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Summary

This thesis explores the direct synthesis of hydrogen peroxide (H202) from molecular
hydrogen and oxygen using Pd-based supported catalysts, under conditions considered
unfavourable to H20- stability, namely in the absence of external additives and at ambient
temperature. The direct synthesis of H,O; represents an attractive, more atomically efficient,
and environmentally friendly alternative to the current industrial route to H.O, via the
anthraquinone oxidation process. However, several issues must be addressed before the direct
synthesis process can be considered industrially viable. The main challenge of the process is
associated with poor H.0- selectivity of the highly active catalysts as they often display high
rates of H,O, degradation, through hydrogenation and decomposition pathway. To inhibit
unwanted side reaction and increase selectivity of the catalyst, acid and halide additives are
often applied to reaction solution, which leads to additional costs affiliated with removal of
these additives, corrosion of the reactor vessel, and metal leaching from the catalyst; which
decreases the lifetime and activity of the catalyst. In recent years a growing library of catalysts
that display high H,O; selectivity have been reported; however, these earlier studies have
utilised complicated catalyst synthesis procedures and still rely on high precious metal loading
and the use of sub-ambient temperatures to improve H,O; stability. The aim of this work is
focused on utilising conditions that are more likely to be industrially applicable and could
result in a decrease in overall process costs. Additionally, novel catalysts were designed and

synthesised with a focus on more effective and efficient utilisation of precious metals.

The first part of this work sets out to optimise catalyst formulation and reaction conditions
with a focus on monometallic Pd catalysts, prepared by an industrially relevant wet
impregnation procedure. It was previously shown that monometallic Pd catalysts are highly
active towards synthesis of H.O,, although they also typically demonstrate high activity
towards competitive degradation reactions. The optimal metal loaded catalyst produced in the
work achieved high H,O, synthesis activity of 65 moluzo2 kgeart h2, with no activity to the
subsequent degradation of H.O,, while avoiding costly secondary metals or the need for
external additives previously required to improve catalytic performance. The activity of the

catalyst can be attributed to highly dispersed PdO species with mean particle size of 0.7 nm.

The second part of this work is centred around bimetallic supported catalysts and how the
addition of secondary metals (Au, Sn, Ni) affect catalytic performance towards H.O-
synthesis. The addition of secondary metals to monometallic Pd catalyst is well known to
significantly enhance synthesis activity and selectivity of the catalyst towards H,O,and inhibit
sequential degradation reactions. To the date, AuPd supported catalyst have been extensively

studied in the direct synthesis of H,O», achieving enhanced catalytic performance through



synergistic effects and avoiding the requirement of external additives typically required for
Pd-only catalyst. In a similar manner to AuPd systems, SnPd and NiPd catalysts have been
reported to achieve high H>O, synthesis activities. However, these catalysts have been
hindered by the need for extensive and complicated preparation procedures and have typically
utilised high metal loadings. Within this work, it is demonstrated that it is possible to
synthesise SnPd and NiPd catalysts with high activities of 111 molu202 kgeart h™tand 55 molyzo2
kgea WL, respectively, offering comparable synthesis activities to well established AuPd

catalysts, under reaction conditions that are unfavourable to H,O, stability.
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Chapter 1

Chapter 1

Introduction

This chapter outlines principles of catalysis along with the use and production of H,O,, and

developments in the direct synthesis of H20-.

1.1 Overview

H.O, is a widely used chemical with many industrial applications, with the estimated
production of 4.5 million metric tonnes of H,O, in 2020.12 The only degradation product of
its use is H2O and therefore H>O; is used in many environmentally friendly processes in
chemical industry, replacing chlorine-based bleaches or toxic oxidizing agents. On the
industrial scale, H.O, is manufactured via anthraquinone oxidation process (AQ).>* IG
Farbenindustrie in Germany operated the first commercial plant in early 1940s. This
process involves hydrogenation and subsequent oxidation of an alkyl anthraquinone, followed
by liquid-liquid extraction to recover H,0,. Despite HO, being considered as
environmentally friendly chemical, the AO process itself cannot be considered as a green
chemical process, as it uses complex organic solvents, and so only large scale production is

economically viable and large quantities of waste are generated.®

The direct synthesis of H.0O, from hydrogen and oxygen in the presence of a catalyst offers a
cleaner, more atom-efficient alternative to the current commercial production and overcomes
the extensive disadvantages of the anthraquinone process. Despite extensive research carried
out for the last 100 years, there is still no industrial process based on the direct synthesis
approach, due to a couple main drawbacks.® The first one is that H./O, gas mixtures are
explosive over a wide range of concentrations (5-95 v/v% for H, in O2) and in order to operate
in safe conditions, the reaction is carried out below the lower explosive limit.” To achieve this
condition, the reagent gases have to be diluted in inert gases such as N, or CO,>%9, The second
drawback is that catalysts active for the direct synthesis reaction (1) are almost always active
for the parallel combustion of H, and O, (2) and subsequent hydrogenation (3) and

decomposition (4) of H,Oz, as shown in Figure 1.1.
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2 H,0
L
1,cat o
H2 + 02 = ’ H202 >
z
2, o 3
H,0+0.5H,

Figure 0.1: Reaction pathways of direct synthesis of hydrogen peroxide.

All side reactions are thermodynamically more favoured than the synthesis reaction, and they
can be catalysed by the same catalyst. Formation of water affects the selectivity of the catalyst
towards H20- and decreases effectiveness of hydrogen utilization. To commercialize the direct
synthesis process, it is necessary to obtain selectivity towards H,O, above 95% and the catalyst

must have minimal or no activity for the unwanted competing reactions.

H, + 0, » H,0, AH®05x = —135.9 kJ mol™! ,AG®egx = —120.4k mol™! (1)
Hy+ 0, » Hy0+050,  AH%ggx = —241.6kJ mol™? ,AG®eex = —237.2K mol™!  (2)
H,0, + H, » 2H,0 AH 05 = —211.5kJ mol™! ,AG®eex = —354.0kJ mol™!  (3)
H,0, - H,0 + 0.50, AH®,95x = —105.8 k] mol™! ,AG®egx = —116.8kJ mol™!  (4)

The design of the catalysts for direct synthesis of H,O, needs consider a balance between
synthesis activity and H20- selectivity, as well as selection of reaction condition, solvent
system, and choice of diluent. Research into the direct synthesis of H,O; has focused on Pd
based catalysts.®'12 Bimetallic AuPd catalysts have been extensively studied as combining
Pd with Au enhances catalyst synthesis activity, and can affect subsequential degradation
reactions.®® It was reported that addition of different secondary metals such as Sn, Ni, Sb or
Zn can modify the electronic structure or geometric surface of Pd catalysts, resulting in

increased H20 selectivity.** 8

Reaction conditions play a crucial role in the amount of H.O, produced during a reaction. It
was shown that different catalysts may have different optimal reaction conditions that can
significantly affect synthesis activity of the catalyst.® Hutchings and co-workers identified
low reaction temperatures (2°C) and short reaction times (0.5 h) as the key factors that favour
high selectivity towards H,0,.2° %> Use of CO, as diluent can increase stability of H.O,, as it
dissolves in the solvent leading to the formation of carbonic acid under the reaction conditions,
which act as a promoter for direct synthesis of H,0,.3

In this work, catalyst design and conditions for direct synthesis of H>O, has been investigated.

The first part of the work focuses on use of monometallic Pd catalyst. Catalyst design and

2
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reaction conditions have been optimised to maximise synthesis activity as well as minimise
the degradation activity of the catalyst at ambient temperature, which is the temperature
preferred for industrial applications.

The second part of this work is concerned with direct synthesis of H,O, using bimetallic AuPd,
SnPd and NiPd catalysts supported on TiO,. Catalyst design was investigated to improve
synthesis activity using optimised reaction conditions obtained in the previous work. To
maximise H>O concentration obtained during the reaction different reaction times and amount
of gas replacement reaction were used. Addition of a cheaper secondary metal such as Sn or

Ni presents a cheaper alternative to well established AuPd catalysts.

1.2 Definition of catalysis

1.2.1 Basic concepts of catalysis

The importance of catalysis in modern society is undeniable and it is crucial to every area of
daily life. Approximately 85% of all products manufactured involve catalysis in their
production chain, with applications in areas such as energy, transport, healthcare or
environment.?* These catalytic processes involve the production of fuels, bulk and fine
chemicals, pharmaceuticals, new materials, but also prevention of pollution formation and
decreasing contamination in natural sources. Chemical processes using catalyst have

estimated economic impact of 30-40% global GDP.?®

A catalyst is a substance that converts reactants, through a series of steps, in which the catalyst
participates and is recovered in its original form at the end of the cycle. A catalyst accelerates
a chemical reaction but does not change the thermodynamics. Catalysts vary from atoms and
molecules to large structures such as zeolites or enzymes. In homogeneous catalysis, reactants
and products are all present in the same phase. Biocatalysis uses enzymes, a large protein with
a shape-specific active sites as a highly specific and efficient catalysts. In heterogeneous
catalysis, the catalyst exists in a different phase to that of the reactants; the catalyst is usually

solid, and the reactants are either liquids or gases.

Figure 1.2 compares the potential energy of a general non-catalytic and catalytic reaction.
The non-catalytic reaction only proceeds when reactants collide with sufficient energy to

overcome the substantial energy barrier. The catalytic reaction offers an alternative but much
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more complex path consisting of multiple steps. The first step is a diffusion of reactants
through the boundary layer surrounding the catalyst particle. Next, this is followed by
interparticle diffusion, in which reactants move to active sites. In the next step, reactants
adsorb onto active sites of the catalyst. Next, this is followed by reactions involving formation
of intermediates and products. This step requires an energy barrier, called the activation energy
(AEca), to be overcome. However, the activation energy of a catalysed reaction is lower than
the activation energy of the uncatalyzed reaction. In the final series of steps, products are
desorbed from the catalyst sites, followed by intraparticle diffusion and then products are

diffused across the boundary layer into the bulk.

Potential energy

bonding reaction separation

A J

Reaction coordinate

Figure 0.2: Potential energy diagram of a heterogeneous catalytic reaction.

As shown in Figure 1.2, the activation energy of the catalytic reaction is significantly smaller
than that of the uncatalyzed reaction and therefore the rate of the catalysed reaction is larger
than uncatalyzed one. However, the overall change in Gibbs free energy (4G) is the same for
the catalysed and uncatalyzed reaction. The Gibbs free energy can be defined as the
thermodynamic function of a system that is equal to the enthalpy (H) minus the product of the

absolute temperature (T) and entropy (S), and an exact definition of G is therefore given by:

AG = AH-TAS (5)

If the heat is released during the reaction, the reaction is exothermic and the change in enthalpy
is negative (AH < 0). A chemical reaction with negative free energy (AG < 0) is called

exergonic and is associated with release of free energy. This type of reaction is spontaneous
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and can proceed without any energy input. In contrast, an endothermic reaction (AH>0)
consumes heat, and a reaction with positive AG > 0 is called endergonic and needs an energy
input to take place. A catalyst should provide good selectivity towards the desired products
and minimal production of undesired by-products of the reaction. The catalyst should have a
good accessibility of active sites for the reactants and products. The stability of the catalyst at
desired reaction conditions is a very important factor and adequate rates of reaction at chosen

reaction conditions are required, so that high yields of product are obtained.

1.2.2 Nanoparticle catalysis

The International Organisation for Standardisation defined nanoparticle as an object with any
dimensions in the nanoscale — size range from approximately 1 nm to 100 nm. Commission
of the European Union defined nanomaterial as material with one or more external dimensions
in the size range of 1 nm to 100 nm.*?% Due to a high potential, nanoparticles have been applied
in different areas such as catalysis, electrocatalysis, filters, sensors, nanoscale electronics,

cosmetics, fuel cells, environment, energy, optoelectronics and water purification, 2913

The nanoparticles (NPs) have properties distinctly different from their bulk and molecular
counterparts. The laws of classical physics cannot be used for most of the phenomena that
occur on a surface with a diameter of less than 10 nm, and as a result electronic, optical and
magnetic properties of the materials, in this range will change. The quantum size effects
become more significant when the de-Broglie wavelength of valence electrons (1) and the size

of the particle (d) are of the same order.3!

Aggregation of the NPs presents a major challenge to the preparation and performance of NPs
catalysts. This can be addressed by using support or media for dispersion in order to obtain a
high surface area. It is highly desirable to reduce the amount of metal in metal-based catalysts
to reduce the cost or potential toxicity of the catalyst. Fine sized nanocrystals have an increase
in surface to volume (A/V) ratios leading to higher catalytic activity compared to larger

crystals of the same mass present on the surface.

Large specific surface area of nanoparticles is an important property for the reactivity,
solubility, sintering performance, etc.*> Smaller particles have more edges and kinks than
larger particles, which also contributes to different reactivity of NPs compared to larger
particles.® Small NPs can also provide a tremendous driving force for diffusion especially at

elevated temperatures and can reduce the incipient melting temperature.3*
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1.2.3 Concept of green chemistry

The concept of green chemistry refers to the "to design of chemical products and processes to
reduce or eliminate the use and generation of hazardous substances."?” The main aim of green
chemistry is the reduction of hazards across all stages of a life cycle of chemical product or
process. Risk may rise from the nature of the materials used in the process or the chemical
process itself, as well as the final products and their disposal. The twelve principles of green
chemistry were developed by Paul Anastas and John Warner in 1998 and they serve as a
guiding framework for developing greener and more sustainable processes and products.?® The

12 principles are:

1. Prevention.

Atom economy.

Less hazardous chemicals synthesis.
Designing safer chemicals.

Safer solvents and auxiliaries.
Design for energy efficiency.

Use of renewable feedstock.

Reduce derivatives.

© o N o g M~ D

Catalysis.
10. Design for degradation.
11. Real time analysis for pollution prevention.

12. Inherently safer chemistry for accident prevention.

1.3 Hydrogen peroxide

Hydrogen peroxide is one of the cleanest and most versatile chemicals available, with many
industrial applications.?® As an oxidising agent, H.O; is effective over the whole pH range. It
has also a high active oxygen content and is considered to be one of the greenest chemicals,
since water is the only degradation product.®® H,O- is a more efficient oxidizing agent than
many other industrially used oxidants, such as nitric acid and sodium hypochlorite as shown
in Table 1.1.5

Table 1.1: Common industrial oxidants, their active oxygen content, and by-products.®
Oxidant Active oxygen [Y% wiw] By-product
H.0. 47.1 H.O
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tBuOOH 17.8 tBuOH
HNO; 25.0 NOy, N2O, N2
N2O 36.4 N2
NaClO 21.6 NaCl
NaClO; 35.6 NaCl
NaBrO 134 NaBr

One of the most important industrial applications of H,O- is use in paper and pulp bleaching,
as well as textile industry and in the manufacture of chemicals such as sodium perborate and
sodium percarbonate.®-*® In the paper and pulp bleaching sector, H.O; is applied in chemical
and mechanical pulp bleaching and also can be used in the bleaching of recycled paper. Its use
represents an environmental approach to this process, replacing chlorine-based bleaches and
reduces the cost of the production and provides improved quality.®233H,0; is also widely used
for the treatment of a whole range of natural and synthetic fibres. It has replaced sodium
hypochlorite bleaches due to its lack of toxicity, while its noncorrosive nature results in a high
degree of brightness and does not result in fibre damage.** The main applications of H,O, are

summarised in Figure 1.3.

Global Hydrogen Peroxide Market
share, by application, 2020 (%)

—7

® Pulp & Paper Chemical Synthesis Wastewater Treatment ® Mining
® Food & Beverage ® Personal Care Healthcare Textiles
Electronics Propulsion Systems ® Others

Figure 1.3: Industrial applications of H202in 2020.%

Environmental applications of H»,O includes waste water and industrial process water
treatment, since H,O, can efficiently destroy thiocyanate, chlorine, organic matter and remove
sulphides and hydrogen sulphide present in the industrial wastewater.*-3° Advanced oxidation
processes (AOP) use H,O, to generate high reactive hydroxyl radicals to treat various refinery

effluents and waste water from chemical and pharmaceutical synthesis.>*° Nitrogen oxides,



Chapter 1

such as nitric oxide and nitrogen dioxide, are major pollutants in atmosphere, which can be

removed using H2O; as a part of the scrubbing solution.*42

Several applications of H,O; are also found in cosmetics as an antimicrobial agent, in hair
colouring to lighten the hair, oxygenate stains on teeth to increase whiteness, as a green
oxidant for the production of numerous valuable compounds. High purity H.O; is used as
oxidizing and cleaning agent in the manufacture of semiconductors and in the production of

circuit boards.

There is increasing demand for H,O, as there is a potential application in large volume
chemical synthesis, such as the epoxidation®*** of propylene to propylene oxide or
ammoximation of cyclohexanone to its corresponding oxime.*® Propene oxide, mainly used
for the production of polyurethane, polyether polyols and propene glycols, is produced by two
different industrial processes: the chlorhydrin process* and the hydroperoxidation process.*
Due to the negative impact of chlorhydrin on the environment, the hydroperoxidation process
is mainly used for production of propene oxide. However, co-products are produced in a
volume approximately 3 times larger than that of propene oxide, so the economy of this
process primarily depends on the marketability of co-products.>*® Eco-friendly process of
H20- to propylene oxide (HPPO) is using H20: as an oxidizing agent in a single step propylene
epoxidation over TS-1 catalyst with water as the only by-product.>*

1.4 Industrial manufacture of H20>

Since its discovery by Louis Jacques Thenard in 1818°% H,O, has become an extremely
valuable commodity with many applications. Thenard’s process produced low concentrations
of aqueous H»0- by reaction of barium peroxide with nitric acid and addition of hydrochloric
acid can significantly improve this process.?® This process is considered as the first
commercial manufacture of aqueous H>O and was still used until the middle of 20™ century.

Thenard’s process to obtain H2O> is summarised in equations 6-8:

BaO, + 2 HCl — BaCl, + H,0, (6)
BaCl, + H,S0, — BaS0, + 2 HCl (7)
BaO, + H,S0, — BaSO, + H,0, (8)

However, some drawbacks were associated with Thenard’s process. Mainly, only small

concentration of H.O; (3% mass/mass, aqueous) is manufactured using BaO5, resulting in high
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production costs. Further, the isolated H.O, had very poor stability due to large volume of

impurities.

In 1853 Meidinger discovered electrolytical formation of H,O, from aqueous sulphuric acid,
which addressed the disadvantages of the process discovered by Thenard.*® Berthelot later
showed that the intermediate formed during electrolytical formation of H.0, was
peroxodisulfuric acid. H,SOs was subsequently hydrolysed to H,O, and sulphuric acid. % The

electrolytical formation of H,O; is shown in equations 9-12:

2 H,50, -» H,S,0g + H, 9)
H,S,0g + H,0 — H,SO0s + H,S0, (10)
H,SOs + H,0 — H,0, + H,S0, (11)
2H,0 - H,0, + H, (12)

In 1901, Manchot discovered that under alkaline conditions autoxidizable compounds such as
hydroquinones or hydrazobenzenes react quantitatively to form peroxides.*® Production of
H.0O, via alternating oxidation and reduction of hydrazobenzenes was proposed by Walton
and Filson in 1932.% The alkaline autoxidation of hydrazobenzenes obtaining sodium
peroxide was developed by Pfleiderer and was further developed by Riedl, who employed

polynuclear hydroquinones.

Currently, most of the H;O; is industrially produced by an anthraquinone auto oxidation
process (AO process). This process was developed by Hans-Joachium Riedl and George
Pfleiderer of BASF in 1939 and consist of sequential hydrogenation and oxidation of an
alkylanthraquinone precursor dissolved in a mixture of organic solvents.? A 2-
alkylanthraquinone (AQ), usually ethylanthraquinone, is hydrogenated using a nickel or
palladium catalyst to form a anthrahydroquinone (AHQ). The AHQ dissolved in an organic
solution is then separated from the catalyst. The anthraquinone is reformed by oxidation with
air and H,0: is produced as a by-product.® A simplified diagram of the process is illustrated

in Figure 1.4, and the main reactions involved in the synthesis are shown in Figure 1.5.
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Solvents

Preparation of Deionized H,0, solution
= working solution Air H:0 (27.5-35 %)
- l +
< v crude
—— AHQ Oxidation R , wo, [
(T=60°C, P=5 bar) v Extraction > urification
HZ -~
Working
solution
vy -
Post-treatment of
working solution Concentration
L 4

H,0; solution
(50-70 %)

Figure 0.4: Schematic diagram of AO process for the production of H202.3

In the next step H20- is extracted from the working solution by demineralized water to produce
a solution that is usually 30% by weight of H,O,. As a final treatment, the aqueous solution is
then distilled to remove impurities and increase the concentration of hydrogen peroxide up to
50-70 wt. %. The water content in the working organic solution is reduced and the

anthraquinone by-products are reactivated or replaced by fresh anthraquinone 5%

Ptor Pd
Ptor Pd

OH

(4]
OH
(AQ) (AHQ) Mt o
2

H,0,
o H,0,

(THAQ)
Figure 0.5: Main reactions involved in anthragquinone process.

Due to the high yield of H,O; per cycle, the AO process has been industrially used for several
decades and currently over 95 % of H,O- is produced by this process.*® However, this process
can be hardly considered as environmentally friendly. The main disadvantages of the process

are its use of complex organic solvents as the working solution, deactivation of the
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hydrogenation catalyst and replacement of nonactive derivatives of anthraquinone formed
during the reaction. The separation steps involve the removal of organic impurities from the
H,O. product and reduction of water content.>*2 The anthraquinone process is only
economically viable via large scale production and highly concentrated solutions of H,O, (70
wt. %) are obtained. Most applications use solutions with low concentration of H>O> around
2 to 8 wt. %.% Furthermore, transportation and storage of concentrated solutions can be

hazardous and additives must be applied to stabilize them.5810.54

1.5 Palladium based catalysts in the synthesis of H20-

Since the first patent granted in 1914 to Henkel and Weber, the direct synthesis of H,O; has
been an area of great research interest. This patent describes the use of Pd catalysts,
demonstrating the possibility to achieve high concentrations of H.O.°. Still centuries later, Pd
based catalysts are at the centre of investigation and most of the important developments in
direct synthesis are based upon these catalysts.®%¢-%0 In early work for the direct synthesis of
H>0O,, mixtures of gases within the explosive region were exploited. Working within this
region led to formation of concentrated solutions of H,O.. Gosser and Schwartz obtained
solutions with high concentration of H,O, (>35 wt.%) over supported Pd catalysts at elevated
pressures.® However, commercial operation in these process conditions would be extremely
dangerous due to high possibility of explosion.®® Typically, diluted mixtures of Hx/O, have
been utilised, which present much safer working conditions but also leads to lower
concentrations of produced H0,.>1%¢° The contact between H, and O could be prevented by
a catalytic membrane, which would allow use of pure gases and result in higher concentration
of produced H,0, %

The mechanism and the kinetics of H,O, synthesis and degradation have been studied
extensively.5°883-66 |t has been assumed that the formation of H,O, takes place via a two-step
hydrogenation mechanism.86467.68 | the direst synthesis of H,O, multiple reactions take place
simultaneously. These reactions can be divided into four groups:

1. Production of H20: from Hz and O

2. Production of H,O from H, and O>

3. Decomposition of H,O

4. Reduction of H,0; by H>

11
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Bimolecular reactions occur between liquid-phase species, as H*, and chemisorbed surface
intermediates. The possible elementary steps are shown below in Figure 1.6, in which *
represents empty site, X* represents an adsorbate bound to a single Pd atom and X** denotes

an intermediate adsorbed in an n? configuration.

~
4

Hy+ 2° — 2H (13)
k_1
k
H* Z HY+e +* (14)
k_p
k3
0+ = 0,7 (15)
-3
ky
03 +H*+e — OOH™ (16)
—4
ks
OOH™ +H* + e — Ho03 (17)
-5
ke
Ho03 = HpOpt ™ (18)
-6
ky
oy > 20 (19)
k
OOH* = OH* + O (20)
kg
0"+ H* > OH* +* 21)
* * k10 * *
OH* + H* =% H,0" + (22)
k11
H,0* — H,0+"* (23)
k-1
k12
H,05 — 20H* (24)
k_12

Scheme 1.1: Proposed series of elementary steps during direct synthesis of H202 Pd clusters.

*is an empty site, X* represents an adsorbate bound to a single Pd atom, X** denotes an intermediate
adsorbed in an n? configuration, the equilibrium arrows (2) indicate that an elementary step is quasi-
equilibrated, and ky is the rate constant for elementary step x.58

These elementary steps are based on two assumptions:

1. The free energy of H,and O, adsorption is negligible under saturation conditions.

2. The rates of adsorption and desorption of the H,O,species are greater than meas-

ured turnover rates.

First step (13) in the proposed scheme (Scheme 1.1) represents dissociative adsorption of Hy
followed by heterolytic H" oxidation (Step 14). Step 15 shows molecular adsorption of O, on
Pd cluster. Subsequently, the O™ intermediate in step 15 undergoes either quasi-equilibrated

proton—electron transfer (Step 16) to form hydroperoxyl OOH™, or irreversibly cleaves the
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0—-0 bond (Step 19) to form chemisorbed oxygen atoms O". In a case of formation of OOH™,
this step is followed by proton electron transfer (Step 17) forming adsorbed H,O,™ molecule
that is desorbed in the step 18. Irreversible O-O bond cleavage in O,™ (Step 19), OOH™ (Step
20) and H,0,""(Step 24) is followed by hydrogenation of O* and OH" species in steps 21 and
22, to form H,O" that desorbs in step 23. As shown in Scheme 1.1, multiple steps are proposed
to take place during formation of H2O.. Steps 16 and 17 represents proton-electron transfer
mechanism as the primary pathway for H.O, formation, and cleavage of the O-O bond in steps

19 and 20 is mainly responsible for H,O formation.®8.%

One of the first reaction mechanisms of direct synthesis of H.O, from H, and O, over a Pd
based catalyst was proposed by Pospelova et al.®® In this three-step mechanism, H, molecules
dissociate on the surface of the Pd catalyst. Then, adsorbed O, molecules react with H atoms
forming HO- adsorbed intermediate species. In the last step these intermediates react with H

atoms and form H,O, molecules on the surface of the catalyst.

Lunsford et al. carried out experiments using a mixture of %0, and 0, to see whether a
dissociated form of O is involved in formation of H,O,. Raman spectroscopy was used to
determine the isotopic distribution in the product and results showed that only H,*0., were
present. This result suggested that H»O; is derived from a diatomic form of O, that is adsorbed
on the Pd.%® This observation is consistent with the proposed mechanism by Pospelova et al.
Based on the catalytic cycle proposed by Stahl et al.”®, Lunsford et al. proposed a catalytic
cycle for direct synthesis of H,O, over Pd/SiO in 0.1 N HCI, as illustrated in Figure 1.6.%
Colloidal palladium is formed from a Pd/ SiOz catalyst in the presence of HCI during the direct
synthesis process. Pd° reacts with O, in the presence of chloride ions to form a
dichloroperoxopalladium(ll) complex. This complex subsequently reacts with H;O* forming
H-0, and PdCl.*. In the next step, PdCI.* is reduced back to colloidal state by H, and HCl is

also formed in this step.
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Figure 1.6: Proposed catalytic cycle for direct synthesis of H20. formation over Pd.%

Yoshizava et al. investigated the direct synthesis of H,O, on Pd and Pd/Au catalysts by
theoretical calculation using first-principle DFT methods.®* In this mechanism it was assumed
that the starting geometry for H addition to O, molecule was superoxo precursor state. Next,
the OOH intermediate is formed. In the superoxo state the oxygen molecule accepts an
electron from the surface’ and reacts as a monoradical with atomic H. In the second step, the
intermediate reacts with the second H situated over the nearest 3-fold position. During this
process, the competitive reaction of O, dissociation occurs leading to formation of H.O. This
dissociation may be blocked by presence of surface Au. Todorovic and Meyer conducted a
comparative density functional study of direct synthesis of H.O, on different metal surfaces.”
They concluded that O, must be adsorbed molecularly on the metal surface and therefore that
active and selective H,O, catalyst must have a high energy barrier to O, dissociation. In

contrast, H, must adsorb dissociatively with a low energy barrier.

Similar conclusions were obtained by Abate et al., with their proposed reaction scheme
illustrated in Figure 1.7.” Here, the O, molecule is considered to chemisorb onto a Pd particle
without dissociation. In the next step, protonation from external H* occurs, followed by
reaction with a H. that is not chemisorbed. This leads to formation of H»O; and finally H* is
restored. In contrary, more energetic sites such as edges, corners or defects of Pd clusters, will
dissociatively chemisorb O.. For the high selectivity towards H,O, only non-chemisorbed H,
is required. The presence of chemisorbed H» will lead to production of H,O, via the direct
reaction with O or OH species. Radical pathways could be inhibited by promoters such as

halide ions.
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Figure 1.7: Direct synthesis of H202 mechanism over Pd catalyst proposed by Adate et al.”

Flaherty et al. reported a mechanistic study of steady state H,O, and H.O formation as
function of reactant pressure and solvent properties.>®%” They showed that H.O, was only
produced in presence of protic solvents (water, methanol) and no H,O, was detected in tested
aprotic solvents (acetonitrile, dimethyl sulfoxide and propylene carbonate). Based on these
observations, they suggested a reaction mechanism, shown in Figure 1.8, in which protic
solvents, such as water or methanol may participate directly in H,O, formation. According to
the proposed mechanism, the protic solvent introduces low barrier pathways for O," reduction.
H: is necessary as reductant. Protons are formed by heterolytic oxidation of H; and shuttled
via oxonium species during reduction of O, to HO,.

Reduction

Oxidation

H,~"

Figure 1.8 Direct synthesis of H202> mechanism over Pd clusters proposed by Flaherty et al.5®

Zhou et al. claimed that the selective exposition of specific desired crystal phases or faces of
the noble metal on the support was found to be a critical factor for improvement of the catalyst
and its activity.” They proposed that, for selective formation of H,O,, the {110} facet of Pd
has desired atomic configuration. On the other hand, {100} and {111} facets have higher
probability of H.O formation, decreasing the selectivity towards H,O,. Kim et al. suggested
that the Pd {111} facet is more favourable than {100} in H,O; synthesis, because the {100}
Pd facet is superior in dissociation of O-O bond in O,, OOH and H,0,"®
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Tian et al. performed Density functional theory (DFT) calculations to study the direct
synthesis of H,O, on {111}, {100} and {110} surfaces.” Their results showed that the atomic
densities decrease in order Pd {111}, Pd {100} and Pd {110}. In addition, the order of the
OOH dissociation barriers is Pd {111}>Pd {100}>Pd {110} and the order of the O,
dissociation barriers is Pd {111}>Pd {110}>Pd {100}. Among the studied Pd surfaces, Pd
{111} showed the highest density of surface atoms, the lowest surface energy and this surface
exhibits the highest selectivity towards H.O,, Iwamoto et al. calculated using DFT that less
saturated sites, such as corners and edges, are more likely to result in H2O production, while

more saturated sites like Pd{111} are beneficial to produce H,0,.”"

Lunsford et al. have shown that Pd supported on micro spheroidal silica is an effective source
of colloidal Pd, suggesting that colloidal Pd is the principal catalytic component for direct
synthesis of H,0,.%%® Their results showed that the rate of H,O, production is proportional to
the Pd colloid concentration.!* The Pd particles dissolved into Pd?* complexes (PdCl4*) and
redistributed as nanometre sized Pd colloids in the presence of HCI, as shown in Figure 1.6.
The Pd is believed to be distributed between its several states based on partial pressure of H.
and O, and are responsible for different rates in H,O, production.>® The rates of H,O, over
colloidal Pd were constant for 3-5 h, but afterwards the rates, as well as concentration of
colloids, were continuously decreasing. The attempt to stabilize colloids was made using

sodium citrate or polyvinyl alcohol without success.!

Choudary et al. extensively investigated the oxidation state of Pd species through modification
of catalyst support (ZrO2, Ga,0s, CeO,, SiO2, H-B, ThO,, CeO,, ZrO,, BPO,, Al,O3), the use
of additives (KBr, KCI, KF, H3PQOj4) and precious metal additives (Au, Rh, Ru).”®8* When
Pd was presented in Pd® (reduced form), higher conversion of H, were achieved compared to
PdO state (oxidized form). However, Pd presented as PdO had considerably higher selectivity
towards H,O formation.®® In addition, the decomposition activity of the oxidized form was
found to be an order of magnitude less than the reduced form, which may be attributed to the
higher propensity for H.O, adsorption on reduced sites.®® For example, almost no H.O, was
formed and low selectivity was achieved when Al,Os;was used as a support over reduced Pd.
However, once the catalyst was oxidised (static air, 500 °C, 3 h), higher yields of H,O, were
obtained with selectivity around 37% and significantly lower decomposition activity. Similar
results were obtained over a whole range of supports as illustrated in Figure 1.9. In conclusion,
the presence of bulk or sub-surface PdO makes the supported Pd catalyst more selective and
active towards H.O, formation.® This was in agreement with observations made by Hutchings
and co-workers, who concluded that for high selectivity of H,O; it is essential that Pd is

present in the cationic form.®
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As shown in Figure 1.9, the choice of support plays significant role for direct synthesis of
H.0. and can affect the conversion, yield and selectivity.”*® A strong influence of the
calcination temperature on the H,O, formation activity was observed upon different catalyst
supports. The best catalyst performance (except PdO/CeQ;) was achieved when the catalyst
was calcined at 400 °C. The variation in catalysts activity with different calcination
temperatures may be due to change in Pd particle size, which is strongly influenced by
calcination temperature and due to catalyst support interaction. Both the H.O, decomposition
and hydrogenation rates increased with increasing calcination temperature, while the H,O-

formation rate was decreasing. &
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Figure 1.9. Results of the direct oxidation of Hz to H202 over different reduced (a) and oxidized (b)
Pd catalysts (Pd loading = 2.5 wt.%). Reaction conditions: reaction medium = 0.03 M H3PO., volume
of reaction medium = 150 cm?, amount of catalyst = 0.5 g, reaction temperature = 25 °C, H,
concentration in O,= 4.6 mol% and reaction period = 3 h.”
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Landon et al. identified low reaction temperatures (1-2 °C) and short reaction times to be key
factors for obtaining high selectivity towards H-0,2° As shown in Figure 1.10, reaction time
is an important factor affecting formation of H>O, The H> conversion increased with
increasing reaction time. At low H; conversion (short reaction time), the 0.6
wt.%Pd/sulfonated carbon showed high selectivity towards H.O-, suggesting that the catalyst
is highly selective at low temperature and at short reaction time. A selectivity of less than
20% was obtained at 30 °C after 30 min, due to increased decomposition of H,O, and
combustion of H, and O, to H;O. This loss in selectivity was partially suppressed by the
addition of HBr (1.8 x 10° M) as an additive. One of the main limitations of direct synthesis
of H,0; is the low concentration of Hz in reaction solution due to the requirement of working
outside H2/O, explosive region (5-95 v/v % for H, in O,). Landon et al. addressed this
limitation by using supercritical CO, as a solvent, as ensuring complete miscibility of
supercritical CO; and H; could result in elimination of gas/liquid mass transfer limitations.
However, at the elevated temperature (35 °C), rapid decomposition of H,O, occurred resulting

in minimal H,O, formation over the Pd based catalysts.20:%
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Figure 1.10: Effect of reaction time on the direct synthesis of H202 using 0.6 wt.% Pd/sulfonated
carbon, e H> conversion, A H>O: selectivity, m H>0; yield. Reaction conditions: 0.05 g catalyst, 2.9 g
H.0, 5.6g methanol, gas mixture: 5% H,/CO; and 25% O,/CO-, total pressure 3.7 MPa, H2:0; ratio
1:2, 1200 rpm, 1 °C.2°

Hutchings and co-workers also investigated monometallic Pd catalysts on various
supports.8”88 Carbon based catalysts showed the highest H,O, synthesis activity and the lowest
hydrogenation activity. The differences in catalysts towards H,O, synthesis, hydrogenation,

and decomposition activity, as shown in Table 1.2, were mainly attributed to the isoelectric
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point of the support. The use of basic supports lead to the catalysis of unwanted subsequential

hydrogenation and decomposition reactions.®’

Table 1.2: Effect of support on H20- synthesis, hydrogenation, and decomposition over
monometallic Pd-supported catalysts.®’
H,O, productivity H»O; hydrogenation H»O, decomposition

Catalyst o okOea I [MOhiokGe?h1 ] [Molokgea "
5%Pd/Al,O3 9 200 24
5%Pd/TiO, 30 288 247
5%Pd/MgO 29 582 405

5%Pd/C 55 135 118

2 Rate of H20: production determined after reaction: 5% H»/CO; and 25% O,/C0O,,1:2H,/O; at 3.7
MPa, 5.6 g MeOH, 2.9 g H0, 0.01 g catalyst and 1200 rpm). ® Rate of hydrogenation of H20>
calculated from H20: hydrogenated using reaction conditions: 4 wt.% H,O; in solvent (5.6 g
MeOH, 2.22 g H,0 and 0.68 g 50% H,0), 0.01 g catalyst, 2.9 MPa 5%H,/CO,, 2°C, 1200 rpm. °Rate
of decomposition of H20:2 calculated from H20. decomposed using reaction conditions: 4 wt.%
H20; in solvent (5.6 g MeOH, 2.22 g H,0 and 0.68 g 50% H,05), 0.01 g catalyst, 2°C, 1200 rpm.

1.6 Gold based catalysts in the synthesis of H.O>

Until recent years, Au has been overlooked as a catalyst and any indications of activity of the
Au were often attributed to impurities rather than Au itself.%3 As the perception of Au being
the most noble of metals, it was considered unlikely that it could provide any chemical activity.
Au catalysts are now established as an effective gas phase oxidation catalyst under mild
condition. Use of these catalysts include carbon monoxide oxidation and oxidation of

hydrocarbons and organic materials as well as water gas shift reaction.®°-92

Haruta et al. demonstrated that Au can be highly active as a catalyst.®®> Novel Au catalysts
were prepared by coprecipitation on various metal oxides and showed to be highly active for
the oxidation of carbon monoxide (CO). This discovery led to further examination of Au as
active catalyst for oxidations and hydrogenations. They also demonstrated activity of Au/SiO,

for H,O, formation.*

Ishihara et al. showed that Au supported on SiO: is active for direct synthesis of H,O, without
the addition of halogen additives.®® No H,O, formation was observed over analogous Pd, Pt or
Ag catalysts. They also concluded that the nature of the metal oxide support had great
influence on H,0, formation. No H.O, formation was observed using basic supports as MgO
or Al,Os, however, use of acidic supports as SiO,, ZrO, or ZMS-5 led to yield of H,O,. The
highest rate of H,O, formation was achieved with the 1%Au/SiO catalyst. The addition of
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small amounts of Pd (up to 0.1wt.%) resulted in an increased formation of H,O, due to
improved H; activation capability.*® Olivera et al. predicted that Au could be more active than
Pd, Pt and Ag for the production of H,O, from H, and O, based on a theoretical study of

involved reactions.%

Hutchings and co-workers were among first to show that Au catalysts are very selective for
the direct synthesis of H0,.2°¢ Initially supercritical CO. (3.5°C, 9.7MPa) was used as a
reaction medium to overcome problems with H. diffusion, shown in previous studies over
monometallic Pd catalysts. Enhanced solubility of H, was expected in supercritical CO,. With
this approach, low rates of H,O formation were observed. It was considered that H,O at this
elevated temperature was relatively unstable due to high rates of H.O, decomposition and
hydrogenation. These observations led authors to carry out experiments at significantly lower
temperatures. Significant increases in the rate of H,O, synthesis was observed when
experiments were carried out at 2 °C and with methanol as solvent. The Au/Al;O; (2
molm.0.kgeartht) catalyst showed higher synthesis activity than a monometallic Pd/Al.O3
counterpart (0.3 molu.o.Kgearth?), under these reaction conditions. However, the more
interesting observation was that the supported Au-Pd (1:1 by wt/wt.) produced 3 times more

H,0. than monometallic analogues.?®

In a view of these findings, a series of monometallic Au catalysts was prepared over different
supports by Hutchings and co-workers and were investigated for direct synthesis of H>O; at
low temperatures using a CH3sOH/H.0 solvent. As shown in Table 1.3, in all cases catalysts
showed low rates of H,0O- formation with insufficient level of produced H.O- to determine H,
selectivity with any accuracy. It is apparent from result, that TiO, was a far more effective

support compared to the rest of the catalysts.

Table 1.3: Effect of support on H20; synthesis, hydrogenation, and decomposition over
monometallic Pd-supported catalysts.®’
H,0- productivity H.O- hydrogenation  H,O, decomposition

Catalyst
[Molh.0.Kgearth ™2 [MOl.0.Kgear*ht 1P [MOlH.0.Kgear th]°
5%AU/Al,O4 2.6 229 18
5%AU/TIO; 7 71 24
5%Au/MgO 0 100 12
5%Au/C 1 0 0

2 Rate of H202 production determined after reaction: 5% H,/CO, and 25% 0,/CO,,1:2H,/0; at 3.7
MPa, 5.6 g MeOH, 2.9 g H,0, 0.01 g catalyst and 1200 rpm). ® Rate of hydrogenation of H20
calculated from H202 hydrogenated using reaction conditions: 4 wt.% H.O- in solvent (5.6 g
MeOH, 2.22 g H,0 and 0.68 g 50% H»0), 0.01 g catalyst, 2.9 MPa 5%H,/CO,, 2°C, 1200 rpm. °Rate
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of decomposition of H20: calculated from H202 decomposed using reaction conditions: 4 wt.%
H>0; in solvent (5.6 g MeOH, 2.22 g H,O and 0.68 g 50% H,0,), 0.01 g catalyst, 2°C, 1200 rpm.

1.7 Bimetallic AuPd catalysts in the synthesis of H20>

Hutchings and co-workers were one of the first to report that alloying Au with Pd resulted in
a dramatic enhancement in catalyst activity towards H.O, formation through a synergistic
effect, and this effect was further extensively investigated.® As shown in Table 1.4, the
monometallic Au catalysts showed a low rate of H,O, production. The combination of Au-Pd
led to more effective catalysts than the Au and Pd only catalysts. The enhancement was not

only in productivity but also in H,O; selectivity compared to monometallic Pd analogues.

Table 1.4: Formation of H,O, using monometallic Au,Pd and Au-Pd supported catalysts.®

Catalyst H»O, productivity H; selectivity [%6]
[Molh.0.Kgear th ]2
5%AuU/C 1 n.d
2.5%Au-2.5%Pd/C 110 80
5%Pd/C 55 34
5%AuU/TiO, 7 n.d
2.5%Au-2.5%Pd/TiO- 64 70
5%Pd/TiO, 30 21

Reaction conditions: a) Synthesis reaction: 0.01g catalyst, 2.9 g of water, 5.6 g of methanol,
5%H2/CO2 (2.9MPa) and 25%0,/CO; (1.1 MPa), 0.5 h, 2°C, 1200 rpm

They further reported the importance of catalyst heat treatment and its effect on catalyst
stability and reusability, with calcination at 400 °C resulting in fully stable and reusable
catalysts. As shown in Table 1.5, a significant loss of Pd and Au after reaction was observed
without heat treatment at 400 °C, and upon re-use of the catalyst further loss was observed.

Table 1.5: Effect of heat treatment on Au and Pd remaining on the catalysts after multiple
reaction cycles.”’

Catalyst Pre- run Au Pd remaining
treatment remaining [%%]
[%]
2.5Wt.%AuU- Air, 25 °C 1 20 10
2.5wWt.%Pd/TiO;
Air, 25 °C 2 8 5
2.5Wt.%AuU- Air, 400 °C 1 100 100
2.5wWt.%Pd/TiO;
Air, 400 °C 2 100 100
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2.5wt.%Au- Air, 25 °C 1 25 21
2.5wt.%Pd/Al>03
Air, 25 °C 2 20 15
2.5wt.%Au-2.5wt.%Pd/ Air, 400 °C 1 100 100
AlO;
Air, 400 °C 2 100 100

Reaction condition: 420 psi 5% H2/CO; +150 psi 25% 0,/CO,, 2 °C, solvent (5.6 g MeOH and 2.9 ¢
H-0), H2:0, molar ratio = 1:2, 3.7MPa, stirring 1200 rpm.

During the calcination process of AuPd catalysts supported on metal oxide, an Au-core Pd-
shell morphology is typically formed (Figure 1.11).° As the core-shell structure is formed, the
catalyst simultaneously becomes less active and more stable. However, the formation of core-
shell morphologies was not observed for analogous C supported catalysts. Instead, bimodal
distribution of alloys was observed, with smaller alloys being Pd-rich and larger

particles(<20nm) Au-rich.%

Dried only
66 mol kg, 'h!

Calcined 200 °C
58 mol kg, 1h!

Calcined 400 °C
23 mol kg 'h!

Figure 1.11: HAADF image showing development of the core-shell structure in 2.5 wt.%Au-2.5 wt.
%Pd/Al>Os catalyst. Individual Au and Pd maps are combined in the red/green/blue (RGB) image: Au
green, Pd blue, Al,O3 red. Top row, dried at 120 °C; middle row, calcined at 200 °C; bottom row,
calcined at 400 °C with respective H,O; productivities with reaction conditions given in Table 1.5.7

Han et al. aimed to establish the relationship between Au content and enhancement in
performance of AuPd alloy catalysts for direct synthesis of H2O- in a micro tri-phase reactor
at 10 °C.*® The rate of H,O, formation increased with increasing Au content up to Pd:Au ratio
1:1.6 (atomic), and then dropped down by almost 50% with further increase in Au content up
to Pd:Au ratio of 1:3.4. Selectivity towards H2O: increased also with increasing Au content
from 12%, obtained over the monometallic Pd catalyst to 62% obtained over Pd;Aus 4 catalyst.
Based on the evidence, it was suggested that the existence of electron density transfer between
Pd and Au atoms in the alloys surface was key in achieving improved catalytic performance.
The introduction of Au into the Pd catalyst resulted in change of the surface structure of the

catalysts through geometric effects and reconstruction of the surface composition, for
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example, finely tuning the Pd-Pd bond length, as well as modification of electronic structure
of Pd.

Choudhary and co-workers have also investigated the effect of an Au additive on catalyst
activity compared to monometallic Pd catalysts supported on ZrO,.”® They report that the
addition of small quantities of Au (Au/Pd ratio = 0.02) increased catalytic performance.
However, with further addition of Au, rates of H.O- synthesis were markedly lower. It was
suggested that small amount of Au might supress side reaction, but higher amount of Au

resulted in higher decomposition activity.

Gudrazi et al. investigated the effect of Au in AuPd catalysts supported on activated carbon
cloth at high pressure (38 bar) and 0 °C using methanol as a solvent.’® All bimetallic AuPd
catalysts were found to be more selective towards H.O, formation than monometallic
counterparts. The effect of Au:Pd ratio was also investigated over 5 wt.%AuPd/C, with 1:4
ratio being the most active for H.O, formation, and Au:Pd ratio of 2:1 ratio resulting in the
highest H; selectivity among studied catalyst. The heat treatment of the catalyst was shown to
be crucial as it has two opposite effects on the catalyst performance: affecting the Pd oxidation
state; and damaging the oxygen containing surface functional groups, with both factors
leading to an increase in the selectivity of the catalyst.

1.8 Bimetallic catalysts in the synthesis of H.O>

Hutchings and co-workers demonstrated that subjecting SnPd supported on TiO- to oxidation-
reduction-oxidation (ORO) treatment resulted in highly active and selective catalysts under
sub-ambient temperatures (2 °C).1* Three different structures were identified in the catalyst:
amorphous SnOxy films on the TiO- particles, small Pd species associated with the SnOx films,
and larger PdSn nanoparticles. It was suggested that during heat treatment the small Pd-rich
particles responsible for H,O, degradation are encapsulated in an SnOy layer by generating
strong metal support interactions (SMSIs). No loss in catalytic activity was reported with
subsequential use of catalyst in up to 5 gas replacement reactions (after the reaction, a reactor
was de-gassed, charged with the same amount of reagent gases and followed by another
synthesis reaction; detailed procedure is described in Section 2), with a H,O, concentration of
0.56 wt.% obtained at the end of 5" gas replacement. A series of bimetallic catalysts using Ni,
Zn, Ga, In and Co were also subjected to the ORO heath treatment, with test results showing

no degradation towards H,O; but significantly lower synthesis activities compared to the SnPd
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counterpart. In contrast, the same suppression of H,O, degradation was not observed for a
corresponding AuPd/TiO, catalyst subjected to this heat treatment procedure. It was concluded
that the second metal oxide added to the Pd and TiO, system has to show no degradation
activity towards H>O, when in oxide form, form an alloy or mixed oxide phase with Pd, and
encapsulate small Pd-rich particles by SMSIs for the heath treatment to result in a decrease in

degradation activity of the catalyst.

Li et al. investigated a series of PdSn nanocrystals with a hollow structure using facile solvent-
thermal method.?®* The introduction of Sn played an important role on the morphology
evolution and composition control of the hollow SnPd nanocrystals. In order to inhibit the
high H,O, degradation activity of these catalysts, a rapid thermal treatment process (350 °C,
6 min) was applied, resulting in an effective inhibition of H,O, degradation, while the
synthesis activity of the catalysts increased gradually with treatment time. Due to the short
heat treatment time, morphology and composition of the crystals were not affected. The
observed low selectivity of the catalysts in a water-methanol solvent was attributed to
combustion of H.. Interestingly, by using water as the only solvent, an increase in H,
selectivity from 15 % to 80 % was reported at 0 °C. This was attributed to lower solubility of
reagent gases, limiting degradation of H2O2. As a result of the rapid heat treatment, a drastic
reduction in Pd® proportion was obtained with more than 95 % of Pd species present as Pd?*,
which was concluded to have a major contribution for the H,O, degradation inhibition. The
enhancement of synthesis activity and inhibition of degradation activity is also attributed to
the ensemble effect of PdSn alloys as well as Pd/SnOy and PdO/SnOy interface. The authors
reported that presence of SnOy is extremely beneficial for obtaining high slectivities, as SnOx
can achieve a weak activation of O, without cleaving the bond between O atoms, and therefore
H,0: is rapidly generated at Pd/SnOx and PdO/SnOx interface, 102103

Wang et al. prepared different bimetallic PdM (M: Ni, Zn, Ga, In, Sn, Pb) nanocrystal catalysts
by adsorbing metal nanocrystal from colloidal solution in chloroform on the acid pre-treated
TiO2 Among the studied metals, addition of Sn and Ga showed a significant increase in H,0>
synthesis activity by 3 and 2 times respectively, compared to monometallic Pd counterpart.
Analogous catalysts including In, Ni and Zn showed no significant change in synthesis activity
and the addition of Pb resulted in a decrease in synthesis activity compared to monometallic
Pd counterpart. Random distribution of Pd and M (Ni, Zn, Ga and In) was attributed to the
nanocrystals while an intermetallic Pd,Sn phase was distinguished on XRD patterns. It was
reported that both Pd electronic structure and geometric surface structure was modified by
addition of secondary metal. High synthesis activity of 180 moli.o.kgc.* hand selectivity of

51 % was achieved over Snos2Pdo .38/ TiO2 (atomic composition). However, significant leaching
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of Pd (39 %) was observed after the reaction in ethanol and, due to the large reaction volume,
only low H,O, concentrations below 0.08% were achieved. Introduction of small quantities of
Gaand Inresulted in decreased degradation activity and enhanced selectivity of the catalyst.'*

A significant improvement in HO> synthesis activity through the introduction of Ni into Pd
based catalyst has been reported by Maity and Eswaramoorthy.% A Ni containing Pd catalyst
showed 3-times higher activity for the direct synthesis of H.O, than the corresponding
monometallic Pd catalyst or the AuPd counterpart. Nanostructured catalysts were prepared by
borohydride reduction method without any support and experiments were carried out at
atmospheric pressure and 10 °C. The NiPd catalyst showed H; selectivity of 95 % and H20-
concentration of 1.2 wt.% was achieved after 72 h. However, the presence of 0.1 M HCI was
required to synthetise any H,O,. During the reaction, a reorganisation of Ni atoms from a
random distribution into ordered nanoalloy domains as well as increase in particle size from
15 to 30 nm, was suggested by authors. It was concluded that the higher synthesis activity and

high selectivity of NiPd catalysts is due to modification of Pd electronic structure by Ni.106:107

Gu et al. reported that the addition of small amounts of Ag (0.012 — 0.07 wt.%) to a Pd/C
catalyst caused a decrease in H.O, synthesis activity compared to monometallic Pd/C, but also
suppressed degradation activity of the catalyst.’%® As a result, lower H, conversions and higher
H selectivities were obtained. The optimised 0.83 wt.%Pd- 0.18 wt.%Ag/C catalyst offered
H,0; synthesis activity of 58 moliz02 kgear h* and H; selectivity of 71 %. The enhancement
in catalyst performance was attributed to dilution of Pd by Ag in the alloy surfaces, leading to
less contiguous Pd ensembles and more monomer Pd sites on the surface, which effectively
prevents formation of H,O. The addition of Ag elevated the fraction of Pd?" as a result of
electronic interactions between Pd and Ag. Moreover, the decreased activity was attributed to

the reduced adsorption capacity of reagent gases due to the Ag additive.

The addition of a small amount of Sh to Pd/TiO, (Sh:Pd atomic ratio 1:80 to 1:20) was also
reported to enhance H; selectivity and decrease degradation activity of the catalyst compared
to monometallic Pd/TiO,.” Ding et al. showed H; selectivities up to 73 % and a decrease in
degradation activity can be achieved by finely tunning Sh:Pd ratio. A decrease in both,
synthesis and degradation activity were observed with an increase in Sn content compared to
monometallic Pd counterpart. Interestingly, no synthesis activity was obtained when the Sh:Pd
atomic ratio was 1:2. The role of Sh on the active sites of Pd catalyst was attributed to isolating
contiguous Pd sites via the formation of Sb-Pd bimetallic sites, coating the Pd surface via
formation of Sh,Os layer and an increase in Pd?* species on the surface. The authors proposed

the reaction mechanism, showed in Figure 1.12, in which Pd-Sb sites were formed and the Pd
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nanoparticles were diluted. The isolated Pd sites surrounded by Sb were considered to be
responsible for the non-dissociative activation of O, and selective formation of H,O,, while
the contiguous Pd ensembles are more favourable for H,O formation. The Sb located on the
surface inhibits H, adsorption and therefore decrease the degradation and synthesis activity
compared to monometallic Pd catalyst.

A .
U b

Vina 3 ;
‘o ’ .IN

Figure 1.12: Direct synthesis of H202 over Pd-Sh/TiO: catalyst.!’

The highly selective synthesis of H>O, in a semi-batch reactor over a Te promoted Pd/TiO:
catalyst in acidified ethanol reaction medium has been reported by Tian et al.1®® A selectivity
towards H,O- of near to 100 % was obtained by carefully controlling the Te:Pd atomic ratio
to 1:100. Increasing Te content resulted in a decrease in Pd-Pd coordination due to a decrease
in particle size and a dilution effect of Te. Highly dispersed clusters of isolated Pd atoms were
observed with Te:Pd atomic ratios 4:17 and higher. The formation of Pd-Te sites blocks
contiguous Pd domains, and Te introduction was shown to significantly weaken dissociative
activation of O,. DFT results suggested that the terrace Pd-Te sites present a higher activation
barrier for O-O bond cleavage than for O-H bond formation. Therefore, a small Pd:Te ratio
(1:100) showed abundant surface Pd-Te sites were responsible for inhibiting side reactions
and achieving high selectivity. In contrast, reduction of particle size, because of increasing
Te:Pd ratio, resulted in an increase of low-coordinated active sites at edges and corners. These
active sites are more active for dissociative activation of O, than terrace Pd or Pd-Te sites. A
high concentration of Te on the surface significantly hinders adsorption of reagent gases,
causing inertness of the catalysts. Therefore, the ratio of Te:Pd needs to be carefully
considered to maximise the effect of the secondary metal. The different active sites and their

effect on H,O, formation are summarised in Figure 1.13.
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Pd-Te sites  ~

Pd-Pd sites

Figure 1.13: Effect of different active sites of Pd-Te/TiO2 catalyst on the direct synthesis of H202.1%°
Blue and brown spheres are Pd and Te atoms, respectively.

Wang et al. reported that addition of Zn can also significantly improve the catalytic
performance of monometallic Pd catalysts.!® By introducing high content of Zn (5 wt.%) to 1
wt.%Pd/Al,QO3, the synthesis activity was enhanced 3 times compared to monometallic Pd
counterpart, with increase in selectivity towards H,O, from 64 to 78 % in 0.03 M
H,SO4/MeOH solution at 2 °C. However, a significant increase in hydrogenation activity
(almost 2 times) was observed over this PdZn catalyst compared to the monometallic Pd
counterpart. This suggests that the increase in selectivity was observed due to significantly
enhancement in synthesis activity rather than inhibition of H.O formation. The function of Zn
addition on the H,O, synthesis was attributed to the geometric effect and the electronic effect
in the bimetallic PdZn catalysts. A smaller particle size and higher Pd dispersion was shown
over PdZn catalysts than monometallic Pd analogue. The adsorption capacity of PdZn
catalysts towards reagent gases was increased due to the addition of Zn resulting in more
adsorption sites compared to monometallic Pd catalyst. The increased adsorption capacity
correlates with increased synthesis and hydrogenation activity of the catalyst. An increase in
Pd° fraction was observed with increasing Zn metal loading, which can also explain increased

synthesis and hydrogenation activity of the catalyst.

1.9 The effect of additives on direct synthesis of H.O>

Studies by Pospelova in the early 1960s showed that the addition of acids, such as HCI and
HNOs, results in higher productivities of H.O, over Pd based catalysts by suppressing the base

catalysed decomposition.®
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Choudhary et al. investigated the role of halide additives for promoting direct synthesis of
H.O; over reduced Pd catalysts in an aqueous reaction medium.828385110-119 The halides were
introduced as potassium halides in the reaction medium, The absence of halide in the reaction
medium resulted in low H,O, formation rates, but also showed high activity of catalysts to
H,0, decomposition and hydrogenation.'*>!” The addition of fluoride anions (introduced as
KF) caused even further increase in decomposition and hydrogenation of H,O, with no
increase in synthesis activity. lodide anions (introduced as KI) caused almost complete
deactivation of catalysts due to poisoning caused by strong coordinating ability to Pd. On the
other hand, addition of chloride and bromide anions decrease the activity towards side
reactions and in addition increase formation of H,O,, with Br-anions being the most effective
halide additive. Similar conclusions were reached over oxidised Pd catalysts; however, the
effect was smaller compared to reduced counterparts. 8110114115117 This promotion effect was
only observed in presence of acid (protons), showing the essential role of acid in reaction
medium. Without the presence of acid in the reaction medium, the presence of identical
concentrations of halide anions result in low formation of H.O, and also high decomposition
activity as shown in Table 1.6.1°

Table 1.6: Formation and decomposition of H>O; at 27°C and atmospheric pressure over Pd/C
catalyst in in the presence and absence of mineral acid with or without halide additive.'?°

Catalyst Halide additive @ Hz conversion ° (%) H202 decomposition ¢ (%)
(mmol/dm3)
Total To H202

Acid in the reaction medium: H3zPO, (0.03 mol/dm?)

Pd/C none 57.2 15 61.4
KF [2.7] 58.3 0.0 725
KCI [2.7] 52.3 15.4 5.4
KBr [2.7] 36.2 115 2.8
KI[2.7] <5.0 0.0 <1.0

Absence of mineral acid

Pd/C none 48.5 0.0 100
KF [2.7] - - 100
KCI [2.7] 43.8 0.0 68.5
KBr [2.7] 385 0.0 18.0
KI[2.7] - - 325

2 Value given in square brackets corresponds to the concentration of halide in the aqueous reaction
medium.

b Reaction period is 3h.

¢ Reaction period is 1h.

Figure 1.14 illustrates the effect of halide additives with or without addition of acid using a
Pd/Al,Osz catalyst. In the absence of acid, or in the acidic medium without CI- or Br- anions,
decomposition of H,O is the dominant reaction (Figure 1.14 a). The addition of non-halo acid

resulted in formation of H,O, over oxidised form of catalyst, but also decomposition and
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hydrogenation of H.O- (Figure 1.14 b). In the presence of acid and Cl-or Br-, both a promotion
in H,O, formation and suppression of H,O, decomposition is observed, with hydrogenation of
H,0- being the main side reaction (Figure 1.14 c).* However, significant leaching of Pd from
the catalyst was also observed in the presence of higher concentration of halide anions (>25
mmol/dm?) and/or acid (>0.3 mol/dm?).11311%122 Ngo significant leaching was observed in

presence of H.O and H3PO4. PO4* ions can also stabilise H.0, %

a) Catalyst: Pd/Al,O,, Medium: Non-acidic (with or without CI" or Br™ anions) or acidic
(with F- anions or without CI" or Br- anions)

@

H, (3)| «(0.50,) (with very little or no net H,O, formation
% because of very high rates of reaction 1
030, H,0 and/or 3)

b) Catalyst: Pd0/Al,O;, Medium: Aqueous acidic (non-halo acid)

2)

H, (3)| -(0.50,) 4)

(1
MA H,0 <«—

¢) Catalyst: Pd(or PdO)/AlLO;, Medium: Aqueous acidic with CI" or Br- anions (at
optimum concentration)

H, (with appreciable net H,O, formation)

0, H,0,
g i
H, @ @|H, (with larger net H,0, formation)
~.
m H,0 <«——

Figure 1.14: Reaction scheme of direct synthesis of H202 over Pd/Al>Os catalyst in aqueous reaction
solution with or without addition of halide anions and/or protons. [(1) H2 combustion, (2) H.0;
formation, (3) H.O, decomposition and (4) H-O, hydrogenation] proposed by Choudhary et al.*?

Choudhary et al. proposed that anions can adsorb on catalytic surfaces and act as poisons or
modifiers of electronic properties of surface Pd (via Pd-halide interaction) resulting in the
reduction of dissociative adsorption of O, reduction of H,O- dissociation and inhibition of
H.O, hydrogenation. At higher than optimal concentrations of halide anions (the optimal
concentration depends on the catalyst used and the promoters used), more active sites were
blocked or modified, which further decreases the decomposition activity but also decreases
the catalytic activity and formation of H,O,.1*® The presence of a second halogen in the acidic
reaction medium causes a strong synergistic effect, enhancing H.O, formation rate and
selectivity 112116123 Thijs effect is expected to arise from the modification of the electronic
properties of Pd, due to the interaction of two different anions with different electronegativity
and electron affinity. The synergistic effect was most noticeable for the combination of
fluoride and iodide anions. This is interesting considering that addition of fluoride anions

previously only increased side reactions and addition of only iodide anions resulted in
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decreased activity of the catalyst for all reactions.'*® The halide ions can be incorporated
directly into the catalyst or deposited on the support prior Pd deposition. The same beneficial
promotion effect was observed as with direct addition to reaction medium,112:118.123

The addition of non-halo acids (with no addition of halide) such as H.SO4, H3POs4, H3BO3 or
HNO; had no effect on formation of H,O, but resulted in large decrease in H,O;
decomposition activity, however, halo acids showed a stronger effect on the direct synthesis
reactions.110111119 The presence of HCI (0.1M) caused a large decrease in Hz conversionand a
significant increase in H,O, formation and selectivity; however, the addition of HBr and HI
(0.1M) cased deactivation of the catalyst for the H.O, formation and degradation. All non-
halo acids performed in a similar manner, showing the importance of protons in decreasing
the decomposition rate of H,O, with little to no effect on H,O, formation. However, in the
presence of HCI, the improvement in selectivity was observed, suggesting that for selective
formation of H20- both proton (decreasing the decomposition activity) and Cl(increasing
H>O, formation) are needed. Deactivation of the catalyst using 0.1M HBr and HI was result
of catalyst poisoning poisoning. The effect of an acid additive on the H,O, decomposition
over Pd/C is illustrated in Figure 1.15, which shows the significant difference between non-

halo and halo acids.

100 -

—O— Dist.water
—A—0.1 M H PO,
—g—0.1 M H, SO,
80~ —0—0.1 M HC1
—e—0.1 M HBr
—A—0.1 M HI
—¥—0.1 M CH,COOH

60 - —&—0.1 M HCIO,

llx()! decomposition (%)

20
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Figure 0.15: The effect of acids on decomposition activity of hydrogen peroxide over 5 wt.% Pd/C
catalyst at 25°C in an aqueous reaction medium.!?

Edwards et al. also investigated the addition of promoters such as NaBr and HzPO., using CO;
as a diluent for H, and O reactant gases.?® The decrease in synthesis activity from 64 molzo2
Kgear h™ 1o 53 molizo02 Kgear h™t was observed in presence of NaBr and HzPO4 over 2.5 wt.%
Au- 2.5 wt.% Pd/TiO,, compared to activity with no additives. This can be related to possible

blocking with anions of catalyst sites active for formation of H,O.. The role of CO, was further
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investigated by comparison to N; as diluent. As shown in Table 1.7 the use of Ny, as the
gaseous diluent resulted in significantly lower rates of H,O, formation. The carbonic acid
formed upon dissolution of CO; in reaction medium acts as in situ promoter stabilizing H20..
Upon depressurizing the reactor, CO- is degassed from the solution and hence there is no need

to remove acidic promoter.

Table 1.7: Effect of gas diluent on synthesis of H,0, %

Catalyst Pre-treatment Productivity [Mmoliz02 Kgeat* h?]
2.5Wt.%Au-2.5wWt.%Pd/TiO, Air, 400°C, 3h 642
2.5Wt.%AuU-2.5wWt.%Pd/TiO, Air, 400°C, 3h 29°

2.5wt.%Au-2.5wt.%Pd/C Air, 400°C, 3h 1102
2.5Wt.%Au-2.5wt.%Pd/C Air, 400°C, 3h 10°

2 Reaction condition: 420 psi 5% H2/CO2 +150 psi 25% 0,/CO,, 2 °C, solvent (5.6 g MeOH and 2.9 g
H,0), H2:0, molar ratio = 1:2, 3.7MP4, stirring 1200 rpm. ® Reaction condition: N used as diluent:
5% H./Ar (290 pisg) + 10% O/He (290 psig), 2 °C, solvent (5.6 g MeOH and 2.9 g H»0), H2:02 molar
ratio = 1:2, 3.7 MPa, stirring 1200 rpm.

Instead of adding acid promoters into the reaction medium, Edwards et al. investigated the
effect of initial acid pre-treatment of catalyst supports using 2% HNO3.12* For Au-Pd catalysts
on oxide supports, acid pre-treatment led to a decrease in combined decomposition and
hydrogenation activity. However, when pre-treated carbon was used as support for Au-Pd
nanoparticles, the degradation of H,O, was switched off completely, resulting in a catalyst
with high H,0, formation rate and H; selectivity (> 98%). The acid pre-treatment decreases
the size of the alloy nanoparticles, and it was suggested that these smaller nanoparticles
decorate and inhibit the sites for decomposition reaction. Interestingly, no enhancement in
activity was observed over Pd/C catalyst pre-treated in similar manner. HNO3z; and CH;COOH
were the most effective acids for this type of pre-treatment. On the other hand, acids like HCI
and HsPO4, that were shown as efficient additives for direct synthesis of H20-, resulted in an
increase in H,O, formation but also a significant decrease in H, selectivity.!?* Similar
enhancements in catalyst activity were observed over Au-Pd catalyst supported on TiO,.* No
enhancement was observed, when the support was treated after metal deposition and neither

did addition of HNO3 or HCI during metal impregnation.*3
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1.10 Effect of calcination temperature on catalyst
performance

Catalyst heat treatment has been shown to be the essential feature controlling catalyst stability
and re-usability.>% Uncalcined bimetallic catalysts were reported to offer higher synthesis
activity and conversions compared to calcined counterparts.’?® However, these catalysts were
also shown to be unstable, and non-re-usable with a significant loss in active metal content as
previously shown in Table 1.5. It was suggested that the higher synthesis activity of uncalcined

catalysts can be contributed to leached Pd as it can act as active homogenous catalyst. &

Hutchings and co-workers showed that catalysts calcined at lower temperatures are much
more active than catalyst calcined at 400°C, upon first use, as shown in Figure 1.16.%
However, on subsequent re-use catalysts calcined at temperatures below 400°C were much
less active, due to loss of Pd and Au on use. Catalysts calcined at 400°C were stable and
showed no detectable leaching of metals. During the calcination process of AuPd catalysts
supported on metal oxide, the core-shell structure is formed with Pd-rich shell and Au-rich

core.?
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Figure 1.16.: Effect of calcination temperature on the formation of hydrogen peroxide using
standard reaction conditions. Key: A 2.5 wt% Au-2.5 wt% Pd/AI203; m 2.5 wt% Au-2.5 wt%
Pd/SiO2; e 2.5 wt% Au-2.5 wt% Pd/TiO2; closed and open symbols represent first and second use,
respectively.?®

Freakley et al. developed a heat treatment cycle consisting of 3 steps in which a catalyst is
calcined at 500 °C in static air, reduced at 200 °C in Hy/Ar, and re-calcined at 400 °C in static
air.}* This extensive heat treatment, illustrated in Figure 1.17, resulted in highly selective,

stable, and reusable SnPd/TiO; catalysts. All three steps were shown to be necessary and the
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same results were not obtained when the reduction step was replaced with another oxidation
treatment. It was suggested, that during the heat treatment, amorphous layers of SnOx
encapsulated the small Pd-rich nanoparticles, with high hydrogenation activity resulting in
high selectivity of the catalyst.

/ calcined =5 + reduced = + re-calcined

H,0, H,0 H,0,

H,0, o/  H0:
froduced o
reduced

oxidized
alloyed Pd alloyed Pd

TiO, primary support TiO, primary support TiO, primary support

Figure 1.17: Proposed mechanism for switching off H2.0O. hydrogenation by small Pd-rich NPs
through a strong metal-support interaction (SMSI).*

Cybula et al. demonstrated that calcination temperature affected the structure of AuPd
nanoparticles supported on TiO, as well as surface properties of support.?” The increase in
calcination temperature caused shrinking of the support surface area, growth of crystal size
and slight transformation from anatase to rutile phase. The catalyst calcined at 350 °C showed
a nanoparticle core was Au rich and a shell contained mostly Pd. Increasing the calcination
temperature up to 700 °C resulted in alloying of the metals and increase in particle size. The
structure of the catalyst changed from core-shell to a island like structure with areas of
different composition, and ends in fully alloyed system at 700 °C. The increase of calcination
temperature caused re-distribution and segregation of metal particles on the support, and is

illustrated trough HAADF images combined with elemental mapping in Figure 1.18.
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(a) 350°C 400°C 450°C 700°C
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Figure 1.18: HAADF images combined with mappings of Au, Pd and Ti (blue is Ti, red is Au and
green is Pd) calcined at 350, 400, 450 and 700 °C.1%

Li et al. demonstrated the importance of heat treatment over hollow SnPd nanocrystals
supported on TiO,.° Catalysts with no heat treatment showed extremely high degradation
activities towards H,O of 2400 moliz02 kgear h2. In order to inhibit the conversion of H,0»
to H,O, a thermal treatment process was applied to these catalysts. To avoid a particle
aggregation, the treatment process was carried out at 350 °C for a short time. After only 6 min
of heat treatment, no degradation activity was observed and significant increase in catalyst
activity from 100 to 160 moli202 Kgear* ™ was achieved. Due to the low treatment time, the
composition and morphology of the nanocrystals were largely maintained.'%

In order to optimize preparation procedure, Menegazzo et al. investigated the effect of the
calcination temperature on the catalyst performance of 1.5 wt.%Pd/SiO catalyst.'? The
uncalcined catalyst showed the highest initial H» selectivity (75%) with declining trend with
the reaction time. The catalysts calcined at 300°C, 500°C, 600°C demonstrated the same
synthesis activity and H, selectivities at around 60 %, which remained unchanged with
reaction time up to 300 min. These results indicated that calcination from 300 °C to 600 °C
does not significantly influence the catalyst properties. Similar synthesis activity was observed
over an uncalcined sample. In contrast, catalysts calcined at 800 °C showed both the lowest
synthesis activity and selectivity towards H»,O, among studied catalysts. The authors
concluded that calcination is essential for production of stable and re-usable catalyst. Catalysts
calcined at 500 °C showed no change in synthesis activity and selectivity upon re-use, while

no synthesis activity was observed over re-used uncalcined catalyst due to leaching of Pd.
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1.11 Thesis aims

The direct synthesis of H2O. represents an attractive, more atomically efficient, and
environmentally friendly alternative to the current industrial anthraquinone process. However,
the main challenge of the process is a poor H20- selectivity of the highly active catalysts as
they often display high rates of H,O degradation, through hydrogenation and decomposition
pathway.

The aims of the thesis are outlined below:

1) The synthesis reactions were carried out at ambient temperature eliminating the need
of cooling down the reactor set up and no acidic or halide additives were used, which
may result in decrease of the process cost. The catalyst design was focused on more
effective and efficient utilisation of precious metals to maximize the amount of pro-
duced H20- per mol of precious metal. The protocol for catalyst preparation was cre-

ated to enable large scale production with minimal operational cost.

2) Investigate bimetallic supported catalysts and how the addition of secondary metal
(Au, Sn, Ni) effects catalyst synthesis and degradation activity towards H.O,. Catalyst
design of bimetallic catalyst was caried out to investigate if SnPd and NiPd catalysts
can present a cheaper alternative to well established and studied AuPd catalyst. To
maximise the concentration of H,O» obtained during the reaction, different reaction

conditions were also investigated.

The PhD project is collaboration between Cardiff University and Haldor Topsge and therefore
work is mainly focused on utilising conditions that are more likely to be industrially
applicable. The preferences of the industrial partner were to use temperature that does not
require extensive cooling and use of TiO, as main catalyst support. Catalyst preparation

method and reaction conditions were optimised to minimise the overall process cost.
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Chapter 2

Experimental

This Chapter outlines the chemicals, experimental procedure used for catalysts preparation,
testing and characterization used and discussed in this thesis.

2.1 Materials used

This Section outlines the chemicals used during the work within this thesis, and the suppliers

used, with the purity of the various chemicals in parenthesis.

PdClI; - Merck (99.999% trace metal basis)

Pd(NOs)..2H,0 - Merck (40 % Pd basis)

HAUCI4.3H,0 - Merck (99 % trace metal basis)

SnCl4.5H,0 - Merck (98 % trace metal basis)

NiCl,.6H,0 - Merck (99.9 % trace metal basis)

TiO; - Degussa p25 (99.5 % trace metal basis, 20-30 nm particle size)
TiO; - Merck, anatase (99.7% trace metal basis, <25 nm particle size)
TiO2 - Merck, rutile (99.5% trace metal basis, <100 nm particle size)
SiO2 - Merck (99.5% trace metal basis, 5-15 nm particle size)

Al>,O3 - Merck (99% trace metal basis, <50 nm particle size)

ZrO; - Merck (99% trace metal basis, <100 nm)

CH3OH - Fischer Scientific (HPLC Grade)

H-0 - Fischer Scientific (HPLC Grade)

H20 — Honeywell Fluka (50 wt.%, stabilised)

(NHa4)2Fe(S04)..6H,0 - Fischer Scientific (0.06 M)

Ce(S0s4)2 - Sigma Aldrich (> 98 %)
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2.2 Catalyst preparation by wet impregnation

2.2.1 Monometallic catalysts

Monometallic Pd, Au, Sn and Ni catalysts were prepared by wet co-impregnation of the
appropriate support with solutions of PdCl,, HAuCls, SnCl, and NiCl,, using an excess of
solvent (deionised H,0). The catalysts were prepared to have a nominal metal content of 0.5
wt.%, unless stated otherwise.

A typical catalyst preparation procedure of 0.5wt.%Pd /TiO, was carried out according to the
following procedure, which is a modification of procedure previously published by Edwards

etall!

PdCl, (Merck, 0.883 mL, 6 mg.mL™) was added into a 50 mL round-bottom flask fitted with
a magnetic stirrer bar. The volume of the solution was adjusted using deionized water to a
total volume of 16 mL and heated to 65 °C with stirring (800 rpm) in a thermostatically
controlled oil bath. TiO, (Evonik Degussa, P25,1.99 g) support was then added to the solution,
and mixture was heated to 95°C. The slurry was stirred for 16 h until all the water evaporated
leaving a dry solid. The catalyst was ground into fine powder and then 0.5 g of catalyst was
calcined in static air (400 °C, 3 h, ramp rate of 20°C.min"") if not stated differently. Calcining
only 0.5 g of catalyst at once ensured that the layer of catalyst in calcination boat was thin and

heat treatment was even.

A similar procedure was followed when Pd(NO3), was used as Pd precursor. Pd(NOs)..2H,0
(Merck, 0.025 g) was added into a 50 mL round-bottom flask fitted with a magnetic stirrer bar
and dissolved in 16 ml of deionised H.O and heated to 65 °C with stirring. The rest of the

procedure was identical to the one mentioned above.

2.2.2 Bimetallic catalysts.

Bimetallic AuPd, SnPd and NiPd catalysts were prepared by wet impregnation of the
appropriate support with solutions of PdCl,, HAuCls, SnCl, and NiCl,, using an excess of
solvent (deionised H,0). The catalysts were prepared to have a nominal metal content of 0.5

wt.%, unless stated otherwise.

43



Chapter 2

A typical catalyst preparation procedure of 0.25 wt.%Au-0.25 wt.%Pd /TiO> was carried out
according to the following procedure, which is a modification of procedure previously
published by Edwards et al.!

HAUCI;.3H,0 (Strem Chemicals, 0.41 mL, 12.25 mg.mL™) and PdCl, (Merck, 0.883 mL, 6
mg.mL™) were added into a 50 mL round-bottom flask fitted with a magnetic stirrer bar. The
volume of the solution was adjusted using deionized water to a total volume of 16 mL and
heated to 65 °C with stirring. A TiO, (Evonik Degussa, P25,1.99 g) support was then added
to the solution, and mixture was heated to 95°C. The slurry was stirred for 16 h until all the
water evaporated leaving a dry solid. The catalyst was grund into fine powder and then 0.5 g
of catalyst was calcined in static air (400 °C, 3 h with a ramp rate of 20 °C min™!) if not stated
differently.

2.3 Catalyst testing
2.3.1 Direct synthesis of hydrogen peroxide

Catalytic activity toward the direct synthesis of H,O, from H; and O, was determined using a
Parr Instruments stainless-steel autoclave (equipped with overhead stirrer and
temperature/pressure sensors) with a nominal volume of 50 mL, equipped with a PTFE 50 ml
liner and maximum working pressure of 14 MPa, as shown in Figure 2.1. During a standard
H20. synthesis reaction the autoclave was charged with HPLC standard CH3;OH (5.6 g),
HPLC standard H20O (2.9 g), and catalyst (0.01 g). The charged autoclave was then purged 3
times with 5% H,/CO; (0.7 MPa) to get rid of residual air from reactor vessel. The autoclave
was pressurized with 2.9 MPa 5% H./CO; and 1.1 MPa 25% O,/CO; to give a total reaction
pressure of 4 MPa. The reaction gas contains CO; as a diluent, which has been shown to form
carbonic acid in situ by dissolving in the solvent at elevated pressure, lowering the pH of the
reaction solution, stabilising the H,O, that was formed and suppressing the subsequent
degradation reactions.?® The reaction mixture was stirred at 1200 rpm for 0.5 h at ambient
temperature. If the reaction was carried out at different temperature than ambient, temperature
was first adjusted by cooling the reactor vessel using ice bath prior to the start of the reaction.
The reaction starts once the reactor starts stirring. After the reaction was completed, a gaseous
sample was collected and analysed by gas chromatography when necessary. Once the gas
sample was collected, the remaining reagent gas was vented, and the catalyst was removed
from the solvent by filtration. Aliquots of the solvent were titrated against a Ce(SQ.), solution

with a known concentration and acidified with 2% H,SO. using ferroin as an indicator. The
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concentration of the Ce(SO4). solution was standardized by titration of a known amount of
(NH4)2Fe(S04),.6H,0, using ferroin as an indicator.®

Magnetic stirrer drive

Gas vent

%

Thermocouple €—

Gas input

Pl — Pressure indicator

RP- Rapture disc Reactor vessel

Electric heating

jacket —|_’

Stirrer

Figure 2.1: Schematic representation of the high-pressure autoclave used for testing.

To compare the performance of the catalysts, productivity was calculated by normalising the
produced amount of H,O, over reaction time and catalysts mass used in reaction and presented
as moluo2htkg™. The following equations were used to calculate productivity and wt.% of
H20,. The Equation 2.1 was used to calculate the volume of Ce(SO.). solution required to titre
the reaction solution after the reaction. The volume of Ce(SOs). solution of known
concentration was then used to calculated the moles of Ce(SQOa4)2 used in titration according
to Equation 2.2.

recorded titre x mass of reaction solution

Volume of Ce(504): to titrate reaction solution=

2.1)

sample mass

Moles of Ce(504)2 =volume of Ce(50,), x concentration of Ce(S0,), (2.2)

In the Equation 2.3, 2 moles of Ce(SOs), react with one mole of H,O. and therefore this ratio
was used to calculate moles of H20. according to Equation 2.4.

H202+ 2Ce(S04)2 »Ce2(S04)3 + H2504 + 02 (2.3)
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moles of Ce(S04),
2

Moles of H202 = (24)
The catalytic activity towards the synthesis of H,O, was presented in terms of productivity or
weight percentage (wt. %) in reaction solution . The concentration of H,O, was determined
and standardised by the mass of catalyst and time, as shown in Equation 2.5 and Equation 2.6.

Moles of Hp0,

mass of catalyst x reaction time

Productivity = (2.5)

Moles of H,0, x Molar mass of H,O:
wt.% H,0, = S 120 S 120 (2.6)

mass of reaction solution

2.3.2 Degradation testing

The degradation activity of a catalyst toward H>O., which is the sum of H.O. decomposition
and hydrogenation activity, was determined in a manner similar to the direct synthesis activity
of a catalyst. The autoclave was charged with CH3;OH (5.6 g), H20 (50 wt. % 0.68 g), and
HPLC standard H.O (2.21 g), with the solvent composition equivalent to a 4 wt. % H20>
solution. From the solution, 5 aliquots of known mass were removed and titrated with acidified
Ce(S04): solution of known concentration, using ferroin as an indicator to determine an
accurate concentration of H;O- at the start of the reaction. Then, catalyst (0.01 g) was added
to the solvent. The charged autoclave was then purged 3 times with 5% H,/CO, (100 psi) to
get rid of residual air from reactor vessel. The autoclave was pressurized with 2.9 MPa 5%
H2/CO,. No O, was present in the reaction system during degradation testing. The reaction
mixture was stirred at 1200 rpm for 0.5 h at ambient temperature. If the reaction was carried
out at different temperature than ambient, temperature was first adjusted by cooling the reactor
vessel using ice bath prior the start of the reaction. The reaction starts once the reactor starts
stirring. After the reaction was completed, the remaining reagent gas is vented, and the catalyst
was removed from the solvent by filtration. Again, five aliquots of known mass were titrated
against the acidified Ce(SO4), solution using ferroin as an indicator.® The degradation activity
was calculated as molu202 hkgcat? along with the percentage of H,O, remaining after the

reaction.

2.3.3 Blank degradation testing

A blank degradation reaction, in the absence of a catalyst, was carried out on a regular basis

to determine possible reactor contamination. The same procedure was followed as described
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in Section 2.3.2, however no catalyst was added into reaction solution. In the case of
contamination, the reactor was subjected to cleaning process using mineral acids followed by
water and TiO,washing cycles. A subsequent blank degradation reaction was then carried out
before continuing testing with catalyst.

2.3.4 Catalyst re-use

Catalyst reusability was carried out by using standard reaction conditions as stated in Chapter
2.3.1 but the mass of the catalyst was increased to 0.05 g. After the reaction was carried out,
the catalyst was removed from the reaction medium via filtration. The catalyst was then dried
under vacuum oven at 25 °C for 16 h. Between reactions, a blank degradation reaction was
carried out to make sure that no contamination of the reactor occurred due to the use of
increased amount of the catalyst. Following this procedure, a standard synthesis reaction was

run as previously described in Section 2.3.1.

2.4 Catalyst characterization
2.4.1 Gas chromatography

Gas chromatography (GC) is a technique used to separate and analyse mixture of chemical
compounds. GC uses carrier gas, for example He or Ny, in the separation as mobile phase. The
sample is introduced to the GC with syringe or autosampler. After injection into the GC, the
sample mixture is first vaporised if required. Based on the concentration, the whole vapourised
sample is transferred into the column by the carrier gas, or only portion of the sample can be

transferred into column in a split mode and the rest is flushed from the system.*

In the analytical column, separation of the sample components take place based on the
different interactions with the separation phase.* A liquid stationary phase (for example,
silicone polymers) is chemically bonded or coated in the column. The vaporized sample is
repeatedly dissolved and vaporized in the liquid stationary phase while traveling downstream
with the carrier gas.® The time of dissolving in the liquid phase and the time of vaporizing will
be different for each compound, based on their physicochemical properties and interaction
with the column. Once the compounds different than the carrier gas are eluted from the
column, the detector converts them into electrical signals which are amplified and sent to a
data processor. The data processor analyses the signal from the detector and is able to identify

the substances in the sample.>®
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There are two types of GC columns available on the market: packed and capillary. A longer
column with smaller diameter is suitable for higher resolution analysis, while a larger diameter
column can be used if higher resolution is unnecessary.® The column is placed in a
thermostatically controlled oven, with ranging temperature from ambient to over 400°C.
Temperature can remain constant during a separation if needed, or can increase at a determined

rate to increase elution.

A thermal conductivity detector (TCD) detects the difference of the thermal conductivity
between the sample and the carrier gas. Most of the compounds except carrier gas can be
detected using TCD, but the sensitivity is lower compared to other detectors. A flame
ionisation detector (FID) burns and ionizes the sample and is used for detection of organic
compounds.>® In the mass spectrometer (MS), the compounds are ionized and fragmented
using electron or chemical ionization sources. lonized molecules and fragments are then
accelerated through the mass analyser, for example a quadrupole or ion trap, separating the
ions based on their different mass-to-charge (m/z) ratios.’

Catalytic conversion of H; and selectivity towards H,O, were determined using a Varian 3800
GC fitted with a thermal conductivity detector and equipped with a Porapak Q column. The

following equation was used to calculate H, conversion:

3 mmoly, plank—mMmoly, final
H, conversion [%] = 2207 2final 5 100 2.7
2
mmoly, plank

In order to calculate catalytic conversion as well as selectivity towards H.O,, blank synthesis
reaction was carried out following procedure as stated in section 2.3.1, with no catalyst present
in reaction system. After a reaction, the gas sample was taken and analysed by GC. The
amount of H; in a blank reaction represents the maximal amount of H in the reactor if no
reaction took place, and is used in equation 2.7 as mmoluz piank. The gas sample was analysed

after a standard H,O; synthesis reaction and represents mmolwzsina in €quation 2.7.

The selectivity towards H.O- (equation 2.8) is calculated as the amount of H,O- present in the
reaction system after the reaction, estimated by titration, divided by the theoretical amount of

H»0O, that could be formed based on H. conversion as calculated by equation 2.7.

H,0, detectet [mmol]

H, 0, selectivity [%] =

x 100 (2.8)

H,0; theoretical [mmol]

The column oven (containing a Porapak Q column) was heated up to 30 °C for 16 min, which
allows separation of Hz, O, and CO;, using Argon as a carrier gas. The retention times of the

components analysed during a H20- synthesis reaction are shown in Table 2.1.
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Table 2.1: Retention times of components analysed by GC after synthesis reaction.

Component Retention time [min]
H> 1.6
0, 2.2
CO; 9.2

2.4.2 X-ray diffraction (XRD)

X-ray diffraction is one of the most frequently applied analytical techniques, widely used for
phase identification of a crystalline material.® It can be also used to obtain an indication of
particle size, measurement of sample purity and identification of fine-grained minerals such
as clays, which are difficult to determine optically. It is a non-destructive technique with

detection limit approximately a 3 nm crystalline size.*°

XRD is based on constructive interference of monochromatic X-rays and crystalline sample.
X-rays are generated by a cathode ray tube by heating a filament to produce electrons,
accelerating the electrons toward a target by applying a voltage, and bombarding the target
with electrons. When electrons have sufficient energy to dislodge inner shell electrons of the
target material, characteristic X-ray spectra are produced consisting of several components,
the most common being K, and Kg. Copper is the most common target material for single-
crystal diffraction, with CuK, radiation = 1.5418 A. These X-rays are filtered by foils or
crystal monochromators to produce monochromatic radiation, collimated to concentrate and
directed toward sample. The sample and the detector are rotated, and the intensity of the
reflected X-rays is recorded. Once these X-rays hit the sample, they are diffracted by the
lattice planes present in the crystalline sample and interference between the diffracted beams
can occur as illustrated in Figure 2.2. If an X-ray is diffracted from A and D then, to produce
constructive interference, the distance travelled by the beam after it has been diffracted from
D must be an integer of the wavelength. The integer is the sum of the path lengths BD and
DC, which will depend on the lattice spacing (d) and the angle of incidence of the incoming
X-ray beam (6).1
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Figure 2.2: Diagram showing the diffraction of X-rays from lattice planes in a crystalline lattice.
Where d is the lattice spacing and / is the angle of incidence.?

nA = BD + DC (2.9)
BD = DC = d sinf (2.10)

If the angles (26), under which constructively interfering X-rays leave the crystal, are
measured, the Bragg relationship (2.11) gives the corresponding lattice spacings. These

spacings are characteristic for a certain compound.*3

nl=2dsin8; n=12,.. (211)
Where:
A is the wavelength of X-rays
d is the distance between two lattice planes
0 is the angle between the incoming X-rays and the normal to the reflecting lattice
plane
n is the integer called order of the reflection.

The shape of the reflection can provide information with regard to crystallite size. Larger
crystals will produce sharper narrow peaks, while smaller crystals will result in broader peaks.
Crystal size can be calculated trough the Sherrer equation (2.12), which relates crystal size to

peak width:

KA
B cos6

(Ly =

(2.12)

Where:
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(L) is a measure for the dimension of the particle in the direction perpendicular to the
reflection plane
S is the peak width

K is a constant

XRD is a suitable method for catalyst characterization that gives clear information about
crystalline structure and particle size of sufficiently large particles. However, XRD cannot
detect particles that are below 3 nm or amorphous, which is a major limitation of this method,

since one can overlook phases present and not detected with XRD.

Methodology:

Investigation of the bulk structure of the metal supported catalysts was carried out using a (6-
6) PANalytical X pert Pro powder diffractometer using a Cu Ka radiation source operating at
40 KeV and 40 mA. Standard analysis was performed using a 40 min scan between 26 values
of 10-80°, with the samples supported on an amorphous silicon wafer. Diffraction patterns of

phases were identified using the ICDD data base.

2.4.3 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a frequently used surface sensitive technique in catalysis
providing information on the elemental composition and the oxidation state of species on the
surface of the sample to a depth of around 10 nm.® XPS is based on the photoelectric effect,
whereby a photon of energy 4v penetrates the surface and is absorbed by an electron with a
binding energy Ey. The kinetic energy of the ejected electron is dependent on energy of the
incident X-rays, the work function of the spectrometer, and the binding energy of the core

electron, as shown in Figure 2.13. The electron is then ejected with a Kinetic energy:

Ex=hv—E,—¢ (2.13)
Where:
Ex is the kinetic energy of the photoelectron
h is Planck’s constant
v is the frequency of the exciting radiation
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Eb is the binding energy of the photoelectron with respect to the Fermi level of the
sample
17 is the work function of the spectrometer
hvz (W) LI
'y — Kinetic y
f S i

@~ work function
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_____ Ao an wn f PR — i 3 Fermi Level
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Figure 2.3: Schematic band diagram showing the energy of the photoelectron process.**

Each element has a characteristic set of binding energies, which are used to analyse
composition of the sample. For a core electron to be emitted, the energy of the incident X-ray
must be greater than the binding energy. The binding energy also contains chemical
information, because the energy levels of core electrons depends slightly on the oxidation state
of the atom. The higher the oxidation state of the sample, the higher the binding energy of its
core electrons. The energy of the incident X-ray must be greater than that of the binding energy
combined with the work function of the spectrometer. The intensity of photoelectrons is
measured as a function of their kinetic energy. The XPS spectrum is usually a plot of intensity
of these photoelectrons versus kinetic energy or binding energy.

Methodology:

XPS was performed using a VG Escalab 220i spectrometer, using a standard Al-Ka X-ray
source (300 W) and an analyser pass energy of 20 eV. Samples were mounted using double-
sided adhesive tape, and binding energies were referenced to the C 1s binding energy of

adventitious carbon contamination, which was taken to be 284.7 eV.
Acknowledgements:

I would like to thank the Cardiff University XPS facility for the access to X-Ray
photoelectron spectroscopy (XPS), necessary training to operate the equipment and

acquiring data presented in this thesis.
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2.4.4 Scanning electron microscopy (SEM).

Scanning electron microscopy is carried out by focusing a high-energy electron beam over the
sample surface to detect secondary and backscattering electrons as a function of the position
of the primary beam.® The signals that derive from electron-sample interactions reveal
information about sample morphology, chemical composition, and crystalline structure. The
secondary electrons originated from the surface region of the sample and have low energies.
Characteristic transitions in the sample can be studied by analysing the energy loss from the
primary electrons, which often lose their energy due to subsequent collisions before they emit
as secondary electrons. The backscattered electrons come from deeper areas, carrying
information on the composition of the sample. Heavy elements are more efficient scatterers
and appear brighter in the image. The interaction between the primary electron and the sample

in an electron microscope leads to detectable signals and is shown schematically in Figure 2.4.

Primary electron beam

Backscattered electrons -

- . | |
F"EtECtEd ~  X-rays / _ Detected in SEM
in EDX _ i ‘

/4 Secondary electrons  _

Photons

Loss electrons
Diffracted electrons

Transmitted electrons

Detected in TEM

Figure: 2.4 The interaction between the primary electron beam and the sample.®

Data are collected over a selected area of the sample surface and a 2-dimensional image is
generated. Areas ranging from approximately 1 cm to 5 microns can be imaged in a scanning

mode using SEM techniques.

Methodology:

Microscopy was performed on a Tescan Maia3 field emission gun scanning electron
microscope (FEG-SEM) operating in the variable pressure Univac mode and using the cooled

Peltier stage. The samples were mounted uncoated on 12.5 mm aluminium stubs using
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adhesive carbon Lite discs. Images were taken at 250 Pa and 5 °C with a beam energy of 15

kV using the Low Vacuum secondary electron Tescan detector (LVSTD)
Acknowledgements:

I would like to thank the Cardiff University electron microscopy facility for the access to
scanning electron microscopy (SEM), necessary training to operate the equipment and
acquiring some of the data presented in this thesis.

2.4.5 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a high-resolution imaging technique in which a
primary electron beam of the high energy and intensity is generated from an electron gun and
is passed through the condenser producing parallel rays, which are directed to the sample on
the sample holder. A two-dimensional projection of the sample is formed by transmitted
electrons and it is subsequently magnified by the electron optics to produce bright-field image.
The dark-field image is formed by diffracted electron beams. Unlike SEM, which gathers the
net intensity of secondary electrons in each point of the scan, TEM resolution is only limited
by the wavelength of the electron and the quality of the electron optics. Therefore, images on
sub-nanometre scale can be collected. The resolution of the TEM is about 0.1 nm.*® The TEM
technique has been applied to investigate the fine structure and elemental information of the

catalysts.

Methodology:

Transmission electron microscopy (TEM) and scanning transmission electron microscopy
(STEM) were performed on a JEOL JEM-2100 operating at 200 kV. Energy dispersive X-ray
analysis (EDX) was done using an Oxford Instruments X-MaxN 80 detector and the data
analysed using the Aztec software. samples were prepared by dispersion in ethanol by

sonication and deposited on 300 mesh copper grids coated with holey carbon film.

Acknowledgements:

I would like to thank the Cardiff University electron microscopy facility for the access to
transmission electron microscopy (TEM), necessary training to operate the equipment and

acquiring some of the data presented in this thesis.
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2.4.6 Energy dispersive X-ray spectroscopy (EDX)

Energy Dispersive X-Ray Spectroscopy (EDX) is a surface technique used for elemental
analysis. An electron beam interacts with the sample, causing an emission of an electron from
an inner shell and formation of an electron hole in the electronic structure of the element.®

The vacancy is filled by an electron from an outer shell, as shown in Figure 2.5.

Figure 2.5: Energy Dispersive X-Ray spectroscopy schematic.’

The difference in energy between the two shells is released as an X-ray, hitting the detector.
The amount of the energy released is individual for each element, which allows the detection

of the specific element on the sample.

Methodology:

Transmission electron microscopy (TEM) was performed on a JEOL JEM-2100 operating at
200 kV. Energy dispersive X-ray analysis (EDX) was done using an Oxford Instruments X-
MaxN 80 detector and the data analysed using the Aztec software. Samples were prepared via
dispersion in ethanol by sonication, and deposited on 300 mesh copper grids coated with holey

carbon film.

Acknowledgements:

I would like to thank the Cardiff University electron microscopy facility for the access to
electron microscopy, necessary training to operate the equipment and acquiring the data

presented in this thesis.
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2.4.7 Inductively coupled plasma mass spectrometry (ICP-MS)

Inductively Coupled Plasma (ICP) is an analytical method used for detection and measurement
of trace amounts or major concentration of nearly all elements within a sample, utilizing a
high temperature plasma discharge as a source of positively charged ions.*® ICP uses noble
gases such as Ar as plasma gas. The argon gas streaming through a torch apparatus is lit,
resulting in extremely hot plasma in which the vaporization, dissociation or atomization,
excitation and final ionization of the sample components takes place. The temperature of the
plasma may exceed 7000 K and is capable of ionizing the atoms of many chemical elements,
creating a single-charged ion. The ions are passed into a mass spectrometer where a signal
relative to the concentration of various elements is obtained. Calibration of an ICP unit using
reference standards is required to obtain exact concentration of the elements. ICP-MS is suited
to handle liquid samples as well as gaseous or solid samples, using gas chromatography or
laser ablation as sample introduction technique. The schematic of the ICP-MS units is shown

in Figure 2.6.

Sample Introduction

— -—

Plasma
= - Pump Liquid Sample

Spray Chamber Pneumatic Nebulizer

Mass Spectrometer ICP Torch / /

Waste

Figure 2.6: Schematic of ICP-MS unit with sample introduction system, torch and mass
spectrometer. 2

Methodology:

Post-reaction solutions were analysed using an Agilent 7900 ICP-MS equipped with I-AS auto
sampler. All samples were diluted by a factor of 10 using HPLC grade H>O. All calibrants
were matrix matched and measured against a three-point calibration using certified reference

materials purchased from Perkin Elmer and certified internal standards acquired from Agilent.
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2.4.8 Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS)

When an infrared beam is focused onto fine material, the incident beam can interact with
particle by reflecting radiation from the surface without penetrating the particle. True diffuse
reflectance results from the penetration of the incident radiation into one or more particles.?
The light that penetrates is reflected in all directions. The light leaving the surface will pass
through a thin layer of the reflecting material and therefore its wavelength content will be
modified by optical properties of the matrix, containing structural information of the sample.
The type of reflection that the radiation might undergo are illustrated in Figure 2.7. The diffuse
reflection can not be optically separated from specular reflection.?? If the specular reflection
component is weak compared to diffuse reflection, then diffuse reflection spectra are very
similar to transmission spectra. To minimise contribution from specular reflection, a sample
should be ground to a particle size smaller than 10 um. In the case of a strongly absorbent

sample, dilution with a non-absorbent matrix such as KBr is required.

During DRIFTS measurement, the IR energy is directed into a sample cup filled with a mixture
of the sample and an IR transparent matrix, such as KBr. The IR radiation interacts with the
particles, causing the light to diffuse or scatter. The scattered energy is then directed by an
output mirror into the detector of the spectrometer. The altered IR beam is recorded and used
to generate a spectrum. To obtain a more accurate measurement, a background signal is

collected by measuring only the IR matrix and subtracting from sample spectrum.

Normal specular
components

Incident
infrared

Figure 2.7: Mechanism generating the infrared spectrum of the powder.?
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Methodology:

DRIFTS measurements were caried out on a Bruker Tensor 27 spectrometer fitted with a
mercury cadmium telluride (MCT) detector. A sample was loaded into the Praying Mantis
high temperature (HVC-DRP-4) in situ cell before exposure to N. and then 1% CO/N:; at a
flow rate of 50 cmi®mint. A background spectrum was obtained using KBr, and
measurements were recorded every 1 min at room temperature. Once the CO adsorption bands
in the DRIFT spectra ceased to increase in size, the gas feed was changed back to N, and

measurements were repeated until no change in subsequent spectra was observed.

2.4.9 X-Ray absorption near edge structure (XANES)

X-ray absorption near edge structure (XANES)is a type of an element-specific X-ray
absorption spectroscopy (XAS), providing information on the electronic, structural, and
magnetic properties of matter.2® In XANES, absorption of a photon occurs and is followed by
an electron excitation from a core state to an empty state. The photon energy has to be equal
or higher than the binding energy of this core-level to excite an electron in a given core-level
leaving a hole in an inner shell. This vacancy can be filled by an electron from the higher
energy state, causing release of energy. The released energy can either undergo a
fluorescence emission to release a photon, or it can further excite and eject an electron from a
higher energy state. In XANES, the intensities of the light coming through samples are
measured as well as the effect of scattering from auger electrons, photoelectrons, and even
emitted photon. As shown in Figure 2.8, XANES refers to the absorption fine structure close
to an absorption edge, about the 50 eV below and above the absorption edge.?* EXAFS
spectrum typically starts above 50 eV above absorption edge and can extend for 1000 eV.

XANES EXAFS

Absorption

Energy (e V)
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Figure 2.8: Schematic illustration of an X-Ray absorption spectrum.?

Methodology:

X-ray Absorption Near Edge Structure (XANES) was measured at Beamline B18 of Diamond
Light Source (UK) with a Si (311) double crystal monochromator QXAFS setup.
Transmission and fluorescence signals were measured simultaneously via ionisation chambers
and 36 element Ge solid state detectors, respectively. Samples were pressed into a 13 mm
diameter pellets for measurement. Pd foil and PdO were used for energy shift calibration. The
spectrum of each sample was measured three times and merged to improve the signal-noise
ratio. XAFS data was analysed by Demeter software package (including Athena and Artemis
software). Athena software was used for data extraction and XANES analysis..

Acknowledgement:

The XANES characterisation was carried out by Dr Wang and his research team. We
acknowledge the Diamond Light Source B18 beamline for the experiment sessions (SP17377,
SP19072 and SP19850).

2.4.10 Extended X-ray absorption fine structure (EXAFS)

Extended X-ray absorption fine structure (EXAFS) contains information about the identity of
adjacent atoms, their distance from the excited atom, the degree of disorder in a particular
atomic shell and the number of neighbouring atoms in the nearest shell.*® An EXAFS spectrum
corresponds with the oscillating part of the X-ray absorption spectrum, starting at roughly 50

eV and extending to about 1000 eV above the edge as shown previously in Figure 2.8.2

In X-ray spectroscopy, an X-ray beam causes the ejection of an electron, usually a core
electron, leaving a vacancy in the core shell. As a result of the relaxation, an outer electron to
fill that vacancy.?” To cause ejection of electron, the energy of the X-ray must exceed or be

equal to the ionization energy of the electrons in that shell.

The relationship between the intensity of an X-ray beam going into a sample and its intensity
leaving the sample after traveling a distance x can be described by the X-ray absorption

coefficient 4..2® The absorption coefficient is given by:

dinl
dx

p= — (2.16)

Where:
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I isthe intensity
dx is the distance beam travels

In the monochromatic beam, the energy dependence of the absorption coefficient on the
photon energy is collected with the Bragg monochromator. A sharp jump, called the
absorption edge, marks the opening of an additional photoabsorption channel when the photon
energy reaches one of inner-shell ionization energies of the atom. These edges correspond to
the ionization of a core orbital, K-edges describing the excitation of the innermost 1s electron,
and L-edges and M-edges referring to the same for higher energy orbitals and vary by atom.
A series of downward oscillations will be observed after each edge, corresponding to wave
interaction between the ejected photoelectron and electrons surrounding the absorbing atom.
The waves emitted from the absorbing atom change paths when they hit neighbouring atoms
and, therefore, they are called backscattering. The oscillations are characteristic of the

surrounding atoms and their distances from the central atom.

Methodology:

Extended X-ray Absorption Fine structure spectrum (EXAFS) of the Pd K-edge were
measured at Beamline B18 of Diamond Light Source (UK) with a Si (311) double crystal
monochromator QXAFS setup. Transmission and fluorescence signals were measured
simultaneously via ionisation chambers and 36 element Ge solid state detectors, respectively.
Samples were pressed into a 13 mm diameter pellets for measurement. Pd foil and PdO were
used for energy shift calibration. The spectrum of each sample was measured three times and
merged to improve the signal-noise ratio. EXAFS data was analysed by Demeter software
package (including Athena and Artemis software) B, Artemis software was used to fit the k-
weighted EXAFS data. The amplitude reduction factors So? of Pd K-edge was calculated to be
0.86 from EXAFS analysis of Pd foil and used as a fixed parameter for EXAFS fitting.

Acknowledgement:

The EXAFS characterisation was carried out by Dr Wang and his research team. We
acknowledge the Diamond Light Source B18 beamline for the experiment sessions (SP17377,
SP19072 and SP19850).
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Chapter 3

The Direct Synthesis of H.O> Using Supported
Monometallic Palladium Catalysts

3.1 Introduction

The direct synthesis of H.O, using transition metal supported catalysts offers an attractive and
environmentally friendly method in H.O. production to facilitate variety of selective oxidation
reactions as well as use as disinfectant or bleaching agent.*? The direct synthesis of H,0 is
well studied reaction with the prevalent use of Pd supported catalysts.®® Typical reaction
conditions described in literature are as follows: H./O reagent gas mixture (concentration of
H: below 5%, often high concentration of diluent such as CO; or Nz), supported metal catalyst,
acidified H,O or alcohol as solvent, promoters such as halides, lower temperatures close to
0°C or ambient temperature and atmospheric or positive pressure. The complex combination
of reaction conditions and additives have significant effect on catalyst synthesis activity and

selectivity.

The monometallic Pd catalysts, although highly active towards synthesis of H.O-, typically
also demonstrate high activity in subsequential degradation pathways. Therefore, a primary
challenge is suppressing O-O bond cleavage on Pd nanoparticles. To increase selectivity of
the catalyst two common approaches are used: an introduction of secondary metal (Au, Sn,
Ni) to monometallic Pd catalyst or the use of promoters and additives (e.g., Cl-, Br) that may
inhibit cleavage of O-O bond.”** However, the promoters used in the reaction to enhance
selectivity of the catalysts reduce catalyst stability and lifetime. Cost of neutralizing and
replacing promoters, as well as corrosion of reactor are some of the issues linked to use of

promoters.

To work below the lower explosive limit of Hz in O2 (4 mol% H: at 1 atm.) significantly limits
reaction rates and therefore concentration of H,O, produced. To address this limitation, the
choice of solvent plays a crucial role in the direct synthesis of H>O,. Due to the low solubility
of reagent gases in H,O, the use of lower alcohols as CH3OH or C,HsOH is preferred. The

main role of the solvent considered in many studies was to facilitate transport of the dissolved
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reagent gases to the active sites.>* However, recent studies suggest that solvent might

participate directly in reaction mechanism.16

In this Chapter, the direct synthesis of H.O, over monometallic Pd catalysts ( reaction pathway
shown in Chapter 1, Figure 1.1) was investigated. The effect of reaction conditions, such as
pressure, gas composition, reaction time and solvent composition was investigated. As shown
within this Chapter, the metal loading of the catalyst plays crucial role in the catalyst activity
as well as support used. The role of the promoters are also examined. Reusability studies are
carried out and changes in catalyst structure after reaction are also investigated. Gas
replacement reactions were tested to observe the possibility to maximise the concentration of
H,0..

3.2 Results and Discussion

Supported monometallic Pd catalysts were prepared using the standard wet impregnation
technique using PdClI; as the metal precursor and TiO- as the support, as outlined in Chapter
2, Section 2.2.1. Each catalyst was prepared at least 3 times and each batch of catalyst was
tested at least 3 times for H,O, synthesis and degradation reaction. All H,0- synthesis and
degradation testing were carried out according to the procedures discussed previously in
Chapter 2, unless otherwise stated. Unless stated otherwise, the reactions were carried out at
ambient temperature - temperature of the environment without use if heating/cooling system..

A summary of the testing conditions is given below:

¢ Ablank degradation reaction, in the absence of a catalyst, was carried out on a regular
basis to determine possible reactor contamination. In a case of contamination, the
reactor was subjected to cleaning process using mineral acids followed by water and
TiO2 washing cycles. A subsequent blank degradation reaction was then carried out
before continuing testing with catalyst.

¢ Standard reaction conditions for H.O, synthesis: 0.01g catalyst, 2.9 g of water, 5.6 g
of methanol, 2.9 MPa 5%H./CO; 1.1 MPa 25%0,/CO, 0.5 h, ambient
temperature,1200 rpm.

e H,O, degradation activity was determined from the amount of H,O, that was degraded
after reaction under standard reaction conditions: 0.01 g catalyst, 0.68 g H.0,, 2.22 ¢
of water, 5.6 g of methanol, 2.9 MPa 5%H,/CO,, 0.5 h, ambient temperature, 1200

rpm.
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3.2.1 Effect of metal loading on catalytic activity towards the direct
synthesis and subsequent degradation of H>Oo.

Particle size, shape, morphology, metal dispersion and electronic state are some of the many
factors that can have significant effect on the catalytic properties of metal supported catalysts
in direct synthesis of H.0,.1"2* To investigate the effect of the Pd metal loading on H.0,
synthesis and degradation activity, a series of catalysts were prepared with different Pd content
(0.0625-5 wt.%) by wet impregnation (methodology described in this Chapter). No activity
towards H-O- formation or degradation was observed over bare TiO2. As shown in Figure 3.1,
even a small amount of Pd on the catalyst exhibited activity towards H,O, formation. The
lowest metal loading, 0.0625wt.%Pd/TiO,, showed low H,O, synthesis activity, 6 molu2oz
kgea* . Doubling the metal loading up to 0.125wt.%Pd resulted in 4 times higher rate of
H.0O, formation. The synthesis activity towards H,O, passed through a maximum of 65
MOln202 Kgear* ht with 0.5wt.%Pd/TiO,. In comparison, synthesis activity of 64 molu202 Kgeat
L h was obtained with the well-studied 2.5wt.%Au-2.5wt.%Pd/TiO, catalyst previously
prepared by Edwards et al., which is an established catalyst for direct synthesis of H.O, used
as benchmark within our research group.?® Further increase in Pd metal loading resulted in a
decrease in synthesis activity. A substantial decrease in catalyst synthesis activity to 30
mMolizo2 Kgea™ Wt was observed with 5wt.% metal loading, where the obtained synthesis
activity was less than half of the activity achieved by catalysts with 10 times lower metal

loading.

In the presence of 4wt.% H>O- in reaction solution (standard degradation reaction), no
degradation activity was observed up to 0.5wt.% metal loading. Further increase of Pd loading
in the catalyst caused a significant increase in H,O degradation activity. Degradation activity
of 609 molu202 Kgear* ™ was obtained with 5wt.%Pd/TiO, which represents around 30% of
H20; in the starting solution. Hutchings and co-workers have previously studied 5wt.%Pd
catalysts prepared on various supports with same synthesis activity, obtained with
5wt.%Pd/TiO; at 2°C, with the reported hydrogenation value of this catalyst only 288 molnzoz
kgeart h™1.2627 However, these experiments were carried out at 2°C, with lower reaction

temperatures known to inhibit H.O, degradation via hydrogenation and decomposition.

The differences in catalyst activity and reaction conditions between individual testing of the
monometallic Pd catalysts with various metal loadings are summarised in Appendix 1. The
reaction temperature for both synthesis and degradation reaction is in the range of 22-27 °C;
however, as shown in Appendix 1, the activity of the catalyst is not significantly affected by

this temperature range.
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Figure 3.1: Synthesis and degradation activity of the monometallic Pd catalysts with various metal
loadings. Reaction conditions: a) Synthesis reaction: 0.01g catalyst, 2.9 g of water, 5.6 g of methanol,
2.9 MPa 5%H.,/CO,, 1.1 MPa 25%0,/CO,, 0.5 h, ambient temperature, 1200 rpm b) Degradation
reaction: 0.01g catalyst, 0.68 g H.0O,, 2.22 g of water, 5.6 g of methanol, 2.9 MPa 5%H,/CO,, 1.1 MPa
25%0,/C0O2, 0.5 h, ambient temperature, 1200 rpm.

Based on results shown in Figure 3.1, rates of reaction were calculated using 0.5 h reactions
over monometallic Pd catalysts with different metal loading. As shown in Table 3.1, the
reaction rate increases with Pd metal loading, with the highest reaction rate observed with 0.25
wt.%Pd/TiO, catalyst. Further increase in metal loading resulted in a sharp decrease in
reaction rate. In comparison, the highest H20. concentration and productivity were achieved
over 0.5 wt.%Pd/TiO, catalyst. These results better illustrate the importance of optimal Pd
metal loading on the catalyst activity, and demonstrate how catalysts with low Pd metal
loading present cheaper and effective alternative to previously studied catalysts with higher

metal loadings.

Table 3.1: Rates of synthesis reaction over studied monometallic Pd catalysts with
different metal loading. The reaction rates were calculated after 0.5 h reaction.

Pd metal loading Reaction rate H,O; concentration Productivity
[Wt.%] [m0|H202m0|pd"1h'1] [Wt%] [mO|H202 kgcat'l hl]
0.0625 1021 0.01 6

0.125 1983 0.05 23
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0.25 2373 0.11 56
0.5 1383 0.14 65
1 528 0.10 50
2.5 151 0.07 35
5 64 0.06 30

Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5%H/CO,, 1.1 MPa
25%0,/CO2, 5 min, ambient temperature, 1200 rpm.

As shown in Figure 3.2, the increase in Pd metal loading results in increase of H, conversion.
A sharp increase in H, conversion is observed up to 0.5wt.%Pd metal loading, with maximum
H2 conversion of 53%. Further increase in Pd metal loading to 5wt.% shows an increase in H
conversion to 73%; however, as also shown in Figure 3.2, very low selectivity towards H,O,
is observed at ambient temperature over these catalysts. Selectivity passes through a maximum
of 50% with the 0.125wt.% Pd/TiO- and then decreases with increasing metal loading up to
1wt.% Pd. No significant decrease in H; selectivity is observed with further increase in Pd
metal loading to 5wt.%. The low selectivity of the catalysts with higher Pd loading can be
attributed to high H,O, degradation activity, resulting in H.O formation. However, low H,0-
selectivity with metal loading up to 0.5wt.% is interesting considering that these catalysts
showed no degradation activity in presence of high concentrations of H.O, in reaction
solution. The data suggests that the presence of high H.O, concentrations in the reaction
solution can inhibit the degradation of H.O. over catalysts with Pd metal loading of up to 0.5

wt.%, as shown in Figure 3.1. This observation is discussed in more detail in Section 3.2.4.
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Figure 3.2: Conversion and selectivity of the monometallic Pd catalysts with various metal
loadings. Reaction conditions: a) Synthesis reaction: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol,
2.9 MPa 5%H,/CO,, 1.1 MPa 25%0,/CO», 0.5 h, ambient temperature, 1200 rpm

The monometallic Pd catalysts with various metal loadings have been digested in aqua regia
and analysed by microwave plasma atomic emission spectroscopy (MP-AES) to determine
the metal loading of the catalysts. As shown in Table 3.2, the Pd loadings detected by MP-
AES are comparable with the theoretical Pd loadings of the catalysts, demonstrating that the

catalyst preparation method is effective.

Table 3.2: Concentration of Pd metal detected by MP-AES post digestion in aqua-regia for
monometallic Pd catalysts with different metal loading.

Theoretical Pd loading Pd loading detected by MP-AES
[wt.%] [wt.%0]
0.0625 0.07
0.125 0.13
0.25 0.23
0.5 0.52
1 1.05
25 2.48
5 5.05

Choudhary and co-workers obtained selectivity around 30% over 2.5wt.% Pd catalysts
supported on various supports (AlOs Ga;03, ZrO;, CeOz, ThO,, SiO;) in 0.03M H3PO,
reaction medium.?® In comparison, only 10 % H. selectivity was achieved over 2.5

wt.%Pd/TiO, prepared in this work, demonstrating the role of acid stabilisers.

Samanta et. al investigated the effect of Pd metal loading over a CeO, support at ambient
temperature.?® They report that both H.O, decomposition activity and H, conversion increased
with increasing Pd loadings in the catalyst, while H; selectivity and H.O- yield passed through
a maximum of 25% and 10%, respectively, with 1wt.%Pd metal loading; however, in the
presence of acid and Br- anion additives, both H. selectivity and H,O- yield increased up to
80% and 20%, respectively. The presence of acid and halide anions were shown to be effective
additives for direct synthesis of H,O- by inhibiting the decomposition of H.O, and promoting
formation of H,O,. Gemo et al. demonstrated the strong influence of Pd metal loading on H.O>
synthesis over Pd catalysts supported on an acidic microporous resin in the absence of any
promoters at 2 °C.}” A concentration of H,O, up to 14.6 mM was achieved with Pd loading of

0.5wt.%, which represented synthesis activity of 82 moluzoz kgea* h™ after 0.5h reaction and
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H> selectivity of 57% was reported. Further increasing the Pd loading resulted in a significant
drop in synthesis activity and H; selectivity below 20 moluzo2 kgea* h™t and 10%, respectively.
They concluded that the key factor in controlling catalyst activity and selectivity over
investigated monometallic catalysts (supported on commercial ion exchange resin K2621) was
the ratio of dissolved H: in solvent and Pd supported on catalyst. In comparison, Tian et al.
showed an opposite trend in synthesis activity over Pd catalysts supported on hydroxyapatite
(HAp) at 10 °C in presence of H,SO4 used as additive. The highest productivity of 38 moluzo02
kgeat h™t was obtained with 5wt.%Pd/Hap and a decrease in synthesis activity was observed
with decreasing Pd loading to activity of 10 moluzo0z2 kgear h2.28 The difference in the trends
can be attributed to significantly lower H, conversions and higher H; selectivities obtained
over Pd catalysts supported on HAp. For example, Hz conversion of 18% and H; selectivity
of 43% was achieved over 5 wt.% Pd/HAp (Tian) while significantly higher H, conversion of
73% and lower H; selectivity of 8% was obtained with 5 wt.%Pd/TiO; (this work). Because
of the low H; conversion (2%) of 0.5 wt.%Pd/HAp, only small amount of H,O, was produced
despite H; selectivity of 94% resulting in lower synthesis activity, compared to 5 wt.%Pd/HAp
that produced more H,O; but less selectively. In contrast, high H, conversion and low H,O;
selectivity of the 5 wt.% Pd/TiO- translated in the poor catalyst activity compared to the more
selective 0.5 wt.%Pd/TiO,. The higher H, selectivity and lower H, conversion of the Pd
catalysts supported on HAp can be attributed to three factors: a) use of acid additive known
for decreasing the degradation activity of the catalyst, b) use of lower reaction temperature,
favouring higher H; selectivity and c) use of flow reactor set up which decreases the contact

time of H.0- and catalyst.

X-ray diffraction was carried out to obtain indication of Pd particle size and investigate any
changes to support during the catalyst preparation. XRD patterns of the catalysts with different
Pd loading are given in Figure 3.3. Only X-ray diffraction peaks characteristic of TiO, (P25)
are observed in theses catalysts, with bare TiO, was used as the reference. The peaks of Pd
(40° Pd(111), 46° Pd(200), 68° Pd(220), 82° Pd(311) and 87° Pd(222)) are not detected by
XRD in the 20 region from 5° to 80°. This might be caused by low percentage of Pd on the
catalysts, and the impregnated Pd is highly dispersed on the support, suggesting that there are
no larger Pd particles present (>ca 3nm, limit for XRD analysis)*. Uncalcined TiO, and
calcined Pd supported catalysts show peaks for anatase and rutile TiO, phases, which suggests
no phase transformation occurred after Pd impregnation and subsequent heat treatment.
Fernandes Machado et al. demonstrated that anatase-rutile phase transformation takes place
at 600 °C.* No difference in phase constitution or change in surface area is observed after

calcination of the samples presented within this work, at 400 °C.
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Figure 3.3: XRD patterns of supported Pd catalysts on TiO2 with different Pd metal loadings.

The observed effect of Pd loading on the H,O, formation and degradation may be attributed
to variation on mean particle size with metal loading. Transmission electron microscopy
(TEM) characterization was carried out to investigate average particle size of catalysts with
different Pd loadings, with TEM micrographs shown in Figure 3.4. No visible particles are
observed for 0.5wt.%Pd/TiO, and 1wt.%Pd/TiO, catalysts. However, analysis by Energy
dispersive X-Ray spectroscopy (SEM-EDX), Figure 3.6, shows weak Pd peak suggesting the
presence of Pd in both catalysts. This suggest that Pd particles were below detection limit of
the TEM equipment (Joel JEM 2100) which is around 1nm. TEM analysis (Figure 3.4c) of
2.5wt.%Pd/TiO, shows well dispersed particles, with an average particle diameter of 1.5 nm.
As shown in Figure 3.5 a), 88.5% analysed particles have diameter below 2 nm. TEM
micrograph (Figure 3.4 d) of 5wt.%Pd/TiO, shows a good dispersion of nanoparticles, with

an average particle diameter of around 1.7 nm, with particles no larger than 4.2 nm. In contrast,
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a different trend in particle size was obtained by Gemo et al. over monometallic Pd catalysts
supported on an acidic microporous resin prepared by ion-exchange/reduction method. The
mean particle diameter passed through a maximum with 0.5wt.%Pd metal loading, and
decreased with further increase in Pd metal loading. They showed that the catalyst with the
biggest Pd nanoparticles (mean particle size of 5.3 nm) resulted in being the most selective
catalyst in the series. Tian et al. demonstrated that the size of Pd particles could be manipulated
by varying the Pd loading. The highest H. selectivity of 94% was achieved over
0.5wt.%Pd/HAp, with a mean particle size of 1.4 nm. A further decrease in H; selectivity and
increase in Pd particle size was observed with increasing metal loading, obtaining 43% H,
selectivity over 5wt.%Pd/HAp with a mean particle size of 2.6 nm. Interestingly, they also
prepared a 3wt.%Pd/HAp catalysts with a mean particle size 22 and 36 nm and showed no
change in selectivity when the Pd size was increased above 2.5 nm. In conclusion, they showed
that selectivity of the Pd based catalysts can be improved by decreasing Pd particle size in the
small range 2.5-1.4 nm. Ouyang et al. studied the performance of Pd/TiO, catalysts with
varying Pd loading for direct synthesis of H,O,3! They showed that the activity and H.
selectivity can be significantly improved by changing the Pd loading from 1wt.% - 5wt.%,
while keeping similar Pd particle size around 2.4 nm. Because there was no significant
difference in the Pd particle size with varying metal loading, they ruled out the effect of Pd
particle size on catalyst activity. Instead, they suggested that the configuration of surface Pd
atoms is one of the decisive factors affecting the catalyst activity and they showed it can be
affected with different metal loadings.
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Figure 3.4: TEM images of fresh monometallic Pd catalysts with different metal loading:

0.5wt.%Pd/TiO2; b) 1wt.%Pd/TiO;; c) 2.5wt.%Pd/TiO;; d) 5wt.%Pd/TiO,.,
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Figure 3.6: EDX images of fresh monometallic Pd catalysts with different metal loading: a)
0.5wt.%Pd/TiOy b) 1wt.%Pd/TiOy; c) 2.5wt.%Pd/TiO,; d) 5wt.%Pd/TiO,.
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As shown in Figure 3.1, no degradation of H2O: is observed over the 0.5wt.%Pd/TiO, catalyst,
which is a system that showes no visible particles, suggesting that sub-nanometre particles
were present on the catalyst. Higher metal loaded catalysts were observed to have average
particle diameters above 1.5 nm and a significant increase in degradation activity towards
H>O,. This suggests that the sub-nanometre particles have no activity towards degradation of
H20.. An increase in particle diameter might result in an increase in degradation activity, as
both 2.5wt.%Pd/TiO, and 5wt.%Pd/TiO, catalysts shows much higher degradation activity
compared to the 0.5wt.%Pd/TiO; catalyst. However, the difference of 0.2 nm in mean Pd
particle diameter observed between 2.5wt.%Pd and 5wt.%Pd catalyst is minor to explicitly
attribute as the difference in catalyst activity. Figure 3.7 illustrates the relationship between
the catalyst activity for the direct synthesis of H,O, and the Pd particle size proposed by Tian

et al., and is in agreement with observations obtained in this work.®
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Figure 3.7: Structures of catalysts corresponding to three scales of particle sizes and proposed
mechanism for H20: synthesis. Blue, red, white, purple, and green spheres are palladium, oxygen,
hydrogen, phosphorus, and calcium atoms, respectively.

3.2.2 Effect of reaction conditions on the synthesis and degradation
activity of 0.5wt.%Pd/TiO-

Reaction conditions play a crucial role in catalyst performance and fine tuning of these
parameters can lead to high synthesis rates of H,O,. Landon et al. identified low reaction
temperature (1-2 °C) and short reaction time as a key factors that favour high selectivity to
H.0,.%? Piccinini et al. showed that with a AuPd/carbon catalyst the optimum reaction
conditions differ for the H,O. synthesis and degradation reactions.®* By applying an optimal
set of synthesis conditions, a dramatic increase in catalyst synthesis activity from 160 molu2o2
Kgeat ht to 315 molizo2 kgear* ™ Was obtained, and, with optimal degradation conditions, no

degradation activity of the catalyst was observed while synthesis activity remained 160
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moluao2 kgeat® W2, Crole et al. investigated the effect of reaction conditions using H.O as a
solvent and 2.5 wt.% Au — 2.5 wt.% Pd/TiO; catalyst at ambient temperature, showing lower
synthesis activity due to lower solubility of reagent gases compared to H,O/CH3sOH solvents
and higher reaction temperature.** Hutchings and co-workers extensively investigated reaction
conditions over various catalysts and showed that use of a higher pressure, a stoichiometric
substrate gas ratio, increasing the concentration of CH3;OH to 93% in H,O/CH3;OH solvent
mixture, reducing the solvent volume, and lower reaction temperature all resulted in higher

concentration of H,O. being produced.'433-%

Using standard reaction conditions, listed above (Section 3.2) the 0.5wt.%Pd/TiO, catalyst
showed the greatest synthesis activity, 65 moluzo02 kgear? h*  and no degradation activity
towards H,O; in presence of 4wt.%H,0,. The effect of H./O; ratio, total pressure and solvent
composition are investigated now on the synthesis and degradation activity over this catalyst,
to determine if catalytic performance can be enhanced through modification of these reaction

parameters.

3.2.2.1 Effect of H,/O: ratio on synthesis and degradation activity of
0.5wt.%Pd/TiO-

The first variable that was studied was the effect of H./O, ratio. The variation in Hz/O, partial
pressure was achieved by controlled addition of two reagent gas mixtures: 5%H2/CO, and
25%0,/CO,. All the other variables were kept constant, including total pressure. The CO; is
used as a diluent to keep the potentially explosive mixture of H, and O, below the lower
explosive limit (4% H. by volume). Because pre-mixed mixtures of gases were used, the
amount of CO was changing with varying H»/O; ratio, from 78% with no H present in reactor

to 94% (molar fraction) with the highest H»/O; ratio applied.

It has been previously showed that CO, can act as in situ acid promoter.363” Once dissolved
in the water-methanol mixtures carbonic acid is formed, lowering the solvent pH and
stabilizing H,O,. Edwards et al. calculated that the pH of the solvent during the reaction using
CO will be approximately 4.2 When they used N as diluent with a solvent acidified with
HNOs to obtain pH 4, they obtained enhancement in synthesis activity that were directly
comparable to that observed when CO; was used as diluent. However, it is reasonable to
presume that the amount of CO; introduced is high enough to lead to complete saturation of
the H,O/CH3OH solvent ensuring that the pH of the solution is constant regardless of the
H/O; ratio.
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Taking the above into account this presumption, Figure 3.8 illustrates the effect of varying
H./O- ratio over 0.5wt.%Pd/TiO, at ambient temperature. As H,O, degradation is determine
in presence of H./CO; only, it was not possible to determine the effect of H,/O; ratio on this
reaction pathway. Instead, the degradation reaction was carried out with the same amount of
H>/CO; that was added to reactor during the synthesis reaction. No degradation activity is
observed over the whole range of different H, amounts. A low synthesis activity of 7 molnzoz
kgea? h? is obtained at 0.047 H,:O; ratio, and it increases to 31 moluzo2 Kgear* ht with
increasing the H:0, ratio to 1.2. Figure 3.8 illustrates a sharp increase in catalyst synthesis
activity towards H,O. with increasing content of H,. Synthesis activity passes a maximum at
a ratio of 0.96. The optimal H2:O; ratio is 1:1, which is in agreement with the reaction
stoichiometry. At this optimum ratio, the productivity of the catalyst increases from 65 moluzo2
Kgear? h'2 to 70 moluaoz2 Kgear ht. Similar observations were made by Hutchings and co-
workers, who reported the optimal H»/O ratio to be 1 using 2.5wt.%Au-2.5wt.%Pd supported
on TiO; and acid pre-treated C.* Santos et al. reported the optimal H./O2to be 0.69 over a
1wt.%Au-Pd/TiO: catalyst; however, a H2/O; ratio of 1 was shown to obtain the second
highest synthesis activity.®® For all future experiments, the ratio of 0.53 (standard reaction
condition) was chosen due to lower content of H, required, but comparable synthesis activity
achieved at higher H,:0- ratio. Further increasing the H./O; ratio results in a decrease in
catalyst activity. The dramatic drop in activity is observed once H,/O; ratio reached a value of
2.12 with an activity of 4 moli2o02 kgeart h™t observed. The trend observed in Figure 3.8 suggests
an effect of limiting reagent gas. At low ratios, H- is the limiting gas and at higher ratios the

low content of O is limiting factor.
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Figure 3.8: Synthesis and degradation activity of 0.5wt.%Pd/TiO2 catalysts with various H2/O: ratio.
Reaction conditions: a) Synthesis reaction: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, various
H,/O; ratio, total pressure 4 MPa, 0.5 h, ambient temperature, 1200 rpm b) Degradation reaction: 0.01
g catalyst, 0.68 g H20,, 2.22 g of water, 5.6 g of methanol, various H,/CO, amount, total pressure 4
MPa, 0.5 h, ambient temperature, 1200 rpm.

Lunsford and co-workers reported that the H2O> formation rate increases in proportion to H
pressure and was found to be first order with respect to H, and zero order with respect to O
in ethanol (0.12 M H,S0O4) over Pd/SiO..2* Wilson et al. showed that formation rate increases
with H; pressure but does not depend on O, pressure in pure methanol.?® The H,O, formation
rate initially showed a linear increase with H; pressure in the range of 5 to 150 kPa, and reaches
half-order dependence on H; pressure up to 400 kPa. The H,O formation rate shows similar

dependency, with weaker dependency on H; pressure and no dependency on O, pressure.

The data in Figure 3.8 was re-plotted as a function of H, molar fraction instead of H,/O; ratio
to investigate the effect of partial pressure of H; and O.. The dependency shown in Figure 3.9
is an asymmetrical parabola. This leads to conclusion that at lower partial pressures of O, the
synthesis activity of catalyst decreases markedly in comparison to lower partial pressure of
H.. This can be explained by considering all the reactions taking place on catalyst surface
during direct synthesis: a) formation of H.O,, b) formation of H.O via combustion, c)
decomposition of H,O; to H,O and d) hydrogenation of H,0O- by H, to H,O. At higher partial
pressure of H, the rate of H,O hydrogenation is likely to be higher due to excess of H, and

therefore more H,0, is degraded than produced.
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Figure 3.9: Synthesis activity of 0.5wt.%Pd/TiO. catalysts with various Hz content. Reaction
conditions: a) Synthesis reaction: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, various H»/O;
ratio, total pressure 4 MPa, 0.5 h, ambient temperature, 1200 rpm

Choudhary and co-workers have also investigated this effect and shown that there are strong
influences of the H./O; ratio on H, conversion and H,O. formation over a halogenated
Pd/Al,Os catalyst.® They attributed this influence to two factors: (i) changes in Pd oxidation
state during the reaction and (ii) a change in H20. hydrogenation rate. At high H2/O: ratios,
Pd was expected to be present as Pd® due to reduction of surface PdO by H,.% Pd® was reported
to offer higher activity towards H,O, hydrogenation and decomposition than the

corresponding PdO catalyst.®?8

3.2.2.2 Effect of total pressure on synthesis and degradation activity of
0.5wt.%Pd/TiO:

Within this study, the direct synthesis of H,O, was evaluated in a three phase gas-liquid-solid
system and therefore mass transfer limitations may be involved.® Mass transfer can be
improved by:
a) increasing mass transfer coefficient or reducing the thickness of stagnant film by
intensive stirring
b) increasing the surface area of the gas bubbles in feed gas
c) increasing the solubility of the gases by increasing the partial pressure of gases, which

implies the use of higher pressures

The total pressure of the system results in an increase of the gas solubility and decreases the
bubble size of the fed gas, which will increase mass transfer efficiency.>3+3 Consequently,
the higher the pressure of H, and Ois in the gas phase, the higher the concentration of reagent
gases is in liquid phase and as a result the concentration of these gases is higher close to

catalyst surface.

The effect of total reaction pressure on catalytic activity towards H:O. synthesis and
degradation was next investigated, over the 0.5wt.%Pd/TiO; catalyst. Figure 3.10 shows that
the rate of H,O, formation can be increased by increasing the overall pressure in the autoclave.
The H2:0; ratio 0.53 is kept constant through the whole series of experiments. No degradation
activity is observed over the whole range of total pressures. In this case, only H2/CO- is added
into reactor to obtain the desired pressure. As expected, an increase in total pressure results in

an increase of H.O, formation rate though the whole range of pressures. At 100 psi (0.7 MPa),

77



Chapter 3

only a small H,O, formation rate of 9 molu02kgearth? is observed. A small increase in
synthesis activity is observed at pressures up to 300 psi (2.1 MPa), with productivity of 21
moluo2kgeath™t . A more significant increase is observed in the pressure range of 400-650 psi
(2.8 MPa-4.5 MPa); at 400 psi, synthesis activity of 35 moliz02 kgear® h is achieved and the
highest activity of 75 moli202 kgea* h™ is obtained at 650 psi. The pressure of 650 psi is the
maximum pressure that could be achieved in our reaction set-up; due to this limitation a
pressure of 580 psi (4 MPa) is further used. These results indicate that the reaction rate is

controlled by the amount of Hz and O available in reaction solution.
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Figure 3.10: Synthesis and degradation activity of 0.5wt.%Pd/TiO2 catalysts with different total
pressure. Reaction conditions: a) Synthesis reaction: 0.01 g catalyst, 2.9 g of water, 5.6 g of
methanol, H2/O- ratio 0.53, various total pressure, 0.5 h, ambient temperature, 1200 rpm b) Degradation
reaction: 0.01 g catalyst, 0.68 g H20,, 2.22 g of water, 5.6 g of methanol, H2/CO, various pressure, 0.5
h, ambient temperature, 1200 rpm.

Moreno et al. studied the influence of pressure (0.1-0.9 MPa) in a semi-continuous reactor
with CH3OH as solvent over a commercial Pd/C catalyst.*® Both H,O, formation and
selectivity increases almost linearly with reaction pressure, with highest concentration of H,O-
obtained at 0.9 MPa. They concluded that high pressure increases the gas solubility, enhancing
mass transfer and therefore increasing reaction rates. Hutchings and co-workers demonstrated
that the rate of H,O; synthesis can be increased by increasing the overall pressure using both
batch and flow reactors.®3* In a batch system, a linear relationship between synthesis rate and
reaction pressure was observed for 5wt.%AuPd catalysts supported on TiO; and acid pre-

treated C. Studies in flow reactor showed an increase in H, conversion with increasing reaction
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pressure, while the selectivity towards H,O, remained constant. These results indicate that the

rate of H,O- synthesis and degradation increase proportionally with increasing pressure.®*

3.2.2.3 Effect of solvent composition on synthesis and degradation
activity of 0.5wt.%Pd/TiO:

The solvent used for the direct synthesis of H20: has a significant effect on H.O. formation
and decomposition.>#4! It is commonly presumed that a primary role of the solvent is to
reduce the resistance of mass transfer, by facilitating transport of H, and O, to the active sites
of the catalyst and collect and solubilize the formed H,0,.114% In the early studies, H.O was
considered to be an ideal solvent because it is non-toxic, non-flammable, highly accessible
and miscible with H,0,. However, low solubility of reagent gases strongly limits rates of H,0-
formation.>*442 Addition of acid and halide promoters is required to obtain high synthesis
activity and selectivity in H,O solvent.?24 If the additives are used in the process, they need
to be removed from the final solution requiring additional steps in the whole process. The low
solubility of the reagent gases in H,O compared to organic solvents is most often emphasised
as a main reason to employ alcohols as co-solvents. Paunovic et al. demonstrated that the
choice of solvent can not only increase H, conversion but can significantly modify selectivity
towards H.0,.** Aprotic polar solvents such as acetone, acetonitrile (MeCN) or DMSO
showed very high selectivities, due to possible interaction of solvent and catalyst surface.
Indeed, an increase in selectivity from 50% to almost 100% over AuPd/C when MeCN was
used as co-solvent in aqueous solvent, compared to H,O only solvent.** The adsorption of
surface species onto the unselective sites of Pd surfaces, resulting in blocking of Pd ensembles
that are responsible for H,O formation, was previously showed by Han and Lunsford. Under
mild conditions, ethanol reacts with O, on the Pd(110) facets, forming acetate ions.*> Adams
et al. demonstrated, through combination of kinetic isotope effect (KIE) and density functional
theory (DFT) simulations, that CH3OH is activated on a Pd surface to form chemisorbed
hydroxymethyl intermediates (CH,OH-H") that directly transferred electrons and protons to
an adsorbed O species.'® The resulting formaldehyde molecules subsequently regenerated the
CH,OH-H" intermediates through heterolytic oxidation of chemisorbed H atoms. In contrast,
H>O molecules heterolytically oxidized H to generate solvated protons and surface electrons

that reduce O intermediates.

The effect of the CHzOH/H.O composition on catalyst activity is shown in Figure 3.11. In
each experiment, the total mass of solvent was kept constant at 8.5 g and the CH3;OH/H.O

composition varied from pure H,O to pure CH3OH. It must be noted that in the degradation
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reaction small amounts of water were aways present, due to the H.O2/H>O mixture used for
reaction. In the absence of CH3;OH the synthesis activity is 32 molu2o02 Kgeart h™*. Further
increase in the CHzOH amount results in a significant increase in H.O, synthesis activity to
63 Mol kgeart Wt at a solvent composition of 25% CHs;OH. Only a slight increase in
produced H.O is observed when the amount of CH3OH was increasing from 25-75%.
However, a significant drop in synthesis activity, to 27 molu2o02 kKgear* h?, is achieved in a pure
methanol solvent. The degradation data shows a more interesting trend. In the absence of
CH3OH, a degradation activity of 84 molu2o02 kgear h? is obtained in the presence of 4wt.%
H20,. With increasing content of CH3;OH, a decrease in degradation is observed and no

degradation activity is detected when the concentration of CH3OH was 50 wt.% and higher.

Hutchings and co-workers reported optimal solvent composition of 80 wt.% CH3;OH in
aqueous reaction mixture over a 5wt.%AuPd/TiO; catalyst. Addition of methanol was
observed to significantly increase the productivity of the catalysts compared to pure H,O, from
18 MOlh202 kgear™ h* to almost 180 molnzoz kgeat™ h* at 2°C. They related this increase in
synthesis activity to solubility of H, and O; in the solvent, as H is far more soluble in CH;OH
than in H2O. They also suggested that the presence of some H.O is critical for H,O, production
enhancement and this could be related to solubility of H,O; in the solvent.*® In a further study,
they suggested that the higher concentrations of H> in the liquid phase enables enhanced
sequential rate of H,O, hydrogenation and therefore less H.O, was obtained with CH3;OH
content higher than 80wt.%.3® Under the similar reaction conditions, Crole et al. also attributed
low H,0- synthesis activity of the catalyst to low solubility of H. in pure H.O, and observed
an increase in synthesis activity with addition of CH3;OH up to 66 wt.%. They also showed,
that at higher CH3;OH composition, hydrogenation of H,O, is the dominant degradation
pathway due to increased H, solubility.’* The lower synthesis activity of the 0.5%Pd/TiO;
catalyst in H,O-rich solvents can be related to lower solubility of H, and O, and therefore a
lower rate of H,O, formation, and also to the degradation activity of the catalyst occurring at
this solvent composition.3 4" An increasing amount of CHsOH increases reagent gas
solubility, which results in a higher rate of H,O, formation up to 80 wt.% of CH3;OH, which
is in agreement with results obtained by Hutchings and co-workers.* Use of CO; as a diluent
was shown to have a beneficial effect on H.O; selectivity due to the formation of carbonic
acid.?3 Solubility of CO; is higher in CH3OH than in water, so the stabilization of H,0,
might be improved in CH3OH rich reaction solution, due to increased formation of carbonic
acid.® However, the presence of H-O is still required for the formation of carbonic acid and
therefore an optimal CH3;OH/H,O ratio needs to be applied.*® Both Piccinini and Crole related
the drop in H,O, concentration after optimal solvent composition to increasing degradation

activity, due to increasing H. solubility.*334¢ However, as shown in Figure 3.12, there was no
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significant change in produced H,O; over a wide CHs;OH concentration range (25-75wt.%),
while no degradation activity was observed above 25 wt.% of CH3;OH. Increasing H» solubility
does not explain this observation; however, this can be explained by the reaction pathway
proposed by Adams et al., who showed that CHsOH and H,O co-catalyse O, reduction by
enabling proton-electron transfer reaction.*® They suggested that, upon increasing the CH;OH
fraction, the surface coverage of CH,O" and CH,OH" also increases, which can co-catalyse
the H,O, formation. At a greater fraction of CH3;OH, less H,O is available to co-catalyse the
CH,O" reduction, which results in a decreasing fraction of CH,OH". These findings can
explain the trend observed in Figure 3.11. In pure H,O, H20O. can be produced through
heterolytic oxidation of H; to produce H3O" ions and electrons that reduce O,. At a certain
concentration of CHsOH (25wt.%), the surface is saturated with CH,OH" intermediates to
produce H20,, and, in pure CH3OH,an absence of H,0 to reduce CH,O"to CH,OH" results in
a decreased synthesis activity of the 0.5wt.%Pd/TiO; catalyst.
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Figure 3.11: Synthesis and degradation activity of the 0.5wt.%Pd/TiO2 catalyst with various
water/methanol ratio. Reaction conditions: a) Synthesis reaction: 0.01 g catalyst, 8.5 g of solvent,
various water/methanol ratio, 2.9 MPa 5%H,/CO,, 1.1 MPa 25%0,/CO,, 0.5 h, ambient temperature,
1200 rpm b) Degradation reaction: 0.01 g catalyst, 0.68 g H.O,, various water/methanol ratio, 2.9
MPa 5%H,/CO,, 1.1 MPa 25%0,/CO>, 0.5 h, ambient temperature, 1200 rpm.

It was demonstrated that the reaction conditions have a significant effect on the rate of H,O-
synthesis and its subsequent degradation when using 0.5.wt.%Pd/TiO,. Use of higher pressure
results in higher amount of H,O, produced, due to a larger amount of dissolved reagent gases.
As expected, a stoichiometric substrate ratio shows the highest productivity. An increase in

CH3OH content results in an increase in H2O. synthesis activity and a decrease in H2O>
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degradation activity when 4wt.% H,O, was present in reaction solution. By optimizing these
reaction parameters, high rates of H.O2 synthesis can be achieved with 0.5wt.%Pd/TiO>. These
results highlight the need to design the catalysts with reaction conditions in mind.

3.2.3 Further investigation of 0.5wt.%Pd/TiO>

Extensive investigation by many authors have shown that Pd based catalysts are highly active
for the direct synthesis of H.0, from H; and Oy; however, they often display low selectivity
and high activity towards subsequential activity for degradation of H,O, especially at ambient
temperatures and without any additives in reaction medium.?*5! To decrease the degradation
activity of monometallic Pd catalysts, the addition of acid and halide promoters or pre-
treatment of support before metal impregnation is often required.*®5? However, additional
separation of additives might be required and the use of acids for support pre-treatment will
generate acidic waste. A comparison of different monometallic Pd catalysts obtained from
literature are summarised in Table 3.3. These results demonstrate how different reaction
conditions, reactor systems and the addition of promoters can significantly affect synthesis
activity and selectivity of the catalyst. It should be noted that different research groups report
results in different units, so results were re-calculated to moluzo2kgear*h™ based on reported

data and experimental details.

Table 3.3.: Comparison of synthesis activity and selectivity over Pd catalysts from literature.

Lit. Catalyst Reactor  Liquid Gas T P Additives  Productivity  Selectivity
Ref. system  phase composition  [°C]  [MPa] [molzozkgeat*h ] [046]
This 05Wt%Pd/T|Oz Batch CH30H/H20 H»:0,:CO, = 25 4 / 65 23
work =1.93 1:1.9:24.7
7 5wt.%Pd/TiO, Batch CH30H/H0 H2:02:CO; = 2 4 / 30 21
=193 1:1.9:24.7
17 0.5wt.%Pd/TiO, Batch CH3;0H H2:02:CO; = 2 1.95 / 83 57
1:5:19
13 0.5wt.%Pd/Al,O4 Semi- H.0 H,: 0, =1:1 27 0.95 1 mM KCI 18 34
batch 01M
H3PO,
24 5Wt%Pd/S|02 Semi- C2H5OH H»:0,:N, = 10 0.1 0.4 mM 30 60
batch 1:15:4 HCl
21 0.5wt.%Pd/1wt.%C- Batch CH3OH H2:02:N, = 20 5 0.03M 13 49
A|203 1:4:15 H,SO4
0.14 mM
NaBr
54 2.5wt.%Pd/ZrO, Semi- CH3;0H H,:0,=1:24 20 0.1 0.03M 14 40
(SO4 and CI batch H,SO04
dopped)
18 0.5wt.%Pd/TiO, Semi- CyHsOH H2:02:N, = 10 0.1 0.12 mM 10 94
batch 1:4:1.7 H,SO,
53 IWt‘%Pd/“{-AbOg Batch CH30H H»:02:N, = 2 3 0.03M 85 64
1:2:24.7 H,SO4
55 1wt.%Pd/C Batch CH3;0H H3:02:N2 = 2 3 0.03M 64 54
1:2:24.7 H,SO4
56 3wt.%Pd/TiO, Semi- C,HsOH H,:02:N, = 10 0.1 0.12 mM 76 54
batch 1:4:1.7 H,SO,
10 Pd (unsupported) Semi- H,0 Hy:0,=1:4 10 0.1 0.1 M HCI 15 75
batch 10 mM
KBr
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As shown in this Chapter, monometallic Pd catalyst with metal loadings up to 0.5wt.%,
prepared by wet impregnation in presence of 4wt.%H-0- in starting solution, shows no
degradation activity at ambient temperature with no promoters added during reaction and,
therefore, further investigation of this catalyst was carried out to better understand its nature
and its low degradation activity. Reusability of the 0.5wt.%Pd/TiO, catalyst was tested by
applying different post reaction treatments to the catalyst and results are summarized in Table
3.4. After the initial H20 synthesis reaction, the catalyst was filtered and then exposed to
different drying regimes. When the catalyst is dried at room temperate for 24 h, or dried at
110 °C for 16 h, the synthesis activity decreases upon re-use of the catalyst under standard
reaction conditions to 58 Molu202 Kgear h™t and 54 moluzo2 kgear W2, respectively. Because
residual solvent could be still present on the used catalyst surface, or drying the catalyst at
higher temperatures might affect the oxidation state of Pd after initial use, the catalyst was
dried under vacuum at 25 °C for 16 h. This treatment shows to be most efficient as the lowest
decrease in synthesis activity and the lowest increase in H,O, degradation activity compared
to fresh catalyst is observed, and therefore is applied in future reusability studies. Higher rates
in synthesis activity is obtained upon re-use compared to other drying treatments. However,
in all cases a significant increase in catalyst degradation activity is obtained in presence of
4wt.%H>0; and therefore this change in activity was further explored.

Table 3.4: Re-use of 0.5wt.%Pd/TiO, with different post reaction treatments.

Productivity Degradation
Post reaction treatment [Molhz02 kgear* D] [MOlk202 KGear* D]
As calcined, fresh material 65 0
Used samples
Dried at ambient temperature 58 390
Dried at 110°C 54 358
Dried under vacuum at 25°C 61 331

Reaction conditions: a) Synthesis reaction: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa
5%H,/CO;, 1.1 MPa 25%0,/CO,, 0.5 h, ambient temperature, 1200 rpm b) Degradation reaction: 0.01
g catalyst, 0.68 g H20,, 2.22 g of water, 5.6 g of methanol, 2.9 MPa 5%H»/CO,, 1.1 MPa 25%0,/CO,,
0.5 h, ambient temperature, 1200 rpm.

TEM analysis of the 0.5wt.%Pd/TiO; catalyst was previously shown in Figure 3.4 a), where
no visible Pd particles were observed, suggesting that the particle diameter was below
detection limit of the equipment and Pd existed as well dispersed small nanoparticles on the
TiO, surface. Scanning transmission electron microscopy — high-angle annular dark-field
(STEM-HAADF) analysis of the 0.5wt.%Pd/TiO, catalyst was carried out to investigate the

83



Chapter 3

morphology of the catalysts and can be seen in Figure 3.12. Figure 3.12 a) of the fresh sample
indicates sub-nanometres particles with average particle diameter 0.7 nm, with good Pd
dispersion, as suggested via the initial TEM studies. STEM-HAADF analysis of the used
catalyst, after use in the H.O. synthesis reaction (Figure 3.12 b) revealed an increase in mean
particle diameter to 3.9 nm, as shown in Figure 3.13, which suggests the agglomeration of
particles during the H,O; synthesis reaction; however, small sub-nanoparticles are also still
observed on the sample. An increase in Pd particle diameter after the direct synthesis of H.O-
was previously reported by Gemo et al. and Tian et al.1"®

Figure 3.12: STEM-HAADF images of: a) fresh and b) used 0.5wt.%Pd/TiO2 catalyst.
Acknowledgment: The STEM-HAADF characterisation was carried out by Dr He and Dr Davies. We
acknowledge the Diamond Light Source for the experiment sessions.
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Figure 3.13: Particle size distribution of 0.5wt.%Pd/TiO2 of: a) fresh and b) used catalyst. Particle
sizes are counted using STEEM-HAADF images.

X-ray photoelectron spectroscopy (XPS) was carried out to investigate any change in Pd
oxidation state after use in the H2O synthesis reaction. In the fresh catalyst, Pd species are
present as Pd?*, as shown in Figure 3.14. After use in the H,O: synthesis reaction, a shift in
Pd binding energy from 336.7 to 335 eV is observed, which suggest that the surface Pd was

reduced from Pd?* to Pd® (Pd?*:Pd° is 1:6.5). Lunsford and co-workers proposed a catalytic
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cycle in which Pd® in a form of colloids reacts with O in presence of Cl ions to form a PdCI,0,
complex, subsequently reacting with H3O" to form H.O, and PdCls. The PdCl, is then reduced
back to Pd°® by Hy, suggesting that Pd is changing oxidation state during formation of H,0,.%
Melada et al. also reported reduction of a PdO supported catalyst during thr direct synthesis
of H,O, and linked this change in Pd oxidation state to decreasing selectivity of catalysts as
reaction proceeded. They suggested that, during reduction of Pd, structural rearrangements
might occur, leading to formation of surface defects, which can be related to increased
degradation activity of catalyst and decreased selectivity.>® Adams et al. observed that PdO is
unreactive in its initial stage and it showed an induction time before H,O, was produced. H;
readily reduces PdO under reaction conditions, with the core of Pd particles being metallic or
hydridic, while O exist on the particle surface. Based on operando EXAFS measurements,
they concluded that, in CH3OH, B-PdHy is stable at most reaction conditions and the oxidation
of the nanoparticle surfaces requires much more oxidizing conditions (e.g. 60 kPa H,, 1000
kPa O2)'* However, the partial pressure of O, during the synthesis reaction in this study are
only 276 kPa, which can explain why Pd is not oxidised back to a Pd?* state during reaction.
Reduction of the Pd?* species could explain the increase in degradation activity towards H,O
after re-use of the catalyst, as it has been previously reported that catalysts with a high content
of Pd® are more active for H,O, degradation than those that exhibit a higher Pd?* content.5.°8-
8 Quyang et al. proposed that the synthesis of H,O, should be a consequence of the interaction
between Pd and PdO, and should not be assigned to simply pure metallic or oxidised Pd
species.® Interestingly, this shift in Pd binding energy suggests a reduction of Pd was not
observed after the degradation reaction, suggesting that a higher concentration of H.0.
retained Pd in Pd?* state. A shift from 336.7 to 337.6 eV was observed, which may indicate a
possible Pd-Cl interaction. Choudhary et al.®* and Biniak et al.®? both demonstrated possible
use of H,O; as oxidising agent to oxidise Pd to PdO, which could explain why Pd was not
reduced to Pd° during degradation reaction. VVoloshin et al. proposed a oxidation and reduction
mechanism of Pd by H,O, in which converting Pd® to PdO with H,0- is much faster step
compared to conversion of PdO to Pd® with H,O,, due to 6 times higher change of free Gibbs

energy.*

After use in the H,O, synthesis reaction, a 90% loss of chlorine species were observed
compared to un-used sample, based on XPS analysis. Leached halides can act as a promoter
for the direct synthesis of H.O, and can also help stabilize produced H.0,.63% The loss of Pd
from supported catalysts is also a concern in liquid-phase catalysis, with homogeneous Pd
species known to be active towards H.O; synthesis.®® However, ICP-MS analysis of the post-
H-0O; synthesis reaction solution shows very low levels of Pd leaching, below 14 ppb, which

represents less than 0.3% of total Pd content.
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An increase in degradation activity towards H,Oz, from 0 moliz02 kgear* h™ to 331 molhzoz2 kgeat
Lh, is observed upon re-use of the catalyst. This can be related to an increased mean particle
diameter of the used catalyst, as shown by STEM-HAADF, and partial reduction of Pd?* to
Pd? after the synthesis reaction, as well as loss of Cl species as evidenced by XPS analysis.
However, there was no significant change in the activity of the catalyst towards H,O, synthesis

upon the re-use, as shown in Table 3.4, when catalyst was dried in vacuum oven.
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Figure 3.14: a) Pd(3d) and b) Cl(2p) XPS spectra observed for uncalcined, calcined and used
0.5wt.%Pd/TiO2 catalyst.

86



Chapter 3

To investigate if Cl- anions present on the catalyst after impregnating Pd on TiO, and also CI
species leached into reaction solution, have an effect on catalyst activity, 0.5wt.%Pd/TiO, was
prepared using Pd(NOs). as the Pd precursor. As shown in Table 3.5, a decrease in synthesis
activity from 65 to 46 molnz02 Kgeart h™ is observed. More importantly, no degradation activity
is observed over the catalyst when using Pd(NO3); as the precursor in presence of 4wt.%H-0,.
These results suggest that choice of Pd precursor can effect catalyst activity, and ClI- species
added as PdCI; during catalyst preparation might play a role in promoting formation of H,0..
However, even in the absence of Cl species, no H,O. degradation activity is observed,
suggesting that CI- species are not required to obtain no degradation activity in presence of
4wt.%H-0.

Table 3.5: Effect of Pd precursor on 0.5wt.%Pd/TiO, catalyst activity.

Pd precursor Productivity [mol02 kgear?  Degradation [Molizoz Kgeat™
h?] h?]
PdCl, 65 0
Pd(NO3), 46 0

Reaction conditions: a) Synthesis reaction: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa
5% H2/CO-, 1.1 MPa 25% O,/CO-, 0.5 h, ambient temperature, 1200 rpm b) Degradation reaction:
0.01 g catalyst, 0.68 g H.0», 2.22 g of water, 5.6 g of methanol, 2.9 MPa 5% H,/CO,, 1.1 MPa 25%
0,/C0O,, 0.5 h, ambient temperature, 1200 rpm.

No H,O; degradation activity in the presence of 4wt.% H,O, over a monometallic Pd catalyst
is a unusual observation, particularly in the absence of additives such as halides or acids.
Ouyang et al.®! reported hydrogenation activity around 64 molu202 Kgear h™t over 1wt.%
Pd/TiO- in acidified C,HsOH solution, and Villa et al. showed degradation activity of 95
Moliz02 Kgear* ™t with 1wt.%Pd supported on acid pre-treated carbon nanofibers; both
experiments were carried out in presence of H.O2. Voloshin et al. investigated the kinetics of
H.O, decomposition over a Pd/SiO, catalyst and demonstrated an increase in the H,O;

hydrogenation rate with increasing H.O, concentration in reaction solution.®

For industrial application, it would be necessary for HO, degradation activity to remain low
even in the presence of high H.O, concentrations and therefore a series of H,O, degradation
experiments were carried out with increasing H2O- concentration; results are summarised in
Table 3.6. No degradation activity is observed with increasing concentration of H.O. up to 16
wt.%; this concentration is the maximum possible by replacing the whole H.O content with
the 50 wt.% stock solution of H2O,. To achieve higher concentrations, an amount of CH;OH
must be removed, which could affect solubility of the gases and therefore higher

concentrations were not tested. No degradation activity, towards H.O, in the presence of
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highly concentrated H,O; solution, could be a desirable catalyst feature considering 6-8 vol %
of H,0; is required for the most industrial applications.® Edwards et al. previously showed
that there is no degradation activity of AuPd supported on pre-treated C catalyst in presence
of 14wt.% solution of H,0,;%° however, HNO; was used for support pre-treatment and
therefore acidic waste was produced, which would require neutralisation, as well as a more
complex route to catalyst preparation being required compared to the preparation method used
in this work. Freakley et al. reported no degradation activity over 3 wt.%Sn — 2 wt.%Pd/TiO;
in solution up to 8 wt.% H-0,, but in the presence of a 16 wt.% H.O: solution degradation
activity of over 200 moluz202 kgear* h™t was achieved.® The selectivity of 96% was reported for
3 wt.%Sn - 2 wt.%Pd/TiO,, showing that highly selective catalysts might degrade H.O- at
higher concentrations under H,O- synthesis conditions similar to those reported within this

work.

Table 3.6: Effect of initial H,O, concentration on 0.5wt.%Pd/TiO, catalyst degradation

activity.
Concentration of H,O; [wt.%0] Degradation [molu202 kgear* h]
4 0
8 0
12 0
16 0
16.3 0

Reaction conditions: Degradation reaction: 0.01 g catalyst, x g H20, 2.9-x g of water, 5.6 g of
methanol, 2.9 MPa 5% H,/CO,, 1.1 MPa 25% O,/CO-, 0.5 h, ambient temperature, 1200 rpm.

For use in an industrial application, catalyst stability during storage would be preferable to
ensure that the catalyst activity remains unchanged. With this in mind, the fresh
0.5wt.%Pd/TiO, was repeatedly tested over time, with a change in catalyst activity observed.
During this study, where the catalyst (unused) was repeatedly tested over 51 days, the catalyst
was stored at room temperature in the dark. Catalytic activity towards the direct synthesis and
subsequent degradation of H,O, was evaluated as a function of catalyst age and these results
are summarized in Figure 3.15. The catalyst was also characterized by XPS on the same day
as synthesis and degradation testing, to relate any changes in catalyst morphology to the
observed changes in activity. Initial productivity is 65molu202 kgeart ™ and a slight increase in

synthesis activity is observed after 23 days, rising to 70 moliz02 Kgear 1 hL.
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Figure 3.15: H202 direct synthesis and degradation testing and re-testing over 0.5wt.%Pd/TiO2 at
ambient temperature. Reaction conditions: a) H,O; synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 g of
methanol 2.9 MPa 5% H,/CO,, 1.1 MPa 25% O,/CO,, 0.5 h, ambient temperature, 1200 rpm. b) H20,
degradation: 0.01 g catalyst, 0.68 g H20», 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 0.5 h,
ambient temperature, 1200 rpm.

Initial degradation activity remains at 0 moluzo2 Kgea* h™ during the first 23 days. Beyond this,
the catalyst starts exhibiting degradation activity. After 51 days, degradation activity of
97molz02 kgeart htis observed; notably, H.O, synthesis activity is maintained, despite the rise
in degradation activity. The change in both synthesis and degradation activity occurs after the

same time, 23 days, suggesting that the changes in activities have the same cause.

STEM-HAADF images of the aged catalyst, (Figure 3.16 a), after storage for 40 days in
ambient conditions shows a mean particle diameter of 0.74 nm. As shown in the particle
diameter distribution diagram in Figure 3.16 b), a similar particle diameter distribution is

observed with both aged and fresh catalysts.
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Figure 3.16: a) STEM-HAADF image and b) particle size distribution of aged 0.5wt.%Pd/TiO2

catalyst.

Acknowledgment: The STEM-HAADF characterisation was carried out by Dr He and Dr Davies. We
acknowledge the Diamond Light Source for the experiment sessions.

As previously shown, the oxidation state of the metal species plays a crucial role in catalyst

activity, with an increase in degradation activity observed upon re-use, when Pd species was

reduced from Pd?* to Pd°. To investigate possible changes in oxidation state, the sample was

examined in regular intervals using X-ray photoelectron spectroscopy and the spectra are

shown Figure 3.17.

Intensity [Arb. Units]

LY

Pd3d,, Pd

a) Pd? P

- o o ’ //\
] VWA,AM/ \\A/

v
S

3dS/Z
d2+

\

1711

—— 46 days aged
—— 10 days aged
—— 5 days aged

—— Fresh/ as calcined

—— uncalcined

A AN

T
350 345

T
340

T
335

Binding energy [eV]

T
330

90



Chapter 3

46 days aged
Cl 2p,;, Cl2py, | 10 days aged
b) —— 5 days aged
. —— Fresh/ as calcined
— uncalcined

Intensity [Arb. Units]
/
<
S
]
{

§ e
VAN AN A AN AN

T T T T T T T
212 210 208 206 204 202 200 198 196 194
Binding energy [eV]

Figure 3.17: a) Pd(3d) and b) CI(2p) XPS spectra observed for 0.5wt.%Pd/TiO: as a function of
storage time.

It was observed that Pd in the freshly calcined sample is present on the catalyst surface in
cationic form, and there is no significant change observed in oxidation state through time.
Similarly, no change in Cl spectra is observed with investigated catalyst after calcination over
time. These results show that the change causing an increase in degradation activity are
unlikely related to changes in the oxidation state of Pd.

In situ diffusive reflectance infrared Fourier transform spectroscopy of CO adsorption was
carried out to determine the surface structure of fresh, aged and used 0.5wt.%Pd/TiO,
catalysts; using CO as the probe molecule. The peak at 2091 cm™* is assigned to the linear CO
bands adsorbed on defects such as corners, edges, steps, and surface kinks with low
coordination number.’® The peaks in a range of 1950-2010 cm™ are suggested as bridge-
bonded defective species, such as surface steps or particle edges. CO bridge-bonded to
Pd(111) facets has assigned peaks in range 1900-1940 cm™.6” The peaks assigned to three-
fold CO adsorption on Pd(111) facets are distinguished in region 1800-1890 c¢cm™.57%8The
remaining bands in the region 1500-1700 cm™ were more likely attributed to carbonate and
bicarbonate species.'®%7° The changes in peak position and intensity of fresh and used
catalysts can be attributed to the geometric and electronic modification of Pd atoms during the
reaction, which is in agreement with XPS analysis shown in Figure 3.17. As shown in Figure
3.18, no significant difference in DRIFTS spectra is observed for fresh and aged catalyst

suggesting, that geometric modification of Pd atoms did not occur with catalyst age.
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Figure 3.18: In situ DRIFTS of CO adsorption over fresh, aged and used 0.5wt.%Pd/TiO: at 293K.

X-Ray Absorption Near Edge Structure (XANES) and Extended X-Ray Absorption Fine
Structure (EXAFS) spectrometry was carried out to investigate the structure and the oxidation
state of the 0.5wt.%Pd/TiO; catalyst. These spectra are shown in Figure 3.19. The XANES
results show the fresh and aged 0.5wt.%Pd/TiO, catalyst have almost the same near edge
absorption feature. Both have higher average oxidation states than for the used catalyst. This
means that there is a change in oxidation state of Pd during reaction, which is in keeping with
the analysis by XPS and, in addition to particle agglomeration, can effect the reusability of the
catalyst and lead to the increase in H,O, degradation activity upon re-use. It can be seen from
this analysis that the used catalyst displays a mixture of PdO and Pd°, which corresponds with
XPS results of used sample. Linear combination fitting (LCF) shows that the Pd speciation is
very different between the fresh and used catalysts, with the fresh sample observed to have a
contribution of about 1/4 from PdCl; and 3/4 of PdO, while the used sample is about 2/5 of
PdO and 3/5 of Pd°.

The EXAFS fitting of fresh and aged catalysts shows a contribution from Pd-Cl scattering in
the first shell. The coordination number of Pd-O is around 3 and the Pd-Cl is less than 1. The
aged sample has slightly less Cl than the fresh catalysts. There is no significant scattering path
beyond Pd-Cl scattering, proving the presence of highly dispersed Pd species on an atomic
scale. As shown in Table 3.7, there was no measurable Pd-Pd bond for fresh (2 days old
sample) and aged (60 days old sample) catalyst. For fresh catalyst, there is existing Pd-O bond
of 2.00 + 0.01 A and Pd-Cl bond of 2.30 + 0.01 A, indicating that monodisperse or isolated

Pd atoms are predominant on the surface. Same bonds are existing on aged catalyst with slight
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increase in Pd-O bond to 2.01 + 0.01 A. For both fresh and aged catalyst STEM-HAADF
images show a mean particle diameter of 0.7 nm, suggesting that sub-nano Pd clusters with
few Pd atoms are present on the catalyst surface. However, no significant Pd-Pd scattering
suggest that monodispersed or isolated Pd atoms are predominant on the surface. The
coordination number of Pd-O is around 3.2 + 0.2 and the Pd-Cl is less than 0.8 + 0.2 in fresh
catalyst. It is generally believed that the Pd-O coordination in the bulk of PdO is a square-like
4 oxygen coordination with the same bond length at 2.0 A. The Pd-Cl scattering suggests that
some of the oxygen atoms in the square-like coordination are replaced by Cl. The aged catalyst
shows slightly lower Pd-Cl coordination number of 0.6 + 0.2. For the used catalyst, a Pd-
O bond of 1.99 + 0.01 A with a CN 1.5 + 0.4 is determined. The Pd-Pd bond of 2.74 + 0.01 A
is close to the Pd-Pd distance in Pd foil and CN of 5.4 + 0.5 was a result of larger particles.
This is in agreement with STEM-HAADF analysis showing larger Pd particles with mean

diameter 3.88 nm.

Table 3.7: Tabulated Pd-Pd, Pd-Cl and Pd-O coordination numbers (N), bond distances
(R), bond length disorder (¢ ?), and threshold energy corrections (4Eo) for Pd nanoparticles
on fresh, used and aged catalyst.
sample Pd-O Pd-ClI Pd-Pd c? c? o2 AE,
R[A] CN R[4 CN R[4 CN Pd-O Pd-Cl Pd-Pd [eV]

PdO 2.01 4 - - - -

pdCl. - - 231 4 - - - -
Pd foil - - - - 275 12 - -
fresh  2.0(1) 3.2(2) 23(1) 08@2) - 0.003(1) 0.003 -0.9(2.1)
0
used 1.99(1) 15@) - - 274  54(5) 0003(Q2) - 0.006(1) 1.9(0.7)
0
aged  2.01(1) 3.4(2) 23(1) 06(2) - - 0.003(1) 0.003(1) 0.7(1.2)

The number in parentheses indicates the statistical error: error for R is in two decimal places (e.g., 2.0
(1) =2.0 £ 0.01); error for CN is in one decimal place (e.g., 3.2 (2) = 2.0 + 0.2); error for 62 is in three
decimal places (e.g., 0.003 (1) =0.003 £ 0.001); error for AE, is as stated in parentheses (e.g., -0.9 (2.1)
=-09+21)

Tian et al. reported that single site Pd catalysts supported on HAp are inactive towards the
direct synthesis of H,O; and it is sub-nano Pd clusters, with a few Pd atoms (two or three
atoms) that are responsible for synthesis of H,0..2® The larger Pd particles (>2.5nm) with
abundant Pd(111) facets are not favourable for H,O. and are rather active for O, dissociation

leading to H»O formation.

93



Chapter 3

—— Pd-TiO,-fresh —— Pd-TiO,-fresh
—— Pd-TiO,-used —— Pd-TiO,-used
—— Pd-TiO,-aged —— Pd-TiO,-aged
—— PdO —— PdO
——PdCl, —— PdCl,
— Pd foil — Pd foil
= =
=% =1
b=l o
Q 0]
N N
© ®
E E
o o
pd z
T T T T T T T T T T
24320 24340 24360 24380 24320 24340 24360 24380
Energy (eV) Energy (eV)

Figure 3.19: XANES (left) and EXAFS (right) spectra of fresh, aged and used 0.5wt.%Pd/TiO2
catalyst.

Acknowledgment: The EXAFS characterisation was carried out by Dr Wang and his research team.
We acknowledge the Diamond Light Source B18 beamline for the experiment sessions (SP17377,
SP19072 and SP19850).

As shown in previous characterization of the freshly prepared and aged 0.5wt.%Pd/TiO,, there
was no significant chance in catalyst morphology or Pd oxidation state. EXAFS and XANES
fittings showed very similar spectra, with the Pd-CI coordination number slightly decreased
from 0.8 £ 0.2 to 0.6 = 0.2. It is not yet clear what is causing the change in catalyst activity
over time; however, if the change in catalyst morphology occurred, it must have been in such

a delicate merit that it was not clearly observed during catalyst characterization.

3.2.4 Effect of initial H20 concentration on catalyst synthesis and
degradation activity of 0.5wt.%Pd/TiO:

No H,0; is present at the beginning of the standard synthesis reaction and a relatively small
concentration (0.1-0.3 wt.%) is typically produced during a single standard reaction (0.5 h),
comparable to that produced in the initial stages of the industrial route to H,O, production (0.8
-1.9 wt.%), prior to extraction of H.O, from the working solution. To investigate the effect of
a higher initial concentration of H,O; in the reaction solution on catalyst activity, a series of
experiments were carried out over 0.5wt.%Pd/TiO,. As shown in Figure 3.20, the starting
concentration of H,O; has a significant effect on catalyst activity towards further H,0,
synthesis or degradation. No synthesis activity and low degradation activity are observed in
the reaction with a starting concentration of H.O, above 0.25 wt.%. Degradation of 16 molx2o2
kgear* h! is obtained with 2wt.%H,0; and 7 molu202 Kgear* h with 0.5wt%.
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Figure 3.20: Initial H202 concentration study over 0.5wt.%Pd/TiO2. Reaction conditions: 0.01 g
catalyst, x g of H20;, (2.9-x) g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 1.1 MPa 25% O,/CO,,
0.5 h, ambient temperature, 1200 rpm.

At initial H202 concentrations of 0.25wt.% H,0,, no synthesis or degradation activity is
observed; with decreasing initial concentration of H.O,, formation of H,O, was achieved.
Synthesis activity of 11 moluzo2 Kgea? ht is obtained with 0.15wt.%H,0- and this synthesis
activity increases to 49 moluzoz2 Kgeart bt with only 0.05wt.% H,O- in initial solution. As
previously shown (Figure 3.14), after use in the H20, degradation reaction in the presence of
4wt.% of H,O-, Pd on the catalyst surface remains as Pd**. No synthesis activity over higher
concentrations of H.O, might be related to the stabilization of Pd as Pd?*, and therefore a
mixture of Pd?* and Pd® might be required to obtain reasonable synthesis activity. As shown
in Figure 3.21, low H; conversions are obtained when H,0- varies from 0.25 — 4 wt.%, due to
low degradation activity of catalyst and no visible synthesis activity, and therefore no H;
selectivity was calculated. A small amount of H,O, could be produced in these conditions;
however, if this is the case then more H,0- is degraded than produced. Interestingly, addition
of small amounts of H»O, (0.05-0.15 wt.%) increases the selectivity towards H,O, from 23%
up to 59%, and significantly decreases the H, conversion to 18% with 0.05wt.% H.0, in
starting solution. The addition of H,O, might help maintain Pd as Pd?*, which can explain an
increase in H; selectivity. Choudhary et al. reported that the presence of larger amounts of
H>O, result in a drastic decrease in the net H.O, formation over a 1wt.%Br—1wt.%F-
5wt.%Pd/Al,Os catalyst. No H,O- formation was observed with the H.O concentration above

0.27 wt.%, and a further increase in H»O; led to a significant increase in degradation activity.
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They suggested that decrease in synthesis activity may be due to the oxidation of Pd species
by H.O, added to the reaction mixture.®® In comparison; Piccinini et al. reported no net
production of H,O: in the presence of H.O,, due to increased degradation activity in the
presence of higher H,O, concentration.*®
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Figure 3.21: Conversion and selectivity of the 0.5wt.% H20: with different H2O2 concentration in
starting solution. Reaction conditions: 0.01 g catalyst, x g of H2O», (2.9-x) g of water, 5.6 g of
methanol 2.9 MPa 5% H»/CO2, 1.1 MPa 25% O./CO;, 0.5 h, ambient temperature, 1200 rpm.

3.2.5 Reusability of the 0.5wt.%Pd/TiO:> catalysts and recalcination
of the used catalyst

A crucial factor to consider in evaluating catalyst is its reusability. As previously shown in
Table 3.4, 0.5wt.%Pd/TiO, exhibits increased degradation activity upon re-use, up to 331
moluzo2 Kgeat hL. To investigate potential factors responsible for this increase, catalytic
samples were subjected to different treatments and then dried in a vacuum oven prior to re-
use. The results of this study are summarised in Table 3.8. Upon the re-use of the catalyst, a
slight decrease in synthesis activity is observed from 65 moluz02 Kgearth™ 10 61 MOlrz02 KQeat
th1. With subsequent re-use of the catalyst, synthesis activity decreases further to 56 molzo2

kgearth't and H,O, degradation activity increased up to 448 moluzoz Kgear* .
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Table 3.8: Reusability study over 0.5wt.%Pd/TiO, catalyst.

Number of uses Productivity Degradation
[Moln202 kgcat‘l h'l] [moln202 kgcat‘l h'l]

1%tuse @ 65 0

2" yse @ 61 331
3 yse ? 56 448
2" yse P 71 90
2" yse © 65 66
ond e d 74 41

Reaction conditions: a) Synthesis reaction: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa
5% H,/CO,, 1.1 MPa 25% O,/CO,, 0.5 h, ambient temperature, 1200 rpm b) Degradation reaction:
0.01 g catalyst, 0.68 g H20,, 2.22 g of water, 5.6 g of methanol, 2.9 MPa 5% H,/CO,, 1.1 MPa 25%
0,/C0O,, 0.5 h, ambient temperature, 1200 rpm.

2 Standard reaction conditions were applied during testing.

® Only 1.1 MPa 25%0,/CO, was used in the initial reaction. Catalyst was then dried and re-used in
reaction using standard reaction conditions.

¢ No reagent gases were used in the initial reaction (reaction was carried out at atmospheric pressure).
Catalyst was then dried and re-used in reaction using standard reaction conditions.

d Catalyst was dispersed in water/methanol mixture as per standard reaction conditions for 0.5 h.
Catalyst was then dried and re-used in reaction using standard reaction conditions.

Subjecting the catalyst to 1.1MPa of 25%0./CO; with stirring at 1200 rpm, and then re-using
it results in an increase in synthesis activity to 71 molu2o02 kgear? h and a rise in degradation
activity to 90 moluzo2 kgear* h2. Treating the 0.5wt.%Pd/TiO, with 8.5g reaction solvent for
0.5 h, without stirring and then re-using it, increases the synthesis activity similarly as in to 74
molizo2 Kgear h™t and also an increase in degradation activity (41 moluzoz Kgea® ht) is
observed. These results show that two different factors may affect re-usability of the
0.5wt.%Pd/TiO.. Subjecting the catalyst to the solvent mixture and O,/CO; gas mixture results
in an increase in synthesis, and degradation activity; however, once H; is introduced to the
mixture and the synthesis reaction took place, a significant increase in degradation activity is

observed.

Reduction of Pd species from Pd?* to Pd® during the synthesis reaction, as shown by XPS
(Figure 3.14), may be a crucial factor responsible for the observed increase in the degradation
activity of 0.5wt.%Pd/TiO, upon re-use. To counter the formation of Pd° the catalyst was
subjected to a range of heat treatments after initial use in the direct synthesis reaction. As
shown in Table 3.9, a near-identical synthesis activity is obtained with a catalyst that was re-
calcined at 200 °C; however, the effect on degradation activity is negligible, with high rates
of degradation (350 moliz02 kgeart ht) observed. Increasing the calcination temperature to
300 °C results in a minor decrease in catalyst activity to 57 moluzo2 kgear* h; however, more

importantly, after this heat-treatment degradation activity in presence of 4 wt.%H,0; is
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completely inhibited. With a further increase in calcination temperature, no degradation
activity is observed, but significant decrease in synthesis activity (16 moluzoz kgear* h?) is
obtained.

Table 3.9: Re-calcination of 0.5wt.%Pd/TiO, catalyst after use in standard reaction
conditions.

0.5 wt.%Pd/TiO; Productivity Degradation
[molnz02 Kgear* h™] [molnz02 Kgear* h™]
1t use 65 0
2" yse ? 61 331
2" use, re-calcined at 200°C 64 350
2" use, re-calcined at 300°C 57 0
2" use, re-calcined at 400°C 16 0

Reaction conditions: a) Synthesis reaction: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa
5% H2/CO,, 1.1 MPa 25% 0,/CO>, 0.5 h, ambient temperature, 1200 rpm b) Degradation reaction:
0.01 g catalyst, 0.68 g H,0,, 2.22 g of water, 5.6 g of methanol, 2.9 MPa 5% H,/CO,, 1.1 MPa 25%
0,/C0O,, 0.5 h, ambient temperature, 1200 rpm.

@ Standard reaction conditions were applied during initial testing. Catalyst was then dried and re-used
in the reaction using standard reaction conditions.

As shown in Figure 3.22, a decrease in H> conversion from 53% to 42% and a corresponding
increase in H; selectivity from 22% to 29% is observed when then catalyst was re-used after
drying under vacuum at 25°C. After the catalyst was re-calcined at 200°C, an increase in H;
conversion up to 57%, with selectivity being 22% ,as with the used fresh catalyst (1% use).
Higher H conversion can be attributed to slightly higher degradation activity of re-calcined
catalyst at 200°C as shown in Table 3.9. An increase in the re-calcination temperature to 300°C
results in a decrease in H, conversion and an increase in H; selectivity to 26%. The lowest H,
conversion (38%) and H. selectivity is observed after 0.5 wt.% Pd/TiO, was re-calcined at
400 °C. XPS analysis was carried out to investigate the effect of re-calcination on Pd oxidation
state and the results are summarised in Table 3.10. After initial use of the catalyst in the
synthesis reaction (catalyst was dried after reaction, prior to analysis), a reduction of Pd from
Pd?* to Pd®is observed, with only 13% of surface Pd is observed in Pd?* form. After re-
calcination of the catalyst, an increase in Pd?* content is observed with increasing temperature;

when the re-calcination temperature was 400°C, all surface Pd was present in Pd?* form.
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Figure 3.22: Conversion and selectivity of the reused 0.5wt.% H20:2 with different re-calcination
temperatures. Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5%
H2/CO3, 1.1 MPa 25% O,/CO-, 0.5 h, ambient temperature, 1200 rpm.

Table 3.10: Quantified XPS data for the surface Pd atoms.
Concentration [%]

0.5 wt.%Pd/TiO;
Pd? Pd°
Fresh 100 0
1t use (standard rection condition) 13.3 86.7
2" use, re-calcined at 200°C 24.1 75.9
2" use, re-calcined at 300°C 82.9 17.1
2" use, re-calcined at 400°C 100.0 0

TEM images of the fresh catalyst (Figure 3.6) show no visible particles. TEM images of re-
calcined catalysts (Figure 3.23) at 200 °C and 300 °C show mean particle diameter of 5.2 nm
and 4.7 nm, with both catalysts showing a wide range in particle diameter from smaller
particles (up to 3 nm) to larger nanoparticles of 10 nm. Catalysts re-calcined at 400°C show
slightly higher mean particle diameter of 6.6 nm, with particles up to 13 nm. In comparison,
0.5wt.%Pd/TiO, used in standard reaction conditions after 20 min shows mean particle
diameter of 5.8 nm. This shows that there was no significant particle agglomeration upon re-
calcination of catalyst. Upon the re-use, an increase in degradation activity is observed, up to
331 molwz02 kgear* ht in presence of 4 wt.% H,O.. However, no degradation activity is

observed upon re-use of the recalcined catalyst at 300 °C and 400 °C, with similar mean
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particle diameter as the used catalyst without recalcination. These results imply that larger Pd
nanoparticles can exhibit no degradation activity towards H.O; in presence of 4 wt.% H,O; if
the majority of Pd species is present as Pd?*..
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Figure 3.23: TEM images of used 0.5 wt.%Pd/TiO2 catalyst recalcined at: a) 200 °C, ¢) 300 °C and e)
400 °C and particle diamter distribution of used 0.5 wt.%Pd/TiO- catalyst recalcined at: b) 200 °C, d)
300 °C and f) 400 °C.

These results show that the treatment of the catalyst prior to a reaction can have a significant
effect on its performance and, with the right treatment, there was option to improve the
synthesis activity the original activity of the catalyst can be retained.
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3.2.6 Effect of calcination temperature on the activity of
0.5wt.%Pd/TiO. towards H>O: synthesis and its subsequent
degradation.

The heat treatment plays a crucial role in catalyst activity and stability. Edwards et al. reported,
that catalysts initially calcined at temperatures lower than 400 °C are much more active than
catalyst calcined at 400 °C when used for the first time.?2 However, on subsequent re-use,
catalysts calcined at temperatures below 400 °C were much less active, due to loss of active
metal species. Catalysts calcined at 400 °C were stable and showed no detectable leaching of
metals.” Different calcination temperatures were applied to investigate the effect of the heat
treatment on catalyst activity. As shown in Table 3.11, calcination temperature has a
significant effect on catalyst performance. Calcination of the catalyst at 200 °C results in
synthesis activity of 89 moluzo2 kgea™ ht; however, a degradation activity of 146 moluzoz Kgear
Lhis obtained. This is in agreement with observations made by Edwards et al., that lower
calcination temperatures result in higher synthesis and degradation activity over a AuPd
catalyst supported on acid pre-treated carbon.?? Increasing the calcination temperature to 400
°C decreases the degradation activity of a 0.5 wt.%Pd/TiO; catalyst to 0 moli202 kgear* h™* and
decreased both H conversion and selectivity towards H>O,. The decrease in selectivity could
be mainly attributed to lower synthesis activity compared to the catalyst calcined at 200 °C,
suggesting that both catalysts have similar degradation activity.

As shown in Table 3.11, a calcination temperature of 400 °C is required to prevent any H,O;
degradation activity and applying heat treatments with higher temperatures only result in a
decrease in the synthesis activity. A dramatic decrease in Hz conversion and increase in H20O-
selectivity is observed with increasing calcination temperature, with conversion only 0.9%
and selectivity of 99.3% when catalyst was calcined at 800 °C; however, minimal synthesis
activity of 5 moluzo2 kgear® ht is observed with this catalyst. Choudhary and co-workers
reported that the H,O, formation was strongly influenced by the calcination temperature,
depending on Pd metal loading.!® For catalysts with Pd metal loadings below 2.5wt.%, an
increase in calcination temperature resulted in a decrease in synthesis activity and selectivity.
A decrease in synthesis activity from 11 moluzo2 Kgearh™ to 7 molnzoz Kgear* ! and selectivity
of 30% to 20% was reported when calcination temperature increased from 400 °C to 800 °C.
An increase in H,O, degradation activity was observed by Choudhary et al. with increasing

calcination temperature over 0.5wt.%Pd/Al,03.1
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Table 3.11: Effect of calcination temperature on the activity of 0.5wt.%Pd/TiO, towards
H.0, synthesis and its subsequent degradation.

Calcination Productivity Degradation Conversion  Selectivity
temperature [ °C]  [MoOlh2o2Kgear? h™]  [MOlH202 Kgeart h?] [%0] [%0]
200 89 146 63.9 28.2
400 65 0 52.6 22.5
600 8 0 10.8 30.2
800 5 0 0.9 99.3

Reaction conditions: a) H20: synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa
5% H2/CO,, 1.1 MPa 25 %0,/CO,, 0.5 h, ambient temperature, 1200 rpm. b) H202 degradation: 0.01
g catalyst, 0.68 g H.0,, 2.9 of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 0.5 h, ambient temperature,
1200 rpm.

ICP-MS analysis of post-reaction solutions, summarized in Table 3.12, shows no significant
leaching of Pd after use of the 0.5wt.%Pd/TiO; catalyst, regardless of calcination temperature
utilized. The highest leaching (0.3 % of total 0.5wt.% Pd, 17.8 ppb) is observed with the lowest
calcination temperature. An increase in calcination temperature results in more stable catalyst
and no leaching is observed when the catalyst was calcined at 400 °C. It was previously shown
that homogeneous Pd can have catalytic activity, and therefore the may explain the higher

degradation activity of catalyst calcined at 200 °C, due to higher amount of leached Pd.*®

Table 3.12: The effect of calcination temperature on the leaching of Pd from
0.5wt.%Pd/TiO, during H,O; synthesis.

Calcination Pd leached [%] Pd leached

temperature [ °C] [ppb]
200 0.3 17.82
400 0.24 13.84
600 0.04 2.38
800 0 0

Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 1.1 MPa
25% 0,/CO,, 0.5 h, ambient temperature, 1200 rpm.

As previously shown, TEM image of 0.5wt.%Pd/TiO; calcined at 400 °C (Figure 3.24 a)
shows no visible Pd particles due to good dispersion of Pd on catalyst surface, with Pd present
below the detection limit of the equipment. This was confirmed by STEM-HAADF imaging
in Figure 3.12. Images of the catalyst calcined at 600 °C and 800 °C show also no visible Pd
particles, suggesting that due to low metal loading and good Pd dispersion particles are below
detection limit of equipment. Choudhary et al.™® and Tian et al.’® both reported an increase in
particle size with increasing calcination temperature, however this was observed with higher
Pd metal loadings than 0.5wt.%. In comparison, Edwards et al. observed that calcination
appeared to increase the metal dispersion with AuPd catalyst supported on C, and aid in

dispersing the sub-nm clusters into dispersed atomical species.??
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Figure 3.24: TEM images of fresh monometallic Pd catalysts with different calcination
temperatures: a) 400 °C. b) 600 °C and c¢) 800 °C

Tian et al. reported that catalysts consisting of monodispersed Pd atoms were inactive towards
H,O, synthesis and sub-nm particles are responsible for H,O, formation.’® Increased
dispersion of Pd with increasing calcination temperature could therefore explain a decrease in

synthesis activity observed in Table 3.10.

3.2.7 Effect of HCI concentration on catalytic activity
0.5wt.%Pd/TiO; towards the direct synthesis and subsequent
degradation of H.0O..

Inorganic acids and halides are commonly used as additives in direct synthesis of H,0, 24727
The addition of halides, mainly Cl-and Br-, to the solvent or catalyst support can significantly
increase selectivity of the catalyst. This increase in selectivity in the presence of halides is due
to inhibiting hydrogenation of H,O, by changing the catalyst surface charge and by poisoning
the active sides of the catalyst on which dissociation of O, occurs, which leads to formation
of H,0.5% Increasing the concentration of halides leads to greater dissolution of metal from
support and therefore reduces longevity and reusability of the catalyst.*® Acids have been pro-
posed to inhibit the decomposition of H202 by preventing its deprotonation to more reactive

103



Chapter 3

forms (e.g., OOH).*>™ Lunsford et al. proposed a catalytic cycle for H,O, formation in acid-
ified H,O in which proton-electron transfer pathways are responsible for H,O, formation.’™
The role of protons derived from acids are often described as promoters modifying reactivity
of the Pd surface but are not participating directly in H,O, formation.*® Recently, Flaherty and
co-workers reported that protic solvents participate directly in the proton transfer process and

therefore in formation of H,0,.1

Typically, PdCI; has been used for preparation of the catalyst reported in this work. Small
amounts of HCI were added (4x102 M) into PdCl; solution to help dissolve and stabilize the
metal precursor. The effects of chlorine concentration were next examined by adding aqueous
solution of HCI to the solvent mixture when utilising Pd(NOs), as the Pd precursor. As shown
in Table 3.13, no degradation activity of H,0O- (4wt.%) is observed when Pd(NOs), was used
as the precursor, in the presence or absence of HCI (4.2 — 21 x102 M). This indicates that the
inhibition of H,O, degradation, at relatively high concentrations, is not dependant on the
choice of Pd precursor. An initial synthesis activity towards H.O, of 0.5wt.%Pd/TiO; prepared
using Pd(NOs). as a precursor in the absence of HCI is observed to be 46 moliz02 Kgear® ht.
Increasing HCI concentrations to 8.4x102 M in the solvent mixture resulted in an increase in
catalyst synthesis activity to a maximum of 81moluz02 kgeart h, with a corresponding decrease
in H, conversion and increase in selectivity towards H,O,.This observation can be attributed
to the blocking of active sites of the catalyst responsible for H.O, degradation, and a

subsequent rise in Hz conversion due to lower degradation activity.

Increasing HCI concentration beyond 8.4x102 M results in significant increase in H:
conversion (63.9%) and a drop in H,O; selectivity to 25%. This suggest that addition of HCI
at a concentration higher than 8.4 x102 M results in an increase in H.O, degradation compared
to lower HCI concentration, considering that the drop in H; selectivity was observed despite
the higher synthesis activity. This can be related to higher Pd leaching from the catalyst, as
shown in Table 3.14. Unsupported Pd particles are active for synthesis of H,O,, which can
explain why an increase in productivity of the catalyst was observed with higher Pd leaching.%’
Similar observation was made by Choudhary et al. who showed that selectivity and yield pass
through the maximum with increasing concentration of the acid over Pd/Al>Os, and decreased
with increasing concentration of acid due to significant leaching of Pd.*? It should be noted
that the synthesis activity of the catalyst utilizing PA(NOs), as precursor was lower than the
analogous catalyst utilising PdCl, even with addition of higher concentrations of HCI. A
catalytic synthesis activity of 66 moluzo2 kgear* h™ was obtained with addition of 6.3x102 M
HCI to the Pd(NOs3), catalyst, while same synthesis activity was obtained over analogous

catalyst using PdCl; as precursor with only 4x102M HCI present. The observed increase in
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synthesis activity can be attributed to the presence of Cl- anions, which may selectively poison
active sites responsible for H.O, hydrogenation, and also the presence of protons participating

in proton-electron transfer.

Table 3.13: Effect of HCI concentration on catalytic activity 0.5wt.%Pd/TiO, towards the
direct synthesis and subsequent degradation of H,O,.

Molarity of HCI Productivity Degradation Conversion  Selectivity

solution [molrzoz kgearh?]  [Molhz202 Kgeart ] [96] [%6]

[M]
none 46 0 55.3 17.8
4.2x107? 55 0 54.4 20.3
6.3x10 66 0 46.6 26.4
8.4x1072 67 0 44.8 29.8
21x107? 81 10 63.9 25.0
PdClI; as precursor 65 0 52.6 22.5

Reaction conditions: a) H20: synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa
5% H,/CO,, 1.1 MPa 25% O,/CO,, 0.5 h, ambient temperature, 1200 rpm. b) H202 degradation: 0.01
g catalyst, 0.68 g H.0,, 2.9 of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 0.5 h, ambient temperature,
1200 rpm.

Table 3.14: The effect of HCI concentration on the leaching of Pd from 0.5wt.%Pd/TiO,
during H20; synthesis.

Molarity of HCI solution Pd leached Pd leached

[M] [%] [Ppb]

none 0.28 16.15

4.2x107 0.29 16.90
6.3x10°2 0.33 19.05
8.4x10 0.37 21.52

21x10? 0.76 43.82

PdClI; as precursor 0.24 13.84

Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO;, 1.1 MPa
25% 0,/C0O,, 0.5 h, ambient temperature, 1200 rpm.

3.2.8 Effect of TiO., phase on activity of 0.5wt.%Pd/TiO> towards
H.O:> synthesis and degradation.

Different phases of TiO, were used as a support for the 0.5wt.%Pd/TiO, catalysts prepared by
a wet impregnation methodology and tested for the direct synthesis of H,O, to investigate the
effect of metal-support-interaction on catalyst synthesis and degradation activity towards

H>0,. As shown in Table 3.15, both anatase and rutile supported catalysts show higher activity
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towards H.O, synthesis than TiO, (P25) (70% anatase, 30% rutile). No degradation activity is
observed when P25, anatase or rutile were used as a support. Both anatase and rutile are less
affected by catalyst aging compared to the P25 analogue. The H.O. synthesis activities for
both catalysts are observed to be stable, in excess of 80 moli2o02 kgea* h?* after 3 months since
catalyst preparation, in comparison to the TiO, (P25) supported catalyst. In addition, no
degradation activity is observed over the analogous anatase or rutile supported materials, even
after extended storage periods. Han et al. reported that electron-deficient species are
dominantly observed on rutile, resulting in higher synthesis activity and selectivity of Pd

supported catalyst compared to anatase used as support.?°

Table 3.15: Activity of Pd catalysts at ambient temperature made by wet impregnation using
different supports.

Fresh Tested after 90 days
TiO: phase Productivity Degradation Productivity Degradation
[molhz02 Kgeatt h] [molrzo2kgeat?h?]  [Molhz02kgeat?h?]  [MolH202 Kgear™ h7]
P25 65 0 70 97
Anatase 84 0 83 0
Rutile 94 0 105 0

Reaction conditions: a) H20: synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa
5% H2/CO3, 1.1 MPa 25% O,/CO-, 0.5 h, ambient temperature, 1200 rpm. b) H20: degradation: 0.01
g catalyst, 0.68 g H»O2, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 0.5 h, ambient
temperature, 1200 rpm.

XPS analysis (Table 3.16) revealed that fresh 0.5wt.%Pd/anatase catalyst contains 97.3% of
surface Pd in the form Pd?*, and only 2.7% is present as Pd°. The Pd?*:Pd°ratio remained the
same after aging the catalyst for three months. After use in the H2O, synthesis reaction,
reduction of Pd?* to Pd®is observed, with only 45.3% of Pd presented as Pd?". The fresh
0.5wt.%Pd/rutile catalyst has almost all surface Pd (99.1%) present as Pd? and remain
unchanged with catalyst age. Partial reduction of Pd species is observed after synthesis
reaction, with 51.8% of Pd present as Pd?*. Both 0.5 wt.%Pd/anatase and 0.5 wt.%Pd/rutile
catalyst retained higher concentration of Pd?* after synthesis reaction than 0.5 wt.%Pd/TiO,.

Table 3.16: Quantified XPS data for the surface Pd atoms.
Concentration [%0]

Pd? Pd°
0.5 wt.%Pd/TiO;
Fresh 100 0
Aged 100 0
Used 13.3 86.7
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0.5 wt.%Pd/anatase
Fresh 97.3 2.7
Aged 96.2 3.8
Used 45.3 54.7
0.5 wt.%Pd/rutile
Fresh 99.1 0.9
Aged 99.0 1.0
Used 51.8 48.2

X-Ray Absorption Near Edge Structure (XANES) and Extended X-Ray Absorption Fine
Structure (EXAFS) spectroscopy were carried out to investigate the structure and the oxidation
state of the 0.5wt.%Pd/anatase and 0.5wt.%Pd/rutile catalysts. XANES of the Pd K edge
shows that both fresh catalysts have higher oxidation states than the used samples. Fresh
catalysts are very likely to contain Pd?* and used catalysts comprise a mixture of Pd?* and Pd°.
This shows change in oxidation state of Pd during reaction, which was in keeping with the
analysis by XPS, and can affect the reusability of the catalyst and lead to the increase in H.O-
degradation activity upon re-use. Linear combination fitting (LCF) suggests that the Pd
species identified on fresh catalysts are PdO and PdCl, with contribution of 1/3 from PdCl,
and 2/3 of PdO. Used 0.5wt.%Pd/anatase shows contributions of 52% from PdO and 48%
from Pd°, while used 0.5wt.%Pd/rutile catalyst showed slightly higher contribution from PdO
of 57% and 43% from Pd°, which is in agreement with the XPS analysis.

The EXAFS fitting results of fresh 0.5wt.%Pd/anatase and 0.5wt.%Pd/rutile catalysts show
both Pd-O and Pd-Cl scattering in the first shell coordination, which is similar to 0.5
wt.%Pd/TiO, catalyst. The coordination numbers for Pd-O and Pd-Cl are 3.4 and 0.6 for
0.5wt.%Pd/anatase catalyst and 3.1 and 0.9 for 0.5wt.%Pd/rutile catalyst, respectively. The
bond length for these two scattering paths is very similar to the Pd-O in PdO, at 2.01 A, and
Pd-Cl in PdCl,, at 2.31 A. The EXAFS fitting results of used 0.5wt.%Pd/anatase and
0.5wt.%Pd/rutile catalysts confirm that these two catalysts are partially oxidized Pd
nanoparticles distributed on the support. The first shell coordination of Pd-O and Pd-Pd
scattering path match well with Pd-O in PdO and Pd-Pd in Pd°. The coordination number of
each scattering path is much smaller than bulk PdO and Pd foil, indicating the nanosized nature
of the Pd species. As summarised in Table 3.17, there is no measurable Pd-Pd bond for fresh
0.5wt.%Pd/anatase and 0.5wt.%Pd/rutile catalysts. For anatase catalysts, there is existing Pd-
O bond of 2.02 + 0.02 A and Pd-Cl bond of 2.3 + 0.02 A. The same bonds are existing on
rutile catalyst, with a slight increase in the Pd-O bond length to 2.03 + 0.03 A. The
coordination number of Pd-O is around 3.4 £ 0.3 and the Pd-Cl is less than 0.6 + 0.3 in the
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anatase supported catalyst. The catalyst supported on rutile shows a higher Pd-Cl coordination
number of 0.9 + 0.3. For the used anatase supported catalyst, a Pd-O bond of 1.99 + 0.02 A
with a CN 1.9 + 0.5 is determined, while the used rutile catalyst exhibits a Pd-O bond of 2.01
+ 0.02 A with a CN 2.8 + 0.8. The Pd-Pd bond of 2.75 + 0.01 A is the same as the Pd-Pd
distance in Pd foil for both used catalysts. The catalyst supported on rutile showslower Pd-Pd
CN (3.4 £ 0.9) compared to used anatase catalyst CN (5 £ 0.7).

Table 3.17: Tabulated Pd-Pd, Pd-Cl and Pd-O coordination humbers (N), bond distances
(R), bond length disorder (o ?), and threshold energy corrections (AEy) for Pd nanoparticles

on fresh and used catalyst supported on anatase and rutile.
sample Pd-O Pd-ClI Pd-Pd c? c? c? AEo

R[A] CN R[4 CN R[4 CN PdO  PdCl  Pd-Pd [eV]
PO 201 4

PdClI2 - - 231 4
Pd foil - - - - 2.75 12
0.5wt.%Pd/anatase
fresh  2.02(2) 3.4(3) 2.3(2) 0.6(3) - - 0.003(1)  0.003
L 0.6(2.5)
used  1.99(1) 1.9(5) - - 2.75 5(7) 0.003(2) - 0.006(1) 1.9(0.5)
@

0.5wt.%Pd/rutile
fresh  2.03(3) 3.1(3) 2.3(2) 0.9(3) - - 0.003(1) 0.003(1)

0.7(2.3)
used  2.01(1) 2.8(8) - - 2.75(1) 3.4(9) 0.003(1) 0.005(1)

2.9(1.4)

The number in parentheses indicates the statistical error: error for R is in two decimal places (e.g., 2.0
(1) =2.0 £ 0.01); error for CN is in one decimal place (e.g., 3.2 (2) = 2.0 £ 0.2); error for ¢2is in three
decimal places (e.g., 0.003 (1) = 0.003 £ 0.001); error for AE, is as stated in parentheses (e.g., -0.9 (2.1)
=-09+21)

Acknowledgment: The EXAFS characterisation was carried out by Dr Wang and his research team.
We acknowledge the Diamond Light Source B18 beamline for the experiment sessions (SP17377,
SP19072 and SP19850).

Both anatase and rutile supported catalysts show slightly higher levels of Pd leaching
compared to the catalyst prepared on P25, after use in H,O; synthesis reaction (Table 3.18).
However, the amount of leached Pd is below 0.5% of the total Pd meatal loading for both

catalysts.

Table 3.18: Total Pd leaching, as determined via ICP-MS, from 0.5wt.%Pd catalysts
supported on different TiO, phases, during H.O, synthesis reaction.

TiO; phase Pd leached [%0] Pd leached [ppb]
P25 0.24 13.84
anatase 0.39 22.74
rutile 0.45 26.24
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Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 1.1 MPa
25% 0,/CO,, 0.5 h, ambient temperature, 1200 rpm.

Reusability of the catalysts was next investigated, with the used catalysts collected after use
in a H,O; synthesis reaction and the catalysts were dried under vacuum with the results
summarised in Table 3.19. Re-use of the 0.5wt.%Pd/TiO; catalysts supported on P25 and rutile
TiO; phases show no significant change in catalytic activity towards H,O; synthesis, while the
analogous catalyst supported on anatase TiO, shows a significant loss in synthesis activity,
which cannot be explain by either metal leaching or increased degradation. Interestingly,
catalytic activity of all catalysts towards H,O, degradation drastically increased. This increase
in degradation activity can be explained by partial reduction of Pd species, as shown by XPS
analysis shown in Table 3.16. Increase in Pd-Pd CN of the used catalysts indicates an increase
in Pd particle diameter from single atoms to highly dispersed Pd nanoclusters, which might
also contribute to increased degradation activity upon re-use.

Table 3.19: Re-usability study over monometallic Pd catalysts at ambient temperature made
by wet impregnation using different supports.

Productivity Degradation
Catalyst [Molh202 Kgeatr* W] [Moliz02 Kgeat* W]
Fresh used fresh Used
0.5 wt.%Pd/TiO, (P25) 65 61 0 321
0.5 wt.%Pd/anatase 84 42 0 135
0.5 wt.%Pd/rutile 94 90 0 257

Reaction conditions: a) H20: synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa
5% H2/CO2, 1.1 MPa 25% 0O,/CO,, 0.5 h, ambient temperature, 1200 rpm. b) H202 degradation: 0.01g
catalyst, 0.68 g H202, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 0.5 h, ambient temperature,
1200 rpm.

3.2.9 Effect of support on the catalytic activity 0.5wt.%Pd towards
H.O. synthesis and degradation.

It has previously been shown that the nature of the support can significantly effect catalyst
activity and selectivity.*!213 The performance of the supported catalyst is generally governed
by several factors, including metal particle size, shape, morphology, the dispersion of the
metal particles, and the electronic state of the support® It has been previously reported that
the support can effect the electronic structure of the metal particles.’> Hutchings and co-
workers have previously reported a correlation between the activity of the catalyst and
isoelectric points of the supports, with more acidic supports shown to aid in H.O;

stabilisation.* Different metal oxides were next used as supports to investigate the effects on

109



Chapter 3

catalyst activity. Prior to catalyst testing, all the bare supports were tested in the synthesis and
degradation reaction, and no activity towards H>O formation and degradation is observed (as
summarised in Table 3.20). As shown in Table 3.21, catalysts prepared on all phases of TiO-
show the highest productivities among the chosen supports, and also are shown to be inactive
towards H,O- degradation in the presence of 4 wt.% H>0,. These catalysts also show much
higher H, conversions, above 52%, compared to analogues prepared on other common oxide
supports. Catalyst supported on TiO, (P25) show lowest selectivity 22.5%, while counterparts
supported on rutile show selectivity of 35.3%. The analogous catalyst prepared on SiO,
exhibits productivity of 52 molu2o02 kgear? ht and no degradation activity towards H,O..
Compared to catalysts supported on TiO,, lower H, conversion of 22.1% and selectivity
towards H>O, of 52.1% s obtained.

Table 3.20: H,0 synthesis and degradation testing over supports materials at ambient
temperature.

Subport Productivity? Degradation®
PP [Molz02 Kgear* ] [Moliz02 Kgear® ]

TiO, (P25) 0 0
anatase 0 0
rutile 0 0
SiO; 0 0
AlO; 0 0
2r0; 0 0

Reaction conditions: a) H20: synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa
5% H2/CO2, 1.1 MPa 25% O,/CO,, 0.5 h, ambient temperature, 1200 rpm. b) H202 degradation: 0.01
g catalyst, 0.68 g H»O2, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 0.5 h, ambient
temperature, 1200 rpm.

Both 0.5wt.%Pd/Al,O; and 0.5wt.%Pd/ZrO, show significantly lower productivities
comparing to other catalysts, but more importantly they show increasing degradation activity
towards H.O. in the presence of 4wt.%H,0, Lower synthesis activity and increased
degradation activity of these supported catalysts can be related to the more basic nature of the
support, as it was previously reported that more acidic supports can promote direct synthesis
of H,O, and provide much lower degradation rates.*’*”" When Al,O3 and ZrO was used as
supports, H, conversions of 11% and 10.8% are achieved, respectively. Interestingly, these
catalysts showed the highest selectivities ,even when H,O, degradation activity was observed

in presence of 4 wt.%H,0..

Table 3.21: H,O, synthesis and degradation testing over 0.5wt.% Pd supported catalysts at
ambient temperature made by wet impregnation using different supports.
Support Productivity? Degradation® Conversion  Selectivity

[Molhzo2 kgear*h™*]  [MOlH202 Kgear* h™] [%0] [%0]
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TiO2 (P25) 64 0 53 23
anatase 84 0 59 29
rutile 94 0 55 35
SiO; 52 0 22 52
Al;,O3 25 50 11 54
ZrO; 37 82 11 73

Reaction conditions: a) H20: synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa
5% H2/CO,, 1.1 MPa 25% O,/CO,, 0.5 h, ambient temperature, 1200 rpm. b) H202 degradation: 0.01
g catalyst, 0.68 g H,O,, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5%H,/CO,, 0.5 h, ambient
temperature, 1200 rpm.

3.2.10 Effect of reaction time on catalyst synthesis and degradation
activity of 0.5wt.%Pd/TiO>

Reaction time has a crucial role on catalyst performance. Low reaction times may result in
low concentrations of H,O; and, on the other hand, degradation of H.O, can be more
significant at extended contact times. To investigate the effect of reaction time on catalyst
performance, a time-on-line study over 0.5wt.%Pd/TiO, was carried out. As shown in Figure
3.25, a concentration of 0.03wt.% of H,O; is produced in the first two minutes, with H.
conversion of 5.2% and selectivity of 74.3%. An 3-fold increase in H>O, concentration is
observed after 5 min with a corresponding increase in H, conversion up to 15.6%, and a
decrease in selectivity towards H,O,to 45.4%. A very small increase in H>O, concentration is
observed between 15 and 20 min, which corresponds to a minimal increase in Hz conversion
(from 50.5 t0 52.9 %).

A Hy05 concentration
--l-- Hp conversion

0,16 - ivi (%
I - ®- Hy0, selectivity

0144 } % "
< - >
> H T 60 2
Lol ek w2
~ [ - /,/"//// I3
Q, 0,104 ; % % : 3
T . / 5
z . K 7
© 008 ¥ [z
S AN (06
© 0,06 | % 0
= AN I :
ol | e e el
c U E S
8 oo ]® :

0,02/ [T

i
0,00 & _ O

0O 10 20 30 40 50 60 70 80 90
Time [min]

111



Chapter 3

Figure 3.25: Effect of reaction time over 0.5wt.%Pd/TiO2. Reaction conditions: 0.0 1g catalyst, 2.9 g
of water, 5.6 g of methanol, 2.9 MPa 5% H2/CO2, 1.1 MPa 25% O2/CO2, various reaction times,
ambient temperature, 1200 rpm

The concentration of H,O, passes through a maximum of 0.14wt.% at 30 min. Further increase
in the reaction time results in a decrease in H.O concentration to 0.12wt.% after 90 min. No
significant change in H, conversion and selectivity is observed as the reaction time went from
60 to 90 min, indicating catalyst deactivation or insufficient concentration of reagent gases.
After the reaction, the catalysts were collected and dried in vacuum oven for 16 h. Once dried,

the catalysts were analysed by XPS and TEM.

XPS analysis (Table 3.22) shows that, once a catalyst is introduced into the reaction mixture
with reagent gases (0 min), immediate partial reduction of Pd species from Pd?" to Pd° is
observed. The results in Table 3.22 shows that the content of Pd?* species is generally
decreasing between 2 and 20 min. After 30 min, the Pd** concentration decreases to 13.3%,
and increases to 19.1% after 60 min, which can be attributed to increasing H>O, concentration.
These results suggest that Pd species are constantly in flux during reaction. It was previously
reported by Choudhary et al. that H,O, might oxidise reduced Pd species.5!

Table 3.21: Quantified XPS data for the surface Pd atoms.
Concentration [%]

Reaction time [min]

Pd** Pd°
0 42.9 57.1
2 34.4 65.6
5 25.7 74.3
10 27.8 72.2
15 32.0 68.0
20 28.7 71.3
30 13.3 86.7
60 191 80.9

TEM analysis was carried out to investigate the change in particle diameter during the
reaction. TEM images in Figure 3.26 show an increase in particle diameter with increasing
reaction time and these results are summarised in Table 3.23. Fresh unused 0.5wt.%Pd/TiO>

showed no particles on TEM images.
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Figure 3.26: TEM images of used 0.5 wt.%Pd/TiO: at various reaction times: a) 0 min, ¢) 2 min, ¢)
5 min, g) 10 min, i) 15, k) 20 min and particle diameter distribution of used 0.5 wt.%Pd/TiO2 catalyst
at: b) 0 min, d) 2 min, f) 5 min, h) 10 min, j) 20 min, I) 20 min.

After 0 min (i.e. wetted and exposed to reactant gases, stirring turned on and immediately off
to ensure well mixed mixture) the mean particle diameter is 1.9 nm with narrow particle
diameter distribution, with more than 80% of particles below 2.5 nm. A further increase in
reaction time to 2 min results in an increase in mean particle diameter to 3.2 nm, and a larger
particle diameter distribution as shown in Figure 3.26 d). The mean particle diameter of 4.5
nm is observed after 5 min, and increases to 4.6 nm after 15 min. Particle size distribution
diagrams show an increase in particle diameter with reaction time and also wider particle
diameter distribution, with a small fraction of particles above 9 nm. After 20 min, the mean
particle size increases to 5.8 nm, with less than 15% particles below 4 nm.

Table 3.23: Average particle diameter over 0.5wt.%Pd/TiO, upon re-use at different
reaction times.

Reaction time [min] Average particle size [nm]
fresh no visible particles
0 1.9
2 3.2
5 4.5
10 4.6
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15 4.6
20 5.82

Reaction conditions: a) Synthesis reaction: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa
5% H,/CO5, 1.1 MPa 25% O,/CO, various reaction time, ambient temperature, 1200 rpm b) Synthesis
reaction - reuse: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa 5% H,/CO, 1.1 MPa
25%0,/CO2, 0.5 h, ambient temperature, 1200 rpm

Building on this work, the effect of the initial reaction time on 0.5wt.%Pd/TiO, was evaluated
(Figure 3.27). First, the catalyst was used in an initial H.O, synthesis reaction for different
reaction times. Then the catalyst was removed from reaction mixture and dried under vacuum
(25 °C, 16 h). Once dried, the catalyst was re-used in a reaction using standard reaction
conditions. A significant increase in catalyst synthesis activity, to 87 moluzoz2 Kgearth?, is
observed after the catalyst was initially used in a 0 min reaction (i.e. wetted and exposed to
reactant gases, stirring turned on and immediately off to ensure well mixed mixture). The
results indicate that the catalyst is activated once subjected to reaction conditions. As shown
in Table 3.22, immediate reduction of the Pd species is observed, with only 42.9 % of Pd
remaining as Pd?*, and an increase in mean Pd particle diameter to 1.93 nm is observed. Tian
et al. reported that single site Pd catalysts are inactive for H,O, formation, and 1.4 — 2.5 nm
particles are desirable for highly selective and active catalyst.’® It has been previously
published that the H,O, synthesis occurs on interfaces of Pd and PdO domains and therefore
partial reduction of Pd might be beneficial to obtain higher synthesis activity.®* A lower H;
conversion of 42.3% is observed upon re-use after initial 0 min reaction compared to 52.6%
obtained in standard reaction conditions and higher selectivity towards H,O. of 39.3% is
achieved over re-use, in comparison to standard reaction with selectivity of 22.5% (as shown
in Figure 3.28). Up to an initial reaction time of 15 min, the enhancement in catalysts activity
upon second use exceeded that observed over a standard rection (0.5 h) with no prior reaction.
Interestingly, a dramatic increase in H.O degradation activity is already achieved after 0 min,
suggesting that the change causing this increase in activity occurs immediately as the catalyst
came into contact with the gas mixture. As shown in Figure 3.27, the highest degradation
activity (441 moluao2 kgeart h) is obtained after 0 min, and further decreases to approximately
330 molu202 kgear ht after 5 min. No significant change in degradation activity, in presence
of 4wt.%H,0;, is observed with increasing reaction time in first use, and it is comparable with

activity of re-used catalyst after 30 min reaction prior to catalyst re-use.
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Figure 3.27: Effect of initial reaction time on catalyst re-usability over 0.5wt.%Pd/TiO2. Reaction
conditions: a) Synthesis reaction: 0.01g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa 5%
H2/CO2, 1.1 MPa 25% 02/CO., various reaction time, ambient temperature, 1200 rpm b) Synthesis
reaction - reuse: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa 5% H2/COz, 1.1 MPa 25%
02/C0O2, 0.5 h, ambient temperature, 1200 rpm c) Degradation reaction: 0.01 g catalyst, 0.68 g H20z,
2.22 g of water, 5.6 g of methanol, 2.9 MPa 5% H2/CO2, 1.1 MPa 25% 0/COg, 0.5 h, ambient
temperature, 1200 rpm.

As shown in Figure 3.28, lower H; conversions are observed with the re-used catalyst, at any
reaction time compared to fresh catalyst, with conversion passing through a maximum of
48.3% with first use at 15 min. Selectivities towards H.O- are higher for all re-used catalyst
compared to the fresh 0.5wt.%Pd/TiO,. The highest selectivity towards H.O, 39.3% is
achieved with re-used of a catalyst used in an initial 0 min reaction, and a further decrease in
H: selectivity is achieved with increasing initial rection time. A decrease in selectivity
correlates with increase in Pd mean particle diameter, while a similar distribution in Pd
oxidation states is observed with reaction times of initial use between 2-20 min, as shown in
Table 3.22. This suggest that changes in particle size, with combination of Pd oxidation state,

have significant effect on catalyst activity.
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Figure 3.28: Effect of reaction time on catalyst re-usability over 0.5wt.%Pd/TiO2. Reaction
conditions: a) Synthesis reaction: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa 5%
H2/CO,, 1.1 MPa 25% O,/CO,, various reaction time, ambient temperature, 1200 rpm b) Synthesis
reaction - reuse: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa 5% H,/CO,, 1.1 MPa 25%
0,/CO2, 0.5 h, ambient temperature, 1200 rpm c¢) Degradation reaction: 0.01 g catalyst, 0.68 g H20-,
2.22 g of water, 5.6 g of methanol, 2.9 MPa 5% H,/CO, 1.1 MPa 25% 0,/CO;, 0.5 h, ambient
temperature, 1200 rpm.

3.2.11 Effect of reaction temperature on catalyst synthesis and
degradation activity of 0.5wt.%Pd/TiO>

To investigate the effect of low reaction temperatures on catalyst performance, a time-on-line
study over 0.5wt.%Pd/TiO, was carried out at 2 °C. As shown in Figure 3.29, a concentration
of 0.04wt.% of H.O- is produced in the first two minutes with H, conversion of 9.2% and
selectivity of 37.6%. In comparison with reaction carried out at ambient temperature, higher
concentration of H.O- is achieved. However, a significant drop in H. selectivity from 74.3%
at ambient temperature to 37.6 %, is observed. An increase in reaction time results in an
increase in H,O, concentration within the whole time-online study. After 15 min, 0.1wt.%
H20- is produced, and this concentration increases up to 0.18 wt.% after 30 min; concentration
of 0.27 wt.% is achieved after 90 min at the end of the study. Interestingly, at ambient
temperature, the maximum concentration of 0.15 wt.% is achieved after 30 min and further
increases in reaction time resulting in concentration decrease. As expected, H, conversion
increases with reaction time. However, H,O, selectivity shows more interesting trend. The
highest value of 37.6 was achieved during 2 min reaction and selectivity decreased to 24.1,

and is slowly increasing to 30.1% up to 20 min reaction. Selectivity remains constant between
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30 to 60 min at value of 36.7 %; further decrease to 32.8% is observed after 90 min. The
results in Figures 3.25 and 3.29 suggest that, at ambient temperature, degradation of H.O, is
lower at the beginning of the reaction compared to reaction at 2 °C, but, with increasing
reaction time, the synthesis of H.O> is more selective at ambient temperature. Landon et al.
was one of the first who identified low temperature and short reaction time to be a key factor
that favour high selectivity to H,0,.*
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Figure 3.29: Effect of reaction time over 0.5wt.%Pd/TiO: at 2°C. Reaction conditions: 0.01 g catalyst,
2.9 g of water, 5.6 g of methanol, 2.9 MPa 5%H,/CO,, 1.1 MPa 25%0,/CO,, various reaction times,
2°C, 1200 rpm

3.2.12Effect of gas replacement reactions on catalyst synthesis and
degradation activity of 0.5wt.%Pd/TiO:

One of the main limitations of the batch-style experimental set up is the low concentration of
H: utilised. As shown in Section 3.2.10, no change in H, conversion or H,O, concentration is
observed at extended reaction times (beyond 60 min), suggesting deactivation of catalyst or
insufficient concentration of reagent gases. Gas replacement reactions partially solve low H;
concentration limitation by continually replacing H at fixed time intervals. Gas replacement
experiments were carried out to maximize the produced concentration of H.O>, with the results
shown in Figure 3.30. After second gas replacement, a linear increase in the H.0.
concentration to 0.28 wt.% is achieved; less H,O was produced in a further 3 gas replacement
reactions combined. After 5 gas replacement reactions, the H.O, concentration is 0.38wt.%.

For comparison, the H,O, concentration 0.12wt.% was obtained after 60 min (same reaction
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time as two gas replacement reactions). No significant change in H.O, concentration, H.
conversion and H>O selectivity was observed in time on-line study (Figure 3.25) after 60 min
which suggests, that this was caused by low concentration of reagent gases rather than
deactivation of the catalyst as an increase in H,O, concentration was observed even after 5
gas replacement (2.5 h reaction time). Freakley et al. at reported production of 0.35 wt.% H.0-
over the highly selective 2wt.%Sn-3wt.%Pd/TiO; subjected to sequential oxidation-reduction-
oxidation (ORO) heat treatment after 3 gas replacements at 2 °C.° This is comparable with the
concentration obtained over 0.5wt.%Pd/TiO- in this study, without need of high concentration
of Pd and secondary metal, or requirement of extensive heat treatment cycles. This shows that
high metal loadings and extensive heat treatment are not needed to achieve higher
concentrations of HO-, and gas replacement reactions present a possibility to significantly

increase the H20O- concentration in comparison to longer reaction times.
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Figure 3.30: Effect of gas replacement reaction over 0.5wt.%Pd/TiO2. Reaction conditions: 0.01 g
catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa 5% H2/CO2, 1.1 MPa 25% O2/COz, 0.5 h, ambient
temperature, 1200 rpm

3.3 Conclusion

Within this Chapter, the role of catalyst design has been investigated to improve catalyst
synthesis activity and selectivity towards H»O,, as well as inhibit degradation activity. The

effect of the Pd metal loading on H,O; synthesis and degradation activity was investigated.
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The synthesis activity passed through a maximum of 65 moluo, Kgea? h? over
0.5wt.%Pd/TiO2. More importantly, the 0.5wt.% Pd/TiO; catalyst showed no degradation
activity towards HO: (in presence of 4 wt.% H>0,) in the absence of any promoters or
additives and at ambient temperature.

Reaction conditions play a crucial role in catalyst performance and by optimising them an
enhancement in catalyst synthesis activity and H,O; selectivity, as well as decrease in H20-
degradation activity, can be achieved. The effect of H,/O; ratio, total pressure and solvent
composition has been investigated on the synthesis and degradation activity over a 0.5
wt.%Pd/TiO, catalyst to determine the optimal reaction conditions and improve catalytic
performance. The results showed that the optimal H2:O; ratio is 1:1, which is in agreement
with the reaction stoichiometry. At this optimum ratio, the productivity of the catalyst
increased from 65 moluzo2 kgeart h? (standard reaction condition) to 70 moluzoz kgear2 ht. The
effect of gas pressure was investigated using H2:0- ratio 1:2. The highest activity of 75 moluzo2
kgeath™ was obtained at 650 psi, which was the maximum pressure that could be achieved in
our reaction set-up. No degradation activity in the presence of 4 wt.% H.O, was observed over
the pressure range of 0 — 650 psi.

In the absence of CH3OH, a synthesis activity of 32 moluzo2 kgear* h™* was achieved over 0.5
wt.%Pd/TiO,; the introduction of CH3OH resulted in a significant increase in H,O, synthesis
activity, up to 65 molu.oz2 kgearth™ at a solvent composition of 75% CHsOH. This can be
attributed to higher solubility of H, and O in the CH3OH than HO. These results are
summarised in Table 3.24 and highlight the need to consider reaction conditions in addition

to catalyst design.

Table 3.24: Summary of optimal reaction conditions on synthesis activity of 0.5
wt.%Pd/TiO,.

H./O; ratio Total pressure CH30H content Productivity
[psi] [%0] [MOliz02 Kgeat* h]
1:1 580 66 70
1:2 650 66 75
1:2 580 75 67
Standard reaction conditions
1:2 580 66 65

Reaction conditions: a) H202 synthesis: 0.01 g catalyst, 0.5 h, ambient temperature, 1200 rpm.

STEM-HAADF analysis of the fresh 0.5wt.%Pd/TiO, catalyst showed sub-nanometres
particles with an average particle diameter of 0.7 nm, with good Pd dispersion. After use in

the H.O, synthesis reaction, an increase in mean particle diameter to 3.9 nm was observed,
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suggesting the agglomeration of particles during the H,O, synthesis reaction. According to
XPS, fresh catalysts contain only Pd?*. After use in the H-O, synthesis reaction, a shift in Pd
binding energy from 336.7 to 335 eV was observed, which suggests that surface Pd was
reduced from Pd?* to Pd® (Pd?*:Pd is 1:6.5). An increase in degradation activity towards H,O>,
from 0 moliz02 Kgear* h™* to 331 moliaoz2 Kgear 2, upon re-use of the catalyst can be attributed
to an increase in mean particle dimeter during reaction and partial reduction of Pd?* to Pd°

after the synthesis reaction.

No degradation activity was observed with the increasing concentration of H.O2 up to 16 wt.%,
which is the maximum concentration achievable using reaction conditions described in this
work. The starting concentration of H.O- has a significant effect on catalyst activity towards
further H,O, synthesis. No synthesis activity was observed in the reaction with starting
concentrations of H.O, above 0.25 wt.% and, initial H,O, concentrations of 0.25wt.%, no
synthesis or degradation activity was observed. The addition of small amounts of H.O- (0.05-
0.15 wt.%) increased the selectivity towards H.O> from 23% (no H>O; present at the start of
the reaction) up to 59 % with 0.05wt.% H,O- in starting solution. The addition of H.O. might
help maintain Pd as Pd?*, which can explain the increase in H, selectivity.

Re-calcination of a used 0.5 wt.%Pd/TiO, catalyst at 300 °C resulted in a decrease in catalyst
synthesis activity, to 57 moli202 kgear* h%, but more importantly inhibition of H,O, degradation
in presence of 4 wt.% HO,. With further increase in the calcination temperature, no
degradation activity was observed, but a significant decrease in synthesis activity (16 molu2o2
kgea ht) was obtained. When the re-calcination temperature was 400°C, all surface Pd was

present in a Pd?* form again.

To investigate the effect of reaction time on catalyst performance, a time-on-line study over
the 0.5 wt.%Pd/TiO- catalyst was carried out. The concentration of H.O, passed through a
maximum of 0.14 wt.% at 30 min, and decreased with further reaction time. This can be
attributed to particle agglomeration during the reaction, as well as reduction of Pd?* to Pd°.
After 5 gas replacement reactions, a H,O- concentration of 0.38wt.% was achieved. Freakley
et al. at reported production of 0.35 wt.% H,O, over the highly selective 2wt.%Sn-
3wt.%Pd/TiO, subjected to subsequential oxidation-reduction-oxidation heat treatment after 3
gas replacements at 2°C.° The 0.5 wt.%Pd/TiO, catalyst testing showed, that to achieve higher

concentrations of H,O2, high metal loadings and extensive heat treatment are not necessary.

The Figure 3.21 illustrates proposed schematic for direct synthesis of H,O,. Thought it is

generally agreed that different active sites are present for formation and degradation of H>O;
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the nature of these sites is still subject of discussions. The initial step of the reaction is
adsorption of O, onto the catalyst surface to produce adsorbed intermediate. The key to H.0O-
formation is for O-O bond to remain intact. The cleavage of the O-O bond leads to H,O
formation. In contrast, dissociative adsorption of H, on the catalyst surface is required. The
adsorbed O intermediate undergoes a proton-electron transfer to form hydroperoxyl followed
by the proton-electron transfer to form H,0,. Cleavage of the O-O bond in O,, H,O, or OOH

leads to H,O formation.

0, H,
\ 0—0 \o—o Ho—oH HO—O/H I"\o—o»f"'
S ST T T O T

l HZ HZ H l
H
0 0 \o 0 Hﬂoa HOHHOH D O
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Figure 3.21: Proposed schematic for the direct synthesis of H202 on a Pd.

Pd oxidation state play an important role in the direct synthesis of H,O,and is crucial to obtain
high activity and selectivity of the catalyst. When higher concentration of H.O- are present in
the reaction solution prior the start of the reaction, no or low synthesis activity (depending on
the H,O; concentration) is observed over the 0.5 wt.%Pd/TiO; catalyst. This can be attributed
to a stabilization of Pd as Pd?* as only Pd?* is present in the fresh catalyst and higher
concentrations of H.O; have been reported to help retain Pd?*, suggesting that Pd?* has low
activity for both synthesis and degradation of H.O,. Upon re-use, partial reduction of Pd?* to
Pd? is observed resulting in increased degradation activity of the catalyst, which suggest that
PdC is highly active for both synthesis and degradation reaction. Once the catalyst is recalcined
at 300°C, Pd?" is mainly present on the catalyst surface which results in no degradation activity
of the catalyst in the presence of 4 wt.% of H,O.. These observations suggest that a mixture
of Pd?* and Pd° is required to obtain higher concentration of H.O, and minimise unwanted

degradation pathways.
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Appnedix 1

Table S3.1: Productivity and reaction conditions of individual reactions of the monometallic
Pd catalysts with various metal loadings.

Pd metal Batch Productivity Catalyst Solvent Temperature
loading [Moliz202 Kgear™ 7] mass mass [°C]
[wt.9%0] [a] [9]

8 0.0100 8.51 25.3
1 6 0.0099 8.51 25.8
6 0.0102 8.49 25.5
6 0.0099 8.51 25.8
0.0625 2 7 0.0101 8.50 26
6 0.0100 8.50 25.4
7 0.0101 8.51 24.3
3 6 0.0099 8.50 24.8
5 0.0098 8.49 24.8
23 0.0099 8.51 24.5
1 24 0.0103 8.51 25
24 0.0101 8.50 25.1
23 0.0101 8.51 22.3
0.125 2 23 0.0100 8.52 23.1
22 0.0099 8.49 23
24 0.0098 8.51 24.5
3 23 0.0099 8.50 24.7
23 0.0101 8.50 26
55 0.0099 8.50 25.3
1 56 0.0102 8.52 25.6
58 0.0099 8.50 26.1
52 0.0098 8.51 24.5
0.25 2 55 0.0101 8.52 25
56 0.0100 8.51 25.1
56 0.0103 8.50 26
3 53 0.0099 8.51 26.1
58 0.0099 8.52 26.1
65 0.0099 8.52 22.3
0.5 1 64 0.0098 8.51 22
65 0.0100 8.49 24
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63 0.0100 8.50 25.3

2 66 0.0102 8.51 25.6
65 0.0101 8.50 26

66 0.0099 8.50 27

3 67 0.0098 8.49 26.5
62 0.0100 8.51 26.1

50 0.0101 8.50 22.3

1 51 0.0101 8.50 23
48 0.0099 8.49 235

49 0.0098 8.52 25.6

1 2 47 0.0102 8.51 25.6
49 0.0098 8.50 25

53 0.0100 8.51 26.3

3 48 0.0101 8.51 25.7
47 0.0099 8.49 25.8

32 0.0099 8.51 26

1 36 0.0099 8.51 26.3
36 0.0101 8.50 27

33 0.0101 8.49 22.3

2.5 2 36 0.0103 8.52 23
35 0.0101 8.51 23.1

37 0.0099 8.51 26.3

3 33 0.0098 8.52 25.6
38 0.0101 8.50 25.1

29 0.0101 8.50 24.3

1 31 0.0100 8.49 24.4
28 0.0100 8.49 24.4

30 0.0098 8.51 25.6

5 2 30 0.0103 8.50 26
31 0.0100 8.50 26.1

29 0.0100 8.51 23.1

3 31 0.0101 8.52 22.9
31 0.0100 8.51 24

Reaction conditions: 0.01g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa 5%H,/CO,, 1.1 MPa
25%0,/CO», 0.5 h, ambient temperature, 1200 rpm.
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Table S3.2: Degradation and reaction conditions of individual reactions of the
monometallic Pd catalysts with various metal loadings.
Pd Batch Degradation Catalyst Solvent Conc. Temperature

metal [Molizo2 kgear N7 55 mass H.0, [°C]
loading [a] [a] [wt.%%0]
[Wt.%]
0 0.0101 8.50 3.92 22.3
1 0 0.0099 8.52 4 22.5
0 0.0101 8.49 4.01 23
0 0.0100 8.50 4.11 24
0.0625 2 2 0.0099 8.49 3.99 24.2
0 0.0100 8.50 4.0 25.1
0 0.0101 8.52 4.03 24.3
3 0 0.0098 8.50 3.99 24.8
0 0.0101 8.51 4.02 24.8
0 0.0010 8.51 4.00 24.5
1 1 0.0099 8.52 4.02 25.3
0 0.0101 8.50 4.08 25.2
0 0.0098 8.51 3.95 22.4
0.125 2 0 0.0100 8.50 3.97 23.1
0 0.0100 8.50 4.11 23.4
0 0.0098 8.51 3.99 26.7
3 0 0.0099 8.48 4 27
2 0.0103 8.49 4.05 26.4
0 0.0099 8.50 4.01 22.6
1 0 0.0101 8.52 4.04 23
0 0.0099 8.51 3.95 23.1
0 0.0099 8.51 4 24.5
0.25 2 0 0.0098 8.52 4.03 25
0 0.0100 8.49 4.03 25.2
0 0.0103 8.50 4.01 26.1
3 0 0.0101 8.51 3.99 26.1
0 0.0102 8.51 3.98 26.4
0 0.0099 8.50 4.15 22.9
1 3 0.0100 8.51 4 23
0 0 0.0100 8.49 4.12 23.1
2 0 0.0100 8.50 3.95 25.3
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0 0.0101 8.52 3.99 26

0 0.0101 8.50 4.1 26.1

0 0.0099 8.50 4 26.1

3 0 0.0099 8.21 4.01 26.5
0 0.0100 8.51 4.03 26.9

122 0.0098 8.50 4 22.3

1 131 0.0101 8.50 4.05 23.1
133 0.0103 8.49 3.94 235

116 0.0098 8.50 3.99 25

1 2 123 0.0101 8.51 4.01 254
137 0.0100 8.50 4.06 25.2

124 0.0100 8.51 4.10 26.3

3 135 0.0100 8.52 3.99 27
114 0.0099 8.49 3.98 25.8

451 0.0098 8.52 4.01 26

1 430 0.0099 8.51 4.03 26.1
473 0.0101 8.49 4 27.1

425 0.0102 8.49 4 224

2.5 2 465 0.0103 8.52 4.06 23.1
461 0.0101 8.51 3.91 23

452 0.0100 8.53 4.01 26.1

3 435 0.0098 8.52 4.06 25.6
467 0.0101 8.50 3.99 254

608 0.0101 8.51 3.95 22.1

1 600 0.0102 8.49 4 22.2
628 0.0100 8.49 4.09 22.5

607 0.0098 8.51 3.96 25.7

5 2 599 0.0103 8.52 4.01 26.2
635 0.0101 8.50 4.15 26.4

610 0.0102 8.50 3.99 23.2

3 626 0.0101 8.52 3.98 22.9
590 0.0098 8.51 4.01 24

Reaction conditions:0.01g catalyst, 0.68 g H.0,, 2.22 g of water, 5.6 g of methanol, 2.9 MPa
5%H,/CO;, 1.1 MPa 25%0,/CO,, 0.5 h, ambient temperature, 1200 rpm.
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Chapter 4

The Direct Synthesis of H>O. Using Supported
Bimetallic Catalysts.

4.1 Introduction

Pd based catalysts are at the centre of investigation and most of the important developments
in the direct synthesis of H,O, are based upon these catalysts.>® Despite being highly active
towards the direct synthesis of H.O,, most monometallic Pd catalysts are also activity for the
subsequent degradation. The addition of Au into monometallic Pd catalyst resulted in a
dramatic enhancement in catalyst activity towards H,O, formation as well as H.O- selectivity
through a synergistic effect.”® This enhancement in activity is mainly attributed to
modification of Pd electronic structure and surface structure through a geometric effect and
reconstruction of the surface composition.2® The geometric effect is a dilution of surface Pd
by secondary metal. Increasing surface ratio of Au-Pd results in size decrease of contiguous
Pd ensembles to small Pd clusters or AuPd alloys on a catalyst surface, which have been
reported to be more selective for the H,O, formation.*®® The electronic modification of Pd by
secondary metal can occur via direct charge transfer or by affecting the bond length.*¢-4” By
alloying Au and Pd, Au gains s, p electrons and loses d electrons, whereas Pd loses s, p
electrons but gains d electrons.*®* Shifts in the d band centre away from the Fermi level is
observed once Pd gains d electrons, which leads to weaker interaction between adsorbates and
surface Pd atoms.* The Pd d band for Pd monomers surrounded by Au is much lower in
energy than that for Pd monolayer or bulk Pd surfaces.*® Pd has been found to adopt the lattice
constant of Au, resulting in increase of Pd-Pd bond length. Both changes makes Pd more

“atomic like” resulting in weaker binding of reactants and products compared to Pd in bulk.*

In recent studies, addition of secondary metal such as Sn, Ni, Sb and Zn was investigated to
present cheaper alternatives to well established AuPd catalysts. > Hutchings and co-workers
demonstrated that subjecting SnPd supported on TiO- to oxidation-reduction-oxidation (ORO)
treatment resulted in highly active and selective catalysts under sub-ambient temperatures (2
°C).%2 It was suggested that, during heat treatment, the small Pd-rich particles responsible for
H.O, degradation are encapsulated in an SnOy layer by generating strong metal support
interactions (SMSIs). Li et al. investigated a series of PdSn nanocrystals with a hollow

structure, using a facile solvent-thermal method that results in highly active and selective
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catalysts.’* The enhancement of synthesis activity and inhibition of degradation is attributed
to the ensemble effect of PdSn alloys, as well as the Pd/SnOy and PdO/SnOy interfaces.
Addition of Ni and Sb has been also reported to increase the selectivity of the catalyst and

synthesis activity via electronic modification of Pd or morphological medication of surface
Pd.13’16'17

This Chapter is focused on bimetallic supported catalysts and how the addition of secondary
metal (Au, Sn, Ni) affects synthesis and degradation activity towards H,O.. The bimetallic
catalysts in this work show high synthesis activities at ambient temperature without use of any
additives. It was also demonstrated that optimised SnPd and NiPd catalysts showed
comparable synthesis activities to well established AuPd catalysts presenting cheaper
alternative for the studied reaction. To maximise the concentration of H.O, obtained during

the reaction, different reaction conditions were also investigated.

4.2 Results and Discussion

Supported bimetallic catalysts were prepared using the standard wet impregnation technique
using PdCl,, HAuUCI., SnCl,and NiCl; as metal precursors and TiO; as the support, as outlined
in Chapter 2, Section 2.2.1. Each catalyst was prepared at least 3 times and each batch of
catalyst was tested at least 3 times for H.O, synthesis and degradation reaction. All H,O,
synthesis and degradation testing was carried out according to the procedures discussed
previously in Chapter 2, unless otherwise stated. A summary of the testing conditions is given

below:

¢ Blank degradation reactions, in the absence of a catalyst, were carried out on a regular
basis to determine possible reactor contamination. In a case of contamination, the
reactor was subjected to cleaning process using mineral acids followed by water and
TiO washing cycles. A subsequent blank degradation reaction was then carried out
before continuing testing with catalyst.

e Standard reaction conditions for H.O, synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 ¢
of methanol, 2.9 MPa 5% H,/CO, 1.1 MPa 25% O,/CO, 0.5 h, ambient
temperature,1200 rpm.

e H»O, degradation activity was determined from the amount of H.O, that was degraded
after the reaction under standard reaction conditions: 0.01 g catalyst, 0.68 g of 50
wt.% solution of H,O,, 2.22 g of water, 5.6 g of methanol, 2.9 MPa 5% H,/CO,, 0.5

h, ambient temperature, 1200 rpm.

132



Chapter 4

4.2.1 Effect of metal loading on catalytic activity towards the direct
synthesis and subsequent degradation of H>Oo.

Metal loading of Pd can significantly effect catalysts synthesis and degradation activity
towards H»O2, as well as H, conversion and selectivity by altering particle size, shape,
morphology, metal dispersion, and electronic state of the catalyst.*®182 As shown in Chapter
3, a decrease in Pd metal loading results in an increase in synthesis activity and H20-
selectivity, and a significant decrease in degradation activity in presence of 4 wt.% H-0..
Enhancement in catalyst performance was reported when Pd was alloyed with a range of
secondary metals (e.g. Au, Sn, Ni, Zn, Sb).1013-1524 \WVith the addition of the secondary metal,
the alloyed nanoparticles offer enhanced catalytic activity and selectivity compared to the
monometallic analogue.? To investigate the effect of the metal loading on H.O, synthesis and
degradation activity, a series of bimetallic catalysts were prepared with different Pd content
with addition of secondary metal (Au, Sn and Ni). All catalysts were prepared by wet co-
impregnation with a metal weight ratio for Pd to secondary metal that is equal to 1:1 and a
total metal loading varying from 0.125 — 5 wt.%. No activity towards H,O, formation or
degradation was observed over bare TiO,, which was used as the catalyst support.

As illustrated in Figure 4.1, 0.0625wt.%Pd/TiO, shows low H;0 synthesis activity of 8
mMoluz02 Kgear* L. Addition of the same amount of Au (0.0625wt.%Au-0.0625wt.%Pd/TiO,)
increases H,0O- synthesis activity more than 3 times, achieving activity of 27 moly2o2Kgear th”
! while the monometallic Pd counterpart (0.125wt.%Pd/TiO2) exhibited a marginally lower
synthesis activity of 23 moluzo2 kgear* h'2. This demonstrates how the synthesis activity of the
catalyst can be enhanced by addition of the same weight loading of Au to monometallic Pd
catalyst. Even larger enhancement in synthesis activity was observed with 0.25wt.% metal
loading, where AuPd (1:1 weight ratio) shows an increase in synthesis activity to 83 mol2o2
Kgea? W1, significantly higher than the 56 moln202 Kgear ht obtained with monometallic
0.25wt.%Pd/TiO; catalysts.

Both monometallic Pd catalysts and bimetallic AuPd catalysts show a volcano trend for
activity towards H,O synthesis with metal loading; the synthesis activity for both the
monometallic Pd and bimetallic AuPd catalysts passes through a maximum of 65 and 90
molao02 kgear 2 respectively, with a total metal loading of 0.5 wt.%. In comparison, synthesis
activity of 64 moluzoz2 Kgear® ht is obtained with well-studied 2.5wt.%Au-2.5wt.%Pd/TiO>
catalyst previously prepared by Edwards et al., which is an established catalyst for direct
synthesis of H,O, and used as benchmark within our research group.?® Further increase in

metal loading results in decreased synthesis activity. In contrast, Brehm et al. reported increase
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in H>O, synthesis activity with increasing metal loading of AuPd catalysts prepared by an
“excess chloride” co-impregnation procedure (use of acidified PdCI, solution as Pd
precursor).?’” The increase in synthesis activity of the AuPd catalysts when compared to
monometallic counterparts was attributed to the development of Pd domains of mixed
oxidation state, and an increased control of nanoparticle size compared to Au- or Pd- rich
analogues. Despite a higher concentration of Cl- anions added during the “excess chloride”
co-impregnation procedure, lower synthesis activities were achieved; for example, 56 moluzo2
kgea? ht was reported by Brehm et al. over 0.25 wt.%Au — 0.25 wt.%Pd/TiO,, while the
preparation method used in this thesis resulted in synthesis activity of 90 moluzoz Kgear ht
with the same AuPd analogue. As shown in Figure 4.1, catalysts with low metal loading
prepared in this work show significantly higher synthesis activity compared to catalysts with
higher metal loading, resulting in more effective use of precious metals and therefore a

decrease in catalyst cost.

No significant enhancement in H,O, synthesis activity is observed over 0.25wt.%Sn-
0.25wt.%Pd/TiOz, with an activity of 62 moluz02 Kgear* h™ compared to 0.5 wt.%Pd/TiO, with
synthesis activity of 65 moluo, kgear? ™. However, an increase in synthesis activity is
observed compared to the monometallic 0.25 wt.%Pd/TiO, (56 molwz02 kgear* h), suggesting
an enhancement in synthesis activity per mol of Pd due to presence of Sn. The enhancement
in performance of the SnPd catalyst is attributed to formation of SnOx which is suggested to
absorb O without bond cleavage and encapsulation of small Pd rich particles responsible for
H-0O; degradation by SnOy,as well as modification of Pd electronic structure by Sn or isolating
Pd nanoparticles with Sn.2%*2 As shown in Figure 4.1, the 0.5 wt.%Sn — 0.5 wt.%Pd/TiO
catalyst shows higher synthesis activity than 0.5 wt.%Au — 0.5 wt.%Pd/TiO, or 0.5
wt.%Pd/TiO, catalyst. With a further increase in metal loading, similar enhancement in
synthesis activity was observed with SnPd catalysts as for AuPd analogues, which presents a

cheaper alternative to well established AuPd catalysts.
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Figure 4.1: Synthesis activity of the bimetallic (1:1 weight ratio) AuPd, SnPd, NiPd
and monometallic Pd catalysts with various metal loadings. Reaction conditions: 0.01 g
catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa 5%H,/CO,, 1.1 MPa 25%0,/CO,, 0.5 h, ambient
temperature, 1200 rpm

In contrast, a decrease in H,O- synthesis activity (to 40 molizo02 Kgear h2) is obtained with Ni
incorporation into the 0.25wt.%Pd/TiO, catalyst (0.25wt.%Ni-0.25wt.%Pd/TiO2), which is
significantly lower than the synthesis activity obtained over a 0.25wt.%Pd/TiO, catalyst.
However, the increase in H.O, synthesis activity to 56 moluzo2 kgear h't and 49 molizoz kgea™
h"t with increasing 1:1 metal loading to 1 wt.% and 2.5wt.%, respectively, suggests that the
addition of Ni to a Pd catalyst can indeed enhance synthesis activity when higher loadings are
used. SnPd and NiPd catalysts reach maxima of 87 and 56 molxz02 kgear L h, respectively, over
1 wt.% total metal loading; as with AuPd and Pd-only catalysts, a further increase in metal

loading results in a decrease in synthesis activity.

It can be observed in Figure 4.2 that, at metal loadings below 0.5wt.%, no H.O- degradation
activity is observed over monometallic Pd catalysts, as discussed in Chapter 3, Section 3.2.1.
However, the bimetallic AuPd catalysts started to exhibit a relatively low degradation activity
of 24 moluzo2 kgear® ™t with 0.125 wt.% Au — 0.125 wt.% Pd/TiO; catalyst, and degradation
increases 4 -fold over 0.25wt.%Au-0.25wt.%Pd/TiO,. In contrast with synthesis activity data,
further increases in metal loading dramatically increased the degradation activity of all

catalysts. The greatest degradation activity (609 molnzo2Kgear*h™) is obtained over the
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5wt.%Pd/TiO; catalyst, which is significantly higher than degradation activity, 417 moln2o2
kgeat ht, of the AuPd counterpart.
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Figure 4.2: Degradation activity of the bimetallic (1:1 weight ratio) AuPd, SnPd,
NiPd and monometallic Pd catalysts with various metal loadings. Degradation reaction
conditions: 0.01 g catalyst, 0.68 g H,0,, 2.22 g of water, 5.6 g of methanol, 2.9 MPa 5% H,/CO,, 1.1
MPa 25% O,/CO, 0.5 h, ambient temperature, 1200 rpm.

No degradation activity is observed with SnPd and NiPd catalysts up to 1 wt.% total metal
loading. Both SnPd and NiPd show an increase in degradation activity towards H,O, with
further increasing metal loading; however, the degradation activities are significantly lower
than the activities obtained with monometallic Pd and AuPd counterparts. These observations
suggests that, at low metal loadings, addition of Au enhances both, synthesis and degradation
activity (0.25wt.%Au-0.25wt.%Pd/TiO;). In contrary, the enhancement in degradation
activity become less significant with higher metal ladings (above 2.5 wt.%) when compared
to monometallic Pd catalysts, while increase in synthesis activity towards H.O- is still
observed. Both SnPd and NiPd catalysts show significantly lower H,O, degradation activities
than the monometallic Pd or AuPd series. It is important to mention that 1.25wt.%Sn-
1.25wt.%Pd/TiO, shows degradation activity towards H,O, only 81 molizo02 kgear* ht, which
is more than 2.5 times less than the degradation activities obtained with other catalyst at this

metal loading, i.e. it is the best performing catalyst.

As shown in Figure 4.3, combining Au with Pd does not only enhance the synthesis activity

of the catalyst (compared to monometallic Pd counterpart) but also increases selectivity
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towards H,O-. The introduction of Au into the Pd catalyst results in a change of the surface
structure of the catalysts, by geometric effects, through reconstructing the surface
composition, as well as modification of electronic structure of Pd.”® H. conversions over
monometallic Pd catalysts and AuPd catalysts show almost identical trends, with the exception
of 0.125 wt.% metal loading. The higher concentration of H,O, obtained over AuPd catalysts
compared to the monometallic Pd counterparts is therefore due to higher H,O; selectivity of
these catalysts. For comparison, 0.25wt.%Au-0.25wt.%Pd/TiO, shows H; selectivity of 35%,
while selectivity of 28% is obtained with 0.25wt.%Pd/TiO,, and decreases to 23% with an
increase in metal loading up to 0.5wt.%Pd/TiO,. Edwards et al. reported significantly higher
H,0; selectivity of 61 % with 2.5wt.%Au-2.5wt.%Pd/TiO, at 2°C.%% |t was previously
published that lower reaction temperatures (1-2°C) are more favourable for achieving higher
selectivity towards H20,.*° This work is focusing on using reaction temperatures of 20 °C,
which presents industrially more applicable option and therefore lower H,O; selectivities are
obtained compared to studies conducted at low temperatures. As shown in Figure 4.3,
SnPd/TiOz, generally shows higher H,O; selectivities compared to the monometallic Pd and
AuPd counterparts. A H,O. concentration of 0.12 wt.% was achieved with 0.25wt.%Sn-
0.25wt.%Pd/TiO., which was comparable with concentration of 0.14 wt.% achieved over
0.5wWt.%Pd/TiO, but significantly lower than 0.18 wt.% obtained over 0.25wt.%Au-
0.25wt.%Pd/TiO,. However, a much lower H, conversion of 27.5% and higher H.0,
selectivity of 44.1% are obtained over the 0.25wt.%Sn-0.25wt.%Pd/TiO, catalyst, while both
monometallic Pd and AuPd counterparts demonstrate conversion of 52.6 % and 51.2 %,
respectively.
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Figure 4.3: H202 concentration, H2 conversion and selectivity of the bimetallic (1:1
weight ratio) AuPd, SnPd and NiPd and monometallic Pd catalysts with various metal
loadings. Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa 5% H,/CO.,
1.1 MPa 25% 0,/CO>, 0.5 h, ambient temperature, 1200 rpm

Despite the decrease in synthesis activity of the 0.25wt.%Ni-0.25wt.%Pd/TiO, catalyst
compared to the monometallic Pd analogue, the NiPd catalyst shows a significant increase in

H>0O, selectivity, to 55%, which was the highest selectivity amongst all the catalyst presented
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in this study. All investigated series show that H,O, concentration passes through a maximum
between 0.5 wt.% (Pd, AuPd) and 1 wt.% (SnPd,NiPd) metal loading and a further increase
in total metal loading results in a decrease in H.O2 concentration. An increase in Hz conversion
is observed with a metal loading up to 2.5 wt.%, reaching the maximum conversion around
67% for all studied series of catalysts. No significant change in Hz conversion is observed with
further increase in metal loading. As expected H,O; selectivity shows the exact opposite trend,
with a decreasing tendency up to 2.5 wt.% metal loading and no significant change with further
increase in total metal loading. Exceptional to this trend were NiPd catalysts, which show a
decrease in H,O; selectivity from 14% (obtained with 1.25wt.%Ni-1.25wt.%Pd/TiO,) to 7.7%
with 2.5wt.%Ni-2.5wt.%Pd/TiO-.

Transmission electron microscopy (TEM) characterization was carried out to investigate the
average particle diameter of catalysts with different AuPd metal loadings with an Au:Pd ratio
of 1. 1 (by weight), with TEM micrographs shown in Figure 4.4. Only few larger particles
around 10 nm were observed for the 0.25wt.%Au- 0.25wt.%Pd/TiO; catalyst and therefore it
was difficult to calculate mean particle diameter. It is highly possible that smaller particles
were below detection limit of the TEM equipment, due to low metal loading and good metal
dispersion. Similarly, no visible particles are observed over the 0.5wt.%Pd/TiO, catalyst,
again possibly due to low metal loading and good Pd dispersion; STEM-HAADF of
0.5wt.%Pd/TiO, (Chapter 3, Section 3.2.3) confirmed good Pd dispersion and mean particle
diameter of 0.7 nm. TEM analysis (Figure 4.4 b) of 1.25 wt.%Au - 1.25wt.%Pd/TiO, shows
well dispersed particles, with an average particle diameter of 2.9 nm. Analysis by energy
dispersive X-ray spectroscopy (Figure 4.6 a and b) shows that larger particles (> 6 nm) are Au
rich (strong Au signal and weak Pd signal is observed), and smaller particles contain more Pd
(small Pd particles exhibit weak Pd signal). As shown in Figure 4.5 a), 80% of analysed
particles are below 4 nm. TEM micrographs (Figure 4.4 c) of 2.5 wt.%Au - 2.5wt.%Pd/TiO,
show a good dispersion of nanoparticles, with an average particle diameter of around 3.2 nm,
and 13 % particles larger than 4 nm. The mean particle diameter of these catalyst could be
even smaller, as it is highly possible that there are particles present on the catalyst below
detection limit of the equipment. Similarly, as with the 1.25 wt.%Au - 1.25wt.%Pd/TiO-
catalyst, larger particles are Au rich while smaller particles contain more Pd (Figure 4.6 ¢ and
d). Edwards et al. also reported correlation between particle size and composition of AuPd
catalysts supported on TiO,, with the larger particles being Au rich and smaller particles being
Pd rich.?*?° In comparison, 2.5 wt.%Au - 2.5 wt.%Pd/TiO, prepared by Edwards et al. using
wet co-impregnation method showed a mean particle diameter above 5 nm, with wider particle
size distribution compared to catalysts prepared in this section.? This can be attributed to use

of excess of the solvent during catalyst preparation, resulting in better metal dispersion.
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Figure 4.4: TEM images of fresh AuPd catalysts with different metal loading: a) 0.25wt.%Au -
0.25wt.%Pd/TiO2 b) 1.25wt.%Au -1.25wt.%Pd/TiO,; c) 2.5wt.%Au -2.5wt.%Pd/TiO-.
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Figure 4.5: Particle diameter distribution of fresh AuPd catalysts with different metal loading: a)

1.25wt.%Au -1.25wt.%Pd/TiO; b) 2.5wt.%Au -2.5wt.%Pd/TiO,.
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Figure 4.6: EDX images of fresh AuPd catalysts with different metal loading: a) 1.25wt.%Au -
1.25wt.%Pd/TiO, — large particle; b) 1.25wt.%Au -1.25wt.%Pd/TiO,— small particles; ¢) 2.5wt.%Au -
2.5Wt.%Pd/TiO, — large particle; d) 2.25wt.%Au -2.25wt.%Pd/TiO2 — small particles.

4.2.2 Effect of metal ratio on catalytic activity towards the direct
synthesis and subsequent degradation of H.O>

As shown in Section 4.2.1, combining Pd with a secondary metal can significantly enhance
the synthesis activity and selectivity of the catalyst compared to monometallic Pd
counterparts. All the previously studied catalysts were prepared with a 1:1 ratio (by weight)
of Pd to secondary metal. To further investigate how metal composition effects the catalyst
activity and selectivity, a series of bimetallic catalyst were prepared by wet impregnation with
varying Pd: secondary metal ration, and total metal loading fixed to 0.5 wt.%. As shown in
Figure 4.7, monometallic Au, Sn and Ni (0.5wt.%/TiO,) catalysts show very low synthesis
activity towards H»O.. A small amount of Pd combined with Au results in significant
enhancement in catalytic activity compared to monometallic catalyst with same metal loading.
An optimal Au:Pd ratio is 1:1 (by weight) with synthesis activity 90 moluz02 Kgear h. The
Au:Pd ratio 1:1 (by weight) was previously reported to be the optimal one in many
studies.”?"3! Both the 0.375 wt.% Au — 0.125 wt.% Pd/TiO, and 0.125 wt.% Au — 0.375 wt.%
Pd/TiO- catalysts show identical synthesis activities (80 moluz02 kgear? h2). Pritchard et al.
showed the effect of Au: Pd ratio on catalyst activity over a series of 1wt.% catalyst supported
on C, prepared by sol immobilization.®? Similar, to this study, no significant difference in
catalyst activity was observed between 2:1 and 1:3 Au: Pd ratios (by weight), with maximum

synthesis activity(188 moluzo2 kgea® h?) obtained over 1:1.85 Au:Pd ratio. Brehm et al.
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conducted a similar study over a series of 1wt.%dAuPd catalyst supported on TiO, in which
1:1 (by weight) ratio resulted in the highest synthesis activity.?’ Han et al. reported that
alloying Pd with Au results in surface and electron modification of Pd, which is responsible
for enhanced reactivity and selectivity for the direct synthesis of H,0,.°

The 0.5 wt.% SnPd/TiO; catalysts with different Sn: Pd ratios show similar synthesis activities
as the monometallic 0.5 wt.% Pd counterpart. As shown in Figure 4.7, the monometallic Sn
catalyst shows negligible H.O, synthesis activity, and synthesis activity increases with
introduction of Pd. No significant difference in synthesis activity is observed with increase in
Pd content from 0.25 wt.% to 0.5 wt.%. In comparison, Li et al. reported a study in which
significant enhancement in synthesis activity was observed over hollow SnPd/TiO., prepared
by a facile solvent-thermal method, compared to monometallic Pd catalysts.!* The highest
synthesis activity was achieved over a Sn:Pd ratio of 1:4.5 (by weight), and, the activity was
almost 5 times higher than of the monometallic Pd counterpart. The enhancement activity was
attributed to an existence of a PdO species, the ensemble effect of hollow SnPd nanocrystals,
and an interface effect of Pd and PdO with SnOy.

On the other hand, all the 0.5 wt.% NiPd catalysts with different Ni:Pd ratio in this study
showed lower H,O, synthesis activities than the monometallic Pd counterparts, with a
decrease in HO; synthesis activity observed with increasing Ni content. This is an interesting
observation as Ni was previously reported to enhance synthesis activity of catalyst upon
combining with Pd.1®'® However, these studies utilized significantly higher total metal
loadings, above 5 wt.%. As shown in Figure 4.1, there was an enhancement in synthesis
activity of the NiPd catalysts compared to monometallic Pd counterparts at higher metal
loadings (2.5wt.%). Maity et al. reported that the presence of Ni in NiPd alloys enhanced the
synthesis activity of the catalyst by modifying the electronic structure of Pd.*® It was also
stated that micron size Pd and NiPd particles showed no activity towards synthesis of H,0-
and therefore particles in nano scale (8-30 nm) were required for active catalyst. It was
reported by Han et al. that the addition of Ni to Pd increases the dispersion of the metals,
which could explain the lower synthesis activity of 0.5 wt.% NiPd catalyst, as it was
previously shown in this work (Chapter 3, Section 3.2.3 and Chapter 4, Section 4.2.1) that

catalysts at this metal loading were composed of small particles below 1 nm. ¢

142



Chapter 4

- AUPd/TIO,

_ SnPd/TiO,
100 W - NiPdITiO,
— L
o
o 804 % %
5
8
2 #
S
g 60
o .
E ] v
= 40+ Yy
© g
5
©
O 20-
o
v
) 3
O T T T T T T T T T T T
0,0 0,1 0,2 0,3 0,4 0,5

Pd metal loading [wt.%]

Figure 4.7: Synthesis activity of the bimetallic 0.5wt.% AuPd, SnPd and NiPd
catalysts supported on TiO:2 with varying metal ratio. Reaction conditions: 0.01 g
catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa 5% H,/CO,, 1.1 MPa 25% 0,/CO,, 0.5 h, ambient

temperature, 1200 rpm

Figure 4.8 shows, that no H.O, degradation activity was observed over SnPd and NiPd
catalysts. Low degradation activity (of 8 moluzo2 kgear h?) was also observed over
monometallic 0.5 wt.% Au/TiO; catalysts; however, once Pd is combined with Au, an increase
in the degradation activity is observed as shown in Figure 4.8. The lowest degradation activity
amongst AuPd catalysts tested in this study, 100 moluao2 kgear! h?, is observed for
0.25wt.%Au-0.25wt.%Pd/TiO2; both the 0.375 wt.% Au - 0.125 wt.%Pd/TiOzand 0.125wt.%
Au — 0.375 wt.% Pd/TiO; catalysts exhibit slightly higher degradation activities. This
demonstrates that addition of Au to Pd not only enhances synthesis activity but also affects
degradation activity, which was also shown by Pritchard et al.®? Brehm et al. reported an
increase in H,0O, degradation activity with increasing Pd:Au ratio of 1 wt.% AuPd/TiO;

catalysts, prepared by an “excess-chloride” co-impregnation procedure.?
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Figure 4.8: Degradation activity of the bimetallic 0.5wt.% AuPd, SnPd and NiPd
catalysts supported on TiO2 with varying metal ratio. Reaction conditions: Degradation
reaction: 0.01 g catalyst, 0.68 g H20,, 2.22 g of water, 5.6 g of methanol, 2.9 MPa 5% H,/CO,, 0.5 h,
ambient temperature, 1200 rpm.

As shown in Figure 4.9, the addition of secondary metals can significantly affect H;
conversion and H.0, selectivity compared to monometallic Pd catalysts. Monometallic Au,
Sn and Ni catalysts (0.5 wt.%/TiO2) show minimal H, conversion and H,O: selectivities close
to 100 %, which is attributed to very low activity of these catalysts. Introduction of Pd at low
loadings (0.375 wt.% X — 0.125wt.%Pd/TiO, where X=Au, Sn, Ni) results in a significant
increase in H, conversion for the AuPd and SnPd catalyst, to 26 and 21 %, respectively. In
comparison, the 0.125 wt.% Pd /TiO; catalyst shows H, conversion of 12 %, a relatively low
H_ conversion of 4% was observed over NiPd catalyst with this metal ratio. A H.O; selectivity
of 61 % is achieved over the 0.375wt.% Au —0.125 wt.%Pd/TiO; catalyst, which is the highest
selectivity achieved. Further increase in Pd content results in an increase in Hz conversion,
and a decrease in H;O- selectivity, for AuPd and SnPd catalysts. Both 0.125 wt.%Au — 0.375
wt.%Pd/TiO, and 0.125 wt.%Sn — 0.375 wt.%Pd/TiO2 show higher H, conversions than 0.5
wt.% Pd %/TiO,, with comparable H,O; selectivities to the monometallic counterpart. The
0.5wt.%NiPd/TiO, series of catalysts shows small differences in H,O, selectivity with varying
Ni: Pd ratio, with the highest selectivity (43.2%) achieved over the 0.25 wt.%Ni — 0.25
wt.%Pd/TiO, catalyst. As previously discussed in Section 4.2.1, a decrease in H,O- synthesis
activity occurs over the 0.5 wt.%NiPd/TiO- catalysts when compared to the monometallic Pd

counterpart; however, as shown in Figure 4.9, the lower H,O, synthesis activity is
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compensated with lower H, conversion and higher H,O; selectivity. The blocking of active

sites by Ni could explain lower synthesis activity and lower conversion compared to the

monometallic Pd counterparts, and results in higher H, selectivity. Lee et al. reported blocking

of large Pd ensembles by added Ni, resulting in an increased ethylene selectivity in the

hydrogenation of acetylene.*
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Figure 4.9: H20: concentration, Hz conversion and selectivity of the bimetallic
0.5wt.% AuPd, SnPd and NiPd catalysts supported on TiO2 with varying metal ratio.
Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa 5%H,/CO, 1.1 MPa

25%0,/CO>, 0.5 h, ambient temperature, 1200 rpm
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TEM characterization was carried out to investigate the effect of Au:Pd ratio on particle
diameter distribution. Monometallic 0.5 wt.%Au/TiO; catalyst shown in Figure 4.10 a) exhibit
mean particle diameter of 13 nm, with a wide particle distribution (from 4 to 21 nm) as shown
in Figure 4.11. A decrease in mean particle diameter to 9.1 nm is observed for the 0.375 wt.%
Au — 0.125 wt.%Pd/TiO, catalyst, and narrower particle diameter distribution. Further
decrease in Au content to 0.25 wt.% Au — 0.25 wt.%Pd/TiO; results in only a few visible
particles, around 10 nm, and therefore it was not possible to calculate a mean particle diameter;
it is highly likely that many smaller particles are below the detection limit of the equipment.
Similar correlation between Pd content and particle size was observed by Santos et al., who
reported a decrease in mean particle size with increasing Pd content over a series of 1 wt.%

AuPd/TiO; catalysts prepared by modified impregnation.®!

ik

Figure 4.10: TEM images of fresh AuPd ctalysts with different Au:Pd ratio: a) 0.5wt.%Au/TiO.
b) 0.375wt.%Au -0.125wt.%Pd/TiO;; c) 0.25wt.%Au -0.25wt.%Pd/TiO,
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Figure 4.11: Particle size distribution of fresh AuPd catalysts with different metal ratio: a)
0.5wt.%AuU /TiO,; b) 0.375wt.%Au - 0.125wt.%Pd/TiO,,

4.2.3 Reusability of the AuPd, SnPd and NiPd catalysts supported on
TiOz towards the direct synthesis of H>O>

To further investigate the stability of AuPd, SnPd and NiPd catalysts, the catalysts were
investigated over repeat H,O, synthesis experiments, with the results are summarised in Table
4.1. Catalysts were collected after a standard H.O- synthesis reaction and dried in a vacuum
oven for 16 h at 25°C, and then re-tested again using standard H;O. synthesis reaction
conditions. Both the 0.25 wt.%Au-0.25 wt.% Pd/TiO2 and 0.25 wt.%Sn-0.25 wt.% Pd/TiO;
catalysts show a significant decrease in H,O, synthesis activity on second use, while the 0.25
wt.%Ni-0.25 wt.% Pd/TiO, catalyst shows an increase in H2O; synthesis activity. A significant
increase in degradation activity is observed for the 0.25 wt.%Sn-0.25 wt.% Pd/TiO;and 0.25
wt.%Ni-0.25 wt.% Pd/TiO; catalysts in the presence of 4 wt.% H>O,, from 0 molizo02 Kgear* h-
L upon first use to 88 Moluzo2 Kgear® h't and 200 molizo2 kgear® ht, respectively, upon reuse.
The degradation activity of the 0.25 wt.%Au-0.25 wt.% Pd/TiO, remained unchanged.

Table 4.1: Synthesis and degradation activity of the re-used Pd, AuPd, SnPd and NiPd
catalysts supported on TiO,

Productivity Degradation
Catalyst [MOlr202 Kgear* hY] [Molrz202 Kgear* hY]
Fresh used Fresh Used
0.5 wt.% Pd/TiO, 65 61 0 321
0.25 wt.9%Au-0.25 wt.% Pd/TiO, 90 53 100 102
0.25 wt.%Sn-0.25 wt.% Pd/TiO, 62 32 0 88
0.25 wt.%Ni-0.25 wt.% Pd/TiO; 40 48 0 200

Reaction conditions: a) H202 synthesis: 0.01 g catalyst, 2.9g of water, 5.6g of methanol 2.9 MPa 5%
H2/CO2, 1.1 MPa 25% 0,/CO2, 0.5 h, ambient temperature, 1200 rpm. b) H202 degradation: 0.01 g
catalyst, 0.68 g H202, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H»/CO_, 0.5 h, ambient temperature,
1200 rpm.
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A decrease in Hz conversion is also observed upon catalyst re-use, with the exception of the
0.25 wt.%Ni-0.25 wt.%Pd/TiO, catalyst, which shows no significant change in H, conversion.
All catalysts show an increase in selectivity towards H.O, with 0.25 wt.%Sn-0.25
wt.%Pd/TiO, showing the highest increase, from 43.4 % to 61.7 %, upon re-use. The 0.25
wt.% Sn — 0.25 wt.% Pd/TiO; catalyst also shows the lowest increase in degradation activity

upon reuse, which can explain the increase in H,O; selectivity.

Table 4.2: H; conversion and selectivity of the re-used Pd, AuPd, SnPd and NiPd catalysts
supported on TiO2

H, conversion H,O: selectivity
Catalyst (%0) (%)
Fresh Used Fresh Used
0.5 wt.% Pd/TiO, 52.6 41.8 22.5 28.9
0.25 wt.%Au-0.25 wt.% Pd/TiO> 51.2 26.4 345 38.0
0.25 wt.%Sn-0.25 wt.% Pd/TiO, 27.5 12.1 43.4 61.7
0.25 wt.%Ni-0.25 wt.% Pd/TiO, 194 19.8 43.3 47.1

Reaction conditions: a) H20: synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa
5% H,/CO,, 1.1 MPa 25% O,/CO,, 0.5 h, ambient temperature, 1200 rpm. b) H20. degradation: 0.01
g catalyst, 0.68 g H,0,, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 0.5 h, ambient
temperature, 1200 rpm.

4.2.4 Effect of reaction time on catalyst synthesis activity of AuPd
and SnPd catalysts supported on TiO-

As shown in Sections 4.2.1 and 4.2.2, combining Au and Sn with Pd enhances the catalytic
activity towards H.O, synthesis, as well as increasing H. selectivity, compared to the
monometallic Pd counterpart. Therefore, catalyst performance as a function of reaction time
was next studied, with an aim to maximize the use of the hydrogen gas fed to reactor, with a
focus on the 0.25wt.%Au—0.25wt.%Pd/TiO, and 0.25wt.%Sn— 0.25wt.%Pd/TiO, catalysts. It
should be noted that the reactant gas was not continually introduced to the reactor. For
comparison, time online studies using 0.25wt.%Pd/TiO, and 0.5wt.%Pd/TiO, were also

carried out to observe the effect of secondary metal addition.

As shown in Figure 4.12, after 2 min all catalysts produce similar H.O. concentration (around
0.02 wt.%); however, a significant difference in H,O, concentration is observed with an
increase in reaction time. After 10 min, a concentration of 0.11 wt.% is achieved over the
AuPd catalyst, which surpassed monometallic Pd catalysts; 0.06 wt.% H»O is produced over
0.25wt.%Pd/TiO, and 0.09 wt.% produced over the 0.5 wt.%Pd/TiO, analogue. The SnPd
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counterpart produces a H,O, concentration of 0.08 wt.%, which was higher than obtained over
0.25 wt.%Pd/TiO,, further highlighting the enhanced activity that can be achieved by
combining Sn and Pd.

All catalysts show an increase in concentration of H,O, up to 60 min, with the exception of
0.5 wt.%Pd/TiO-, which passes through a maximum of 0.15 wt.% after 30 min. After 60 min,
both the 0.25 wt.%Au-0.25 wt.%Pd/TiO2 and 0.25 wt.%Pd/TiO, catalysts produce 0.21 wt.%
of H,O,; however, a further increase in reaction time to 90 min results in a decrease in H,0,
concentration for 0.25 wt.%Au-0.25 wt.%Pd/TiO,. An increase in Hz conversion suggests
increased degradation. The result can be attributed to partial reduction of Pd?*, as it is shown
in Table 4.4. In comparison, both the 0.25 wt.%Sn-0.25 wt.%Pd/TiO; and 0.25 wt.%Pd/TiO;
catalysts show an increase up to 90 min, with H.O, concentration of 0.15 wt.% and 0.22 wt.%,
respectively. Crole et al. reported a time study using a 2.5 wt.%Au — 2.5 wt.%Pd/TiO- catalyst
prepared by wet impregnation, in which the majority of H.O, was produced after 15 min (0.9
wt.%) and the maximum concentration (0.12 wt.%) was reached after 40 min.** In comparison
to the catalyst prepared by Crole et a., the 0.25 wt.%Au-0.25 wt.%Pd/TiO; catalyst in this

work is more active and selective towards H20: at 10 times lower metal loading.

Higher HO, selectivities are achieved over bimetallic catalysts compared to both
monometallic Pd catalysts, showing that combining Pd with a secondary metal not only
increases synthesis activity of the catalyst but also increases the H.O. selectivity. A H.O;
selectivity of 43 % is observed over the 0.25 wt.%Au-0.25 wt.%Pd/TiO. catalyst with a
reaction time between 5 and 20 min, with a drop in selectivity to 34 % after 30 min. A further
increase in reaction time results in a decrease in H.O; selectivity to 25 % after 90 min. The
drop in H20- selectivity can be attributed to an increase in degradation activity, as the H,O,
degradation will be more significant at higher H,O, concentrations.*?*® Similarly, the 0.25
wt.%Sn-0.25 wt.%Pd/TiO; catalyst shows a H,O- selectivity of 43 % from 5 to 30 min, which
dropped significantly to 26% after 60 min. In comparison, the 0.25 wt.%Pd/TiO, catalyst
shows a more narrow distribution of H,O, selectivities compared to bimetallic catalysts.

Higher H>O; selectivity is observed after 90 min in comparison to the bimetallic catalysts.
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Figure 4.12: Effect of reaction time on catalyst activity towards direct synthesis of H202, H2
conversion and H20: selectivity over Pd, AuPd and, SnPd supported catalysts at ambient
temperature. Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5%
H2/CO3, 1.1 MPa 25% O2/CO,, ambient temperature, 1200 rpm.

Time-on-line studies were used to calculate initial rates of H,O, synthesis. Calculated reaction
rates at 30 min show no significant difference in activity between the 0.25wt.%Pd/TiO,
0.5wWt.%Pd/TiO,, and 0.25wt.%Sn-0.25wt.%Pd/TiO, catalysts. Initial rate of H,O, synthesis
are calculated at a reaction time where the contribution of H,O, degradation is considered to
be negligible (5 min). As shown in Table 4.3, 0.5wt.%Pd/TiO, and 0.25wt.%Sn-
0.25wt.%Pd/TiO; catalysts have identical initial rates of synthesis (4597 moln,0.molpa*h?)

once the amount of H»O, produced in reaction is normalised per mol of Pd used. In
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comparison, the 0.25wt.%Au-0.25wt.%Pd/TiO; catalyst shows an initial rate of reaction

almost twice the Pd and SnPd catalysts tested.

Table 4.3: Initial rate of synthesis reaction over studied supported catalysts at ambient
temperature.

Catalysts Rate of reaction H,0, concentration
[Moli.0.molpgth?] [wt.%]
0.25wt.%Pd/TiO- 4086 0.03
0.5wt.%Pd/TiO; 4597 0.07
0.25wt.%Au-0.25wt.%Pd/TiO> 8173 0.07
0.25wt.%Sn-0.25wt.%Pd/TiO, 4597 0.04

Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 1.1 MPa
25% 0,/CO2, 5 min, ambient temperature, 1200 rpm.

XPS analysis (Table 4.4) shows that partial reduction of Pd?* to Pd° occurs with all the studied
catalysts upon use. Both Pd?* and Pd° species play an important role in H.O, formation and
subsequent degradation. H; is easily activated on Pd° sites, which is essential for the formation
of H,0,.5 However, Pd° sites are also active for O, dissociation, which leads to formation of
H,0. On the other hand, O; is stable on the surface of PdO and therefore formation of H.O
does not occur. It was suggested by several authors that a small fraction of the nanoparticles
must exist as reduced Pd® in order to form H.O,, but a higher fraction of Pd® will result in

increased degradation of H,O..

Only Pd? is present on 0.25 wt.%Pd/TiO, after calcination; the introduction of secondary
metal can change the surface structure of the catalyst by electronic modification of Pd atoms,
or reconstructing the surface composition, and therefore affecting the oxidation state of Pd>>®
911 A significant reduction in the Pd?" : PdCratio is observed for all catalysts after 2 min of
reaction; however, the reduction of Pd was most pronounced in the Pd-only catalyst, with only

31.8% of Pd species remaining as Pd*".

XPS analysis of the 0.25 wt.%Au-0.25 wt.%Pd/TiO, catalyst shows that, after calcination, Pd
species are present as Pd?*. Compared to 0.25 wt.%Pd/TiO,, higher content of Pd?* is present
on 0.25 wt.%Au-0.25 wt.%Pd/TiO, catalyst throughout the time online study, with 60% Pd?*
after 30 min. This could explain the higher H,O, selectivities compared to the monometallic
Pd catalyst, as it has been reported before that Pd® offers higher activity towards H,O
hydrogenation and decomposition than the corresponding PdO catalyst.*¥3° In contrast, the
0.25 wt.%Sn-0.25 wt.%Pd/TiO; catalyst show a lower content of Pd?*; however, higher H,0>
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selectivities are obtained over the 0.25 wt.%Sn - 0.25 wt.%Pd/TiO; catalyst compared to
monometallic 0.25 wt.%Pd/TiO.. An increased metal dispersion, changes in particle diameter,
and particle structure, lead to the isolation of Pd in smaller particles that can affect catalyst
activity and selectivity, and may be the cause for the enhanced performance of the PdSn
catalyst. 11131633 |n addition, SnOy can activate O, without breaking the O-O bond, and
therefore H,O, can be selectively produced at the Pd/SnOx or PdO/SnOy interface.'* Further
work will need to be conducted to determine which of these factors is key in dictating catalyst

performance.

Table 4.4: Quantified XPS data for the surface Pd atoms.

Reaction Concentration [%0]
time 0.25 wt.%Pd/TiO> 0.25wt.%Au- 0.25wt.%Sn-
[ min] 0.25wt.%Pd/TiO; 0.25wt.%Pd/TiO2
Pd?* Pd° Pd? Pd° Pd?* Pd°
fresh 100 0 100 0 69.7 30.3
2 318 68.2 60 40 394 60.6
5 36.8 63.2 60 40 33.3 66.6
10 35 65 62.5 37.5 35.1 64.9
15 30 70 62.5 37.5 17.4 82.6
20 25 75 66.7 33.3 25.6 74.4
30 29.4 70.6 60 40 15.1 84.9
60 29.4 70.6 57.1 42.9 13.2 86.8
90 35.7 64.3 40 60 28.6 71.4

4,25 Gas replacement reactions over AuPd and SnPd catalysts
supported on TiO>

Gas replacement studies were carried out to maximize the concentration of H,O,, with the
results shown in Figure 4.13. One of the main limitations of the of the direct synthesis of H,O;
is the low concentration of H, that can be used without exceeding lower explosive limit. Gas
replacement reactions partially solve low H; concentration limitations by continually
replacing H. at fixed time intervals. All studied catalysts show an increase in H.O»
concentration up to 4 reagent gas replacements. The highest concentration of H,O2, 0.53 wt.%,
is achieved with the 0.25wt.%Au-0.25wt.%Pd/TiO; catalyst after 4 gas replacements, and no

further increase is achieved with additional gas replacements. Comparable concentrations of
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H>0,, 0.49 wt.%, were produced over the 0.25wt.%Sn-0.25wt.%Pd/TiO, catalyst after 4
replacements.

I 0.25 wt % ParTio,
0.6 7 | 0.25 wt.% Au - 0.25 wt.% Pd/TiO,
0.25 Wt.9% Sn - 0.25 wt.% Pd/TiO,

B o5 % ParTio,

0,5

0,4 +

0,3

H,0O, concentration [wt.%]

0,1

0,0 -

Gas replacement

Figure 4.13: H202 direct synthesis gas replacement reactions over Pd, AuPd and SnPd supported
catalysts. Reaction conditions: H,O, synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9
MPa 5% H,/CO>, 1.1 MPa 25% O,/CO,, ambient temperature, 1200 rpm.

For comparison, 0.53 wt.% H.O. was produced over the highly selective 2wt.%Sn-
3wt.%Pd/TiO, when subjected to a sequential heat treatment that consisted of an oxidative
(500°C, 3 h, air), reductive (200°C, 2 h, 5% H./Ar) and final oxidative (400°C, 4 h, air) step,
after 5 gas replacements at 2 °C.*? Crole et al. reported H,O selectivity of 95 % over a 0.5
wt.%Pd — 4.5 wt.%Ni/TiO, catalyst after 5 gas replacement reaction, in H.O, as solvent, and
with a reaction temperature of 20°C, with only 0.075 wt.% H,0O, produced.*°

XPS analysis of post reaction catalysts was carried out to investigate changes in Pd oxidation
state over the course of multiple gas replacements. As shown in Table 4.5, a fluctuation in Pd
oxidation state is observed between gas replacement. These small changes might be caused
by partial oxidation of Pd species with higher concentrations of produced H,O,, and
subsequent reduction by replaced H. during the gas replacement. Both 0.25wt.%Au-
0.25wt.%Pd/TiO; and 0.25wt.%Sn-0.25wt.%Pd/TiO, catalysts show a significant reduction of
Pd?" species after 5 gas replacements, which correlates well with the decrease in H.O;
concentration after 5 gas replacements. In comparison, no significant reduction of Pd?* species
is observed over the 0.25 wt.%Pd/TiO, catalyst after 5 gas replacements, with a further

increase in H2O- concentration after this replacement.
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Table 4.5: Quantified XPS data for the surface Pd atoms.

Gas Concentration [%]
replacement (.25 wt.%Pd/TiO: 0.25wt.%Au- 0.25wt.%Sn-
0.25wt.%Pd/TiO; 0.25wt.%Pd/TiO2

Pd? Pd° Pd? Pd° Pd?* Pd°

fresh 100 0 100 0 69.7 30.3

1 29.4 70.6 60 40 15.1 84.9

2 25.0 75.0 50 50 20.6 79.4

3 40 60 50 50 19.4 80.6

4 333 66.7 60 40 23.1 76.9

5 35.7 64.3 25 75 15.2 84.8

4.2.6 Effect of metal ratio on the catalyst synthesis and degradation
activity

In Section 4.2.1 of this Chapter, all bimetallic catalysts were prepared by wet co-impregnation
and with a 1:1 (by weight) Pd: X raio (X = Au, Sn, Ni). It has been previously shown that
higher ratios of secondary metal to Pd can significantly enhance synthesis activity and
selectivity of the catalyst by modifying the electronic or geometric structure of Pd.111240 |n
this Section, different amounts of Au, Sn or Ni were added to 0.25 wt.%/TiO; to prepare
catalysts with different secondary metal to Pd ratios and investigate the effect on the catalyst

synthesis and degradation activity.

As shown Figure 4.14, the highest synthesis activity over AuPd catalysts, 90 molu202 Kgeart h-
! is achieved over a 0.25 wt.%Au — 0.25 wt.Pd/TiO; catalyst (1:1 ratio by weight); further
increasing Au content results in a decrease in synthesis activity as well as degradation activity.
A decrease in synthesis activity from 56 moluzo02 kgear h™t to 40 moluzo2 kgear* h is observed
when Ni was added to Pd with 1:1 ratio; however, increasing Ni content beyond 0.25 wt%
lead to an increase in synthesis activity to 64 moluzoz kgeart h™t . As with the AuPd series,
further increasing Ni content results in a decrease in synthesis activity. Similarly, Crole et al.
reported that an increase in Ni content from 4 wt.% to 4.75 wt.% in 5 wt.% NiPd/TiO, catalysts
resulted in a significant drop in synthesis activity as well as degradation activity of the
catalyst.”> A more interesting trend was observed over the SnPd catalyst series. A small
increase in synthesis activity was obtained by increasing Sn: Pd ratio from 1:1 to 3:1 (by

weight); however, a significant increase in synthesis activity to 104 and 111 moli202 Kgear* h-
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1 was achieved by increasing Sn:Pd ratio to 6:1 and 9:1, respectively. Freakley et al. have
previously reported that H>O, synthesis activity passed through a maximum of 68 mol2o.
kgeart ht with 2:3 Sn:Pd ratio (by weight).*? No degradation activity in the presence of 4 wt.%
H>O, was obtained over 0.25 wt.%Pd/TiO; and any NiPd and SnPd catalyst investigated in
this study. While the AuPd catalysts offer high activity towards H.O, degradationat low Au:
Pd ratios (100 molhzo2 kgear Wt at Au:Pd =1:1), this metric was substantially decreased

through the addition of more Au (6 molnz02 Kgear* ht at Au:Pd =9:1).
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Figure 4.14: Synthesis and degradation activity of the bimetallic AuPd, SnPd and
NiPd catalysts supported on TiO2 with fixed 0.25 wt.%Pd contents and varying wt.%
of secondary metal. Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol, 2.9 MPa
5% H,/CO,, 1.1 MPa 25% 0O,/CO>, 0.5 h, ambient temperature, 1200 rpm. Solid black line in the Figure
represents synthesis activity of 0.25 wt.%Pd/TiO..

As illustrated in Figure 4.15, a decrease in H, conversion is observed with increasing Au and
Ni content, which is in agreement with the decreasing synthesis activity of these catalysts, and
in the case of AuPd catalysts also with decreasing degradation activity. In comparison, an

opposite trend in H, conversion is observed with SnPd catalysts; H, conversion increases with
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Sn content even up to 2.25 wt.% Sn, showing that SnPd catalyst are more active compared to
AuPd and NiPd counterparts.

H-O; selectivity over the AuPd catalysts passes through a maximum of 57% with 6:1 Au:Pd
ratio (by weight), while the NiPd catalysts show a similar increase in H.O, selectivity up to
Ni:Pd ratio of 9:1 (63%). The H,O; selectivtiy of the SnPd catalysts also increases to 52%
with a Sn: Pd ratio of 9:1.
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Figure 4.15: Concentrations of H202, Hz conversion and H20: selectivity of the
bimetallic AuPd, SnPd and NiPd catalysts supported on TiO2 with varying secondary
metal to Pd ratio obtained in synthesis reaction. Reaction conditions: 0.01 g catalyst, 2.9 ¢

156



Chapter 4

of water, 5.6 g of methanol, 2.9 MPa 5% H,/CO,, 1.1 MPa 25% 0,/CO,, 0.5 h, ambient temperature,
1200 rpm. Straight line in the Figure represents H, conversion and selectivity of 0.25 wt.%Pd/TiO..

4.2.7 Further investigation of the 2.25 wt.% Sn — 0.25 wt.%Pd/TiO>
catalyst

As shown is Section 4.2.6, the 2.25 wt.% - 0.25 wt.%Pd/TiO; catalyst shows a significant
increase in both catalyst activity and H20. selectivity compared to the 0.25 wt.%Sn — 0.25
wt.%Pd/Ti0O; analogue. A time-on-line study was carried out to maximize the use of hydrogen
gas fed to reactor. Gas replacement reactions were also carried out to maximise the H.O-
concentration obtained over this catalyst. Freakley et al. reported that subjecting 2 wt.%Sn —
3 wt.% Pd/TiO; to extensive heat treatment, consisting of oxidative, reductive, and oxidative
steps results in highly selective catalyst towards H0..'24° Therefore, a series of heat
treatments were carried out to investigate the effect on catalyst synthesis activity and

reusability.

4.2.7.1 Effect of reaction time on synthesis activity of 2.25 wt.% Sn - 0.25
wt.%Pd/TiO2 catalyst

Time-on-line studies were carried out with the 2.25 wt.% Sn- 0.25wt.%Pd/TiO; catalyst to
maximize the H, feed and H>O> concentration achieved over this catalyst. As shown in Figure
4.16, a H20- concentration of 0.11 wt.% is produced after 5 min of reaction, which is higher
than the concentration obtained with the 0.25 wt.%Sn — 0.25 wt.%Pd/TiO; catalyst after 15
min reaction. After 30 min, the H.O, concentration increases to 0.25 wt.%, which is double
the concentration achieved by the 0.25 wt.%Sn — 0.25 wt.%Pd/TiO; analogue over the same
reaction time. H>O- concentration passes through a maximum of 0.27 wt.% after 60 min, and
increasing reaction time beyond this time resulted in decrease in H>O. concentration.
Negligible changes in H; conversion after 60 min suggest possible deactivation of the catalyst,

or limited availability of the H; in solvent system.
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Figure 4.16: Time-on-line study over 2.25 wt.%Sn-0.25 wt.Pd/TiO> at ambient temperature.
Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 1.1 MPa
25% 0,/CO,, ambient temperature, 1200 rpm.

H: conversion over the 2.25 wt.% Sn — 0.25 wt.%Pd/TiO; catalyst is increasing with time, to
68% after 90 min reaction. High H,0- selectivities (above 80%) are obtained within the first
10 min of the study, where the rate of H.O. degradation is lower due to low concentrations of
H20,. A significant drop in selectivity is observed after 15 min to 53%. A further decrease in
H-O; selectivity with increasing reaction time is observed beyond 15 min. In comparison with
the time-on-line study of the 0.25 wt.%Sn-0.25 wt.%Pd/TiO, catalyst, presented in Figure
4.12, higher H2O- selectivities are obtained over 2.25 wt.%Sn-0.25 wt.%Pd/TiO; in the studied

reaction time range.

It has been previously reported that low reaction temperatures result in a higher H.O,
selectivity as lower rates of H,O, degradation are observed.?®#42 To investigate the effect of
the reaction temperature on synthesis activity and selectivity for 2.25 wt.% -
0.25wt.%Pd/TiO,, a time-on-line study at 2 °C was carried out and results are shown in Figure
4.17. A similar trend in H, conversion and H,O; selectivity is observed during the time-on-
line study at 2°C and ambient temperature; however, significantly lower H,O, concentrations
are achieved at 2 °C during the first 30 min. After 30 min, 0.11 w.% of H,O. is produced,
which represents less than half of the concentration produced at ambient temperature
(0.25wt.%) within the same reaction time. After 60 min, a comparable H,O, concentration is

achieved at both temperatures studied. An increase in H.O, concentration is observed up to
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180 min, with 0.41 wt.% of H,O, produced. A further increase in reaction time results in a
decrease in H,O. concentration. In comparison, maximum H,O. concentration obtained at
room temperature is only 0.27 wt.%.

An increase in H, conversion (up to 79 % ) is observed up to 180 min and remains unchanged
up to 210 min suggesting limited H; in the reaction mixture. After 15 min, H.O; selectivity in
the time online study obtained at 2°C surpasses selectivity obtained at ambient temperature,

demonstrating a positive effect of the low reaction temperature.
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Figure 4.16: Time-on-line study over 2.25 wt.%Sn-0.25 wt.Pd/TiO2 at 2°C. Reaction conditions: 0.01
g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H2/CO-, 1.1 MPa 25% O,/CO,, 2°C, 1200 rpm.

4.2.7.2 Effect of gas replacement reaction on synthesis activity of 2.25 wt.%Sn-
0.25wt.%Pd/TiO2

Gas replacement reactions were also carried out to maximise the H.0O concentration obtained
over the 2.25wt.%Sn- 0.25wt.%Pd/TiO; catalyst. As shown in Figure 4.17, H,O» concentration
is doubled after the 2" gas replacement; however, a significantly lower increases in H,O.
concentration is observed after following gas replacements. An increase in H,0O concentration
is observed even after 5" gas replacement, resulting in H,O, concentration of 0.69 wt.%, which
is more than double the maximum concentration obtained after 60 min on-stream at ambient

temperature; and almost double the concentration obtained after 210 min on-stream at 2°C
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with the same catalyst. During the on-stream reaction, the gas is not continuously charged,
while in the gas replacement reaction the gas is re-charged with each replacement. This
suggests that no change in H, conversion occurs beyond a certain point in an on-stream
reaction, caused by low concentration of H in system rather than deactivation of the catalyst.
In contrast the 0.25 wt.%Sn-0.25 wt.%Pd/TiO, catalyst shows an increase in HO-
concentration up to 3 gas replacement, but H,O, concentration decreases after the 5"

replacement.

0.7 0.25 wt.% Sn - 0.25 wt.% Pd/TiO
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Figure 4.17: H20: direct synthesis top up reactions over 2.25wt.%Sn- 0.25wt.%Pd/TiO2 at ambient
temperature. Reaction conditions:0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H»/CO,,
1.1 MPa 25% 0,/CO-, ambient temperature, 1200 rpm.

4.2.7.3 Effect of heat treatment on synthesis activity and reusability of
2.25wt.%Sn — 0.25 wt.%Pd/TiO2

The 2.25 wt.%Sn — 0.25 wt.%Pd/TiO, catalyst was subjected to ORO heat treatment to
investigate the effect of different heat treatments on catalyst activity and reusability. The
highest synthesis activity of 111 moluzo2 kgea* h? is achieved when 2.25 wt.%Sn-0.25
wt.%Pd/TiO, was calcined at 400 °C; as shown in Table 4.6, reduction (200 °C, 5% H/Ar) of
a calcined catalyst (OR) and additional oxidation (400 °C, static air) of the oxidised-reduced
catalyst (ORO) results in a decrease in catalyst activity. An increase in degradation activity in

the presence of 4 wt.% H,0- is observed, to 41 moluzo2 kgear h?, after catalyst reduction, and
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is decreased back to 0 moli02 kgeart h after subsequent calcination of the reduced catalyst at
400 °C. O can be easily dissociated on Pd° sites but is more stable on the surfaces of PdO,
and therefore the higher degradation activity towards H>O, over reduced form of the catalyst
compared to re-oxidised form can be attributed to higher content of Pd®on the surface.>* A
significant decrease in synthesis activity and an increase in degradation activity over the 2.25
wt.%Sn —0.25 wt.%Pd/TiO; catalyst is observed after re-use of the catalyst with all the studied
heat treatments. The highest synthesis activity is shown after re-use of the catalyst subjected
to OR heat treatment, and the lowest degradation activity upon re-use is obtained with only
calcined catalyst (O). The decrease in synthesis activity can be attributed to a reduction of Pd?*

species as well as possible morphological changes of particles during the synthesis reaction.

Table 4.6: Re-usability of the 2.25 wt.%Sn-0.25 wt.%Pd/TiO, catalysts at ambient
temperature made by wet impregnation subjected to different heat treatments.
Heat treatment  Productivity [Mm0ln202 Kgear* h™Y]  Degradation [molyzoz Kgeart h?]

fresh used fresh used

O 111 30 0 87
OR 100 59 41 214
ORO 92 39 0 154

Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 1.1 MPa
25% 0,/CO,, 5 min, ambient temperature, 1200 rpm.

Heat treatment: O (400 °C, 3 h, static air), OR (400 °C, 3 h, static air; 200 °C, 2 h, 5% Hy/Ar),

ORO (400 °C, 3 h, static air; 200 °C, 2 h, 5% Hy/Ar; 400 °C, 3 h, static air),

The effect of the ORO heat treatment on H; conversion and selectivity of 2.25 wt.%Sn- 0.25
wt.%Pd/TiO, is summarised in Table 4.7. The highest H, conversion is obtained over the
catalyst subjected to an OR heat treatment, which can be related to increased degradation
activity of this catalyst. Pd® can break the O, bond, which leads to formation of HO,
consuming H.. Both O and ORO treatments result in higher H,O; selectivity than the reduced
catalyst, subjected to OR treatment, because of the higher Pd** content. A lower H,0O:
degradation rate is associated with PdO compared to reduced Pd° species.>*+4 Upon the re-
use of the catalysts, a decrease in H, conversion and selectivity was exhibited with all the heat

treatments.

Table 4.7: Re-usability of the 2.25 wt.%Sn-0.25 wt.%Pd/TiO, catalysts at ambient
temperature made by wet impregnation subjected to different heath treatments.

Heat treatment H, conversion [%] H.O, selectivity [%0]
fresh used fresh used
@) 50.5 19.3 52.2 41.3
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OR 67.4 37.8 29.9 29.7
ORO 38.7 20.5 49.5 39.2

Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H»/CO,, 1.1 MPa
25% 0,/CO,, 5 min, ambient temperature, 1200 rpm.

Heath treatment: O (400 °C, 3 h, static air), OR (400 °C, 3 h, static air; 200 °C, 2 h, 5% H/Ar),
ORO (400 °C, 3 h, static air; 200 °C, 2h, 5% Hj/Ar; 400 °C, 3 h, static air),

Results in Table 4.6 and Table 4.7 showed that the best performing catalyst are calcined only,
and additional heat treatment steps resulted in an increase in degradation activity or decrease
in synthesis activity and H.O; selectivity. Additional heat treatment steps did not improve the
performance of the catalyst upon the reuse.

4.2.8 Effect of total metal loading with fixed Sn:Pd ratio

As shown in this Chapter, a Sn:Pd metal ratio of 9:1 (2.25 wt.%Sn — 0.25 wt.%Pd/TiO,) results
in a significant increase in activity and selectivity compared to the 1:1 ratio (by weight). To
further investigate this effect, catalysts with different total metal loading were prepared by wet
impregnation, with the fixed Sn:Pd metal ratio (by weight) of 9:1. Figure 4.18 illustrates that
the synthesis activity passes through a maximum of 111 moliz02 Kgear® ht with a Sn metal
loading of 2.5 wt.%, and decreases with further increase in catalyst metal loading. No
degradation activity is observed in the presence of 4 wt.% H,O, up to a total metal loading of
7.5 wt.%. As shown in Figure 4.19, an increase in H, conversion is observed with metal
loading. A significant increase in H. conversion, from 3.5% to 50.5 % is obtained with
increase in total metal loading from 1.25 wt.% to 2.5 wt.%, which is in agreement with the
significant increase in synthesis activity of the catalyst. In comparison, H.O. selectivity
decreases with increasing total metal loading up to 7.5 wt.%. High selectivities of 92% and
85% are obtained with lower total metal loadings of 0.625 wt.% and 1.25 wt.%, respectively.
A significant drop in H,O; selectivity, to 52 %, is observed with a further increase in total

metal loading to 2.5 wt.%.
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Figure 4.18: Effect of total metal loading on synthesis and degradation activity of the catalyst with
fixed Sn:Pd metal ratio (9:1) at ambient temperature. Reaction conditions:0.01 g catalyst, 2.9 g of
water, 5.6 g of methanol 2.9 MPa 5% H,/CO;, 1.1 MPa 25% O,/CO,, ambient temperature, 0.5 h, 1200
rpm.
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Figure 4.19: Effect of total metal loading on Hz conversion and H20:2 selectivity of the catalyst with
fixed Sn:Pd metal ratio (9:1) at ambient temperature. Reaction conditions:0.01 g catalyst, 2.9 g of
water, 5.6 g of methanol 2.9 MPa 5% H,/CO, 1.1 MPa 25% O,/CO,, ambient temperature, 0.5 h, 1200
rpm.
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4.3 Conclusions

The effect of the addition of secondary metals (Au, Sn, Ni) in to a Pd catalyst, on catalytic
performance towards H.O, synthesis and degradation, was investigated in this Chapter. The
addition of Au to Pd increases the synthesis activity up to 0.5 wt.% metal loading, with a
synthesis activity of 90 molwzo2 kgear* h, and optimal Au:Pd determined to be 1:1. Addition
of Sn results also in an enhancement in synthesis activity, with optimal metal loading of 1
wt.% and synthesis activity of 87 moluzo2 kgea® h™. In comparison, addition of Ni showed at
low concentrations a decrease in synthesis activity, but a further increase in Ni loading results
in an enhancement in synthesis activity. The addition of Au, Sn and Ni also results in an
enhancement in H,O, selectivity. The enhancement in catalysts activity and selectivity is
attributed to modification of the Pd electronic structure and ensemble effect of Pd-X
(X=Au,Sn,Ni) particles evidenced by the XPS and TEM. Time-on-line studies were carried
out to maximize the use of Hz in gas feed. A H,O; concentration of 0.21 wt.% was produced
after 60 min with 0.25 wt.%Au — 0.25 wt.%Pd/TiO,, and 0.15 wt.% with 0.25 wt.%Sn-0.25
wt.%Pd/TiO,. Gas replacement reactions were carried out to maximise H2O2 concentration
and, after 4 gas replacement, 0.53 wt.% of H,O; is produced over 0.25 wt.%Au — 0.25
wt.%Pd/TiO,, and 0.49 wt.% over 0.25 wt.%Sn — 0.25 wt.%Pd/TiO.

Different amounts of Au, Sn or Ni were added to a 0.25 wt.%/TiO; catalyst to prepare catalysts
with different secondary metal to Pd ratios and investigate the effect on the synthesis and
degradation activity. The optimal Au:Pd ratio is 1:1 with synthesis activity of 90 molw202 Kgcat
L hl; a decrease in synthesis activity occurs with increasing Au:Pd ratio, a decrease in
degradation activity was also observed with increasing Au content. The maximum synthesis
activity of the NiPd/TiO, catalyst was 64 moluzo2 Kgea? ht, with a 2:1 Ni:Pd ratio. The
SnPd/TiO; series showed an increase in synthesis activity with increasing Sn:Pd ratio, with a

maximum synthesis activity of 111 moluz02 Kgea* h™* achieved with 9:1 ratio.

The best performing catalyst, 2.25 wt.%Sn — 0.25 wt.%Pd/TiO,, was further investigated
through a time-on-line study and gas replacement reactions. Time-on-line studies were carried
out at two different temperatures: 2 °C, which is a favourable temperature for direct synthesis
of H,O,, and ambient temperature, which is more desirable temperature for industrial
applications. A H,O, concentration of 0.27 wt.% was produced after 60 min at ambient
temperature, and decreased with further increase in reaction time. An increase in H,O;
concentration is observed even after 180 min at 2 °C, up to 0.41 wt.%. A maximum H,O,

concentration is observed of 0.69 wt.%, achieved after 5 gas replacement reaction over this
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catalyst. As the 9:1 Sn:Pd ratio shows to be optimal, a series of SnPd catalysts with this ratio

and different metal loading were prepared. The 2.5 wt.% Sn loading was found to be best.
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Chapter 5

Conclusion and future work

5.1 Conclusions for Chapter 3.

Currently most industrially produced H.O- is by an anthraquinone auto oxidation process (AO
process).>? This process has been industrially used for several decades due to the high yield
of H,O; per cycle. The main disadvantages of the AO process are its use of complex organic
solvents as the working solution, deactivation of the hydrogenation catalyst, and the need for
the continual replacement the anthraquinone H carrier, due to over hydrogenation.?® The
anthraquinone process is only economically viable via large scale production and highly
concentrated solutions of H,O, (70 wt. %) are obtained, despite most applications use
solutions with low concentration of H,O», around 2 to 8 wt. %.*

The direct synthesis of H,O. from hydrogen and oxygen in the presence of a catalyst
potentially offers an environmentally friendly, more atom-efficient alternative to the current
commercial production and in addition it overcomes the extensive disadvantages of the
anthraguinone process. However, it also presents some significant challenges for industrial
application. In particular the subsequent degradation of H,O, to H,O via decomposition and
hydrogenation often result in low HO, concentration and selectivity. In order to operate in
safe conditions, the reaction is carried out below the lower explosive limit (5 v/v % for H; in
02), which means the reagent gases have to be diluted in inert gases such as N2 or CO; and

therefore the amount of reagent gases is limited.>~”

Within this thesis, the role of catalyst design has been investigated in improving catalyst
synthesis activity and selectivity towards H.O>, as well as inhibiting catalyst degradation
activity. Previous studies have focussed on the use of higher metal loadings (typically 5
wt.%).89 In Chapter 3, the effect of the Pd metal loading on H,O- synthesis and degradation
activity was investigated. The results showed that the synthesis activity towards H,O, passed
through a maximum of 65 molnz02 kKgear* h™t with 0.5wt.%Pd/TiO,. In comparison, synthesis
activity of 64 moluz02 kgear* h? was obtained with well-studied 2.5wt.%Au-2.5wt.%Pd/TiO;
catalyst previously prepared by Edwards et al., which is an established benchmark catalyst for
direct synthesis of H,0,.1° This shows that high metal loadings are not required to obtain active
catalyst for direct synthesis, and indeed decreasing catalyst metal loading was shown to result

in more effective utilisation of Hy, while also significantly decreasing the cost of the catalyst.
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More importantly, the 0.5wt.% Pd/Ti0O; catalyst showed no degradation activity towards H.O>
(in presence of 4 wt.% H>0>) in the absence of any promoters or additives and at ambient
temperature. In comparison, the well-established 2.5wt.%Au-2.5wt.%Pd/TiO, catalyst
exhibits a degradation activity of 417 moluz02 Kgea® h, and the 5 wt.%Pd/TiO- catalyst
exhibits a degradation activity of 609 molw202 kgea* h.

Reaction conditions play a crucial role in catalyst performance and, by optimising them, an
enhancement in catalyst synthesis activity and H,O; selectivity, as well as decrease in H.0O-
degradation activity, can be achieved. The effect of H2/O- ratio, total pressure, and solvent
composition has been investigated on the synthesis and degradation activity over a 0.5
wt.%Pd/TiO, catalyst to determine the optimal reaction conditions and improve catalytic
performance. The results showed that the optimal H2:O; ratio is 1:1, which is in agreement
with the reaction stoichiometry. At this optimum ratio, the productivity of the catalyst
increased from 65 molz02 kgeart ht (standard reaction condition) to 70 moluzoz kgeart ht. The
results further suggested that at low H.:O; ratios the reaction is limited by the amount of H;
present in reactor. On the other hand, high H,:O;ratio can affect the Pd oxidation state during
the reaction, as well as change H.O, hydrogenation rate. At high H,/O; ratios Pd was expected
to be present as Pd° due to reduction of surface PdO by H., which was reported to be more
active towards H,O, hydrogenation and decomposition than the corresponding PdO catalyst.

6911 No degradation activity was observed over the whole range of different H, amounts.

The effect of gas pressure was investigated next using a H2:0- ratio 1:2. The highest activity
of 75 moluz202 kgearth™ was obtained at 650 psi, which was the maximum pressure that could
be achieved in our reaction set-up. Due to this limitation a pressure of 580 psi (4 MPa) was
further used. These results indicate that the reaction rate is controlled by the amount of H, and
O available in reaction solution, which can be increased with increasing pressure in reactor
set up.t213 No degradation activity in presence of 4 wt.% H,O, was observed in the pressure

range of 0 — 650 psi.

The effect of solvent (CH3OH/H,0) composition on the 0.5 wt.%Pd/TiO; catalyst activity was
further investigated. In the absence of CHsOH, a synthesis activity of 32 moluz02 Kgea* h! was
achieved over 0.5 wt.%Pd/TiO.. The introduction of CH3sOH resulted in a significant increase
in H,0, synthesis activity up to 65 moluz02 Kgear*h™ at a solvent composition of 75% CHz;OH.
This can be attributed to higher solubility of H, and O in the solvent, as H. is far more soluble
in CH3OH than in H,O. However, a significant decrease in synthesis activity, to 27 molu2o2
kgeat WL, was achieved in a pure methanol solvent. The degradation data showed a more
interesting trend. In the absence of CH3sOH, a degradation activity of 84 moluzo, kgeart h™t was

obtained in the presence of 4wt.% H»0.. With increasing content of CH3;OH, a decrease in
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degradation was observed and no degradation activity was detected when the concentration of
CH3OH was 50 wt.% or higher. It was suggested that CHsOH generates hydroxymethyl
intermediates on palladium surfaces that efficiently transfer protons and electrons to oxygen
to form H.O, and CH-O, resulting in increased H-O; selectivity.** Increasing the amount of
CH3OH increases reagent gas solubility, which results in a higher rate of H,O, formation, up
to 80 wt.% of CH3;OH. Use of CO- as a diluent was had a beneficial effect on H.O, selectivity
due to the formation of carbonic acid.>* As such the presence of H;O is still required for the
formation of carbonic acid, and therefore this can explain the drop in H.O: productivity in
pure CH3OH.*® The low solubility of reagent gases in H.O compared to organic solvents is
most often emphasised as the main reason to employ alcohols as co-solvents. Recent studies
suggest that the role of solvent should be observed in broader context, such as the potential

interaction of solvent functional groups and catalyst.'41718

By optimizing these reaction parameters, it was shown that high rates of H,O, synthesis can
be achieved with the 0.5wt.%Pd/TiO; catalyst. These results are summarised in Table 5.1 and
highlight the need to consider reaction conditions in addition to catalyst design.

Table 5.1: Summary of optimal reaction conditions on synthesis activity of 0.5 wt.%Pd/TiOs.

H,/O; ratio Total pressure CH30H content Productivity
[psi] [%0] [MOlkz02 KQear™* 0]
1:1 580 66 70
1:2 650 66 75
1:2 580 75 67
Standard reaction conditions
1:2 580 66 65

Reaction conditions: a) H202 synthesis: 0.01 g catalyst, 0.5 h, ambient temperature, 1200 rpm.

Scanning transmission electron microscopy — high-angle annular dark-field (STEM-HAADF)
analysis of the 0.5wt.%Pd/TiO, catalyst was carried out to investigate morphology of the
catalyst. The fresh sample indicates sub-nanometres particles with average particle size 0.7
nm, with good Pd dispersion. STEM-HAADF analysis of the catalyst after use in the H,O»
synthesis reaction revealed an increase in mean particle size to 3.9 nm which suggests the
agglomeration of particles during the H,O, synthesis reaction; however, some small sub-

nanoparticles are also still observed on the sample.

X-ray photoelectron spectroscopy (XPS) was carried out to investigate any change in Pd
oxidation state after use in the H,O, synthesis reaction. In the fresh catalyst, Pd species were

present as Pd?*. After use in the H,O, synthesis reaction, a shift in Pd binding energy from
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336.7 to 335 eV was observed, which suggests that surface Pd was reduced from Pd?* to Pd°
(Pd?*:Pd® is 1:6.5). An increase in degradation activity towards H.O,, from 0 molnzoz Kgeat™ "
1to 331 moliz02 kgea* 2, was observed upon re-use of the catalyst. This can be related to
increased mean particle size of the used catalyst, as shown by STEM-HAADF and partial
reduction of Pd?* to Pd° after synthesis reaction, as well as loss of Cl species, as evidence by
XPS analysis. The addition of Cl promoters can increase selectivity of the catalyst, due to
inhibiting hydrogenation of H,O; by changing the catalyst surface charge and by poisoning
the active sites of the catalyst on which dissociation of O, occurs.>!81t has been previously
reported that catalysts with a high content of Pd® are more active for H,O, degradation than
those with a higher Pd?* content.’®2° There was no significant change in the activity of the
catalyst towards H,O, synthesis upon the re-use; however, the increase in degradation activity
suggest that gross H20- synthesis activity is likely to be higher but, because of the increased
degradation activity, the final H,O concentration is similar to the concentration obtained with

fresh catalyst.

X-Ray absorption near edge structure (XANES) and Extended X-Ray absorption fine structure
(EXAFS) were carried out to investigate the structure and the oxidation state of the
0.5wt.%Pd/TiO, catalyst. XANES results showed that the Pd species in the fresh catalyst has
a higher average oxidation state than the used catalyst. This means that there was a change in
oxidation state of Pd during reaction, which was in keeping with the analysis by XPS. Linear
combination fitting (LCF) showed that the Pd speciation is very different between the fresh
and used catalysts, with the fresh sample observed to have a contribution of about 1/4 from
PdCl, and 3/4 of PdO, while the used sample is about 2/5 of PdO and 3/5 of Pd°. The EXAFS
fitting of the fresh catalyst showed a contribution from Pd-Cl scattering in the first shell. The
coordination number of Pd-O is around 3 and the Pd-Cl is less than 1. There is no significant
scattering path beyond Pd-Cl scattering, proving the presence of highly dispersed Pd species
on an atomic scale. For the used catalyst, a Pd-O bond of 1.99 + 0.01 A with a coordination
number 1.5 + 0.4 was determined. The Pd-Pd bond of 2.74 + 0.01 A was close to the Pd-Pd

distance in Pd foil, and the coordination number of 5.4 + 0.5 was a result of larger particles.

Observing no H,O; degradation activity in the presence of 4 wt.% H,0, over a monometallic
Pd catalyst is a relatively unusual, particularly in the absence of additives as halides or acids.
For industrial application it would be necessary for H,O, degradation activity to remain low
even in the presence of high H»O, concentrations and therefore a series of H,O, degradation
experiments were carried out with increasing H.O concentration. No degradation activity was
observed with increasing concentration of H,O, up to 16 wt.%, which is the maximum

concentration achievable using reaction conditions described in this work.
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To investigate the effect on catalyst activity of higher initial concentration of H,O; in the
reaction solution, a series of experiments were carried out over a 0.5wt.%Pd/TiO, catalyst.
The starting concentration of H,O, was shown to have a significant effect on catalyst activity
towards further H,O- synthesis. No synthesis activity and low degradation activity were
observed in the reaction with H,O, starting concentrations 0.25 wt.% or higher. Synthesis
activity of 11 moluz02 kKgear® h™ was obtained with 0.15wt.%H,0-, and this synthesis activity
increased to 49 moluzo2 Kgear* ht with only 0.05wt.% H,O: in initial solution. The addition of
small amount of H20- (0.05-0.15 wt.%) increased the selectivity towards H20 from 23% (no
H2O, present at the start of the reaction) up to 59%, and significantly decreased the H»
conversion to 18% with 0.05wt.% H,0; in starting solution. The addition of H,O, might help

maintain Pd as Pd?*, which can explain the increase in H,O; selectivity.

The reduction of Pd species from Pd?* to Pd® during the synthesis reaction, as shown by XPS,
may be a crucial factor responsible for the observed increase in degradation activity of the
0.5Wt.%Pd/TiO catalyst upon re-use. To counter the formation of Pd° the catalyst was
subjected to a range of heat treatments after initial use in the direct synthesis reaction.
Applying a re-calcination temperature of 300 °C resulted in a decrease in catalyst synthesis
activity to 57 moluoz kgeart h2, as well as complete inhibition of H,O, degradation in presence
of 4 wt.% H»0.. With further increase in calcination temperature, no degradation activity was
observed, but significant decrease in synthesis activity (16 molnzo2 kgear* h') was obtained.
After initial use of the catalyst in the synthesis reaction (the catalyst was dried after reaction
prior analysis) a reduction of Pd from Pd?* to Pd® was observed, with only 13% of surface Pd
in the Pd?* form. After re-calcination of the catalyst, an increase in Pd?* content was observed
with increasing temperature. When the re-calcination temperature was 400°C, all surface Pd
was present in Pd?* form. TEM images of the re-calcined catalyst at 300°C show a significant
increase in particle size compared to the fresh catalyst. A mean particle diameter of 4.7 nm,
with wide range in particle diameter from smaller particles (up to 3 nm) to larger nanoparticles
of 10 nm, was observed. Catalysts re-calcined at 400°C show slightly higher mean particle
diameter, of 6.6 nm, with particles up to 13 nm; however, no degradation activity was observed
upon re-use of recalcined catalyst at 300°C and 400°C, with similar mean particle diameter as
used catalyst without recalcination. These results imply that even larger Pd nanoparticles can
exhibit no degradation activity towards H2O- in the presence of 4 wt.% H,O; if the majority

of Pd species is present as Pd?*.

The use of a support influences the formation of H,O, as well as competing degradation
reactions.? Different metal oxides were next used as supports for a monometallic Pd catalyst.
Prior to catalyst testing, all the bare supports were tested in synthesis and degradation reaction

and no activity towards H,O, formation and degradation was observed. As shown in Table
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5.2, catalysts prepared on all phases of TiO, showed the highest productivities among the
chosen supports and also were shown to be inactive towards H.O> degradation in presence of
4 wt.% H>0,. The analogous catalyst prepared on SiO; exhibited productivity of 52 moln2o2
kgea* h? and no degradation activity towards H.O,. Both the 0.5wt.%Pd/Al,O3; and
0.5wt.%Pd/ZrO, catalysts showed significantly lower productivities comparing to other
catalysts, but more importantly they showed increasing degradation activity towards H,O; in
presence of 4wt.% H,0,. Lower synthesis activity and increased degradation activity of these
supported catalysts can be related to the more basic nature of the support, as it was previously
reported that more acidic supports can promote direct synthesis of H.O, and provide much
lower degradation rates.®212?

Table 5.2: H,0; synthesis and degradation testing over 0.5wt.% Pd supported catalysts at
ambient temperature made by wet impregnation using different supports.

Support Productivity? Degradation® Conversion  Selectivity
[molrzo2 kgear* h™]  [MOlh202 Kgear® W] [%6] [%0]

TiO, (P25) 64 0 53 23
anatase 84 0 59 29
rutile 94 0 55 35
SiO; 52 0 22 52
Al>O3 25 50 11 54
ZrO; 37 82 11 73

Reaction conditions: a) H202 synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa
5% H2/CO-, 1.1 MPa 25% 0,/CO-, 0.5 h, ambient temperature, 1200 rpm. b) H20O2 degradation: 0.01
g catalyst, 0.68 g H.0O,, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO,, 0.5 h, ambient
temperature, 1200 rpm.

To investigate the effect of reaction time on catalyst performance, a time-on-line study over
the 0.5wt.%Pd/TiO, catalyst was carried out. The concentration of H.O, passed through a
maximum of 0.14wt.% at 30 min, and decreased with increasing reaction time. This can be
attributed to particle agglomeration during the reaction, as well as reduction of Pd?* to Pd°. No
significant change in H, conversion and selectivity was observed with increase in reaction
time beyond 60 min, indicating catalyst deactivation or insufficient concentration of reagent

gases.

Gas replacement reactions partially solve low H, concentration limitations by continually
replacing H; at fixed time intervals. After a 5 gas replacement reaction, a H>O. concentration
of 0.38wt.% was achieved. In comparison, H.O, concentration of 1-2 wt.% is obtained during
initial stages of AO process, which is further increased up to 70 wt.% by distillation and

purification. Freakley et al. at reported production of 0.35 wt.% H»O, over the highly selective
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2wt.%Sn-3wt.%Pd/TiO, subjected to ORO treatment after 3 gas replacements at 2°C. This
demonstrates that to achieve higher concentrations of H.O>, high metal loadings and extensive
heat treatment are not necessary.

5.2 Conclusions for Chapter 4.

In the Chapter 4, the effect of the addition of secondary metals (Au, Sn, Ni) to a Pd catalyst
are investigated on catalytic performance towards H,O; synthesis and degradation. It has been
shown that the addition of Au to Pd increased synthesis activity up to 0.5 wt.% metal loading,
with a synthesis activity of 90 moluz02 kgear* h?, in comparison to 0.5 wt.%Pd/TiO, with
synthesis activity of 65 molu2o02 kgearth™t. The optimal Au: Pd ratio was determined to be 1: 1.
The addition of Sn also resulted in an enhancement in synthesis activity, with optimal metal
loading of 1 wt.% (1:1 weight ratio) and synthesis activity of 87 molnzo2kgea*h™. In
comparison, the addition of Ni at low concentrations initially led to a decrease in synthesis
activity, but a further increase in Ni loading (1:1 weight ratio) results in an enhancement in
synthesis activity. The addition of Au, Sn and Ni also resulted in an enhancement in H20-
selectivity. The enhancement in catalysts activity and selectivity is attributed to modification
of the Pd electronic structure and ensemble effect of Pd-X (X=Au,Sn,Ni) particles.

Time-on-line studies were carried out to maximize the utilisation of H; in the gas feed. A H,0-
concentration of 0.21 wt.% was produced after 60 min with 0.25 wt.%Au — 0.25 wt.%Pd/TiO,,
as well as 0.25wt.%Pd/TiO,, and 0.15 wt.% with 0.25 wt.%Sn-0.25 wt.%Pd/TiO.. However,
a further increase in reaction time to 90 min results in a decrease in H.O, concentration over
the 0.25 wt.%Au-0.25 wt.%Pd/TiO; catalyst, which can be attributed to the partial reduction
of Pd?*, as shown by XPS. In comparison, both the 0.25 wt.%Sn-0.25 wt.%Pd/TiO, and 0.25
wt.%Pd/TiO; catalysts show an increase in H.O concentrations up to 90 min, achieving 0.15
wt.% and 0.22 wt.% H,O,, respectively. The initial rate of H,O. synthesis was calculated at a
reaction time where the contribution of H.O. degradation is considered to be negligible (5
min). As shown in Table 5.3, the 0.5wt.%Pd/TiO,, and 0.25wt.%Sn-0.25wt.%Pd/TiO-
catalysts have identical initial rates of synthesis, of 4597 molx.0,molpa*h™. In comparison, the
0.25wt.%Au-0.25wt.%Pd/TiO, catalyst showed an initial rate of reaction almost twice that of

the optimal Pd-only and SnPd catalysts tested in this study.
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Table 5.3: Initial rate of synthesis reaction over studied supported catalysts at ambient
temperature.

Catalysts Rate of reaction H,0, concentration
[molr.0.molpgth™] [wt.%]
0.25wt.%Pd/TiO> 4086 0.03
0.5wt.%Pd/TiO; 4597 0.07
0.25wt.%Au-0.25wt.%Pd/TiO; 8173 0.07
0.25wt.%Sn-0.25wt.%Pd/TiO, 4597 0.04

Reaction conditions: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H,/CO; 1.1 MPa
25% 0,/CO;,, 5 min, ambient temperature, 1200 rpm.

Gas replacement reactions were carried out to maximise the H,O, concentration. After 4 gas
replacements, 0.53 wt.% of H.O, was produced over the 0.25 wt.%Au — 0.25 wt.%Pd/TiO;
catalyst and 0.49 wt.% over the 0.25 wt.%Sn — 0.25 wt.%Pd/TiO analogue, For comparison,
0.53 wt.% HO, was produced over the previously reported highly selective 2wt.%Sn-
3wt.%Pd/TiO- that had beensubjected to a sequential heat treatment that consisted of an
oxidative (500°C, 3 h, air), reductive (200°C, 2 h, 5% H./Ar) and final oxidative (400°C, 4 h,

air) step, after 5 gas replacements, under near-identical reaction conditions. 23

Different amounts of Au, Sn or Ni were added to a 0.25 wt.% Pd/TiO, catalyst to prepare
catalysts with different secondary metal to Pd ratios and investigate the effect on the catalyst
synthesis and degradation activity. The optimal Au: Pd ratio was 1: 1, with a synthesis activity
of 90 molz02kgcar th™ and degradation activity towards H2O, of 100 moliz02 kgear* b reported.
A decrease in synthesis activity was observed with increasing Au: Pd ratio as well as a
decrease in degradation activity was also observed with increasing Au content. The maximum
synthesis activity of 64 moluzoz kgear® ht for the 0.5 wt.% Ni — 0.25 wt.% Pd/TiO, catalyst
was obtained with a 2:1 Ni:Pd ratio. The SnPd/TiO- series showed an increase in synthesis
activity with increasing Sn:Pd, ratio with maximum synthesis activity of 111 mol202 Kgea* h°
L achieved with 9:1 ratio. No degradation activity was observed over any of the NiPd and SnPd

catalysts in this series.

The best performing catalyst, 2.25 wt.%Sn — 0.25 wt.%Pd/TiO,, was further investigated
through a time-on-line study and gas replacement reactions. Time-on-line studies were carried
out at two different temperatures: 2 °C, which is favourable temperature for direct synthesis
of H>O»; and ambient temperature, which is more desirable temperature for industrial
applications. H;O. concentration of 0.27 wt.% was produced after 60 min at ambient
temperature, and decreased with further increase in reaction time. An increase in H,O;
concentration was observed even after 180 min at 2 °C, up to 0.41 wt.%, highlighting the key

role in reaction conditions in achieving optimal catalyst performance. The maximum H,O;
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concentration observed in this Chapter was 0.69 wt.%, achieved after 5 gas replacement
reaction over this catalyst. As a 9:1 Sn:Pd ratio was optimal, a series of SnPd catalysts with
this ratio and different metal loading were prepared and results are summarised in Table 5.4.
The 2.25 wt.%Sn — 0.25 wt.%Pd/TiO, showed the highest synthesis activity in this study.

Table 5.4: Effect of total metal loading on catalyst activity for fixed Sn:Pd metal ratio (9:1)
at ambient temperature.

Metal Productivity? Degradation® Conversion  Selectivity
loading [Moliz02 kgear* W] [Moln202 kgear* D] [%6] [%0]
[wt.9%0]

0.625 6 0 2 92

1.25 15 0 4 85
2.5 111 0 51 52

5 86 0 64 27
7.5 72 0 66 23

Reaction conditions: a) H202 synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa
5% H2/CO,, 1.1 MPa 25% O,/CO>, 0.5 h, ambient temperature, 1200 rpm. b) H202 degradation: 0.01
g catalyst, 0.68 g H,0O,, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H»/CO,, 0.5 h, ambient
temperature, 1200 rpm.

53 Future work

Currently, many research groups are utilising semi-batch and flow reactors for the direct
synthesis of H,O, instead of batch reactors.!3?4% The main advantage of these reactor set ups
is limited contact between catalyst, H,O, and Ha, as well as continuous flow of reagent gases,
which overcomes the limitation of the batch reactors by replacing the H, and O, used in the
reaction with fresh gas. The future work could concentrate on using catalysts prepared in this
work in the semi-batch or flow reactors. As these are more complicated reactor set ups,
extensive work will have to be dedicated to optimising different reaction conditions to
maximise the synthesis activity and selectivity of the catalysts, and decreasing their

degradation activity.

To further investigate the mechanism of direct synthesis as well as improve catalyst design, a
more detailed characterisation of the catalysts is required. Especially, characterisation of the
catalysts in situ during the reaction would present a great deal of information about changes
on catalyst surface during the reaction. In situ X-Ray Absorption Spectroscopy could
determine electronic and structural state of Pd nanoparticles under reaction conditions. The

STEM-HAADF microscopy can provide more information about structural changes before
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and after reaction, and therefore having access to high resolution microscopy immediately

after experiments are carried out could be also extremely beneficial.

Use of trimetallic catalyst is another area this work could explore. As shown in Chapter 4,
addition of Auto monometallic Pd catalyst enhances the synthesis activity of the catalyst, as
well as its degradation activity in presence of 4 wt.% H,O,. The results suggest that the
increase in H,0, selectivity was due to increased synthesis activity. On the other hand,
addition of Sn shows smaller enhancements in synthesis activity, but no degradation activity
suggesting that an increase in H,O, selectivity is due to decreased degradation activity.
Addition of both metals, Au and Sn, to monometallic Pd catalyst could result in unique
catalysts with high synthesis but no degradation activity. A preliminary study was carried out
in this work by preparing series of trimetallic AuSnPd catalysts supported on TiO> with the
fixed content of AuPd, 0.125 wt.%Au-0.125 wt.%Pd/TiO,, and increasing the amount of Sn.
Table 5.5 shows highly active catalysts with no degradation activity in presence of 4 wt.%
H20, can be prepared by combining Au, Sn and Pd. Further optimisation of the metal ratios
can result in highly active catalysts.

Table 5.5: H;0, synthesis and degradation testing over trimetallic catalyst at ambient
temperature.

Catalyst Productivity? Degradation®
[Moli202 Kgeat* D] [Moliz02 Kgear* D]
0.125wt.9%Au-0.125wt.%Pd-0.125wt.%Sn/TiO; 52 11
0.125wt.%Au-0.125wt.%Pd-0.25wt.%Sn/TiO; 41 16
0.125wt.%Au-0.125wt.%Pd-0.5wt.%Sn/TiO; 47 7
0.125wt.%Au-0.125wt.%Pd-0.75wt.%Sn/TiO; 66 0
0.125wt.%Au-0.125wt.%Pd-1.5wt.%Sn/TiO; 85 0
0.125wt.%Au-0.125wt.%Pd-2.25wt.%Sn/TiO; 19 0

Reaction conditions: a) H202 synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa
5% H2/CO-, 1.1 MPa 25% 0,/CO>, 0.5 h, ambient temperature, 1200 rpm. b) H202 degradation: 0.01
g catalyst, 0.68 g H.0O, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H»/CO,, 0.5 h, ambient
temperature, 1200 rpm.

Different protocols can be followed, during preparation of trimetallic catalysts by wet
impregnation, as showed in Table 5.6. A one step method refers to standard methodology in
which all the metal precursors are mixed before support is added; in two step preparation, the
2.25 wt.%Sn/TiO, was prepared first, following methodology described in Chapter 2, and then
the catalyst was dried on air (uncalcined) or calcined at 400°C. In the second step, the Au and
Pd precursors are mixed and, once the temperature reaches 65°C, the 2.25 wt.%Sn/TiO, was
added. Once the catalyst was dried (16h, 95°C), it was then calcined at 200°C or 400°C. As
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shown in Table 5.6, the different steps in preparation can have significant effect on catalyst

synthesis activity and therefore future investigation is needed.

Table 5.6: H.O. synthesis and degradation testing over 0.125wt.%Au-0.125wt.%Pd-
2.25wt.%Sn/TiO; prepared by two step impregnation.

Productivity? Degradation®
Catalyst
[molhz02 Kgear* h™] [molhz02 Kgear* h™]
One step 19 0
Uncalcined — calcined 400°C 24 0
Calcined 400°C — calcined 200°C 117 0
Calcined 400°C — calcined 400°C 46 0

Reaction conditions: a) H202 synthesis: 0.01 g catalyst, 2.9 g of water, 5.6 g of methanol 2.9 MPa
5% H2/CO,, 1.1 MPa 25% O,/CO>, 0.5 h, ambient temperature, 1200 rpm. b) H202 degradation: 0.01
g catalyst, 0.68 g H,0O, 2.9 g of water, 5.6 g of methanol 2.9 MPa 5% H»/CO,, 0.5 h, ambient
temperature, 1200 rpm.

Edwards et al. reported that acid pre-treatment of a carbon support can switch off sequential
degradation of H,O., and therefore achieve a high selectivity.® Pre-treatment of different
supports with acids, or different solvents, can have similar effects resulting in highly active
and selective catalysts. It is possible to prepare solid acids by adding different functional
groups on the support.?® Supports with different functional group can replace additives and
promoters, presenting a cheaper reusable alternative that is easily separated from product and
does not produce additional waste. Use of more structured supports could be also interesting
alternative in which Pd nanoparticles could be incorporated within structure or located inside
the structure. This may stop Pd particles from migrating on the surface and agglomerating into

bigger nanoparticles.
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