by which it performs is not well understood. Specifically, it is known that Zn modi-

fies Pd to produce a reforming catalyst, (Equation 1.5) while pure Pd merely decomposes

methanol (Equation 1.6). Many researchers have attempted to deconvolute the behavior

of PdZn by investigating individual components of the reactions. The behavior of PdZn

has been shown to differ strongly from bulk Pd. In particular, recent surface studies by

Jeroro et al. [22] have investigated several different structures of Zn in a Pd(111) sur-

face. A range of Zn coverages from 0.00 ML to 0.50 ML was used to investigate the CO

binding energy on PdZn bimetallic surfaces. An unexpected behavior was noted for the

0.06 ML coverage in which the CO molecule was noticeably less strongly bound to the

0.06 ML surface than the pure Pd surface. Despite the isolation of the Zn atoms at such

a low coverage, these samples demonstrated unexpected CO desorption behavior. Den-

sity functional theory (DFT) serves as a useful tool to investigate the atomic nature of

heterogeneous catalysts. Previous studies on PdZn [19], Ag-Pt [96] and other transition
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metals [97] have shown that bulk alloys can be effectively modeled by DFT. These studies

suggest that DFT can be extended to model systems with a much more disparate ratio of

constituent elements. Instead of a true alloy behavior, these systems behave as enhanced

modifications of the original substrate, analogous to a doped semiconductor in an other-

wise nonreactive substrate. Neyman et al. [98] have shown that the position of Zn in Pd-Zn

clusters influences the adsorption energy of CO molecules. The extent of Zn coverage was

not investigated and remains unknown. This open question provided the motivation for

the current work, in which we investigated the CO binding energy on transition-metal (Cu

or Zn) doped Pd(111) surfaces. We have shown that the behavior of the CO on the surface

was strongly influenced by atop-bound Zn atoms. Atop Zn extended a greater region of

influence over the surface than a Zn atom substituted in the Pd surface. The CO binding

energy was found to diminish substantially within the region of influence of a modifier

atom (2.25Å), however, the effect was not noticed at binding sites farther away from

the modifier. These findings suggest that very small amounts of a modifying metal can

influence the binding energy at sufficiently high temperatures.

7.2 Method

Calculations in this study were performed using the GPAW [99] projector-augmented

wave method [100] with the ASE interface [101]. Electronic exchange-correlation was

described by the RPBE functional [102]. All calculations used a grid spacing of 0.2. The

bulk properties (equilibrium lattice parameter and cohesive energy) were found by calcu-

lating the energy of a bulk Pd unit cell with varying lattice parameters and fit to the Mur-

naghan [103] equation of state (See Appendix E). The optimized lattice parameter was

4.026Å and was used to construct a (111) slab. Pd surfaces were constructed to mimic the

0.06 LEED model reported by Jeroro et al. [22] by one of two different approaches. The

first treated the foreign metal as a substitution defect, replacing a single Pd atom in a4×4
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Pd(111) surface with four layers and 12Å of vacuum between each surface. The second

technique treated the modifier as an adatom adsorbed to an fcc site on a pure4×4 Pd(111)

surface. In both cases, a k-point sampling of2× 2× 1 was found to be sufficient, yielding

2 k-points in the irreducible Brillouin zone. The supercell geometry resulted in a 0.0625

ML surface coverage of Zn or Cu, which closely matched the experimentally characterized

0.06 ML surface [22]. The bottom two layers of each surface were constrained, while all

other atoms were allowed to relax using a quasi-newton minimization scheme. A single

CO molecule was adsorbed to various sites (Figure 7.1 and Figure 7.2) with the C oriented

towards the surface as described by the Blyholder model [104]. The entire structure was

allowed to relax by a QuasiNewton minimization scheme until the force was less than 0.03

eV/Å. A corresponding study was conducted on a simple2× 2 surface to find the binding

behavior of CO on large coverages (θ > 0.25 ML) of Zn.

Zn

f1

h1f2

f3 h2

h3

h4

f4

Figure 7.1: Schematic of4 × 4 Pd slab showing each site of adsorbed CO. Atomic layers
are shaded from darkest (top) to lightest, and atomic radii are condensed to more clearly
illustrate each binding site.

The binding energy was found by subtracting the energy of eachcomponent from the

energy of the relaxed surface;

Eb = Eslab+CO − Eslab −ECO (7.1)
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Zn

f1

f2

f4

Figure 7.2: Zn atop-adsorbate.

In order to make an effective comparison of each binding site,the binding energy as a

function of distance from the modifier atom has been plotted in Figure 7.3.

7.3 Results

The most substantial effect was observed when the CO molecule was in direct contact

with the modifier atom (Figure 7.3). CO was less strongly bound to both Cu and Zn when

attached at either an fcc or hcp site. The nearest fcc site to the atop modifier (denoted

as f1 in Figure 7.2) presented an interesting result. Since the modifier was outside the

lattice, it was free to interact over a longer range than its in-lattice counterparts. All other

binding sites demonstrated a similar binding energy to an unmodified Pd slab (Figure 7.3,

dotted lines). Likewise, the influence of the modifying constituent was most noticeable

at the immediately adjacent site. The difference between binding to Zn- and Cu-doped

surfaces was numerically significant at this site, where elsewhere on the surface, there was

no appreciable difference between the two surfaces. Thus; the modifier atom, whether Cu

or Zn, behaved as an ‘atomic island’, where the behavior of CO near the island was more
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Figure 7.3: Plot of CO binding energy as a function of distancefrom the modifier atom.
FCC sites are marked by filled symbols, while HCP sites correspond to open markers.

strongly influenced by the modifier metal than at positions farther away into the bulk. This

shielding effect precluded the possibility of a long-range effect caused by the modifier

metal. Such an observation negated one of the proposed causes for the unexplained CO

desorption observed by Jerroro et al. [22]; i.e. direct CO desorption from the surface. One

possible mechanism provided the possibility that the modifier atoms exerted a long-range

electronic effect on the neighboring Pd atoms. In this scenario, the adsorbed CO was

thought to directly desorb from the electronically modified Pd surface; i.e. the molecule

would not have been in direct contact with the modifier atom. However; it was observed

(Figure 7.3) that this was not the case. The CO molecule binding energy was not affected

by the modifier atom due to the shielding of the neighboring Pd atoms.

7.4 Discussion

The short-range activity of transition metal modifiers in Pd surfaces suggested that the

Redhead treatment [105] of uniform CO could not explain the desorption behavior ob-

served by Jerroro et al. [22]. The models used in this study illustrated that CO behaved

differently in correlation to proximity to the modifying atom. Specifically, the CO binding
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energy followed a steady trend proportional to distance fromthe atom. In the case of in-

lattice modification, the effect of the modifier was limited to adsorption sites in immediate

contact with the atom. This resulted in a very pronounced distinction between the behavior

of the modifier and bulk surface. These results were interpreted to be a manifestation of the

ensemble; the surrounding Pd atoms blocked any electronic effect of the modifier atom.

Huang and coworkers [106] reported a stronger influence of sub-lattice atoms compared

to surface atoms, which agrees with this study.

In conclusion, we have demonstrated that the change in CO binding energy by modifier

Cu or Zn atoms in a Pd(111) surface was strongly dependent on surface transition metal

modifiers. This small region of influence could not have contributed to the unexpected

desorption activity reported by Jeroro et al. [22].
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Conclusion and Outlook

8.1 Influence of synthesis on catalytic activity

This work has shown that the catalyst preparation technique is vitally important to the

performance of the end product. Achieving maximum particle dispersion and minimum

particle size is best accomplished by matching the precursor to the optimum support. Typ-

ical techniques such as incipient wetness and impregnation cannot sufficiently match the

metal phase to the support as they are bulk processes. As a result, large metal aggre-

gates form, and interfacial phenomena cannot be studied. Initial trials ofex situ particle

nucleation addressed this problem, but relied upon a surfactant to prevent ripening. This

approach successfully isolated the metal phase; however, reactivity and particle-support

interactions were compromised. Capping agents can be avoided by using a mild reducing

agent to slowly reduce the precursor. This technique is very effective when depositing

particles on carbon, as the resulting powder is an immediately usable catalyst. When used

on oxides, the deposition technique is strongly dependent upon surface chemistry, as il-

lustrated by the stark contrast between MeOH-Al2O3 and py-Al2O3. This is a simple and

effective synthesis technique.
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8.2 Support and particle interaction

Support interactions are important to methanol steam reforming, particularly PdZn al-

loy formation from Pd/ZnO catalysts. Idealized ZnO surfaces featuring high exposure

of (0001) planes have been prepared, but are not compatible with the current Pd depo-

sition technique. The ZnO platelets are often coated in residual organic material, which

interferes with characterization of organic residues on the surface of the support, or the

deposited particles. Once this limitation is overcome, the technique developed provides

the potential to prepare highly dispersed sub-nanometer particles directly onto an oxide

support. Density functional studies conducted in this work illustrated the strong influence

that single atoms can have over a limited region. A larger concentration of these atomic

islands could provide substantial catalytic activity with orders of magnitude less metal

phase than larger (< 5 nm) particles currently require. The synthetic techniques outlined

here could achieve an idealized result in a practical catalyst.
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Appendix A

Calibration Tests and Supplimental

Information

A.1 Characterization and Baseline Activity of Vulcan XC72R

The Vulcan XC72R used in this study (Chapter 4) was examined to determine if there

were significant contaminants that would interfere with the acetylene hydrogen reaction

study. The carbon itself is slightly active, but this is diminished by diluting with a 1:5 ratio

of SiC, as done in the experimental procedure (Section 4.2). It was concluded that the

support would not contribute any significant error to the experimental results.

A.2 Weight Percent by EDS Analysis

EDS analysis was used as one technique to determine the weight loading of Pd nanoparti-

cles on Vulcan XC72R supports. Carbon-less TEM grids were used to avoid background

noise and were prepared by depositing ground sample in a thick ethanol slurry onto the
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Figure A.1: Baseline activity of Vulcan XC72R compared to thesame powder with SiC as
an inert.

grid. Once in the TEM, the sample was tilted towards the EDS detector by 15◦ to reduce

shadowing. EDS spectra were collected with INCA software and exported as plain text

files and summary html reports. Data analysis was conducted by plotting each spectrum

within windows displaying the CKα1 and PdLα1 peaks. The quality of the data was assessed

by comparing the C peak to the nearby noise peak to ensure that the C peak was greater,

thus assuring that a reliable signal was collected. Likewise, the Pd peak was compared

to the surrounding data points to ensure that the peak could be accurately extracted from

the background. Spectra meeting both of these criteria were used analyzed to provide a

weight loading for the sample.
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Figure A.2: Accepted EDS spectra.

Beginning of EDS multiple plot code

1 #!/bin/bash

2 mkdir plots

3 FILENAMES=$(ls * .txt)

4 for i in $FILENAMES

5 do

6 CLEAN=$(echo ‘basename "$i" .txt‘)

7 grep ˆ[ˆ\#] $i > plots/data$CLEAN.txt

8 sed "s/XXXX/$CLEAN/g" plot.gnu > plots/plot$CLEAN.gnu

9 gnuplot plots/plot$CLEAN.gnu

10 done

End of Code
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A.3 Catalyst Bed Layering

In order to prevent channel formation in the packed catalyst, a sample was loaded in multi-

ple layers separated by small amounts of SiC. Samples packed in this manner with between

3 and 5 striations demonstrated substantially improved catalytic activity as each band be-

haved as a plug-flow reactor in series with the other components.

Quartz wool

Silicon carbide

Catalyst

Figure A.3: Schematic of a 3-zone paching scheme for a Pd/C sample.
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Appendix B

Mathematical Formulas and Derivations

The thickness of the ZnO plates discussed in Chapter 3 was found by equating the BET

surface area to the theoretical surface area per unit mass of a cylindrical disc.

BET =
SA

unit mass
(B.1)

BET =
2(πa

2

4
) + πac

unit mass
(B.2)

BET × ρ =
πa2

2
+ πac

unit volume
(B.3)

BETρ =
π(a

2

2
+ ac)

πa2

4
c

(B.4)

BETρ =
2

c
+

4

a
(B.5)

Assumec ≪ a

c =
2

BET × ρZnO

(B.6)
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Reitveld Refinement

Reitveld refinment of XRD samples was performed using General Structure Analysis Soft-

ware (GSAS) [49] and EXPGUI [50]. EXPGUI is a graphical front-end to GSAS and is

explained below. Both GSAS and EXPGUI are available on Windows, Mac OS X and

Linux systems. This tutorial uses the Mac OS X version, however, operation is consistent

across each platform. In addition to GSAS and EXPGUI, convX [107] is a useful utility

to convert raw data to a GSAS compatible file.

1. Initialize the program and select the proper directory.

2. Enter the desired file name, followed by a. exp extension.

3. Change the number of calculation cycles to 30 (figure C.1). Most patterns will

require at least 30 cycles per calculation, however, this is merely a suggested starting

point.

4. Click thePhase tab and add a.cif file (figure C.2). Many.cif files are avail-

able online from Downs et al. [1].

5. Click the Histogram tab and add a collected pattern by clicking theAdd New
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Histogram button (figure C.3). Data generated with the Pan’Analytical X’Pert

Pro can be converted to a GSAS.raw format by using an external program titled

conveX. ConveX inter-converts several different XRD data formats.

6. Click theProfile tab and change the phase type to 2 for each phase.

7. The actual refinement step is performed by GSAS on a command line. Powpref and

genles are executed from EXPGUI and display in a terminal or X window, depend-

ing on the operating system used. Runpowpref and pressenter to return to

EXPGUI (figure C.4l). PressLoad New to proceed when prompted.

8. Executegenles to calculate the curve fits. Make note of theχ2 value and the

convergence before pressingenter to return to EXPGUI (figure C.4).

9. View the pattern and fit by clicking onl iveplot (figure C.5).

Figure C.1: Initial screen view for EXPGUI. To increase the number of calculations per
run, adjust the circled setting.
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Figure C.2: Add reference phases as crystallographic information files (.cif ).

Figure C.3: Enter collected XRD patterns using the circled menu.
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(a) Powpref window (b) Genles window

Figure C.4: Powpref and completed genles window displayingχ2 value (a) and conver-
gence (b).

Figure C.5: The liveplot feature displays the completed Reitveld refinement with the orig-
inal data as well as a difference pattern.
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Acetylene Hydrogenation Reaction

D.1 Startup

1. Load a glass tube reactor with catalyst or catalyst/SiC powder and pack between two

plugs of quartz wool (figure D.2).

2. Place tube in chosen reactor position (A, B, or C, figure D.1) and secure with fittings

just until finger-tight.

3. Wrap the tube and fittings with resistance heating tape (figureD.2, red coil).

4. Open valve V3x (where x corresponds to position A, B, or C) and turn valve V2 to

feed to position x.

5. Begin flowing reactant gases (H2, V1c and hydrocarbon mix, V1b).

6. Set temperature controller TC to desired set-point before turning the variac to 120

V (position towards the operator).

7. Allow system to ramp and equilibrate for 15 minutes for a 10◦C temperature incre-

ment.
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N2
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To GC

Figure D.1: Overall schematic of acetylene hydrogenation system.

D.2 Operation

1. OpenVarian Star Chromatography Station if not already open. If you

are prompted to select an IP address, select10.2.128.6 .

2. Start theAcetylene Hydrogenation method.

3. SelectFile, New Sample List to open the sample list dialog box.

4. Click the Add Lines button (figure D.3a) and change the number of samples to 5.

ChangeDefault Sample to a descriptive name.

5. Click the Data Files button in the sample list dialog box to select the folder to

save each output file in.

6. Once the sample has equilibrated at the desired temperature (section D.1, item 7),

click Begin (figure D.3b).
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Catalyst

TC

Variac

Figure D.2: Close-up view of a single reactor.

7. Allow sample to run for 30 minutes.

8. After data collection is complete, export the results files toASCII text format by

right-clicking on each file and choosing theConvert Raw Data and Results

to ASCII option (figure D.4).

9. Adjust the temperature as soon as the last sample is injected;for a five sample series,

this will occur at 30 minutes past the start point.

Figure D.3: example caption
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Figure D.4: example caption

D.3 Shut down

1. Once data collection is complete, turn the reactant gasses off and turn N2 (V1a) on

to full flow.

2. Turn the temperature controller and variac off.

3. Allow the line to flush while the reactor cools.

4. Turn off the N2, close valve V3x.
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Density Functional Theory

Background Calculations

E.1 Bulk Metal and Alloy Study

The lattice parameters of Pd, Zn and PdXZnY (where X and Y = 1 and 3 or vice versa)

alloys were investigated using GPAW [108]. The constant was varied around the experi-

mental value of Pd and allowed to fluctuate between 3.847 and 4.188Å. The total energy

of the system was found using the RPBE functional [102] with an8 × 8 × 8 Monkhorst-

Pack grid yielding 20 irreducible k-points. The resulting data points were fit to the Rose

[103] and Murnaghan [109, 110] equations of state. The Murnaghan equation of state

produced a better fit for each system studied, so it was used to provide lattice parameters

for the following slab calculations. In addition, the curve fit provided data on the bulk

modulus,B0, which has been included in table E.1.
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E.1.1 Bulk Pd

The study began by finding the appropriate energy cutoff and k-point mesh.
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Figure E.1: The total energy with respect to k-points fluctuated around the value of the
8 × 8 × 8 grid (-13.17 eV). Since no significant improvement could be obtained by using
a finer k-point grid, subsequent calculations used the8× 8× 8 mesh.

The grid spacing was found to be varying as the size of the unit cell changed, so the

grid points were manually set at24 × 24 × 24, which improved the output considerably.

The slope of the curve matches the data points; however, the bulk modulus as calculated

from the fit did not agree with literature values (see table E.1). The discrepancy between

the literature and calculated bulk moduli is rather large and suggests a serious error. The

resulting lattice parameter was calculated as 4.026Å.

94



Appendix E. Density Functional Theory Background Calculations

-13.20

-13.15

-13.10

-13.05

-13.00

-12.95

-12.90

-12.85

-12.80

58 60 62 64 66 68 70 72 74

E
[e

V
]

Unit Cell Volume [Å3]
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Figure E.2: Fit to the total energy as a function of unit cell volume for Pd. The minimum
lattice parameter was found to be 4.026Å.

E.1.2 Bulk PdZn

The PdZn calculation likewise improved from fixing the grid points at24 × 24 × 24 and

narrowing the range of lattice parameters. The equilibrium lattice parameter decreased

slightly from the bulk Pd calculation to 3.981̊A.

E.1.3 Bulk Pd3Zn

The Pd3Zn behaved similarly to the bulk Pd. The lattice parameter was 4.005Å and the

bulk modulus was 115.21 GPa, which closely mirrored the values obtained for Pd.
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Figure E.3: PdZn total energy with respect to unit cell volume. The minimum lattice
parameter was 3.981̊A.

E.1.4 Bulk PdZn3

PdZn3 demonstrated substantially lower energy values than the other alloys due to the high

concentration of Zn atoms in the lattice. Since Zn is an hcp crystal, not fcc, it is likely that

the minimum energy calculated is not a true minimum. Further investigations in which the

Pd is treated as the dopant in an hcp system are underway.
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Figure E.4: Fit to the total energy as a function of unit cell volume for Pd3Zn. The mini-
mum lattice parameter was 4.005Å.

-7.88

-7.86

-7.84

-7.82

-7.80

-7.78

58 60 62 64 66 68 70

E
[e

V
]

Unit Cell Volume [Å3]
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Figure E.5: Plot of PdZn3 total energy with respect to the unit cell volume.
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Table E.1: Equilibrium lattice parameters (Å) and bulk moduli (GPa) of Pd and PdXZnY

alloys.

Material a0(Å) B0(GPa)

Pd 4.026 126.44
Pd [111] 3.94 163
PdZn 3.981 95.74
PdZn[19] 4.148 Not Available
Pd3Zn 4.005 115.21
PdZn3 3.991 71.6
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Knop-Gericke, Robert Schlögl, and Konrad Hayek. Growth and structural stability

of well-ordered PdZn alloy nanoparticles.Journal of Catalysis, 241(1):14 – 19,

2006. ISSN 0021-9517.

[18] Travis Conant.Pd-Zn Bimetallic Catalysts for the Steam Pd-Zn Bimetallic Catalysts

for the Steam Reforming of Methanol. PhD thesis, University of New Mexico,

Albuquerque, NM, May 2008.

[19] Zhao-Xu Chen, Konstantin M. Neyman, Aleksey B. Gordienko, and Notker Rösch.
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[28] H. Gabasch, A. Knop-Gericke, R. Schlögl, S. Penner, B. Jenewein, K. Hayek, and

B. Klotzer. Zn adsorption on Pd(111): ZnO and PdZn alloy formation.Journal of

Physical Chemistry B, 110(23):11391 – 11398, JUN 2006.

[29] I. Ritzkopf, S. Vukojevic, C. Weidenthaler, J. D. Grunwaldt,and F. Schuth. De-

creased CO production in methanol steam reforming over Cu/ZrO2 catalysts pre-

pared by the microemulsion technique.Applied Catalysis A: General, 302(2):215

– 223, APR 2006.

[30] S. W. Kim, J. Park, Y. Jang, Y. Chung, S. Hwang, T. Hyeon, and Y. W. Kim. Syn-

thesis of Monodisperse Palladium Nanoparticles.Nano Letters, 3(9):1289 – 1291,

SEP 2003.

[31] S. H. Sun, C. B. Murray, D. Weller, L. Folks, and A. Moser. Monodisperse FePt

Nanoparticles and Ferromagnetic FePt Nanocrystal Superlattices.Science, 287

(5460):1989 – 1992, MAR 2000.

102



REFERENCES

[32] Gerd H. Woehrle, Leif O. Brown, and James E. Hutchison. Thiol-functionalized,

1.5-nm gold nanoparticles through ligand exchange reactions: Scope and mecha-

nism of ligand exchange.Journal of the American Chemical Society, 127(7):2172

– 2183, 2005.

[33] Peter C. K. Vesborg, Ib Chorkendorff, Ida Knudsen, Olivier Balmes, Jesper Nerlov,

Alfons M. Molenbroek, Bjerne S. Clausen, and Stig Helveg. Transient behavior of

Cu/ZnO-based methanol synthesis catalysts.Journal of Catalysis, 262(1):65–72, 2

2009. doi: 10.1016/j.jcat.2008.11.028.

[34] W. H. Cheng, S. Akhter, and H. H. Kung. Structure sensitivity in methanol decom-

position on ZnO single-crystal surfaces.Journal of Catalysis, 82(2):341–350, 1983.

ISSN 0021-9517. doi: 10.1016/0021-9517(83)90200-2.

[35] H. Wilmer, M. Kurtz, K. V. Klementiev, O. P. Tkachenko, W. Grünert, O. Hinrich-

sen, A. Birkner, S. Rabe, K. Merz, M. Driess, Ch. Wöll, and M. Muhler. Methanol
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Ute Wild, Yuri Grin, and Robert Schlögl. Palladium-gallium intermetallic com-

pounds for the selective hydrogenation of acetylene: Part ii: Surface characteriza-

tion and catalytic performance.J. Catal., 258(1):219–227, 2008. ISSN 0021-9517.

doi: 10.1016/j.jcat.2008.06.014.

[77] H. Molero, B. F. Bartlett, and W. T. Tysoe. The hydrogenation of acetylene cat-

alyzed by palladium: Hydrogen pressure dependence.J. Catal., 181(1):49–56,

1999. ISSN 0021-9517. doi: 10.1006/jcat.1998.2294.

[78] Willem G. Augustyn, Robert I. McCrindle, and Neil J. Coville.The selec-

tive hydrogenation of acetylene on palladium-carbon nanostructured catalysts.

Applied Catalysis A: General, 388(1-2):1–6, 2010. ISSN 0926-860X. doi:

10.1016/j.apcata.2010.07.038.

[79] Thomas A. Westrich, Xiaoyin Chen, and Johannes W. Schwank. Isooctane de-

composition and carbon deposition over ceria-zirconia supported nickel catalysts.

Applied Catalysis A: General, 386(1-2):83–93, 2010. ISSN 0926-860X. doi:

10.1016/j.apcata.2010.07.029.

[80] R. J. Liu, P. A. Crozier, C. M. Smith, D. A. Hucul, J. Blackson, and G. Salaita.

Metal sintering mechanisms and regeneration of palladium/alumina hydrogena-

109



REFERENCES

tion catalysts. Applied Catalysis A: General, 282(1-2):111–121, 2005. doi:

10.1016/j.apcata.2004.12.015.

[81] H. P. Choo, K. Y. Liew, and H. F. Liu. Factors affecting the sizeof polymer sta-

bilized Pd nanoparticles.Journal of Materials Chemistry, 12(4):934 – 937, 2002.

ISSN 0959-9428. doi: 10.1039/b108260b.

[82] Chengmin Shen, Chao Hui, Tianzhong Yang, Congwen Xiao, Jifa Tian, Lihong

Bao, Shutang Chen, Hao Ding, and Hongjun Gao. Monodisperse noble-metal

nanoparticles and their surface enhanced raman scattering properties.Chemistry

of Materials, 20(22):6939–6944, 2008. doi: 10.1021/cm800882n.
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Falta, Horst Weller, and Marcus Bäumer. Structural and chemical effects of

plasma treatment on close-packed colloidal nanoparticle layers.Advanced Func-

tional Materials, 18(16):2398–2410, AUG 22 2008. ISSN 1616-301X. doi:

10.1002/adfm.200800274.

[84] Patrick D. Burton, Timothy J. Boyle, and Abhaya K. Datye. Facile, surfactant-free

synthesis of pd nanoparticles for heterogeneous catalysts. In Press, 2011.

[85] Detre Teschner, János Borsodi, Zoltán Kis, László Szentmiklósi, Zsolt Révay, Axel
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