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The ability to mass produce tailored nanoparticles, e.g. uniform sizes and surface site types,
and accessibilities, has wide reaching implications for both academic and industrial research.
Sol-immobilisation is proven to offer an easy to control route for the preparation of metallic
nanoparticles, where a colloidal solution of nanoparticles is preformed (stabilised using
polyvinyl alcohol) and anchored to a support material. However, as yet, there is limited
understanding of how systematic variations to the synthesis parameters influence the

fundamental nucleation and growth steps in nanoparticle formation.

Systematic changes to the solvent of synthesis, through the addition of C1-C4 linear and
branched chain alcohols, were employed in the preparation of metallic Pd colloids. It was
discovered using spectroscopic techniques (UV-Vis, IR and XAFS) and TEM imaging that
the greatest control of nanoparticle growth was achieved in solutions of equal MeOH and
H20 parts per volume. Additionally, Pd colloids prepared in solutions of > 50 vol. % MeOH
saw a drastic decrease in their achieved metal loading. This issue was remedied by removing
the acidification step during immobilisation. The resultant influence of this updated
procedure on Pd nanoparticle properties was characterised using the previously listed
techniques along with thermal decomposition methods (TGA, TPR, TPD). From this, it was
established that the synthesis of Pd nanoparticles in MeOH caused increased layering of the
stabiliser around the nanoparticle and support surfaces, suppressing the spillover of H,. The
performance of these non-acidified PVA-capped Pd nanoparticles were investigated for
furfural hydrogenation. The limiting of H2 spillover was shown to be highly effective in
switching off the acid-catalysation pathway to acetals over the TiO2 support surface, making

it selective for the desired hydrogenation products.

In addition, the mechanisms of colloidal Au nucleation and growth were investigated via
novel XAFS experiments. A proof of concept study for in situ XAFS measurements was first

approached by measuring solutions of preformed Au colloids prepared under varied



synthesis parameters: synthesis temperature = 1, 25, 50 and 75 °C, and [Au] = 50, 100 and
1000 puM. The established relationship between synthesis temperature and nanoparticle size
was found to be consistent in colloidal and supported Au NP systems. The influence of the
[Au] on XAFS nanoparticle size, however, was only observed after immobilisation of the
colloid, something which has not previously been reported. Building on the successful
acquisition of colloidal XAFS, a continuous microfluidic system was designed and
implemented to measure the in situ reduction of HAuUCls ([Au] =100 uM) to Au°
nanoparticles. Issues concerning the flow regime of the cell, metal deposition on the reactor
walls, and X-ray compatibility were all considered prior to in situ measurements. XAFS data
acquired during reduction showed that under mild reducing conditions nanoparticle
nucleation occurs on a 10?> ms time scale, and that complete reduction of the Au species
occurs over the course of 3.5seconds. Furthermore, this novel work proves that

time-resolved studies of colloidal nanoparticle nucleation and growth are feasible.
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Figure 1-1. Schematic of the effect a heterogeneous catalyst has on the activation energies
of a gas phase reaction, where Ea is the energy of adsorption, Es is the
energy for the surface reaction, Ep is the energy of desorption and Eg is the
energy for the gas phase reaction in the absence of a catalyst; image is
adapted from J. C. Védrine, in Metal Oxides in Heterogeneous Catalysis,
ed. J. C. Védrine, Elsevier Inc., 1st edn., 2018, pp. 1-41.1.....covvvvrenennn 2

Figure 1-2. Simplified reaction schemes for (1) the Eley-Rideal and (2) the Langmuir-
Hinshelwood mechanisms; below each of the mechanisms are simplified
equations describing their respective reaction processes, denoted i)-iii).3

Figure 1-3. Pd particle dispersion as a function of increasing particle diameter, calculated
USING EQUALION 1-1. ..ot 4

Figure 1-4. Synthetic processes involved in the formation of nanoparticles; image is adapted
from Ealias and Saravanakumar, IOP Conf. Ser. Mater. Sci. Eng., 2017,
263, 11537 e 5

Figure 1-5. Schematic illustrating NP synthesis via sol-immobilisation. Step (1) chemical
reduction of a metal salt solution (e.g. HAuCls) in the presence of a
stabilising agent (e.g. PVA) using a reducing agent. Step (2) the support
material is added to the formed colloid and is acidified. Step (3) Catalyst
slurry is washed using deionised water, filtered under vacuum and dried at

room temperature for > 12 hrs. ... 8

Figure 1-6. Graphical depiction of the dependence of the cluster free energy on the radical
cluster size according to classical nucleation theory, AG is the cluster free
energy, AGeis the maximum free energy and r¢ is the critical radial size;
image taken from J. Polte, CrystEngComm, 2015, 17, 6809-6830.8°..12

Figure 1-7. LaMer nucleation and growth schematic. | and Il represent rapid increased
concentration of free monomers and burst nucleation respectively. 111 shows
decrease in concentration due to monomer diffusion through solution. C is
the equilibrium concentration of the solute with the bulk solid and Crit

denotes the critical concentration as the minimum concentration for
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nucleation; image taken from T. Sugimoto, J. Colloid Interface Sci., 2007,
309, 106-118.%2 ...t 13

Figure 1-8. lllustration of the differences between the two particle growth mechanisms, (left)
Ostwald ripening and (right) coalescence...........ccccoocevvvrenninenennnnn 14

Figure 2-1. Illustration of the surface plasmon resonance for a metallic sphere; image taken
from www.Nanohybrids.net/pages/plasmonics.?.............ccccccveverennan 27

Figure 2-2. Simplistic schematic of a transmission electron microscope. The path of the
electron beam is shown from the electron source toward the viewing screen;
image is adapted from Atomic World, http://www.hk-phy.org/atomic_worl
d/tem/temO2_e.NtML24 ... 29

Figure 2-3. Schematic diagram of the possible scanning transmission electron microscopy
(STEM) imaging modes. The position of the detectors used in High Angle
Annular (HAAFD), Dark Field (DF) and Bright Field (BF) modes are
shown; image adapted Z. Li, Scanning transmission electron microscopy

studies of mono- and bimetallic nanoclusters, Elsevier Ltd, 1st edn., 2012,

Figure 2-4. EELS spectrum showing the ionisation edges and zero loss peaks over a sample
spectrum; image taken from Hofer et al., IOP Conf. Ser.: Mat. Sci. Eng.,
2016, 109, 1-9.28 .. oo 33
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Figure 2-6. Schematic of the DRIFT optical pathway from start point to detector in a praying
mantis cell; image adapted from A. M. McCullagh et al., Top. Catal., 2021,
DOI:10.1007/811244-021-01435-Y.%2 .......ooovovereeieeereeeeeeeeere e, 36

Figure 2-7. Calibration curves for microwave plasma — atomic emission spectroscopy used
to analyse the wt. % Pd loading of all catalysts in this thesis. Four different
wavelengths of Pd were measured, a) 324.270 nm, b) 340.458 nm,
¢) 360.955 nm and d) 363.47 nm. A test sample was plotted against each
curve to examine the accuracy of the Pd standards, this was at Pd
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Figure 2-8. Origin of X-ray absorption edge states corresponding to electron absorption
from the ground orbital states and the transitions involved in the XANES
and EXAFS spectrum; image adapted from J. Evans, in X-ray Absorption
Spectroscopy for the Chemical and Material Sciences, ed. J. Evans, Wiley,
15t edn., 2018, PP. 117-162.57 ..o 43

Figure 2-9. Interference between ejected photoelectron and backscattered off neighbouring
atoms, forming the oscillations in the EXAFS region; image adapted from
Koningsberger et al., Top. Catal., 2000, 10, 143-155.%...................... 44

Figure 2-10. Graphical representation of the origin of electron transitions caused by
interaction of the sample core level with synchrotron X-ray radiation and
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Figure 2-11. Schematic representation of the X-ray source path through ion chambers and

the sample in acquisition of XAFS in transmission mode. .................... 48

Figure 2-12. Simplistic schematic of the inside of an ion chamber used for data acquisition
in XAFS transmission measurements; image adapted from J. Evans, in X-
ray Absorption Spectroscopy for the Chemical and Material Sciences, ed. J.
Evans, Wiley, 1t edn., 2018, pp. 117-162.57 .......cocveeeeeeeeeeer e, 48

Figure 2-13. Schematic representation of the X-ray path through ion chambers and
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Figure 2-14. XAFS data acquired at the Au Ls-edge for a Au® reference foil; a) plotted raw
data of the absorption (xu), background, pre- and post-edge lines,
b) normalised absorption after background subtraction, c) removal of
background (y), giving oscillatory data in k-space and d) Fourier transform

of x, giving the EXAF'S region as a function of the radial distance...... 52

Figure 2-15. Schematic of a synchrotron radiation source showing the LINAC, inner booster
ring, outer storage ring, and the magnetic devices used to generate
synchrotron X-ray radiation (bending magnets and insertion devices);
image adapted from Mitchell et al., Structure, 1999, 7, R111-R121.8! 54

Figure 2-16. Simplistic schematic of the gas chromatography set-up used in the separation

and identification of furfural hydrogenation products. ............cccc....... 56
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Figure 2-17. Reactor set-up used at the Universita degli Studi di Milano, Milan, Italy used
in the Laboratories of Dr. A. Villa; a) stainless steel reactor vessel used for
furfural hydrogenation over various catalysts. At the top of the reactor
(marked by arrows) is the inlet and outlet for both N> and H. gases used
during catalyst pre-treatment and hydrogenation, respectively, b) reactor
vessel nestled inside of the walled stirrer plate, where coned design affords

for well distributed heat throughout the reactor vessel........................ 58

Figure 2-18. Gas chromatogram calibration for the reaction substrate (furfural) and the
other reaction products identified using GC analysis. The internal solvent
for calibration was IPA and the external was dodecanol..................... 61

Figure 2-19. GC-MS data acquired for all products formed through the hydrogenation of
furfural over the prepared Pd/TiO> catalysts. GC-MS measurements were
performed using a Thermo Scientific 1ISQ QD, equipped with an Agilent VF-
5 ms column, 60 m x 0.32 mm x 1 um (inner diameter thickness). Spectra
shown are for: a)tetrahydrofurfuryl alcohol, b) furfuryl alcohol, c)
isopropyl furfuryl ether, d) 2-(diisopropoxymethyl) furan and e) isopropyl
tetrahydrofurfuryl €ther. ... 62

Figure 3-1. Visualisation of changes to PVA encapsulation for a Pd nanoparticle
synthesised in increasing [EtOHaq] in the synthesis medium; image

adapted from Chowdhury et al., Adv. Nat. Sci.: Nanosci. Nanotechnol, 2017,

Figure 3-2. Fitting of the Pd° reference foil EXAFS in order to determine the amplitude
reduction factor to be applied to all palladium NP EXAFS data; fitting
range: 1 <R <3.4,and3 <Kk <11.52 . .., 76

Figure 3-3. UV-Vis spectrum of the PVA-capped Pd precursor salt solution K>PdCls
([Pd] = 128 uM) prepared in water (PdWPA). Positions of the LMCT bands
are denoted by I, 1l and 111, and d-d transitions are marked with IV. .. 77

Figure 3-4. UV-Vis spectra detailing a) Pd precursor salt solutions, b) the ligand-to-metal
charge transfer bands, c) d-d band transitions and d) Pd colloids formed
after reduction of the precursor salt solutions. Pd NPs were prepared in
different XOH:H>O solvent systems with equal alcohol concentrations
(50 vol. %), except PAWPA which was prepared in 100 vol. % H0... 78
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Figure 3-5. Indicative TEM images of the prepared 1 wt. % Pd/TiO; catalysts; a) PAWPA,
b) Pd50MePA, c¢) Pd50EtPA taken from Rogers et al., ACS Catal., 2017, 7,
2266-2274,%" d) Pd50PrPA, e) Pd50IsPA, f) Pd50tBUPA. ................... 81

Figure 3-6. Size distribution histograms of the prepared 1wt. % Pd/TiO> catalysts;
a) PAWPA, b) Pd50MePA, c¢) Pd50EtPA taken from Rogers et al., ACS
Catal., 2017, 7, 2266-2274,%" d) Pd50PrPA, €) Pd50IsPA, f) Pd50tBuPA.
Histograms were compiled from image analysis of 200-300 Pd NPs per

SAMPIE. ..ot re e e 82

Figure 3-7. XANES spectra acquired for the 1 wt. % Pd/TiO catalysts prepared using
various short chain alcohols in the synthesis solvent. Spectra were
measured at the Pd K-edge; XANES data are presented as the normalised
absorption. Pd50EtPA spectrum is taken from Rogers et al., ACS Catal.,
2017, 7, 2266-2274.27 ... 84

Figure 3-8. Pd K-edge XAFS data collected ex situ. The data displays the experimental FT
x(k) (a, ¢ & e) and y(k) data (b, d & f) for the varied alcohol chain length
prepared 1 wt. % Pd/TiO, catalysts. Pd references data are displayed in
figures a) & b), samples prepared using linear chain short chain alcohols
in the synthesis solvent are displayed in figures ¢) & d), samples prepared
using branched chain alcohols in the synthesis solvent are displayed in
figures e) & f). PA50EtPA data is taken from Rogers et al., ACS Catal.,
2017, 7, 2266-2274.27 ...t ee et 87

Figure 3-9. Fitted experimental FT y(k) data, both the magnitude and real components for
Pd/TiO> catalysts prepared using various short chain alcohols in equal
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and f) tBUOH:H20 SYSIEM. ......oiuiiiiieiiiie e 88

Figure 3-10. a) FTIR spectrum detailing the different CO adsorption modes visible over
TiO, supported Pd NPs. Bands i-iii detail CO adsorption to Pd® atoms via
bridging CO bonds (i is 3, and both ii and iii are P2 binding modes). Linear
CO adsorption vibrations are found at higher wavenumber and are labelled

as iv-vi (iv is linear to Pd®, v is linear adsorption to a corner site on Pd® and
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vi is linear adsorption to Pd*), b) is a representation of the typical active
sites available on a cuboctahedral metal nanoparticle; image taken from
Campisi et al., Catalysts, 2016, 6, 8.8...........ccovreeereeeeee e 90

Figure 3-11. FTIR spectra acquired for CO-adsorption studies on Pd/TiO> catalysts
prepared at 1 °C under varied solvent environments, where the ratio of
XOH:H20 is 50:50 unless otherwise stated: a) PAWPA, water only solvent
system, b) Pd50MePA, c) Pd50EtPA taken from Rogers et al., ACS Catal.,
2017, 7, 2266-2274,%" d) Pd50PrPA, e) Pd50IsPA, and f) Pd50tBuPA.92

Figure 3-12. UV-Vis spectra detailing a) Pd precursor salt solutions, b) the ligand-to-metal
charge transfer bands, c) d-d band transitions and d) Pd colloids formed
after reduction of the precursor salt solutions. Pd NPs were prepared in
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Figure 3-13. TEM images of the 1 wt % Pd/TiO. catalysts prepared in increasing vol. %
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Figure 3-14. Standard deviation histogram for the 1 wt % Pd/TiO> catalysts prepared in
increasing volume % of methanol in the synthesis solvent, a) PAWPA,
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Figure 3-18. CO probe molecule FTIR spectra of Pd/TiO. catalysts prepared using
increasing vol. % MeOH in the synthesis solvent: a) PAWPA, b) Pd25MePA,
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Figure 4-7. Pd K-edge XAFS data collected ex situ, measured on the B18 beamline at DLS,
Didcot, UK. The data displays the experimental FT y(k) (a, ¢ & e) and y(k)
data (b, d & f) for the prepared 1 wt. % Pd/TiO- catalysts. Pd reference data
are displayed in figures a) & b); samples prepared using PVA as a
stabilising agent are shown in ¢) & d) and samples prepared without PVA

are presented in ) & f) PAWPA is shown in figures e) & f) for comparison.
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Ho, solvent: IPA. Catalytic activity (m) calculated after 15 minutes of

reaction time are presented iN @ & C......ccooveveviieveeie s 141
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Figure 4-19. Catalytic performance plots for the hydrogenation of furfural over prepared
Pd/TiO> catalysts. All catalysts were tested in six successive hydrogenation

cycles, where they were recovered from the previous test, dried and reused.

xxiii



Table of Figures

Substrate conversion and product selectivities were calculated after 3 hrs
for each catalyst: a) PAWPA, b) PdMeP and c) PdMe. Reaction conditions:
50 °C, furfural 0.3 M; furfural:metal ratio 500 mol:mol, 5 bar Hz, solvent:
P A e ———— 151
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Figure 5-1. UV-Vis spectra displaying the position of the ligand-metal charge transfer bands
present in the HAuCl4 precursor (black), and the evolution of the SPR band

following reduction of the precursor salt (red).......c.cccceevveeiierennnnne 172

Figure 5-2. Experimental set-up for the colloidal Au XAFS measurements collected on
120-Scanning beamline, DLS, Didcot, U.K.: a) Photograph of the in situ
cell used, and b)experimental schematic detailing the data
acquisition; a continuous flow of preformed colloid was pumped
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Figure 5-3. UV-Vis spectra showing the formed Au SPR bands following reduction of the
HAUCI4 precursor under various systematic synthesis parameter changes:
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Figure 5-5. Acquired Au Ls-edge XAFS data of colloidal Au (1 °C and 100 uM [Au])
collected after leaving the colloid in the X-ray source beam path for a full
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synthesis temperature and [Au], respectively, and b) & d) are the
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Chapter One — Introduction

Chapter 1 Introduction

1.1 Introduction to Catalysis

1.11 Catalysis

The use of catalytic processes is ubiquitous in the chemical industry, with an estimated 90 %
of industrial chemical processes employing at least one catalytic step.® The increasing
worldwide demand for energy, the production of petro-, fine-, commodity- and
pharmaceutical chemical products, as well as a global drive to reduce greenhouse gas
emissions, all make catalysis an important area of research.’* Catalytic processes were first
described by Berzelius in 1836 as: “...many substances, simple and compound, solid and in
a state of solution, possess the power of exercising upon chemical bodies an influence
essentially distinct from chemical affinity, an influence which consists in the production of
a displacement, and a new arrangement of their elements, without directly and necessarily
participating in it”.> In 1895, Ostwald provided a revised definition for catalysis in which
he incorporated the kinetic nature of the process and further refined this in 1902, when he
described a catalyst as “any substance which alters the velocity of a chemical reaction
without appearing in the final product”.®” To summarise, a catalyst provides an alternative
pathway by which the reaction can proceed, lowering the activation energy and increasing
the rate at which the reaction reaches equilibrium without itself altering the position. The
lower activation energies afforded not only improve selectivities to desired products, but a
greater atomic efficiency in the process can also be observed, in turn enhancing the economic

and environmental impacts of industrial reactions.?°

Depending on the physical state of the catalyst and substrate/reactant, it is possible to group
catalysts into two categories: (1) homogenous catalysts, where the catalyst and substrate are
in the same phase of matter, i.e. liquid or gaseous, and (2) heterogeneous catalysts, where
the catalyst and reactant are present in different phases, i.e. solid/liquid, solid/gas or
liquid/gas. For many industrial reactions, the ease at which a catalyst can be separated from
the products (or remnant reactants) and, therefore, be readily recycled, makes heterogeneous

catalysis a much more advantageous process.
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1.1.2 Heterogeneous Catalysis

Heterogeneous catalysis can be thought of as a cyclic process: reactants adsorb to the catalyst
surface, form intermediate structures and the products then desorb whilst the surface returns
to its initial state.1® A hypothetical energy level diagram for a reaction with and without the
presence of a catalyst is given in Figure 1-1. The reaction pathway without a catalyst occurs
as a single step process with a high-energy activation barrier, Eg. Conversely, the catalysed
pathway occurs via several steps which have lower activation barriers than the non-catalysed

reaction, causing the reaction to reach equilibrium at a much faster rate.

Intermediate state

Without catalyst

Es

Energy
le——
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|
1
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|
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|
|

Gas phase reactants

Ep I Gas phase products

Adsorbed reactants
Adsorbed products

Extent of reaction

Figure 1-1. Schematic of the effect a heterogeneous catalyst has on the activation energies
of a gas phase reaction, where Ea is the energy of adsorption, Es is the energy
for the surface reaction, Ep is the energy of desorption and Eg is the energy for
the gas phase reaction in the absence of a catalyst; image is adapted from J. C.
Védrine, in Metal Oxides in Heterogeneous Catalysis, ed. J. C. Védrine, Elsevier
Inc., 1st edn., 2018, pp. 1-41.}

When gaseous reactants are passed over a catalyst, adsorption of the reactants to the catalyst
surface initiates the reaction, thus making the surface (or available active sites) of a
heterogeneous catalyst of great importance.® Once adsorbed, the reaction of interest can then
proceed via three mechanisms: (1) the Eley-Rideal mechanism, where a gaseous reactant
reacts with an adsorbed reactant, (2) the Langmuir-Hinshelwood mechanism, in which two
adsorbed reactants interact on the surface to form the desired product, or (3) the Mars-van

Krevelen mechanism, which is mainly used to describe the kinetics of selective oxidation
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reactions, predominantly over metal oxides, carbides and sulphides. Here, the surface plays
an active role in the reaction by forming a chemical bond between the surface and one
reactant. Much like Eley-Rideal, the second reactant reacts from the gas phase and leaves a
vacancy on the surface once the reaction product has desorbed. This vacancy is then filled
through the migration of atoms from the bulk to the surface.'® In both mechanisms (1) and
(2), the reaction product is fully desorbed once formed (Figure 1-2). For the purpose of this

review, only the first two mechanisms will be considered further.

(1)i) ° i) //. i) .\.
A / AN L/

Atom adsorbs onto the surface Passing atom interacts with adsorbed Product is formed and desorbed
atom
A(g) + S(s) ==AS AS + B(g)—> Product
@ ® [ '\.
i) \ / i) ii) /
Two atoms adsorb onto the surface Atoms diffuse across surface Product is formed and desorbed

and interact

A(g) + S(s) == AS
B(g) + S(s) ==BS

AS + BS ——> Product

Figure 1-2. Simplified reaction schemes for (1) the Eley-Rideal and (2) the Langmuir-
Hinshelwood mechanisms; below each of the mechanisms are simplified

equations describing their respective reaction processes, denoted i)-iii).

For a catalyst to be successful, not only does it require an abundance of active surface sites
(steps, edges and terraces), the properties of these sites must also be taken into consideration
as they have a great influence on the activity of heterogeneous catalysts.!! In recent decades,
the development and engineering of heterogeneous catalysts on the nanoscale has been a
major focus as this optimises the number of surface sites per unit volume. One such area is
the use of nanoparticles (NPs), defined as materials that are between 1-100 nm in size.!* A
major benefit of using metallic NPs is the improved reactivity of the resultant catalyst in
comparison to the bulk metal. One method in which the reactivity can be improved is via the
deposition of NPs onto a support, this aids in increasing the surface area of the metal, and so
creates as many available active sites as possible.*? The dispersion of the nanoparticles
(Equation 1-1) is defined as the percentage of atoms on the surface, Ns, relative to the total
number of atoms in a particle (the bulk), Nt. By using the surface area and volume occupied

by an atom (in an FCC structure), the dispersion of a spherical Pd particle and the impact of
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particle size on dispersion have been calculated (Figure 1-3). The correlation between
particle size and the number of available surface sites is evident and, interestingly, when
preparing Pd nanoparticle catalysts with sizes < 2 nm, the dispersion and number of surface
atom sites are greatly increased. Furthermore, it is more economically viable to prepare
nanoparticles of precious metals than use bulk quantities.'® By thrifting these expensive
metals (e.g. Au, Pt, Pd) and supporting them as nanoparticles, highly active catalysts can be
produced that are both cost-effective and environmentally friendly.2*1” However, there is a
delicate balance to consider when preparing NPs with reduced sizes (< 5 nm), as the activity
can potentially be negatively impacted by decreasing access to the available surface sites,

e.g. with smaller size, a decrease in NP planes is observed.

Equation 1-1. Dispersion of nanoparticles, where Ns is the percentage of atoms on the

surface and N is the total number of atoms in a particle.
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Figure 1-3. Pd particle dispersion as a function of increasing particle diameter, calculated
using Equation 1-1.

To summarise, the use of NP catalysts is very beneficial for a multitude of modern processes
as the use of small quantities of precious metals affords highly active catalysts whilst keeping
the economic aspects of synthesis low.*-?! The anchoring of NPs onto support materials also
allows for their stabilisation with high NP dispersion.?? This is particularly useful for the
reforming of feedstock chemicals.?® In this work, NPs were supported onto a metal oxide, in
this case titanium dioxide (TiOz). TiO2 was chosen as the support due to its low cost and

non-toxic nature, as well as its chemical and thermal stabilities.?*2%26
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1.2 Synthesis of Metal Nanoparticles

Nanoparticle catalysts have, for many years, been extensively studied for a wide range of
chemical processes, including for the synthesis of fine chemicals and for green chemistry
applications.?’~?° Catalysts composed of metallic NPs with controlled shape, size and
structure have reportedly been prepared through a myriad of synthetic routes.®*2 The
production of these metal NPs can be categorized into two separate processes: “top-down”
and “bottom-up” (Figure 1-4). The former synthesis route utilises mechanochemical
methods, such as ball milling, to physically grind bulk metals into macro- or nanoscale
units.3*3* However, this route has limitations in forming NP catalysts with desirable
properties due to the low degrees of control. Top-down methods also require large quantities
of starting materials which are high in cost, making the process less lucrative.®*
Contrastingly, bottom-up approaches offer a more economically viable route for building
NP catalysts. Synthetic methods used in this approach involve the reduction of precursor
metals to atoms and/or ions. Subsequent to this, a growth stage causes the monomer/ionic
units to coalesce, forming metallic clusters and/or NPs.* In essence, nanoparticle formation
can be described as the following generalised process: reaction initiation by physical or
chemical activation, nucleation, particle growth and larger particle formation.*

Top-down Bottom-up
method method

Bulk _
material - Powder - Nanoparticles « Clusters - Atoms

Figure 1-4. Synthetic processes involved in the formation of nanoparticles; image is adapted
from Ealias and Saravanakumar, IOP Conf. Ser. Mater. Sci. Eng., 2017, 263,
1-15.%7

Of the many available bottom-up synthesis procedures, impregnation, co-precipitation,

and sol-immobilisation*® all yield NPs with desirable features (< 10 nm). Therefore, the
choice of an appropriate synthesis solvent is paramount in preparing ultra-small NPs

(1-5 nm) with maximal dispersion and greater surface site availability.

1.2.1 Impregnation

Impregnation is a widely used synthesis method in both academic and industrial research.

This is due to its ease of use and its capability to form supported metal NP catalysts with
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high surface-to-volume ratios and thermal stabilities, affording catalysts with up to 30 wt. %
metal loadings.*! During impregnation, the pores of a support material are wetted using a
metal salt precursor solution, the loading of which is dependent on the metal concentration
and solubility in solution. Synthesis through incipient wetness impregnation occurs when
the volume of the metal solution is equal to the total pore volume of the support. Through

this, a paste is produced that requires removal of the excess solvent via heat treatment.

A major drawback to impregnation is the use of thermal treatments. Removal of excess
solvent can be performed by either heating the solvent to its boiling point or by using more
gentle drying conditions with or without the flow of gases such as He, Hz, or N2.*> However,
the drying temperature must be carefully controlled as it can influence the dispersion of NPs
within the final catalyst; for an impregnated sample, the concentration of NPs can assemble
either homogenously, around the edge or in the centre of the support’s pore structure.*34*
Typically, high temperature thermal treatments are necessary to ensure complete removal of
any precursor salt residues, e.g. chlorine, as it is a poison that can detrimentally impact
catalyst activity.*>*® Interestingly, Sankar et al. described a modified impregnation method
for Au-Pd NPs, wherein an excess of CI- anions was used to help increase NP dispersion in
lieu of a stabilising agent; here, heat treatment in strong reducing conditions (5 % Ho/Ar
atmosphere) was employed to fully remove the residual Cl and prevent NP sintering.*® Dann
et al. also reported the influence of the precursor salt on the nucleation and growth of Pd
NPs supported on y-Al203.4" In their study, Pd NPs were prepared using two precursor salts,
palladium nitrate (Pd(NO3)2) and tetraamminepalladium (I1) hydroxide in NH4OH solution
(Pd(NH3)4(OH).), which formed Pd NPs with average sizes of 4.4 and 3.1 nm respectively.
Utilising combined X-ray absorption fine structure (XAFS) and diffuse reflectance infrared
Fourier transform (DRIFTS) spectroscopies, the nitrate precursor was observed to facilitate
the pre-assembly of monomer units over the alumina surface through the mono-, bi-, and
tridentate binding modes of NO». Conversely, the ammine based precursor displayed an
earlier onset of ligand decomposition during calcination, forming nitrosyl moieties that
adsorb onto Al,Qs, limiting the movement of Pd across the surface.*” The findings of this
study displayed how simplistic alterations to the choice of precursor salt played a significant
role on the final NP size; however, it did not afford narrower particle size distributions.
Whilst the impregnation preparation of NPs were readily optimised, the growth processes of
NPs could not be strictly controlled, e.g. as a result from the thermal treatment*? or the choice
of precursor salt.*” Hence, monitoring of the fundamental NP formation processes during

impregnation would be a difficult endeavour.
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1.2.2 Coprecipitation

Preparation of nanoparticle catalysts via coprecipitation is a relatively simple technique; not
only does it yield catalysts with high metal loadings (~ 60-80 wt %), it also allows for the
active phase (NPs) and the support material to be prepared in a single step.*® This protocol
has therefore been employed in industrial settings for the preparation of a large number of
commercial catalysts.*® Here, the one-pot method involves the controlled dosing and mixing
of the precursor components (metal salt solution and precipitating agent) to initiate
precipitation of the desired product whose characteristics, e.g. chemical phases, dispersion,
and surface area of the active phase, can be fine-tuned by manipulating the solution pH and
[metal salt].3#° The kinetics of nucleation and particle growth have been shown to be
adjustable in homogenous solutions by the controlled release of anions and cations which
can result in monodisperse nanoparticles.>® However, further work is required to obtain the
final catalyst; the gel formed through coprecipitation is aged (left to undergo chemical and
physical changes), washed (to remove any remnant precursor ions, e.g. Na or Cl, that could

negatively impact reactivity or selectivity), dried and then calcined.

This method is well researched in the literature, with many exploring how changes to the
synthesis parameters affect NP size. Al-Sayari et al. reported the preparation of Au/ZnO
catalysts with high Au NP dispersions and NP sizes <5nm, through a one-step
coprecipitation synthesis.® The metal loading of the Au NPs was found to be dependent on
the pH of the precipitation solution (Au loading: 6.5 wt. % at pH =5, 1.9 wt. % at pH = 10).
The acidic and basic nature of the precipitation solution is therefore an important factor in
controlling NP size but can also lead to leaching of Au. Another drawback to this method is
the large quantities of waste produced as the salt solution and the precipitation product have
to be separated by filtration prior to drying.*® When trying to measure the fundamental
processes of NP formation in coprecipitation methods, issues arise due to the high
supersaturation levels and low stability of the precursor salt solution, making it troublesome
to monitor particle growth during sample aging.*®“° Furthermore, the introduction of heat

treatments to remove residues can be detrimental when preparing NP catalysts (< 5 nm).

1.2.3 Colloids

Colloidal solutions are liquid mixtures consisting of one substance of ultra-small and
insoluble particles dispersed homogeneously throughout a second solvent. An example of

this is sol-immobilisation (Figure 1-5) which can be split into three important steps:
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(1) Reduction of the metal salt solution in the presence of a stabilising agent.
(2) Addition of a solid support (conventionally a metal oxide) and acidification of the slurry.

(3) Washing, filtering and drying (at room temperature) of the catalyst slurry.

Precursor Stabilising
salt solution

(1) 2) &) g@) 8)
Q
o O
o Q
Polymer stabilised Reduced Supported Supported
metal precursor salt metal nanoparticle slurry nanoparticles
solution colloid

Figure 1-5. Schematic illustrating NP synthesis via sol-immobilisation. Step (1) chemical
reduction of a metal salt solution (e.g. HAuCls) in the presence of a stabilising
agent (e.g. PVA) using a reducing agent. Step (2) the support material is added
to the formed colloid and is acidified. Step (3) Catalyst slurry is washed using
deionised water, filtered under vacuum and dried at room temperature for
> 12 hrs.

Pre-forming of the metal colloid is required during NP synthesis and is achieved via
reduction of the metal precursor to its zero valent state using a strong reducing agent, e.g.
NaBHjs (step (1)). This is performed in the presence of a stabilising agent, such as polyvinyl
alcohol (PVA), to limit coalescence of the colloidal NPs through steric or electrostatic
effects.>>® Acidification of the colloidal slurry in step (2) is required to immobilise the
colloidal NPs on the support surface. The required pH for this step corresponds to the
isoelectric point (pl), a state where the colloid or catalyst slurry carries no overall electric
charge. Furthermore, the pl is dependent on the support material used*!; for TiO, (P25, a
mixture of anatase and rutile phases of TiO2 ~ 80:20), the pl is equal to 5.8, therefore the pH

is adjusted to 1-2 to enable the metal to be supported via charge interaction.

Unlike synthesis through impregnation and co-precipitation, sol-immobilisation can be
performed without the use of thermal treatments post-synthesis, limiting the likelihood of
the supported NPs agglomerating via external influences. Advantageously, the parameters
used in colloidal synthesis can also be easily altered to afford greater control of NP

properties, e.g. the temperature of synthesis® and the stabilising®® and reducing agents,*® to
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produce ultra-small NPs <5 nm.*%" Furthermore, sol-immobilisation synthesis has been
utilised in the formation of bimetallic NPs with narrow size distributions.®*° Dimitratos et
al. described the capability of sol-immobilisation in the preparation of Au-Pd bimetallic NPs,
particularly in the synthesis of core-shell (Au@Pd and Pd@Au) NPs with controlled NP
sizes of 3-5 nm.® The catalysts prepared in this study showed much improved activity when
compared to those prepared through impregnation, whilst using much lower concentrations
of the metal salt. Synthesis via sol-immobilisation procedures is therefore highly favourable

for the preparation of tailored NP catalysts.

1.3 Colloidal Nanoparticle Synthesis: Batch vs. Microflow

1.3.1 Synthesis in Batch Conditions

Conventionally, the synthesis of metal NPs in laboratory procedures has revolved around
beaker sized reaction vessels (batch), where catalysts are produced on a gram scale. Sol-
immobilisation on batch scales has been described thoroughly in the literature, where
research in the control of NP properties has focussed on manipulating the temperature of
synthesis,%! the concentrations of reagents,%? the rates of reagent addition,®® the type of
reducing®® or stabilising® agents used, and the composition of the synthesis solvent.®> These
studies have been concerned with how changes to these parameters affect NP size; however,
this is not the sole property that impacts NP activity.®®®” Medlin et al. reported a method of
directing selectivity by using self-assembled monolayers (SAMs) of different thiols over Pd
NP surfaces, altering the availability of terrace and edge sites in the hydrogenation of
furfural.® The introduction of alcohols into the synthesis solvent is another beneficial
method to influence NP properties; Teranishi and Miyake described the use of incremental
volumes of short chain linear alcohols (C1-C3) added to the synthesis solvent in place of a
reducing agent for Pd NP formation.®® Here, Pd NP size was better controlled after refluxing
H2PdCls in 40 vol. % ethanol for 3 hrs. More recently, Rogers et al. investigated the
influence of EtOH on NP properties when prepared with a strong reducing agent (NaBHa4);
not only did this form Pd NPs with sizes < 3 nm, they were also able to tailor surface site
speciation.>® Adjustments to the synthesis parameters therefore allow for tailoring of NP
properties which provides an increase in product homogeneity as a function of narrowed NP
size distributions, as well as surface site availability.>*%® A less commonly reported step in
the formation of sol-immobilised catalysts is the impact of residual Cl and S species remnant

from the precursor salt and acidification process, respectively. Ineffective removal of these



Chapter One — Introduction

elements (Cl and S) from the surface is detrimental for NP catalysts as they both act as
poisons in various reaction processes.’®’* However, scaling up synthesis protocols from the
laboratory to industrial production creates additional issues; the number of process steps and
the need for vast parameter control make sol-immobilisation a laborious task, with
optimisation of the procedure through removal of specific steps highly sought after.
Additionally, a small change to the size of the reactor used can impact the reactant contact
time and the energy efficiency of the synthesis (temperature and mass transport phenomena).
This can then impact the control of NP nucleation and growth and, subsequently, reduce NP
homogeneity.’? It is therefore imperative to consider the effect of the synthesis procedure on

the homogeneous nature of the colloid when increasing the production of NPs.

1.3.2 Synthesis in Microflow Systems

In the pursuit of preparing “designer” nanoparticles continuously on an industrial scale, the
use and scale-up of microscale systems over macroscale (batch) production has yielded both
beneficial synthetic results and reductions to the overall cost of the process.”?* Importantly,
the use of microscale devices improves the potential of elucidating the principle nucleation
and growth steps in NP formation.”® This favourable synthesis method offers the user a

host of advantages over batch processes (Table 1-1).

Table 1-1. Advantages and disadvantages of microfluidic systems used for the synthesis of

nanoparticles.”’

Advantages Disadvantages

e Fouling/ deposition of nanoparticles is a
e Low solution/reagent consumption risk

e Excellent control of reagents and other 4 [ imited integration ~ with  online

experimental parameters characterisation techniques

(concentrations, residence times) e Labour intensive set-up

e High reproducibility of synthesis o Complex device design

* Increased mixing e Can be expensive to manufacture

* Reduced synthesis time microfluidic device/cell

The downsizing of reactor vessels from litre glass beakers to millimetre devices has led to
improvements in many areas of synthesis. One example of this is the optimisation of reaction

completion time; where synthesis through batch processes required multiple hrs of reaction

10
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time, the same process in flow can now be completed within a 10 minute time frame.”® This
is attributed to changes in the transfer of heat and mass through reaction mixtures (transport

phenomena).”®® Here, mass transfer refers to the concentration at which a reaction occurs.

By decreasing the size of the reactor vessel, the surface area-to-volume ratio rises allowing
for greater heat transfer and interaction of precursors and reducing agents inside microflow
systems; thus the transport phenomena produce a reaction mixture vastly higher in
homogeneity than batch analogues.®! Similar to this, a rise in atomic and environmental
efficiency is observable due to limited chemical waste formation, and a reduction in external
solvent used in purification steps.8? The microscale also improves the safety of reaction
processes where the chemicals used are harmful or toxic and aids in limiting the use of
expensive chemicals, such as precious metal salts.®® Synthesis of metallic nanoparticles on
microfluidic scales is therefore a useful method to employ for in situ studies of nanoparticle

nucleation and growth and has been reported widely.”®84-8¢

1.4 Nanoparticle Nucleation and Growth

Controlled synthesis of NPs with tailored sizes, shapes and surface site availability is well
established and proven to be reproducible through colloidal preparations.>*%>% However,
definitive understanding of the fundamental steps involved in NP formation is not yet
reported. Elucidating the mechanisms of nucleation and growth will allow for more
successful engineering of nanomaterials with specific and desirable sizes, shapes, structures

and dispersions, overall offering optimised routes to reproducible NP synthesis.

The process of formation consists of a primary nucleation step that is followed by
nanoparticle growth. The majority of the literature in this research area is based on classical
nucleation theory developed by Becker and Ddring; they describe the process of nucleation
proceeding if a supersaturation condition is met, as well as stating that the rate of nucleation
decreases as the precursor is depleted.®”8 Nucleation, in a homogenous fashion, is the
spontaneous and random formation of nuclei once supersaturation of the precursor at a
critical concentration has been achieved; it is described thermodynamically in Equation 1-2
for a spherical nucleus. Terms within this expression correspond to the favourable bonding
between two monomers decreasing the Gibbs bulk free energy (the negative term), and the
unfavourable nature of this bonding due to increases in Gibbs free surface energy (the
positive term). The relationship between the Gibbs free energy and the nuclei radius can be

plotted graphically as a NP cluster’s free energy as a function of its size (Figure 1-6).

11
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Continuous nucleation of monomers occurs until the critical radius, re, is reached and its
corresponding energy is the activation energy, AGc. Therefore, growth of the formed
particles does not begin until the activation energy has been met by clusters with sufficient
radius; if these criteria are not matched, dissolution of the cluster becomes a more feasible

process.88:8

4
AG=-§nr3 |AG,| +4n 1 y

Equation 1-2. Thermodynamic expression for the homogenous nucleation process; where
AG is the total free energy of a nanoparticle (the sum of the surface free energy
and the bulk free energy), r is the radius of a spherical particle, y is the surface

energy and |AG, | is the difference in Gibbs bulk free energy per unit volume.°

AG A /
/ surface energy
/
n/‘
//
./"

v’//
/\ radius

r‘,

AG,

bulk free energy

Figure 1-6. Graphical depiction of the dependence of the cluster free energy on the radical
cluster size according to classical nucleation theory, AG is the cluster free
energy, AGcis the maximum free energy and rcis the critical radial size; image
taken from J. Polte, CrystEngComm, 2015, 17, 6809—6830.%°

Classical nucleation theory acted as the foundation for the particle nucleation theory
developed by LaMer and Dinegar in 1950.% LaMer and Dinegar described burst nucleation:
a process dependent on the concentration of nuclei/monomer within the solution. Over a
short period of time, the concentration of the precursor solute, C, increases towards the
critical concentration for nucleation, Cerit, and once over this threshold, enters the nucleation
phase marked as | (Figure 1-7). This reaches a maximum when the precursor supply rate,
consumption rate for nucleation and nuclei growth are balanced (II). In stage (Il1),
consumption of the solute is proportional to the growth of the produced nuclei, in turn
decreasing the concentration below the critical level. Therefore, without a new nucleation

event occurring, the concentration of the solute decreases further until equilibrium is

12
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achieved.®% This process is thus determined by the supply rate of the solute and the
subsequent growth rate of generated nuclei. However, this approach only gives a generalised

view of the subsequent particle growth of stable nuclei.

In the immediate years after the theory of burst nucleation was published, Turkevich
proposed an alternative mechanism for Au® particle formation.®** He described the
formation of Au particles kinetically via an organiser pathway; here, Au® formation occurred

according to the following assumptions:
(1) Au nuclei within a solution formed with the same diameter,
(2) The subsequent growth processes were consistent for nuclei and larger particles,

(3) The complete end of the reaction occurred upon addition of hydroxylamine

hydrochloride.

C G e rEanng . R e e
()
Vo

) - P Smmm—

Concentration of solute

Time

Figure 1-7. LaMer nucleation and growth schematic. | and Il represent rapid increased
concentration of free monomers and burst nucleation respectively. 111 shows
decrease in concentration due to monomer diffusion through solution. C is the
equilibrium concentration of the solute with the bulk solid and Ciit denotes the
critical concentration as the minimum concentration for nucleation; image taken
from T. Sugimoto, J. Colloid Interface Sci., 2007, 309, 106-118.%

Turkevich’s organiser pathway describing the reduction of HAuCls using sodium citrate

therefore occurred in four distinct steps:

(1) Induction period, this is a chemical process, where the removal of the inhibitor for
reduction occurs. Inhibition of this process was found to be dependent on the oxidation
of citrate to acetone dicarboxylate ions. Nucleation was initiated once a sufficient

concentration of the oxidation product had been formed,

13
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(2) Autoaccelerating portion, this is where the rate of oxidation was much higher than the
usage of acetone dicarboxylate ions in chloroauric acid reduction,

(3) Linear portion, here nucleation occurs at a constant rate and is limited by the rate of
precursor reduction to nuclei,

(4) Decay portion, in this step, nucleation begins to decrease and the system shifts toward
particle growth, where the precursor was utilised on the surface of already formed
nuclei instead of undergoing independent reduction.

The general growth mechanism that followed this preparatory method was validated by Polte

et al. using combined small angle X-ray scattering (SAXS) and X-ray absorption near-edge

structure (XANES) analysis.?® In an ideal colloidal system nucleation would follow a

homogeneous regime, where spherical nuclei form at the same instance within the liquid

phase.® In reality homogenous nucleation is rarely observed due to impurities in reaction
solutions and the walls of the mixing channel offering alternative and higher energy surfaces

for instantaneous nucleation, leading to heterogeneous nucleation at varied rates.8%%

Growth mechanisms of nanoparticles have been postulated for nearly a century across
varying publications and reviews; however, it is still an area of colloidal science without
definitive understanding.16:88.90.9196-98 | aMer and Dinegar provided an assessment of growth
following burst nucleation, where diffusion of monomer units through solution toward one
another gives rise to particle coalescence and cluster formation (Figure 1-8).%° Ostwald,
however, detailed a conflicting theory whereby “ripening” of particles in solution was a
factor of NP solubility.*® Instead, it was proposed that growth occurred as a consequence of
smaller particles in solution, where particle size is inversely proportional to the chemical
potential of the particle. As the particle gets smaller in size, its surface free energy increases
as does the particle instability, causing the smaller particles to emit atoms (adatoms). These
emitted atoms then interact with larger, more stable particles and amalgamate with them
(Figure 1-8).

Coalescence Ostwald Ripening
Large Adatom
h Large
particle B
Small \ particle
particle Small
particle
— «— . .,
Support Support

Figure 1-8. lllustration of the differences between the two particle growth mechanisms, (left)

Ostwald ripening and (right) coalescence.
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1.5 In situ Investigations of Nanoparticle Formation.

The literature concerning real time measurements of nanoparticle formation is limited at
present, with studies offered using lab based techniques such as UV-Vis, 10101 TEM?® a5
well as more advanced synchrotron techniques, i.e. SAXS and XAFS."®8%102 gyccessful
pairing of these X-ray spectroscopic techniques with microfluidic systems has aided in
furthering the understanding of colloidal nucleation and growth via in situ studies;
particularly due to the reaction time post reagent mixing being proportional to the distance
travelled along the mixing channel.®® XAFS investigations of colloidal formation have
focussed on the determination of the average oxidation state and local geometry of the
colloids by examining colloidal solutions using XANES.1%-1%  Notably, initial
characterisation of the nucleation step has been published in recent years where the rapid
(< 300 ms)®* reduction of the Au metal salt precursor to its atomic species'® (Au**—Au°)
was followed in situ. However, determining NP size or nature of the adjacent atoms to the
X-ray absorbing atom is a harder task using XAFS, where extended X-ray absorption fine
structure (EXAFS) measurements of colloidal NP formation, to the best of the author’s
knowledge, have not been successfully reported. Instead, NP size and the growth process
have been measured by in situ SAXS.68%107.108 \Where calculation of NP growth is made
through fitting of experimentally acquired data, however, the lower limit of the method is
far larger than those of monomer units, a consequence of larger particles dampening the
scattering of smaller particles and monomers that can be present in the colloid. Other issues
arise from the fixing of particle sizes and shapes in calcualtions.%®'° Further discussion of

in situ XAFS in the literature is presented in section 6.1.5.

15
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1.6 Aims and Objectives

The principle aim of this body of work is to explore and elucidate how systematic changes

to the synthesis conditions applied within the sol-immobilisation procedure influence the

properties of nanoparticles. Furthermore, optimisation of the synthetic controls will be
examined for the preparation of catalysts with enhanced activities. This thesis will:

(1) Determine the effect of alcohols as solvents for sol-immobilisation of Pd nanoparticle
catalysts, as well as describe the influence of incremental alcohol concentration within
an optimised colloidal procedure,

(2) Ascertain how interactions between the solvent system and the stabilising agent influence
product selectivity in the hydrogenation of furfural at low temperatures,

(3) Assess the impact of the reduction temperature (1-75 °C) and precursor salt concentration
([Au] < 1000 uM) on the formation of colloidal Au nanoparticles, pre- and post-
immobilisation using ex situ XAFS experiments, and

(4) Elucidate the initial colloidal nucleation phase of Au nanoparticles by developing and

implementing a microfluidic cell for novel in situ XAFS measurements.

16
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Chapter 2 Materials and Methods

The sol-immobilisation synthesis protocol used for the work presented in this thesis, and the
characterisation and testing methods employed to interrogate the subsequently prepared Pd
and Au nanoparticle catalysts, are detailed in this chapter. Across all work, the prepared
colloidal and TiO. supported metal NPs have been characterised by ultraviolet-visible
spectroscopy (UV-Vis), transmission electron microscopy (TEM), scanning TEM (STEM)
coupled with energy dispersive X-ray (EDX) and electron energy loss (EELS)
spectroscopies, as well as Fourier transform infrared (FTIR) and diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS). Metal loadings for the prepared catalysts were
measured via microwave plasma atomic emission spectroscopy (MP-AES) and both the
nature of their chemical oxidation states, and their physical properties, were analysed on a
per atom average using X-ray absorption fine structure (XAFS) spectroscopy. For the
activity tested Pd catalysts (Chapter 3), the nature and strength of the acidic surface sites on
the Pd surfaces were measured via temperature programmed desorption/reduction
(TPD/TPR) using NHz and H> as probe molecules, respectively. Decomposition products of
the Pd nanoparticles catalysts, PVA and TiO, were also measured using thermogravimetric
analysis (TGA). Lastly, the fouling of Au NPs on the microfluidic cell channel’s walls

(Chapter 6) was examined using X-ray fluorescence (XRF).
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2.1 Reagents and Materials
The suppliers of all chemical reagents and assorted materials used for catalytic synthesis and
for beamline studies are detailed in Table 2-1, Table 2-2 and Table 2-3.

Table 2-1. Chemical reagents used in the synthesis of colloidal Pd nanoparticles and for

furfural hydrogenation testing in Chapters 3 and 4, respectively.

Reagent Supplier Chapter

Potassium Merck 3
tetrachloropalladate
(K2PdCls, > 99.99 %, trace
metal basis)

Sodium tetrachloropalladate Merck 3&4
(NazPdCla, > 99.99 %, trace
metal basis)

Sodium borohydride Merck 3&4
(NaBH.)

Polyvinyl alcohol (PVA, Merck 3&4
My = 9000-10,000 g mol*
80 % hydrolysed)

Concentrated sulfuric acid Merck 3&4
(H2S0s4, 95-97 %)

Methanol (MeOH, Merck 3&4
>99.99 %)
Ethanol (EtOH, > 99.99 %) Merck 3
1-Propanol (PrOH, Merck 3
>99.99 %)
Isopropyl alcohol (IPA, Merck 3&4
>99.99 %)
tert-Butyl alcohol (tBuOH, Merck 3
>99.99 %)
Furfural (99 %) Merck 4
Dodecanol (98 %) Merck 4
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Table 2-2. Chemical reagents used for the synthesis and measurement of Au/TiO. and Au

colloidal nanoparticle formation as presented in Chapters 5 and 6, respectively.

Reagent Supplier Chapter
Hydrogen tetrachloroaurate (I11) Merck 5&6
hydrate (HAuCls-xH20, > 99.9 % trace
metal basis)

NaBH4 Merck 5&6
Dimethylamine borane (DMAB) Merck 6
PVA (Myw = 9000-10,000 g mol* Merck 5&6

80 % hydrolysed)
TiO2 (P25) Degussa 5
Sodium hydroxide (NaOH, pellets) Supelco 6
Sulfuric acid (H2S04, 37 %) Merck 5
Octadecafluorodecahydronaphthalene Merck 6

(PFD, 95 %)

1H,1H,2H,2H-Perfluoro-1-octanol Merck 6
(PO, 97 %)

Table 2-3. Materials and equipment used in the development of a microfluidic device for the
measurement of colloidal Au NP formation as presented in Chapter 6.

Material / Equipment Supplier Chapter
PTFE tubing (varying inner Cole-Parmer 6
diameters)
PEEK fittings Col-Parmer 6
Masterflex® C/L® Cole-Parmer 6
Peristaltic pump

Aladdin AL1000HP syringe World Precision 6
pump Instruments

Aladdin AL4000 double World Precision 6
syringe pump Instruments
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2.2 Sol-Immobilisation Synthesis of Metal Nanoparticles

All metal nanoparticles were prepared following a variation of a standard sol-immobilisation
method; systematic changes were made to the pre- and post-immobilisation steps, depending
on the chapter of interest, to investigate their resulting influence on NP formation.* For the
work presented in this thesis, colloidal synthesis has been performed by reducing a metal
salt solution, prepared using either KoPdCls, Na2PdCls or HAuCls-xH20O, in the presence of
a stabilising agent, for example PVA, to limit unwanted coalescence and collapse of NPs via
steric and/or electrostatic effects, and form small NPs with narrow size distributions.®® The
following reducing agents were used in this work: for Chapters 3-5, supported Pd/TiO2 and
Au/TiO> catalysts were prepared using NaBHa to ensure rapid and complete reduction of the
aqueous metal precursor to colloidal monomer units.® However, the rapid decomposition of
NaBHy, in water releases large quantities of Hz(g), which is an issue when measuring in situ
colloidal Au formation. The colloids prepared in Chapter 6 were therefore reduced using
dimethylamine borane (DMAB), a milder reducing agent, to suppress the evolution of
Ho).1° Synthesised NPs in this work were all supported on TiO, (P25) allowing
improvements in catalytic properties to be compared against prior work in the group;>*! the
low toxicity and high physical and chemical stabilities of TiO; affords strong metal-support
interactions during acidification and loading of the active component, however, this is not a
key facet of the work. Systematic variations made during metal NP synthesis in each chapter
are outlined in their respective sections. Briefly, the employed parameters explore the
influence of the composition of the synthesis solvent,'*? the nature of the stabilising and
reducing agents,®*3 the reduction temperature (1-75 °C),® and the concentration of the metal
precursor salt on NP properties.®

2.3 Ultraviolet-Visible Spectroscopy

Ultraviolet-visible spectroscopy describes the absorbance and reflectance of light in the
200-800 nm region of the electromagnetic spectrum. Chromophoric materials can be
irradiated using a UV light source causing promotion of ground state electrons to higher
unoccupied molecular orbitals; these transitions allow for the excitation of -, non-bonding
or d-band electrons. This is calculated using the Beer-Lambert law, which describes how the
molar extinction coefficient, ¢, the concentration of the absorbing species, ¢, and the path

length, 1, all contribute towards the absorbance of a solution, A.
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Changes in chromophoric properties are easily observed in this work during reduction of the
metallic precursor salt solutions from the Pd?*/Au®" oxidation state(s) to the zero-valent
colloids, which is exceptionally useful when studying the initial formation of NPs. For the
Pd catalysts, removal of ligand-to-metal charge transfer (LMCT) and d-d transitional
absorption bands across the UV-Vis spectrum, as well as formation of a broad and
continuous absorption band, highlighted that chemical reduction had taken place and that the
colloidal Pd had been formed.!*!> The metal of the precursor salt has influence on the
features measured in the UV-Vis spectrum during reduction; for Ag-, Cu- and Au-based
colloidal solutions, the evolution of a broad absorption band does not appear. Instead, a
surface plasmon resonance (SPR) band is observed upon reduction.'®t” On exposure to light,
the oscillating electromagnetic field of the light induces a collective coherent oscillation of
electrons in the metal conduction band of the metal NP. Oscillations around the particle
surface lead to charge separation, and subsequent dipole oscillations along the direction of
the light’s electric field occur which are deemed as SPR when the amplitude of the oscillation
reaches a specific frequency (Figure 2-1).18 Strong absorption of the incident light results
from the SPR, and can therefore be measured using UV-Vis spectrometers. SPR band
intensity and wavelength have been shown to be dependent on NP properties that affect the
electron charge density on the particle surface, such as: metal type, particle size, shape,
structure and composition.®*2?° This technique is known to be very useful in quantifying
NPs < 20 nm; however, when NP size is < 10 nm, the SPR band of Au NPs is dampened due
to phase changes resulting from the increased rate of electron-surface oscillations compared

to larger particles.?!

Metallic Electron Cloud
Nanoparticle

Figure 2-1. Illustration of the surface plasmon resonance for a metallic sphere; image taken

from www.Nanohybrids.net/pages/plasmonics.??
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UV-Vis data of the different Pd and Au solutions and colloids were acquired by placing
4 mL of the solution into a quartz cuvette which were run against a blank of the
corresponding solvent solution, this acted as the background reference. Measurements were
made using a Shimadzu UV-1800 UV-Vis spectrophotometer.

24 Microscopy and Sample Imaging

2.4.1 Transmission Electron Microscopy

Transmission electron microscopy allows for the morphologies of catalyst surfaces to be
observed on nanometre scales, enabling surface NP particle sizes and distributions to be
measured and calculated, respectively. Synthesis of metal NPs through a sol-immobilisation
procedure yields particles with average sizes ranging from < 1 to 100 nm, pushing the limit
of what light microscopes can effectively image. Instead, electron microscopes are used to
achieve higher magnification, by treating electrons as both waves and particles, described
by the de Broglie equation (Equation 2-1).23 Adjusting the velocity of the electrons can yield
the desired wavelength for use during TEM imaging.

~
I
N>

Equation 2-1. The de Broglie equation, where ). is the wavelength of light, h is Planck’s

constant (6.626 x 1034 J s) and p is the momentum of light (velocity X mass).?®

In a conventional electron microscope (Figure 2-2), an electron beam is generated through
the emission of electrons from a tungsten filament located at the top of the microscope under
an atmosphere of ~10° mbar. The generated electron beam is then focussed by a series of
condenser lenses whilst travelling toward the sample inside of a vacuum chamber, only
allowing electrons within a small energy range to pass through, giving the electron beam a
well-defined energy.?* Interaction of the beam and the sample is dependent on sample
thickness and atomic number of the sample, the electron beam can therefore be absorbed or
scattered by differing degrees. Post-sample interaction, the electron beam is spread by
projection lenses onto a phosphorescent screen allowing for observations to be made by eye.
Finally, the electron beam is converted into a digital image by a charged couple device
(CCD) fitted to the microscope.

TEM measurements were performed at the Research Complex at Harwell (RCaH), Didcot,
U.K. using the Gatan Microscopy suite software to view and acquire NP images. Catalyst
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samples were first prepared by adding < 10 mg of the solid sample in high purity ethanol
and sonicated for 15 minutes to ensure complete dispersion. 40 uL of the suspension was
then pipetted onto a holey carbon film supported on a 300 mesh Cu TEM grid. The grids
were then left at room temperature to allow for any remaining solvent to evaporate before
insertion of the grid into the microscope. The microscope used was a JEOL JEM 2100 EM
with an acceleration voltage of 200 KeV. ImageJ software was used to display the NP images
and calculate the average NP diameter for each catalyst with a sample population of between
200-300 NPs.®

€ source

Condenser
lens

Sample ><
Projective
. -] é =N

Figure 2-2. Simplistic schematic of a transmission electron microscope. The path of the

Condenser
aperture

Objective lens

Screen

electron beam is shown from the electron source toward the viewing screen;
image is adapted from Atomic World, http://www.hk-phy.org/atomic_world/te

m/tem02_e.html.?*

2.4.2 Scanning TEM and High Angle Annular Dark Field and Bright Field
Imaging Modes

Scanning TEM was used to acquire images at higher magnification and resolution than is
capable with a conventional electron microscope. STEM imaging is performed in the same

way as with TEM; however, once the electron source beam is accelerated to high energy, it
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is passed through a high quality magnetic lens, projecting a highly demagnified image of the

electron source on the sample, producing a focussed probe that is scanned to generate the

images.?® Three main imaging modes are utilised in STEM that are based on the path of

electrons scattering from the sample (Figure 2-3):

(1) High angle annular dark field imaging (HAADF), where scattered electrons are collected
by the HAADF-STEM detector in greater quantities than can pass through objective
apertures of the microscope. Detection at a high angle means that electrons are
scattered from the nucleus of sample atoms, making the technique highly sensitive to
changes in the atomic number of the sample.

(2) Dark field (DF): much like HAADF, dark field electrons are collected by the detector
after they have been scattered away from the incident direction. Here, the atomic
number of the scattered atoms influences the image. Heavier atoms such as Au and Pd
can therefore give brighter regions against dark backgrounds due to the higher number
of electrons applicable for scattering.

(3) Bright field (BF): Due to the electron source beam not travelling close to the sample atom
centres, the electrons suffer limited change in their angular coordinates after
interaction and subsequent scattering, they are then collected by the detector, with

heavier atoms giving a darker response against lighter backgrounds.

Samples imaged using STEM were prepared in the same way as samples for standard
electron microscope, however, the solution was pipetted onto a 300 mesh holey carbon Cu
grid instead. BF and HAADF STEM analysis was performed at the electron Physical Science
Imaging Centre (ePSIC) facility on the 114 beamline at Diamond Light Source (DLS),
Didcot, U.K. using a JEOL-ARM 2000 Aberration-Corrected Transmission Electron
Microscope and at Johnson Matthey Tech Centre (JMTC), Sonning Common, Reading, U.K.
using a JEOL JEM 2800 STEM; both microscopes were run at an accelerating voltage of
200 KeV.
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; € source

Aperture

X-y scan
STEM

Image

-
[

HAADF-STEM detector

5 DF-STEM detector
BF-STEM detector

Figure 2-3. Schematic diagram of the possible scanning transmission electron microscopy
(STEM) imaging modes. The position of the detectors used in High Angle
Annular (HAAFD), Dark Field (DF) and Bright Field (BF) modes are shown;
image adapted Z. Li, Scanning transmission electron microscopy studies of

mono- and bimetallic nanoclusters, Elsevier Ltd, 1st edn., 2012, vol. 3.2

2.4.3 Energy Dispersive X-ray Analysis

Energy dispersive X-ray analysis is an element specific characterisation X-ray technique
commonly coupled with electron microscopy to give an overall mapping of the sample
surface. EDX analysis works on a similar principle to X-ray fluorescence (section 2.10);
briefly, an electron beam with energy of 10-20 KeV strikes the sample, resulting in the
ionisation of a core-level electron and the formation a core-hole in its place. An electron
from a higher valence drops to fill the vacancy, and the difference in energy between the
higher and lower orbitals is the element specific X-ray fluorescence that is detected by the
EDX detector. Movement of the electron beam across the surface yields a combined image
of the different elements in the sample, however, the X-ray intensity of the device is low and
so to build up a complete map scan can take long periods of acquisition time.?” The measured
fluorescence line is named after the origin of the core shell, e.g. K-edge is the electron

excitation from the 1s orbital, the origins of X-ray nomenclature can be found in section 2.8.

EDX analysis was performed simultaneously with STEM imaging, using JEOL EDX
detectors attached to the microscope at IMTC (JEOL JEM 2800 STEM, 200 kV) and
performed by Dr. Briceno de Gutierrez of JMTC, Sonning Common, Reading, UK.
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24.4 Electron Energy Loss Spectroscopy

Electron energy loss spectroscopy can also be used to determine the elemental information
of the sample, however, the process of analysis for EELS is different to EDX. In EELS,
electron spectrometers record the energy lost by the primary electron beam as a result of
inelastic interactions with the specimen atoms, ranging from plasmon interactions to
ionisation processes. From these processes, structural and electronic information of specific
elements in the sample can be acquired.?® Inelastic scattering of the electron beam on
interaction with the sample leads to a loss in energy, it is the distribution of these scattered
electrons that provides element specific information. Interaction of the source beam and the
sample is however limited to thin atomic layering and use of a low energy electron source
beam (100-1000 eV).?® The valence region (energy loss is < 50 eV) contains information
concerning the band structure of the sample atoms. In this region intense features arise from
the dielectric properties, surface plasmon resonance or transitions from the valence to
conduction bands of the sample.?® At higher energy loss (> 50 eV), the characteristic features
(ionisation edges) are prominent due to the lower proportion of inelastically scattered
electrons, where a core-level electron absorbs enough energy from the source beam to be
excited toward the continuum.* It should be noted that the most intense peak is recorded at
0 eV, corresponding to the zero-loss peak, a peak where electrons are not scattered in the
specimen but have been scattered elastically by interaction with the atomic nuclei (Figure
2-4).2831

EELS was performed at the ePSIC facility on the 114 beamline at the same time the STEM
images were acquired at DLS, Didcot, U.K. using a JEOL-ARM 2000 Aberration-Corrected
Transmission Electron Microscope by Dr. Dung Tang of JMTC, Sonning Common,
Reading, U.K.
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Figure 2-4. EELS spectrum showing the ionisation edges and zero loss peaks over a sample
spectrum; image taken from Hofer et al., IOP Conf. Ser.: Mat. Sci. Eng., 2016,
109, 1-9.28

2.5 Infrared Spectroscopy

Infrared spectroscopy is a commonly employed laboratory-based technique, used to detect
molecular vibrations within the infrared region of the electromagnetic spectrum
(400-4000 cm™). Structural information, e.g. functional groups, are described by these
molecular vibrations. Of these functional groups, the vibrations can be separated by two
types of stretching modes, symmetric and antisymmetric, and four types of bending
vibrations, scissoring, rocking, wagging and twisting.3? For functional groups to be IR active,
the electric dipole of the sample molecule must change during vibration and therefore, must

obey the vibrational selection rule (Equation 2-2).

Av==+1

Equation 2-2. Vibrational selection rule for harmonic oscillation transition, where v is the

vibrational quantum number.

The ability to characterise the association of liquid and gas phase probe molecules to solid
surfaces has made the technique especially useful in catalyst characterisation. The strength
of the acidity (e.g. Brgnsted —OH surface groups and Lewis cationic sites) and basic nature
of surface sites on the metal oxide supports can be quantified using probe molecules coupled
with IR absorption spectroscopies (e.g. FTIR, DRIFTS). For these acidic sites, basic probe
molecules such as pyridine, acetonitrile, NHs and other amines are generally used.®*34 The
use of compounds containing NH functionalities are best suited to elucidate the strength of

surface acid sites, whereby the binding of the NH containing compounds displays IR bands
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at ~ 1475 and 1689 cm™, suggest the adsorption of NHx onto Brgnsted acid sites, whilst
adsorption bands observed at ~ 1140, 1450 and 1580 cm™ infer the association of the probe

molecule with Lewis acid sites.®>38

Basic surface sites, e.g. free oxygen atoms on a metal oxide surface, however are identified
using probe molecules with underlying acidic natures, i.e. CO, and MeOH.* Association of
the probe molecule with the surface gives rise to different binding modes, e.g. the adsorption
of CO2 yields mono- and bidentate carbonate species; bridge coordinated HCOs3", and linearly

coordinated COy, are utilised to measure the basic strength of a surface site.

It is also possible to use an IR active substance to characterise available metal nanoparticle
surface sites through shifts in their band intensities, and their characteristic wavelengths.?
CO is a commonly used probe molecule and can be identified by IR bands between 1800
and 2200 cm™, corresponding to both linear and bridged surface sites (Figure 2-5). By using
CO as a probe molecule, variations to NP surface availability can be identified via shifts in
the frequency of adsorption bands, resultant from changes to the electron density of the

occupied m* CO molecule bonding orbital.*°

Linear CO Bridged CO

s

 aien

Figure 2-5. Simplistic diagram showing the types of linear and bridged Pd NP surface sites

available for CO adsorption studies.

For the purposes of this body of work, the acid surface sites were probed using NH3
(Chapter 4), and the available surface sites of metal NPs were measured using CO
(Chapters 3 and 4).

25.1 Transmission Infrared

The highly absorbent nature of solids makes transmission IR measurements quiet difficult.
To circumvent this issue, samples for transmission IR can be prepared as thin, self-

supporting pellets made from < 30 mg of sample. As a known mass of the catalyst is used,
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the surface coverage of the probe molecule can be determined quantitatively. During
transmission IR measurements, a collimated IR beam is split into two paths, one is directed
towards a stationary mirror, and the other moves towards a moving mirror. The constant
movement of one mirror back and forth creates a changing path difference between the
reflected beams, known as a sinusoidal signal, or more commonly, an interferogram. The
interferogram contains information on the absorption intensities at each wavelength in the

specified IR region, and is translated into the IR spectrum by Fourier transform.*!

Transmission IR spectra of the supported NP were acquired by first preparing a thin pellet
(13 mm in diameter) from ~ 30 mg of the fresh powder catalyst. After being placed into an
air-tight transmission cell, pure He(g) (30 mL min™) was used to purge the sample and sample
surface for 30 minutes. After this purging period, the He flow rate was reduced
(20 mL min), and 1 minute pulses of 10 % CO/He (10 mL min™) were introduced over the
sample. Once the surface became saturated with CO, excess gaseous CO, physisorbed to the
surface and remaining in the transmission cell chamber, was removed by purging the
chamber with He (30 mL min™t) for 30 minutes. Background spectra were obtained
following this and were subtracted to give IR spectra detailing the available NP surface sites.
IR spectra were obtained using a Nicolet iS10 spectrometer at a spectral resolution of 4 cm™
accumulating 64 scans. Data processing was performed using the OMNIC software package.

2.5.2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy

Characterisation of IR active species within samples that are too absorbing for transmission
experiments can be achieved by measuring the diffuse reflectance of the incidence beam
from the sample surface. For DRIFTS measurements, minimal quantities of sample are
required (< 10 mg), and, so, can be loaded directly in the DRIFTS cell, with minimal sample
preparation. Interaction of the IR source beam with the sample surface leads to different
processes occurring: absorption, specular reflection, internal reflection and diffuse
reflection. In DRIFTS studies, it is the diffusely scattered IR radiation that is considered. As
the sample is irradiated, the IR beam is not only reflected from the surface, it also penetrates
the sample, causing multiple reflective events beneath the surface. The resultant IR radiation
is scattered in every direction from the sample and is focussed and directed to the detector
via mirrors in specific positions surrounding the sample cell (Figure 2-6). Due to the
increasing signal loss as the IR radiation bounces off of each subsequent mirror, a highly
sensitive detector is necessary; a mercury cadmium telluride (MCT) detector is frequently

used for measurements of this kind.*®
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Figure 2-6. Schematic of the DRIFT optical pathway from start point to detector in a praying
mantis cell; image adapted from A. M. McCullagh et al., Top. Catal., 2021,
DOI:10.1007/s11244-021-01435-y.42

In this body of work, DRIFTS measurements were collected in conjunction with temperature
programmed desorption studies of NHz over Pd-based catalysts (Chapter 4). DRIFTS
datasets were acquired using a Harrick praying mantis DRIFTS cell integrated with an
Agilent Carey 680 Fourier-transform infrared spectrometer. Data was recorded taking 64
scans at 4 cm™ resolution using a high-sensitivity liquid nitrogen cooled MCT detector. Two
experimental procedures were used; (1) pre-reduction of the sample surface performed in
4% Hy/He (40 mL mint) for 30 minutes at 150 °C and (2) pre-treatment in He
(40 mL min) at 150 °C for 30 minutes. The cell was then cooled to 25°C in He
(40 mL min™). The sample was then heated to 100 °C, once at temperature, 5 % NHa/He
(40 mL min™) was introduced until the surface was adequately saturated. Once saturated, the
gaseous mixture was switched to He (40 mL min) and heated to 450 °C (10 °C min™).
Background DRIFTS spectra were recorded in flowing He (40 mL min™) at 100 °C and

subtracted from each sample spectrum.

2.6 Thermoanalytical Characterisation Techniques

Thermal analysis covers a range of characterisation techniques where the physical properties

of a substance are measured as a function of temperature.** Typically a linear heating profile
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is applied, with heating rates specified depending on the process under investigation and the

capabilities of the instrument’s furnace/sensor.

2.6.1 Temperature Programmed Desorption

Temperature programmed desorption is a thermoanalytical technique which enables the

structure and quantity of an adsorbed species to be determined by subjecting the sample of

interest to a temperature ramp. The use of various substrates during TPD measurements
allows for the acidic or basic nature of the sample surface to be realised and elucidates the
method of decomposition of the adsorbed species at specific temperatures.*

TPD experiments typically consist of three main steps:

(1) Pre-treatment of the sample. During this step, the sample is purged with an inert gas (He,
N2, Ar) at a temperature high enough to adequately clean the sample surface without
altering the sample morphology, i.e. preventing artificial NP agglomeration.

(2) Adsorption of the probe molecule (acidic surfaces: NHs, pyridine etc., basic surfaces:
CO;,, methanol) at room temperature.®34® The adsorption process occurs until either a
specific surface coverage or complete saturation is achieved.

(3) Desorption of the adsorbed species occurs via linear heating of the sample whilst the
sample is exposed to a constant flow of an inert gas, which carries the desorbed species
towards the detector. Observation of decomposition products at increased temperature

is a common occurrence in a vast number of TPD experiments.

TPD measurements were acquired as described in section 2.5.2; briefly, samples were
analysed as close to operating conditions as feasible, therefore, the common catalyst heat
pre-treatment to remove surface species was not performed. Instead, the sample was purged
with NHs and a heating ramp from 25 to 450 °C was set. The adsorption and desorption of
NHs was monitored using a mass spectrometer (Hiden QGA) (m/z=17), as well as
monitoring the outlet for H> (m/z = 2), N2 (m/z = 14), H>O (m/z = 16) and the carrier gas He
(m/z = 4).

2.6.2 Temperature Programmed Reduction

Temperature programmed reduction using Hz (H2-TPR) is a useful technique to determine
the optimum reducing conditions for both supported and unsupported metal oxide
catalysts.*”#® Further to this, the consumption and production of Hz on the sample surface

can be identified.**>° TPR reactions are monitored using a thermal conductivity detector
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(TCD) (section 2.11.2), whereby the consumption, and production, of the reducing gas is
measured, generating a spectrum where the maximum reduction temperature, Tm, can be
found. The parameters required for successful TPR measurements with improved sensitivity
were initially investigated by Monti and Baiker who defined the characteristic figure, K
(Equation 2-3).°!

So

K= —
FC,

Equation 2-3. Definition of the characteristic number K discovered by Monti and Baiker,
where So is the quantity of reducible species (umol), F is the reducing gas flow
rate (mL min't) and Co is the [H2] in the gas feed (umol mL).>!

The use of a heating rate between 6 and 18 K min® must be employed to yield a K value
within the desired limit, 0.9 <K <2.3 min; in cases of K < 0.9 min, the sensitivity of the

instrument becomes too low for adequate or reliable reduction profiles to be acquired, when
K > 2.3 min, the consumption of H> becomes greater than the ideal § H> consumption

proposed for acceptable sample reduction.®® Reduction of the investigated species is
assumed to occur via first-order kinetics with respect to the sample and the reducing gas.>?
Further work by Malet and Caballero adapted the above equation to include the heating rate,
B, allowing for a new parameter to be described: P (Equation 2-4).5

B So

P:_
FC,

Equation 2-4. Definition of the characteristic parameter P as described by Malet and
Caballero, where B is the heating ramp rate (K min?), So is the quantity of
reducible species (umol), F is the reducing gas flow rate (mL min™) and Co is
the [H2] in the gas feed (umol mit).>3

In their work, Malet and Caballero demonstrated that the value of this new parameter, P,
describes the resolution of the reduction profile and can be used to show multi-step reduction
mechanisms, whereby P < 20 K to achieve a usable resolution.®® Whilst changes to the ratio
of the heating rate and initial concentration of the reducing gas feed are important in
displacing the position of the T, the profile shape is dependent on the mass of the catalyst,
i.e. the initial quantity of reducible surface sites.>® If the sample size is too large, the
resolution will be lost due to mass-transfer limitations giving non-homogeneous reduction

across the catalyst.>
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The ability of Pd to readily activate hydrogen at sub ambient temperatures has been known
for many years.>>*® Resultant from this is the formation of Pd hydride, whereby hydrogen
atoms occupy interstitial sites within the Pd lattice.>® As the temperature of reduction
increases reaches between 50-80 °C the hydride decomposes reforming metallic Pd, this
temperature has also been found to be linked to increases in crystallite size.>"~%° This causes
the decomposition process to result in more Hx to be observed within the eluent gas,

producing a negative peak in the TPR spectrum.

2.6.3 Thermogravimetric Analysis

Thermogravimetric analysis is a widely utilised technique for determining decomposition
and combustion products, coke formation and phase transitions by monitoring a sample’s
weight loss or weight gain during a temperature program. The methodology developed by
Honda in 1915 measured the weight loss of a sample using a thermo-balance, typically
0.1 pg precision, and compared to an empty crucible reference.t::5? Between 10-20 mg of
sample is placed into a crucible and subjected to increasing temperature under an inert or

reactant gas stream.

2.7 Microwave Plasma-Atomic Emission Spectroscopy

Microwave plasma-atomic emission spectroscopy is used for calculating the metal wt. %
loading of the fresh Pd catalysts. This method was chosen due to its greater accuracy (ppm)
when compared to elemental quantification using energy dispersive X-ray analysis
(0.1 wt. % sensitivity). Analysis involves an initial step of digesting the samples, three
100 mg samples of each powdered catalyst, by separating the metallic species from the
support material using aqua regia (1:3 HNO3:HCI, both analytical grade). The sample and
aqua regia solutions are transferred into PTFE tubes, sealed, and placed into an Atom Paar
Microwave 3000 centrifuge, along with an aqua regia blank. The samples are then heated to
200 °C and held for 40 minutes before cooling to room temperature. Post digestion these
samples are then diluted to 10 vol. % solutions using deionised water (18.2 MQ cm).
Support particulates are removed from the solutions before analysis by filtering through
PTFE syringe filters (Cole-Parmer, 0.22 um pore size, and 50 mm diameter). Standard
solutions prepared at Pd concentrations ranging from 1-20 ppm were prepared using a
1000 ppm Pd stock solution (10 % HCI, VWR) and a 10 % aqua regia solution. These
standards were loaded for analysis along with samples of 10 % aqua regia and used to

calibrate the spectrometer. Calibration curves at the four wavelengths were measured using
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standards prepared at 1, 2, 5, 10, 12.5, 15, and 20 ppm Pd in 10 vol. % aqua regia from a
1000 ppm Pd stock solution (10 % HCI, VWR), with an associated error in the calibration
standards of 10 %. A test sample was always prepared at 7 ppm to validate the reliability of
the standards (Figure 2-7). All standards, blanks and samples are vaporised and passed
through a microwave induced plasma, exciting electrons in the sample to higher energy
states. On the return of the electrons to their initial ground state, a specific and characteristic
emission is detected using an Agilent Technologies 4100 MP-AES at four wavelengths of

light corresponding to atomic transitions of the sample material.
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Figure 2-7. Calibration curves for microwave plasma — atomic emission spectroscopy used
to analyse the wt. % Pd loading of all catalysts in this thesis. Four different
wavelengths of Pd were measured, a)324.270nm, b)340.458 nm,
¢) 360.955 nm and d) 363.47 nm. A test sample was plotted against each curve

to examine the accuracy of the Pd standards, this was at Pd concentration of

7 ppm.
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2.8 X-ray Absorption Fine Structure

X-ray absorption fine structure is an element specific technique that describes the chemical
and physical properties of materials through the absorption of X-rays. Interaction of a sample
at energies near and above the core-level binding energies of the electron result in the
excitation of an electron from a core orbital in a photoelectric effect. This affords sensitivity
to the formal oxidation state, coordination geometry, bond distances and coordination
number of the absorbing atom. Importantly, crystallinity is not a necessity for XAFS
experiments, making it uniquely placed as an X-ray technique capable of measuring non-
crystalline and disordered materials, such as solutions.® Furthermore, the highly penetrating
nature of X-rays means that elements of trace abundance within the sample can be readily

measured.53.64

Promotion of an electron from the core level toward the continuum yields an element specific
absorption edge, shown by an abrupt increase in the absorption cross-section at a specific
energy.® XAFS spectra can be divided into two regions, pre- and post- this absorption edge.
Prior and inclusive of the edge jump is the X-ray absorption near-edge structure (XANES)
region, which probes the photoelectron excitation toward the continuum, vyielding
information concerning the chemical nature of the absorber, i.e. elemental oxidation state
(edge) and local geometry (pre-edge). In XANES spectra, where the absorption edge leads
to an intense peak can be referred to as the white line peak. This is a term which dates from
the early near-edge measurements performed on photographic film, wherein the intense
absorption peaks and over exposure, burned white lines on to the developed film. After the
edge jump, physical characteristics can be elucidated via assessment and computational
fitting of the higher energy region, this is the extended X-ray absorption fine structure
(EXAFS), and details the coordination number and radial distances from the absorbing atom
to its nearest neighbours.®
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2.8.1 XAFS Theory

Analysis of materials by XAFS allows for element specific characterisation through the
energy-dependent absorption coefficient: u(E). The probability the X-rays will be absorbed
Is described by the Beer law for transmission (Equation 2-5), where the absorption

coefficient is given in Equation 2-6.

I =1, en®)

Equation 2-5. Beer law for transmission, where I is the incidence X-ray intensity, I; is the
transmitted X-ray intensity, t is the sample thickness and u(E) is the energy-

dependent absorption coefficient.

_rZ
“ mE
Equation 2-6. Relationship of the absorption coefficient, where p is the sample density, Z is

the atomic number, m is the atomic mass and E is the X-ray incidence energy.

XAFS is a technique that measures the intensity of the absorption coefficient as a function
of energy.®* Irradiation of the sample by the incident X-ray at an energy equal to that of the
binding energy of a core-level is excited to the continuum, forming the absorption edge, this
is the photoelectron effect.®* The position of the absorption edge and its nomenclature are
dependent on the origin of the promoted photoelectron, e.g. primary orbital and principle
quantum number (Figure 2-8).5% Excitation of the core level during this process ejects the

photoelectron with Kinetic energy, Ej.

Ek:hU-EB

Equation 2-7. Determination of core level excitation events through the detected kinetic
energy, Ex, where Eg is the binding energy, hv is the energy of the incident beam:

h represents Planck’s constant and v is the frequency of the incidence beam.
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Figure 2-8. Origin of X-ray absorption edge states corresponding to electron absorption
from the ground orbital states and the transitions involved in the XANES and
EXAFS spectrum; image adapted from J. Evans, in X-ray Absorption
Spectroscopy for the Chemical and Material Sciences, ed. J. Evans, Wiley, 1%
edn., 2018, pp. 117-162.57

On excitation of the photoelectron into the continuum, description of the electron in terms
of the wave behaviour allows for understanding oscillatory nature of the EXAFS region. The
excited photoelectron, with wavelength, A, is thus related to its momentum, p, by the de
Broglie equation (Equation 2-1, A = h/p).2® The momentum is also related to the photo-

electron wave vector, k, by p = ik, with # = h/2=n. Furthermore, the kinetic energy and
momentum are defined as E = émevz and p = m,v, respectively. Therefore, when electron
has a mass of me, the following relationship can be found (Equation 2-8).%6:67

(i) 2Em, =p’?

(i)  hk=.2Em,

Equation 2-8. (i) Relationship of the momentum of a photoelectron to its mass, and (ii)

reorganising of part i with p = 2k, where h is the Planck’s constant.

EXAFS is best understood in terms of the wave behaviour of the photoelectron, therefore,
the X-ray energy is converted to k, the wavenumber of the photoelectron, with dimensions

of 1/distance (Equation 2-9).%4
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V 2me (E'EO)

hZ

Equation 2-9. Mathematical description of the ejected photoelectron as a spherical wave
function with a vector of k. Eg is the absorption edge energy, also referred to as

the binding energy of the photoelectron.

Describing the photoelectron as a spherical wave function allows any potential
backscattering phenomena that occurs on interaction of the photoelectron with neighbouring
atoms to be quantified (Figure 2-9). The summation of both outgoing and backscattered
photoelectrons can be taken into account when determining the final state wave function
(Equation 2-10).
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Figure 2-9. Interference between ejected photoelectron and backscattered off neighbouring
atoms, forming the oscillations in the EXAFS region; image adapted from
Koningsberger et al., Top. Catal., 2000, 10, 143-155.58

Ptinal — ¢outgoing + Pbackscattered

Equation 2-10. Description of the final state wave function in EXAFS, determined by the
summation of outgoing and backscattered photoelectrons from the absorbing

atom.

Interference of the resultant wave function determines the variation in the total absorption
coefficient, Y, giving rise to the EXAFS phenomenon.®® This higher energy EXAFS region
extends up to 1000 eV past the absorption edge and is characterised by the oscillatory

modulation in the absorption coefficient (Figure 2-10).
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Figure 2-10. Graphical representation of the origin of electron transitions caused by
interaction of the sample core level with synchrotron X-ray radiation and how it
relates to an acquired Au® reference XAFS spectra.

2.8.1.1 X-ray Absorption Near-Edge Structure

The XANES region of the absorption spectra, is found within ~ 50 eV of the absorption
edge, giving detail of any change to the samples’ oxidation state via shifts to the absorption
edge position, i.e. greater shielding of the nucleus causes higher binding energy of
photoelectron and thus higher oxidation states. The signal acquired in XANES is much larger
than that of the post absorption edge, and so can be performed at trace concentrations.®* The
transition from the core-level toward unoccupied electronic states is probed and named
representative of the absorption edge: K (s—p), Li (2s—p), Lu (2P12) and Lin (2P312) both
produced by the transition from p—d. Further to this, the local geometry around the
absorbing atom can be determined through variations in pre-edge peaks caused by electronic
transitions to empty higher energy states obeying dipole selection rules (Equation 2-11). Pre-
edge peaks are common for the K-edge of first row transition metals as well as metals with

an open 3d orbital, and arise from bound state transitions.5
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Al=+1
Aj==*1
As=0

Equation 2-11. Dipole selection rules that must be adhered to for electronic transitions to
take place in the XANES region of XAFS spectra.

Determination of the average oxidation state is possible using linear combination fittings
(LCF) of the XANES spectra, which is fitted to reference compounds of the elemental edge
measured. Through this, ratios of the oxidation states can be easily assessed using the
previously mentioned Demeter software packages.®® This method of calculation cannot,
however, describe fully the structure, nor the adjacent atoms to the absorbing atom.
Complete analysis of XAFS spectra therefore requires the application of a further technique

to characterise the higher energy oscillations within the EXAFS region.

2.8.1.2 Extended X-ray Absorption Fine Structure

Analysis of the oscillatory EXAFS region is based upon variations in absorption as a
function of the wave vector, k, (Equation 2-9), and are denoted by y(k).” This change in
absorption is the deviation between the observed absorption jump above E, from the

expected jump if there were no EXAFS features (Equation 2-12).5

u(B)- 1y ()

A0

Equation 2-12. Mathematical expression of the changes in absorption as a function of y(k),
and is measured as the change in absorption between the observed absorption
jump above Eo from the expected jump if no EXAFS features were observed.
Where, Wo is the absorption of a free atom, resultant of elastic and inelastic X-
ray scattering, po(k) is the background edge jump, the difference between the
two backgrounds and p(k) is the difference between the pre-edge background
and the observed absorption.

Therefore, to measure y(k), Eo must first be identified from the acquired spectrum and
extrapolating through the data and identifying the absorption edge, as if no EXAFS region
were present.3®%2 Contributions to the EXAFS from scattering and backscattering from

different nearest neighbours can be described as a function y(k) (Equation 2-13).%47
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Equation 2-13. EXAFS equation, used in the quantification of the EXAFS region as a
function of y(k), where j is the coordination shell. The formula is a summation
of the different scattering events of the photoelectron from the absorbing atom
within a narrow distance. N is the number of neighbouring atoms to the
absorbing atom (coordination number), f(k) and (k) are scattering properties
of the atoms neighbouring the excited atom, R is the distance to the neighbouring

atom, and ¢ is the disorder in the distance between neighbour atoms.

The amplitude of the EXAFS declines as 1/R?, and represents the decrease in photoelectron
amplitude per unit area as it moves further from the absorbing atom.%® This dampening
therefore limits the EXAFS information to the closest neighbours of the absorbing atom.
Another source of dampening is the disorder in the distance between atoms, ¢°. The “Debye-
Waller” factor, o, describes dampening due to more than one absorber-scatter distance, as
each distance contributes to the EXAFS oscillations with marginally altered frequencies,
destructive interference of the signal can dampen the EXAFS amplitude.®%46567 Typically
these result from distortions that are either (1) Static, where disorder arises from intrinsic

variation within the structure, or (2) Dynamic, where disorder arises from thermal vibrations.

2.8.2 X-ray Absorption Fine Structure Data Acquisition

Data acquired during experiments on various beamtimes (DLS: B18, 120-Scanning and
ESRF: BM28) were obtained in one of two modes.

28.2.1 Transmission Mode

XAFS acquisition set-up involves the movement of the X-ray beam through a crystal
monochromator, and through three ion chambers: Iy, 7, and 7, (Figure 2-11). Transmission
mode experiments are based upon measuring the variance in X-ray intensity throughout the
three ion chambers, the sample and/or sample cell windows, and are performed when the
sample element has a satisfactory concentration. Each ion chamber is filled with an inert gas
mixture and charged metal plates with a constant potential between them (Figure 2-12).%3
As the X-ray beam passes through the chamber, the gas becomes ionised and attracted
toward the opposing charge region; electrons within the chamber similarly move toward an

area of positive charge. A detectable current is produced corresponding to the X-ray photons
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entering the chamber (Equation 2-14).
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Figure 2-11. Schematic representation of the X-ray source path through ion chambers

and the sample in acquisition of XAFS in transmission mode.

Ar+hy — Ar +e

Equation 2-14. lonisation of gaseous Ar inside of the ionisation chambers during exposure

to the X-ray source beam, generating a detectable current.

Using the collected values from each ion chamber, X-ray absorption by the sample can be

calculated:
Iy
A= h’th
Equation 2-15. X-ray absorption (A) calculated by changes in energy from the initial (7,)

and post sample chambers (7).

Acquisition of data from the reference chamber, 7., allows for the energy of the X-ray beam

to be calibrated against an internal reference foil.

Polyimide
window

Figure 2-12. Simplistic schematic of the inside of an ion chamber used for data acquisition
in XAFS transmission measurements; image adapted from J. Evans, in X-ray
Absorption Spectroscopy for the Chemical and Material Sciences, ed. J. Evans,
Wiley, 1% edn., 2018, pp. 117-162.%"

Transmission experiments are conducted when the target element of the sample materials
and sample cell are adequate; if the element concentration is too low, the signal/noise ratio

of the data will be insufficient. If the concentration of the target element is too high, complete
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absorption of the X-ray beam will occur and data cannot be acquired. The ideal mass of the

sample should provide an absorption edge in the range of: 0.1 < ux < 1.5 (Equation 2-16).

4 (@
()

Equation 2-16. Sample mass calculation for adequate XAFS transmission, where a is the

mass =

area (usually pellets are prepared for samples, meaning the surface area is

needed in this calculation) and p is the sample density.

2.8.2.2 Fluorescence Mode

In cases where samples do not have high enough concentrations for adequate absorption
through transmission, fluorescence experiments are performed. Similar to that mentioned
previously for XRF; data acquisition is dependent on the excitation of a photoelectron,
leaving an electron hole in the ground state. Subsequent to this, filling of the electron hole
by an electron from a higher valence results in a photoemission, equal in energy to the
difference between the core and higher vacancy shell, yielding an element specific

fluorescence radiation.

Acquisition of XAFS data in fluorescence mode requires the position of a solid state
elemental detector at a 90° horizontally to the sample, with the sample placed at a 45° angle
to the incidence beam (Figure 2-13). Large fluctuations in the abundance of scattered X-rays
are concerning when collecting data, therefore, the detector is placed at an optimal distance
from the sample and longer acquisition times are required to enable sufficient X-ray
collection with reduced signal/noise ratios. X-ray absorption in fluorescence mode (Equation

2-17) and the signal/noise ratio of the data are given below (Equation 2-18).

-7

Equation 2-17. Calculation of X-ray absorption in fluorescence mode, where Is is the
absorption through the fluorescence detector and lo is the absorption energy
through the initial ion chamber prior to interaction with the sample.

49



Chapter Two — Materials and Methods

N —

Equation 2-18. Signal/noise ratio calculation for fluorescence mode XAFS measurements,
where Ir is the absorption through the fluorescence detector, I, is the

background signal and t is the acquisition time.®’
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Figure 2-13. Schematic representation of the X-ray path through ion chambers and

specimen during XAFS acquisition in fluorescence mode.

2.8.3 Data Reduction

Data reduction of acquired XAFS spectra is necessary for the presentation of both XANES
and EXAFS collected in both transmission and fluorescence modes, fortunately, both modes
are reduced following similar procedures. Data processing in this work was performed using
the Demeter suite, primarily using the Athena and Artemis programs.’? Raw XAFS datasets
were exported to the Athena software program, where the process of data reduction was
performed;30.646573

(1) Measured intensities are converted to absorption p(E) and plotted as a function of energy
(eV).

(2) The data were checked for monochromator glitches or irregularities (and removed if
necessary); if multiple datasets had been acquired for the same sample they were then
merged into one spectrum.

(3) Next a smooth pre-edge function is subtracted from pu(E), removing any absorption from
overlapping edges or instrumental backgrounds that may be present.

(4) A similar function is subtracted from the post-edge region, this smoothed background is
drawn through the oscillatory region. Subtraction of pre- and post-edge functions
normalises the intensity of the data to an edge jump of 1 (Figure 2-14a-b).
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(5) The Eo of the data is set to a value of 0 eV relative to the energy scale, and is achieved
by plotting the 1% derivative of the absorption energy. The maximum of the 1%
derivative is thus Eo, and corresponds to the max rising slope of the absorption energy.

(6) The data is converted from y(E) to y(k) and k-weighting of the XAFS is performed, where
the weighting is k%, k? or k® and have amplitudes that are more evenly displayed along
the x-axis (Figure 2-14c).

(7) The obtained (k) data is then Fourier transformed to yield a plot in R space, significant
of the radial distribution of the most probable nearest neighbours to the absorbing atom
(Figure 2-14d).

(8) Before fitting of the EXAFS data can be performed, the amplitude reduction factor (S3)
is determined by fitting the oscillatory EXAFS region of a measured reference foil
with an appropriate database crystallographic information file (.cif) in the Artemis
software package.

(9) The measured samples are then fitted using appropriate .cif files corresponding to the
composition of the sample and the scattering pathways the photoelectron can take, e.g.
for PdO, one pathway would be Pd-O and another would be Pd-Pd scattering paths.
Fitting of the data affords the coordination number and the Debye-Waller factor, as

well as an additional Rractor parameter is which indicates the quality of the fit.
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Figure 2-14. XAFS data acquired at the Au Ls-edge for a Au® reference foil; a) plotted raw data of the absorption (x), background, pre- and post-edge lines,
b) normalised absorption after background subtraction, c) removal of background (x), giving oscillatory data in k-space and d) Fourier transform

of x, giving the EXAFS region as a function of the radial distance.
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2.9 Synchrotron-Based X-ray Source

The advent of synchrotron light sources in the 1970s transformed the ability to perform

XAFS experiments whilst also revolutionising the time-scales for data acquisition.®® With

this, a greater demand was seen for research using synchrotron white light, and for the

production of “second and third generation” light sources, which can be found across the

globe. Fortunately, the manner in which an X-ray source beam is generated within a

synchrotron does not vary between different synchrotrons. For example, to manufacture the

source beam at DLS, U.K. the follow steps are taken:

(1) Low energy electrons are emitted by the heating of a high voltage cathode under vacuum,
these are then accelerated by earthed anodes.

(2) A linear accelerator (LINAC) accelerates the electrons further to an energy of 100 MeV.

(3) These energised electrons are injected into the booster ring and undergo further
acceleration using a voltage source.

(4) When the electrons have reached a final energy of 3 GeV (this differs depending on the
light source) they enter the storage ring, comprised of 24 straight sections, and remain
under vacuum to limit interactions between air molecules and the electrons (Figure
2-15).

Inside of the storage ring, magnets control the trajectory of the electrons and ensure a small
beam size is maintained and are named to identify the source of the beamline’s radiation,

e.g. B/BM for bending magnets or I/ID for insertion devices.

Bending magnets (dipoles) are commonly used to direct the electron path between straight
sections of the storage ring, quadrupoles aid in focussing the beam and sextupoles reduce
the chromaticity (energy dispersions of the electrons). As the electrons travel around the
storage ring, they interact with bending magnets positions at various corners, emitting
synchrotron radiation that encompasses a broad and continuous spectrum at relatively low
intensities tangentially to the plane of the electron beam.’"

Insertion devices are comprised from arrays of small magnets and are found along straight
regions of the storage ring and are present in two forms: (1) multipole wigglers, which
deviate the electron path along a sinusoidal path using magnets of alternating polarity,
yielding a broad range of X-rays at harder energies (>8 KeV) with greater flux,
(2) undulators, whereby the principle of beam modification is similar to wigglers, but the
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distance between the magnetic poles is decreased, forming a narrower source beam with
greater brilliance.

Flux: photons s mrad™

Brightness: flux mrad™

Brilliance: brightness mm

XAFS data presented in this thesis were acquired on bending magnet and insertion device
based beamlines. The Pd NP catalysts were measured using two bending magnet beamlines,
B18 at DLS and BM28 (UK CRG XMaS) at the European Synchrotron Research Facility
(ESRF). B18 was used due to the emitted synchrotron light being broad enough in energy to
measure at the Pd K edge (24,3503 eV) and the QEXAFS functionality allowing for the
instantaneous collection of large numbers of spectra during the forward and reverse
movements of the beamline monochromator, where full XAFS spectra acquisition can be
achieved at resolutions of < 60 seconds spectrum™.75’” BM28 was used to study XANES at
much softer energy edges; Cl K (2822 eV) and S K-edges (2472 eV). Acquisition of Au
Ls-edge (11919 KeV) XAFS for supported Au NPs is possible on BM beamlines, however
the low flux offered is detrimental for liquid solutions of low metal concentration. For the
colloidal Au study presented in Chapters 5 and 6, XAFS measurements were performed on
the insertion device fed 120-Scanning beamline at DLS due to the higher flux and greater

brilliance offered.”®-8

Bending
magnet

Booster
ring

Insertion
device

Figure 2-15. Schematic of a synchrotron radiation source showing the LINAC, inner booster
ring, outer storage ring, and the magnetic devices used to generate synchrotron
X-ray radiation (bending magnets and insertion devices); image adapted from
Mitchell et al., Structure, 1999, 7, R111-R121.8!
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2.10  Laboratory Based X-ray Fluorescence

X-ray fluorescence is a widely accessible technique used to elucidate chemical compositions
of materials, usually in a solid or liquid state, and can be performed using laboratory and
synchrotron-based X-ray sources. Three principle steps occur in the emission of XRF.
Firstly, the interaction of an X-ray source beam with the sample leads to the ejection of
photoelectrons from an inner shell, leaving a “hole” in the electronic structure of the atom.
In addressing this, electrons within the sample rearrange and an electron from a higher
energy shell drops to fill the hole. This relaxation causes the emission of an X-ray photon
whose energy is equal to the difference in energies between the initial and end state, this is
fluorescence. Detection of this emission allows quantification of the element and the specific

electronic transition that occurs.

XRF analysis was employed to measure the polyimide tubing used in the design of the
microfluidic cell for in situ measurement of Au NPs. Samples were prepared by cutting the
tubing into 5 distinct sections, each 2 cm in length, and then slicing these small pieces of
tubing in half lengthways. They were then placed into holders with Mylar polyester thin film
windows (Chemplex Industries Inc.), with trace impurities of Ca, P, Fe, Zn, Cu, Zr, Ti and
Al present. The sample holders were then loaded into a PANalytical Epsilon3-XL X-ray
fluorescence spectrometer, and elemental analysis of Au deposition was performed. The
measurements were acquired at the ISIS Materials Characterisation laboratory at the ISIS
Neutron and Muon Source, Didcot, U.K.

211 Chromatography

Chromatography is a widely used technique across different scientific disciplines to separate
product components, and distinguishes between components within the sample due to the
varied rates at which they move through a set medium, i.e. interactions of a mobile and a
stationary phase. The components are carried through a chromatography column in the
mobile phase, and are eluted at various rates (retention times) dictated by the difference of
polarity between the two phases. In this work gas chromatography (GC) is used, whereby
the mobile phase consists of reactant gases. Data acquired using gas chromatography can be
used to qualitatively (comparison of retention time with known standards) and quantitatively

(peak area) characterise separation products.
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Samples for GC analysis must be in a gaseous state or vaporised whilst not undergoing
decomposition before analysis. The sample is injected at the injection port, or through an
autosampler, under a constant carrier gas flow and are separated by their affinity of the
sample to the stationary phase (Figure 2-16), and passes through the column, which is then
subject to a temperature ramp inside of an oven. Once the sample has separated and eluted
from the column, the various components of the original sample pass through a product

appropriate detector.

Injection port /

autosampler Detector
. Chromatogram
Carrier gas
Flow
controller
Column
Computer
Oven

Figure 2-16. Simplistic schematic of the gas chromatography set-up used in the separation

and identification of furfural hydrogenation products.

2.11.1 Flame lonisation Detector

Flame ionisation detectors are used in conjunction with the GC instrument allowing for
analysis of hydrocarbon reaction products, however, this detector is not sensitive toward
small molecules such as COx gases. The mode of action for an FID is the burning of the
sample in an H> flame, ionising the sample, the formed ions are then attracted toward
collectors inside of the detector, and the number of ions impacting on the detector are

measured, producing a corresponding signal.

2.11.2  Thermal Conductivity Detector

Thermal conductivity detectors are commonly used within GC instruments and as the main
detector in many TPR processes. Due to the non-destructive nature of the detector, it can be

placed in series with other detectors such as FIDs. The detector works by comparing the
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thermal conductivities of two gas flows: (1) a pure carrier gas flow and (2) a mixed carrier
gas and sample flow. Within the TCD is an electrically heated filament, held at a constant
temperature greater than that of the detector. Once at temperature, alternating streams of the
carrier and mixed sample gas are passed over the filament, decreasing the rate of heat
removal, raising the temperature of the wire and altering the resistance. The detector then
measures the change in resistance resulting from the differing temperatures. Unlike the flame
ionised detectors, all compounds have thermal conductivity different from He, a commonly
used carrier gas and so, both organic and inorganic compounds can be measured by a TCD.

2.12  Hydrogenation of Furfural

2.12.1  Catalyst Testing

All catalytic testing of Pd catalysts was performed at the Universita degli Studi di Milano
under the supervision of Dr. A. Villa and with the help of Dr. S. Alijani. Furfural
hydrogenation was performed at 50 °C using a stainless steel reactor (30 mL capacity), and
placed into a heating jacket equipped stirrer plate, furnished with a heater, mechanical stirrer,
gas supply system and digital thermometer (Figure 2-17).

A solution of furfural, 10 mL, 0.3 M in IPA, was placed into the reactor along with the
desired quantity of catalyst, furfural/metal = 500 mol/mol, and a stirrer bar. The reaction
vessel was purged with 3 bar N2 before being depressurised and again pressurised with H»
to 5 bar and sealed. The mixture was left to reach 50 °C before being mechanically stirred at
1000 rpm. At the end of the reaction, the autoclave was cooled to room temperature and
pressure was relieved. The process of pressurising the vessel was repeated after reaction

samples were withdrawn.
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Figure 2-17. Reactor set-up used at the Universita degli Studi di Milano, Milan, Italy used
in the Laboratories of Dr. A. Villa; a) stainless steel reactor vessel used for
furfural hydrogenation over various catalysts. At the top of the reactor (marked
by arrows) is the inlet and outlet for both N> and H> gases used during catalyst
pre-treatment and hydrogenation, respectively, b) reactor vessel nestled inside
of the walled stirrer plate, where coned design affords for well distributed heat
throughout the reactor vessel.

2.12.2  Product Analysis

Reaction samples were removed periodically (0.2 mL, at 0, 15, 30, 60, 120, 300 minutes)
and prepared for GC analysis by firstly separating the catalyst from the analyte using an
ALC 4236-A centrifuge. The reaction mixture (200 puL) was then mixed with an external
standard (200 pL dodecanol) and 600 pL of the reaction solvent (IPA). Reaction samples
were then analysed using an Agilent 6890 GC equipped with a Zebron, ZB-5
60 m x 0.32 mm x 1um (thickness) column and an FID. The response factors, Rr, for the
reaction products were determined by injection of a known concentrations of the pure
compound standard (i.e. furfuryl alcohol) along with a constant volume of the external
standard (0.1 M dodecanol) in the calibration standards. Calibration of the standards was
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calculated measuring the ratio of the analyte’s peak area with the peak area of the external
standard, plotting as a function of analyte concentration to external standard concentration
(Figure 2-18) (Equation 2-19). This can be used further to identify the concentration of both
substrates (furfural) and products within the analyte.

| (4)(Mistp)

Re= G0 i)

Equation 2-19. Relation of response factor (Rr) to the peak area (A) and molarities (M) of

the compound (i) and the internal standard (ISTD).

The temperature program employed by the GC for the analysis of furfural hydrogenation
involved: heating to 100 °C where the temperature was held for 2 minutes. After this the
temperature was increased to 170 °C (15 °C min™), and held for 2 minutes. Finally the
temperature was raised to 300 °C and held for 9 minutes. Controllable parameters used
within the GC are given below (Table 2-4).

Table 2-4. GC parameters employed at the Universita degli Studi di Milano by Dr. Alberto

Villa for quantitative analysis of furfural hydrogenation products.

Time 24 minutes
Hydrogen flow 35 mL min?
Air flow 350 mL min*
Makeup flow 12 mL min’?
Carrier gas He
Make up gas Nitrogen
Detector temperature 300 °C
Injector temperature 300 °C
Split ratio 1:20

Analyte peak areas were manually integrated and used to calculate the concentration of a
compound or standard (Equation 2-20) (Figure 2-18), substrate (furfural) conversion
(Equation 2-21), product selectivities (Equation 2-22), and the catalyst activity (turnover
frequency, TOF) (Equation 2-23).

59



Chapter Two — Materials and Methods

A;
C; = Cigrp X Rp X (A )
ISTD

Equation 2-20. Calculation of analyte concentration (C;) using the concentration of an
internal standard (Cistp), response factor (Rr), area of the analyte peak (Ai) and
the area of the internal standard peak (Aistp). GC Calibration plots are

presented in Figure 2-18.

<(m01furfural(T0) - mOIfurfural (Tn)> % 100

mOIfurfural(TO)
Equation 2-21. Calculation of furfural conversion. To is the initial time point, and T
indicates a specific time point post the start of the reaction, i.e. 15, 60, 120, 180

or 300 minutes.

( 1'n()lproduct ) % 100
MOl fyrfyrat (in) = MOl furfural (out)

Equation 2-22. Calculation of product selectivity dependent on the moles of the product

compared to the sum of the moles of furfural before and after product formation.

(mOIfurfural converted) -1
X hr
molpy
Equation 2-23. Turnover frequency (TOF) calculation used to describe the activity of the
Pd catalysts per mol catalyst per hr during the hydrogenation of furfural.

Further analysis was required to successfully identify ether and acetal by-products formed
during catalytic testing. These products were identified using GC coupled with mass
spectroscopy (GC-MS) (Figure 2-19). Aliquots of the reaction mixture were analysed using
a Thermo Scientific 1SQ QD, equipped with an Agilent VF-5ms column,
60 m x 0.32 mm x 1 um (inner diameter thickness). Unknown peaks were then identified
through comparison of MS profiles with available data within the software database.
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Figure 2-18. Gas chromatogram calibration for the reaction substrate (furfural) and the

other reaction products identified using GC analysis. The internal solvent for

calibration was IPA and the external was dodecanol.
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Figure 2-19. GC-MS data acquired for all products formed through the hydrogenation of
furfural over the prepared Pd/TiO. catalysts. GC-MS measurements were
performed using a Thermo Scientific ISQ QD, equipped with an Agilent VF-5 ms
column, 60 m x 0.32 mm x 1 um (inner diameter thickness). Spectra shown are
for: a) tetrahydrofurfuryl alcohol, b) furfuryl alcohol, c¢) isopropyl furfuryl
ether, d) 2-(diisopropoxymethyl) furan and e) isopropyl tetrahydrofurfuryl ether.
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Chapter 3 Investigating the Influence of Short Chain
Alcohols on Colloidal Pd Synthesis

3.1 Introduction

The preparation of metal NP catalysts with well-defined and tuneable metal particle sizes is
desirable, owing to their unique physical properties and wealth of potential applications.'
To that end, colloidal synthesis has been recognised as a leading preparation route for
favourable control of NP properties, e.g. size, shape and surface morphologies. The literature
primarily focuses on how the reducing agents,*’ or stabilising agents,2? can be easily
modified to optimise these properties. One underexplored parameter is the solvent system
employed in colloid preparation. Not only does the choice of solvent impact upon the
solvation of the precursor salt,*? it has been shown to also influence NP growth and colloid
assembly via interactions between the NP surface and solvent molecules, or through solvent

and stabiliser molecule interactions.416

Variations made to the composition of the reaction medium have focussed on using
abundant, biodegradable and inexpensive solvents, such as alcohols, to produce
environmentally friendly processes.®!” An example of this type of study was performed by
Nasikin et al. to prepare silica particles using C1-Cs chain alcohols.®® In their work, the
morphology of the silica was shown to be dependent on the solubility of the precursor in the
solvent, whereby the solubility of silica was greater in MeOH and EtOH than PrOH, leading
to rapid nucleation and particle growth in the former.'® Not only does the solubility influence
NP size, the use of the solvent system as the stabilising and/or reducing agent(s) has also
been reported, particularly in the preparation of metallic NPs.'® The alcohol-based reduction
of polyvinylpyrrolidone (PVVP) capped Ag, Pd, Au and Cu salts to their respective NPs was
described by Ayyappan et al. via a 12 hour reflux at 86 °C using ethanol as the reducing
alcohol.?° In this study, EtOH successfully reduced the Ag and Pd precursors, however,
addition of an external reducing agent (Mg metal powder) was necessary to form the Au and
Cu NPs. Control of NP size was also observed and deemed a consequence of the metal salt
(Mx) to PVP ratio employed (1:5 or 1:10), with smaller NP sizes formed using a 1:10
Mx:PVP ratio. Teranishi and Miyake reported the formation of PVP-capped Pd NPs (< 3 nm

average NP size) using short chain alcohols (C1-Cs) as reducing agents under a shorter reflux
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procedure (3 hours, flowing air).!® Here, NP size was found to be dependent on the
concentration of the reducing agent employed, with an optimal alcohol concentration found
at 40 vol. %. Interestingly, the average NP size decreased with increasing alkyl chain length
(MeOH > EtOH > PrOH).This was rationalised by the oxidising nature of the alcohol, which
controlled the rate of [PdCl4]? reduction.'® However, control of NP growth in this study was
attributed to the quantity of the stabiliser added during synthesis, with the smallest Pd NPs
observed using a molar ratio of PVP/Pd = 40.

The synthesis of stabiliser-free NPs has been reported in both water and alcoholic solutions
in the preparation of Au NPs.21"2 Abis et al. reported the preparation of 1 wt. % Au/TiOz in
water only solvent systems with (PVA capped = 2.7 £ 0.6 nm, PVP capped = 3.5 + 1.6 nm)
and without (stabiliser free =5.4 +1.6 nm) the inclusion of a stabilising agent during
colloidal synthesis. From their work, the necessity of a stabiliser was apparent in controlling
Au NP at [Au] ranging from 1 to 7 wt. %.21?2 Kurawaki et al. studied Au NP formation in
binary solutions of XOH:H>O (XOH = MeOH, EtOH, or PrOH). The smallest Au NPs with
the narrowest size distributions (Au NP size =24 £ 7 nm) formed in solvent systems
comprised of 35 vol. % PrOH. The control over size was attributed to the longer carbon
chain length and increased hydrophobicity of PrOH, which enhanced NP dispersion and
suppressed agglomeration.?® In addition, Liu et al. observed a similar trend of during the
synthesis of stabiliser free Te NPs, wherein the polarity and dielectric constant of the solvent

molecule was suggested to dictate the extent and time frame of NP growth.1424

The influence of solvent polarity on NP size as a function of aliphatic chain length in the
presence of a stabiliser has been investigated by Kimber et al. in the synthesis of citrate
capped ZnO NPs. They showed that polar and non-polar solvents (C1-Ce) restructured
themselves within the synthesis solvent in ordered layers away from the NP surface.®
Characterisation of these colloidal solutions using X-ray pair distribution function, found the
more polar short chain alcohols reorganised themselves to form hydrogen bonds with
neighbouring alcohol molecules. This rearrangement of the alcohols results in alternating
layers of the alkyl chain and the hydroxyl groups. The aliphatic chain length, and its packing

ability, was therefore found to substantially impact solvent restructuring and thus NP size.®

Interestingly, the polarity of the synthesis solvent not only influences NP size, but also the
shape of the NP.?° Hussain et al. reported that PVP-capped Au NPs (0.15 mM) prepared in
EtOH:H,O mixtures of varying solvent polarity, and reduced using L-ascorbic acid
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(1.5 mM), displayed lesser control of NP size as the solvent polarity decreased (20 vol. %
EtOH:H,O solution Au NP size =9.7 £ 1.0 nm, 80 vol. % EtOH:H>O solution Au NP
size = 53.1 + 15.2 nm). Control over Au NP shape, however, was consistent up to 50 vol. %
EtOH, producing spherical Au NPs; the use of high [EtOH@g] (> 50 vol. %) led to the
formation of irregularly shaped Au NPs. Poor control of NP size and shape was hypothesised
by Hussain et al. to be a result of the increased [EtOH,q)] causing asymmetric interactions
between the solvent components (H20 and EtOH), the stabiliser and the NP surface, which
cause an increase in the surface energy of the Au NPs.? In order to minimise the increase in
surface energy, aggregation of the NPs in solution occurs readily thus producing larger, more

irregularly shaped NPs.?®

Interactions of the capping agents, solvent systems and the catalyst surface have also been
shown to impact Pd NP size and surface site availability. Rogers et al. investigated the sol-
immobilisation of PVA-capped Pd NPs in equal vol. % ethanol:H2O mixtures for the
upgrading of furfural;>” however, in this study the Pd precursor salt was reduced within 30
minutes by employing the use of a strong reducing agent (NaBHas, 5:1 molar ratio
NaBH4:Pd).2” Solvent polarity was not observed to influence NP size within this study in
contrast to those previously mentioned; instead, NPs prepared in solvents with lower polarity
(50:50 vol. %:vol. % EtOH:H»0) produced Pd NPs with tighter control over size (Pd NP
size =2.1 £ 0.6 nm) than the H>O only solvent (Pd NP size = 2.5 £ 0.8 nm), which was
confirmed via EXAFS analysis. Not only did the presence of EtOH decrease the average Pd
NP size, it also impacted the NP surface site availability, displaying greater probe molecule
accessibility to corner and edge sites than the water prepared analogue. The improved control
of NP size and surface site availability was described as a result of precursor salt addition,
PVA solubility in the synthesis medium, and interactions between the solvent, the metal salt,
and the formed colloid.?’ Interactions between the stabilising agent and the solvent system,
and their subsequent influence on Pd NP size and activity, has also been reported by
Chowdhury et al..?® In the preparation of PVA-capped Pd NPs in varied EtOH:H20 mixtures,
NP size was observed to increase with gradual addition of EtOH to the synthesis solvent.
This was rationalised to be a direct result of increased NP mobility in less viscous mediums
(i.e. higher [EtOHq)]). Moreover, complete encapsulation of the Pd NPs in solution by the
stabilising agent increased with increasing [EtOHaq)], and was preserved in the final catalyst
following drying (Figure 3-1).28 This closer association of PVA to the Pd NP was explained
as a reduction in interactions between H.O and PVA as EtOH favours inter-solvent
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interactions (EtOH with H20). A preference for inter-solvent interactions would thus leave
amuch greater quantity of OH functionalities in PVA to bind more strongly to the Pd surface,
restricting access to active sites.?® The addition of a stabilising agent solution to “stabiliser-
free” Au/TiO> catalysts was reported by Abis et al. Wherein the activity of the catalysts in
glycerol oxidation to glyceric and tatronic acids was studied.?! Here, they demonstrated that
the layering and blocking of glycerol binding sites on the Au NP surface can be achieved by
adding polymer solutions (PVA or PVP) to the reaction catalyst. In doing so, the size of the
surface NPs was shown to have little influence on activity, agreeing with the previously
stated work by Rogers et al.?’ In this instance, full substrate conversion was achieved with
and without capping by a stabilising agent. However, on addition of the stabilising agent
solutions, optimised selectivity to glyceric acid with decreased glycerol conversions was

observed, signifying influence of polymers on the oxidation pathway.?

Particle synthesised Particle synthesised Particle synthesised
in water in 10 % EtOH-H,0 in 40 % EtOH-H,0 g
mixture mixture <
]
I m
N —
Synthesis of more
approachable Pd
nanocatalyst

Figure 3-1. Visualisation of changes to PVA encapsulation for a Pd nanoparticle
synthesised in increasing [EtOHq)] in the synthesis medium; image adapted

from Chowdhury et al., Adv. Nat. Sci.: Nanosci. Nanotechnol, 2017, 8, 1-10.%

Further investigation into how the solvent system (50:50 XOH:H20) influences the NaBH4
aided synthesis of PVA capped Pd NPs is presented in this chapter. The impact of the linear
alkyl chain length (C:-C3), and associated branched alcohols (Cs-Cs), on the textural
properties of the Pd NPs (size and surface site availability) are elucidated using MP-AES,
TEM, XAFS and CO probe IR. Once the most optimal alcohol was established, incremental
vol. % XOH from 0 to 100 vol. % were explored.
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3.2 Experimental

3.2.1 Catalyst Preparation

TiO2 supported Pd NPs were prepared following a standard sol-immobilisation synthesis
method where the temperature of chemical reduction was kept constant at 1 °C. Pd colloids
were prepared using K2PdCls ([Pd] = 128 uM) solvated into solution using deionised water
(18.2 MQ cm). For the catalysts presented in the first section, equal volume mixtures of
alcohols and water (XOH = MeOH, PrOH, IsOH, tBuOH, all > 99 % trace impurity, Merck,
Table 3-1) were used, and, following this, incremental volume ratios of MeOH to H0 (0,
25, 50, 75 and 100 vol. % MeOH,

Table 3-2) were explored. All catalysts were capped with PVA prior to reduction (PVA/Pd
(wt/wt) = 0.65, 0.01 g mL). Solutions of NaBH4 (0.1 M; NaBH4/Pd (mol/mol) = 5) were
prepared fresh and added dropwise to each solution over the course of 1 minute, changing
the colour of the solution from pale yellow to dark brown as the colloids formed. Reduction
of the precursor salt was monitored over the course of 90 minutes to ensure full reduction.
Once achieved, the sols were mixed with TiO2 (P25), acidified to pH 1-2 using H2SO4, and
vigorously stirred for 1 hour. The quantity of support material was calculated to yield final
catalysts with metal loadings of 1 wt. % Pd. The catalyst slurries were filtered, washed

thoroughly using deionised water, and dried overnight in air at room temperature.
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Table 3-1. Catalyst notation denoting the composition of the synthesis solvent employed
during sol-immobilisation synthesis of 1 wt. % Pd/TiO. catalysts. The addition
of PVA and an acidification step during synthesis are represented as P and A

respectively.

Catalyst Notation  Alcohol in Synthesis Alcohol XOH:H20
Solvent Abbreviation (vol. %:vol. %)

PdWPA - - 100:0
Pd50MePA Methanol Me 50:50
Pd50EtPA Ethanol Et 50:50
Pd50PrPA Propanol Pr 50:50
Pd50IsPA Isopropanol Is 50:50
Pd50tBuPA tert-Butanol tBu 50:50

Table 3-2. Catalyst notation for 1 wt. % Pd/TiO> catalysts synthesised in solvent systems
with increasing volume % methanol. The addition of PVA and an acidification

step during synthesis are represented as P and A respectively.

Catalyst Notation MeOH:H:0 (vol. %:vol. %)
PdWPA 0:100
Pd25MePA 25:75
Pd50MePA 50:50
Pd75MePA 75:25
PdMePA 100:0

3.2.2 Ex Situ Characterisation
3221 UV-Vis Spectroscopy

Reduction of the precursor Pd salt was analysed via UV-Vis spectroscopy. 4 mL of the
catalyst solution was analysed at a time, with samples measured every 15 minutes for
90 minutes. Full reduction of the Pd species was observed when a broad absorbance band
appeared in the spectrum (between 200-800 nm). Samples were characterised using a
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Shimadzu UV-1800 spectrophotometer in a quartz cuvette, with the synthesis solvent as a
reference (i.e. an equal volume of propanol and water were mixed thoroughly and used as

the reference solution for the propanol solvated precursor salt).

3.2.2.2 Microwave Plasma—Atomic Emission Spectroscopy

Pd metal wt. % loadings were calculated using MP-AES, and were prepared by adding fresh
Pd/TiO, catalysts (0.1 g) to a solution of aqua regia (3 x 8 mL, 3:1, HCI:HNOs, Merck, trace
metal purities). These solutions were then sealed in PTFE tubes and placed into an Anton-
Paar Microwave 3000 centrifuge with one tube containing an aqua regia blank. Samples
were heated to 200 °C and held for 40 minutes before cooling to room temperature. They
were then diluted to 10 vol. % metal using deionised water (18.2 MQ cm). Support
particulates were removed from solution by filtering through a syringe filter-tip (Cole-
Parmer, PTFE, 22 um, 50 mm diameter) prior to analysis. Pd metal standards were first
prepared and measured to calibrate the emission spectrometer. All standards, blanks and
samples were vaporised and passed through a microwave induced plasma, exciting electrons
in the sample. On their return to the ground state the element specific emission was detected
using an Agilent Technologies 4100 MP-AES at four wavelengths of light corresponding to
the atomic transitions of Pd (324.270, 340.458, 360.955 and 363.470 nm).

3.2.2.3 Transmission Electron Microscopy

Catalysts imaged using TEM were first sonicated in EtOH, then a small aliquot of the
supernatant was pipetted onto a 300 mesh Cu TEM grid. TEM images were acquired by the
author using a JEOL JEM 2100 EM, operating at 200 kV, at the Research Complex at
Harwell, Didcot, U.K.

3224 X-ray Absorption Fine Structure Spectroscopy

XAFS studies were performed to examine the Pd oxidation state (XANES), and to elucidate
any NP size trends as a function of the 1% shell coordination sphere and the neighbouring
environments surrounding the absorbing atom (EXAFS). Pd K-edge XAFS studies were
carried out on the B18 beamline at DLS, Didcot, U.K. Measurements were performed in
fluorescence mode using the QEXAFS setup with a fast-scanning Si(311) double-crystal
monochromator, and multi-element Ge and ion chamber detectors (for sample and reference
foils, respectively). Spectra were acquired at a time resolution of 1 min spectrum™

(kmax = 18), with 3 scans acquired per sample. The composition of the oxidation state for
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each sample was analysed using LCF of the XANES data, where the energy range fitted was
-40 to +60 eV around the absorption edge, Eo. The weightings of the Pd® and PdO standards
were constrained to be between 0 and 1 and to total a max value of 1. EXAFS data were
fitted using the Artemis software package;? here, the amplitude reduction factor (S3) was
determined by fitting the Pd reference foil with a .cif file for Pd® (FCC structure, coordination
number of Pd = 12, ICSD collection code = 52251). From the fit shown in Figure 3-2, S;
was determined to be 0.75 and the fitting range was 1 <R <3.4and 3 <k < 11.5.

—— Pd° reference foil
— -Fit

x(R) (A?)

|

0 1 2 3 4 5 6
Radial distance (A)

Figure 3-2. Fitting of the Pd° reference foil EXAFS in order to determine the amplitude
reduction factor to be applied to all palladium NP EXAFS data; fitting range:
1<R<34,and3<k<115%

3.2.25 Fourier Transform Infrared

FTIR transmission spectra were acquired using a Nicolet iS10 spectrometer at a spectral
resolution of 4 cm™ and an accumulation of 64 scans. For each catalyst, ~ 25 mg of the
catalyst was pressed to form a 13 mm diameter pellet and placed inside of the transmission
cell. The chamber was purged with He (30 mL min) for 30 minutes, and a background
spectrum was recorded. Next, 10 % CO/He (10 mL min™) was pulsed into the chamber for
30 seconds between scans. CO was dosed over the pellet until complete saturation of the
pellet surface was achieved, normally 3-4 pulses. At this point the gas was switched to He
(30 mL min™) for 30 minutes, removing all gaseous and physisorbed CO from the chamber
and pellet surface, respectively. Data processing and background subtractions were
performed using the OMNIC software package.
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3.3 Results and Discussion

3.3.1 Influence of Short Chain Alcohols on Colloidal Pd NP Synthesis
3311 Ultraviolet-Visible Spectroscopy

Solutions of KoPdCls ([Pd] = 128 uM) were prepared in C1-C4 XOH:H20 solvent systems
and characterised via UV-Vis spectroscopy. Analysis of the precursor salt and reduced
colloidal Pd solutions enabled monitoring of the reduction process before support
immobilisation. The UV-Vis absorbance bands observed for PAWPA (Figure 3-3 and Figure
3-4) correspond to those reported in the literature for the aqueous [PdCl4]? anion: 212, 237,
and 310 nm (I-111) are assigned as ligand-to-metal charge transfer (LMCT) transitions and
the peak at 410 nm (1V) corresponds to the Laporte forbidden d-d transitions, hence the very

low intensity and broad nature of the peak .30
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Figure 3-3. UV-Vis spectrum of the PVA-capped Pd precursor salt solution K>PdCls
([Pd] = 128 uM) prepared in water (PdWPA). Positions of the LMCT bands are denoted by

I, Il and 111, and d-d transitions are marked with 1V.

Similar features are observed in the UV-Vis spectra for the alcohol prepared Pd precursor
solutions; however, the LMCT peaks are blue shifted by < 10 nm (Figure 3-4a-c). After the
addition of NaBHjs, the reduction of the precursor salt was monitored every 15 minutes until
a broad absorbance band was observed across the measured spectrum, signifying the
complete reduction of Pd?* to Pd® (Figure 3-4d).2"3*
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Figure 3-4. UV-Vis spectra detailing a) Pd precursor salt solutions, b) the ligand-to-metal
charge transfer bands, ¢) d-d band transitions and d) Pd colloids formed after

reduction of the precursor salt solutions. Pd NPs were prepared in different

3.3.1.2

XOH:H>0 solvent systems with equal alcohol concentrations (50 vol. %), except

PdWPA which was prepared in 100 vol. % H20.

Microwave Plasma — Atomic Emission Spectroscopy

The Pd wt. % loading for all catalysts was determined via MP-AES. Though the highest Pd

loadings observed are for the literature PdS0EtPA catalyst,®” both pure water and

methanol:water mixed solvent systems produced metal loadings of > 80 % of the theoretical

1 wt. % Pd (Table 3-3). By increasing the linear chain length from C> to Cs, less than half of

the theoretical Pd was successfully anchored onto TiO, i.e. 1 wt. % Pd50PrPA = 0.45 wt. %
Pd. The branched chain alcohols, IsOH and tBuOH, also displayed incomplete loading of
the Pd NPs. Interestingly, 1 wt. % Pd50IsPA achieved a higher Pd loading (0.57 wt. %) than
its linear chain isomer (1 wt. % Pd50PrPA = 0.45 wt. % Pd). Immobilisation of the colloidal
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NPs onto TiO> requires an acidic pH to induce charge interactions between PVVA-capped
NPs and the charged support surface as stated in the literature for water-based catalysts.1°%
The comparable metal loadings observed for the pure water, methanol and ethanol based
solvent systems may result from the stronger acidity of these solvents in solution aiding the
catalyst slurry pH below the pl of TiO, (pl of TiOz is at pH = 6.1).%” This rationale, however,
does not explain the drop in loading observed from Pd50EtPA to Pd50PrPA as their
synthesis solvents have similar pK, values.®® Another plausible explanation for this could be
due to the attractive forces between the colloidal NPs and the support surface being affected
by the pH of the alcohol. As the longer chain alcohols are more basic than the more polar,
shorter chain alcohols, the attractive forces between the Pd50PrPA, Pd50ISPA, or
Pd50tBuPA NPs in solution and the TiO2 support surface are dampened compared to the

catalysts that display higher Pd loadings.

Table 3-3. Pd wt. % loadings calculated via MP-AES determined by the average sample
weight (mg) and the average Pd concentration per sample (ppm). The Pd
wavelength studied was 340.458 nm. Values for Pd50EtPA are taken from
Rogers et al., ACS Catal., 2017, 7, 2266-2274.%

pKa
Sample Mass Ave. [Pd] Ave. [Pd]
Catalyst Value
Q) (Ppm) (wt. %)
in H.0%

PdWPA 14.0 0.099 8.27 0.83
Pd50MePA 15.5 0.100 8.08 0.81
Pd50EtPA? 15.5 - - 0.88
Pd50PrPA 16.1 0.104 4.71 0.45

Pd50IsPA 17.2 0.099 5.70 0.57
Pd50tBUPA 19.2 0.099 5.60 0.56
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3.3.1.3 Transmission Electron Microscopy

Average Pd nanoparticle sizes were assessed via TEM. It is evident that the inclusion of the
linear, shorter chain alcohols, bar PrOH, leads to supported Pd NPs with size distributions
narrower than those measured for PAWPA. The trend in the controlled particle sizes
observed for MeOH (1.1 + 0.6 nm) and EtOH (2.1 + 0.6 nm) (Figure 3-5 and Figure 3-6) is
still apparent with the associated errors (Table 3-4).2” Colloidal synthesis in IsOH and
tBuOH solutions produced supported Pd NPs with better control of size than PAWPA;
however, this can be attributed to the much lower Pd loadings observed for these catalysts
(0.56 and 0.57 wt. %, respectively). The lower [Pd] on the TiO, support means that
mobilisation and coalescence of the NPs on the surface is less likely to occur. Though
200 — 300 particles were counted per image, it should be noted that whilst TEM gives an

indication of NP size, it is still a user subjective technique.394°

Table 3-4. Average Pd NP sizes for the prepared Pd/TiO; catalysts and Pd50EtPA. NP size
was calculated for the fresh catalysts using a population size of 200-300 Pd NPs
per sample. Values for Pd50EtPA are taken from Rogers et al., ACS Catal.,
2017, 7, 2266-2274.%"

Catalyst Ave. TEM Pd NP size (nm)
PAdWPA 26+14
Pd50MePA 1.1+0.6
Pd50EtPA?’ 2.1+0.6
Pd50PrPA 28+1.6
Pd50IsPA 1.9+0.9
Pd50tBUPA 20+0.9
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Figure 3-5. Indicative TEM images of the prepared 1 wt. % Pd/TiO> catalysts; a) PAWPA,
b) Pd50MePA, c) Pd50EtPA taken from Rogers et al., ACS Catal., 2017, 7,
2266-2274,%" d) Pd50PrPA, ) Pd50IsPA, f) Pd50tBuPA.
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Figure 3-6. Size distribution histograms of the prepared 1wt. % Pd/TiO2 catalysts;
a) PAWPA, b) Pd50MePA, c) Pd50EtPA taken from Rogers et al., ACS Catal.,
2017, 7, 2266-2274,%" d) Pd50PrPA, e) Pd50IsPA, f) Pd50tBuPA. Histograms

were compiled from image analysis of 200-300 Pd NPs per sample.
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3.3.14 Pd K-edge X-ray Absorption Fine Structure

Pd K-edge XAFS data were recorded for the XOH modified Pd catalysts as well as select Pd
reference complexes: Pd° foil, PdO and PdCl,. XAFS is a bulk characterisation technique,
therefore, acquired data is representative of an average of the whole sample. Speciation at
the NP surface can thus influence the data acquired for NPs of small sizes, where the

surface:core ratio of species increases with decreasing NP diameter.

3.3.14.1  X-ray Absorption Near-Edge Structure

Pd K-edge XANES allowed the average Pd oxidation state to be determined via shifts in
energy or changes to the intensity of features within the XANES region. Though sample
geometry can be extrapolated from pre-edge features for many metal species,*%? the reduced
Pd NPs have a full d valance thus excitement of electrons is not feasible before the edge
jump (i.e. the Pd K-edge energy, 24350 eV). Pd-Cl bonding is not the cause of the Pd?*
oxidation state observed as a broad feature is not seen between 24360-24380 eV (Figure
3-7a-c).*® Instead, the greater intensity of the edge jump describes an increased proportion
of the allowed electronic transitions occurring from the Pd 1s—4d orbital. Here, the
increased absorption of the white line peak resembles slight Pd-O (Pd?*) character. Using
linear combination fitting (LCF) of the XANES region, the Pd oxidation state can thus be
determined, the error associated with this fitting is given as the Ryactor, Where the confidence
of the fit is represented by the smallest value above zero. The trend in the absorption edge
intensity observed with increasing linear chain length is quantified as a percentage:
Pd50MePA =50 %, Pd50EtPA = 36 %, Pd50PrPA =21 % (Table 3-5). Preparation of Pd
NPs in branched chain alcohols display comparable Pd?* character to PdWPA:
PAWPA =30 %, Pd50IsPA =34 %, Pd50tBuPA =34 %. The Pd?* oxidation state can
indicate the formation of either crystalline PdO or a passivated oxide layer that forms on
exposure to air.** Despite the colloidal oxidation state being determined as Pd° via UV-Vis,

oxidation of the Pd may have occurred during the drying stage of synthesis.
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Figure 3-7. XANES spectra acquired for the 1 wt. % Pd/TiO catalysts prepared using

various short chain alcohols in the synthesis solvent. Spectra were measured at

the Pd K-edge; XANES data are presented as the normalised absorption.
Pd50EtPA spectrum is taken from Rogers et al., ACS Catal., 2017, 7,

2266-2274.7"
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Table 3-5. XANES linear combination fit reference standards for the 1 wt. % Pd/TiO;
synthesised using varied short chain alcohols. The accuracy of the fit is
described by an Rsactor Value, where the confidence of the fit is represented by the

smallest value above zero.

Reference standard (%)

Catalyst Rfactor
Pd? Pd° Pd?*/Pd°

PdWPA 30 70 0.43 0.002
Pd50MePA 50 50 1.0 0.003
PA50EtPA% 36 64 0.56 0.002
Pd50PrPA 21 79 0.27 0.093
Pd50IsPA 34 66 0.52 0.004
Pd50tBuPA 34 66 0.52 0.002

3.3.1.4.2  Extended X-ray Absorption Fine-Structure

The local structure of neighbouring atoms with respect to the absorbing Pd atom was
investigated using EXAFS (Figure 3-8). Whilst it is hard to determine the nature of the
scattering path at ~ 1.7 A in the Fourier transformed EXAFS figures (Figure 3-8a, c, €),
oscillations in the unprocessed (k) EXAFS data (Figure 3-8b, d, f) resembles the reference
PdO at lower k-range and the Pd° foil at higher k-range. The scattering pathway at ~ 1.7 A
can therefore be associated with Pd-O bonding, which complements the Pd?* oxidation state
observed in the XANES LCF. Contrastingly, complete reduction of the Pd species was
confirmed via UV-Vis, therefore, a neighbouring atom to the Pd absorber should be Pd and
not O. Two principle scattering paths are present in the PdO reference FT EXAFS,
corresponding to crystalline PdO (~ 3.2 A) and a layering of oxide on the Pd surface
(~ 1.7 A). The former scattering path corresponds to Pd-O bonding in a large crystalline
lattice and is known to form above 200 °C.* The smaller Pd-O scattering path denotes the
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formation of very small Pd NPs, with increased surface area to volume ratios. With larger
ratios, the passivation of the Pd surface in air occurs with greater ease, forming oxide
monolayers covering the NP.24446 The Pd NP size determined via TEM analysis agrees with
the EXAFS and suggests that small Pd NPs have been formed with the aforementioned oxide

layering.

Pd nanoparticle size trends can be inferred by assessing the magnitude of scattering at
~ 2.7 A, which is the 1% shell Pd-Pd scattering distance in metallic Pd® (FCC). A decrease in
magnitude suggests fewer Pd atoms in the immediate surroundings to the absorber; hence,
smaller Pd NPs. Quantification of the EXAFS data is possible through computational
fittings, enabling the localised coordination number of the absorbing atom to be determined
(Figure 3-9 and Table 3-6).* The increase in NP size with chain length observed via TEM
is consistent with the trend of the fitted EXAFS data, where changes in the coordination
numbers (CNpg.pd and CNpg.0) is indicative of variations to NP size. As the linear chain
length doubles from MeOH to EtOH, an increase in the local Pd environment is observed
though these are within error of one another (Pd50MePA: CNpg.pd = 4.9 = 0.4, PA50EtPA:
CNpg-pa = 5.7 + 0.4).2” The largest growth in the number of nearest Pd neighbours occurs
from Pd50EtPA to Pd50PrPA, with the EXAFS detailing the formation of larger, more bulk-
like Pd NPs (Pd50PrPA: CNpgrd =9.1£0.3). The low magnitude of bonding for the
passivated oxide layer (scattering path of ~ 1.7 A) also agrees with larger Pd NP formation
(Pd50PrPA: CNpg-0 = 0.9 + 0.2). Synthesis using an aqueous branched alcohol mixture
produces Pd NPs with no observable differences in the Pd-Pd and Pd-O scattering paths
discussed above. When compared to the standard PAWPA, the fitted CNs (Pd-Pd and Pd-O)
for both Pd50IsPA and Pd50tBuPA are within error of it (PAWPA: CNpgpq = 7.2 £ 0.5,
CNpg-0=1.6 £0.3, Pd50ISPA: CNpgpa =6.9 £ 0.4, CNpg.o=1.6+0.3, Pd50tBuPA:
CNpgpd = 7.1 £ 0.4, CNpg-o = 1.5 £ 0.3), suggesting that the addition of branched alcohols
only detrimentally impacts the achieved metal loading. Furthermore, whilst TEM gave an
indication that controlled NP sizes (< 2 nm) were achieved for Pd50IsPA and Pd50tBuPA,
the per atom averages acquired via EXAFS suggest that the NP sizes would be similar to
that observed for PAWPA (2.6 = 1.4 nm). Nonetheless, XAFS and TEM are valuable
techniques when employed in tandem, enabling the size and shape of the NPs to be
evaluated, respectively. It is thus apparent that the greatest control over Pd NP size was

achieved using a synthesis solvent composed of equal vol. % MeOH:HO.
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Figure 3-8. Pd K-edge XAFS data collected ex situ. The data displays the experimental FT

x(k) (a, ¢ & e) and y(k) data (b, d & f) for the varied alcohol chain length
prepared 1 wt. % Pd/TiO catalysts. Pd references data are displayed in figures
a) & b), samples prepared using linear chain short chain alcohols in the
synthesis solvent are displayed in figures ¢) & d), samples prepared using
branched chain alcohols in the synthesis solvent are displayed in figures e) & f).
Pd50EtPA data is taken from Rogers et al., ACS Catal., 2017, 7, 2266-2274.%
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Figure 3-9. Fitted experimental FT y(k) data, both the magnitude and real components for
Pd/TiO- catalysts prepared using various short chain alcohols in equal volume
mixtures with water as the synthesis solvent: a) H.O only solvent system,
b) MeOH:H0 system, ¢) EtOH:H,0 taken from Rogers et al., ACS Catal., 2017,
7, 2266-2274,%" d) PrOH:H20 system, ) ISOH:H20 system and f) tBUOH:H,0

system.
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Table 3-6. 1% shell EXAFS fitting parameters derived from the k? weighted Fourier
transform of the Pd K-edge EXAFS data for the XOH solvent system catalysts.
Amplitude reduction factor, S§ = 0.75, was determined from fitting an acquired
Pd metal reference foil. EXAFS fittings range: 3<k<11.5, 1<R <34,
number of independent points = 11.2. The accuracy of the fit is described by an
Rractor Value, where the confidence of the fit is represented by the smallest value

above zero.

Catalyst Abs-Sc CN R (A) 262 (A2  Eo(eV) Rfactor

Pd-Pd 7.2+05 2.74+0.08 0.008
PdWPA 0.2+0.9 0.017
Pd-O 1.6+03 1.99+0.07 0.005

Pd-Pd 49+04 2.73%0.06 0.008
Pd50MePA 3.2%+0.6 0.030
Pd-O 25+02 1.98+0.03 0.005

Pd-Pd 5704 274+0.01 0.008
Pd50EtPAZ 1.8+0.8 0.016
Pd-O 15+02 198+0.06 0.005

Pd-Pd 9.1+03 2.74+0.04 0.008
Pd50PrPA 24+05 0.005
Pd-O 09+0.2 1.98+0.09 0.005

Pd-Pd 6.9+04 274+0.01 0.008
Pd50IsPA 0.5+0.8 0.015
Pd-O 16+03 1.98+0.07 0.005

Pd-Pd 7.1+04 274+0.01 0.008
Pd50tBuPA 0.3+0.38 0.018
Pd-O 1.5+03 198+0.09 0.005
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3.3.15 Infrared Spectroscopy

Implications of catalyst activity cannot be gained solely through comparison of NP sizes;
instead, the nature and accessibility of NP surface sites have been shown to play an important
role in catalysis.219484% Characterisation of free surface sites on the Pd NPs has been
performed through transmission IR measurements, in which characteristic CO stretching
vibrations are used to determine the type and abundance of NP sites. Variations to the NP
surface, that arise as a result of the synthesis procedure applied, are identified through
comparisons of this work and the literature.>°>° Probing of the catalyst surface with CO
yields two different types of binding (Figure 3-10a): (1) bridged (2000-1800 cm™) and
(2) linear (2150-2000 cm™). Bridged CO adsorption modes are observed at wavenumbers
<2000 cm™ and correspond to: 3-fold bridging CO (us, 1875 ¢cm 7, i), 2-fold bridging CO
on Pd(100) facets (U2(100), 1945 cm™, ii), and 2-fold bridging CO on Pd(111) planes
(1980 cm?, iii). Linear adsorption of CO to NP surfaces can take place via: edge sites
(~ 2063 cm?, iv), corner sites of Pd® (~ 2090 cm™, v), Pd* species (2120 cm, vi), and Pd?*

species (2140 cm™, not labelled).8->660

Pd NPs b)

iii

iv

Mass Norm. Abs. (g! cat.) 2
-

vi

2200 2150 2100 2050 2000 1950 1900 1850 1800

Wavenumber (cm™)

Figure 3-10. a) FTIR spectrum detailing the different CO adsorption modes visible over
TiO, supported Pd NPs. Bands i-iii detail CO adsorption to Pd® atoms via
bridging CO bonds (i is p3, and both ii and iii are g2 binding modes). Linear CO
adsorption vibrations are found at higher wavenumber and are labelled as iv-vi
(iv is linear to PdP, v is linear adsorption to a corner site on Pd® and vi is linear
adsorption to Pd™), b) is a representation of the typical active sites available on
a cuboctahedral metal nanoparticle; image taken from Campisi et al., Catalysts,
2016, 6, 8.
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Introduction of MeOH and EtOH into the synthesis solvent decreases the abundance of the
bridging CO adsorption sites, particularly p2(100) (Figure 3-11a-c). However, it is hard to
determine if this is a result of interactions between the solvent and PV A suppressing access
to the surface sites,?’ or if the formation of smaller NPs reduces the abundance of NP planes
where CO bridging is more likely to occur.®® Interestingly, PdS0EtPA shows a marked
increase in the p2-CO binding at ~ 1975 cm™, whereas this band is observed as a slight
shoulder for the other alcohol prepared catalysts (Figure 3-11d-f). Both Pd50PrPA and
Pd50tBuPA display a reduction in the adsorption of CO on edge sites (~ 2063 cm™), whilst
Pd50IsPA displayed the largest abundance of CO adsorption on all aforementioned surface
sites. It would thus be expected that Pd50IsPA would be the least selective for a particular
product, whereas PAWPA would be more selective for products formed at bridge sites, and

Pd50EtPA would be more selective for products formed at linear sites.8106!

The preparation of Pd NPs with high metal loadings and controlled NP sizes (< 3 nm) has
been discussed, utilising solvent systems of equal vol. % XOH:H2O. From the data
presented, sol-immobilisation benefits from synthesis solvents composed of H>O:XOH
mixtures (where X = Me or Et). The remaining linear and branched alcohol systems require
higher degrees of optimisation to bring their metal loadings to levels comparable with
PdWPA, which is outside of the scope of this chapter.
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Figure 3-11. FTIR spectra acquired for CO-adsorption studies on Pd/TiO2 catalysts
prepared at 1°C under varied solvent environments, where the ratio of
XOH:H20 is 50:50 unless otherwise stated: a) PAWPA, water only solvent
system, b) Pd50MePA, c¢) Pd50EtPA taken from Rogers et al., ACS Catal., 2017,
7, 2266-2274,%" d) Pd50PrPA, e) Pd50IsPA, and f) Pd50tBuPA.

92



Chapter Three — Investigating the Influence of Short Chain Alcohols on Colloidal Pd
Synthesis

3.3.2 Increasing [Methanol] in Colloidal Pd Nanoparticle Synthesis

The influence of the synthesis solvent on the final catalyst is further explored in this section
by varying the [alcohol] which produced the smallest NP size with the highest metal loading.
Therefore, synthesis solvents comprised of 25 vol. % increments of MeOH (0-100 vol. %)
were used in the preparation of 1 wt. % Pd/TiOz, named PAWPA, Pd25MePA, Pd50MePA,
Pd75MePA, and PdMePA, where M = MeOH and the number states the [MeOH @g)].

3321 Ultraviolet-Visible Spectroscopy

The solutions of KoPdCls were prepared in varied ratios of MeOH x):H20100-x) and examined
using UV-Vis spectroscopy. As described previously, the bands observed in the pre-reduced
solutions (Figure 3-12a) are LMCT (~ 212, ~ 237, ~ 310 nm) and d-d transition (~ 400 nm)
bands consistent with polymer capped [PdCls]*.122739-34 Increases to the intensity of the
absorption is noticeable with increasing MeOH concentration in the synthesis solvent
(Figure 3-12a-c). Complete reduction of the Pd precursor salt solution was observed for all
samples after 30 minutes, displaying a broad absorption band across the spectrum (Figure
3-12d).

3.3.2.2 Microwave Plasma—Atomic Emission Spectroscopy

Elemental analysis of the prepared Pd catalysts shows that optimal loading is achieved
without the addition of methanol to the synthesis solvent (Table 3-7). An equal vol. %
solution of MeOH:H>O produced the MeOH based catalyst with the highest loading.
However, as the solvent system becomes more alcoholic, the achieved Pd loading decreases
to below 40 wt. % of the ideal loading (Pd75MePA: 0.24 wt. % and PdMePA: 0.37 wt. %
Pd). Decreased Pd loading at higher MeOH concentrations could be attributed to:
(1) insufficient solvation of both the precursor salt, KoPdCls, and the stabilising agent,
PVA,*° or (2) interactions between MeOH and the support surface altering the surface pH,
and subsequent pl charge, potentially dampening the charge attractions between TiO2 and
the Pd NPs.
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Figure 3-12. UV-Vis spectra detailing a) Pd precursor salt solutions, b) the ligand-to-metal
charge transfer bands, ¢) d-d band transitions and d) Pd colloids formed after

reduction of the precursor salt solutions. Pd NPs were prepared in increasing

[MeOHag)] in the synthesis solvent.
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Table 3-7. MP-AES Pd wt. % loading values for Pd/TiO; catalysts prepared to 1 wt. % in
varying methanol and/or H20 solvent systems.

Sample Ave. [Pd] Ave. [Pd]
Catalyst
Mass (9) (ppm) (wt. %)
PdWPA 0.099 8.27 0.83
Pd25MePA 0.0989 1.27 0.74
Pd50MePA 0.100 8.08 0.81
Pd75MePA 0.102 2.47 0.24
PdMe 0.0952 3.48 0.37

3.3.2.3 Transmission Electron Microscopy

Pd NPs with average diameters <3 nm were confirmed for all catalysts in this series via
TEM imaging (Figure 3-13 & Figure 3-14). The smallest average size was observed for the
50 vol. % MeOH catalyst. Interestingly, the average Pd NP size decreases from 0 vol. %
MeOH to 50 vol. % (2.6 + 1.4 nmto 1.1 + 0.6 nm, respectively), and increases again toward
100 vol. % MeOH (1.8 £0.9 nm). It is believed that, similar to the average NP sizes
observed for Pd50IsPA and Pd50tBuPA, the higher MeOH concentration systems display
smaller NP sizes than PAWPA due to the low loading of the metal species.
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Figure 3-13. TEM images of the 1 wt % Pd/TiO. catalysts prepared in increasing vol. %
MeOH in the synthesis solvent: a) PAWPA, b) Pd25MePA, c¢) Pd50MePA,
d) Pd75MePA, and e) PdMePA.
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Figure 3-14. Standard deviation histogram for the 1 wt % Pd/TiO> catalysts prepared in
increasing volume % of methanol in the synthesis solvent, a) PAWPA,
b) Pd25MePA, c) Pd50MePA, d) Pd75MePA, and e) PdMePA. Data was
calculated from NP population sizes of 200-300 Pd NPs per sample.

97



Chapter Three — Investigating the Influence of Short Chain Alcohols on Colloidal Pd
Synthesis

3.3.24 X-ray Absorption Fine Structure
33241 X-ray Absorption Near-Edge Structure

Characterisation of the average Pd oxidation state was performed via XANES analysis
(Figure 3-15). Initial assessment of the white line peak suggests that addition of 25 vol. %
MeOH increases the Pd?* oxidation state of the supported NPs. Comparison to the Pd® and
PdO reference XANES shows a shift in the position of the absorption edge with increasing
oxidation state (Figure 3-15a).2 However, there is no noticeable shift in the absorption edge
from 0 to 100 vol. %, only a slight difference in the intensity of the white line peak,
indicating that the oxidation states for the methanol prepared Pd catalysts are similar (Figure
3-15b). The XANES LCFs elucidates that the inclusion of MeOH into the synthesis solvent
in 25 vol. % increments is beneficial in increasing the Pd?* character of the formed NPs.
Furthermore, the highest Pd®* % measured was for Pd50MePA, and decreased towards a
MeOH-only solvent system: Pd50MePA =50 %, Pd75MePA =50 % and PdMePA =48 %
(Table 3-8).
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Figure 3-15. Pd K-edge XANES spectra for a) Pd’, PdO and PdCl, references and
b) Pd/TiO- catalysts prepared in increasing incremental vol. % of MeOH in the

synthesis solvent.
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Table 3-8. XANES linear combination fit reference standards for the 1 wt. % Pd/TiO;
synthesised in varying [MeOHag)] solvent systems. The accuracy of the fit is
described by an Rsactor Value, where the confidence of the fit is represented by the

smallest value above zero.

[MeOH] Reference standards (%0)
used in
Catalyst hesi Rifactor
Synthesis pq2* pq0 P2+ /P
(vol. %)

PdWPA 0 30 70 0.43 0.002
Pd25MePA 25 40 60 0.67 0.0103
Pd50MePA 50 50 50 1.0 0.015
Pd75MePA 75 50 50 1.0 0.011

PdMePA 100 48 52 0.92 0.012

3.3.24.2  Extended X-ray Absorption Fine Structure

Analysis of the higher energy oscillatory EXAFS region details the formation of small Pd
NPs and not crystalline PdO due to the absence of a scattering path at ~ 3.2 A for all samples
(Figure 3-16). As discussed for the previous group of catalysts, the Pd-O scattering path
located at ~ 1.7 A indicates the formation of small Pd NPs.* However, synthesis solvents
composed of > 50 vol. % MeOH show comparable magnitudes of Pd-O scattering, therefore,
assessment of the 1% shell Pd-Pd scattering magnitude (~ 2.7 A) offers a more accurate
representation of the NP size trend for Pd50MePA, Pd75MePA and PdMePA. Fitting of the
first shell Pd-Pd and Pd-O paths agree with the trends established from the TEM data (Figure
3-16, Table 3-9). Increasing the [MeOHq)] from 0 to 25 vol. % shows a slight decrease in
the magnitude of the Pd-Pd scattering path, as well as a small increase in the magnitude of
Pd-O scattering (PdWPA: CNpgpa=7.2%0.5, CNpgo=16+0.3, Pd25MePA:
CNpgpd = 6.6 £ 0.3, CNpg.o =1.8 £0.2). The fitted CNs for both the Pd-Pd and Pd-O
pathways resulted in similar average environments surrounding the absorbing Pd, further

agreeing with the calculated TEM NP sizes. Preparation of Pd NPs in equal vol. %
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MeOH:H>O produced the smallest apparent Pd NP size, also evident from the smaller
magnitude of Pd-Pd scattering (CNpg-pq = 4.9 £ 0.4). Again, as Pd NPs become smaller, the
abundance of Pd-O scattering at ~ 1.7 A becomes larger, which is observed from Pd25MePA
to Pd50MePA (Pd50MePA: CNpg-o = 2.5 £ 0.2). Synthesis solvents comprised of greater
[MeOHgg)], i.e. 75 and 100 vol. % MeOH, lead to the formation of NPs with fitted CNpg.0
that are not only within error of one another but also within error of Pd50MePA, agreeing
with the literature that a lesser control of (Pd) NP size is afforded from syntheses in highly

concentrated, or less polar, alcohol solutions.?*2°
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Figure 3-16. Pd K-edge EXAFS data displaying the experimental FT y(k) (a & c) and y(k)
data (b & d) for the prepared 1 wt. % Pd/TiO> catalyst;. where Pd references
are displayed in figures a) & b), and the influence of increasing the vol. % MeOH

in the synthesis solvent is displayed in figures ¢) & d).
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Figure 3-17. Fitted experimental FT y(k) data, both the magnitude and real components, for

prepared Pd/TiO2 catalysts using

increasing vol. % MeOH in the synthesis

solvent: a) PdWPA, b) Pd25MePA, ¢) Pd50MePA, d) Pd75MePA and e)

PdMePA.

TEM analysis of PdA50MePA, Pd75MePA and PdMePA suggests that the average Pd NP size
increases linearly with rising [MeOHq)]; however, the fitted EXAFS data suggests that the
average NP sizes for Pd75MePA and PdMePA are closer than the TEM data implies. Though

it should be noted that as the 1% shell CNpg-pq

increases towards 12, the number of atoms

present in the NP sharply increases, leading to a broad range of particle sizes and shapes

possible.%
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Table 3-9. 1t shell EXAFS fitting parameters derived from the k? weighted FT for the Pd K-
edge EXAFS data for the MeOH based solvent system catalysts. Amplitude
reduction factor, S5 = 0.75, was determined from fitting an acquired Pd metal
reference foil. EXAFS fittings range: 3 <k <11.5, 1 <R <3.4, number of
independent points = 11.2. The accuracy of the fit is described by an Reactor vValue,

where the confidence of the fit is represented by the smallest value above zero.

Catalyst  Abs-Sc CN R (A) 262(A%)  Eo(eV)  Rractor

Pd-Pd 72+05 274+0.08 0.008
PdWPA 02+09 0.017
Pd-O 16+03 1.99+0.07 0.005

Pd-Pd 6.6+03 274+0.01 0.008
Pd25MePA 00+10 0.008
Pd-O 18+0.2 1.98+0.06 0.005

Pd-Pd 49+04 273+0.06 0.008
Pd50MePA 32+06 0.031
Pd-O 25+0.2 1.98+0.03 0.005

Pd-Pd 59+03 274+0.05 0.008
Pd75MePA 28+0.6 0.016
Pd-O 24+02 198+0.02 0.005

Pd-Pd 56+05 274+0.01 0.008
PdMePA 00+10 0.030
Pd-O 21+03 1.98+0.06 0.005

3.3.25 Infrared Spectroscopy

Pd/TiO prepared in the absence of MeOH showed a favourability towards bridging CO
adsorption, particularly p2-CO on the Pd(100) facets (~ 1983 cm™, Figure 3-18).8 Linear CO
adsorption on corner and edge sites (2090 cm™ and 2063 cm?, respectively) also occurs, but
to a lesser extent with increasing [MeOHg)]. Concurrently, a reduction in the abundance of

bridged adsorption sites is identifiable at higher [MeOHq)]: M2 bridge-bonding on Pd NPs
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at Pd FCC (100) facets and Pd(111) planes ~ 1980 and 1940 cm™ respectively.®* The
decrease in CO adsorption observed on inclusion of MeOH in the synthesis solvent suggests

that Pd surface sites are more accessible for the water prepared catalyst.
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Figure 3-18. CO probe molecule FTIR spectra of Pd/TiO. catalysts prepared using
increasing vol. % MeOH in the synthesis solvent: a) PAWPA, b) Pd25MePA,
¢) Pd50MePA, d) Pd75MePA and e) PdMePA.
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With decreasing NP size, an increase in the linear binding modes at corner and edge sites
would be expected; however, this is not the case for the Pd50MePA.%° Instead, the low
abundance of CO adsorption appears consequential of PVA interactions with MeOH

resulting in excessive polymer clustering around the Pd NPs.®

3.4 Conclusions

The purpose of this chapter was to determine how the inclusion of short chain alcohols (C:-
Cas), with differing sterics (linear or branched chain alcohols), in the sol-immobolisation
synthesis solvent influenced the metal loading and NP size of the TiO2 supported Pd NP
catalysts. This fundamental study expanded on the work reported by Rogers et al. who
prepared 1 wt. % Pd/TiO> catalysts in 50 vol. % EtOH:H.O synthesis solvents.?’

It was found that MeOH or EtOH incorporation into the synthesis solvent did not
significantly impact the desired metal loading and produced Pd NPs comparable to those
prepared in H2O (Pd50MePA: 0.81wt. % Pd, Pd50EtPA: 0.88 wt. % Pd, PdWPA:
0.83 wt. % Pd). Conversely, sol-immobilisation synthesis involving longer chain alcohols
(PrOH), with increased sterics (ISOH, tBuOH), produced catalysts with Pd loadings < 50 %
of the ideal. The influence of the alcohols was best observed through control of nanoparticle
size, increasing as a function of the solvent system’s linear alcohol chain length (MeOH <
EtOH < PrOH), which is contrary to the literature.?*2° The use of secondary (IsOH) and
tertiary (tBuOH) alcohols in the synthesis solvent formed supported Pd NPs < 2 nm;
however, the small size and narrow distributions of the particles were attributed to the lower
metal loading of these systems limiting instances of coalescence on the support surface.
Moreover, the accessibility of Pd surface sites was shown to be altered by the presence of
alcohol in the solvent system, which is expected to influence the prepared Pd/TiO> catalytic

selectivity 81061

The methanol based solvent system proved to be the most promising to produce uniformly
small Pd NPs with high metal loading. The optimisation necessary for the C,-C4 alcohol
systems to afford metal loadings or NP sizes at comparable levels to Pd50MePA was not
within the scope of this work. Nevertheless, further investigation into the preparation of Pd
NPs was performed exploring the effect of incremental [MeOHq)] in the synthesis solvent.
Here, 1 wt. % Pd/Ti0O; catalysts were prepared in synthesis solvents of 0, 25, 50, 75 and 100
vol. % [MeOHq)]. Pd loading on the support surface was the main property impacted by the
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use of varying MeOH concentrations, where the highest loading was achieved using an equal
vol. % MeOH:H20 solvent (Pd50MePA: 0.81 wt. % Pd). The smallest NP size was also
found for this catalyst as determined by TEM and EXAFS analysis. The achieved Pd loading
decreased to below 0.4 wt. % Pd as the [MeOHq)] increased > 50 vol. % (Pd75MePA:
0.24 wt. % Pd, PdMePA: 0.37 wt. % Pd). It is the author’s hypothesis that this results from
either interactions between the Pd surface and PVA stabilising agent prevent anchoring of
Pd NPs,?8 or insufficient solvation of PVA and the precursor salt in increasing [MeOH g)]

in the solvent system.*®

The work presented in this chapter details the influence the solvent system has on the textural
properties of sol-immobilisation prepared 1 wt. % Pd/TiO, catalysts. It also provides a
platform for the work of the succeeding chapter, wherein further optimisation of the MeOH
based sol-immobilisation procedure is investigated in the preparation of Pd/TiO> catalysts
for furfural hydrogenation.
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Chapter 4 Optimising Pd Nanoparticle Catalysts for

Furfural Hydrogenation

The influence of the sol-immobilisation synthesis solvent on catalyst activity is presented in
this chapter. Laboratory and synchrotron techniques have been employed to elucidate how
changes to the synthesis solvent can influence textural NP properties and the resultant
catalytic selectivity of the final catalyst, with a manuscript submitted to ChemCatChem titled
‘Controlling the production of acid catalysed products of furfural hydrogenation by
Pd/TiO.’: G. F. Tierney, S. Alijani, M. Panchal, D. Decarolis, M. Briceno de Gutierrez, K.
M. H. Mohammed, J. Callison, E. K. Gibson, P. B. J. Thompson, P. Collier, N. Dimitratos,
E. C. Corbos, F. Pelletier, A. Villa and P. P. Wells, ChemCatChem, 2021, DOI
10.1002/cctc.202101035R1.

Authors listed on this paper all contributed to the manuscript in the following capacities: S.
Alijani performed catalytic testing in Milan; M. Panchal performed TPD/TPR
measurements; K. M. H. Mohammed performed synthesis of beamtime samples; J. Callison
performed MP-AES for the author; D. Decarolis and P. B. J. Thompson assisted on
beamtime measurements as support and as beamline staff, respectively; M. Briceno de
Gutierrez performed HRTEM, and STEM-HAADF analysis; E. K. Gibson gave advice on
TPD/TPR measurements; P. Collier was included due to their industrial involvement with
Johnson Matthey; E. C. Corbos and F. Pelletier were industrial supervisors for this project;
N. Dimitratos and A. Villa were academic collaborators for this project; P. P. Wells was the

academic supervisor of this project.

4.1 Introduction

Rising global demand for energy and reduced dependence on fossil fuels has led to the
utilisation of lignocellulose materials, an undesirable by-product of agricultural processes.!
The conversion of biomass has proven to be an incredibly important step toward the
production of value-added chemicals, and energy, as well as offering a cheaper, more
sustainable source of fuel than those acquired from crude oil.? Food derived fuels, or 1%
generation biofuels, relied heavily on the use of edible organic materials, e.g. wheat.
However, the high costs and ethics associated with using edible plant matter makes the use
of 1% generation biofuels not ideal. Instead, sourcing biomass from non-edible, or

lignocellulosic, origins, e.g. oat husks or agricultural wastes, has provided a cost effective
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and more ethical route to 2" generation biofuels. Non-edible lignocellulose biomass is

primarily composed of cellulose, hemicellulose and lignin, and represents the most abundant

form of biomass.® Conversion of lignocellulose into liquid fuels can be achieved via three
processes:?

(1) Gasification, where liquid or solid carbonaceous materials are reacted with air, oxygen
or a mixture, to yield syngas or produce gas containing CO, Hz, CH4, CO2 and N2 in
varied concentrations dependent on the reactant gas.*

(2) Pyrolysis, predominantly used in the synthesis of bio-oils by the heating of biomass in
the absence of oxygen or steam to gaseous, liquid and solid products, which can be
controlled using various residence times, heating rates and temperature conditions.®

(3) Hydrolysis, where the conversion of cellulose to sugar polymers is performed using
enzymes or acid catalysts.?

The acid catalysation of hemicellulose has been used to prepare valuable sugars from its

reaction products. Importantly, one major product of hemicellulose transformation is the Cs

sugar xylose, which can be further hydrolysed and dehydrated to yield furfural.® Furfural is

a focal platform compound in the preparation of non-petroleum derived chemicals,”® such

as resins and fuel additives.®*! The preparation of furfural from oat husks was first noted by

the Quaker Oats Company in the 1920s'? and, since then, the global production of furfural
has reached 461,380 tons annually (as of 2020).*® The versatility of furfural as a feedstock
affords the preparation of a multitude of valuable chemicals via hydrogenolysis,

decarbonylation or hydrogenation (Scheme 4-1).1

Whilst the products acquired from the hydrogenolysis and decarbonylation of furfural,
methyl furan and furan, respectively, are utilised in the production of a wide range of
chemicals and solvents, it is the selective hydrogenation of furfural that is of interest in this
work. Primary hydrogenation of furfural yields furfuryl alcohol (FA), a sought after
chemical with wide applications in the production of resins and synthetic fibres.?>® The
subsequent hydrogenation of FA produces tetrahydrofurfuryl alcohol (THFA), used in the
preparation of green industrial solvents and pharmaceuticals.'”*® The selective nature of the
hydrogenation reaction arises from furfural being an o,-unsaturated aldehyde; however, in
terms of thermodynamics and kinetics, C=C hydrogenation is more easily performed than

C=0 hydrogenation,*® and so, THFA production is favoured.
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Scheme 4-1. Representation of the versatility of furfural to transform into value-added
chemicals; schematic taken from Corma et al., Chem. Rev., 2007, 107,
2411-2502.14

Heterogeneous catalysts containing Cu, Pd, Pt and Ni have been utilised for decades for the
hydrogenation of furfural in gaseous and liquid phases.116.18:20-22 Commercially, Cu and
CuCr catalysts have been employed for the hydrogenation of furfural, favouring FA
formation.'* This is resultant of the preferential adsorption of furfural via the oxygen lone
pair on the aldehyde functionality. Furthermore, association of the furan ring parallel to the
Cu surface is not experienced due to net repulsion between the Cu 3d band and the furan
ring.2® Adsorption of furfural via the furan ring is, however, allowed over Pd, Ni and Pt, with
the n%(C-0) binding mode favoured.® The high FA selectivities observed using CuCr based
catalysts are coupled with the issue of Cr toxicity, with many attempts made to prepare Cu
based catalysts that are as active but less detrimental to human health and the
environment.}*24 Metal oxide supported Pt catalysts have also been used, but favour the
hydrogenolysis and decarbonylation of furfural over hydrogenation;® however, selectivity
towards the hydrogenation products can be improved either by doping the catalyst or
incorporating a monolayer support.?® Pd based catalysts have shown promise in
hydrogenation processes due to their ability to dissociate H> under ambient conditions, which
has allowed for hydrogenation reactions to be performed over Pd catalysts at low reaction

temperatures and Hz pressures.®?"~2° Moreover, product selectivity has been attributed to the
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binding mode of furfural on the Pd surface, e.g. n}(CO), n*(0), n?(C-O) and n?(C-C), which
have shown preference with NP size.3%3! The presence of stabilising agents associated to the
NP surface has also been shown to impact product selectivity by blocking access to reagent
binding sites.®3233 Campisi et al. reported improved selectivity for benzyl alcohol oxidation
over PVA-capped Pd NPs due to suppression of the decarbonylation reaction pathway. Using
CO probe DRIFTS measurements, PVA was observed to preferentially bind and block the
Pd(111) facets, which are known to promote the unwanted side reaction.®® Moreover, Medlin
et al. studied the selectivity of furfural hydrogenation over Pd NPs modified by self-
assembled monolayers (SAMs) of alkanethiolate.® In their study, the selective binding of the
thiolate SAMs to the Pd surface and their sterics were found to increase the selectivity to
hydrogenation products over those formed via decarbonylation or ring opening. This was
proposed to be resultant of the SAMs limiting access to three-fold terrace sites on the Pd
surface, limiting the quantity of furfural binding in the n?(C-O) and n?(C-C) modes parallel
to the surface, instead favouring n!(CO) adsorption (Figure 4-1).°

Edge sites Terrace sites

Figure 4-1. Site isolation and selective blocking effects for the selective hydrogenation of
furfural over self-assembled monolayer modified Pd NPs; image taken from
Medlin et al., Nat. Commun., 2013, 4, 1-6.°

Sol-immobilisation synthesis of PVA-capped Pd NPs in EtOH:H,O mixtures was reported
by Rogers et al. and the activity of the prepared catalysts was determined by their selectivity
for furfural hydrogenation.?” Interactions between the solvent system and the stabilising
agent were found to benefit a greater abundance of corner and edge sites on the NPs, which
meant that furfural adsorption perpendicular to the surface was favoured; this resulted in a
higher selectivity to FA over THFA.234 It is clear that sol-immobilisation is beneficial for
the formation of NP catalysts with both controlled size and tailored surface sites.

Nevertheless, there is still an ongoing challenge: how can NP catalysts with preferential
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properties (size, morphology and surface site availability) be prepared with the specificity

afforded by sol-immobilisation without the large number of process steps?

In this chapter, systematic changes to the solvent of synthesis are used to prepare Pd/TiO>
catalysts. As determined in Chapter 3, a 50:50 (vol. %:vol. %) MeOH:H-0 solvent afforded
the greatest control of NP size. At higher [MeOH], however, substantially lower Pd loadings
were observed. Further streamlining of the synthesis procedure is also investigated, with the
properties and activities of the sol-immobilisation prepared Pd NP catalysts analysed as a
function of the reduced number of process steps during synthesis. Here, the importance of
the stabiliser and the acidification procedure is assessed for all solvent systems
([IMeOH@g] =0, 50 and 100 vol. %). The prepared Pd catalysts in this chapter are
characterised using MP-AES, TEM, STEM HAADF coupled with EDX or EELS, XAFS,
CO probe IR, NH3-DRIFTS, TPD/TPR and TGA to determine how the solvent system

influences metal loading, NP properties and the spillover of H> to the support surface.

4.2 Experimental

4.2.1 Catalyst Preparation

Supported Pd NPs were prepared following a standard sol-immobilisation method where the
temperature of chemical reduction was kept at 1 °C. Pd colloids were prepared using
Naz[PdCl4] solvated into solutions using deionised H.O (18.2 MQ cm, denoted by W),
mixed H20:MeOH systems (50:50 (vol. %:vol.%), denoted by 50Me) or MeOH (denoted by
Me) to the desired Pd metal concentration (128 uM). For catalysts synthesised with the
inclusion of a stabilising agent (PVA, denoted by P), an aqueous solution
(PVA:Pd (wt/wt) = 0.65, 0.01 g mL) was prepared. Solutions of NaBHa4 (0.1 M; NaBHa4:Pd
(mol/mol) = 5) were prepared fresh and added dropwise to each solution, over the course of
1 minute with stirring, to form dark brown-black sols. The solutions were kept at a constant
temperature (1 °C) during the reduction process and monitored every 15 minutes until
complete reduction of the precursor salt had occurred. The prepared colloids were anchored
onto TiO2 (P25, Degussa) under vigorous stirring conditions, with the quantity of support
material calculated to yield a final metal loading of 1 wt. % Pd. Where required, the catalyst
slurry was acidified to pH 1-2 using sulfuric acid (denoted by A). All catalyst slurries were
left to stir for 1 hr to accomplish full immobilisation of the colloid to the metal oxide support.

The catalyst slurries were filtered, washed thoroughly using deionised H2O, and dried
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overnight at room temperature. A description of the catalyst preparations used in this chapter

is available in Table 4-1.

Table 4-1. Synthesis variations applied to the standard sol immobilisation procedure studied
in this chapter. Pd/TiO> catalysts were prepared at 1 °C using either 0, 50 or
100 vol. % MeOH in the synthesis solvent. PVA was used as a capping agent for
the catalysts labelled with P, and the acidification step performed during the

standard synthesis was only performed for PAWPA.

Preparation Protocol

Catalyst _Feer(r:i‘l;.ct(io?) [(VMO?Q)l/:; PVA Acidification
PAWPA 1 0 Y Y
PAWP 1 0 Y i
PA50MeP 1 50 Y i
PdMeP 1 100 Y i
PAW 1 0 * "
Pd50Me 1 50 * i
PdMe 1 100 x *

4.2.2 Ultraviolet-Visible Spectroscopy

Reduction of the precursor Pd salt was monitored via ultraviolet-visible spectroscopy. 4 mL
of the precursor or colloidal solution was analysed at a time, with samples measured at
15 minute intervals until reduction of the Pd species had been observed. Full reduction was
observed when a broad absorbance band appeared in the spectra (between 200-800 nm).
Samples were characterised using a Shimadzu UV-1800 spectrophotometer in a quartz
cuvette, using the synthesis solvent as a reference (i.e. MeOH was used for catalysts prepared

using solely MeOH as the mother solvent).

4.2.3 Microwave Plasma-Atomic Emission Spectroscopy

Pd metal wt. % loadings were analysed using microwave plasma-atomic emission
spectroscopy. Fresh Pd/TiO: catalyst (3 x 0.1 g) was added to a solution of aqua regia (3:1
HCI:HNO3, 3 x 8 mL, trace metal purities). These solutions were then sealed in PTFE tubes
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and placed into an Anton-Paar Microwave 3000 centrifuge, with one tube containing an aqua
regia blank. Samples were heated to 200 °C and held for 40 minutes before cooling to room
temperature; on returning to room temperature, the solutions were diluted to 10 vol. % metal
solutions using deionised H20 (18.2 MQ cm). Support particulates were removed from
solution before analysis by filtering through a syringe filter-tip (Cole-Parmer, PTFE, 22 um
pore size, 50 mm diameter). Initially, Pd metal standards were prepared and measured to
calibrate the emission spectrometer. All standards, blanks and samples were vaporised and
passed through a microwave induced plasma, exciting electrons in the sample. On their
return to the ground state, the element specific emission was detected using an Agilent
Technologies 4100 MP-AES at four wavelengths of light corresponding to Pd atomic
transitions (324.270, 340.458, 360.955 and 363.470 nm).

4.2.4 Electron Microscopy

Catalysts characterised using TEM, HAADF/BF STEM and HRTEM were prepared via
sonication of the sample in EtOH. An aliquot of the supernatant was pipetted onto either a
300 mesh Cu TEM grid (TEM) or onto a 300 mesh holey carbon mesh Cu TEM grid (STEM
and HRTEM). TEM images were acquired by the author using a JEOL JEM 2100 EM,
operating at 120 kV, at the Research Complex at Harwell, Didcot, U.K. Both STEM images
and EELS measurements were acquired by Dr. Briceno de Gutierrez and Dr. Dung,
respectively, using the probe-corrected JEOL ARM200CF Scanning TEM, operating at
200 kV, on Johnson Matthey’s electron microscope at the 114 (ePSIC) beamline, DLS,
Didcot, U.K.

4.2.5 X-ray Absorption Fine Structure

X-ray absorption fine structure measurements were performed to examine the Pd oxidation
state (XANES) and the average Pd atom cluster size from the 1% shell coordination number
(EXAFS) of the fresh and used Pd/TiO catalysts. Pd K-edge XAFS studies were carried out
on the B18 beamline at DLS, Didcot, U.K. Measurements were performed in fluorescence
mode using the QEXAFS setup with a fast-scanning Si(311) double-crystal monochromator,
multi-element Ge and ion chamber detectors (for sample and reference foils, respectively).
Spectra were acquired at a time resolution of 1 min spectrum™ (kmax = 18), with 3 scans
acquired per sample. Fitting of the Pd K-edge EXAFS data were performed using the 1%
shell scattering paths of a Pd® foil (ICSD collection code = 52251) and a PdO reference
(ICSD collection code = 24692).
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Cl K- and S K-edge XAFS measurements were performed to evaluate the presence, local
geometry and oxidation state of the target element both in the catalyst structure and on its
surface. Cl and S K-edge measurements were carried out on the BM28 beamline®® (UK
CRG-XMaS) at the ESRF, Grenoble, France. On BM28, datasets were measured by running
a variable point density macro (XESCAN.MAC — Extended Escan: Variable point density);
in particular, energy scans were performed for multiple consecutive energy regions, with
equal or different steps (variable point density). Prior to measurement, the samples were
placed within a sample chamber and put under vacuum (~ 10° mbar) to minimise air
absorption at these ‘tender’ energies (< 8 KeV). The fluorescent signal was detected using a
silicon drift diode detector and processed using a Mercury XIA digital signal processor. All

spectra acquired at the Cl and S K-edges were in fluorescence mode.3®

All XAFS data were processed using the Demeter software package.>’® The Cl K-edge
XANES data were normalised using a Na,PdCl4 reference standard, where the energy of the
rising edge was calibrated according to literature values of similar [PdCl4]*> data.3%4°
S K-edge XANES data were aligned to a pre-run sulfur containing compound, CuSQOa, using
the Athena software package. As H>SO4 was used during the immobilisation of PAWPA, it
Is appropriate to compare the measured data to another sulfate species. The absorption edge
of CuSO4 was aligned to 2482.0 eV, the literature value for the SO4> sulfur compound. 42
The shift in the energy obtained from alignment of CuSO4 was then applied to the Pd/TiO;

samples

4.2.6 Infrared CO Chemisorption Studies

FTIR transmission spectra were acquired using a Nicolet iS10 spectrometer at a spectral
resolution of 4 cm! and an accumulation of 64 scans. For each catalyst, ~ 30 mg of the
catalyst was pressed to form a 13 mm diameter pellet. After placing the pellet inside of the
transmission cell, the chamber was purged with He (30 mL min™) for 30 minutes, and a
background spectrum was recorded. Next, 10 % CO/He (10 mL min™) was pulsed into the
chamber for 30 seconds between scans. CO was dosed over the pellet until complete
saturation of the pellet surface was achieved, normally 3-4 pulses. At this point, the gas was
switched to He (30 mL min) for 30 minutes, removing all gaseous and physisorbed CO
from the chamber and pellet surface, respectively. Data processing and background

subtractions were performed using the OMNIC software package.
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4.2.7 Hydrogenation of Furfural

Furfural hydrogenation was performed at 50 °C using a stainless steel reactor (30 mL
capacity), equipped with a heater, mechanical stirrer, gas supply system and thermometer.
All testing was carried out by the author and Dr. S. Alijani at the Universita degli Studi di
Milano, under the supervision of Dr. A. Villa. A fresh solution of furfural (10 mL, 0.3 M in
IPA) was placed into the reactor along with the desired quantity of catalyst
(furfural:metal (mol/mol) = 500). The reaction vessel was purged with N2 (3 x 3 bar) before
being depressurised and repressurised using H> (5 bar) and sealed. The mixture was heated
to 50 °C before being mechanically stirred (1000 rpm), ensuring kinetic regime conditions.
At the end of the reaction, the autoclave was cooled to room temperature (25 °C), and the
pressure was relieved. The process of pressurising the vessel was repeated after reaction
samples were withdrawn at 0 min, 15 min, 1 hr, 3 hrs and 5 hrs of reaction time. Reaction
samples were removed periodically (0.2 mL) and mixed with the internal solvent (IPA,
0.1 mL) and external standard (dodecanol, 0.2 mL) before being analysed in an Agilent 6890
gas chromatograph equipped with a Zebron ZB-5 60 m x 0.32 mm x 1 um column.
Authentic products (FA, THFA, etc.) were analysed to determine separation times.
Quantitative analyses were performed using the external standard method, whereby the GC
peak area of each product was compared against a known standard (dodecanol). Unidentified
ether products were identified using gas chromatograph-mass spectroscopy (GC-MS); for
this, aliquots of the reaction mixture were analysed using a Thermo Scientific 1ISQ QD,
equipped with an Agilent VF-5ms column, 60 m x 0.32 mm X 1 um.

4.2.8 Thermal Characterisation Techniques
4.2.8.1 Temperature Programmed Desorption

Ammonia-TPD measurements were used to elucidate the strength of acidic surface sites on
the relevant catalysts and were examined through diffuse reflectance infrared Fourier
transform spectroscopy and by measuring the mass fragments produced during temperature
programmed desorption using mass spectroscopy. DRIFTS datasets were acquired using a
Harrick DRIFTS cell integrated with an Agilent Carey 680 Fourier-transform infrared
spectrometer. Data was recorded taking 64 scans at 4 cm™ resolution using the liquid
nitrogen cooled MCT detector. The composition of the effluent gas was measured using a
Hiden QGA mass spectrometer. Two experimental procedures were used: (1) pre-reduction

of the sample surface performed in 4 % Ha:He (40 mL min*) for 30 minutes at 150 °C, and
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(2) pre-treatment in He (40 mL min™) at 150 °C for 30 minutes. The cell was then cooled to
25 °C in He (40 mL min™). The temperature was increased to 100 °C; once at temperature,
NHs3 (5 % NHs/He, 40 mL mint) was introduced to the cell until the surface was adequately
saturated. Once saturated, the gaseous mixture was switched to He (40 mL min™?) and the
temperature was increased to 450 °C (10 °C min™). Background DRIFTS spectra were
recorded in flowing He (40 mL min™) at 100 °C and were subtracted from the sample

spectrum for each measurement.
4.2.8.2 Temperature Programmed Reduction

Hydrogen-TPR experiments were performed using an Anton Paar ChemBet Pulsar. Sample
surfaces were purged at room temperature with Ar (25 mL min) for 45 minutes. Analysis
was performed in 4 % Ha/Ar (25 mL min™®), during linear heating of the sample from room
temperature to 500 °C (8 °C min). The quantity of hydrogen consumed and produced
during the TPR measurement was determined using a thermal conductivity detector. Prior to
TPR measurements, the TCD was calibrated at room temperature by pulsing pure H>
(5 mL min) into the ChemBet chamber under pure Ar (30 mL min™) until the gas volume
reached 125 mL.

4.2.8.3 Thermogravimetric Analysis

Thermal analysis of PVA, TiO; (P25), PAWPA, PdMeP and PdMe were performed using a
thermogravimetric analyser, data were acquired on a TGA 5500 (TA Instruments). Pt TGA
pans were used for all measurements and subjected to a cleaning process prior to sample
characterisation: any trace sample was removed, the pan was washed with acetone, heated
to 1000 °C (20 °C min't)in N2 (20 mL mint) and held for 5 minutes before cooling to room
temperature. 10-20 mg of sample was placed into the clean TGA pan for all samples except
TiO2, where 6 mg was used due to the low density of the material. Thermal properties were
investigated and characterised with increasing temperature, 25 to 700 °C (5 °C min?), and

performed in flowing N2 (20 mL min).
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4.3 Results and Discussion

The data presented herein further builds on the results presented in the previous chapter;
briefly, the greatest control of Pd NP size was observed by preparing colloidal Pd in a solvent
system composed of equal vol. % MeOH:H,O. However, increases to the alcohol
concentration in the synthesis solvent (75-100 vol. %) yielded a sharp decrease in the
Pd wt. % loading achieved, < 0.4 wt. % Pd. The optimisation of the sol-immobilisation
synthesis procedure investigated in this work focuses on the synthesis of 1 wt. % Pd/TiO-
catalysts in three reaction mixtures: (1) water (denoted by W), (2) an equivalent vol. %
MeOH:H-0 (denoted by 50Me), and (3) methanol (denoted by Me). The control of NP size
with and without the addition of a capping agent is also measured in this study for all solvent
systems, with samples prepared using PVA denoted with P. To improve the loading achieved
by the high [MeOH] Pd catalysts, the influence of the acidification procedure in the alcoholic
systems is also studied, with only the standard PVA capped water based Pd catalyst
immobilised at an acidic pH value.

4.3.1 Characterisation of Prepared 1 wt. % Pd/TiO2 Catalysts
43.1.1 Ultraviolet-Visible Spectroscopy

Solutions of Naz[PdCl4] ([Pd] =128 uM) were prepared in (MeOH)x:(H20)1-x solvent
mixtures (x =0, 0.5 or 1) and initially characterised via UV-Vis (Figure 4-2). Changes to
the precursor salt complex are noted through shifts in the [PdCl4]> absorbance bands: 210,
238, 329 nm (LMCT) and 410 nm (d-d transition). These bands are observed for catalysts
PdWPA, PdWP and PdW and are consistent with values reported in the literature for water
solvated [PdCl4]*.*** Catalysts prepared with increasing volumes of MeOH (Pd50MeP,
PdMeP, Pd50Me and PdMe) display shifts in the positions and intensities of the LMCT and
d-d transitions (Figure 4-2a-c). Variations in these peak positions and intensities could be
resultant of changes to the solution pH with increasing [MeOH] as hypothesised for the
catalysts prepared in the previous chapter.*® Another explanation for this could be the active
ligand exchange of CI- with OH- functionalities within the solvent.*” Once full reduction of
the precursor salt is achieved, the appearance of a broad absorbance band across the spectra

is evidenced for all solutions (Figure 4-2d).2”*® The colloidal solutions described were
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immobilised onto TiO (P25) without acidification of the support, except for PAWPA, where

the solution was acidified to pH 1-2 upon immobilisation.
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Figure 4-2. UV-Vis spectra of a) the precursor salt solutions prior to reduction; where Pd
NPs were prepared in solutions of H20, 50 vol. % MeOH:H>0, and 100 vol. %
MeOH, with and without PVA (P) added as a stabilising agent. PAWPA was the
only catalyst synthesised with an acidification step; b) the ligand-metal charge
transfer band region, c) the d-d transition band, and d) the broad absorption

band formed across the Pd spectra once reduced.

4.3.1.2 Microwave Plasma-Atomic Emission Spectroscopy

The Pd wt. % loading of each catalyst was determined using MP-AES (acidic protons.

Table 4-2). Preparation of Pd/TiO> following the standard route, including acidification and
a water solvent system (PdWPA), led to the immobilisation of 0.83 wt. % Pd, as is
commonly found.?” Removal of this acidification process impacts on the loading of catalysts
prepared in a water only solvent; the Pd loading of PAWP and PdW, are 0.25 and 0.3 wt. %
Pd, respectively. This decrease in loading is anticipated as acidification is required to enable

colloidal adhesion to the TiO2 surface.*® Interestingly, when the acidification step is removed
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and MeOH is present in solvent, similar (PdMeP =0.86 wt. % Pd) and higher
(PdMe = 0.96 wt. % Pd) levels of immobilisation were observed. At present, the higher
Pd wt. % loadings in MeOH are proposed to be caused by the amphoteric nature of the
alcohol aiding in the immobilisation in the absence of acidic protons.

Table 4-2. MP-AES results for the 1 wt. % Pd/TiO- catalysts prepared using a standard and

an altered sol-immobilisation process. The Pd wavelength was measured at

340.5 nm.
Catalyst Sample MP-AES Ave. [Pd] per sample Ave. [Pd] Ave. [Pd]
Mass () (ppm) (ppm)  (Wt. %)
PdWPA 0.1004 8.49 8.46 8.18 8.37 0.83
PdWP 0.0863 2.57 2.53 2.54 2.56 0.30
Pd50MeP  0.0851 7.83 7.73 7.67 7.75 0.91
PdMeP 0.0995 9.59 9.59 9.53 9.56 0.86
PdW 0.0865 2.20 2.18 2.19 2.20 0.25
Pd50Me 0.0887 8.15 8.15 8.08 8.12 0.91
PdMe 0.1057 9.12 9.04 9.07 9.10 0.96

4.3.1.3 Transmission Electron Microscopy

All powdered catalysts were characterised using TEM, with their average NP sizes and
particle size distributions/dispersions evaluated using ImageJ software (Figure 4-3 and
Figure 4-4, respectively).®® An initial comparison of catalysts PAWPA and PdWP shows that
employing an acidified immobilisation step increases the average NP size
(PAWP = 1.7 £ 0.7 nm, PdAWPA =2.6 +1.4nm). The greater NP size and dispersion
observed for PAWPA can be ascribed to the interaction of the stabilising agent, PVA, with
the acid, H2SOg4, during the immobilisation phase. As the acid is added into the catalyst
slurry, it strips away the PVA from the NP surface, which can lead to aggregation of the NPs
on the TiOz surface.>! MeOH synthesised catalysts (PdMeP and Pd50MeP) achieved good
immobilisation without the need for acidification and, importantly, formed Pd NPs with
smaller  average  sizes compared to PdWPA  (Pd50MeP =1.7 £0.7 nm,
PdMeP =1.8 £ 0.8 nm). As expected, the absence of a stabilising agent increases the

instances of particle agglomeration for Pd50Me and PdMe.®325253 However, whilst the
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average NP size remains fairly small (< 5 nm) for all uncapped Pd catalysts, the associated
error for each sample increases in proportion to the [MeOHgg]: PdW = 3.1+ 1.5 nm,
Pd50Me = 3.6 + 1.6 nm, and PdMe 3.3 + 2.3 nm.

Figure 4-3. TEM images acquired for the 1 wt % Pd/TiO; catalysts prepared with the
inclusion of PVA as a stabilising agent: a) PAWPA, b) PAWP, c) Pd50MeP,
d) PdMeP, e) PdW, f) Pd50Me, and g) PdMe.
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Figure 4-4. Standard deviation histograms corresponding to the prepared 1 wt. % Pd/TiO>
catalysts: a) PAWPA, b) PdWP, c) Pd50MeP, d) PdMeP, e) Pdw, f) Pd50Me,
and g) PdMe. Nanoparticle sizes and distributions were calculated using a

sample population of 200-300 Pd NPs.
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43.1.4 Scanning Transmission Electron Microscopy-Energy Dispersive X-ray

Analysis

STEM images were acquired using a high angle annular dark field detector coupled with
EDX analysis, affording greater insight into the morphology, size and dispersion of the
supported Pd NPs prepared in the capped MeOH:H>O series. The formation of small and
well dispersed Pd NPs is most evident for the water only system, PAWP (Figure 4-5a);
conversely, by preparing the PVA capped colloid in 100 vol. % MeOH (PdMeP, Figure
4-5b), larger Pd clusters were observed on the support surface. Standard TEM measurements
did not distinguish between this size disparity due to the far lower Pd loading achieved in
PdWP (PdWP =0.3wt. % Pd, and PdMeP =0.86 wt. % Pd). Agglomeration is also
prevalent for the uncapped catalysts (PdW and PdMe, Figure 4-5c and d), with the higher
metal loading achieved for PdMe increasing the probability of Pd NP coalescence taking
place. It is therefore evident that the addition of a stabilising agent is necessary to suppress

unfavourable growth of NPs, even in alcoholic systems.

4.3.15 X-ray Absorption Fine Structure

XAFS measurements are used within this chapter to characterise the oxidation state and
structural environment of the supported Pd nanoparticles (Pd K-edge XANES and EXAFS,
respectively).>* The use of ‘softer’ edge energies to probe the environment (Cl and S K-edge
XANES) of any residual ClI or S remaining on the catalysts following synthesis is also

described.>®
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Figure 4-5. Images of the 1 wt. % Pd/TiO> catalysts prepared in the capped MeOH:H20
series acquired via i) STEM HAADF, and ii) EDX analysis of a small area of i);
depicting a) PAWP, b) PdW, c) PdMeP and d) PdMe.

4.3.1.5.1 Pd K-edge X-ray Absorption Near-Edge Structure

The per atom average provided by XAFS allowed the zero-valent (Pd®) and oxidised (Pd?")
components of the catalysts to be calculated through LCF of the XANES region (Figure
4-6). The LCF data confirms that when PVA is present in the solvent system, the Pd bulk
contains higher average Pd?*" character: PdWPA =27.9%, Pd50MeP = 31.7%,
PdMeP = 41.2 % (Table 4-3). In addition, by not performing the acidification step during
PAWP synthesis an increase in the average amount of Pd?* state is observed:
PAWP = 31.9 %, PAWPA = 27.9 %. As discussed in Chapter 3, this Pd?* character observed
for all samples is indicative of the formation of passivated oxide layers occurring readily
over NPs with decreasing sizes.>® However, the average TEM NP size measured for PdMeP
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does not correlate with the Pd?* % fitted, therefore, further assessment of the EXAFS data is

necessary to evaluate the disparity in NP sizes for the prepared catalysts.

Table 4-3. Synthesis conditions applied for the prepared 1 wt. % Pd/TiO> catalysts; Pd bulk
oxidation state composition determined by XANES LCF, and average TEM Pd
NP size calculated from a sample population of 200-300 Pd NPs. The accuracy
of the fit is described by an Riactor Value, where the confidence of the fit is

represented by the smallest value above zero.

Reference Standard (%)

Sample Ave. TEM Pd NP
Notation P2t P Pd2*/PgP Reastor Size (nm)
PdWPA 28 72 0.39 0.012 26+14
PdWP 32 68 0.47 0.017 1.7+0.7
Pd50MeP 31 69 0.45 0.014 1.7+0.7
PdMeP 41 59 0.69 0.026 1.8+0.8
PdW 32 68 0.47 0.017 31+15
Pd50Me 13 87 0.15 0.006 3.6+1.6
PdMe 15 85 0.18 0.005 33+23
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Figure 4-6. XANES spectra acquired for all prepared 1 wt. % Pd/TiO> catalysts measured

on the B18 beamline at DLS, Didcot, U.K. Spectra were measured at the Pd

K-edge; XANES data are presented in normalised energy (a, ¢ & e), and as the

normalised 1% derivative energy (b, d & f). Pd reference data are shown in

images a) & b), catalysts prepared using PVA are presented in figures ¢) & d),

and catalysts prepared without PVA are shown in figures e) & f). PdWPA is

shown for comparison.
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4.3.15.2 Pd K-edge Extended X-ray Absorption Fine Structure

EXAFS was used to evaluate the prepared Pd catalysts’ local structure and Pd NP size
(Figure 4-7a-f). The formation of small Pd NPs is confirmed for these catalysts through two
distinct features: (1) a decrease in the magnitude of the 1% shell Pd-Pd scattering path
(~2.8A), and (2) an increase in the scattering path at 1.7 A, which is indicative of a
passivated oxide layer forming on exposure of the Pd NPs to air.>® The formation of large
crystalline PdO phases is discounted by the absence of a Pd-O scattering path at ~ 3 A
(Figure 4-7a, ¢ and e).°’ Evaluation of the EXAFS data, coupled with the XANES
component, confirms that there are very small Pd NPs present on the catalyst surface which

is consistent with the TEM analysis.

Prior to fitting of the data, the amplitude reduction factor (S3) was found by fitting the Pd
foil measured during the beamtime with a Pd° standard .cif file acquired from the ICSD
database: S5 = 0.75. Noise in the data, due to fluorescence acquisition, limited the extent to
which the k range could be fitted; for these samples, the k range was 3 < k < 10.5, and the R
range was 1 < R < 3.4 (Figure 4-8a-g). When PAWPA and PdWP are compared, removal of
the acidification step displays a decrease in the magnitude of the 1% shell Pd-Pd scattering
path and an increase in the magnitude of the 1 shell Pd-O scattering path. This agrees with

the data previously shown for the XANES and TEM of these samples.

Fitting of the Fourier transformed y-data enables the average localised CN of the absorbing
atom to be quantified.®® Introducing methanol to the synthesis solvent proved to have limited
effect on the localised coordination of the supported Pd, as seen for Pd50MeP,
(CNpg-prd =5.0 £ 0.3, CNpg.o =2.2 £0.2) were calculated within error of the values for
PAWP (CNpg-pa: 4.8 £ 0.3, CNpg-o: 2.1 +0.2). This agrees with the values found through
XANES LCF and average TEM NP size (Table 4-4). When MeOH was used as the synthesis
solvent for PdMeP, the fitted FT EXAFS data shows the smallest Pd NPs are formed
(CNpdrpd =4.6 £ 0.4, CNpg.o = 2.7 £ 0.2). The importance of employing a stabilising agent
in colloidal synthesis is evident in the EXAFS data for the uncapped samples (PdW, Pd50Me
and PdMe), which all show greater CNpgpg than their stabilised counterparts as a
consequence of Pd agglomerating within the colloid and upon the support surface; this is in

agreement with the average NP size increases observed through TEM measurements.>%%
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Table 4-4. 1% shell EXAFS fitting parameters derived from the k? weighted Fourier

transform for the Pd K-edge EXAFS data for all fresh catalysts. Amplitude

reduction factor, (S7) =0.75, was determined from fitting an acquired Pd°

reference foil. EXAFS fittings range: 3 <k <10.5, 1 <R < 3.4, number of

independent points = 11.2. The accuracy of the fit is described by an Rtactor value,

where the confidence of the fit is represented by the smallest value above zero.

Catalyst  Abs-Sc CN R (A) 262 (A?) Eo(eV)  Rfactor
Pd-Pd 6.7+0.3 2.76 £0.01 0.010 £ 0.001

PdWPA 0.0+£0.3 0.012
Pd-O 1.8+0.2 1.97 £ 0.04 0.006 £ 0.003
Pd-Pd 48+0.3 2.745 + 0.005 0.010 £ 0.001

PdWP 04+04 0.018
Pd-O 21+0.2 1.97 £ 0.04 0.005 £ 0.003
Pd-Pd 50+£0.3 2.747 £ 0.004 0.010 £ 0.001

Pd50MeP 04+04 0.017
Pd-O 22+0.2 1.97 £ 0.04 0.006 + 0.003
Pd-Pd 46+04 2.73+0.02 0.011 + 0.002

PdMeP 1.7+0.7 0.031
Pd-O 2.7+0.2 1.98 + 0.04 0.004 + 0.002
Pd-Pd 6.2+0.3 2.76 £0.01 0.010 £ 0.001

PdW 0.2+05 0.018
Pd-O 1.8+0.2 1.97 £ 0.05 0.005 £ 0.003

Pd-Pd 89+0.1 2.74 +£0.01 0.0091 + 0.0002

Pd50Me 20+0.1 0.036

Pd-O 0.7+0.7 1.97 £0.04 0.005 + 0.002
Pd-Pd 8.7+0.2 2.74+0.01 0.0078 + 0.0006

PdMe 0.3+0.3 0.006

Pd-O 09+0.2 1.96 £ 0.06 0.008 £ 0.004
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4.3.1.6 Cl and S K-edge X-ray Absorption Fine Structure
4.3.1.6.1 CIlK-edge X-ray Absorption Near-Edge Structure

Analysis of the Cl K-edge XANES region (Figure 4-9) provides invaluable information
about the composition of the absorbing atom’s orbitals and the covalent nature of any
associated bond(s). As with the data presented for harder X-ray edge energies, comparison
of the acquired data with its precursor salt (Na2PdCls) is paramount to reliably interpret the
results. Changes to the pre-edge and rising-edge positions elucidate how the CI speciation
on the catalyst surface alters as a function of the sol-immaobilisation procedure employed. It
is known that the following factors affect the position of the XANES pre-edge energy: (i) the
metal coordination geometry, (ii) nd orbital energy, (iii) ligand field splitting of the nd
orbitals, and (iv) the charge of the ClI absorber.>® As seen in Figure 4-9a, the most intense
pre-edge peak is observed for the precursor salt Na2PdCls. This is expected as [PdCl4]* is
square planar in geometry with regards to the Pd?* centre — it possesses two degenerate

electron holes in the Pd 4d orbital.

The peak at 2821.7 eV represents the excitation of the dipole-allowed Cl 1s—3p transition
into the doubly unoccupied LUMO (byg of the complex), and is described as having
predominantly CI 3p and Pd 4dx2,? character.3*4%! A second pre-edge peak is observed as
a slight shoulder at 2823.5 eV which is ascribed to shake-up satellite transitions, where the
excess energy within the system excites a valence electron following the formation of a core
hole by the incident X-ray source beam.*%2%3 The rising edge position of [PdCls]*
(~ 2825.0 eV) corresponds to the transition of an electron from the core CI 1s towards the
4p orbital via four terminal CI ligands to the Pd?* centre.5#%5 However, CI 4p orbitals are
only involved in a limited capacity. Any slight changes to the rising energy position therefore
indicates a change in the energy of the CI 1s orbital, correlating to the Zess (Cl), which has
been associated with bridged bonding CI species.*%=°

All prepared Pd/TiO> catalysts display slight shoulders on the absorption edge at similar
energies to the pre-edge feature in the [PdCls]* complex. The presence of this feature
suggests either: (1) a small quantity of the unreduced precursor remains in the sample, or
(2) Cl is present as CI ions on the catalyst surface. The former has been discounted due to
UV-Vis measurements acquired during colloid formation (Figure 4-2). The latter theory has
been previously reported by Thompson et al., wherein Cl K-edge XANES were acquired for
RhCls as a function of [CI].%® In their study, they found that dilution of the precursor complex

using water resulted in ligand exchange of the ClI with H20, leading to the production of
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solvated CI ions. However, in the presence of ClI-, mixing of the Cl and Rh orbitals does not

occur. Instead, a post-edge feature appears in the XANES at ~ 2825.0 eV, representative of

the solvated CI" ions.
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Figure 4-9. Normalised Cl K-edge (a, ¢, & e) and 1% derivative XANES (b, d, & f) data for

the NaoPdCls precursor salt (a & b) and the sol-immobilisation prepared

Pd/TiO- catalysts (c-f). ClI K-edge measurements were performed on the BM28

beamline at the ESRF, Grenoble, France.
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For the investigated RhCls samples, this feature increased as the reaction progressed,
reflecting the growing predominance of solvated Cl- on the catalyst surface.>® Therefore,
even after catalyst washing, remnants of the precursor salt can be detected on the catalyst
surface that could detrimentally act as a source for Cl poisoning.2%®

4.3.1.6.2 S K-edge X-ray Absorption Near-Edge Structure

The necessity of acidification during the immobilisation of Pd NPs prepared in water only
solvent systems has already been discussed; however, the consequence of introducing sulfur
species onto the catalyst surface must be considered as it is a known poison for many
reactions and processes involving Pd based catalysts.”-% In an effort to reduce the residual
S content present on the catalyst, the catalysts were washed with copious amounts of H>O
during filtration. S K-edge XANES is utilised to assess the extent and speciation of S residing
on the catalysts, probing the S 1s—3p transition, which is reported to be very sensitive to
the oxidation state of the absorbing S.*'%! Due to the low signal of the non-acidified samples
compared to the acidified PAWPA, normalisation of the XANES could not be achieved. The
data are instead presented as the intensity of the absorption as a function of energy (U(E))
(Figure 4-10).

Interestingly, even without its addition, sulfur was observed on all catalysts; however, the
intensity of the S fluorescence signal was significantly higher for PAWPA. The oxidation
state and the geometry of the XANES spectrum for PAWPA shows a distinct white line peak
at 2482.0 eV, which is identified as S®* (e.g. SO4%).*1%? A low intensity peak is observed for
all samples at ~ 2472.0 eV and could be representative of either S°, sulfide formation or Pd-
S interactions. Unfortunately, there is limited S K-edge XANES literature available for these
systems and the negligible energy shifts of this feature makes accurate assignment
difficult.*~"%"3 That being said, from this data, it is demonstrated that a MeOH optimised
synthetic protocol is able to significantly reduce the residual S present on supported Pd NP

catalysts.
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Figure 4-10. S K-edge XANES data presented as the absorption profile u(E) and as the 1%

derivative u(E) for the CuSO4 reference (a & b) and the sol-immobilisation

prepared Pd/TiO> catalysts (¢ & d) compare the acidified PAWPA and non-

acidified PdMeP, and e) & f) show the remaining non-acidified catalysts

prepared in this work. S K-edge measurements were performed on the BM28

beamline at the ESRF, Grenoble, France.

137



Chapter Four — Optimising Pd Nanoparticle Catalysts for Furfural Hydrogenation

4.3.1.7 Infrared CO Chemisorption Studies

CO adsorption on the supported Pd NPs was performed to characterise the Pd surface sites.
Variations to the NP surface, that arise as a consequence of parameters used during synthesis,
are identified through comparisons of this work to the literature.?’34747® The adsorption
band present at ~ 2086 cm™ is assigned to CO linearly adsorbed on corner sites of Pd NPs.”’
Pd nanoparticle edge sites are characterised through the linear CO band at 2063 cm™. IR
bands at ~ 1975 and 1945 cm indicate bridge-bonding of CO to the Pd NP surface (Figure
4-11).

Blue-shifting of the observed peak maximum for PAWPA, is attributed to dipole-dipole
coupling of adsorbed CO as the surface coverage increases (Figure 4-11a).”8%% The
remaining adsorption bands visible at 2140, 2120 and 1875 cm* describe the adsorption of
CO on Pd?*, Pd* and 3-fold surface sites, respectively.8:82 As seen in Chapter 3, the nature
of the synthesis solvent and its interactions with PVA influence the relative amounts of
available Pd surface sites.?” Here, however, the use of MeOH without PVA primarily leads
to a much lower CO coverage per gram of catalyst as a consequence of dense agglomeration,
as observed via TEM (Figure 4-11b). On the inclusion of PVA, the stabilising effect caused

by the polymer increases the total number of surface adsorption sites.?’3253
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Figure 4-11. FTIR spectra of CO-adsorption studies performed on Pd/TiO, catalysts
prepared at 1°C under varied solvent environments; where a) displays the PVA-
capped catalysts, and b) displays the catalysts prepared without PVA. The
samples were prepared in solutions of H>O, 50 vol. % MeOH:HO, and
100 vol. % MeOH. PdWPA was the only sample to have the acidification step

performed during synthesis.
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4.3.2 Hydrogenation of Furfural

All catalysts were evaluated for the hydrogenation of furfural at 50 °C (Scheme 4-2, Figure
4-12, Table 8-1, and Table 8-2). Unidentified products were interrogated using GC-MS
(Figure 2-19). The reaction conditions were optimised to ensure operation under Kinetic
regime.?’ The XANES, EXAFS and TEM data all confirm that PdMeP contains the smallest
NPs; thus, if activity is dependent on size, it would be expected to be the most active.
However, the initial catalytic activity confirms that PAWPA has a significant increase in
initial TOF (PAWPA = 288 mol (mol PdY) hr! vs. PdMeP = 195 mol (mol Pd?) hrt)
(Figure 4-12a-b and Table 4-5). Considering that PdMeP is known to contain smaller
particles, why is there such a pronounced change in performance? On closer inspection,
although the absolute conversion suggests a stark change in performance, analysis of the
product distribution goes some way to mitigating this. The initial yield (% conversion) of
products derived from hydrogenation processes (i.e. furfuryl alcohol (FA),
tetrahydrofurfuryl alcohol (THFA), tetrahydrofurfuryl methyl ether (THF-ME), isopropyl
furfuryl ether (FIE) and isopropyl tetrahydrofurfuryl ether (THFIE)) for PdAWPA and PdMeP
are 11 % and 8 %, respectively. There is still an observable difference between these two
values, but it is not as significant as the TOF implies. The other products produced from
PAdWPA are acetals that arise from the direct reaction of furfural with IPA, and are known to
form selectively over TiO2 surfaces.®#8 It should be noted that the formation of THFA and
FA has not been shown to occur on interaction of furfural with IPA under the reaction
conditions chosen without the presence of a catalyst. Although the ratio of THFA:FA
changes with respect to the catalyst preparation route, the consumption of FA in the
generation of the acid catalysed product must be considered. It is clear that NP size, whilst
important, does not always play the most significant role in increasing catalytic activity.
Instead, the availability of free surface sites on both the supported Pd nanoparticle and the
metal oxide support is paramount in determining catalytic activity and selectivity.®?’
Furfural hydrogenation performed over the bare TiO2 support displays 99 % selectivity to
the acetal product (2-(diisopropoxymethyl) furan); at isoconversion, PAWPA is 19 %

selective for acetal formation (
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Table 4-6).

@* ﬁ@f

Acetal THFIE
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Scheme 4-2. Possible reaction pathways during furfural hydrogenation over prepared
Pd/TiO> catalysts. Reaction products shown are: furfuryl alcohol (FA),
tetrahydrofurfuryl alcohol (THFA), furfuryl isopropyl ether (FIE),
tetrahydrofurfuryl isopropyl ether (THFIE), 2-methylfuran (2-MF),
2-tetrahydrofuran (2-MTHF) and (2-(diisopropoxymethyl) furan) (acetal).
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Figure 4-12. Catalytic performance plots for the hydrogenation of furfural using Pd/TiO>
catalysts synthesised in varying solvent environments. Conversion and
selectivity were calculated after 15 minutes (a & ¢), and 5 hrs (b & d). Reaction
conditions: furfural 0.3 M, furfural:metal ratio 500 mol:mol, 5 bar H>, solvent:
IPA. Catalytic activity (m) calculated after 15 minutes of reaction time are

presented in a & c.

After 5 hrs of reaction time, the picture is very similar; PAWPA results in higher overall
conversion, however, the yield of the desired FA and THFA hydrogenation products are very
comparable for PAWPA (50 %), Pd50MeP (47 %), and PdMeP (48 %) (Figure 4-12c-d).
Although PdAWPA demonstrates greater absolute conversion, the greater selectivity towards
various ether and over hydrogenation products reduces the overall atomic efficiency of the
catalyst. The PAWPA catalyst also shows a minor yield of FA, which can be ascribed to FA
being consumed in the subsequent production of ethers. The catalysts prepared without PVA
have lower absolute conversion of furfural after 5 hrs and a higher yield of the acid catalysed
products. This is because the conversion to acetals requires accessibility to the Brgnsted acid
sites on the TiO. surface.®>® Campisi et al. published an article on Pd/NiO catalysts and
were able to demonstrate a dual-site hydrogenation mechanism, where spillover of hydrogen
onto the NiO support played a significant part in the acetal mechanism.®’
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The rationale of hydrogen spillover aiding the generation of Brgnsted acid sites on TiO, and
their role in the production of ethers, is not without precedent. It is well documented that
TiO2 (both anatase and rutile phases) contains Bransted acid hydroxyl groups.88-°! It has also
been established that the availability of these acid sites can be enhanced through hydrogen
spillover.®? Furthermore, the role of dual-site catalytic mechanisms of Pd/TiO facilitated by
hydrogen spillover from Pd to TiO2 has previously been discussed.®® Surfaces of TiO; also
contain catalytically active Lewis acid sites;** however, recent studies have shown that
without the presence of Brgnsted acid functionalities, furfural cannot be readily converted
to furnanic ethers.®> Recently, it has been proposed that Pd-X interactions allow for
heterolytic H-H cleavage which gives rise to Bransted acidity.®® Cl K-edge XANES
presented earlier in this work suggest that all catalysts prepared have similar quantities of
surface ClI (Figure 4-9). Therefore, if interactions between the residual Cl and Pd had
produced Brgnsted acid sites, PAWPA and PdMeP would both have similar selectivity to the

acetal, however, this is not the case.

Table 4-5. Catalytic activity of catalysts used during the hydrogenation of furfural at 50 °C.
Catalytic activity was calculated after 15 minutes of reaction time. MP-AES

calculated Pd wt. % loadings are also shown for each sample.

Catalyst Activity [Pd]
(mol(mol Pdt) hrt) (wt. %)

PAdWPA 288.4 0.83
PdWP 397.5 0.25
Pd50MeP 287.5 0.91
PdMeP 194.9 0.86
PdwW 256.0 0.30
Pd50Me 133.0 0.91
PdMe 133.3 0.96
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Table 4-6. Conversion and selectivity of prepared Pd/TiO; catalysts and fresh TiO> for the
hydrogenation of furfural. Selectivities were calculated at 25 % conversion
unless otherwise stated. Conditions: 50 °C, 5bar H.. Furfural 0.3 M;
furfural:metal ratio (500 mol:mol), solvent IPA.

Lo
Furfural Selectivity (%) Mass
Sample Conversion o THEA A THE- N 5 5 Balance
0 ceta )
(%) ME MFE MTHE ()
PdWPA 74 45 13 19 1 17 5 0 0 99

Pd50MeP 54 54 30 10 0 7 0 O 0 100

PdMeP 53 60 25 0 0 4 10 O 0 100

Pd50Me 49 35 29 22 1 13 1 0 0 100

PdMe 37 48 15 28 0 10 0 0 0 100
PdWPS 19 56 12 29 0 2 0 0 0 100
PAWS 15 20 0 0 0 0 79 0 0 99
TiO,!

25 2 0 08 0 0 0 O 0 100
(P25)

§ Selectivity calculated at 12.5 % conversion of furfural. 7 TiO data are presented after 5 hrs of reaction time.

Furfural conversion and mass balance are given after 5 hrs of reaction time.

4.3.3 High Resolution Transmission Electron Microscopy

The next step in understanding why PdMeP has lower activity than PAWPA, was to acquire
images of the catalyst surface to identify any potential compounds covering the NP and/or
the support surfaces. High resolution TEM was used to image the PdMeP catalyst (Figure
4-13a-c). Thick amorphous layering of an organic species surrounding the support surface
and the NPs is clearly visible, particularly in Figure 4-13c, where the layer surrounds an
unsupported Pd NP and the TiO support adjacent to the NP.32%7% The absence of PVA

during the MeOH based synthesis is shown in Figure 4-13d, where the amorphous layer
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present for Figure 4-13a-c is not present. The source of this amorphous organic layer at
present is believed to be clumping of PVA due to its poor solubility in MeOH at room

temperature, causing it to aggregate on the catalyst and support surfaces.

Figure 4-13. HRTEM images of (a-c) fresh PdMeP and (d) PdMe. Layering of the organic
PVA can be seen surrounding both the TiO support (a & b) as well as the Pd
NPs (c).

4.3.4 Ammonia-Temperature Programmed Desorption

The influence of the colloidal solvent on the accessibility of TiO2 Bransted acid sites was
investigated using a combination of diffuse reflectance infrared Fourier transform
spectroscopy and mass spectrometry, monitoring both the adsorption and desorption of NH3
as a function of increasing temperature (100-450 °C). In order to determine the sites
generated following reduction during furfural hydrogenation, the PAWPA and PdMeP
catalysts were subjected to a TPD treatment without first cleaning the catalyst surface at high
temperature. In addition, the two samples were measured with and without a H»
pretreatment. It should be noted that the NHs-TPD data showed the decomposition of PVA
on all catalysts beginning at ~ 250 °C, therefore data above this temperature was not
included in the plotted DRIFTS spectra. For the fresh TiO2 support, one would expect NH3
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adsorption bands at ~ 1460 and 1689 cm™ (NH4" coordinated to Bransted acid sites and
marked by *, Figure 4-14).%9-102

As a consequence of the carbonyl bands of PVA, which appear in the region of interest
(1700-1300 cm™), the bands of NHs; adsorption on Brgnsted acid could not be
distinguished.®®1 Pyridine adsorption would also result in bands in this area of the spectrum
and so this was not pursued further.1931%4 Inspection of the NHz TPD MS data is also a hard
task, with the low signal/noise preventing the weak and medium NH3 desorption sites from
being elucidated, ~ 150 °C and ~ 400 °C, respectively (Figure 4-15a-e). Interestingly, the
mass spec signal of PAWPA and PdMeP prepared with a pre-treatment of flowing Hz(g)
displayed quite different uptake and release of Hz before stabilisation of the gas feed was
achieved (Figure 4-16).
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Figure 4-14. DRIFTS NHs adsorption data for prepared 1 wt. % Pd/TiO catalysts and TiO>
(P25): where a) PAWPA, c) PdMeP and e) TiO2 (P25) were subject to a thermal
pre-treatment at 150 °C for 1 hr in flowing He, and b) H.-PdWPA and
d) H2-PdMeP were subjected to the same heat treatment under flowing Hao. NH4*

Bronsted acid sites are signified by *.
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Figure 4-15. Mass spectrometry signals for NH3z adsorption and desorption over prepared
1 wt. % Pd/TiO; catalysts: where a) PAWPA, ¢) PdMeP and e) TiO; (P25) were
subject to a thermal pre-treatment at 150 °C for 1 hr in flowing He, and
b) H-PdWPA and d) H.-PdMeP were subjected to the same heat treatment

under flowing Ho.
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Figure 4-16. Mass spectrometry H. signal obtained during reduction of the Pd catalysts
prior to NHz TPD measurements: a) PAWPA and b) PdMeP.

4.35 Hydrogen-Temperature Programmed Reduction

To understand the influence the colloidal solvent has on the accessibility of TiO, Brgnsted
acid sites, hydrogen-temperature programmed reduction was utilised to measure the uptake
of H» for the PAWPA and PdMeP catalysts (Figure 4-17). H>-TPR data for both catalysts
exhibit three features below 350 °C: (1) a negative peak between 50-75 °C, which is assigned
to the decomposition of Pd hydride,'®1% (I1) an additional negative peak between 100-
150 °C that is indicative of dehydration,'® and (l11) a positive feature between 200-350 °C
that is reported to be the reduction of Ti** to Ti*" in the vicinity of Pd, i.e., hydrogen spillover
from Pd to the support.**"12 Typically, in the absence of hydrogen spillover, reduction of
Ti** to Ti*" is found to occur at temperatures > 600 °C.1*! Comparing the TPR traces for
PdWPA and PdMeP, it is clear that the amount of hydrogen adsorbed through Ha spillover
is far greater for PAWPA (1.64 pL g* Pd) than for PdMeP (0.10 pL g* Pd). This observation
is consistent with the hypothesis of a dual-site mechanism forming the acid catalysed
products, which are produced most significantly for the PAWPA system.
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Figure 4-17. TPR profiles generated for a) PAWPA and b) PdMeP, H> consumption and

production events are indicated on the images by I, Il or 11l: where | shows

the decomposition of the Pd hydride phase, Il is dehydration of the sample

and 11 illustrates spillover of hydrogen onto the TiO> support.

4.3.6 Thermogravimetric Analysis

Thermogravimetric analysis was used to measure the extent of decomposition and
carbonisation of any bound organics to the fresh Pd/TiO> catalyst surfaces (Figure 4-18a-c).
For reference, both the blank support TiO2 and PVA (Mw = 9000-10,000 g mol* 80 %
hydrolysed) were also assessed (Figure 4-18d-e). Removal of water from the catalyst and
reference compounds occurred within similar ranges, 100-340 °C, and corresponds to the
origin of the trapped water, i.e. in the polymer. Loss of absorbed water is responsible for the
decrease in weight between 100-120 °C observed for TiO2 (Figure 4-18d) 1) and between
50-200 °C in PVA (Figure 4-18¢) 111).114-116

Furthermore, TiO> displays a secondary weight loss between 120-250 °C which is attributed
to the dehydroxylation of adsorbed water and —OH functionalities (Figure 4-18d) I1).1151%
PVA displays a large weight loss between 200-340 °C that is resultant of water bound to the
polymer matrix being removed (Figure 4-18e) I1V).}*® PdWPA, PdMeP and PdMe all
showed comparable weight loss over this range, suggesting that the catalysts have similar
quantities of trapped water. Weight loss is observed for both PAWPA and PdMeP between
340-450 °C, and corresponds to two individual decomposition processes: (1) decomposition
of the side chain occurring at ~ 350 °C, and (2) decomposition of the main chain occurring
above 420 °C (Figure 4-18e).1® Comparing the region of PVA decomposition for both
PdWPA and PdMeP suggests a greater presence of PVA on the MeOH prepared catalyst
surface (PAWPA = 0.005 %/°C and PdMeP = 0.011 %/°C). Greater loading of PVA on the
MeOH catalyst after synthesis is in agreement with the data found via HRTEM and,
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importantly, its clustering surrounding both Pd NPs and the support surface suppress H>
spillover during hydrogenation. This prevents acid catalysation over the Brgnsted acid sites
of Ti0,.%
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Figure 4-18. Thermogravimetric analysis of the prepared 1wt. % Pd/TiO, catalysts:
a) PAWPA, b) PdMeP and c) PdMe, as well as the reference materials,
d) TiO. (P25) and e) PVA. Measurements were performed from 25-700 °C in
flowing air: 1 is the loss of absorbed water in TiO», Il is the dehydroxylation of
adsorbed H>O & -OH functionalities, 11 is the loss of absorbed water from PVA,

and 1V is the removal of water bound to the polymer complex.
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4.3.7 Reusability testing

It is important to evaluate the stability of the synthesised catalysts to establish its lifecycle;
therefore, catalyst-recycling reactions were performed using PAWPA, PdMeP and PdMe
over six successive hydrogenation cycles (Figure 4-19, Table 8-3, Table 8-4 and Table 8-5).
The catalysts prepared without PVA, i.e. PdMe, quickly deactivated with almost negligible
performance by the sixth successive cycle.
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Figure 4-19. Catalytic performance plots for the hydrogenation of furfural over prepared
Pd/TiO> catalysts. All catalysts were tested in six successive hydrogenation
cycles, where they were recovered from the previous test, dried and reused.
Substrate conversion and product selectivities were calculated after 3 hrs for
each catalyst: a) PdWPA, b) PdMeP and c) PdMe. Reaction conditions: 50 °C,

furfural 0.3 M; furfural:metal ratio 500 mol:mol, 5 bar H», solvent: IPA.

Both PAWPA and PdMeP are shown to lose activity to varying extents over the six cycles.
From this there are two key observations: (1) they both exhibit comparable activity and
selectivity profiles after 6 successive cycles, and (2) the production of THFA drops to a
negligible amount during the recyclability tests (PdAWPA =1 % vyield, and PdMeP =2 %
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yield). What causes this change in performance over successive cycles? The consistent
selectivity profile for both PdMeP and PdWPA, where both produce a majority of acid
catalysed product. This is concurrent with the progressive removal of PVA (PAWPA =1 %
acetal yield, and PdMeP =1 % acetal yield). The disappearance of THFA in the product
distribution can be attributed to the Pd NPs becoming carbidised which is, in part,

responsible for a loss in overall catalytic activity.?’

4.3.8 Characterisation of Recycled Catalysts

To assess the structural changes of these used catalysts in more detail, they were studied
using STEM-HAADF analysis (Figure 4-20) and XAFS spectroscopy (Figure 4-23 and
Figure 4-24).

438.1 Scanning Transmission Electron Microscopy and Electron Energy Loss
Spectroscopy

Particle agglomeration is visible for the recycled catalysts (Figure 4-20a-c). The average Pd
NP size remained broadly constant for PdAWPA, changing from 2.6 £ 1.4 to 2.8 £ 1.0 nm,
similar to the NP growth reported by Rogers et al.?” An increase in the average particle size
from 1.8 £ 0.8 to 2.3 £ 0.9 nm is observed for PdMeP (Figure 4-21). The extent of particle
growth was harder to calculate for PdMe as there were only a limited number of large
particles (e.g. > 20 nm) detected.

Figure 4-20. STEM-HAADF images of used 1 wt. % Pd/TiO, catalysts after one cycle of
furfural hydrogenation: a) PAWPA, b) PdMeP and c¢) PdMe.
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Figure 4-21. Histograms of Pd nanoparticle sizes calculated from TEM images of
a) PdWPA after furfural hydrogenation, sample population was 68 Pd NPs, and
b) PdMeP after furfural hydrogenation, sample population was 265 Pd NPs.

Electron energy loss spectroscopy was used to determine the dispersion of Pd, C and Ti for
PdMeP before and after furfural hydrogenation (Figure 4-22a-b). The fresh PdMeP catalyst
displays a thick layering of carbon surrounding and covering the TiO support surface, which
resembles the amorphous PVA layering present in the HRTEM images (Figure 4-13). After
one cycle of furfural hydrogenation, the quantity of carbon on the catalyst surface is
drastically reduced, suggesting PVA is removed during the reaction over PdMeP. This would
explain the gradual increase in ether formation after successive hydrogenations observed,
i.e. as PVA is removed, H> spillover occurs to a greater extent, forming Brgnsted acid sites
on the support material. The carbon signal acquired on the used PdMeP catalyst, however,

does not indicate if carbidisation of Pd has occurred.
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Figure 4-22. HRTEM images and EELS data acquired for PdMeP a) before and b) after
hydrogenation of furfural, with a false colour image of the catalyst and the

composite elements measured: Ti = blue, Pd = red and C = green.
4.3.8.2 X-ray Absorption Fine Structure

XAFS was used to assess the average extent of NP growth and also to elucidate whether

either catalyst had formed Pd carbide.!*®

43.8.21 Pd K-edge X-ray Absorption Near-Edge Structure

XANES acquired for the spent catalysts show a reduction in the appearance of an oxidised

Pd state through a decrease to the intensity of the main edge transition (Figure 4-23).
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Broadening of the white line peak and a shift in the second peak maximum to lower energy
is indicative structural change to the Pd lattice. This shift in the post-edge towards lower

energy is consistent with lattice expansion and the formation of Pd carbide 119120
43.8.2.2 Pd K-edge Extended X-ray Absorption Fine-Structure

The corresponding Fourier transforms of the y-data further confirms the formation of an
interstitial carbide phase (Figure 4-24). An increase in the Pd NP size post hydrogenation is
described by both the FT EXAFS data and its fitting (Figure 4-25). Removal of the
passivated oxide layer during hydrogenation is confirmed here as the scattering path at
~ 1.7 A seen in the fresh catalysts is no longer present. Instead, growth in the magnitude of
the 1% shell Pd-Pd path is observed for all recycled catalysts (Table 4-7). Not only is there
an increase in the abundance of Pd-Pd scattering, there is also a shift to the position of this
scattering path towards larger radial distance (R) is consistent with the formation of Pd
carbide.’?! The hydride phase is not stable without an overpressure of hydrogen and the
carbide hinders the adsorption of oxygen. The formation of Pd carbide is known to be
detrimental to the activity of Pd catalysts in hydrogenation reactions.%® Considering the
extent of THFA production decreases through successive cycles, it is proposed that the
reduced efficacy of parallel furfural binding on Pd carbide surfaces is responsible for this

change in selectivity.
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Figure 4-23. Pd K-edge XANES spectra for the fresh and used Pd/TiO catalysts measured
on the B18 beamline at DLS, Didcot, U.K.; used data were acquired after six
successive hydrogenation cycles. The normalised absorption energy is shown for
each recycled catalyst (a, ¢ & €) and the normalised 1% derivative XANES (b, d
& f).
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Figure 4-24. Pd K-edge XAFS spectra for the fresh and used catalysts, used data acquired
after six successive hydrogenation cycles. FT EXAFS data are presented for
each recycled sample (a, ¢ & e) and the corresponding y(k) data for each catalyst
(b, d &f). Expansion of the Pd lattice is observed for all FT EXAFS datasets. Pd
K-edge data were measured on the B18 beamline at DLS, Didcot, U.K.

157



Chapter Four — Optimising Pd Nanoparticle Catalysts for Furfural Hydrogenation

a) |——PdWPA Used b) =——PdMeP Used P dMe Used
- =Fit 7 — ~Fit l— - Fit

200 (A
2() (A
x(k) (A

Figure 4-25. Fitted experimental Fourier transform (FT) x(k) data, for Pd/TiO> catalysts
after one cycle of furfural hydrogenation; a) PdWPA, b) PdMeP and c) PdMe.

Table 4-7. 1% shell EXAFS fitting parameters derived from the k? weighted FT of the Pd
K-edge data for the Pd/TiO- catalysts after six successive hydrogenation cycles.
Amplitude reduction factor, (S3) = 0.75, was found by fitting an acquired Pd°
reference foil. EXAFS fittings range: 3 <k<9.5, 1<R <34, number of
independent points = 10.5. The accuracy of the fit is described by an Reactor Value,

where the confidence of the fit is represented by the smallest value above zero.

Catalyst Abs-Sc CN R (A) 262 (A2) Eo (eV) Rfactor

Pd-Pd  112+0.4 279+0.04 0.0092 +0.0008
PAWPA 40+03 0015
Pd-O - . -

Pd-Pd  109+05 2.79+0.04 0.0091 + 0.0009
PdMeP 32404 0020
Pd-O - . -

Pd-Pd 11.6+0.5 2.80+0.05 0.0085 <+ 0.0009

PdMe 17+04 0018
Pd-O - - -
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Table 4-8. Textural properties and related catalytic activity for the 1 wt. % Pd/TiO> catalysts prepared in this chapter. Catalysts are named based on the
synthesis procedure applied: synthesis solvent composition — W = water, 50Me = 50:50 vol:vol MeOH:H,O and Me = methanol; PVA added as a

stabiliser = P; acidification performed during immobilisation = A.

XANES
MP- TEM LCF EXAFS Fitted CN Pd NP Co.(ads) Conversion Activity Selectivity Selectivity Selectivity Selectivity
AES .__ Oxidation Surface Sites to other
Catalyst [Pd] NP Size State (%) of Furfural (mol(mol  to FA to THFA to Acetal products
0/)a -1 -1\b 0/)\C 0/)\C 0/4)C
wt%) M (%) PdHhrY® (%) (%) (%) %)
Pd?*/Pd® Pd-Pd  Pd-O Linear/Bridged
PAWPA 083 26+14  0.39 6.7£0.3 1.8+0.2 0.10 74 288.4 45 13 19 23
PdwP! 030 17+07 047 48+03 21+0.2 0.55 19 397.5 56 12 29 3
Pd50MeP 091 1.7+07 045 50+03 22+0.2 0.74 54 287.5 54 30 10 6
PdMeP 086 18+08 069 46+04 27=+0.2 0.67 53 194.9 60 25 0 15
Pdwd 025 31+15 047 6.2+03 18=+0.2 0.79 15 256.0 20 1 0 79
Pd50Me 091 36+16 015 89+0.1 0.7+0.7 0.92 49 133.0 35 29 22 14
PdMe 096 33+23 018 87+02 09+0.2 0.62 37 133.3 48 15 28 9

a: Conversion given after 5 hrs of reaction; b: activity determined after 15 minutes of reaction time; c: selectivity presented at isoconversion at 25 % furfural
conversion; d: isoconversion calculated at 12.5 % furfural conversion.
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4.4 Conclusions

In this chapter, an updated sol-immobilisation procedure for the preparation of supported Pd
NPs using colloidal methods is reported. The adapted colloidal method utilises MeOH within
the solvent mixture during colloidal formation, yielding Pd/TiO> catalysts with an increased
Pd loading compared to the conventional water based preparation (PAWPA) presented in this
work. Furthermore, it was shown that particles with an average size of ~3 nm could be
prepared in the absence of a capping agent. However, smaller Pd NPs (< 2 nm) were only
found to form when using PVA as a stabiliser.

Elsewnhere, the use of MeOH in the solvent mixture had a major impact on catalyst selectivity
for the hydrogenation of furfural, completely suppressing the production of acid catalysed
by-products during the course of the reaction. PAWPA displayed 23 % selectivity to the
acetal product at the initial time point, decreasing to 1 % at the end of the reaction (it should
be noted that this end value is within the experimental error of the GC, + 3 %).
Hydrogenation over PdMeP, however, showed no selectivity to the acetal at any measured
time point during the reaction, Figure 8-1. The formation of acetals and ethers is rationalised
by the spillover of hydrogen, which occurs to a much greater extent for PAWPA compared
to PdMeP, as determined via H.-TPR measurements. The increased amount of hydrogen
spillover leads to the formation of Brgnsted acid sites on the TiO> surface, which then
promote the acid-catalysed side reactions.®>% For Pd nanoparticles prepared using MeOH
as a solvent, a thick layering of PVA at the metal-support interface was observed via electron
microscopy. This additional layering of PVA is proposed to hinder the spillover of hydrogen
onto the support, thus suppressing Brgnsted acid formation on the TiO. surface (Figure
4-26).

This work provides valuable insights into the impact of reducing process steps in catalyst
preparation, as well as highlighting new routes to optimise catalytic selectivity. Both of
which are important objectives as the chemical industry moves toward more sustainable

processes.
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MeOH prepared

H,0 prepared

Figure 4-26. Graphical representation displaying the suppression of H; spillover from Pd
to the TiO2 support resultant from increased PVA clustering in MeOH solvent
prepared NPs. Limiting of H> spillover resulted in the reduction in by-product

formation, particularly 2-diisopropoxymethyl furan.
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Chapter 5 Systematic Process Changes in Dilute
Colloidal Au Synthesis Investigated via X-ray

Absorption Fine Structure Spectroscopy

This chapter presents work investigating the influence of the synthesis temperature and
[precursor metal] on colloidal and supported Au NP size. Laboratory and synchrotron
techniques have been used to elucidate the synthesis protocols effect on NP growth with a
manuscript published in Nanoscale Advances titled ‘Extracting Structural Information of Au
Colloids at Ultra-Dilute Concentrations: Identification of Growth during Nanoparticle

Immobilization’: George F. Tierney, Donato Decarolis, Norli Abdullah, Scott M. Rogers,

Shusaku Hayama, Martha Briceno de Gutierrez, Alberto Villa, C. Richard A. Catlow, Paul
Collier, Nikolaos Dimitratos and Peter P. Wells, Nanoscale Advances, 2019, 1, 2546-2552.

Authors listed on this paper all contributed to the manuscript in the following capacities: D.
Decarolis had input in writing of the manuscript; N. Abdullah, S. M. Rogers and S. Hayama
supported beamtime measurements as support (N.A. and S. M. R) and as beamline staff (S.
H.), respectively; M. Briceno de Gutierrez performed STEM-HAADF analysis; P. Collier
was included due to their industrial involvement with Johnson Matthey; C. R. A. Catlow was
included as the academic supervisor of S. M. Rogers; N. Dimitratos and A. Villa were
academic collaborators for this project; P. P. Wells was the academic supervisor of this

project.

5.1 Introduction

Systematic variations to the sol-immobilisation synthesis procedure and the resultant
influence on NP growth has been established in Chapter 3. However, these studies have
been, in the main, concerned with investigating the relationship of the procedure and the
final supported catalysts.>~" This has left a gap in the knowledge concerning the changes
undergone by the colloidal NPs as a result of the applied synthesis. It is therefore unknown
whether changes to the synthesis parameters is asserted on the colloidal NPs or if they are

implemented during immobilisation.

To better control NP size, greater understanding of the fundamental nucleation and growth

steps in NP formation is necessary. Au NPs are one of the most extensively studied nano-
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particulate systems due to their wide range of potential applications, ranging from medicine

to catalysis.®

The structural properties of colloidal Au NP solutions have been measured by employing
high brilliance X-rays produced by synchrotrons, via XAFS spectroscopic techniques and
small angle X-ray scattering (SAXS). Much work in this area has followed the formation of
Au NPs using time-resolved studies to elucidate the changes to Au as it transitions from the
precursor species to defined entities.’>'” Using XAFS, these studies have assessed the
formation of Au NPs within precursor Au solutions ranging from [Au] =100 mM to
7 mM,1216-22 with data acquisition times spanning minutes to 10? ms. They have continually
increased their sophistication, moving from simple sample environments, such as a large
volume cell, towards precision engineered microfluidic reactors'®?° and acoustic levitation

systems.!2

Other than XAFS, SAXS has proved successful in studying colloidal Au NP systems.12% |t
allows for very fast measurements, in the order of milliseconds, and is able to provide
information regarding the particle size and shape during the reaction procedure.'®>?3
Unfortunately, SAXS resolution is limited to NP sizes > 1 nm,?* below which meaningful
data cannot be extracted. Moreover, a minimum concentration of > 200 uM is needed to
achieve the required electronic contrast.!* As a consequence, the [Au precursors] employed
in these XAFS and SAXS studies do not always reflect the optimal conditions published in
recent literature for the preparation of Au NPs, e.g. 5-100 uM.*?>32 At such low
concentrations, the application of these forms of characterisation becomes challenging.
Furthermore, these studies do not explore the changes to the NP properties once they have
been supported. It is well known that there is a special interplay between metal NPs and their
supports; once immobilised, the NPs are influenced by the strong metal-support
interactions,®® evidenced by their wettability.>*=" To understand how best to optimise the
catalytic performance of supported NPs, it is important to separate the contributions of
synthesis conditions during the colloidal step and immobilisation on the resultant colloidal

NP structures.

In this chapter, the influence of the synthesis procedure on NP growth in colloidal solutions
and on support surfaces was investigated. Systematic variations were made to the synthesis
temperature (1, 25, 50 and 75 °C) and to the [Au] in the precursor solution (50, 100 and
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1000 uM) and were characterised using UV-Vis of colloids, TEM, STEM HAADF and
XAFS.

5.2 Experimental

521 Sample Preparation

Synthesis of colloidal and supported Au NPs was performed using a conventional sol-
immobilisation method; the [Au metal salt precursor] and temperature during reduction were
altered. The colloidal solutions were prepared from HAuCl4.3H20 ([Au] = 50 uM, 100 uM
and 1000 uM) and diluted with H.O (18.2 MQ cm). PVA was incorporated as a stabilising
agent (PVA:Au (wt/wt) = 0.65, 0.01 g mL™). Subsequently, solutions of NaBH4 (0.1 M,
NaBHs:Au (mol/mol) =5) were added drop-wise over the course of a minute, under
continuous stirring, and left to reduce for 30 minutes. TiO2 (0.99 g P25, Degussa) was then
added to give a final Au loading of 1 wt. %. The Au/TiO; slurry was acidified to pH 1-2
using H2SO4 under vigorous stirring for 1 hr, ensuring full immobilisation of the Au NPs on
TiO2. The mixture was filtered, washed with H>O (18.2 MQ cm), and dried overnight at
room temperature. The systematic variations made to the synthesis procedure presented in

this chapter are listed in Table 5-1.

Table 5-1. Concentration and reduction temperature conditions used in the preparation of
colloidal and TiO2 supported Au nanoparticles.

[Au] (LM) Reduction temperature (°C)
100 1
100 25
100 50
100 75
50 1
1000 1
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5.2.2 Characterisation Methods
5221 Ultraviolet-Visible Spectroscopy

The reduction of the Au precursor salt solution was monitored using UV-Vis spectroscopy
over 30 minutes. The reduction of the Au species from Au®* to Au® was observed with the
formation of a surface plasmon resonance (SPR) band (Figure 5-1). 4 mL of the reaction
mixture was pipetted into quartz cuvettes and analysed every 15 minutes; acquired spectra
were run against a reference of H.O (18.2 MQ cm). UV-Vis spectra were recorded using a

Shimadzu UV-1800 spectrophotometer.

Au-Cl LMCT

= HAuUCIy + PVA solution
bands 4

Colloidal Au NPs

SPR band region
\

Absorbance

1 B 1 B 1 B 1 B 1 B 1
200 300 400 500 600 700 800
Wavelength (nm)

Figure 5-1. UV-Vis spectra displaying the position of the ligand-metal charge transfer bands
present in the HAuCls precursor (black), and the evolution of the SPR band

following reduction of the precursor salt (red).
5222 Electron Microscopy

Imaging of the colloidal and supported Au NPs was acquired via STEM and TEM,
respectively. Colloidal Au solutions of varying [Au] were prepared for imaging by pipetting
a drop of the colloid onto a holey carbon TEM grid, and drying in air at room temperature.
HAADF imaging of the Au NPs was performed by Dr. Briceno de Gutierrez using a JEOL
JEM-2800 (200 kV) scanning transmission electron microscope equipped with an off-axis

annular detector at JIMTC, Sonning Common, U.K.
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The TiO2 supported Au NPs were prepared for imaging by sonicating a small amount of the
sample in EtOH. A small aliquot of the supernatant was pipetted onto a 300 mesh Cu TEM
grid. Images were acquired by the author using a JEOL JEM-2100 EM (120 kV) at the

Research Complex at Harwell, Didcot, U.K.

5223 X-ray Absorption Fine Structure Measurements of Colloidal and TiO:2
supported Au

XAFS measurements of both colloidal and TiO2 supported Au NPs at the Au Lz-edge were
performed on the 120-Scanning beamline, DLS, U.K. Colloidal Au NPs were studied in a
continuous flow using an adapted stainless steel gas cell with polyimide windows; PTFE
tubing (OD =0.16 cm) and a peristaltic pump were used to continuously move the solution
through the cell (Figure 5-2). A low flow rate of 1 mL min* was applied to limit beam
damage to the Au NPs and also to limit the evolution of H, gas from excess NaBHs reacting
along the tubing walls.®

1 wt. % Au/TiO. powder catalysts were pressed into 8 mm pellets and studied ex situ in an
X-ray transparent cell. Static XAFS measurements of the colloidal Au NPs were made in
fluorescence mode using a Si(111) four-bounce monochromator, data was collected through
a 64 element Ge fluorescence detector with the Xpress2 digital pulse processor.®® Scans were
performed at a time resolution of 43 min spectrum™ (kmax = 18), with 6 scans collected for
the colloidal solutions and 3 for the powder catalysts. Processing and normalisation of the
absorption spectra and analysis of the extended X-ray absorption fine-structure (EXAFS)
were accomplished using IFEFFIT with the Horae package (Athena and Artemis).04!
Experimental determination of the amplitude reduction factor, S5, was performed through
fitting of the Au® reference foil EXAFS with an FCC Au (CN = 12) .cif file (ICSD collection
code = 52249), giving the fixed parameter of 0.83. EXAFS data fittings were made with an
R-space of 1.74 <R < 3.37 A for both the colloidal and TiO, supported Au NPs, and a k-
space of 3 < k < 11.5 for the colloidal Au NPs and 3 < k < 14 for the TiO> supported Au NPs.
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Figure 5-2. Experimental set-up for the colloidal Au XAFS measurements collected on

120-Scanning beamline, DLS, Didcot, U.K.: a) Photograph of the in situ
cell used, and b) experimental schematic detailing the data acquisition;
a continuous flow of preformed colloid was pumped through PTFE
tubing and XAFS data was acquired in fluorescence mode by a solid

state Ge detector.3%%
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53 Results and Discussion

53.1 Influence of Systematic Synthesis Variations on Colloidal Au
53.1.1 Ultraviolet-Visible Spectroscopy

UV-Vis has been used to study both the Au precursor solution (reduction rate) and the
formation of Au NPs through the appearance of an SPR band prior to NP immobilisation.**-
% The position of the SPR peak, Amax, is related to the particle size and shape of the NP: blue
and red shifting of the wavelength is indicative of decreases and increases to Au particle
size, respectively (Figure 5-3).*3 In addition, the intensity of the band can also give a
rationalisation of particle size, as larger particles give rise to more intense peaks.24
Correlation of TiO2 supported Au NP size with systematic increases in the synthesis
temperature is known to influence the immobilised Au NP size.*** This was replicated in
this study, displaying a red shift of the SPR band position as temperature increased from 1
to 75 °C (1 °C =492 nm, 75 °C = 538 nm)(Figure 5-3a), corresponding to the similar trends
reported in literature (Table 5-2).44748 Conversely, the [Au] showed only slight shifting of
the SPR band peak when increasing 20-fold (50 uM =492 nm, 1000 uM = 498 nm) (Figure
5-3b).

a —_—
s — 100 uM
——— 1000 =M
8 3
c c
@ @
< 2
2 2
38 3
< <
—_—25°C
=50 °C
75 °C
400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 5-3. UV-Vis spectra showing the formed Au SPR bands following reduction of the
HAuCIs precursor under various systematic synthesis parameter changes:
a) temperature of reduction (JAu] = 100 uM), and b) increased [Au] (reduced
at 1 °C). The dashed arrow highlights both the increase in intensity and shift in

Amax position, indicating an increase in particle size.
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Table 5-2. Position of the Au SPR bands (nm) acquired for the temperature and

concentration varied colloidal Au series; values here are extrapolated from

Figure 5-1.
Colloidal sample UV-Vis Amax (nm)

100 uM / 1 °C 492

100 uM /25 °C 493

100 uM /50 °C 500-510

100 pM / 75 °C 538
50uM/1°C 495

1000 pM /1 °C 498

53.1.2 Scanning Transmission Electron Microscopy

Characterisation of the textural properties of the prepared Au colloids was first attempted
using electron microscopy. Here, the use of conventional transmission electron microscopes
cannot offer sufficient magnification to analyse the small Au particles formed. Instead, the
use of annular dark-field imaging available in STEM imaging is more suited to differentiate
the Au clusters on the TEM grid (Figure 5-4). The increased clarity afforded by STEM
imaging allowed the formation of small Au clusters in the 50 uM Au colloid to be
distinguished. However, an inadequate quantity of Au NPs meant that an accurate
representation of NP size could not be determined (Figure 5-4a). Imaging of the colloidal
solutions prepared at [Au] = 100 and 1000 uM provided sufficient NPs to calculate average
sizes (Figure 5-4b-c). Au colloids prepared at 100 uM were found to have an average NP
size of 3.0 £ 0.9 nm; nonuniformity of these supported Au NPs is explained by coalescence
of neighbouring clusters in close proximity. Aggregation of the NPs is observed to a greater
extent for the 1000 uM colloid, giving an average Au NP size of 4.6 = 1.5 nm, alongside
decreased NP dispersion. This growth in NP size observed from 100 to 1000 uM [Au] is
therefore contradictory to the SPR band positions acquired via UV-Vis. To accurately probe
colloidal NP size, a bulk characterisation technique should be employed that can encompass

a reproducible average without dampening smaller particles in solution.
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Figure 5-4. STEM HAADF images of Au colloids prepared at increasing concentrations of
Au at 1 °C: a) 50 um, b) 100 um and c) 1000 uM pipetted onto a holey carbon
TEM grid.

The assessment of NP size in colloidal solutions has been limited to quantifying data
acquired from small angle X-ray scattering studies.?> The increased ease in performing
SAXS experiments on laboratory bench tops makes this technique an attractive route to study
NP size.?® Collection of data through these methods has been reported previously for
experiments with [Au] > 250 uM and for NPs that are > 1 nm, therefore they would not have
been suitable for identification of colloidal NPs prepared at 50 and 100 pM. For this reason,
a bulk technique like XAFS is used for this study as trace concentrations can be measured,

which gives a per atom average of the Au species.

5.3.2 Investigating Artificial Colloidal NP Agglomeration via XAFS Beam Damage

Recent advances in the increased flux of modern insertion device-based beamlines, and
improvements in the design of multi-element fluorescence detectors, has made XAFS a
suitable tool to study both colloidal and supported NPs. The high energy, stability and
brilliance of the 120-Scanning beamline at DLS, U.K., was utilised to acquire reliable Au
Ls-edge XAFS of the fresh colloidal solutions and Au/TiO2 samples (120-Scanning flux at
10 KeV = > 10'?).394% However, due to the high energy of the X-ray source beam, potential
aggregation of the colloidal Au had to be inspected prior to acquiring measurements
concerning synthesis variations. The stainless steel cell was filled with the 100 uM Au
colloid (prepared at 1 °C) and sealed. The colloidal solution was then placed in the beam
path and a XAFS spectrum (kmax = 12) was collected over 48 minutes (Figure 5-5). If Au
cluster size had been impacted by the X-ray source beam during the colloidal dwell time, an

increase in intensity would have been observed across the XAFS spectrum as a function of
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Figure 5-5. Acquired Au Ls-edge XAFS data of colloidal Au (1 °C and 100 uM [Au])
collected after leaving the colloid in the X-ray source beam path for a full scan
(~ 48 minutes), displaying a) a comparison of the normalised 1 derivative of
H(E) for the references and static colloid, b) the XANES spectra of the Au
references and static colloid, c) the FT of the k data detailing the nearest
neighbouring atomic species to the absorbing atom, and d) the k-space data of
A1 compared to both Au reference materials. All data was acquired at DLS,
Didcot, U.K.; both the A static colloid and Au reference datasets were acquired
on the 120-Scanning beamline during the course of the experiment, and the
HAuUCI, reference was supplied by G. Malta et al., Science, 2019, 355, 1399-
1403.%°

photon energy. Instead, full reduction of the Au precursor salt to Au® clusters is observed in
the normalised XANES and the 1% derivative via an absence of the absorption edge and the
lowered intensity of the first feature at 11919 eV, respectively (Figure 5-5a-b). In the FT
EXAFS and y space data, the formation of Au NPs with smaller CNau-au than the bulk
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reference foil is observed (Figure 5-5c-d). Glitches at k = ~9.5-10 are resultant from the

monochromator on the beamline.

533 Colloidal Au Ls-edge X-ray Absorption Fine Structure

In the limited number of colloidal XAFS measurements, the [Au] have typically been
> 3 mM.1>51-%3 Therefore, applying their findings to the growth mechanisms observed for
colloids prepared in this body of work would be inappropriate given the dilute metal
concentrations ([M] < 150 uM) used in the conventional sol-immobilisation procedure.?44
To elucidate how colloidal growth can be influenced during synthesis, systematic changes
to the synthesis temperature (1, 25, 50 and 75 °C) and the [Au] (50, 100 and 1000 uM) were
investigated for preformed and immobilised colloidal NPs.

53.3.1 X-ray Absorption Near-Edge Structure

The Au Lsz-edge XANES spectra of the temperature and concentration varied colloids series
are presented below with the Au® reference foil for comparison (Figure 5-6). Complete
reduction of the Au species is observed for all samples due to the absence of an intense edge
peak at ~ 11915 eV, which corresponds to the dipole allowed 2p—5d transition being
forbidden by the full Au 5d valence in Au®.202252 Anpalysis of the Au NPs prepared as a
function of synthesis temperature (1-75 °C) displayed no noticeable difference in the
intensity or energy of the rising edge for both the XANES and its 1% derivative (Figure
5-6a-b). However, as the synthesis temperature increased, the intensity of the multiple
scattering component in the post-edge at ~ 11946 eV was observed to increase in both the
normalised and 1% derivative data. This feature is indicative of the formation of more bulk
Au like particles, i.e. Au NPs with 12 nearest Au neighbours.?%%*54 The influence of the Au
concentration on the colloidal NPs is less pronounced in the XANES (Figure 5-6¢-d); a trend
in the multiple scattering component is not present, and so, similar colloidal NP sizes can be
rationalised for clusters prepared using 50-1000 uM [Au], and could be caused by either the
low synthesis temperature (1 °C), or the PVA stabiliser repelling like charges from other

capped Au.20:5354
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Figure 5-6. XAFS spectra taken at the Au Ls-edge of the colloidal Au samples; where a) &
c) are the XANES spectra detailing change as a function of increasing synthesis
temperature and [Au], respectively, and b) & d) are the normalised 1% derivative
of the absorption of a) & ¢), respectively.

5.3.3.2 Extended X-ray Absorption Fine Structure

Accurate depictions of any trends in NP size are easier to interpret through comparisons and
fitting of the EXAFS oscillations in k space and as the Fourier transformed EXAFS spectra
solutions (Figure 5-7a and c, and Figure 5-7b and d, respectively). The suggested size trend
seen in the temperature controlled XANES data is in agreement with the oscillatory data.
Increasing magnitude of the 1% shell Au-Au scattering path at ~ 2.8 A is also expected for
this temperature controlled series.* The low magnitude of scattering present for the 1 °C
colloid is caused by smaller Au NPs having higher surface fractions, and so, a greater
proportion of under coordinated surface Au.> Preparation of Au colloids with increasing

metal concentration, however, display no change to the magnitude of Au-Au scattering, thus
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no trend in NP size is observed; this confirms that colloidal NP size is irrespective of the

precursor concentration used.
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Figure 5-7. XAFS spectra taken at the Au Lz-edge of the colloidal Au samples; where a) &
c) are k* EXAFS data for the colloidal Au detailing change as a result of
increasing synthesis temperature and [Au], respectively, and b) & d) are
experimental FT y(k) data of the corresponding EXAFS signals showing the

influence of temperature and [Au].

534 Characterisation of Supported Au Nanoparticles
53.4.1 Transmission Electron Microscopy

Supported NP properties can be easily assessed by observing the sample using electron
microscopy. TEM imaging was used to investigate the influence of both temperature and
[Au] on the supported NP diameters, morphologies and distributions (Figure 5-8 and Figure
5-11). The catalysts prepared under increasing temperatures of synthesis showed an overall

trend of increasing NP size, which is expected as temperature is a widely known contributing
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factor to NP size.**%>" However, the average TEM NP sizes calculated were all within error
of one another, particularly the samples prepared between 1 and 50 °C (1 °C: 2.7 £ 0.7 nm,
25°C: 2.9+ 0.9 nm, 50 °C: 2.8 £ 0.8 nm), which is contrary to the trend observed in the
colloidal EXAFS of the same samples. Imaging of the increasing [Au] supported NPs
provided easier distinction of their respective sizes than found for the temperature series. As
one would expect, a linear trend in the immobilised NP size was observed from 50 to
1000 uM (50 pM: 2.3 £0.9 nm, 100 pM: 2.7 £ 0.7 nm, 1000 pM: 3.9 £ 1.7 nm), with the
greatest increase in NP size occurring as the [Au] increased 10-fold.*” Nevertheless, the NP
sizes measured for Au/TiO: prepared at 50 and 100 pM suggest the growth phase of the

colloids is only mildly impacted at ultra-dilute [Au] concentration. To depict the changes in

NP size without operator bias, ex situ XAFS were performed on pellets of each sample.

Figure 5-8. TEM images of the TiO2 supported Au NPs synthesised under varied synthesis
temperature: a) 1 °C, b) 25 °C, ¢) 50 °C, and d) 75 °C.
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Figure 5-9. Au particle size histograms for the Au/TiO> catalysts prepared under varied
synthesis temperatures: a) 1 °C, b) 25 °C, ¢) 50 °C, and d) 75 °C. All Au particle

sizes are calculated from 200-300 Au NPs.

Figure 5-10. TEM images of the TiO, supported Au NPs synthesised with differing [Au]:
a) 50 uM, b) 100 uM, and c) 1000 pM.
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Figure 5-11. Au particle size histograms for the Au/TiO, catalysts prepared with differing
[Au]: a) 50 uM, b) 100 pM and c) 1000 uM. All Au particles sizes are
calculated from 200-300 Au NPs.

5.3.4.2 X-ray Absorption Near-Edge Structure

Post immobilisation, there is no evident shift in the rising energy nor any increase in the
intensity of the white line peak for all samples, confirming that no change to the metal
oxidation state occurs during immobilisation (Figure 5-12). The influence of the synthesis
temperature on the supported NPs displays the same trend as the colloid, with an increase in
intensity of the post edge feature witnessed as the temperature rises (~ 11946 eV).20535
AU/TiO prepared with increasing [Au] again showed no difference in their XANES spectra,

which at first glance suggests the NPs grow in a uniform manner during immobilisation..
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Figure 5-12. XAFS spectra taken at the Au Ls-edge of the prepared Au/TiO2 samples; where
a) & c) are the XANES spectra of Au/TiO detailing change as a result of
increasing synthesis temperature and [Au], respectively, and b) & d) are the
normalised 1% derivative of the absorption, respectively.

5.34.3 Extended X-ray Absorption Fine Structure

Immobilisation of the colloidal NPs prepared at increasing synthesis temperature, yielded
the same trend in Au-Au scattering observed for the pre-immobilised colloid
(1 <25<50<75°C) (Figure 5-13a-b); this is consistent with similar synthesis conditions
reported in literature.* EXAFS analysis of the Au/TiO2 samples prepared at increasing [Au]
display a trend in the Au-Au scattering magnitude that is complementary to that observed
via TEM, where the abundance of scattering increased from 50—1000 uM [Au] (Figure
5-13c-d). The evolution of this trend suggests that the immobilisation procedure plays a
larger role in determining NP growth than previously reported for the sol-immobilisation

synthesis process.
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Figure 5-13. XAFS spectra taken at the Au Ls-edge of the prepared Au/TiO2 samples; where
a) & ¢) are k? EXAFS data for the TiO, supported Au detailing change as a result

of increasing synthesis temperature and [Au], and b) & d) are the experimental

FT x(k) data of the corresponding EXAFS signals for colloidal Au showing the

influence of temperature and [Au].

5.35 Modelling Au NP size from EXAFS coordination numbers

Modelling of the EXAFS data was performed using the 1% shell Au-Au scattering pathway,
with full colloidal formation, Au-Cl scattering paths are not present and therefore not used
in modelling the EXAFS data. Initial fitting of the Au reference foil with a database .cif file
for metallic Au (FCC structure, Au CN = 12) gave the amplitude reduction factor (Sé) as
0.83. This value was then applied during the fitting of the data in the Artemis software
package.*! Fitting of the experimental EXAFS data gives a quantified interpretation of the

average CN structure around the Au absorber (Figure 5-14-Figure 5-16).
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The observed trend in the temperature varied colloidal EXAFS is translated to CNau-Au
increasing from 9.3 £ 0.6 (1 °C) t0 10.3 £ 0.7 (75 °C) (Figure 5-14). It is apparent that there
is no difference in the magnitude of the Au-Au scattering path in the colloidal solutions,
which is reflected in the fitting of the EXAFS as the CN are all within error of one another:
50 uM =9.2+ 0.9, 100 uM =9.3 £ 0.6, 1000 uM = 9.4 + 0.4 (Figure 5-15).

Table 5-3. Au Lz-edge EXAFS first shell fitting parameters for the Au Ls-edge for spectra
collected for synthesised colloidal and TiO2 supported Au NPs. S7 = 0.83, was
determined by the fitting of an Au foil standard; fit range: colloids 3 < k < 11.5,
174 <R <3.37. TiO, supported NPs 3<k<14, 1.74<R<337. The
accuracy of the fit is described by an Rractor Value, where the confidence of the fit
is represented by the smallest value above zero.

CNau-Au Eo (eV) 6° (AZ) Rifactor Rau-Au (A)

Au foil 12 (Fixed) 4.3+0.2 0.008 0.0057 2.85

Colloidal Au Nanoparticles

100uM/1°C 93+06 3.6+x05 0.0108 +0.0006 0.0084 2.806 = 0.005

o /' 98+05 43+04 00096+00005 00061  2.833+0.004
105%%'\(:" /102407 42+05 00096+00006 00090  2.839+0.004
TOMM/ 103+07 4405 0000000006 00100  2.843+0.004

50uM/1°C 92+09 36+0.6 0.0100+0.0090 0.0180 2.812 + 0.006

1000 uM /

1°C 94+04 47x04 0.0109 +0.0006 0.0006 2.828 +0.004

TiO2 supported Au Nanoparticles

100pM/1°C 10.0+£0.7 4.1+05 0.01024 +0.0007 0.026 2.836 = 0.004
50uM/1°C 95+08 42+05 0.0104+0.0008 0.0024 2.836 + 0.005

1000 uM /

1°C 112+04 4.6+0.3 0.0095 + 0.0005 0.0008 2.848 +0.003
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The relationship between colloidal synthesis temperature and NP size has already been
established for different metal NP systems and is thus not considered further.*>° An
increase in the fitted EXAFS CN from the colloidal values is observed as a function of [Au]:
50uM=95+08, 100pM=10.0£0.7, 1000puM=112+0.4 (Figure 5-16).
Interestingly, the difference between the colloidal and supported CNs also increases as a

function of [Au], suggesting that NP growth is affected by the immobilisation process.

—1ic Colloid m |— 25 °C Colloid o 50 °C Colloid
a) |- —Fit ) |- —~Fit - =Fit

(R (A
(Rl (A%
Ix(R)I (A

——75°C Colloid
— —Fit

d

(R (&%)

R (A)
Figure 5-14. Fitted experimental Fourier transform y data of the corresponding EXAFS
signals for colloidal Au (100 uM) prepared under increasing temperature:

a)1°C,b)25°C,c)50°Candd)75°C.

ii?tpm Colloid n | ?0 HM Colloid —— 1000 pM Colloid
= =Ft — —Fit

o
<

(R A
(R (A
(R (A

Figure 5-15. Fitted experimental Fourier transform y data of the corresponding EXAFS
signals for colloidal Au prepared under increasing temperature: a) 50 UM,

b) 100 M, c) 1000 uM).
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Figure 5-16. Fitted experimental FT y data of the corresponding EXAFS signals for TiO>
supported Au NPs prepared under increasing temperature: a) 50 puM,
b) 100 pM, c) 1000 pM.

The acquired average CNau-au for the colloidal and supported samples was further used to
calculate the average Au NP size with greater accuracy than found through TEM
measurements alone.>® Average NP sizes were thus calculated following methods reported
by Beale and Weckhuysen.®® XAFS spectra were modelled based on different particle sizes
assuming all Au NPs were; (1) spherical in shape, (2) FFC in packing and (3) smaller than
3 nm in diameter. The equations used in the determination of nanoparticle size and number
of atoms within the particle are given below (Equation 5-1), calculated NP size values can
be found in Table 5-4 and Table 5-5. Fitting of the associated errors in the CN gives an error

of £ 0.1 that was applied for all samples.

(i)  Vipax X X"
(”) n % kn
x:
Vmax -y

Equation 5-1. (i) Hill function used to simulate the Au nanoparticle size of the prepared
colloidal and TiO2 supported Au, and (ii) is the equation to determine the
number of atoms in a spherical particle; where y is the Au CN calculated from
the EXAFS data, x is the number of atoms in a spherical particle with FCC
packing structure, V,,,.1s the maximum coordination number in the packing
structure (FCC =12), k£ and n are fixed constants (16.74737 and 0.48934,
respectively) for spherical FCC structured NPs with a coordination sphere of

<1290
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Table 5-4. Calculation of the average Au NP size from the fitted EXAFS colloidal CNay-au
using the Hill function described by Beale and Weckhuysen.®

Au Colloids

100uM/  100puM/  100pM/  100puM/  50puM/ 1000 puM/

1°C 25 0C 50 °C 75 °C 19C 1°C
y 9.3 9.8 10.2 103 9.2 94
X" 13.7 17.7 225 24.1 13.05 4
X 209.7 354.7 580.0 665.0 190.4 2315
a
V?(:'r‘:]'%e 19E-21  32E-21 53E-21  6.1E-21 17E-21  21E-21
R(accr’:]‘)” 77E-08  92E-08 11E-07 1.1FE-07 7.5E-08  8.0E-08
D'(an”r}]e)ter 15+01 18+01 22+01 23+01 15+01 16+01

a: Volume was calculated using the density of Au, 19.32 g cm-3

Table 5-5. Calculation of the average Au NP size from the fitted supported Au EXAFS
CNau-au Using the Hill function described by Beale and Weckhuysen.®°

AU/TiO2
100 M /1 °C 50uM/1°C 1000 uM /1 °C
y 10 9.5 11.2
X" 19.9 15.1 55.6
X 449.1 256.3 3682.5
Volume? (cm®) 4.1E-21 2.3E-21 3.4E-20
Radius (cm) 9.9E-08 8.2E-08 2.0E-07
Diameter (nm) 20%0.1 16+0.1 40+01

a: Volume was calculated using the density of Au, 19.32 g cm-?
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Particle sizes obtained from the fits confirmed that, within error of the measurement,
adjusting the concentration of the Au, between 50-1000 UM, precursor does not alter the size
of the colloidal NPs produced (Table 5-6). This is an important observation as it is already
known that for sol-immobilisation, increasing the concentration of initial precursor solutions
manifests itself as an increase of supported Au NP sizes,*” where even the smallest increase
in the average CNau-au expresses itself as a noticeable increase in NP size (Figure 5-17).
However, it is confirmed by this study that this effect occurs during the immobilisation phase

and not in the preformed colloidal NPs.

Table 5-6. Au SPR band maximum and average NP diameters calculated through TEM and
EXAFS analysis.

Colloidal Au NPs AU/TIO2
Sample ) Ave. TEM Ave. EXAFS Ave. TEM Ave. EXAFS
notation UV-VIiS Amax
(nm) NP Size NP Size NP Size NP Size
(nm) (nm) (nm) (nm)
100 uM /1 °C 498 30£09 16401  27+07 2001
10205%'\(:" / 493 ] 19+01 29409 i
100 uM /
DY 500-510 ] 22401 28409 i
10705%'\(:" / 538 i 23401  33+08 i
50 uM /1 °C 492 ] 15+01 23406 16401
100100%'\" / 495 46+15 16401  40+10  23+01

One possible explanation for this behaviour could be attributed to the mobility of NPs on the
support surface. As the synthesis temperature reaches the Huttig (T = 0.3Tmeiting [K]) and
Tamman temperatures (Tt = 0.5Tmerting [K]), the surface atoms and bulk atoms become
mobile,®! constituting a mechanism of particle mobility.?? For NPs ~2 nm in size, as
observed in the colloidal solutions, the Tmeting Can be as low as ~ 330 °C,% yielding

Th ~-93 °C and Tt ~ 25 °C.% From this, it can be suggested that higher concentration of the
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Au precursor ,and subsequent increase in surface NP density, coupled with slow migration
of the mobile surface atoms, yields NP growth through Ostwald ripening.%® Contrary to this,
when preparing the colloid with lower [Au precursor], NPs are dispersed with larger

interparticle distances, revealing negligible changes to NP size pre- and post-immobilisation.

50 UM 100 uM 1000 uM

CNpypu : 95 CNpyay - 10.0 CNpyoag - 11.2
256 Au atoms 449 Au atoms 3682 Au atoms

Figure 5-17. Visualisation of the average supported Au NP sizes for the investigated [Au],
calculated using the fitted 1% shell CNau-as and modelled based on the methods
discussed previously.’” Images were produced using the CrystalMaker®

software package.

A comprehensive explanation for this behaviour has yet to be given in the literature, but a
plausible reason could be associated with a saturation of anchoring sites on the surface of
the support, which, in turn, force the coalescence of non-anchored NPs. In the case presented,
the general Au wt. % does not change amongst the samples; however, a possible change in
local particle density during the immobilisation phase may be what causes the growth in the
particles, similar to the phenomenon seen by changing the metal loading.?® Regardless of the
cause for the increase in NP size, it is clear that in order to fully design and optimise
supported NPs it is crucial to understand the relatively underexplored immobilisation

process; this is a key point in directing the resultant NP properties.
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5.4 Conclusions

The work presented in this chapter demonstrates that XAFS is a suitable method to extract
quantifiable structural data for ultra-dilute solutions of colloidal Au NPs (50 uM). These

studies have revealed several key findings:

(1) Colloidal Au particle size is dependent on the temperature of reduction, with lower
temperatures generating smaller particles,

(2) [Au] does not influence the size of the formed colloidal NPs within the range of 50 to
1000 uM,

(3) The immobilisation stage of synthesis primarily influences the Au particle size growth
process (Figure 5-18).

Therefore, controlling and optimising the immobilisation step is of paramount importance
for the use of dilute metal colloidal solutions to synthesise supported metal NPs with uniform
size/shape. Furthermore, it s the first study to the author’s knowledge which has successfully
measured XAFS of colloidal solutions with [Au] <3 mM. This work acts as a proof of

concept for Chapter 6, where the in situ generation of colloidal Au is investigated using

XAFS spectroscopy.
— 50 uM — 50 uM
54 —_1000 M 5 of === 1000 pM
Colloid AUITiO,
" Modelled Modelled | o Modelled ! Modelled
NPsize =1.5nm | NPsize = 1.6 nm | NP size = 1.6 nm | NP size = 2.3 nm

IX(R)I (&™)

IX(R)I (A

R (A)

R (A)

Immobilisation

Figure 5-18. Illustration of the key finding of Chapter 5; the modelled EXAFS Au NP size
shows that [Au] does not influence colloidal NP size (left), and the
immobilisation process plays a significant role in the growth of supported Au
NPs (right).
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Chapter 6 In situ Colloidal Au Formation: Monitoring
Nanoparticle Growth via X-ray Absorption Fine

Structure Spectroscopy

Reactor vessels utilised in the sol-immobilisation synthesis of heterogeneous catalysts are
predominantly on the macroscale (i.e. round bottom flasks or beakers) and are used for batch
synthesis, as performed for the Pd catalysts prepared in Chapters 3 and 4. The preparation
of NP catalysts via smaller systems (i.e. microfluidic) has become much more prevalent in
the search to continuously prepare NP catalysts with greater optimisation of properties than
those achievable through batch methods.!™ Synthesis using microsized systems is of great
benefit in the desire to understand the formation of NPs, in particular the nucleation step(s).
Whereby, a process that occurs on a time scale of a few hundred seconds in batch, can be
observed much more readily on a microfluidic scale at static time points along a mixing

channel.’

6.1 Introduction

The continuous synthesis of nanoparticles in microflow devices has been employed largely
for both industrial and biomedical research.®” However, the design and implementation of a
microfluidic cell is not as straight forward as using laboratory equipment for batch synthesis.
The design of the reactor, as well as various process parameters, must be contemplated as
they exude the same influence on microfluidic results, similar to the nature of the stabilising

and reducing agents in macroscale syntheses (Figure 6-1).
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Figure 6-1. Factors affecting the properties of nanoparticles prepared using flow methods;
image modified from Dlugosz et al., React. Chem. Eng., 2020, 5, 1620.8

6.1.1 Phase System

Manipulation of the flow pattern used in microfluidic systems is one of the most commonly
used methods to control the degree of mixing or interaction of the reagent streams; it has
been reported that, through systematic changes in the flow pattern, smaller NPs can be
formed.® Modifications to the property of the flow pattern are referred to as passive mixing
and can be separated into two distinct flow regimes: single-drop (continuous flow)*® and
multi-drop (segmented flow).!! In a single-drop system, the reagent stream(s) flow through
microchannels where nucleation and nanoparticle growth occur continuously, ensuring the
reaction is as homogenous as possible. In this process, the flow of liquid phases run parallel
to one another, drastically reducing the mixing inside the channels, leading to longer
residence times, varied NP size distributions and axial dispersions. Fluctuations in the flow
rate, resultant of the continuous flow, have been reported to cause variations in the parabolic
flow regime which influences the rate of NP growth within the reactor channels. The effect
on the growth of NPs is heterogeneous in nature, with the faster inner flow reducing NP
residence time and the outer slower flow having the opposite effect (Figure 6-2a).21012
Multi-drop synthesis of nanoparticles involves the use of two or more immiscible fluids in
segregated phases, usually comprised of either liquid-liquid flows (e.g. water in oil or oil in
water), or liquid-gas flows. The insertion of a secondary phase leads to the formation of
immiscible segments within the flow, which act as individual mixing environments (Figure
6-2b). The use of a segmented flow system affords greater mixing of the reagents (axial

dispersion) as well as reducing fluctuations to the fluid velocity inside of the mixing channel.
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Furthermore, the use of a multi-drop system affords narrower residence times for the reaction
solution along the mixing channel, reproducibly yielding nanoparticles with uniform, small
particle diameters, and reducing the likelihood of contamination and/or fouling.>%1

Both single- and multi-drop flow regimes have significant disadvantageous factors to
account for when preparing nanoparticles; however, multi-systems do not offer the same
flexibility as continuous flow systems when used for in situ measurements. The inserted
liquid or gas phase slugs will lead to consistent drops in signal as they pass through the X-ray

beam path, imp-acting the success of any in situ XAFS measurements.

a) Continuous flow

= e
L
—

o°®
—ly

v

Yivy

b) Segmented flow

Mixing Nanoparticle Nanoparticle
nucleation growth

Figure 6-2. lllustration of the different flow regimes used in the preparation of nanoparticles
in microfluidic systems: a) velocity profile of a continuous flow (single-drop)
regime inside of a straight reactor channel; the flow rates are shown to increase
toward the centre of the reactor channel, b) gas-liquid segmented flow (multi-
drop) preparation of nanoparticles, where pockets of reagent mixing are
separated by the insertion of a non-miscible phase (i.e. gas), the recirculation
phenomena is observable in this method. Time-resolved nucleation and growth
of nanoparticles occurs within the liquid slugs along the length of the reactor
channel; image adapted from Yen et al., Angew. Chem., 2005, 117, 5583-5587.2

6.1.2 Inlet Design

One of the more important aspects in reactor design is the design chosen for the reactant
inlets. Mixing that occurs resultant of the inlet immediately impacts the nucleation process

of NPs. Of the available types of inlets, passive mixers offer a cost effective way of
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regulating NP size and uniformity by controlling the degree of mixing between the reactant
solutions, as well as aiding in minimising the deposition or fouling of solid particles.***® The
three types of inlets commonly used are: a) Y-type, b) T-type, where the inlets allow the
fluids to come in contact with one another and diffuse, with a single solution outlet, and
c) cross connector, where one solution is confined into a thin jet by a second solution
perpendicular to the path of the first solution (Figure 6-3). Rapid diffusion of one solution
into the other is again the cause of mixing, generating movement from the second solution
into the thin stream.'® Hongyu et al. reported the production of Ag NPs with narrower size
distributions by implementing a T-type inlet over a Y-type. They described this as a
consequence of the better mixing profile achieved by the T-type junction.” Further to this,
the modification of a T-type inlet has been reported by Ameloot et al. wherein the highly
controlled segmented flow synthesis of metal organic frameworks (MOFs) was achieved by
inserting a syringe tip through the inlet, along the longest wall. This syringe tip allowed a
metal-ion-containing phase to flow through the centred capillary needle into a mixing zone
outside of the inlet. A secondary ligand-containing solution was pumped through the bottom
of the junction, once capsules of the first solution came into contact with the second,

formation of the MOF occurred.!®

a) b) C)
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Figure 6-3. Flow reactor inlet designs used in the preparation of nanoparticles: a) Y-type,
b) T-type, and c) cross inlet; image adapted from Diugosz et al., React. Chem.
Eng., 2020, 5, 1625.8

6.1.3 Reactor Design

Whilst the initial interaction and diffusion of reagent solutions within the inlet is an

important factor in nucleating NPs in flow, the subsequent growth of NP clusters can also
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be influenced by the design implemented between the inlet junction and the outlet. In much
of the literature, the choice of reactor design has focussed on increasing the mixing of the
system without external influence, i.e. passive mixing. Passive mixing is implemented by
changes to the mixing channel geometry (bending radius, turning angle and channel
diameter), and by introducing ridges, grooves and bends into the microreactor channels of
the microfluidic device.®1:1417.19-24 Introduction of bends into the reactor channel flow path
have resulted in microreactors with shorter mixing channels. Crucially, the extent of mixing
is seen to increase from straight to bending channels due to the asymmetrical velocity profile
along the channel bend.?*-? Similarly, the inner diameter of the microreactor channel can be
manipulated to control nanoparticle nucleation and growth.?® Another well utilised strategy
to increase reagent mixing is to vary the “smoothness” of the mixing channel by introducing
patterned grooves and ridges along its floor and walls, respectively, leading to a constant

shift in the velocity profile and enhancing the mixing further.?’

The ratio of the reactor wall surface area to its volume thus increases as the inner diameter
decreases, making an increase in mixing through faster mass and energy exchange in the
reactor expected.?® However, this is not the case, with various groups reporting that
constriction of the inner diameter has greater influence on the dispersion of the formed
NPs.817:2% Here, it is thought that the greater polydispersity results from a decrease in the
interfacial forces between the reagent solutions, impacting transfer of mass and energy.
Therefore, for channels with larger diameters, nucleation events occur along the entire
reactor volume, whereas on decreasing the inner diameter, there are more instances of
precursor solutions coming into contact with the channel surface, thus reducing the number
of nucleation and growth processes across the reactor as a whole.?® It should be taken into
account that this decrease in channel diameter can lead to increased instances of fouling on
the reactor walls, potentially clogging the microreactor.

6.1.4 Process Parameters

As for batch methods, process parameters (e.g. temperature, pressure, reagent
concentrations, flow rates and residence times) exert influence on the size, shape and
physical descriptors of the prepared nanoparticles, as well as control process

efficiency.'192 These parameters are discussed in more detail below.
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6.14.1 Temperature

The relationship of increased colloidal NP size with greater temperatures of synthesis is well
established for macroscale processes.®*3* Similarly, at the microscale, variations in
temperature play much the same role in altering NP size.>*" An increase in the energy
supplied into the system causes larger particles in solution (greater energy stability) to
assimilate smaller, less energetically stable particles via Ostwald ripening, causing an
increase in their size.® Furthermore, when higher temperatures are employed, the nucleation
rate increases and the formed monomers/ions can diffuse more freely within the solution,
influencing the uniformity of NP growth, i.e. NP dispersion.® Ahrberg et al. described how
iron oxide NP size decreases with increasing temperature, however, this was explained as a
result of shortened residence times (see section 6.1.4.4).° In the synthesis of large NP
structures, where constant temperatures are necessary, microfluidic devices offer much
greater control of temperature than batch methods. This can be a tricky pursuit due to the
excellent heat dissipation of microscale devices with larger surface-to-volume ratios.?®
Control and uniformity of temperature within microfluidic systems is achievable, either by
submerging the mixing channel into oil baths at constant temperatures, or by subjecting

specific points or regions along the mixing path to different temperatures.?6-36:41

6.1.4.2 Pressure

Exerting external pressure onto microscale systems to monitor and adapt the flow profile
within a microfluidic device is one of the more commonly utilised methods to influence NP
size. Three main types of pressure controller are used:®

(1) Compressed air is used to pressurise a reagent reservoir connected to the mixing channel
through various tubes, and moves through the cell into the channel via a pressure
gradient.

(2) Non-mechanical energy based controllers manipulate pressure via passive methods
which are quite simple to implement and, as no external pumps are used, pulse-free
low flow rates can be achieved;?® however, this method does not afford quantitative
control over the flow rate. One example of this is capillary action, where the interplay
between the surface tension of a liquid and the geometry and surface chemistry of the
solid cause a pressure difference in the channel to induce flow from the inlet to the
outlet.*? Therefore, as the diameter of the channel decreases, an increase in the

capillary induced pressure is observed.*344
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(3) Mechanical energy based controllers use mechanical pumps (peristaltic and syringe
pumps) to dispense the desired volume of solution into the microreactor channels. For
peristaltic pumps, the creation of a vacuum by compressing the tube as it passes over
aroller, draws liquid through the tube and towards the cell. Unfortunately, it can cause
pulsing of the solution through the system which can be problematic in continuous
flow synthesis.?® Syringe pumps offer a more user friendly approach to liquid
dispensing than peristaltic pumps, with many models monitoring the flow rate
accurately by modulating the volume and dispensing speed of a syringe with the power
of the internal motor,®?® and, importantly, they can be used in conjunction with

multiple syringe pumps if required.8
6.1.4.3  Reagent Concentration

Synthesis of nanoparticles under varied reagent concentrations is one area of microfluidics
that is lacking in literature. In the limited studies, increase in the metal precursor salt
concentration appears to have negligible impact on formed nanoparticle size. Zhang et al.
reported the preparation of Cu NPs in a continuous flow reactor and reasoned that
“...insensitivity of particle size and size distribution to the reactants concentration may be
interpreted as a result of the very fast and efficient mass diffusion of reactants in the
microfluidic reactor”.*® Furthermore, with faster and more efficient mixing, the radial
concentration of gradients is minimised and the nucleated metal atoms have similar
opportunities to aggregate, regardless of the metal concentration.*>#® This is also reported
by Hossain et al. in the controlled production of Pt NPs, wherein they showed that no change
in the average Pt NP size occurred on increasing the [H2PtCls] from 1 to 4 mM, but at
10 mM, larger NPs were observed; they rationalised that this was due to incomplete
reduction of the metal salt solution by the reducing agent.®® Contrary to this, the lower
mixing efficiency in batch vessels is understood to be a contributing factor in NP growth at
elevated [metal].*"*® For segmented flow reactors, the literature suggests that NP size can be
influenced by the concentration of the metal precursor in solution: an increase in more than
one order of magnitude causes fast precipitation of large amounts of NPs, which can
aggregate and block the reactor channels.*°

6.1.4.4 Flow Rate and Residence Times

Fine-tuning of the flow rates used in microreactors can be utilised to influence NP growth,

and impacts both the time taken for the synthesis solution to move through the microreactor
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(residence time), and the mixing profile inside of the reactor walls (i.e. laminar or turbulent
flow). Simply put, the residence time increases as the flow rate decreases (Figure 6-4),
meaning NP size and shape can change to a greater extent under prolonged mixing.1%3¢

Conversely, in segmented flow systems, the efficient mixing within isolated pockets reduces

the residence time of the process. 3490
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Figure 6-4. The correlation between residence time and micromixing time in a static
microreactor; image taken from X. Guo et al., Exp. Therm. Fluid Sci., 2018, 99,
407-419.%

Another key aspect with respect to flow rates is the mixing pattern inside the reactor walls.
This is described by the Reynolds number, Re, which offers a dimensionless description of
the ratio of inertial forces to viscous forces within a fluid (Equation 6-1); laminar flows have
a Re < 2100, turbulent flow have a Re > 2100.52°3

pvL
u

Re =

Equation 6-1. Mathematical expression for the Reynolds number, where p is the fluid
density, u is the dynamic viscosity, v is the flow velocity, and L is the length of

the channel.

In laminar flows, diffusion is the driving force behind mixing, producing non-uniform flow
profiles, i.e. slower at the reactor walls and faster at the centre of the channel (Figure 6-5a).
For turbulent mixing, non-uniform velocity profiles are again present, however, they result
in stretching and thinning of the fluid lamellae, reducing diffusion distances and increasing
the extent and speed of mixing (Figure 6-5b). The flow velocity with a cylinder is defined

as the volume of fluid passing through a set area during a period of time, and is described as
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v="V/t, where V is the volume and t is the elapsed time. The relationship between the flow
velocity and the flow rate is defined as v = 4 v, where A is the cross-sectional area within
the mixing channel cylinder and v is the average velocity of the liquid. Within the flow

velocity equation, A can be further substituted for = ° (Equation 6-2).
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Figure 6-5. Diagram showing the flow profile within a tubular channel when under
a) laminar and b) turbulent mixing; image taken from CFDsupport.>

v

T2

V=

Equation 6-2. Relationship between the flow velocity and the average flow rate within a
cylinder, where v is the flow velocity, v is the average velocity of the liquid (flow

rate) and r is the radius of the cylinder.

In microreactors, the small channel diameters generally produce low Reynolds numbers
making the flow profile mainly laminar with mixing via diffusion. Diffusional transport in
mixing channels is described by Fick’s Law (Equation 6-3); it can be used to find the mixing
time of the reaction, which is the time taken to reach homogeneity between the reagent
solutions along the mixing channel. From Fick’s Law, mixing time is found to be related to
the distance that one solution has to diffuse to interact and mix with a second solution.
Improved mixing is thus achievable by decreasing the diffusion distance.>®
D
Equation 6-3. Fick’s Law, where t is the mixing time, dx is the lamella width and D is the

diffusion coefficient.
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6.1.5 In situ Investigations of Nanoparticle Formation

Utilisation of non-destructive X-ray based techniques has become a very beneficial tool in
mapping the initial processes that occur in NP formation, namely small angle X-ray
scattering (SAXS) and X-ray absorption fine structure (XAFS).>°¢-61 SAXS is a very useful
technique to employ in the characterisation of colloidal NPs and has been combined with in
situ XAFS in multiple studies.®°76283 SAXS, much like dynamic light scattering, is seen as
a straight forward and easy to use analytical method, and is commonly employed in the
determination of monodispersed NPs. However, to analyse polydisperse solutions,
additional methods are required; these methods are dependent on several factors such as the
ease of implementation prior knowledge of size and shape variance within the solution and
the concentration of particles.%* In many cases, analysis is performed when particle sizes or
shapes are assumed to be fixed.%®%>® Nonetheless, Polte et al., used a combined
SAXS/XAFS experiment to observe the formation of Au NPs using a citric acid method in
situ.%® This work allowed the mechanism of NP formation to be presented with greater
clarity, by describing different steps for NP growth via both nuclei coalescence and further
monomer attachment. However, due to the size limitations previously discussed for
scattering techniques, the spectral analysis could not adequately reveal information

pertaining to nuclei formation.

The energy region surrounding the edge jump of the XAFS spectrum, XANES, has been
used in time-resolved experiments to observe the reduction and growth of colloidal NPs for
various metal systems.®>"° The elegant experiments presented in the referenced studies
describe reduction through changes to the oxidation state of the metal absorber via alterations
in the element specific absorption edge intensity and scattering features after the white line
in XANES. To truly understand the fundamental processes involved in NP formation, the
change undergone to the nearest neighbours of a single metal atom must also be determined.
For this, the higher energy XAFS region, EXAFS, has been interrogated for aqueous NPs,
albeit in limited instances.®>%""* These beneficial studies have focussed on the formation of
NPs using mild reducing agents and metal concentrations > 3 mM,"2"3 and so are measured
over long periods of reduction (up to 90 minutes).®® The limited number of beamlines
capable of giving the time resolution necessary to follow the kinetics of reduction using
strong reducing agents, i.e. NaBH4, means that accurate in situ measurements of sol-

immobilisation synthesis using NaBHs are severely limited due to its high reducing
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efficiency; the [Au] investigated was 4.6 mM,’ far from typical [Au] used in commercially

relevant syntheses, e.g. 0.1 mM.”™

Alongside the choice of characterisation techniques, the materials and flow regime used in
fluidic reactor systems must be considered. Firstly, the incorporation of materials with high
surface energies increase the likelihood of interaction, detrimentally increasing instances of
nucleation and NP growth. In many cases, this can lead to metal deposition on the walls of
the fluidic reactor. For in situ XAFS measurements, the deposition of formed NPs can be
mitigated through the use of an optimal flow regime, moving the formed colloid at a constant
speed through the cell and path of the X-ray source beam. This is especially prevalent as the
high sensitivity needed to measure NP nucleation requires high intensity X-rays from
synchrotron sources, which can cause beam damage and artificial agglomeration of the NP

species.”®

The work presented in this chapter continues from the work published in Chapter 5.3 Here,
the ability to measure ultra-dilute colloidal solutions ([Au] <100 puM) was established in
order to measure the in situ reduction of a HAuCl4 precursor solution using dimethylamine
borane. The experiment performed followed the same Au NP synthesis outlined in the
previous chapter, however, the nature and conditions of the reducing agent were altered to
ensure a more mild reduction than that achieved using NaBH4. SPR band positions in
different colloidal Au solutions were characterised using UV-Vis spectroscopy. XRF
measurements were used to analyse the potential fouling of Au on the mixing channel
following colloidal synthesis. XAFS measurements were performed in situ to measure the

reduction of the Au precursor salt solution at distinct points along a mixing channel.
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6.2 Experimental

6.2.1 Colloidal Au Nanoparticle Synthesis

Colloidal Au nanoparticles were synthesised in this chapter following the same primary
procedure as described for the batch colloids (Chapters 3, 4, and 5). However, the focus of
the in situ measurements was not on how alterations to the synthetic protocol influences NP
size, but instead focussed on the formation of Au colloids in situ. For this, a dual syringe
pump system was employed (comprised of one Aladdin AL-1000 single syringe pump and
one AL-4000 dual syringe pump). The single syringe pump contained the PVA capped
precursor salt, HAuCls, in solution (JAu] =100 uM, PVA:Au (wt/wt) = 0.65, 0.01 g mL).
The second syringe pump was used to control the flow of the reducing agent solution (either
NaBH; (0.1 M) or DMAB (0.1 M)). Both syringes were kept at room temperature for the
experiments. Optimal flow rates were calculated to produce an annular flow regime, with
the inner flow comprised of the capped precursor solution and the outer flow composed of

the aqueous reducing agent.

Fouling was prevalent during the initial microfluidic synthesis of the colloidal NPs, so two
different routes were employed to limit the deposition of Au NPs onto the lining of the
tubing: (1) mixing the reducing agent with NaOH (0.15 M) to suppress the rate of NaBHa4 or
DMAB decomposition, and (2) coating the reactor walls and mixing channel with a pre-
prepared fluorinated oil composed of 1H,1H,2H,2H-perfluoro-1-octanol (PO) and
octadecafluorodecahydronaphthalene (PFD) 10 % v/v PO in PFD (Figure 6-6).%

Octadecafluorodecahydronaphthalene (PFD) 1H,1H,2H,2H-perfluoro-1-octanol (PO)

Figure 6-6. Component chemicals for the fluorinated oil (10 % v/v PO in PFD) used to coat
the walls of the microfluidic cell to prevent deposition of Au NPs onto the wall

surface during measurements.
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6.2.2 UV-Visible Spectroscopy

UV-Vis spectroscopy was used to give an indication of colloidal Au nanoparticle sizes via
the position of the SPR band relative to other colloidal Au catalysts prepared (Amax).”*’"®
The position and broadness of the SPR bands were dependent on the various parameters
applied during synthesis.>>"? Briefly, changes made to the reducing agent employed, the
solvation of the reducing agent in varying [NaOHgq)]. Reduction of HAuCl4 and formation
of colloidal Au SPR bands were recorded using a Shimadzu UV-1800 spectrometer. Samples
were analysed in a quartz cuvette post mixing of the syringe solutions within the cell’s

mixing channel.

6.2.3 X-ray Fluorescence Measurements

XRF analysis was employed to measure the polyimide tubing used in the design of the
microfluidic cell for in situ measurement of Au NPs. Samples were prepared by cutting the
tubing (inner diameters (ID): 0.64, 0.32 and 0.16 cm) into five distinct sections, each 2 cm
in length, and then slicing these small pieces of tubing in half lengthways. These were then
placed into holders with Mylar polyester thin film windows (Chemplex Industries Inc.),
where trace impurities of Ca, P, Fe, Zn, Cu, Zr, Ti and Al are present. The sample holders
were then loaded into a PANalytical Epsilon3-XL X-ray fluorescence spectrometer, and
elemental analysis of Au deposition was performed. The measurements were acquired at the

ISIS Materials Characterisation laboratory at 1ISIS Neutron and Muon Source, Didcot, U.K.

6.2.4 Hydrolysis Measurements of Sodium Borohydride

The evolution of hydrogen during NaBH4 hydrolysis was monitored in solutions of H>O and
NaOH (Supelco). These measurements were performed by preparing solutions of NaBH4
(0.1 M, granular, Merck), using either deionised water (18.2 MQ cm) or NaOHag), Where
[NaOH@gq)] = 0.05, 0.1, 0.15and 0.2 M, in 100 mL plastic syringes (BD Plastipak). The
syringes were capped using PTFE stoppers and left for 50 minutes, the average length of one
fluorescence scan on 120-Scanning, DLS, Didcot, U.K. The extent of decomposition for each

solution was determined by reading the fluid level markers on the syringe.
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6.2.5 X-ray Absorption Fine Structure Measurements

In situ XAFS measurements of colloidal Au NP formation were acquired on the
120-Scanning beamline at DLS, Didcot, UK. Samples were measured in fluorescence mode
using a Si(111) four-bounce monochromator and the data were collected through a 64
element Ge fluorescence detector with the Xspress2 digital pulse processor.”® Scans were
performed at a time resolution of 18 min spectrum™ (XANES only), with 4 scans performed
at each position. Processing of the absorption spectra was accomplished using the Demeter
software package (Athena), where the acquired datasets at each point where merged and

aligned using a Au® reference foil &
6.2.5.1 120-Scanning Experimental Set-up

XAFS measurements of colloidal Au NPs at the Au Ls-edge were performed on the scanning
branch of the 120-Scanning beamline at DLS, Didcot, U.K. A dual syringe system was
employed, where syringe 1 dosed HAuCls ([Au]= 100 uM) and PVA, flow rate =
0.4 mL min? (1 x 30 mL syringe), and syringe 2 delivered DMAB ([DMAB] = 500 pM)
dissolved in NaOHq) ([NaOH] = 0.15 M), flow rate = 1.6 mL min*, dual syringe pump
using 2 x 60 mL syringes (Figure 6-7). The solvation of the mild reducing agent in NaOH
was performed to further suppress any undesired H> evolution, mitigating any signal loss
resultant from bubbling along the data acquisition region. Prior to XAFS acquisition the
issue of fouling was addressed, here the mixing zone and cell tubing were purged with the
aforementioned fluorinated oil.* Both solutions were pumped toward the mixing zone
through 0.16 cm (ID) PTFE tubing; the mixing channel was comprised of polyimide tubing
(ID = 0.16 cm, wall thickness = 0.005 cm, length = 10 cm).
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Figure 6-7. Graphical representation of the in situ XAFS experiment performed on the
120-Scanning beamline at DLS, Didcot, U.K. Both the precursor salt and
reducing agent solutions are delivered via syringe pumps to a T-junction, where

the formation of the colloid takes place.

XAFS data were acquired by measuring three points along the mixing channel, each
separated by 3 cm (Figure 6-8): the beginning (Position 1), the middle (Position 2), and the
end (Position 3). To prevent fouling of the mixing channel outlet, 0.16 cm ID PTFE tubing
was attached to the outlet using a 0.20 cm ID PTFE connector, which moved the prepared
colloids toward a waste beaker. After each measurement, the system was flushed with water
through both syringe pumps and the polyimide tubing was replaced. Before the next XAFS
measurement was collected, the prepared fluorinated oil was purged through the system via
syringe pump 1 (i.e. coating the tubing used to cycle the Au precursor solutions).
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Figure 6-8. Image depicting the static positions for XAFS acquisition at the beginning
(Pos. 1), middle (Pos. 2) and end (Pos. 3) of the mixing zone. A front view of the

T-junction in the 3D printed holder is also shown.

6.3 Results and Discussion

Understanding the primary nucleation and growth steps involved in NP formation is crucial
in the mass production of tailored NP catalysts on industrial scales.* In particular, the ability
to control the large-scale synthesis of metallic NPs according to the desired properties and
linked activities can be achieved via simplistic changes to the protocol, e.g. increasing
precursor flow rates or altering the solution pH.”8! The work presented in this chapter is a
continuation of the work presented in Chapter 5, where the ability to measure colloidal
solutions at [Au] =100 uM was established.®® XAFS measurements of colloidal Au
formation are presented in this work; however, to adequately measure these phenomena, a
cell with the capacity to monitor NP formation had to be designed and constructed.
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6.3.1 Cell Design for In Situ X-ray Absorption Fine Structure Measurements
6.3.1.1 Flow Regime Calculation for Laminar Flow

The flow regime employed in a microfluidic system is known to have an influence over the
nucleation and growth processes of NPs, whether it is via the use of a segmented flow to
increase distinct instances of nucleation, or the use of laminar flows to reduce mixing within
the reactor channels.?>*° Therefore, the type of flow regime is highly important. For this
study, the interaction and mixing of the precursor salt and reducing agent solutions is
monitored. To successfully perform this, a flow regime with low mixing and reduced metal
deposition on the reactor walls was required. The use of a continuous phase is optimal in
preventing loss of the XAFS signal, as previously discussed, slugs of non-metal containing
phases uninterruptedly travel through the X-ray path.>® Furthermore, as a system without
high levels of mixing is preferable, the amount of mixing within a system can be suppressed
either via reactor design, or by using a laminar flow regime where the characteristic
Reynolds number is < 2100.2° Calculations of Re are performed using Equation 6-1 and
Equation 6-2 (Reynolds number calculations are presented in section 8.2). Based on the total
volume of solution used across the two syringe pumps and the time per one successful
XANES scan (18 min spectrum™), the theoretical maximum flow rate is 8.3 mL min™.
However, to ensure the volume of either solution did not reach zero during data acquisition,
a much lower total flow rate was used; a combined flow rate (syringe pump 1 and syringe
pump 2) of 2 mL min* (0.02 m s) was chosen for this work which gives a Re value of
1857.2 for the fluid along the mixing channel (laminar).2%%° Whilst lower flow rates could
have been employed, a sufficiently high enough flow rate was required to ensure reliable

pumping of the dual syringe pump (reducing agent solutions) toward the mixing cell.

Further to this, movement of the multiple liquid phases with respect to one another must be
factored into the cell design. Due to the use of a continuous flow system, the choice of flow
regime is limited to either annular or parallel flow profiles (Figure 6-9). For this work, the
interaction and/or deposition of the Au containing phase with the reactor walls was not

desirable, therefore, the cell was designed to operate utilising an annular flow profile.
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Figure 6-9. Flow patterns in continuous phase systems illustrating annular and parallel flow
regimes as side views, cross sections and as real-time images of the flow regime;
image taken from Wang et al., Chem. Eng. Sci., 2017, 169, 18-33.%2

6.3.1.2 In situ X-ray Absorption Fine Structure Cell Design

To achieve an annular flow profile, the design of the reactor had to ensure that the encasing
of one flow within the other was possible. The use of commercially available products
allowed for preparation and refinement of the cell without the need to reprint and etch mixing
channels in an X-ray transparent material, as is the case for many in situ microfluidic
processes.?”8 The reactor was designed so that the inner flow (Au precursor solution) would
be pumped into the middle of the reducing agent flow at the beginning of the mixing channel
(Figure 6-10). Here, the Au precursor solution is pumped through a modified 28 G needle
(BD PrecisionGlide®) inserted through a Swagelok® stainless steel T-junction connector.
The reducing agent flow is pumped through the base of the connector and, once it reaches

the mixing channel, an annular flow profile is achieved.

In addition to this, the length and flow path of the reagents within the mixing channel were
chosen to afford complete reduction of the precursor salt and to also prevent additional
instances of reagent mixing. The length of the mixing channel is important; firstly, a longer
mixing channel will have a greater probability of complete reduction and subsequent NP
growth occurring. Secondly, the length of the mixing channel is intrinsically linked to the
reagent mixing via the Reynold’s number, and so, if the length is too long or too short, the
mixing within the channel can change from laminar to turbulent, which would require further
refinement of parameters elsewhere.?%?"84 For many in situ studies of this nature, a long
mixing channel with bends etched into the cell are common; however, the presence of these
bends increases the likelihood of mixing and so can artificially influence the growth process

of the NPs.® As the study presented in this chapter is concerned with investigating the initial
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nucleation and growth steps, a straight mixing channel was attached to the end of the

T-junction (Figure 6-10).

= ——

]

Figure 6-10. Cut-away view of the T-junction showing how the modified needle tip was
inserted to establish the encapsulated flow. The PVA capped precursor solution
(yellow) flows through a modified needle tip centred in the tubing (needle is 28
G), and the reducing agent solution (blue) flows around it, as the two solutions
interact colloidal Au form and increase in size along the mixing channel (red
stream). An optimised flow ratio of precursor and reducing solutions gives a

constant stream of colloid along the length of the mixing zone.

Review of the limited literature concerning the preparation and characterization of colloidal
solutions detailed a similar system employed by Ameloot et al. in the production of hollow
MOFs.8 Briefly, the cell designed by Ameloot et al. was used to prepare Cu based MOFs
by constantly forming droplets of aqueous solution within a surrounding continuous organic
phase; this was achieved by using two separate syringe pumps supplying liquid toward a T-
junction, with the aqueous phase moving through an inserted capillary (needle tip) within

the T-junction and interacting with the organic phase.

6.3.2 Suppression of Hz Evolution via Reducing Agent Decomposition

The use of a strong reducing agent in the batch synthesis of colloidal metal NPs is necessary
to produce NPs with controllably small sizes.24®” However, due to its very reactive nature,
hydrolysis of NaBH4 leads to the spontaneous generation of Hy(g),% " even at low sol-
immobilisation temperatures (Chapters 3, 4), and can, in theory, produce 4 mol H, from
1 mol NaBH: (Equation 6-4).%
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NaBH4 + 2H20 — NaB02 + 4H2

Equation 6-4. Hydrolysis reaction of NaBH4 under standard conditions (25 °C, 1 atm.

pressure).8892

Production of vast quantities of Hxg (bubbling), is detrimental for in situ reduction
measurements. Although the beneficial use of a segmented flow regime has been reported
in nanoparticle synthesis?*1!, its use for X-ray absorption studies is not optimal. This is due
to the constant loss of signal as the phase interacting with the beam is constantly changing
from one of high metal loading, to the inserted gaseous or liquid phase, more commonly

referred to as a ‘slug’.

A widely used method to slow the rate of NaBH4 decomposition is to prepare the solution
in the presence of NaOH; increasing the pH of the solution, increases the activation energy
of NaBH4 hydrolysis.”® Measurements of the decomposition of NaBH4 under increasing
molarity of NaOH were performed as close to the in situ experiment as possible. To achieve
this, NaBHa (0.1 M) was prepared in solutions of increasing [NaOH )] (0.05, 0.10, 0.15 and
0.20 M) within a plastic syringe. After 50 minutes (the approximate length of one
fluorescence scan performed in the static colloid measurements), the movement of the
syringe plunger due to the production of H allowed for monitoring of NaBH4 decomposition
(Figure 6-11).

Figure 6-11. Close up images of Hz(g) evolution from the decomposition of a) NaBH4 in H20,
and b) NaBH4 in 0.1 M NaOH.

As expected, the quantity of H> gas produced was greatest when no NaOH was added
(4.5 mL of Hz()). When using the lower [NaOHg)] (0.05 M or 0.10 M), 1 mL of Hzg) was
observed, whilst moving to harsher concentrations (0.15 and 0.20 M) stopped the production

of Ha(g) altogether (Table 6-1). UV-Vis of the formed colloids can also elucidate how varying
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the basicity of the solution influences average colloidal NP size via assessment of the
position of the SPR band (Amax).>* A shift in its position to higher wavelength is consistent
with an increase to the average NP size, which is in agreement with the literature (Figure
6-12 and Table 6-1).7%%

Table 6-1. Quantity of Hy(g) evolved during the reduction of HAuCl, using NaBH4 (0.1 M)
prepared in solutions of increasing NaOH molarity. The associated change in
the position of the UV-Vis SPR band with increasing basicity is also described.

0.1 M NaBHj dissolved in Ha(g) Production UV-Vis SPR band
X, where X = (mL) Position (nm)
H20 4.5 492
0.05 M NaOH 1.0 503
0.10 M NaOH 1.0 520
0.15 M NaOH 0.0 520
0.20 M NaOH 0.0 520

Absorbance (a.u.)

e AU precursor =——=NaBH,
= 0,05 M NaOH ====0.1 M NaOH
==10.15 m NaOH 0.2 M NaOH

450 500 550 600 650
Wavelength (nm)

Figure 6-12. UV-Vis spectra of the SPR band (Amax) region for the colloidal Au NPs
([Au] = 100 uM) prepared in increasing [NaOH], the spectrum of the Au

precursor salt solution (HAUCla) is also included for reference.

6.3.2.1 Au Reduction using NaBH4 and DMAB

Whilst the use of NaBH4 prepared in solutions with high [NaOH] has been shown to aid in

the suppression of Hz production, the increase in pH as the [NaOH] rises has also been found
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to influence not only the size, but the shape of colloidal Au. Interestingly, a slightly basic
solution is considered optimal for the formation of spheres and rod-like NPs.*® The reaction
of NaBH4 with water has already been stated to theoretically produce 4 mol H. per mol
NaBH4 (Equation 6-4)°? In reality, the amount of H, produced is much lower for the
reduction of a metal precursor,® and so the formation of H bubbles in the beam path may
be limited (Equation 6-5).

H,PtCl, + NaBH, + 3H,0 — Pt + H;BO; + SHCI + NaCl + 2H,

Equation 6-5. Reduction of a Pt>* precursor salt by NaBH, in water.3®

The use of boron-based reagents (e.g. NaBH4, DMAB (BH3.NH(CHz3).), etc.) in the in situ
generation of hydrogen has been reported widely in the preparation of metallic nanoparticles,
whereby dehydrogenation of the B-H bonds produces H. that sequentially reduces metal
precursor complexes. 31324799 |t should be noted that the dehydrogenation of DMAB
(without the presence of a metal precursor) theoretically yields one mole less H, than NaBH4
(Equation 6-6).9:%

(CH3)2NHBH3 + 2H20 — (CH3)2NH2B02 + 3H2

Equation 6-6. Hydrolysis reaction of dimethylamine-borane (25 °C, 1 atm.).*®

Reduction of the Au precursor salt with the milder reducing agent generates larger clusters
of Au in the synthesis solution, and is noticeable by the evolution of a dark purple sol in the
DMAB colloid. The UV-Vis spectra of the colloids confirms the formation of smaller Au
NPs in NaBH4 due to the broadening of the SPR band, indicative of Au NPs < 10 nm (Figure
6-13).2%° A slow reduction, though not beneficial for controlling the final NP size and
dispersion, is optimal for this study as the production of Hz is limited. Therefore, the
likelihood of signal loss during in situ XAFS measurements is greatly reduced when DMAB

is employed as the reducing agent.
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HAuCI,

0.4 4

DMAB =——=NaBH,

Absorbance (a.u.)

0.2 4

4(.l(] 5(.}0 660 TI;lI]
Wavelength (nm)
Figure 6-13. UV-Vis spectra showing the SPR band formation for a fresh HAuCl, salt

solution, as well as HAuCl, salt solutions reduced in DMAB, and NaBHas.

6.3.2.2 X-ray Fluorescence Analysis of Au Deposition

The potential deposition of Au nanoparticles onto the surface inside of the mixing channel
Is an important aspect that must be addressed when designing microfluidic experiments. For
the system prepared, two main types of NP fouling can occur: (1) chemical reaction fouling,
where solids formed through chemical reactions attach to the surface, and (2) particulate
fouling, where fine particles in the reactant streams interact with the surface.!®® These
processes can therefore artificially influence NP growth and make the in situ experiment
unusable. The extent of Au nanoparticle fouling was measured using XRF analysis (Table
6-2). A fresh polyimide tube was initially measured to ascertain that no trace Au metal was
detectable on the inner wall. XRF analysis of the fouled tubing measured the [Au] in five
equal length segments of the mixing channel (Figure 6-14). The extent of Au deposition was
investigated for tubing with increasing internal diameter: 0.16, 0.32 and 0.64 cm (IDs of

tubing are compatible with stainless steel Swagelok® T-junction sizes).

Region1l Region2 . Region3 | Region4 . Region5

Figure 6-14. Schematic of the sections of the used polyimide tubing measured during XRF
analysis. Region 1 encompasses the capillary tip inserted into the beginning of

the mixing channel.
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Table 6-2. Au deposition on the inner walls of the tubing as determined via XRF. Colloid
formation within the mixing channel was performed using flow rates of
0.4 mL min (HAuCls and PVA) and 1.6 mL min (DMAB and 0.15 M NaOH).

Tubing Au XRF Signal (ppm)
Material
(ID) Region 1 Region 2 Region 3 Region 4 Region 5
Polyimide
2.6 0.0 20.6 221.0 1.5
(0.16 cm)
Polyimide
109.6 720.8 100.6 162.4 197.1
(0.32 cm)
Polyimide
4.0 31.3 25.3 41.6 14.7
(0.64 cm)

The presence of Au deposited on the inner walls of the mixing channel was observed for all
used tubing. Fouling of the metal solution on the reactor walls can provide a lower energy
surface for particle nucleation to occur, subsequently stimulating uncontrolled cluster
growth.%? The undesired deposition coupled with the high energy X-ray beam probing the
reactor could lead to further beam related particle aggregation, thus making the measurement
unreliable to assess for NP growth. The most fouling of Au is observed within the 0.32 cm
ID tubing, with the majority of the deposition occurring in the region post-capillary (Region
2), wherein the precursor salt solution and reducing agent streams have first contact.
Deposition of Au is also noted in the first region of the tubing and can be attributed to either

backflow of the Au solution, or human error during sample preparation.

The smallest average amount of Au measured corresponds to the largest ID tubing; this is
due to the larger volume of the reducing agent solution encasing the precursor solution,
providing a longer path from the centre of the tubing to the wall. With the larger diameter,
the Au falling toward the wall is more likely to travel the length of the tube instead of
depositing in an earlier region. From XRF measurements, the tubing that would be most
suited for the experiment is the 0.64 cm ID polyimide, however, the much greater volume of

liquid within a 0.64 cm ID mixing channel (where channel length = 10 cm) would result in
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a volume of 3.0 cm?® within the channel, for 0.16 cm and 0.32 cm ID calculated volumes are
0.2 cm® and 0.8 cm?, respectively. As the intention is to monitor NP growth via XAFS, this
larger volume within the channel will result in greater photon loss from the source beam,
before and after interaction with the inner Au stream, compared to the 0.16 cm ID. Therefore,
it was concluded that the use of a smaller ID tube would better aid in limiting undesired

photon loss (explored further in section 6.3.2.3).

The issue of deposition was dealt with by coating the inner walls of the reactor with an inert,
pre-prepared fluorinated oil mixture; this was composed of 1H,1H,2H,2H-perfluoro-1-
octanol and octadecafluorodecahydronaphthalene mixed in a 10 % v/v ratio (PO:PFD) and
was used for the continuous preparation of colloidal Pd.* The fluorinated oil ensured
complete wetting of the reactor walls, preventing the Au (precursor salt and NPs) from

adhering to the inner channel surface, and inhibiting artificial NP growth.
6.3.2.3 Photon Loss through the Mixing Channel

The loss of photons during in situ experiments is another concern that has to be addressed
before attempting XAFS measurements. To ensure minimal loss of photons, a high flux
beamline should be used, and so, for this experiment, an insertion device beamline (i.e.
120-Scanning, DLS, Didcot, U.K.) was preferable. X-ray transparent and low energy
materials are also essential to consider when designing a microfluidic device to acquire
accurate nucleation and growth data; in particular, low energy materials limit undesirable
artificial deposition and growth of NPs from occurring. Stainless steel,’% and Si-based
oxides and glasses®>°® are commonly used materials for the creation of XAFS fluidic cells
intended to be interrogated by soft X-rays (< 8 KeV), where the X-ray transparent windows

are comprised of polydimethylsiloxane (PDMS) or polyimide.?®

Photon loss through various mixing channel materials and wall thicknesses are presented
here and calculated using Equations 2-5 and 2-6, where the photon energy range is
11600-12400 eV (Figure 6-15).2941% Mixing channel materials were chosen from
commercially available 1/16"™ inch ID (0.16 cm ID) tubing that was rigid enough to prevent
bending of the channel in the event that product accumulated at the outlet; smooth polyimide
tubing with wall thicknesses ranging from 300-700 pum were investigated. The tubing sizes
chosen were also compatible with the stainless steel T-junction used in the reactor.
Furthermore, photon loss through the aqueous solutions proved to be negligible due to the
same ID being used for all tested tubing, making deviations in the calculated X-ray
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transmission a result of the increasing wall thickness. For this reason, the mixing channel

was prepared from 0.16 cm 1D smooth polyimide tubing with a wall thickness of 300 pm.
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Figure 6-15. X-ray transmission around the Au Lz edge energy of polyimide tubing with
increasing wall thicknesses (300-700 wm).

6.3.3 In situ X-ray Absorption Fine Structure Acquisition
6.3.3.1 Oscillatory Issues with the Syringe Pump

The stability of the precursor solution under the beam path was initially investigated prior to
the in situ reduction studies, the materials and flow rates are listed in Table 6-3.
Photoreduction of the precursor solution (JAu] = 100 uM) was not observed. During data
acquisition, the edge jump of the XANES region was recorded successfully, but issues arose
in the EXAFS region. The unexpected increase in oscillations past the white line peak can
be explained by minute movements of the syringe pump being detected by the fluorescence
detector and lo chamber. Doubling the flow rate increased the frequency of these oscillations,
confirming that EXAFS acquisition was not feasible using this set-up (Figure 6-16a).
Notwithstanding this, the absorption edge for Au®* is still visible, and so, the nature of the
experiment was modified to measure the absorption energy as a function of Au reduction. In
place of Au** and Au* references being measured on the beamline, they were acquired from
work performed by G. Malta et al. and reflect the oxidation states of Au that can form during
chemical reduction (Figure 6-16b).1%
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Table 6-3. Materials and syringe flow rates utilised during the preparation of the
microfluidic system utilised to measure colloidal Au formation via in situ XAFS.

Material Description

HAUCI4 ([Au] = 100 uM) capped using

Precursor solution )
PVA (0.01 g mL™ solution)

Reducing agent solution DMAB (500 puM) in NaOHaq) (0.15 M)
Cell tubing PTFE, 0.16 cm (ID)

Polyimide tubing, 0.16 cm (ID), 0.005 cm

Mixing channel ]
(wall thickness), 10 cm (length)

1H,1H,2H,2H-perfluoro-1-octanol (PO)

10 % v/v in
Fluorinated oil
Octadecafluorodecahydronaphthalene

(PFD)
Inserted capillary 28 G needle
Syringe Solution Flow Rate
Precursor solution flow rate 0.4 mL min't
Reducing agent solution flow rate 1.6 mL min*
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Figure 6-16. Au Lz-edge XANES acquired on the 120-Scanning beamline at DLS, Didcot,
U.K. showing the a) fluorescence mode XANES spectra for HAuCls solutions
pumped at flow rates of 1 and 2 mL min’, and the b) transmission mode XANES
spectra for the different Au reference compounds; Au* and Au®* references
acquired from G. Malta et al., Science, 2017, 355, 1399-1403.108

6.3.3.2 Static Point Measurements of Au Reducing via In situ XANES

XANES data were collected in situ to monitor the reduction of Au along three positions of
the mixing channel; the dilute metal concentration studied is a continuation from the work
presented in Chapter 5, [Au] = 100 pM.*® Formation of Au clusters was monitored via
reductions in intensity of the white line peak at 11919 eV, indicative of the 2pz.—5d
electronic transition. An increase in the intensities of two post-edge features can also
elucidate changes in the local Au structure in lieu of EXAFS. ~ 13 eV above the absorption
edge a feature is observed that is characteristic of multiple scattering phenomena in the
square planar geometry of the [AuCls] complex.}?”1% The second feature is present at
~ 11946 eV and is only observed for the Au® reference foil #1110 The intensity of this
feature corresponds to the formation of clusters resembling a bulk-like Au structure, e.g.
FCC, where the local environment surrounding the absorbing Au atom is composed of 12
neighbouring Au atoms. The acquisition of spatially-resolved XANES was made easier
using the milder reducing agent DMAB, which is reflected in the small decrease in intensity
and shift in position (~ 5 eV) of the white line peak as the solution progresses along the
mixing channel (Figure 6-17a-c). The reduction route of the Au species in DMAB suggests
that Au®* undergoes reduction directly to Au®, without forming Au* as an intermediate.

XANES acquired at Position 1 clearly shows that the reduction process begins
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instantaneously, even in milder reducing conditions (DMAB and 0.15 M NaOH), with this
first position corresponding to 500 ms post solution interaction. To clarify, complete
reduction is not yet achieved, with only a slight decrease in the intensity of the absorbing
edge observed. The post-edge features show slight changes, particularly to the feature at
11946 eV beginning to appear.®>1%°110 At this first point, the formation of some Au clusters
has occurred (Figure 6-17a). Two seconds after the initial point of chemical reduction, a
more prominent shift in the absorption energy can be seen (Figure 6-17b). At Position 2,
mixed Au®* and Au® scattering features are observed, suggesting that the precursor salt is
still in solution, even in minor quantities. The final point measurement acquired along the
reactor channel (Position 3) shows the white line peak disappear 3.5 seconds after the initial
point of reduction; the accompanied shift in absorption edge position also proposes that
reduction of all Au®* species has taken place. Nevertheless, the intensity of the post-edge
features do not align with the Au® reference foil, therefore it is evident that in this system,
small Au® clusters are formed after 3.5 seconds of reaction. Without EXAFS analysis,
however, quantification of these Au NPs is challenging. That being said, the data acquired
is novel in and of itself. To the best of the author’s knowledge, no other studies have reported
the ability to successfully acquire in situ XANES data at the dilute concentration presented
([Au] = 100 uM) using a microfluidic system, the closest being [Au] = 300 pM.565°
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Figure 6-17. XANES spectra acquired during the in situ reduction of HAuCls using DMAB
in 0.15 M NaOH solution, measured on the 120-Scanning beamline at DLS,
Didcot, U.K. Au Ls-edge XANES are shown at different positions along the
mixing channel: a) Position 1, b) Position 2, ¢) Position 3, and d) comparison of
the Au species along the mixing channel. (a-c) include the XANES spectra of the

reference Au® and HAUCl4.
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6.4 Conclusions

In conclusion, the pursuit to monitor Au nanoparticle formation in situ at [Au] = 100 um

was, in part, successful. The major obstacle was to design a microfluidic device that would:

(1) Establish a continuous laminar flow that is present as an annular stream.

(2) Prevent Au fouling on the walls of the reactor, and any subsequent artificial growth in
NP size.

(3) Allow for high energy X-ray analysis.

The desired flow regime was attained by using low flow rates of the reagent solutions to give
a laminar flow (Re = 1857.2), an annular flow was achieved using modified T-junction with
a capillary inserted through the long edge. Furthermore, a continuous flow through the
mixing channel was achieved by using basic synthesis conditions ([NaOH@g)] = 0.15 M) and
a mild reducing agent (DMAB), suppressing Hzg) evolution as a result of DMAB
decomposition. Au deposition was prevented in the cell by coating the inner walls with a
fluorinated oil, and was confirmed during solution stability measurements. XAFS analysis
was made possible using polyimide, an X-ray transparent material, as the mixing channel.
The flow rate chosen afforded constant movement of the solution through the X-ray beam

path, preventing photoreduction as a result of prolonged beam exposure.

XANES measurements at distinct time points along the mixing channel clearly showed the
progression of chemical reduction, with Au®* reducing to Au® without forming Au* as an
intermediate. Furthermore, colloidal Au formation was observed in under 4 s, 500 times
faster than the macroscale NP preparation presented in Chapter 5. Unfortunately, EXAFS
data could not be acquired due to minute movements of the syringe pump motors being
detected by the sensitive equipment on the beamline; this was an unforeseen issue. Though
it was not trialled during this project, it is the author’s opinion that a smoother pump (such

as the Tacmina Smoothflow Pump Q) would be beneficial for this endeavour.

Nevertheless, the data acquired is novel in and of itself, as, to the best of the author’s
knowledge, no other studies have reported the successful acquisition of in situ XANES data
at the dilute concentration presented ([Au] = 100 uM), the closest being [Au] = 300 pM.56:6°
The work in this chapter provides an essential building block for further investigations into

monitoring nucleation events on a microscale.
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Chapter 7 Conclusions and Future Works

The work presented in this thesis has focussed on elucidating how variations to the synthesis
procedure can affect change in sol-immobilisation prepared NP catalysts (supported and
unsupported). The themes of this thesis can be divided into two sections: (1) optimising the
sol-immobilisation synthesis procedure for Pd/TiO> via changes to the colloidal synthesis
solvent, and (2) understanding how the synthesis procedure influences NP nucleation and
growth of colloidal Au NPs. To achieve these, a wide range of laboratory-based
characterisation techniques, such as UV-Vis, STEM, MP-AES, FTIR, TPD/TPR, and TGA,
were employed. Additionally, synchrotron radiation was utilised to study the effect of

synthesis parameters both in situ and ex situ.

Optimisation of the sol-immobilisation synthesis protocol was investigated in Chapters 3
and 4, where PVA-capped colloidal Pd NPs were prepared and immobilised during an
acidification step onto TiO> at a reduction temperature of 1 °C and in altered synthesis
solvents. The use of different linear and branched short chain alcohols (C1-Cs) in the
synthesis solvent was first explored using equal vol. % ratios of XOH:H>O (XOH = MeOH,
EtOH, PrOH, IPA and tBuOH). It was established that the smallest Pd NPs were formed in
synthesis solvents composed of 50 vol. % MeOH, the alcohol with the shortest chain length
(Pd NP size = 1.1 + 0.6 nm); however it should be noted that all alcohol-prepared NPs, bar
PrOH, displayed smaller average NP sizes than those prepared in a 100 vol. % H»O system
(Pd NP size = 2.6 £ 1.4 nm). The achieved Pd loading and accessibility of NP surface sites
displayed no trend with increasing alcohol chain length or sterics. Further understanding of
how MeOH influenced colloidal preparation was sought by preparing Pd NPs in solvents
with increasing [MeOHg)]. Equal MeOH:H>O mixtures were again found to yield the
smallest Pd NPs, however, increasing the MeOH concentration above 50 vol. % led to an
increase in NP size as well as drastically reduced the achieved Pd loading. In addition to this,
the inclusion of MeOH in the synthesis solvent had a detrimental impact on the accessibility
of Pd NP surface sites, with the H.O based synthesis producing far greater populations of

bridged and linear surface adsorption sites.

The decreased surface site availability with inclusion of MeOH, and the reduced Pd loading
as [MeOHq)] > 50 vol. %, is hypothesised to either be caused by insufficient solvation of
PVA and the precursor salt in increasing [MeOH@q)], or be a consequence of interactions
between the colloidal Pd nanoparticle surface and the stabiliser inhibiting access to surface
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sites. This could be confirmed by further investigation into the use of incremental
concentrations of the remaining C>-C4 alcohols to determine how slight changes to the

synthesis solvent can ultimately impact the final catalyst.

In Chapter 4 the use of MeOH in the synthesis solvent was further examined, with the focus
to streamline the synthesis process. The issues observed in Chapter 3 regarding low Pd
loadings at high [MeOHaq)] were explored by forming Pd colloids in MeOH:H20 synthesis
solvents of varying vol. % ratios: 0:100, 50:50, 100:0. Removal of the stabilisation and
acidification processes in each of these syntheses showed an expected increase in NP size
for all three reaction solvents, but the immobilisation of Pd onto the support surface was
improved for 50 and 100 vol. % MeOH systems as compared to the analogous stabilised and

acidified catalysts prepared in Chapter 3.

Changes to the catalyst surface were elucidated by testing the Pd catalysts activity in the
hydrogenation of the o,fB-unsaturated aldehyde, furfural. The selectivity of the reaction is
known to be consequential of the available surface sites and how furfural associates to them,
i.e. both the aldehyde C=0 and the furan ring C=C can be hydrogenated through adsorption
adjacent or parallel to the metal surface; this results in the production of the primary
hydrogenation product, furfuryl alcohol (via C=O adsorption) and secondary product,
tetrahydrofurfuryl alcohol (via C=0 and C=C adsorption). Without the acidification step
present, the PVA-capped Pd NPs prepared in MeOH displayed a much larger abundance of
accessible surface sites (particularly linear C=0) than the acidified H20 prepared Pd-PVA
NPs. However, this did not translate to an increased PdMeP TOF for furfural hydrogenation.
Instead, it was discovered that using Pd-PVA NPs prepared in the H20 only solvent systems
had the highest furfural TOF. This higher activity was discovered to be a consequence of the
over hydrogenation of furfural to ethers, and the acid catalysation of furfural to acetals - the
latter of which did not occur on the MeOH synthesised catalyst. Acid catalysation of furfural
Is a process that occurs over Brgnsted acid sites on the support material; by using MeOH as
the synthesis solvent, this pathway was switched off via the suppression of Hz spillover. This
phenomenon occurred due to increased quantities of the stabilising polymer clustering
around the Pd NPs, support surfaces, and their interfaces, which was confirmed using
HRTEM and H2-TPR. To further support the hypothesised suppression of H> spillover for
PVA-capped Pd catalysts prepared in MeOH, additional characterisation could be
performed, though suitable techniques to measure the extent of Hz spillover under operando
conditions are few and far between. One promising approach would be to monitor the H»

environment before and after Hz pre-treatment (5 bar) using in situ H!- or D>-NMR.
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Elucidating the growth processes of colloidal solutions as a function of synthesis temperature
(1, 25, 50 and 75 °C) and [Au] (50, 100 and 1000 uM) was presented in Chapter 5. Sol-
immobilisation of PVA-capped Au NPs were performed in H2O only solvent systems, and
an acidification step was employed during the immobilisation phase. By using Au, initial
assessments of the synthesis conditions on colloidal NP growth were made via comparisons
of the UV-Vis SPR bands. However, this does not give a true indication of NP size as
dampening of smaller Au NPs can occur. In addition, acquired STEM imaging of the
colloidal solutions yielded inaccurate representations of NP size, either through insufficient
sample NP population, limitations of the instrument, or human error. XAFS was successful
in minimising these associated errors as it is element specific and does not require long range
order within the sample. Beam damage was avoided by using an adapted stainless steel cell
with X-ray transparent windows, which the preformed colloids were pumped through.
Fitting of the EXAFS data with an appropriate crystallographic information file (cif) enabled
the average coordination number of the absorbing Au atoms to be found; this was then
translated to average Au NP size via an established literature method.}? As expected,
increased colloidal NP size was correlated with greater temperatures of reduction
(1°C=15+0.1nm, 25°C=1.8+0.1nm, 50°C=22+0.1nm and
75°C=23+0.1nm). Conversely, the synthesis of colloidal Au at increasing [Au]
displayed no definitive increase in NP size, even with a 20-fold increase in [Au] from
50—1000 pM B0 uM =1.5£0.1 nm, 1000 uM =1.6 £0.1 nm). The influence of the
immobilisation procedure was then elucidated, where the varied [Au] colloids were anchored
onto TiO». Following characterisation of the solid samples, growth in NP size is evidently
dependent on the initial [Au] (50 uM =1.6 £ 0.1 nm, 1000 uM =4.0£0.1 nm). The
immobilisation phase is therefore a significant parameter that should be considered when
preparing NPs via sol-immobilisation. The contribution of NP anchoring toward NP growth
could be further elucidated using synchrotron techniques coupled with microjet mixing
systems, with one such system available on the Phoenix beamline at the Swiss Light Source.
Nevertheless, this is the first work, to the author’s knowledge, that reports the successful
acquisition of colloidal XAFS at [Au] < 300 uM.3>*

Chapter 6 pursued understanding of the primary nucleation and growth events in colloidal
PVA-capped Au nanoparticle synthesis at 100 uM [Au]. Building on the work presented in
Chapter 5, in situ XAFS was utilised to measure colloidal nanoparticle formation. Unlike
Chapters 3, 4 and 5, synthesis in Chapter 6 was performed in a purpose-built microfluidic
cell, and was not without its own obstacles. The flow regime, Au deposition on the reactor
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walls, evolution of H> during reducing agent decomposition, and the cell materials
compatibility with XAFS experiments all had to be addressed when designing an appropriate
microfluidic device. A continuous laminar flow regime, with a Reynolds number < 2100,
was achieved by using optimal reagent flow rates and short mixing channel lengths. The
desired annular flow, where the precursor salt stream was encapsulated in the reducing agent
stream, was attained by inserting a modified 28 G needle tip along the long edge of a stainless
steel T-junction and increasing the reducing agent flow rate in comparison to the precursor
salt. Fouling of the metal species on the mixing channel walls was avoided by pre-treating
the inner walls of the microfluidic cell with a premade fluorinated oil. The production of
Ha(g during synthesis, and potential interruption of the XAFS measurement, was negated by
altering the reducing agent and the solution used to solvate it. In the previous chapters,
NaBHs (0.1 M) was employed due to its fast reduction capabilities, however, 4 mol Hag are
produced for 1 mol hydrolysed NaBHa. Instead, DMAB (0.1 M) was prepared in NaOHag)
(0.15 M) to ensure slow decomposition of the reducing agent, thus suppressing unwanted
gas evolution. Photon loss was kept to a minimum by constructing the mixing channel from
smooth 0.16 cm (ID) polyimide tubing, an X-ray transparent material, with a wall thickness
of 300 um (photon loss = < 15 %). It should be noted that photoreduction of the Au in the

path of the beam was not observed.

In situ XANES data was acquired along the length of the mixing channel, describing the
change in oxidation state between 500 milliseconds and 3.5 seconds of reaction time.
Reduction of the precursor salt was observed to begin <500 milliseconds, despite milder
reduction conditions being employed. Reduction of the precursor salt was complete after
3.5 s, with the XANES spectra detailing reduction from Au®*— Au® without forming Au* as
an intermediate oxidation state. Moreover, colloidal Au formation was achieved via the
microfluidic system 500 times faster than in the batch conditions used in Chapter 5. An
unforeseen issue arose from the movements of the syringe pump motors detected by the
sensitive equipment on the beamline. Consequentially, EXAFS measurements were not
acquired due to overlapping oscillations after the absorption edge. Nevertheless, the
successful monitoring of Au reduction via in situ XAFS measurements presented in Chapter
6 is, to the best of the author’s knowledge, the first achieved at dilute metal concentrations
([Au] = 100 uM).

The sourcing of a smoothflow pump would be advised for further attempts at measuring the
formation of colloidal nanoparticles using in situ XAFS, to ensure that the oscillatory region

of the spectrum is not dampened. By monitoring the change in the local environment of the

240



Chapter Seven — Conclusions and Future Works

metal species during reduction, an accurate per atom interpretation of NP reduction and
growth could be acquired, with wide-reaching benefits for industrial preparations of NP
catalysts, as well as affording characterisation of bi-metallic NP nucleation and growth

processes.

In conclusion, the work presented in this thesis provides new insight into how variations to
the synthesis solvent and immobilisation steps can not only control Pd NP size, but also
contribute to improved catalytic selectivity. Moreover, a method was established capable of
measuring colloidal NP formation using in situ synchrotron methods. The applications of
understanding nucleation and growth of colloidal NPs are wide reaching, allowing for the

mass production of tailored metallic NPs.
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Chapter 8 Appendix

8.1 Chapter 4-Supplementary Information

8.1.1 Conversion and Yield Tables for Furfural Hydrogenation over Pd/TiO2

catalysts

Table 8-1. Conversion and product yields for all prepared catalysts and fresh TiO2 support
used in the hydrogenation of furfural, conversion and yields were calculated
after 15 minutes reaction time; conditions: 50 °C, 5 bar H, furfural 0.3 M
furfural/metal ratio 500 mol/mol, solvent IPA.

Furfural Yield (%)
Sample Conversion THE- .
(%) FA THFA Acetal ME THFIE FIE ME 2-MTHF

PdWPA 14 7 1 3 0 2 1 0 0
PdWP 5 2 0 3 0 0 0 0 0
Pd50MeP 8 5 1 1 0 1 0 0 0
PdMeP 8 5 2 0 0 0 1 0 0
PdW 3 0 0 0 0 0 3 0 0
Pd50Me 6 1 0 3 0 0 2 0 0
PdMe 6 3 1 2 0 0 0 0 0
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Table 8-2. Conversion and product yields for all prepared catalysts and fresh TiO2 support
used in the hydrogenation of furfural, conversion and yields were calculated
after 5hrs reaction time; conditions: 50 °C, 5bar Hz, furfural 0.3 M
furfural/metal ratio 500 mol/mol, solvent 2-propanol.

Yield (%)

Sample gounr\t.u (r<?/<|>) THF THF- 2- 2- BIZ{:'S'S“
FA X0 Acetal 5T THRIE FIE L (%)
PAWPA 74 2 47 1 6 15 1 1 1 99
PAWP 21 12 3 5 0 1 0 o 0 100
Pd50MeP 54 20 27 3 0 4 0 o 0 100
PdMeP 53 24 23 0 0 3 3 0 0 100
PAW 15 3 0 0 0 0 12 0 0 99
Pd50Me 49 9 22 5 1 7 5 0 0 100
PdMe 37 10 18 4 0 5 0 0 0 100
TiO, 25 0 0 25 0 0 0 0 0 100

8.1.2 Time on line profile for Acetal formation over PAWPA and PdMeP
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Figure 8-1. Time online selectivity profile for acetal production over fresh 1 wt. % Pd/TiO>
catalysts; PAWPA (black), and PdMeP (red).
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8.1.3 Recycling data for Furfural Hydrogenation over Pd/TiO: catalysts

Table 8-3. Conversion and product yields for six successive hydrogenation cycles over the
prepared PdWPA catalyst. Data was collected after 3 hrs of reaction time.
Conditions: 50 °C, 5 bar H2, furfural 0.3 M; furfural/metal ratio 500 mol/mol,

solvent 2-propanol.

Yield (%)

Furfural Mass
Cycle Conv. THE- Balance

(%) FA  THFA Acetal /=" THFIE FIE 2MF 2MTHF (%)
1 72 5 48 1 3 9 0 2 2 99
2 70 7 48 0 2 6 2 1 0 97

3 67 13 40 2 1 4 7 0 0 100

4 53 8 30 1 1 4 9 0 0 100

5 36 6 16 1 0 0 13 0 0 100

6 22 5 1 1 0 0 15 0 0 100

Table 8-4. Conversion and product yields for six successive hydrogenation cycles over the
prepared PdMeP catalyst. Data was collected after 3 hrs of reaction time.
Conditions: 50 °C, 5 bar Hy, furfural 0.3 M; furfural/metal ratio 500 mol/mol,
solvent 2-propanol.

Furfural Yield (%) Mass
Cycle  Conv. THE- 5. Balance

(%0) FA THFA Acetal ME THFIE FIE 2-MF MTHE (%)
1 56 21 23 0 0 7 7 0 0 102
2 55 21 22 0 1 6 7 0 0 102
3 50 18 15 1 1 5 12 0 0 102
4 44 15 11 3 0 4 13 0 0 101
5 31 10 5 1 0 4 13 0 0 101
6 21 6 2 1 1 3 10 0 0 100

245



Appendix

Table 8-5. Conversion and product yields for six successive hydrogenation cycles over the

prepared PdMe catalyst. Data was collected after 3 hrs of reaction time.
Conditions: 50 °C, 5 bar Ha, furfural 0.3 M; furfural/metal ratio 500 mol/mol,
solvent 2-propanol.

Yield (%) Mass
Cycle goun'ju{(;! ) THE- .  Balance
' FA THFA Acetal ME THFIE FIE 2-MF MTHE (%)
1 26 10 8 0 0 3 4 0 0 99
2 18 2 0 0 0 0 15 0 0 99
3 16 2 0 0 0 0 14 0 0 100
4 9 1 0 0 0 0 8 0 0 100
5 2 1 0 0 0 0 1 0 0 100
6 0 0 0 0 0 0 0 0 0 100
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8.2 Chapter 6-Supplimentary Information

The flow profile achieved in the in situ cell mixing channel is described by the unit-less
Reynolds number (Re), where Re > 2100 and Re <2100 describe turbulent and laminar

flows, respectively. Re was calculated by:

Where, v is the fluid velocity, L is the mixing channel length (10 cm) and 7 is the fluid

viscosity.

The fluid velocity is calculated by:

;
v=—5 =0.0165784 ms"
nr

Where, 7 is the flow rate (2 mL min') and r is the mixing channel radius (0.08 cm).

The fluid viscosity is determined using the dynamic viscosity and density of the fluid being

pumped through the cell (H20).

=8.927 x107" m3s™!

ASHIES

77:

Where, | is the dynamic viscosity (0.00089 kg m™ s) and p is the fluid density (997 kg m3).

Re will thus be calculated by:

vL 0.0165784 x 0.1

ce= — =

n 8.927 x 1077

Re=1857.18

Therefore the flow profile used in the in situ mixing channel is laminar (Re < 2100).
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