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ABSTRACT

RUTHENIUM-BASED MODEL CATALYSTS FOR THE LIQUID
PHASE HYDROGENATION OF BIO-BASED ORGANIC ACIDS
AND ALDEHYDES

By
Xianfeng Ma

The focus of this thesis was to design heterogeneous ruthenium (Ru)-based catalysts with well-
defined structures, and to study the correlation between their structures and their catalytic
performance for the liquid phase hydrogenation of bio-derived organic acids and aldehydes.

We evaluated three colloidal-based routes for the preparation of the supported Ru catalysts, and
observed that polyol reduction using polymeric stabilizers gave the best results for synthesizing
monodisperse colloidal Ru NPs. Sonication-assisted deposition also gave the best results for
anchoring the colloidal NPs onto mesoporous silica support (MSU-F). Activation of the
supported Ru NPs to remove the stabilizer was explored using three different thermal treatments.
The solid catalysts were then characterized and their reactivity was assessed by the aqueous
phase hydrogenation of pyruvic acid as a model reaction. These studies showed that argon-
protected calcination is the most efficient procedure for activating Ru nanocatalysts on MSU-F
support.

We then investigated the effect of particle size on the catalytic performance of the supported Ru
NPs, using the liquid phase hydrogenation of cinnamaldehyde (CAL) as the model reaction.
Colloidal Ru NPs of various sizes were synthesized by adjusting the polyol reduction parameters.
It was observed that the formation of Ru NPs can occur under either thermodynamic or kinetic

control, with the final size of the NPs determined by a balance between the two pathways. After



sonication-assisted deposition of the size-tuned Ru NPs on MSU-F and subsequent Ar-protected
calcination, we observed well-dispersed Ru NPs on the support with no agglomeration or
damage to the ordered structure of the support. The uniformity and crystallinity of the supported
Ru NPs in each catalyst also improved with the thermal activation procedure. The hydrogenation
of CAL over supported Ru NPs produced cinnamyl alcohol (COL), hydrocinnamaldehyde
(HCAL), and hydrocinnamyl alcohol (HCOL), with COL the major product. Varying the size of
the NPs did not affect the apparent activation energy or product selectivity, suggesting that the
reaction pathway was independent of particle size. However, particle size changed the density of
active sites per unit surface area, thus affecting the activity of the catalysts.

Finally, we examined the influence of the metal composition of a series of Ru-Pd bimetallic
catalysts on their performance for CAL hydrogenation. The colloidal bimetallic NPs were
synthesized by polyol reduction, deposited on MSU-F support by sonication-assisted deposition,
and activated through Ar-protected calcination. The NPs in each catalyst were well dispersed on
the MSU-F support with an alloyed crystal structure. The bimetallic NPs produced higher
turnover frequencies (TOF) for CAL hydrogenation than the monometallic Ru NPs, presumably
due to synergetic effects. In contrast to CAL hydrogenation over Ru NPs which produced COL
as the major product, the reaction over bimetallic NPs and monometallic Pd NPs produced
HCAL or HCOL as the major product, with the ratio of HCAL to HCOL produced dependent on
the metal composition of the catalysts.

In summary, this research has provided new routes for the rational design of Ru-based
heterogeneous catalysts with well-defined structures, and new insights into the relationship
between structure and catalytic performance of Ru-based catalysts for multiphase hydrogenation

of bio-based organic acids and aldehydes.
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Chapter 1 Introduction and background

1.1 Background and motivation
Biomass is a promising class of alternative resources for the production of fuels and value-added
chemicals because it has the advantage of being renewable and potentially carbon-neutral. It also

offers worldwide accessibility as opposed to fossil reserves, and allows for a variety of chemical

. 1-3 . . .
transformations. = The general approach for biomass conversion to useful product involves two

major steps: conversion of biomass to a variety of platform molecules, and transformation of the
platform molecules to either fuel or value-added chemicals. Heterogeneous catalysis is at the
heart of the integrated processes for the transformation of biomass. It is generally recognized that

the primary factor limiting the catalytic conversion of biorenewable feedstock is the lack of

efficient catalysts.

A comprehensive molecular level understanding of catalytic processes is vital to the design of

more efficient catalysts. Typical heterogeneous metal catalysts are composed of highly porous
supports containing finely dispersed active materials in the form of nanoparticles (NPs).9 A good

control of structures and composition of the active materials is important to enable more insight

into the catalytic reaction process, and has the potential to promote better assessment of the

. . . 10-13 .
mechanisms of heterogeneous catalysis in a rational manner. However, conventional

processes used for preparing heterogeneous catalysts often lead to ill-defined morphologies as
well as uneven distributions of active sites on the supports. This generally leads to difficulties in

investigating the nature of the catalytic sites at the molecular scale, because they are not ideal

. . 14-16
catalytic model systems for fundamental studies.



Recent advances in materials science and nanotechnology have offered promising ways to
prepare well-defined heterogeneous catalysts via in situ colloidal schemes. With this route, the
synthesis of NPs and their deposition on support(s) are separated into two successive steps. The
separation of particle synthesis and subsequent deposition onto supports enables independent
control of the morphology and composition of the active materials. This separation also provides
a high degree of flexibility for particle dispersion on different supports, and produces well-
structured catalysts with high densities of specific atomic ensembles as well as the rational

design of tunable active sites, which is not possible with conventional catalyst preparation
14-18 . . . .
methods. Therefore, the incorporation of nanotechnology into heterogeneous catalyst design

makes it possible to advance the molecular-level understanding of heterogeneous catalysis.

Although this approach is still in its infancy, it has attracted considerable attention, as
. . . 17
demonstrated by the increasing number of publications.

1.2 Research objectives

The primary objective of this project was to rationally design heterogeneous ruthenium (Ru)-
based catalysts for assessment of the correlation between catalyst structure and catalytic
performance, using the liquid-phase hydrogenation of bio-derived organic acids and aldehydes as
model reactions. Bio-derived organic acids and a, B-unsaturated carbonyls are important building

blocks for the production of a number of valuable chemicals used in the manufacturing of

. . ., 19 . .
polymers, pharmaceuticals, foods, and other commodity materials. ~ In the following sections of

this chapter, we will provide a brief survey of the literature relevant to this project.



1.3 Colloidal routes for design of heterogeneous metal catalysts
In the colloidal-based route for preparation of heterogeneous metal catalysts, colloidal metal NPs
with well-defined size and shape are first synthesized via a “bottom-up” approach, which

involves the formation of metal atoms from the reduction or decomposition of metal precursors,

. . 1 -
and subsequent agglomeration of atoms to form NPs of a particular size. A liquid phase

chemical method is one of the most widely used procedures among the “bottom-up” approaches.
Generally, this method can be classified into three main categories: chemical reduction of metal

salts, thermal (also photochemical or sonochemical) decomposition of organometallic

compounds, and ligand displacement from organometallic compounds.

The next step in the colloidal route for catalyst preparation is to disperse the colloidal metal NPs

onto suitable high-surface-area supports and to achieve clean metal surfaces by activating the

. : - . : . 272
supported NPs to remove the organic material used to stabilize the particles in solution.” 8

Common supports include ceramics, metal oxides, silica, carbonaceous materials, and

29-31 ., .. . . .
membranes. With new advances in materials science, structured supports have attracted

more attention in the preparation of heterogeneous catalysts due to their advantages over

: 18,20 : : . :
conventional supports. For instance, their pores and cavities can be precisely regulated at

the micro- or nanoscale as needed to deposit nanoparticles of different sizes and shapes.
Although colloidal metal NPs have already been used extensively for quasi-homogeneous

catalysis, application of colloidal-based routes for preparation of heterogeneous metal catalysts

is still limited. ° One possible reason for this is the challenge of removing the capping agent

used in catalyst fabrication without adversely affecting particle morphology and/or dispersion.



This is a significant challenge because these organic molecules are bound strongly to the particle

surface at approximately monolayer coverage. The effective removal of the stabilizer from the

: : : . 15,16,18,32-35
catalysts is a subject of many ongoing studies.

1.4 Size control of heterogeneous metal catalysts for enhanced reactivity and selectivity

Understanding the correlation between particle size and the catalytic activity of noble metallic
. . . . 36-41

nanoparticles (NPs) is an important area of fundamental catalysis research. For metal NPs

less than 100 nm in size, variation in particle size may change the surface to bulk atom ratios,

. 42-44 . . . .
crystal facets, and corner or edge locations, which may lead to changes in their physical

: . 3945 : : . .
and chemical properties. Recent studies have shown that the change in particle size leads to

essentially different active site geometries and site distributions, thus influencing catalytic

properties, particularly for structure-sensitive catalytic reactions such as alkane isomerization,
. : . 13,32,39,46-63

ammonia synthesis, and hydrogenation of unsaturated hydrocarbons.” " "
The effect of the size of Ru NPs on catalytic properties has been investigated for ammonia

synthesis and decomposition reactions.eo_63 The correlation between size and activity of Ru NPs

less than 10 nm was estimated theoretically by assuming hexagonal Ru NPs that only expose

some specific surface facets during the reactions. A number of experiments have also shown that
. . . . . . . . 60-63

intermediate-sized Ru NPs have maximum specific activity for ammonia synthesis. Another
study on correlating Ru NP size to catalytic activity was on Ru-catalyzed carbon monoxide

oxidation.38 In that study, monodisperse Ru NPs ranging from 2 to 6 nm were synthesized and



their activity for CO oxidation was measured as a function of particle size. The authors

concluded that activity increased with particle size.

1.5 Assessment of supported bimetallic catalysts for reactivity and selectivity
The interest in studying bimetallic catalysts, which consist of two different metal elements, is
because they often exhibit electronic and chemical properties distinct from either of their

constituent metals. They also promote enhanced selectivity, activity, and stability compared to

57,59,64-72

either of the monometallic catalyst. These findings, reported after the first industrial

applications in the 1960s for hydrocarbon reforming, have inspired extensive investigations on

their possible applications.n_75 Currently, bimetallic catalysts are widely utilized in many

8,11,67,76-79

catalytic processes, including conversion of biorenewables. From a fundamental

point of view, exploring bimetallic catalysts allows a better understanding of the mechanisms

and variables involved in their catalytic reactions, which is important for the design of new

80-87
catalysts.

1.6 Scope of this thesis

This research is concerned with the reactivity and selectivity of heterogeneous Ru-based model
catalysts of different sizes and compositions used for the hydrogenation of organic acids and a,
B-unsaturated aldehydes. In the next chapter (Chapter 2), we discuss three approaches for the
preparation of supported Ru catalysts with well-defined morphology, and the procedures for
assessing reactivity of the catalysts. We also present the general experimental techniques used in

this research. In Chapter 3, we present a comprehensive study on synthesis conditions for



producing size-tunable Ru NPs ranging in size from 3.5 to 100 nm, the deposition of Ru NPs of
different sizes on mesoporous silica support (MSU-F), and their activation and characterization.
We then discuss assessments of the dependence of reactivity on the size of the Ru nanoparticles,
using the liquid phase hydrogenation of cinnamaldehyde as the model reaction. The effects of
size on a number of kinetic parameters were also considered, including reactivity, selectivity, and
activation energies.

In chapter 4, we discuss the synthesis of a series of Ru-Pd bimetallic catalysts with different
metal compositions for deposition on mesoporous silica (MSU-F). The liquid phase
hydrogenation of cinnamaldehyde (CAL) was used as the model reaction to investigate the effect
of composition on a number of kinetic parameters.

Chapter 5 gives a summary of the study as well as the major conclusions. We also suggest some
areas for further research, based on the potential for additional insights into using Ru-based

catalysts for the liquid phase hydrogenation of bio-derived molecules.
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Chapter 2: Exploration of colloidal-based routes for preparing the

supported Ru nanocatalysts

Abstract

We have evaluated colloidal-based routes for the preparation and activation of supported Ru
nanocatalysts. The colloidal Ru NPs were synthesized by thermal decomposition with thioether
as stabilizer, a phase-transfer technique with amine as stabilizer, and a polyol reduction protocol
with polymers as stabilizer. Of the three protocols, polyol reduction gave the best results for
synthesizing monodisperse Ru NPs in high yield in a moderate reaction time over a broad range
of reaction temperatures. Sonication-assisted colloidal deposition was also more efficient than
direct colloidal deposition for anchoring Ru NPs onto ordered mesoporous silica (MSU-F)
support. Activation of the supported Ru NPs to remove the organic stabilizer used in the
synthesis was explored using three thermal treatments: gentle oxidation, thermal reduction, and
Argon-protected calcination. After treatment, the solid catalysts were characterized by several
physical and chemical techniques and their reactivity was assessed by the aqueous phase
hydrogenation of pyruvic acid (PyA) to lactic acid (LA) as a model reaction. These studies
suggested that argon-protected calcination is the most efficient procedure to activate Ru

nanocatalysts supported on MSU-F.
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2.1. Introduction

Ruthenium (Ru) is an important catalyst for many reactions that are critical to biomass
. : . . _— .15
conversion, including hydrogenation, hydrogenolysis, oxidation, and carbon-carbon coupling.

Several protocols based on colloid chemistry have been attempted so far to produce

monodisperse Ru NPs, including polyol or hydride reduction of Ru salts like RuCI3.nH206'15

and RU(NO)(N03)3,16 hydrogen decomposition of Ru(cod)(cot),ﬂ_20 and thermal

. 21 - . . .
decomposition of Ruz(CO)qo. ~ Stabilizers for nanoparticle synthesis include polymers, amines,

acetates, thiols and organosilanes. Common supports for deposition of the Ru NPs include metal

. . . 22-24 -
oxides, silica, carbonaceous materials, and membranes. Removal of the stabilizer from the

. . . 2
supported Ru NPs has been reported in the technical literature. > However, to the best of our

knowledge, no studies have been reported on a comparison ofthe efficiency of various strategies
for removing the stabilizing agents from Ru NPs.

In this study, we explored three solution-based protocols for synthesizing monodisperse colloidal
Ru NPs. Following synthesis, we deposited the Ru NPs on supports to prepare heterogeneous
catalysts, and explored several procedures for removing the stabilizer. The structural and surface
properties of the as-prepared catalysts were obtained via physical and chemical characterizations
such as high resolution transmission electron microscopy (HRTEM), Fourier transform infrared
spectroscopy (FT-IR), x-ray photoelectron spectroscopy (XPS), thermogravimetric analysis
(TGA), physisorption and chemisorption, inductively coupled plasma atomic emission

spectroscopy (ICP-AES), and x-ray diffraction (XRD). The catalytic properties of the activated
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Ru NPs were evaluated by the aqueous phase hydrogenation of pyruvic acid (PyA) to lactic acid

(LA), with the activity compared to commercial Ru catalysts supported on silica.

2.2. Experimental techniques

2.2.1. Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

ICP-AES was used to determine the Ru and sulfur contents of the samples. Anhydrous RuCls
and n-dodecyl sulfide were used to prepare standard solutions for system calibration. For
analysis of the colloidal sample(s), 0.5 ml of the colloid was transferred to a screw-capped
centrifuge tube and the solvent was removed by nitrogen flushing. Then 2.0 ml of aqua regia (a

mixture of HNO3 and HCI in a 3:1 volume ratio) was added to the tube. The mixture was heated

to 80°C and maintained at this temperature for 3 h, followed by centrifugation at 4000 RPM for

6 min to remove insoluble materials. The supernatant was diluted 15 times by de-ionized water,
followed by analysis by ICP-AES. A similar procedure was used for analysis of solid samples,
except for weighing the initial sample instead of measuring the volume. All analyses were

carried out using a Varian ICP-AES instrument (Vista Pro, Cary, NC).

2.2.2. Transmission electron microscopy (TEM)
We examined the morphologies of the colloid and supported NPs using a JEOL 2200FS electron

microscope (Tokyo, Japan) equipped with an energy dispersive x-ray (EDX) spectrometer
(Oxford Instrument, UK). The specimens were prepared as follows. Colloidal NPs were diluted
50 times with methanol, and the supported catalysts were dispersed in methanol to form a
suspension. One drop of the diluted colloidal suspension was transferred to a 3 nm carbon-

coated copper grid. The samples were first dried in vacuum desiccators at room temperature

overnight and then dried at 80°C for about 12 h, followed by TEM characterization. TEM
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images and selected area electron diffraction (SAED) patterns were acquired with a field
emission gun operated at 200 kV. EDS point spectra, line scans, and mapping analyses were
conducted under STEM mode for both dark and bright field images of supported NPs from

different regions.

2.2.3. Infrared (IR) Spectroscopy

We used Fourier transform infrared spectroscopy (FTIR) to assess the existence of organic
residues after catalyst preparation. All Infrared spectra were acquired on a Mattson Galaxy FT-

IR spectrometer (Mattson Instruments, Madison, WI) using KBr pellets.

2.2.4. Thermogravimetric/Differential Thermal Analysis (TGA-DTG)
TGA-DTG analysis was carried out on a TGA/DSC thermogravimetric analyzer (Mettler-Toledo

Inc., Columbus, OH) to assess the transformation, if any, of the catalysts during calcination. In a

typical analysis, about 70 mg of the sample was placed in an alumina sample holder, and heated
from room temperature to 700°C at a rate of 10°C/min under a nitrogen atmosphere.

2.2.5. X-ray Photoelectron Spectroscopy (XPS)

To assess the oxidation state and surface composition of the solid samples, XPS measurements

of the supported Ru nanocatalysts were performed on a Perkin Elmer Phi 5600 ESCA (Waltham,
MA) system with a magnesium Ko x-ray source at a take-off angle of 45°.

2.2.6. Powder x-ray Diffraction (XRD)
XRD patterns of the supported NPs were acquired using an x-ray powder diffraction system (D8

ADVANCE, Bruker AXS Inc., Madison, WI) with a Lynx-Eye detector and Cu Ka radiation.

The samples were scanned with a step size of 0.02° and a dwell time of 1.0 s.
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2.2.7. Physisorption and chemisorption
The physical properties (surface area, pore size, pore volume) of each catalyst were determined

by nitrogen physisorption at 78K using a Micromeritics ASAP2010 analyzer (Micromeritics

Instrument Corporation, Norcross, GA). Prior to measurement, each sample was degassed under

vacuum at 220°C for about 24 h. The surface area was calculated from the BET model. The

average pore size and pore size (or volume) distribution were estimated by the t-plot method. Ho
chemisorption of the prepared catalysts was performed on a Micromeritics ASAP2010C

analyzer. For standard analysis, the sample was flushed by flowing H» at room temperature for

30 min, heated at a rate of 10°C/min to the target temperature, and maintained at this

temperature for 2 h to reduce the catalyst. The sample was then flushed by flowing He for 90

min, evacuated for 30 min, and cooled down to 35°C for analysis.

2.2.8. General procedures for assessing reactivity of the supported NPs.
All reactions for assessing catalyst reactivity were conducted in a Parr multi-batch reactor system

(Model 5000, Parr Instrument Co., Moline, IL). In a typical experiment, the target quantity of

catalyst was pre-reduced in the reactor by purging with nitrogen, heating to 150°C, charging

with hydrogen to 3.4 MPa, and holding for 12 h. After cooling the system to room temperature
and flushing it with nitrogen, 35 mL of the substrate was charged into the reactor from a sample
cylinder under nitrogen pressure. When the reaction temperature stabilized at the target value,
the reactor was pressurized with hydrogen gas to initiate the reaction. Liquid samples (2 mL)

were withdrawn periodically for HPLC or GC analysis.
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2.3. Preparation of well-defined Ru nanocatalysts by thermal decomposition

The thioether-stabilized monodisperse Ru NPs were synthesized by thermal decomposition of
triruthenium dodecacarbonyl toluene with n-dodecyl sulfide (nDS,) as the stabilizing ligand. The
work was done in collaboration with Professor Sherine Obare of the Department of Chemistry,
Western Michigan University. The solid catalysts were characterized by several physical and
chemical techniques. The reactivity of the supported Ru nanocatalysts was evaluated using the

aqueous phase hydrogenation of PyA to LA as a model reaction.

2.3.1. Synthesis of Thioether-Stabilized colloidal Ru NPs

In a typical procedure for the synthesis of nDS-stabilized colloidal Ru NPs, 0.0312 g Ru3(CO)12
(1.95 x 10 M) and 0.214 g nDS (1.98 x 10 M) were added to 30 mL of toluene. The mixture
was heated to 40°C, and maintained for 15 min to ensure complete dissolution of the salt. The
solution was evacuated at this temperature for 10 min, followed by introduction of nitrogen gas.

The solution was then heated to 109°C, and maintained at this temperature for 24 h with

magnetic stirring.

TEM observations (Figure 2-1) confirmed the successful synthesis of Ru-nDS NPs by thermal
decomposition of Ruz(CO)12. The TEM image in Figure 2-1 shows spherical Ru NPs with an

average diameter of 3.4 £ 0.9 nm. The yield of Ru-nDS NPs is about 32%, as determined by

ICP-AES analysis.
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Figure 2-1 TEM images of Ru-nDS NPs synthesized via thermal decomposition. (a) TEM image
at a magnification of 200K; (b) TEM image at a magnification of 300K

2.3.2. Preparation of supported Ru nanocatalysts from Ru-nDS colloidal NPs
Activated charcoal (AC, Sigma-Aldrich) was used to prepare the supported Ru-nDS NPs. The

preparation includes deposition of particles on the support and removal of the stabilizing ligands
from particle surfaces. The Ru-nDS NPs were loaded onto AC via a colloidal deposition method.

In a typical procedure, 0.4 g AC was added to 50 mL of a Ru-nDS colloidal solution. The

mixture was evacuated for 10 min and stirred under a nitrogen atmosphere for 24 h at 45°C,

followed by nitrogen flushing to remove the toluene. The remaining solid was dried overnight at

120°C,calcined under vacuum at 360°C for 1.5 h, and reduced under a hydrogen atmosphere at

350°C for 3 h. The prepared catalyst was designated RuDS-AC-350.

The TEM image of RuDS-AC-350 (Figure 2-2a) shows Ru NPs dispersed on the AC support.
The more magnified image in (Figure 2-2b) shows that the supported particles retained their

spherical shape on the support.
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Figure 2-2 TEM images of Ru- NPs supported on AC (RuDS-AC-350). (a) TEM image at a
magnification of 30K; (b) TEM image at a magnification of 200K

The data in Table 2-1 are a summary of the elemental composition (Ru and sulfur) and metal

dispersion of the prepared catalysts and commercial Ru/SiO», as determined by ICP-AES and H»

chemisorption, respectively. It was observed that thermal reduction at 350°C is not sufficient to

fully remove the sulfur from the solid catalyst, and that the remaining sulfur in RuDS-AC-350

likely blocked adsorption of Hy to the Ru NPs surfaces, as indicated by the value of metal

dispersion in Table 2-1.

Table 2-1 Comparison of elemental composition and metal dispersion of RuDS-AC-350 and
Ru/SiO»

a b . . C
sample ID Ru content S content Metal dispersion
(wt%) (Wt%) (%)
RuDS-AC-350 3.9+0.05 1.14+0.03
Ru/SiO; 1.32+0.02 17.55+1.37

ab Determined by ICP-AES. ¢ Calculated from H, adsorption results.
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2.3.3. Reactivity Assessment of Ru-nDS NPs Supported on Activated Charcoal (AC)
The reactivity of Ru nanocatalysts supported on AC (RuDS-AC-350) was assessed using the

aqueous phase hydrogenation of PyA to LA as a model reaction. The pure support (AC) and

commercial Ru/SiO» (Kaida Chemical Engineering Co., Shanxi, China) were used for negative

and positive control experiments, respectively. All reactions were conducted according to the
procedure described in Section 2.2.9. The reaction conditions are given in Figure 2-3, and the
catalyst loading for each reaction is listed in Table 2-2. The initial reaction rate (MM PyA
converted per hour) and activity (mmol PyA per g Ru per h) of each catalyst were calculated by
fitting the data collected during the first five hours of reaction to an exponential function, and

determining the slope at time t=0. The results are summarized in Table 2-2. The activity of

RuDS-AC-350 was less than 15% that of the commercial Ru/SiO», which is very likely due to
the incomplete removal of sulfur, since sulfur-containing compounds have been shown to be

. .- 26-30
strong poisons of transition metal catalysts.

24



:
- '__’ﬁ

® : AC (0.10g)
. M : RuDS-AC-350 (0.10g)
10 4 A : Ru/SiO, (0.029g))

-
N
Il

PyA concentra

oo
1

riTrl1rri1rJrrrrJrrrrrrrrrrrrye

] i A
0 v | v iy ' T —"

0 2 4 6 8 10 12
Reaction time (h)

=
B

Figure 2-3 Reaction profiles of PyA hydrogenation over Ru-nDS NPs supported on AC. PyA
hydrogenation was also conducted over pure AC and commercial Ru/SiO; as control
experiments, respectively. Reaction conditions: 7= 45°C; P(H, ) = 5.0 bar; 35 ml of PyA in

water (20 mM). All catalysts were pretreated at 150°C under 33.4 bar of H, for 12 h. For
interpretation of the references to color in this and all other figures, the reader is referred to the
electronic version of this dissertation.

Table 2-2 Catalytic activities of supported Ru nanocatalysts for PyA hydrogenation
amount of  amount of

Sample ID catalyst® Rub reaction rate activity”
(XIO_lmg) (><102mg) (mM PyA h_l) (x10*mmol PyA gRu_1 h_l)
AC 10.00 - ——-- ——-
RuDS-AC-350 10.00 388.01 -15.57+2.71 0.14+0.02
Ru/SiO, 2.90 38.28 -12.32+1.09 1.14+0.12

*Total weight of catalyst. bCalculated from catalyst loading (g) and Ru content (wt. %) from

. " . d ..
ICP-AES measurements on the corresponding catalyst. “Initial reaction rate of substrate. * Initial
activity, calculated as the consumption of PyA in mmol per g of Ru per hour.
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2.4. Phase-transfer protocol for preparation of well-defined Ru nanocatalysts

Phase transfer is a promising way of synthesizing monodisperse metal NPs. Phase-transfer uses
aqueous soluble metal precursors that are easily obtained compared to other synthesis methods.
The method can also be used to effectively functionalize metallic NPs with suitable ligands in

vitro to create desired chemical functionality and solubility, which are usually obtained by
. . e e - .. 31-35
complicated post-synthetic modification in traditional methods.

We developed a facile phase-transfer protocol to synthesize monodispese Ru NPs using amine as
the stabilizing ligand. Following synthesis, we deposited the Ru NPs on ordered mesoporous
silica (MSU-F) to prepare supported catalysts. We also explored several thermal treatment
procedures to remove the stabilizing ligand. The reactivity of the supported Ru nanocatalysts was

evaluated using the aqueous phase hydrogenation of PyA to LA as a model reaction.

2.4.1. Phase-transfer synthesis of Amine-Stabilized Ru NPs
Amine-stabilized Ru NPs (Ru-ODA colloidal NPs) were synthesized by a facile phase-transfer

protocol using Ru (I1l) acetylacetonate (Ru(acac)s, 99%, Strem Chemical Inc.) as the metal
precursor and octadecylamine (ODA, 99%, Alfa Aesar) as the stabilizing agent. In a typical
synthesis, Ru(acac)s (0.079 g, 2.0 x 107 mol) and ODA (0.53 g, 2.0 x 107 mol) were dissolved
in 20 mL 1,4-butanediol in a 100 mL round bottom Schlenk flask. The solution was heated from

room temperature to 130°C and evacuated at this temperature for 10 min under magnetic

stirring, followed by introduction of argon. The solution was then heated to 210°C and

maintained at this temperature for 5 min to reduce the Ru salt and form ODA-stabilized NPs
(Ru-ODA). Ten (10) mL of toluene was then injected into the solution, followed by vigorous

mixing of the biphasic mixture to extract the hydrophobic NPs from the hydrophilic medium.
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The resulting colloidal solution in toluene was centrifuged at 6500 RPM for 5 min to remove
trace insolubles.

The synthesis of Ru-ODA NPs by phase-transfer is illustrated in Figure 2-4. The NPs formed in
a hydrophilic medium (polyol) can be completely extracted to a hydrophobic medium (toluene),
as indicated by the colorless polyol phase (Figure 2-4a and b). Following addition of a polar
solvent (methanol) to the solution of toluene and colloidal Ru-ODA NPs, a flocculated
suspension with no phase separation was easily produced (Figure 2-4c). Centrifugation at 12000
RPM for 5min produced the black precipitates, with a nearly colorless supernatant (Figure 2-4d
and e). The precipitate can be easily re-dispersed in toluene to obtain the purified Ru-ODA NPs

(Figure 2-4f).

Figure 2-4 lllustration of the phase-transfer method for synthesizing ODA-stabilized Ru NPs. (a)
Complete migration of ODA-Ru NPs from polyol to toluene phase, top layer toluene, bottom
layer polyol; (b) separated colloidal ODA-Ru NPs in toluene after removal of trace insolubles by
centrifugation; (c) flocculated mixture induced by addition of methanol to ODA-Ru NPs in
toluene; (d) accumulation of black precipitate after centrifugation; (e) colorless supernatant after
centrifugation; (f) ODA-Ru NPs re-dispersed in toluene.

The representative TEM images of Ru-ODA NPs are shown in Figure 2-5. The NPs are spherical

and well dispersed with no agglomeration, suggesting good colloid stability (Figure 2-5a-b). The
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more magnified image (Figure 2-5c¢) shows the highly crystalline structure of the NPs. The
particles have a fairly narrow size distribution, with an average particle size estimated at 4.5 £
1.0 nm (Figure 2-5d). More than 80% of the Ru precursor was converted to Ru-ODA NPs, based
on the results of ICP-AES analysis. This is much higher than was obtained with the thermal

decomposition method.
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Figure 2-5 TEM images of Ru-ODA NPs synthesized by phase-transfer. (a) HRTEM image of
the Ru-ODA NPs at a magnification of 100K, (scale bar of 20 nm); (b) HRTEM image of Ru-
ODA NPs at a magnification of 300K, (scale bar of 5 nm); (c) HRTEM image of Ru NPs at a
magnification of 600K showing an inter-lattice-spacing of 2.1A, (scale bar of 2 nm); (d) size
distribution histogram of the Ru-ODA NPs, with an average particle size of 4.5 £ 1.0nm.
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2.4.2. Preparation of supported Ru nanocatalysts from Ru-ODA colloidal NPs
Mesoporous silica is an ideal support for heterogeneous catalysis due to its high surface area,

tunable pore size and shape, and inert properties. Here, we used ordered mesoporous silica
(MSU-F, Sigma-Aldrich) as the support for Ru-ODA NPs. The MSU-F by itself has a hexagonal

cellular foam in a mesoporous framework with a cell window size of ~15 nm and unit cell size

of ~22 nm.36’37

Preparation of supported Ru nanocatalysts involves the assembly of Ru-ODA NPs on MSU-F
and removal of the organic stabilizing shells from the surface of the supported NPs. Loading of

colloidal Ru-ODA NPs on MSU-F was accomplished by sonication-assisted colloidal

deposition.gg’39 In a typical procedure, the required amount of MSU-F support was placed in 20

mL of colloidal Ru solution. The mixture was sonicated (VWR Ultrasonic, 75T/120 W/45 kHz)
at room temperature for 3 h, followed by centrifugation at 5000 RPM for 10 min. The
precipitates were washed twice with methanol. After removing excess methanol by nitrogen
flushing at room temperature, the sample was transferred to a vacuum desiccator for further
treatment.

Three different procedures were explored to remove the stabilizer from the sample. In the first,
the sample was heated in static air to 150°C and maintained at this temperature for 12 h, then

cooled to room temperature to obtain the catalyst labeled RUODAF-150. We refer to this

procedure as the gentle oxidation method. The second was a thermal reduction protocol, which

involved reduction of the sample at 350°C for 2 h under flowing hydrogen to obtain the catalyst
RUODAF-350. In the third procedure, the sample was heated in flowing Argon to 650°C at a rate

of 10°C min, held at this temperature for 2 h, and then cooled to room temperature to get the
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catalyst RUODAF-650. We named this procedure the argon-protected calcination protocol.
Successful deposition of Ru-ODA NPs was confirmed by the color change of MSU-F before and
after Ru NP deposition, from initially white to gray. Figure 2-6 shows the HRTEM images of Ru

NPs supported on MSU-F following the different treatments.

Figure 2-6 TEM images of Ru-ODA NPs supported on MSU-F, after different thermal
treatments. (a and b) RUODAF-150 at scale bars of 20 nm 10 nm, respectively, showing well-
dispersed NPs of the same size as the colloidal Ru particles; (c and d) RUODAF-350 at scale bars
of 20 nm and 10 nm, respectively, showing well-dispersed particles with no damage to the
support after thermal reduction; (e and f) RUODAF-650 at scale bars of 20 nm and 10 nm,
respectively, showing well-dispersed particles after Argon-protected calcination.

After gentle thermal oxidation, the Ru NPs were still well-dispersed on MSU-F without
agglomeration and with no damage to the structure of the support (Figure 2-6a). The more
magnified image in Figure 2-6b shows that the particles on the support match the size of the

original unsupported colloidal Ru NPs shown earlier in Figure 2-6. The images in Figures 2-6 ¢
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and d show that the Ru NPs remain individually dispersed on the support, with no obvious
morphology change after thermal reduction at 350°C, and that the support preserved its ordered
structure. Excellent dispersion and morphology were also achieved upon treatment under inert
gas-protected calcination at 650°C (Figure 2-6 e and f).

Figure 2-7 summarizes the FT-IR spectroscopy for pure MSU-F, the ligand ODA and the three

supported catalysts following the different thermal treatments.
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Figure 2-7 IR spectra of ODA, MSU-F, and supported Ru-ODA NPs after different thermal
treatments. (a) ODA; (b) pure MSU-F support; (c) RUODAF-150; (d) RUODAF-350; (e)

RUODAF-650. MSU-F shows a strong adsorption peak at 1100 cm_l and a weak band at 1636
cm'l. Pure ODA has CHy symmetric and asymmetric stretching vibration bands at 2850 and
2919 cm'l, respectively. The band at 1570 cm'1 is assigned to the N-H vibration bend of amine

groups. The band at 1450 cm_1 is assigned to the scissoring of methylene from the hydrocarbon
chains of ODA.

The absorption peaks for pure MSU-F (Figure 2-7b) and ligand (ODA, Figure 2-7a) are

: . . . 40-4 - .
consistent with those in previous reports. 0-45 RuODAF-150 shows the characteristic absorption
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peaks of MSU-F, while the disappearance of the N-H vibration peaks indicates complete

decomposition of ODA during gentle oxidation. However, the remaining CHo stretching bands

(2850 and 2919 cm'l) suggest attachment of the decomposed ODA residuals to the surface of the

Ru NPs. By contrast, the IR spectra of RUODAF-350 and RUODAF-650 only show the

characteristic peaks of pure MSU-F, indicating complete removal of ODA by both thermal

reduction at 350°C and heating under inert gas at 650°C.

The TGA curves in Figure 2-8a show the thermal stability of each sample, and the DTG curves
provide information on the rate of weight loss during the thermal treatments (Figure 2-8b). It

can be seen from Figure 2-8 that MSU-F is thermally stable from room temperature to at least

700°C. ODA experiences a rapid weight loss starting at 200°C, with about 90% weight loss by

260°C. The DTG curve for pure ODA suggests that it undergoes a single stage thermal

decomposition. The TGA and DTG curves for RUODAF-150 suggest that most of the stabilizing

ODA on the Ru NPs is decomposed under gentle oxidation. However, the approximately 4%

sample weight loss by 340°C suggests that the decomposed ODA residuals remained on the Ru

metal surface after gentle oxidation. It can be deduced from the TGA curves of RUODAF-350

and RUODAF-650 that more than 98% of ODA was removed by either thermal reduction at

350°C or calcination under an argon atmosphere at 650°C. These results are in agreement with

the FT-IR spectra discussed earlier.
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Figure 2-8 TGA and DTG diagrams of MSU-F, ODA, and supported Ru-ODA NPs after
different thermal treatments. (a) TGA diagram, (b) DTG diagram. The temperature was raised

from 25°C to 700°C at a rate of 10°C/min. MSU-F is thermally stable over the entire
temperature range. The decomposition of pure ODA began at about 200°C and was complete at

260°C. The relatively negligible changes in the TGA and DTG curves for RuODAF-150,
RuODAF-350and RuODAF-650 are an indication of complete decomposition of ODA during
the thermal treatments.
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The XRD results of the pure support and all three supported Ru catalysts also provide important
information on particle crystallinity (Figure 2-9). All three samples exhibit the characteristic

peak of the (101) facet of hexagonal close packed (%cp) crystalline Ru metal in the powder XRD
measurements shown in Figure 2-9.46’47 This diffraction peak (43.5°) is weaker in RUODAF-

150 than in RUODAF-350 and RUODAF-650, suggesting that the thermal treatments at higher

temperatures resulted in more annealing and therefore greater crystallinity. As expected, no

characteristic peaks were observed for the pure support between 26 values of 30° and 50°.
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Figure 2-9 XRD patterns of pure MSU-F and supported Ru-ODA NPs after different thermal
treatments. (a) MSU-F; (b) RUODAF-150; (c) RuODAF-350; (d) RUODAF-650. The peak at the

26 value of 43.5° is consistent with the (101) facet of hexagonal close packed (hcp) Ru
nanocrystals. The intensity of the peak is an indication of the degree of crystallinity of each
sample.

XPS measurements were performed on all samples to further investigate the effects of thermal

treatment on the atomic composition and oxidation states of the catalysts (Figure 2-10). Three

peaks were observed in the Ru 3p binding energy region. The peak at the lowest binding energy
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is assigned to metallic Ru(0), while the two at higher binding energies correspond to Ru (1V) and

_— : 48-51
Ru (V1) oxidation states, respectively.
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Figure 2-10 XPS spectra of supported Ru—-ODA NPs after different thermal treatments. The
three peaks from low to high bonding energy in each diagram correspond to Ru(0), Ru (IV), and
Ru (V1). The binding energy of Ru(0) in RUODAF-150 displays a negative shift compared to that

of bulk metallic Ru (461.2-461.5 eV48’49) and a positive shift compared to the bulk Ru (V)

which is at 462.4-463.2eV52, indicating incomplete removal of the ODA stabilizer. The XPS

spectra of RUODA-350 and RUODA-650 are in good agreement with that of the bulk Ru,48'52

suggesting complete removal of ODA.

The binding energy of metallic Ru in RUODAF-150 was 460.81 eV, which is slightly lower than

the values for bulk Ru in the zero valence state (461.2-461.5 eV).48’49 However, the binding
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energy of Ru(IV) in RuODAF-150 (463.39¢V) shows a positive shift compared to that of the
bulk RuO;. These shifts in binding energies are attributed to the incomplete removal of residuals
in RuODAF-150. The binding energies of Ru(0) in both RuODAF-350 (461.22 eV) and
RuODAF-350 (461.20 eV) are in agreement with the data for bulk Ru (0), indicating complete
removal of ODA. The binding energies of Ru(IV) in both RuODAF-350 (463.06eV) and

RuODAF-650 (462.84 eV) are also consistent with those of Ru 3p3/2 for bulk RuO, (462.4-

463.2eV).52 The presence of Ru (IV) and Ru (VI) in all samples indicates that the surface atoms

of the Ru NPs can be easily oxidized when exposed to air, even under ambient conditions.

The BET surface area, Ru content, and metal dispersion of each catalyst are summarized in

Table 2-3. The surface area of RUODAF-150 (537.28 ng_l) is slightly larger than that of pure

MSU-F (503.33 ng_l), possibly because the immobilized Ru NPs were located at the edge of

the support, thus extending the dimensions of the mesopores. When the capping ODA and its

decomposed residuals were completely removed by either thermal reduction at 350°C or
calcination at 650°C under argon, the surface area increased to 645.17 ngil for RuODAF-350

and 822 ng_l for RuODAF-650. The larger surface area for RuODAF-650 compared to that of

RuODA-350 can be attributed to restructuring of the silica framework in MSU-F via bond

rearrangements.37’53 The Ru contents in RuODAF-350 (0.72+0.01 wt%) and RuODAF-650

(0.78+0.08 wt%) are lower than in RuODAF-150 (1.2740.02 wt%)., indicating a loss of Ru from
the catalysts treated under thermal reduction or Ar protected calcination. One possible

explanation for this result is the formation of low boiling point compounds between the surface

46,54,55

Ru atoms and the residuals of decomposed ODA. Structural rearrangement of the support
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could also lead to loss of mass of the support and subsequently result in a slight increase of Ru
content in RUODAF-650 compared to RUODAF-350. RUODAF-150 has a metal dispersion of
approximately 17.0%. This value increased to 30.4% for RUODAF-350, which can be attributed
to complete removal of ODA during thermal reduction. The slight increase of metal dispersion

in RUODAF-650 (34.59%) compared to RUODAF-350 is attributed to restructuring of the

support during the high temperature (650°C) calcination.

Table 2-3 Properties of MSU-F supported Ru-ODA NPs after different thermal treatments

BET Surfacearea® Rucontent”  Metal dispersion®

SamplelID
(m*g?) (Wt%) (%)
MSU-F 503.33+1.20
Ru/SiO, 139.64+0.78 1.32+0.02 17.55+1.37
RUODAF-150 537.28+1.22 1.27+0.02 17.03+0.71
RUODAF-350 645.17+1.60 0.72+0.01 30.40+0.72
RUODAF-650 822.36+1.74 0.78+0.03 34.59+0.58

®From N, adsorption. bFrom ICP-AES. “From H» adsorption results.

2.4.3. Reactivity Assessment of MSU-F supported Ru-ODA NPs
We used the aqueous phase hydrogenation of PyA to LA to assess the activity of the supported

Ru catalysts. The catalyst loading in each reaction is listed in Table 2-4. The detailed reaction

conditions are listed in Figure 2-11. Figure 2-11a shows the conversion of substrate as a function
of reaction time for pure MSU-F, commercial Ru/SiO2, and the three as-prepared Ru

nanocatalysts. A 100% selectivity to LA was observed in all the reactions. Less than 5% of the
PyA was converted in 7 h with pure MSU-F, indicating that the reaction is catalytic. Ninety

percent (90%) conversion of the substrate was achieved within 1.5 h for all the catalysts
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developed in this work, while 80% of the substrate was converted by the commercial Ru/SiO»

over the same interval. These results compare very favorably to previous reports on the

hydrogenation of PyA in ethanol-water media under harsher reaction conditions than used

56
here.

Figure 2-11b is a plot of substrate concentration as a function of reaction time. The initial

reaction rates (mM PyA per h), activities (mmol PyA per g Ru per h) and turnover frequencies

(TOF, h_l) of the catalysts, as shown in Table 2-4, were calculated by regression of the data

collected during the first 1.5 h of each reaction, and taking the derivatives of the regression

function at time t=0. All three Ru nanocatalysts prepared in this study showed higher reaction

rates and activity than the commercial Ru/SiO2. The activities of RUODAF-350 and RUODAF-

650 were significantly higher than that of RUODAF-150, demonstrating the need for complete
removal of the stabilizer. As expected, RUODAF-350 and RUODAF-650 have similar TOF
values, since they have the same surface structures and the reactions were conducted under the
same conditions. The high TOF value of RUODAF-150 may be the result of a different behavior
of the decomposed ODA residues on particle surface in the aqueous phase. It is possible that the
residuals in the chemisorption environment attach tightly to the particles and inhibit hydrogen
adsorption on Ru surfaces, leading to fewer measured active sites. However, the hydrophilic

residuals may extend away from the catalyst surface into the aqueous reaction media, and

enabled easier access to active sites. The possible result is that, the low Ho adsorption would lead

to underestimation of the metal dispersion values used to calculate activity and TOF for

RuODAF-150, which would subsequently produce a higher than expected activity and TOF.
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Figure 2-11 Reaction profiles during PyA hydrogenation over Ru-ODA NPs supported on MSU-
F. (a) PyA conversion vs. reaction time for different catalysts; (b) PyA concentration vs. reaction
time for different catalysts. The curves are the polynomial regressions of each data set. Reaction

conditions: T = 45°C; P(H2) = 5.0 bar; 35 ml of Pya in water (20 mM). All catalysts were
pretreated at 150°C overnight under 33.4 bar of H.
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Table 2-4 Activities of supported Ru-ODA NPs for PyA hydrogenation

Amount of Amount of Initial Reaction

d
a b c . .
Sample ID  catalyst Ru rate Initial Activity TOF

(x10' mg) (x10°mg) (mMPyAh') (x10° mmol PyA gRu h ') (x10°h )
MSU-F 5.00

(&

Ru/Si0, 2.90 38.28 12.32+1.09 1.14+0.12 6.49
RuODAF-150  3.11 21.56 16.33+1.79 1.45+0.16 8.58
RuODAF-350  5.34 21.36 19.96+3.18 1.82+0.29 6.07
RuODAF-650  4.91 21.42 22.01+£3.98 2.01+0.36 5.86

“Total weight of catalyst in the corresponding system. bCalculated from catalyst loading (g) and
Ru content (wt. %). “Initial reaction rate of substrate. dInitial activity calculated as the

consumption of PyA in mmol per g of Ru per h. “TOF calculated from initial activity and metal
dispersion from hydrogen adsorption experiments, unit consumption of PyA in mmol per mmol
of available Ru active sites per h, with each Ru atom considered as one active site.
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2.5. Preparation of Well-defined Ru Nanocatalysts by Polyol reduction

We synthesized monodisperse Ru NPs by a polyol reduction method modified from previous

6,11,57 .
reports. The Ru NPs were deposited on MSU-F to prepare supported catalysts. We

evaluated several thermal treatments to remove the PVP capping agent. Both the supported Ru
nanocatalysts and the unsupported Ru NPs were characterized via a number of physical and
chemical techniques. The reactivity of the supported Ru nanocatalysts was evaluated using the

aqueous phase hydrogenation of PyA to LA as a model reaction.

2.5.1. Synthesis of polymer-stabilized Colloidal Ru NPs by Polyol Reduction
The polymer-stabilized colloidal Ru NPs were synthesized by polyol reduction of Ru(acac);

using Poly-N-vinyl-2-pyrrolidone (PVP) as the stabilizing agent. In a typical synthesis, 0.079 g
Ru(acac)s (99%, Alfa Aesar) and 0.222 g PVP (MW= 55K, Sigma-Aldrich), were dissolved in

20 mL of 1,4-butanediol (99%, Alfa Aesar) in a 50 mL round bottom Schlenk flask. The solution

was heated from room temperature to 130°C and evacuated at this temperature for 10 min under

magnetic stirring. Argon was then introduced, and the solution was heated to 175°C and

maintained at that temperature for 1.5 h. When the mixture was cooled down to room
temperature after the prescribed period of time, acetone was poured into the solution till a cloudy
black suspension was formed. This suspension was separated by centrifugation at 5000 RPM for
6 min. The precipitated Ru NPs were collected, washed once in acetone, and re-dispersed in
methanol.

Figures 2-12a and b show typical TEM images of the PVP-stabilized Ru NPs at different
magnifications. The Ru NPs are spherical and well-dispersed with no agglomeration. EDS data

shown in Figure 2-12c confirm that the NPs contain Ru. It can also be seen from the histogram in
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Figure 1d that the particles have a fairly narrow size distribution, with an average particle size
estimated at 3.5 + 0.5 nm. We also determined from ICP-AES data that 89% of the Ru(acac)3

precursor was converted to colloidal Ru NPs.
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Figure 2-12 TEM images and EDS spectra for Ru-PVP NPs. (a) TEM image of well-dispersed
Ru NPs at a magnification of 100K (scale bar of 20 nm); (b) TEM image of Ru NPs at a
magnification of 600K showing very stable NPs (scale bar of 2 nm); (c) EDS spectrum showing
the elemental Ru content of the NPs at a magnification of 100K; (d) histogram showing the size
distribution of Ru NPs, with an average particle size (diameter)of 3.5+0.5nm.

2.5.2. Preparation of supported Ru nanocatalysts from Ru-PVP colloidal NPs
We used MSU-F as the support for Ru-PVP NPs. Preparation of the supported Ru nanocatalysts

was accomplished following the same procedures described in Section 2.4.2, including particle
deposition and thermal treatments to remove the capping PVP agent. The catalysts treated by the

three procedures described in Section 2.4.2 were named RuF-150, RuF-350, and RuF-650,
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respectively. The TEM images of the MSU-F and the MSU-F supported Ru nanocatalysts
following the three thermal treatments are shown in Figure 2-13.

Following gentle thermal oxidation at 150°C, the Ru NPs were still well-dispersed in the pores of
MSU-F, with no signs of agglomeration and no damage to the structure of the support (Figure 2-
13a and 2b). The more magnified images in Figures 2-13 ¢ and d show that the particles visible
on the support match the size of the unsupported colloidal Ru NPs. The TEM images in Figure 2-
13e and f show that the Ru NPs remain individually dispersed on the support, with no obvious
morphology changes after thermal reduction, and that the support preserved its ordered structure
during treatment. Good dispersion and uniformity were also achieved upon treatment under an

inert gas atmosphere at 650°C, as shown in Figures 2-13 g and h

Figure 2-13 TEM images of pure MSU-F and Ru-PVP NPs supported on MSU-F. (a) pure
MSU-F support; (b, ¢, and d) RuF-150; (e and f) RuF-350; (g and h) RuF-650.
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Figure 2-13 (cont’d)

FT-IR analysis was performed on the starting material, as well as after each step of catalyst

preparation, and the results are summarized in Figures 2-14.
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Figure 2-14 FTIR spectra of MSU-F, PVP, and Ru-PVP NPs supported on MSU-F. (a) pure
MSU-F support; (b) PVP; (c) RuF-150; (d) RuF-350; and (e) RuF-650. MSU-F shows consistent
characteristic peaks as in the absorption spectra (Figure4.3-4). Pure PVP has C=0 and C-N

stretch bands at 1694 and 1674 cm'l, asymmetric CH» stretches at 2950 cm'1 for the pyrrolidone
ring and at 2922 cm'1 for the polymer backbone, a CH bending band at 1371 cm'l, and a CH»
scissor band at 1461 cm-l; the spectrum also contains a series of bands in the range 750 cm'1 to
1300 cm'l, corresponding to the spectra of the C-C ring and C-C chain of PVP.
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The IR spectra of MSU-F and ODA have transmission peaks in agreement with previous

repor‘[s.s&59 RuF-150 shows the characteristic peaks of MSU-F and PVP, suggesting that only

partial decomposition of the capping PVP agent occurred during the gentle oxidation treatment.
The spectrum for RuF-350 in Figure 2-14 shows the characteristic peaks of MSU-F, but the

disappearance of some PVP characteristic bands is an indication that PVP was completely

decomposed during thermal reduction at 350°C. However, the remaining bands for the C=0

stretch, C-N stretch, and CH bend (1636 cm™, 1674 cm_l, and 1371 cm_l, respectively)

demonstrate that the decomposed PVP residuals are still attached to the surface of the Ru NPs.
By contrast, the IR spectra of RuF-650 only shows the characteristic peaks for pure MSU-F,
providing evidence of complete decomposition and removal of the capping polymer agent from

the supported catalyst.

The TGA curves in Figure 2-15 show that the thermal decomposition of pure PVP started at

about 390°C and was complete by the time the system reached 480°C, with about 95% of total

weight loss. The differential thermal gravimetric (DTG) curve of pure PVP suggests that it
undergoes thermal decomposition in two stages. The onset decomposition temperature of RuF-

150 is close to that of pure PVP, with the total weight loss reaching a maximum of about 13% at

480°C. 1t is also observed that RuF-150 displays only one stage of PVP decomposition as

indicated in its DTG curve. From the TGA curve of RuF-650, it can be deduced that more than

98% of the capping PVP was decomposed by heating under argon at 650°C. We observed less

than 3% weight loss for RuF-350 in the TGA curve, which suggests that most of the capping
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PVP agent on the Ru NPs was decomposed by calcination under hydrogen at 350°C. This

temperature is lower than the decomposition temperature of pure PVP (390°C-410°C)60.
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Figure 2-15 TGA analysis of MSU-F, PVP, and Ru-PVP NPs supported on MSU-F. (a) TGA
curves of MSU-F, PVP, and MSU-F supported Ru-PVP NPs after thermal treatments, (b) DTG
curve of each sample. MSU-F is thermally stable over the entire temperature range. The

decomposition of pure PVP began at about 390°C and was complete by the time the system

reached 480°C. The decomposition of RuF-150 is similar to that of pure PVP. The relatively
negligible changes in the TGA and DTG curves for RuF-350 and RuF-650 are an indication of
complete decomposition of PVP during the calcination process.
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Powder XRD measurements (Figure 2-16) for all three preparations show a diffraction peak at 26

= 43.5° characteristic of the (101) facet of hexagonal close packed, crystalline Ru metal.?’z'46

This marker peak is weaker in RuF-150 than in RuF-350 and RuF-650, suggesting that thermal
treatment under higher temperature allows more annealing and therefore greater crystallinity of

Ru in the catalysts. As expected, no characteristic diffraction peaks were observed for the pure

support between 26 values of 30° and 50°.
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Figure 2-16 XRD patterns of pure MSU-F and Ru-PVP NPs supported on MSU-F after thermal

treatment. The peak at the 26 value of 43.5° is consistent with the (101) face of hexagonal close
packed (#cp) Ru nanocrystals. The intensity of the peak is an indication of the crystallinity of
each sample.
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XPS measurements were performed on all samples to investigate the effect of thermal treatment
on the atomic composition and oxidation states of the NPs. Figure 2-17 shows the XPS spectra of
the catalysts in the Ru 3p region. The binding energy around 461 eV was assigned to Ru in the
metallic form. The other two signals at higher binding energies (462.5 eV and 465 eV) were
assigned to Ru (IV) and Ru (VI), respectively (Figure 2-17). The binding energy of metallic Ru
in RuF-150 was 460.80 eV, which is slightly lower than that of standard metallic Ru (461.5 eV).
This negative shift in binding energy is likely the result of the incomplete removal of the PVP
capping agent. A similar effect was observed in RuF-350, likely the result of decomposed PVP
residues still bonded to the surface of the Ru atoms. The binding energy of metallic Ru in RuF-

650 (461.18 eV) is very close to that of the pure Ru metal, indicating that most of the capping
polymer and its residues were removed at 650°C under argon. A similar trend in binding energy

shift for Ru (V1) is observed among the three catalysts. The presence of Ru (IVV) and Ru (VI) in
all the samples indicates that Ru NPs can be easily oxidized when exposed to air, even under

ambient conditions, making pre-reduction necessary prior to hydrogenation reactions.
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Figure 2-17 XPS spectra of Ru-PVP NPs supported on MSU-F after thermal treatments. The
three characteristic peaks from high bonding energy to low in each diagram correspond to
metallic Ru(0), Ru (IV) and Ru (VI). The binding energies of metallic Ru in RuF-150 and RuF-
350 display a negative shift compared to that of standard metallic Ru (461.2-461.5 eV). A similar
trend was observed for the binding energies of Ru (V1) in RuF-150 and RuF-350. The presence
of Ru (IV) and Ru (V1) in all samples also indicates that the surface atoms of the Ru NPs can be
easily oxidized when exposed to air, even under ambient conditions.
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The physical properties and Ru content of the catalysts are summarized in Table 2-5, including
the surface areas determined by physisorption, Ru metal content from ICP-AES characterization,

metal dispersion from hydrogen adsorption, and the ratio of nitrogen to Ru atomic concentrations

(N/Ru) from XPS measurements. The surface area of pure MSU-F decreased from 503 m2/g to

320 mz/ g for RuF-150, possibly the result of deposition of Ru NPs inside the pores of the support

as shown in the TEM image (Figure 2-13d). It is also possible that partially decomposed PVP on

RuF-150 may have covered the pores on the support, leading to an apparently reduced surface
area. The surface area of RuF-350 increased to 579 mz/g, and the Ru content from 0.77 wt%
(RuF-150) to 0.89 wt%, which could be attributed to the migration of NPs from the inner pores
to the edges of the support (Figure 2-13e). The surface area of RuF-650 increased to 649 mz/g,

but the Ru content decreased to 0.42 wt%, the lowest among the three. The increase in surface
area for RuF-650 relative to RuF-350 suggests complete removal of decomposed PVP residues
from nanoparticle surfaces. The decreased Ru content is likely the result of formation of low

boiling point compounds from surface Ru atoms and decomposed PVP residues, based on other
. . . 46,54 .. . .

studies in the published literature. With partially decomposed PVP surrounding the Ru NPs,

RuF-150 has a metal dispersion of approximately 2.5%. This value increased by 7.5-fold (to

18.6%) for RuF-650. The increase can be attributed to complete removal of PVP at 650°C. On

the other hand, the metal dispersion of RuF-350 decreased to 0.55% relative to the value for
RuF-150. The most logical explanation for this is that the residues of degraded PVP were still
attached to the Ru surface. A nitrogen to ruthenium (N: Ru) molar ratio of 7.36 was calculated

from the peak intensities in the XPS spectra for RuF-150. By contrast, the ratios for RuF-350 and
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RuF-650 were negligible, suggesting that the N-containing PVP side rings were eliminated

during calcination.

Table 2-5 Physical properties MSU-F supported Ru-PVP NPs after thermal treatments

BET Surface Ru Metal )
a b . . ¢ N/Ruatomic

Sample ID area content dispersion d
m? g (wt%) (%) ratio
MSU-F 503.33 +£1.20
Ru/SiO, 139.64+ 0.78 1.32+0.02  17.55+1.37
RuF-150 320.70+7.38  0.77+0.01 2.49+0.88 7.36
RuF-350 579.23+1.48 0.89+0.03 0.55+0.57 0.00
RuF-650 649.89+ 1.59 0.42+0.01  18.65+0.43 0.00

%From N, adsorption. bFrom ICP-AES. ° From H» adsorption results. dBased on intensities of Ru
3p and N 1s peaks in XPS analysis.

2.5.3. Reactivity Assessment of Ru-PVP NPs supported on MSU-F
The activity of the Ru catalysts was assessed using the aqueous phase hydrogenation of PyA to

LA. The catalyst loading and Ru loading in each catalyst are listed in Table 2-6. The reaction

conditions are described in Figure 2-18.

Figure 2-18a shows the conversion profiles as a function of reaction time at 45°C for pure MSU-

F, commercial Ru/SiO», and the three thermally-treated Ru nanocatalysts supported on MSU-F.

A 100% selectivity to LA was observed in all the reactions. Less than 5% of the PyA was

converted in 7 h with pure MSU-F, indicating that the reaction is catalytic. Both the commercial

Ru/SiO, and RuF-650 achieved complete conversion within 3 h, while RuF-150 and RuF-350

required 5 h. These results compare favorably to previous reports on the catalytic performance of
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nanocatalysts for PyA hydrogenation in ethanol-water mixtures at 100°C and 10 bar hydrogen

pressure.
Figure 2-18b is a plot of substrate (PyA) concentration as a function of reaction time for pure
MSU-F, commercial Ru/SiO, and the three treated Ru nanocatalysts. The initial reaction rates

(mM PyA per h) and activities (mmol PyA per g of Ru catalyst per hour) of the Ru catalysts
were calculated by regressing each of the data collected during the first two hours of reaction,
and calculating the derivatives at time zero. The results, summarized in Table 2-6, show that all

three Ru nanocatalysts prepared in this study demonstrated higher activity than the commercial

Ru/Si0; catalyst.
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Figure 2-18 Reaction profiles of PyA hydrogenation over Ru-PVP NPs supported on MSU-F.
(a) PyA conversion vs reaction time for different catalysts; (b) PyA concentration vs reaction
time. The solid lines are the polynomial regressions of each data set. Reaction conditions: 7 =

45°C; P(H,) = 5.0 bar; 35 ml of PyA in water (20 mM). All catalysts were pretreated at 150°C

overnight under Hy pressure of 33.4 bar.
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Table 2-6 Activities of MSU-F supported Ru-PVP NPs for PyA hydrogenation.
Amount of

catalystal
(x10' mg) (x10°mg) (MM PyAh™")  (x10° mmol PyA gr,h™)
MSU-F 5.00 -

Ru/SiO, 2.90 38.28 12.48+1.34 1.14+0.12

Sample Ru Ioadingb Reaction rate” ActivityO|

RuF-150 3.11 39.50 11.93+0.06 1.93+0.01
RuF-350 5.34 38.29 11.30+0.24 1.85+0.04
RuF-650 4.91 38.40 25.25+0.49 4.13+0.08

: : : b .
Total weight of catalyst in corresponding system. “Calculated from catalyst loading (g) and Ru
content (wt. %) from ICP-AES measurements on the corresponding catalyst. “Initial reaction

d, .. . . .
rate of substrate. “Initial activity was calculated as the consumption of PyA in mmol per g of
Ru per h.

The activity of RuF-650 is nearly three times that of the commercial Ru/SiO» supported catalyst,

and twice as high as RuF-150 and RuF-350. This can be attributed to the much better
accessibility to surface catalytic sites following the complete decomposition and removal of the

PVP capping agent, and to the much better dispersion of the nanocatalysts on the support. The

activities of RuF-150 and RuF-350 are about 1.5 times higher than the commercial Ru/SiO»

catalyst, even though their metal dispersions are comparatively lower. The fact that metal
dispersion does not necessarily predict catalytic activity in the aqueous phase could be attributed

to the behavior of catalysts in different media.
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2.6. Summary
We have developed and systematically evaluated three solution-based routes to synthesize

uniform colloidal Ru NPs. All the Ru NPs are spherical with narrow size distributions. Thermal
decomposition of organometallic compounds (Ru3(CO)12) using thioether (nDS) as stabilizer

can produce monodisperse Ru NPs with high stability in non-polar solvents (toluene). However,
this method leads to a slow reaction rate and a low yield of Ru NPs from expensive metal
precursors. In addition, harsh conditions are required to remove the stabilizing thioether
compound from the supported NPs. The phase-transfer method readily reduces cheaper Ru salts
only soluble in hydrophilic media and produces hydrophobic amine-stabilized Ru NPs in high
yield and in a much shorter reaction time. However, the process is difficult to control due to the
fast reaction rate. On the other hand, the polyol reduction method enables synthesis of Ru NPs
with high yield in a moderate reaction time over a broad range of reaction temperatures. Also,
the polymer stabilizer contains no poisonous elements in the Ru catalyst. Among the three
synthetic routes, polyol reduction offers the best way of easily controlling the morphology and
composition of the Ru NPs, simply by manipulating synthesis parameters.

MSU-F has proven to be better than activated carbon as a support for heterogeneous catalysts.
The sonication-assisted colloidal deposition method has several advantages over direct colloidal
deposition for immobilization of Ru NPs onto supports. By comparing the reactivity and various

properties of the supported Ru nanocatalysts treated in different ways, we concluded that

calcination at 650°C under an inert gas is the best thermal treatment for removing the capping

agent from Ru nanocatalysts supported on MSU-F.
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Chapter 3: Effect of the size of Ru nanoparticles on the liquid phase

hydrogenation of cinnamaldehyde

Abstract

We investigated the effect of particle size on the catalytic activity of the supported Ru NPs, using
the liquid phase hydrogenation of cinnamaldehyde (CAL) as the model reaction. The size-
tunable colloidal Ru NPs were produced via extension of polyol reduction to various synthesis
conditions. It was observed that the formation of Ru NPs can occur under either thermodynamic
or kinetic control, with the final size of the NPs determined by a balance between the two
pathways. After sonication-assisted deposition of the size-tunable Ru NPs on MSU-F and
subsequent Ar-protected calcination, we observed that the NPs were well-dispersed on the
support with no signs of agglomeration and no damage to the ordered structure of the support.
The uniformity and crystallinity of the supported Ru NPs in each catalyst also improved,
possibly due to sintering and annealing effects during the thermal treatments. The primary
product of CAL hydrogenation over all the supported Ru NPs was cinnamyl alcohol (COL), and
variation in the size of the NPs did not affect product selectivity. The relationship between the
size of the Ru NPs and their reactivities was non-linear, indicating that not all the surface atoms

of the NPs were active sites.
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3.1. Introduction
Selective hydrogenation of o,B-unsaturated aldehydes is an important catalytic process for the

industrial production of fine chemicals used for pharmacological products, perfumes, and

1-5 . . .- .
flavors.” = A fundamental understanding of the mechanisms for competitive hydrogenation of

C=C and C=0O bonds in a,B-unsaturated aldehydes offers the opportunity to design efficient
catalysts for converting unsaturated aldehydes to more desirable products. Many studies have

been conducted to investigate the factors governing the hydrogenation pathways of a,f-

. .. . 2
unsaturated aldehydes in heterogeneous catalysis, including the type of metal(s) , surface

1 6-16 .. .
structures of the metal and pore accessibility of the supports, steric hindrance to adsorption

2,18,19

77'

. ,17
of substrates on metallic surfaces, and effects of promoters.

In this work, we use cinnamaldehyde (CAL) as the probe molecule to investigate the correlation

between Ru NP size and catalytic performance for hydrogenation of a, B-unsaturated aldehydes.
. . . . . .- 20-28 . .
This reaction has been studied previously using traditional Ru catalysts. However, in this

study, by using Ru NPs of relatively uniform size, it is possible to do a more quantitative and
rational investigation of the effect of particle size on catalytic performance. The size-tunable Ru
NPs ranged from 3.5 nm to 130 nm were synthesized using the polyol reduction method
described previously. Control of particle size was achieved by varying a number of synthesis
parameters, including temperature, type of Ru precursor, and precursor to stabilizer ratios. The
resulting Ru NPs were immobilized onto a mesoporous silica support (MSU-F) and activated by
the Ar-protected calcination protocol described in Chapter 2. Several physical and chemical
techniques were used to characterize the colloidal and supported Ru NPs in each size group.

Experiments to assess the reaction sensitivity of CAL hydrogenation to Ru particle size were
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conducted in a stirred batch reactor system. We quantified the effect of size on a number of key

kinetic parameters, including reactivity, selectivity, and activation energy.

3.2. Experimental materials and methods
Methanol (reagent grade, 99.9%), isopropanol (HPLC grade, 99.9%), polyvinylpyrrolidone

(PVP, MW: 55K), acetone (ACS reagent, >99.5%), and ordered mesoporous silica (MSU-F)

were purchased from Sigma-Aldrich (St. Louis, MO). Ruthenium acetylacetonate [Ru(acac)s]
(99%), dichlorotricarbonylruthenium (II) dimer, 98% [RuClp(CO)3],  and palladium

acetylacetonate ([Pd(acac),], 99%) were purchased from Strem Chemicals (Newburyport, MA).

Phenyl ether (99%) and 1,4-butanediol (99%) were purchased from Alfa Aesar (Ward Hill, MA).
High purity argon gas (99.99%) was purchased from Airgas (Lansing, MI). All chemicals were
used without further purification. Copper grids with 3-nm carbon film coatings for TEM analysis

were purchased from Ted Pella, Inc. (Redding, CA).

3.2.1. Synthesis of size-tunable colloidal Ru NPs
We conducted comprehensive studies using the polyol reduction method described in Chapter 2

to synthesize size-tunable Ru NPs. First, we studied the role of the polylol reduction temperature

in controlling the size of Ru NPs. In a typical synthesis, 0.079 g Ru(acac); (0.2)410_3 mol) and

0.222 g PVP (0.4)(10_5 mol) were dissolved in 20 mL of 1,4-butanediol in a 50 mL round bottom

Schlenk flask equipped with a reflux condenser and a Teflon-coated magnetic stirring. The

solution was heated from room temperature to 125°C and evacuated at this temperature for 10
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min under magnetic stirring. Argon was then introduced, and the solution was heated to the

desired temperature to initiate the reaction. The reaction temperature was adjusted from 130°C

to 200°C. To monitor the progression of each reaction, 0.2 ml of sample was periodically

retrieved from the reaction mixture using a long needle syringe, mixed with acetone to form a
suspension, and centrifuged to determine the color of the supernatant. The reaction was
terminated when the supernatant became colorless.

We then used a combination of Ru (II) and (III) salts as the metal precursors to control the size

of the colloidal Ru NPs. In a standard synthesis, a mixture of metal precursors containing Ru (II)

salt (dichlorotricarbonylruthenium (II) dimer) and Ru(IIl) salt (Ru(acac)z and 0.222 g PVP

(O.4xlO_5 mol) were placed in a 50 mL round bottom Schlenk flask equipped with a reflux

condenser and a Teflon-coated magnetic stirring bar, followed by addition of 20 mL of 1,4-
butanediol to dissolve the chemicals. The amounts of Ru(II) and Ru(Ill) were pre-calculated to

obtain a constant total Ru concentration of 10 mM in the reaction solution. The solution was

heated from room temperature to 125°C and evacuated at this temperature for 10 min under

magnetic stirring. Argon was then introduced, and the solution was heated to 150°C to initiate

the reaction.
The influence of stabilizer molecular weight and stabilizer to precursor ratio was also

investigated. The stabilizer to precursor ratio was adjusted, using Ru(IIl) as the sole precursor
and varying the amount of PVP stabilizer. All reactions were conducted at 150°C. We also

studied the effects of the molecular weight of the PVP stabilizer (29K and 55K) on the size of

NPs. The reactions were conducted at 150°C, with a stabilizer to precursor ratio of 200 to 1.
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Finally, we investigated how the addition of seed (previously-synthesized NPs) affects the
particle size (seed-mediated growth). Ru NPs (3.5 nm) prepared via the protocol described in
Chapter 2 were used as the seeds. In a typical synthesis, a target volume of the as-prepared
colloidal seeds and calculated amounts of Ru(acac); and 0.222 g PVP were added to a 50 mL
Schlenk flask equipped with a reflux condenser and a Teflon-coated magnetic stirring bar. Ten

(10) mL 1,4-butanediol was then added to form the reaction mixture. The mixture was heated

from room temperature to 130°C and evacuated at this temperature for 10 min under magnetic

stirring. Argon was then introduced, and the solution was heated to 170°C and maintained at that

temperature for 1.5 h.
All the Ru NPs synthesized in each run were purified by repeated precipitation-centrifugation,

followed by re-dispersion in 20 mL of methanol prior to further experiments.

3.2.2. Preparation of size-tuned Ru NPs supported on MSU-F
Ru catalysts supported on MSU-F were prepared via the sonication-assisted deposition method
described in Chapter two. The Ar-protected calcination procedure was used to remove the

capping PVP stabilizer from the supported NPs to activate the catalysts.

3.2.3. Characterization of different size groups of Ru NPs supported on MSU-F

The structures and morphologies of the supported catalysts were analyzed using a Model JEOL
2200FS electron microscope (Tokyo, Japan) under the operation conditions described in Chapter
2. The chemical compositions of the supported catalysts were determined by ICP-AES on an
Agilent 720 Series ICP-AES Spectrometer. The specific surface areas and average pore

diameters of the catalysts were determined by nitrogen adsorption—desorption measurements
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carried out at liquid nitrogen temperature (~78K) with a Micromeritics ASAP 2010 M
instrument. X-ray diffraction (XRD) patterns were obtained using a Bruker D8 diffractometer
with Ru Ka source. Infrared spectra of the samples were obtained on a Mattson Galaxy FT-IR

spectrometer (Mattson Instruments, Madison, WI) using KBr pellets. In a typical experiment for

H, chemisorption, the catalyst was first flushed with helium at 110°C for 30 min, and then
reduced by Hj at 350°C for 60 min, followed by evacuation at 360°C for 90 min. After cooling
to 35°C, the catalysts were evacuated again for 30 min before analysis at 35°C. The total

number of exposed Ru atoms in each catalyst was calculated from the amount of H adsorbed

and extrapolated to zero pressure, assuming a one-to-one stoichiometry of H to Ru surface

29 .. . . .
atom.” A similar procedure was used for CO chemisorption experiments.

3.2.4. General procedure for catalytic experiments and assessments

All the catalytic hydrogenations were conducted in a Parr multi-batch reactor system (Model
5000, Parr Instrument Co., Moline, Illinois) equipped with a magnetically-coupled stirring unit.
The system contains six 75 mL reactors, each equipped with a heating mantle and sampling port.

In a typical experiment, the target quantity of catalyst was pre-reduced in the reactor by purging

with nitrogen, heating to 150°C, charging with hydrogen to 3.4 MPa, and holding for 12 h. After
cooling the system to room temperature and flushing it with nitrogen, 35 mL of CAL in
isopropyl alcohol (IPA) was charged into the reactor from a sample cylinder under nitrogen

pressure. When the reaction stabilized at the target temperature, the reactor was pressurized with

hydrogen gas at 2.0 MPa to initiate the reaction. To monitor the progress of the reaction, liquid
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samples (2 mL) were withdrawn periodically and analyzed by a Brucker 450 GC-FID equipped
with a DB-1 capillary column. Prior to GC analysis, each sample was centrifuged at 300RPM for

3 min to remove the solid catalyst.

3.3. Results and Discussion
3.3.1. Conditions used to synthesize size-tunable colloidal Ru NPs

Formation of colloidal metal NPs is generally considered to involve two consecutive stages:

. . 30-32 . .
nucleation and particle growth. Nucleation can take place in a homogeneous process where

seed particles are formed in sifu to initiate particle growth; or in a heterogeneous process where
pre-synthesized particles are added to serve as nucleation sites for particle growth. The
subsequent growth of metal particles from seed can occur via conventional monomer addition in
which the nuclei can grow by attracting molecular precursors from the surrounding solution. It
could also be achieved through multiple coalescence, in which several preformed small

. . . . 31,33-36
particles combine and re-crystallize to form new larger particles.

The two stages are controlled by thermodynamics, kinetics or a combination of the two. The
final morphology (size/shape) of the NPs is determined by a balance between the thermodynamic
and kinetic pathways in the stepwise nucleation and growth stages. Under thermodynamic
control, which is characterized by fast equilibrated nucleation and growth, the equilibrium
particles with the lowest overall surface energy are preferentially formed. By contrast, under
non-equilibrium kinetic control, which is directly associated with the nucleation and growth
rates, formation of particles is favored along the direction with lower activation energy barriers.

Reaction parameters can be manipulated to regulate the balance between the kinetic and

thermodynamic regimes, and thus control the morphology of the resulting NPs.35’37_39

69



3.3.1.1. Effect of poyol reduction temperature

The reaction temperature is one of the major variables in controlling the size of NPs, since it

. . . 4041 .
affects both the reduction rate of metal precursors and particle formation. The influence of

reaction temperature on the size of Ru NPs synthesized by polyol reduction was studied over a

temperature range of 130 to 200°C, as shown in Table 3-1. The progress of the reaction in each

experiment was monitored by observing solution color changes during synthesis. All synthesis

temperatures were kept constant during each procedure by continuous heating and careful

monitoring. At a synthesis temperature of 130°C, the initially red solution turned slightly to

orange after 5 hours. The color of the solution gradually turned from orange to brown during the
subsequent 23 hours, indicating the reduction of the Ru precursors by 1,4-butanediol and the
steady formation of Ru nuclei. The brown solution gradually darkened as the reaction proceeded,
and finally became black after 39 hours of reaction. It is possible that a considerable number of
Ru nuclei would have been formed at this stage, in which case the subsequent reaction progress
would consist mainly of particle growth. After 39 hours, 0.1 mL of sample was taken out
periodically using a long needle syringe and mixed with 1 mL of acetone. The mixture was then
centrifuged and the color of the supernatant was used as an indicator for the extent of the
conversion of Ru precursors. It was observed that the supernatant became colorless at 70 h and

did not change after that, suggesting a complete reaction. The time required for each color-

change stage decreased rapidly with increased reaction temperature up to 170°C. For reactions

conducted above 170°C, the time interval required for solution color change was relatively

insensitive to increases in reaction temperature.
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Table 3-1 Reaction progression for the synthesis of Ru NPs at different temperatures.

Progression of the reaction
Orange | Brown | Darkbrown | Black | Completed
Sample | Reaction - :
temperature -~
ID o
°O)

00200 200 Oh lmin 2min 3min 8min 60min
00180 180 Oh 2min 3min 6min 17min 95min
00170 170 Oh 12min 20min 50min 80min 130min
00150 150 Oh 15min 60min 120min 180min 20h
00130 130 Oh 5h 28h 35h 3%h 70h

The TEM images of Ru NPs synthesized at different temperatures are presented in Figure 3-1.

These figures show that all the Ru NPs are mono-disperse and near-spherical polyhedral at all

synthesis temperatures. When the reaction was conducted between 170°C and 200°C, no

obvious changes in particle size and size distribution were observed (T170, T180, and T200 in

Figure 3-1). This is attributed to thermodynamic control in the synthesis process, since the high

. o et 35,37 .
reaction temperature (above 170°C) facilitated fast system equilibrium. By contrast, particle

size increased with a decrease in reaction temperatures when the reactions were conducted below

170°C (T170, T150, and T130 in Figure 3-1). We believe this is due to kinetic control

predominating over thermodynamic control. In a low temperature regime, the slow rates of

nucleation and particle growth result in availability of Ru atoms that can diffuse to the surface of

the nuclei to induce continuous growth, leading to larger NPs.
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Figure 3-1 Typical TEM images of Ru NPs synthesized at different temperatures. The plot of
particle size as a function of reaction temperature is also shown (inset). The size distribution of

each sample was calculated by counting 200 randomly-selected NPs in each image.

3.1.1.2. Effect of Ru (I1) to Ru (I11) precursor ratios
To further understand the mechanism for Ru particle formation, we replaced part of the original

Ru(l1l) precursor by the more-easily-reduced Ru (Il) salt (dichlorotricarbonylruthenium (1)
dimer) to assess the effect of different compositions of precursors. The mole fraction of Ru (1)
salt in the total metal precursor mixture varied from 0 mol% to 100 mol%.

The TEM results on particle size and size distribution as a function of the fraction of Ru (lI) in
the metal precursor mixtures are presented in Figure 3-2 and Figure 3-3, respectively. When 20%
of Ru (I11) ions were replaced by Ru (1) in the initial precursor solution (Figure 3-2a), the final
particle size was 2.8 nm, which is smaller than those obtained when pure Ru (111) ions were used

as precursor (Figure 3-1, sample ID T150). It is possible that the metal reduction and nucleation
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as precursor (Figure 3-1, sample ID T150). It is possible that the metal reduction and nucleation
rates increased with addition of the more-easily-reduced Ru(Il) salt, but the particle growth rate
remained relatively unchanged due to the low percentage of precursor replacement. By contrast,
when the fraction of Ru (II) was further increased in the precursor mixture, the particle size
significantly increased and reached 129 nm at a Ru (II) salt fraction of 80% (Figure 3-2b-¢). We
believe this is because multiple coalescence events occurred in addition to monomer addition
during the particle growth stage. This argument is supported by the bimodal particle size
distributions when the fraction of Ru (II) was between 40% and 60%. Furthermore, the broad
size distribution of Ru NPs observed in Figure 3-3 suggests that the particle growth (more
specifically, multiple coalescence events) and nucleation occur simultaneously instead of in
stepwise fashion. In the case of pure Ru (II) salt as a precursor, particle size was essentially the
same as that of 80% Ru(Il) in the precursor mixture. It is very likely that only multiple
coalescence events occurred during the growth stage. The needle-like edges of the NPs visible in
the HRTEM images of Figure 3-2e and 3f suggest that formation of big NPs occurs through
coalescence. The EDS point spectra and elemental line scan spectra confirm the existence of Ru

elements in each size of the NPs.
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Figure 3-2 Typical TEM images of Ru NPs synthesized at different molar fractions of Ru (II)
salt in the precursor solution. II-10: 100% fraction of Ru (II) salt; I11-8: 80% fraction of Ru (II)
salt; 11-06: 60% fraction of Ru (II) salt; II-05: 50% fraction of Ru (II) salt; I1-04: 40% fraction of
Ru (II) salt; 11-02: 20% fraction of Ru (II) salt. Synthesis conditions: 20mM of Ru ions

concentration in precursor solution, 20 ml of reaction volume, 7=1 50°C.
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Figure 3-2 (cont’ d)
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Figure 3-3 Average diameter of PVP-Ru NPs as a function of the mole fraction (mol%) of
Ru(Il) in the precursor mixture. While there appears to be significant overlap between samples
(based on the error bars), ANOVA analyses showed that the means of the samples are
significantly different.

3.3.1.3. Influence of adding pre-synthesized NPs (seed-mediated growth)

Addition of pre-synthesized seed particles to serve as nucleation sites for metal reduction (seed-
mediated growth) can drastically change the resulting nanoparticle growth kinetics. This so-
called seed-mediated growth mechanism offers an alternative way to control the size of NPs by
simply changing the amount and type (size/shape) of seed particles added to the growth medium.
The resulting separation of nucleation and subsequent growth events offers more flexibility in
controlling the size and size distribution of the final NPs. The concept of seed-mediated growth

was initially developed for the synthesis of Au NPs and has been extended to other metals

including Pd, Pt, and Ag.42_54
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Here we describe the preparation of Ru NPs via seed-mediated growth to study the influence of
the amount of added seed on the morphology of the resulting NPs. The synthesis of Ru NPs
requires two steps as described in the experimental section. The seed used was from sample
T170, which has an average size of 3.2 + 0.3 nm. Different amounts of Ru seed were added to

the reaction mixture, each sample designated as Seed0 to Seed8.0, as shown in Table 3-2.

Table 3-2 Summary of reaction conditions for synthesis of Ru NPs by seed-mediated growth.

S Seed added . Ru salt concentration in the
ample ID | (Ru elemental concentration in St M)
the seed colloid is 0.8 mM) precursor mixture (m

Seed0 0 mL 10

Seed0.5 0.5 mL 9.5

Seedl.5 1.5 mL 8.5

Seed3.0 3.0mL 7.0

Seed4.5 4.5 mL 5.5

Seed6.0 6.0 mL 4.0

Seed8.0 8.0 mL 2.0

The elemental concentration of Ru in colloidal Ru NPs was about 1.0 mg/ml (determined by
ICP-AES). Precursor: Ru(Ill) acetylacetonate; stabilizer: PVP-55K; precursor to stabilizer ratio:

1:10; reaction temperature: 170°C; total Ru concentration: 10 mM; total reaction solution
volume: 10 mL.

Figures 3-4 shows the effects of the amount of seed added on the size of the resulting Ru NPs.
When a relatively small amount of seed (0.5 and 1.5mL per 10.0 mL) was added to the reaction
solution, the resulting NPs increased in size to an average diameter of 3.9 nm. As the fraction of
Ru seed in the reaction solution increased to 30% (3.0 mL/10.0 mL), the resulting Ru NPs
increased to a maximum diameter of 5.5 + 0.6 nm. When the fraction of Ru seed was increased
further to 45% (4.5 mL/10.0 mL), the size of the resulting NPs decreased slightly and then
remained basically constant as the fraction of seed increased to 80% (8.0 mL/10.0 mL). The
standard deviation in size distribution is reasonably small for each sample, and essentially

constant with variation of Ru seed concentration. The Ru NPs were generally uniform with a
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narrow size distribution. They maintained the spherical shape of the seeds, indicating little

influence of seed concentration on the shape of the Ru NPs.

[ Seed00(T170) F% = | seedos o [ seed1s

ZQ.'.‘.E- 3.8+0.4nm |

lSeed30

5 v i Ll T T T
0 20 40 60 80 100

Seed fraction (%)

Figure 3-4. TEM images of Ru NPs synthesized via seed-mediated growth. All images were

taken at a magnification of 100 K.
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3.3.1.4. Effect of stabilizer

To minimize the negative effect of the capping agent on particle dispersion on catalyst support
and minimize complications in the subsequent removal of the stabilizer, it is necessary to lower

the ratio of the stabilizing polymer to metal precursor as much as possible during synthesis of the

l

colloidal particles.5 56 Figure 3-5 shows HRTEM images of five samples synthesized at

different PVP to precursor molar ratios. It is observed that, for PVP/precursor molar ratios
ranging from 5 to 80, the process yielded mainly spherical Ru NPs with similar average sizes and
size distributions. It is likely that, at the low PVP/precursor molar ratios, one PVP molecule
stabilizes several NPs (Figure 3-5 R50 and R100). This may lead to particle aggregation after

deposition on the support.
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(Figure 3-5a) ;R05 =
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PVP/precursor ratios

Figure 3-5. HRTEM images of Ru NPs synthesized at different PVP/precursor ratios and their
size distributions. (a): HRTEM images; (b) particle size against the stabilizer to precursor ratio.
R50: PVP/precursor ratios =5/1; R10: PVP/precursor ratios =10/1; R20: PVP/precursor ratios
=20/1; R40: PVP/precursor ratios =40/1; R800: PVP/precursor ratios =80/1.
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In addition to changing PVP/precursor molar ratios, we compared the sizes and shapes of Ru
NPs stabilized with PVP of molecular weights 29K and 55K Daltons, respectively. The resulting
data show that there is no significant difference in the size or shape of the resulting Ru NPs

(Figure 3-6).

PVP55(R20)

4.0i0.4m 3.5+ 0.4nm

Figure 3-6. HRTEM images of the size distribution of Ru NPs stabilized by different molecular
weights of PVP. PVP55: PVP with MW=55K; PVP55: PVP with MW=29K.

3.3.2. Properties of size-tunable Ru NPs supported on MSU-F

We used the TEM data to select the colloidal Ru NPs to prepare the supported catalysts. These
supported NPs were used to investigate the effects of particle size on their catalytic performance.
Table 3-3 gives information on Ru NPs used for the preparation of supported Ru NPs of different

sizes. The labels assigned to the prepared catalysts are also given in Table 3-3.
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Table 3-3 A summary of colloidal Ru NPs used to prepare supported Ru catalysts.

C;I’gsll‘gl 00170 Seed30 1105 1106 1108
Synthesis POI}./OI Se'ed Mixed metal Mixed metal Mixed metal
reduction at mediated
method N growth precursor precursor precursor
170 C
Average 32 5.5 27 97 129
size (nm)
Supported
catalyts WD170-5NM | SG30F-6NM | TWI10F-25NM | TW12F-67NM | TW16F-94NM
ID

FT-IR spectra of the pure support (MSU-F), PVP, and each catalyst are shown in Figure 3-7. The

spectra of the pure support (MSU-F) and pure PVP has characteristic absorption peaks in

. . 57
agreement with previously reported results. By contrast, the IR spectra of the catalysts

activated through Ar-protected calcination show only the characteristic peaks of pure MSU-F,
indicating complete decomposition and removal of the capping polymer agent from the

supported catalyst.
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Figure 3-7 FTIR spectra of MSU-F, PVP, and the size-tuned Ru NPs supported on MSU-F. (a)
PVP; (b) pure MSU-F support; (c) WDI170F-5NM; (d) SG30F-6.1NM; (e) TWI10F-25NM; (f)
TWI12F-67NM, and (¢) TW16F-94NM.

3.3.2.1. Morphologies and metal compositions of supported Ru NPs
The morphologies of the supported Ru catalysts were investigated by a combination of TEM,

STEM, SAED, and EDS. Typical characterization results are shown in Figure 3-8. After thermal

activation of the supported NPs under the Ar-protected calcinations at 6500C, the MSU-F

support retained its typical structure, which consists of a hexagonal cellular foam mesoporous
framework with a cell window size of ~15 nm and unit cell size of ~22 nm. The Ru NPs were
still well-dispersed on the support with no signs of agglomeration and no damage to the
framework and structure of the support. Additionally, no stray NPs were observed in any TEM
images, even though the supported catalysts were washed by methanol before they were dropped

onto the TEM grid. This is an indication of strong interaction of the NPs with the support. The
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more magnified images in Figure 3-8 show that the particles on the support are spherical in

shape.
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Figure 3-8 Typical HRTEM images of size-tuned Ru NPs supported on MSU-F. The HRTEM
images for each sample have scale bars of 100 nm and 20 nm from left to right, respectively.

84



Figure 3-8 (cont’d)
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The average diameters of the supported NPs and the Ru content of each catalyst are summarized
in Table 3-4. The mean particle size determined from the TEM observation are 6 nm for the
catalyst WD170F-5NM, 6 nm for SG30F-6.1NM, 25 nm for TW10F-25NM, 67 nm for TW12F-
67NM, and 94 nm for TW16F-94NM. The Ru content in WD170F-5NM is about 0.55wt%. The

sample SG30F-6NM has a similar metal content (0.58wt %). Further increases in particle size

resulted in a decrease in catalyst metal content.
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Table 3-4 Chemical compositions and average sizes of Ru NPs supported on MSU-F.

Sample ID Ru content | Average size of
(WT)% NPs (nm)
MSU-F ---
WD170F-5NM 0.55 4.7+1.3
SG30F-6NM 0.58 6.1+£1.6
TWI10F-25NM 0.49 24.8+18.8
TWI12F-67NM 0.31 66.7+£18.3
TWI16F-94NM 0.28 93.8+2.8

The Ru content in each sample was determined by ICP-AES. Average size of the NPs in each
sample was determined by counting ~100 NPs in the TEM images.

3.3.2.2. Structure of Ru NPs supported on MSU-F
The crystal structure of the supported Ru NPs was analyzed by powder XRD. The patterns for

each catalyst as well as the support are presented in Figure 3-9. No peak was observed in the
diffraction pattern of the pure support over the range of 26 values from 30 to 50°. Peaks observed
at 20 = 38.2°, 42.2°, and 43.5° for the supported catalysts are attributable to the (100), (002), and
(101) facets of hcp Ru crystal. While these features are very weak and broad in the case of the
catalysts WD170F-5NM and SG30F-6NM due to the small size of Ru NPs, they are much
sharper and more intensive in the case of the TWI10F-25NM, TW12F-67NM, and TWI16F-

94NM, indicating greater crystallinity. This is consistent with the SAED observations.
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Figure 3-9 Power XRD pattern of the size-tuned Ru NPs supported on MSU-F. The peak at the

20 value of 43.5° is consistent with the (101) facet of hexagonal close packed Ru nanocrystals.
The intensity of the peak indicates the crystallinity of each sample. (a) TW16F-94NM; (b)
TWI2F-67NM; (c¢) TWI10F-25NM; (d) SG30F-6.INM; (e) WD170F-5NM; (f) pure MSU-F

support

The crystallinity of the supported Ru NPs was also confirmed by the SAED pattern of each
catalyst, as shown in Figure 3-10. The array of bright spots in the SAED pattern of each sample

indicates the crystal structure of the supported NPs.
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Figure 3-10 SAED patterns of size-tuned Ru NPs supported on MSU-F. The SAED
characterizations were performed on randomly selected NPs in each sample. The array of bright
spots in the pattern indicates the crystallinity of the NPs.
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3.3.2.3. Surface properties of Ru NPs supported on MSU-F
A summary of the surface properties of the supported Ru catalysts is given in Table 3.3-4. The

total surface area of each catalyst after thermal treatment was close to that of the MSU-F support.
Table 3-5 also shows that, for all catalysts, the diameter of the silica pores remained essentially
unchanged. These results suggest that the pores of the mesoporous silica wre not clogged, even
by Ru NPs with sub-10 nm diameters, and that NPs are situated predominantly on the outer
surface of the silica framework rather than in the pores, which is in good agreement with the

TEM observations.

Table 3-5 Ru content and textural properties of the size-tuned Ru NPs supported on MSU-F.

Ru content BET Surface area  Average pore diameter
Sample ID

(Wt%) m" g (nm)
MSU-F --- 503.33+£1.20 ---
WDI170F-4.7NM 0.55 479.12+1.14 15.31
SG30F-6.1NM 0.58 542.84 £ 1.67 15.06
TWI10F-49.3NM 0.49 533.77 £ 1.58 1493
TWI12F-66.8NM 0.31 574.16 £ 1.71 14.95
TWI16F-93.8NM 0.28 560.44 £ 1.65 15.13

The Ru content was determined by ICP-AES. BET surface area was determined by nitrogen
adsorption at 77K. The average pore diameters were determined by the the BJH method.

The metal dispersion can be determined experimentally from Hy (or CO) chemisorption data.

The metal dispersion of Ru in each catalyst can also be calculated using the spherical clusters

model,sg_60 based on the average size of the Ru NPs:
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theoretical metal dispersion (MD

th
( surface area of one Ru NP j ( 47rR2)

_ surface area of one Ru atom _
( volume of one Ru NP )

volume of one Ru atom/« (3.1)

3

47rR3j (

490r  4.90%0.134 _0.66
R R R

where R is the average radius of the Ru NPs as determined from TEM measurements (nm); I is
the radius of one Ru atom (0.134 nm); and a is the atomic packing factor, taken as 0.74 by
assuming the crystal structure of Ru to be hexagonal close-packed (hcp).

For supported Ru NPs with an average diameter of 4.7 nm (sample WDI170-5NM), the

theoretical metal dispersion is:

MDh _ 0.66 _ 0.66 0281
t R (4.7/2) ................................ (3.2)

The experimental metal dispersion of the catalyst WD170F-5NM obtained by Hy chemisorption

(0.152) and CO chemisorption (0.146) are very close, but equal to only about 50% of the

theoretical estimate. This suggests that only 50% of the surface Ru atoms served as actual active

. D . . 61 . .
sites, which is in good agreement with the observation for bulk Ru metal. = It is experimentally

challenging to determine the metal dispersion of supported Ru NPs with average diameters larger

than 20 nm (TW10F-49NM, TW12F-67NM, and TW16F-94NM, for example) because a large

amount of sample is required to obtain detectable levels of chemisorbed Hy or CO.
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3.3.3. Catalytic assessment of CAL hydrogenation over Ru NPs supported on MSU-F

A list of the reaction conditions investigated for CAL hydrogenation over supported Ru-Pd NPs
is given in Table 3-6. Under the described conditions, cinnamyl alcohol (COL) and
hydrocinnamaldehyde (HCAL), and hydrocinnamyl alcohol (HCOL) are the only products

observed within the reaction time (see Figure 3-11 and more details in Appendix A-1 to A-5).

Table 3-6 A Reaction conditions used for CAL hydrogenation over Ru NPs of different size
groups supported on MSU-F

Metal loading | Initial concentration o P(H time
Catalyst (x 10_6 mole) of CAL (mM) T(0O ([()31-2)) (hour)

WD170F-5NM 1.1 20 45 20 7
1.6 40 45 20 7

1.1 20 65 20 7

1.6 40 65 20 7

1.1 20 85 20 7

1.6 40 85 20 7

1.5 10 105 20 7

1.5 20 105 20 7

1.5 40 105 20 7

1.1 60 105 20 7

1.5 80 105 20 7

1.1 20 125 20 7

1.6 40 125 20 14

SG30F-6NM 1.2 20 45 20 14
1.2 20 65 20 14

1.2 20 85 20 14

1.2 10 105 20 14

1.2 20 105 20 14

1.2 40 105 20 14

1.2 60 105 20 14

1.2 80 105 20 14

1.2 20 125 20 14
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Table 3-6 (cont’d)

Metal loading | Initial concentration time
Catalyst N o P(Hp)
(x10°® mole) of CAL(mM) | TCOY |74 5 | (hour)
TWI10F-25NM 1.1 20 45 20 24
1.1 20 65 20 24
1.1 20 85 20 24
1.1 10 105 20 24
1.1 20 105 20 24
1.1 40 105 20 24
1.1 60 105 20 24
1.1 80 105 20 24
1.1 20 125 20 24
TWI12F-67NM 1.1 20 45 20 24
1.1 20 65 20 24
1.1 20 85 20 24
1.1 10 105 20 24
1.1 20 105 20 24
1.1 40 105 20 24
1.1 60 105 20 24
1.1 80 105 20 24
1.1 20 125 20 24
TWI16F-94NM 1.1 20 45 20 24
1.1 20 65 20 24
1.1 20 85 20 24
1.1 10 105 20 24
1.1 20 105 20 24
1.1 40 105 20 24
1.1 60 105 20 24
1.1 80 105 20 24
1.1 20 125 20 24

A very small but measurable amount of HCAL, COL and HCOL (~2.6% 10-6 moles in total) was

observed at time /=0 of the reaction (i.e., prior to feeding hydrogen into the reactor), as shown in
the data for CAL hydrogenation using WD170-5NM (Figures 3-11 and Appendix A). Similar
results were observed in reactions with other Ru NPs, with HCAL being the primary product in

each case. We speculate on two possible explanations for this. First, it is known that IPA can be

62 . .
dehydrogenated over metal catalysts to produce acetone and hydrogen. ~ Thus, this reaction
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could, in principle, provide hydrogen to induce the hydrogenation of CAL. A more plausible
explanation is that Hy was strongly adsorbed on the surface of the Ru NPs during catalyst pre-
reduction. The subsequent purging of the system with nitrogen did not completely remove the
chemically-bound Hy from the catalyst surface. As a result, Hy was already available on the

catalyst surfaces to initiate the reaction as soon as the system was charged with the reactant

(CAL), prior to the introduction of exogenous hydrogen into the reactor.

24.0
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Figure 3-11 Typical reaction profiles for CAL hydrogenation over Ru NPs supported on MSU-
F. Reaction conditions: 1.12X10_4 g of Ru loading with WD170-5NM as catalyst, 35 ml solution
of CAL in IPA (20 mM of CAL), reaction temperature of 45°C, hydrogen pressure of 20 bar,
and a stirring speed of 800 RPM. [Key: ®C-balance, € CAL, BHCAL, X COL, AHCOL.]
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3.3.3.1. Determination of reaction rates for CAL hydrogenation over Ru NPs

.. . . . . 63,64 .
The initial rate of each reaction was determined by a differential approach. In a typical
analysis, the CAL concentration versus reaction time data were fit to an n™ order polynomial
(where n = 2 or 3). Since there was some substrate conversion prior to feeding Hy into the

reaction chamber (as discussed above), the regression equation was not forced through time 7=0.
The equation was differentiated, and the initial rate was calculated by taking the derivative at
time t=0. One example of the analysis is illustrated below for CAL hydrogenation over the

catalyst SG30F-6NM (Figure 3-12 and Table 3-7)
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Figure 3-12 Reaction profiles for CAL hydrogenation over SG30F-6NM and the corresponding
regression curves: (a) reaction profiles at different temperatures, (b) reaction profiles at different

initial substrate concentrations. Reaction conditions: 35 ml CAL solution in IPA; T = 45°C -

105°C; P(Hp) = 20 bar; Stirring speed = 800 RPM. The numbers T## are the reaction
temperatures, and C## are the initial substrate concentrations.
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Table 3-7 Regression coefficients of substrate concentration versus reaction time for CAL
hydrogenation over the catalyst SG30F-6NM. Reaction conditions: 35 ml CAL solution in IPA

(10 - 80mM); T = 45°C -105°C; P(H,) = 20 bar; Stirring speed = 800 RPM.

Reaction | Regression function Y = A + B1*X + BZ*X2
ID A B1 B2

value | error | value error | value | error
C20T45 22.52 10.38 -0.96 0.24 |[0.04 0.02
C20T65 23.02 | 0.56 -2.22 0.49 |[0.18 0.07
C20T85 22.96 |0.36 -3.58 0.51 [0.38 0.12
C20T105 | 22.57 [0.11 -5.73 0.27 [0.84 0.12
C20T125 | 22.16 |0.53 -9.51 0.75 |[1.15 0.18
C10T105 | 11.10 | 0.05 -3.81 0.14 [0.41 0.06
C40T105 | 44.68 | 0.22 -7.67 0.55 | 1.45 0.26
C60T105 |60.93 |[1.78 -8.93 451 [2.23 2.09
C80T105 | 86.96 |0.12 -9.57 0.31 |[1.02 0.14

3.3.3.2. Mass transfer analysis of CAL hydrogenation over Ru NPs supported on MSU-F

The assessment of mass transfer influences is necessary for further investigation of NP size
effects on catalytic performance during CAL hydrogenation. The three-phase reaction involves
the transport of hydrogen through liquid to catalyst surfaces (gas-liquid mass transfer), transport
of dissolved reactants from the bulk liquid to catalyst surfaces (liquid-solid mass transfer), and

reaction at the catalyst surface and transfer of product from the NP interface back into the bulk

c e . . 64-66
liquid (intra-catalyst mass transfer). Based on previous literature reports, we assume our

reaction is free of gas-liquid mass transfer and liquid-solid mass transfer limitations under the
hydrogenation conditions used. So we are only focused on the intra-catalyst mass transfer. The

effect of intra-catalyst mass transfer was examined by the Weisz-Prater criterion via the

observable modulus:
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where n¢  is the observable modulus, » is the initial reaction rate [molxLxs 7], L is the
characteristic length of the catalysts, Cy is the reactant concentration at the solid-liquid interface,

Dezasz is the effective diffusivity [cmzxs'l], ¢ is the catalyst support porosity, and D; is the
diffusivity of reactant ; in the liquid phase, which can be estimated by the Wilke-Chang

. 68
equation:

- (¢ M )O.5T
D, =7.4x10 - 30.6 ........................................... (3.4)
g

where D; is the diffusivity of reactant jin liquid, 7 is the absolute temperature [K], x is the

viscosity of the solution [cp], V; is the molar volume of reactant jas a liquid at its normal

boiling point [cm3><mol'1], ¢B is the association parameter for the solvent (which is 1.4 for

IPA), and M3p is the molecular weight of IPA (60).

The absence of intra-catalyst mass transfer could be justified if the value of the observable
modulus is less than 0.3 for reaction orders of 2 or less. We evaluated the effect of the intra-
catalyst diffusion for the experiment with the highest reaction rate we observed because it is
most likely to reflect the mass transfer limitation. The values of the related parameters under the

reaction conditions and calculated results of the observable modulus are summarized in Table 3-
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8. The values of the observable modulus for both CAL and Hp are much smaller than 0.3,

indicating that mass transport resistance is negligible under the experimental conditions.

Table 3-8 parameters and observable modulus for intra-particle mass transfer analysis.

Parameters for IPA | Vviscosity (cP) association factor molecular weight
0.20 1.4 60
Pore Vg lume Denzs ity Porosity monolayer characteristic
P arigi:;;rsst for (cm™/g) (cm™/g) thickness (nm) | length (cm)
-6
1.88 0.15 0.28 4nm 40x10
Concentration ];J | 2 © B 1n1t1a1_ {at_el Observable
Parameters (mol/L) (cms )| (cm s )| (molL s ) modulus
for [ CAL 0.02 3.08x10° | 2.45x10° | 3.23x10° | 1.06x107
reactant
Hp 5 5 6 7
0.08 491x10 3.90x10 -3.23x10 0.17x10

The reaction was conducted under the conditions of 1.12X10_4 g of Ru loading, 35 ml substrate
(20 mM of CAL in IPA), temperature of 125°C, hydrogen pressure of 20 bars, and a stirring
speed of 800rpm. The association factor was 1.4.69 The viscosity (cP) of IPA was calculated by
lg(u) =—0.7009+8.4150x 10> x T~' —8.6068x 107> x T +8.2964x107° x> 7°

Total pore volume of the catalysts was determined by N> adsorption-desorption and the density
of the catalysts was estimated from literature. Monolayer thickness of the catalysts was estimated
from TEM observations by assuming 2D properties of the catalyst. The catalyst characteristic

length was calculated assuming 10 layers overlap. The Hy concentration in IPA was estimated

. 71 .
from literature values. The concentration of reactant at the catalyst surface was assumed to be
the same as in bulk liquid based on our assumption of negligible liquid-solid mass transfer
limitations.

3.3.3.3. Effect of particle size on the activity of Ru NPs for CAL hydrogenation

The activity of the supported NPs was calculated as the ratio of substrate conversion rate and

catalyst surface area, as shown in the equation below:
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__initial rate x volume of substrate solution

activity (moleCALxm*xh )z —— ————— ———— "~ 3.5)
Total metal surface area (SA) of catalyts
The total metal surface area (TSA) of the catalyst was calculated by the following equation:
754 = 47R* -m, - wt%RuU _ 3mg, - wt%RuU
4;;R3p R-p e (3.6)

3

where mggt is the total amount of catalyst (NP and support) used in each reaction (g); wt% Ru is

the weight percent of Ru in the catalyst (%); R is the average radius of the Ru NPs in the catalyst

(m); and p is the density of the Ru NPs, which is assumed constant at 12.45><1O3 g/m3.

We conducted the reactions using initial CAL concentrations ranging from 10 to 80 mol%. The
data (Fig 3-13) show that the activity of each catalyst has a nonlinear dependence on the initial
substrate concentration. This is an indication that the hydrogenation of CAL is not a first order
reaction, and that a Langmuir-Hinshelwood type of mechanism may be more suitable to describe
the reaction kinetics. Figure 3-14 shows the catalyst activity as a function of Ru NP size under
different initial substrate (CAL) concentrations. The activities of Ru NPs with sub-10 nm
diameters (WD170F-5NM and SG30F-6nm) are similar to each other over the same initial
substrate concentrations, but larger particles appear to improve activity. This suggests that the
larger Ru NPs have a higher density of active sites per unit surface area for CAL adsorption and

hydrogenation than smaller NPs.
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Figure 3-13 Activities of catalysts as a function of initial substrate concentration. All the
reactions were conducted under conditions of 35 ml solution of CAL in isopropyl alcohol,

reaction temperature of 105°C, hydrogen pressure of 20 bar, and a stirring speed of 800 RPM.
The amount of Ru used in each reaction was given in Table 3-6.
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Figure 3-14 Activity of Ru NPs for CAL hydrogenation as a function of initial substrate
concentration. All reactions were conducted under conditions of 35 ml solution of CAL in
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isopropyl alcohol, reaction temperature of 105°C, hydrogen pressure of 20 bar, and a stirring
speed of 800 RPM. The amount of Ru used in each reaction was given in Table 3-6.
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The dependence of active site density on particle size can be explained by the geometry of the

metal surface. Theoretical calculations have shown that the optimal structure of benzalacetone on

Ru (0001) surface is a planar benzalacetone molecule adsorbed parallel to a flat metal surface72
We believe the optimal structure of CAL on Ru (0001), which is the primary facet of the
supported NPs (Figure 3-15), is likely similar to that of benzalacetone on Ru (0001), because the

two have similar molecular structures. Larger Ru NPs provide surface arecas with reduced

curvatures than smaller NPs as reflected in the equation below:
x=360°x1/(xxd)=1.1/(zD)

where K is the reduced curvature of a CAL molecule adsorbed on the surface of Ru NPs (0 );

l is the length of a CAL molecule, assumed to be 1.1nm,; D is the average diameter of Ru NPs
in the catalyst (nm).Therefore, increasing particle size can improve the density of usable active

sites per unit surface area.

Figure 3-15 Projected optimal adsorption configuration for CAL over a Ru (0001) surface. The
optimized structure was obtained by DFT calculations using the projector-augmented wave

(PAW) method with the revised Perdew—Burke—Ermzerhof (revPBE) approximation coded in

GPAW software program package. 375
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The apparent activation energy (E,) for CAL hydrogenation was estimated from Arrhenius plots

of the natural logarithm of the activity versus reciprocal absolute temperature (Figure 3-16). The
values are independent of particle size, suggesting that variations in Ru NP size do not affect the

reaction pathway for CAL hydrogenation.
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Figure 3-16 Arrhenius plots for CAL hydrogenation over Ru NPs of different sizes supported on
MSU-F. The apparent activation energies were obtained by linear regression [In(r) = In(ro) —

EA/RT]. The unit of activity is mole CAL per mzRu per h (equation 3.5). All reactions were
conducted under 35 ml substrate (20 mM CAL in IPA), P(Hp)= 20 bar, and a stirring speed of

800 RPM, over reaction temperatures ranging from 45°C to 125°C. The amount of Ru used in
each reaction was given in Table 3-6. One point for TW16-93.8NM was excluded from the
regression due to abnormal temperature fluctuations during the experiment.

3.3.3.4. Effect of particle size on the selectivity of Ru NPs for CAL hydrogenation

The selectivity to each product was defined as the ratio of the moles of the target product to the

moles of total products formed. The profiles of product selectivity as a function of time for the
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reaction over different size groups of supported Ru NPs are shown in Figure 3-17. The
selectivity of COL increased with the increase of substrate conversion and reached a maximum
of 55% at a substrate conversion of 35%. This value remained constant but began to decrease
after conversions higher than 70%. The selectivity of HCAL is about 60% at the beginning of the
reaction and continuously decreased with increase in substrate conversion; in particular, a sharp
rate of decrease was observed at high degrees of conversion (>85%); all HCAL is consumed at
100% conversion of the substrate. The selectivity of HCOL remained at 18% for conversions
less than 70%, but increased after that. The selectivity of products for reactions over SG30F-
6NM show a similar behavior to those of WD170F-5NM, except for a slight difference in

conversion values at which the sharp decrease of HCAL selectivity occurs.

By contrast, increasing the size of Ru NPs to 49.3nm (TW10F-25NM) leads to less than 80%
conversion of CAL within 24 hours of reaction. The selectivity of COL increased at the
beginning of the reaction and reached a maximum of 55% at lower substrate conversion (20%),
in comparison to reactions over smaller Ru NPs (~35%). This selectivity remains constant till the
substrate is completely converted. The selectivity for HCAL is the same as in the reactions over
smaller Ru NPs at the beginning of the reaction and continuously decreased with increaseed
substrate conversion, but no sharp decreases in rates were observed. The initial selectivity for
HCOL is about 15%, and increased slowly as the reaction proceeded. Increasing the Ru NP size
to 67 nm (TW12F-67NM) does not affect the product selectivity profiles compared to reactions
over the catalyst TW10F-25NM, but it decreased the conversion of substrate within 24 hours.
The reaction over 94 nm Ru NPs (TW16F-94NM) has a similar trend in substrate concentration

and product selectivity relative to the reaction conducted with the catalyst TW12F-67NM.
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Figure 3-17 Product selectivity as a function of substrate conversion for CAL hydrogenation
over Ru NPs supported on MSU-F. @ HCAL; X COL;
CAL solution in IPA (20mM); T = 105°C; Stirring speed = 800 RPM.
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The effect of NP size on the selectivity of each product was also investigated at 50% substrate
conversion. The choice of 50% conversion for this evaluation is reasonable for our experimental
data, since the profiles in Figure 3-17 show that the product distribution remains relatively
constant for CAL conversions between 35 and 60%. The profiles in Figure 3-18 also show no

obvious variations in product selectivity with respect to NP size, which is in good agreement

with the results of CAL hydrogenation using Ru/Al,O3 particles in the sub-10 nm range.76 This

also provides confirmation of our earlier observation that particle size does not affect the reaction

pathway for CAL hydrogenation.
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Figure 3-18 Product selectivity as a function of the size of Ru NPs supported on MSU-F. All the
reactions were conducted under conditions of 35 ml solution of CAL in IPA (20mM CAL),
reaction temperature of 378 K, hydrogen pressure of 20 bar, and a stirring speed of 800 RPM.
The amount of Ru used in each reaction was given in Table 3-6.
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The apparent activation energies (E,) for production of HCAL and COL during CAL
hydrogenation were also estimated by Arrhenius plots of the natural logarithm of the initial rates
of HCAL or COL production versus reciprocal absolute temperature (Figures 3-19a and b).
These activation energies are independent of particle size, confirming our earlier observation that

particle size does not affect the reaction pathway for CAL hydrogenation.
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Figure 3-19 Arrhenius plots for the production of HCAL and COL over Ru NPs of different
sizes supported on MSU-F. (a): the plot for HCAL; (b): the plot for COL. The apparent
activation energies were obtained by linear regression [In(r) = In(r,) — Eo/RT]. All the reactions
were conducted under conditions of 35 ml solution of CAL in IPA (20 mM CAL), hydrogen
pressure of 20 bar, and a stirring speed of 800 RPM, over reaction temperatures ranging from
318 K to 398 K. The amount of Ru used in each reaction was given in Table 3-6.
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The published literature contains several mechanism-based kinetic analyses for liquid phase

13,15,16,20,26,69,77

hydrogenation of CAL over traditional Ru catalysts. The most recent kinetic

model was based on the Langmuir-Hinshelwood reaction mechanism, under the assumption of
non-competitive hydrogen adsorption and competitive adsorption of other molecules, adsorption

and hydrogenation of C=0 and C=C bonds on different active sites, and irreversible reactions in

B

all the hydrogenation steps.6 ’ We attempted to apply this model to estimate the reaction

parameters for our Ru NPs, but the regression analyses did not provide a good fit. A possible
reason for the deviation between the model and our data could be the significant delocalization

effect of reaction intermediates for COL and HCAL during the hydrogenation steps, which

. . . 78
results in a Braess-like reaction network.

3.4. Summary

We have successfully synthesized spherical Ru NPs ranging from 3.5 to 130 nm by adjusting
synthesis parameters using a polyol reduction protocol. The formation of Ru NPs can occur
under either thermodynamic or kinetic control. The size of NPs is determined by a balance
between the two pathways, and can be regulated through manipulation of the reaction
parameters. The reaction temperature was found to have a significant effect on the balance
between thermodynamic and kinetic control during the formation of Ru NPs. Manipulating the
fraction of the more-easily-reduced Ru (II) salt in the initial precursor solution can substantially
change the particle formation kinetics and provide a reliable tuning parameter for Ru NPs over a
broad range of size. The concentration and molecular weight of the stabilizing PVP agent have

no obvious effect on the final morphology of the Ru NPs.
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The size-tunable Ru NPs were successfully immobilized on mesoporous silica support (MSU-F)
via sonication-assisted deposition. For all the catalysts activated by Ar-protected calcination, the
Ru NPs remained well-dispersed on the support with no signs of agglomeration and no damage
to the framework and structure of the support. Thermal activation also improved the crystallinity
of the supported NPS.

The reaction products for CAL hydrogenation over supported Ru NPs with different sizes are
COL, HCAL, and HCOL. The reaction pathway of CAL hydrogenation over the supported Ru
NPs is independent of particle size. However, particle size changes the density of active sites per

unit surface area, thus affecting the activity of the catalysts.
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Chapter 4: Effect of compositions of Ru-Pd bimetallic NPs on CAL

hydrogenation

Abstract

We assessed how the composition of Ru-based bimetallic catalysts affects their selectivity and
catalytic activity for cinnamaldehyde (CAL) hydrogenation. The colloidal Ru-Pd bimetallic NPs
as well as their monometallic counterparts were synthesized by polyol reduction of the metal
precursors, impregnated into MSU-F support via sonication-assisted deposition, and activated
through Ar-protected calcination. The supported NPs in each catalyst complex were well
dispersed on MSU-F as uniform spheres with sizes ranging from 10 to 12 nm. We also observed
that the supported bimetallic NPs have an alloyed crystal structure, with uniform distribution of
the two metals in each particle. The hydrogenation of CAL over all the supported Ru-Pd
bimetallic NPs and the monometallic Pd NPs produced either hydrocinnamaldehyde (HCAL) or
hydrocinnamyl alcohol (HCOL) as the major product, with the molar ratio of HCAL to HCOL
strongly dependent on the metal composition of the catalysts. The supported bimetallic NPs
produced higher turnover frequencies (TOF) than the monometallic Ru NPs, with the
enhancement proportional to the Pd fraction up to 53 mol%, presumably due to synergetic
effects. Similarly, we observed that the apparent activation energy is strongly dependent on the

metal composition of the supported NPS.
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4.1. Introduction

Extensive efforts have been made to elucidate the effects of catalyst composition and structure
on catalytic behavior. It is generally recognized that the surface structure and bulk composition
of bimetallic catalysts depend on a number of parameters, including the precursors of the

constituent metals, type of support, catalyst preparation procedures, and metal-metal and metal-
. . 1-14
support 1nteractions.

Our goal in this study was to investigate the effect of metallic composition on the reactivity and
selectivity of Ru-Pd bimetallic nanocatalysts supported on mesoporous silica (MSU-F), using the
catalytic hydrogenation of CAL as a model reaction. Different compositions of Ru-Pd bimetallic
NPs were synthesized by polyol co-reduction of the two metal precursors. The monodisperse
bimetallic NPs were then immobilized on mesoporous silica support (MSU-F) following the
procedures described in Chapter 2. The characteristics of the supported Ru-Pd bimetallic
catalysts as well as the colloidal bimetallic NPs were measured by several physical and chemical
techniques including TEM, SAED, EDS, FTIR, physisorption, chemisorption, and TPD. The
liquid phase hydrogenation of CAL was used as the model reaction to investigate the relationship
between catalyst composition and a number of key kinetic parameters, including reactivity,
selectivity, activation energies, and pre-exponential factors. We believe this work provides the
first attempt to link composition and structure (NP morphology and crystallinity) of supported
Ru-Pd bimetallic nanocatalysts to catalytic performance for the liquid phase hydrogenation of a,

B-unsaturated aldehydes.
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4.2. Experimental
Poly-N-vinyl-2-pyrrolidone (PVP, MW=55K), acetone (ACS reagent, >99.5%), and mesoporous

silica (MSU-F) were purchased from Sigma-Aldrich (St. Louis, MO). Ruthenium acetylacetonate

[Ru(acac)3] (99%), dichlorotricarbonylruthenium (II) dimer, 98% [RuCl,(CO)s],, and palladium

acetylacetonate ([Pd(acac)>], 99%) were purchased from Strem Chemicals (Newburyport, MA).

Phenyl ether (99%) and 1,4-butanediol (99%) were purchased from Alfa Aesar (Ward Hill, MA).
High purity argon gas (99.99%) was purchased from Airgas (Lansing, MI). All chemicals were
used without further purification. Copper grids with 3-nm carbon film coatings for TEM analysis
were purchased from Ted Pella, Inc. (Redding, CA). All the solvents were of analytical grade

and were used without further purification.

4.2.1. Synthesis of colloidal Ru-Pd bimetallic NPs
The Ru-Pd bimetallic NPs were synthesized by polyol co-reduction of Ru and Pd metal

precursors, using PVP as the stabilizing agent. In a typical synthesis, a total amount of 0.2 mmol

metal precursors consisting of Ru(acac)s (or [RuCly(CO)3]») and Pd(acac), was transferred into

a 50 mL round bottom Schlenk flask equipped with a reflux condenser and a Teflon-coated
magnetic stirring bar, followed by addition of 0.222 g PVP. After that, 10 mL of 1,4-butanediol

was transferred into the system at room temperature to dissolve the precursors and stabilizer. The

mixture was heated from room temperature to 65°C under magnetic stirring to completely

dissolve the salt, followed by 10 min of evacuation and introduction of argon into the system.

The solution was then heated from 80°C to 180°C at a rate of 10°C/min. To monitor the

progression of each reaction, 0.2 ml of sample was retrieved periodically from the reaction
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mixture using a long needle syringe, mixed with acetone to form a suspension, and centrifuged to
observe the color of the supernatant. The reaction was terminated when the supernatant became
clear. When the reaction was complete, the colloidal product was cooled to room temperature
and an excess of acetone was poured into the mixture to induce a cloudy brown suspension. This
suspension was separated by centrifugation at 5000 RPM for 8 min and the black product was
collected after discarding the colorless supernatant. The precipitated NPs were washed once with
acetone, and then re-dispersed in methanol prior to being used for experiments. The
concentrations of precursors used in each synthesis are listed in Table 4-1. The samples were
labeled Pd#Rull or Pd#Rulll, where # represents the molar percentage of Pd in the precursor

mixture, and the Roman numeral is the type of Ru precursor used in the synthesis.

Table 4-1 Metal concentrations in precursor solution for synthesis of Ru-Pd bimetallic NPs

Ru concentration in Pd concentration in Pd fraction in
Sample IDa precursor solution precursor solution metal precursor
(mM) (mM) (mol%Pd)

PdOORu(11/11T) 20.0 0.0 0

PdOSRu(I1/11T) 19.0 1.0 5

Pd20Ru(11/11T) 16.0 4.0 20
Pd40Ru(11/1IT) 14.0 6.0 40
PdSORu(11/11T) 10.0 10.0 50
Pd60Ru(11/111) 8.0 12.0 60
Pd8ORu(11/11T) 4.0 16.0 80
Pd100Ru(II/I11) 0.0 20.0 100

“The Roman numerals represent the type of Ru precursor used. Rull represents the precursor

Ru(acac)3. Rulll represents the precursor [RuCly(CO)3];

The procedure used to synthesize the Pd NPs was similar to that used to synthesize the bimetallic

NPs, except that 0.2 mmol Pd(acac), was added to the reaction mixture (Table 4-1), and the

reaction temperature was 110°C .
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The particle size and shape were analyzed using a Model JEOL 2200FS electron microscope

(Tokyo, Japan) under the operating conditions described in Chapter 2.

4.2.2. Preparation of Ru-Pd bimetallic NPs supported on MSU-F

The colloidal NPs were put on MSU-F support by the sonication-assisted deposition method
described in Chapter 2. The catalysts were stored in vacuum desiccators prior to their use for
experiments. Ar-protected calcination was used to remove the capping PVP agent from the

supported NPs.

4.2.3. Characterization of Ru-Pd bimetallic NPs supported on MSU-F

The morphologies of the supported catalysts were analyzed by TEM under the conditions
described in Chapter 2. The elemental distribution of the NPs was characterized by a
combination of STEM-EDS point analysis, mapping, and line scan. SAED was used to
characterize the crystal structures of the NPs. The elemental compositions of the supported
bimetallic catalysts were determined by ICP-AES on an Agilent 720 Series ICP-AES
Spectrometer. The specific surface area and average pore diameter of the catalysts were obtained
by nitrogen adsorption—desorption measurements at liquid nitrogen temperature (~78 K) with a

Micromeritics ASAP 2010 M instrument. The metal dispersion of each catalyst was evaluated by

a combination of Hy chemisorption and CO chemisorption, respectively. XRD patterns were
obtained with a Bruker D8 diffractometer with a Ru Ka source. Infrared spectra of the samples
were obtained on a Mattson Galaxy FT-IR spectrometer (Mattson Instruments, Madison, WI)

using KBr pellets. CO temperature-programmed deposition (CO-TPD) measurements were

performed on a Micromeritics AutoChem II 2920 instrument using helium as the carrier gas and
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10% Hy in helium as the analysis gas. All measurements were carried out in a U-shaped quartz

tube heated by an automatic furnace. For each CO-TPD experiment, 0.30 g sample was first

reduced by 10% H, in helium at 350°C. The catalyst was then flushed by helium 360°C to
remove the adsorbed Hy and then flushed by 10 % CO in Ar to adsorb CO. After cooling to
room temperature, the catalyst was flushed with helium at 360°C to remove the physically
adsorbed CO, followed by TPD analysis over a temperature range of 40°C to 450°C at a ramp

rate of 10°C/min. The amount of CO consumed was determined by a thermal conductivity

detector (TCD).

4.2.4. General procedure for catalytic experiments

CAL hydrogenation over Ru-Pd NPs supported on MSU-F was conducted in a Parr multi-batch
reactor system (Model 5000, Parr Instrument Co., Moline, IL) equipped with a magnetically
coupled stirring unit. The experimental procedure s were described in Chapter 3. Liquid samples
(2 mL) were withdrawn periodically and analyzed by a Brucker 450 GC-FID equipped with a
DB-1 capillary column. Prior to GC analysis, each sample was centrifuged at 300 RPM for 3 min

to remove the solid catalyst.
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4.3. Results and Discussion
4.3.1. Synthesis of colloidal Pd NPs and Ru-Pd bimetallic NPs

Generally, core-shell, alloy, and aggregate mixtures are the three main types of structures for

-1

bimetallic NPs.15 ? With recent advances in nanotechnology, several liquid-based methods

have been explored for synthesis of bimetallic NPs, including co-reduction, seed-mediated

. . . . 19-22
growth, galvanic replacement reactions, and noble-metal-induced-reduction (NMIR).

Co-reduction is one of the widely used colloidal methods for preparation of bimetallic NPs
because of its easy operation and high flexibility. To avoid separate nucleation of the two metals
during co-reduction, it is necessary to select the proper reducing agent and reaction conditions
such as temperature. In principle, this method can be used to control the structure of the

bimetallic NPs by using two metal precursors with different redox potentials. Figures 4-1 and 4-

2 show typical TEM images of Ru-Pd NPs synthesized with a mixture of [RuCl,(CO)3], and
Pd(acac), as metal precursors, and a mixture of Ru(acac); and Pd(acac), as metal precursors,

respectively. When the more-easily-reduced Ru compound (Ru II, [RuCly(CO)3]») was used as

the Ru precursor, the resulting Ru-Pd bimetallic NPs underwent a drastic change in morphology
(Figure 4-1) with variation of metal composition in the precursor mixtures. At a Pd composition
of 20 mol% and 40 mol% in the metal precursor mixtures, a large number of rod-shaped NPs
were visible in the HRTEM images in addition to the small irregularly-shaped NPs which may
serve as building-blocks for further particle growth. It is likely that the production of poly-
disperse NPs is due to the significant difference in redox potentials of the two metal precursors in
the polyol solution. As the Pd composition in the metal precursor mixture was increased to 50

mol% and 60 mol%, fewer rod-shaped NPs were observed and particle uniformity improved.
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Figure 4-1 Typical TEM images of colloidal Ru-Pd NPs synthesized with Ru(Il) as precursor.
The number in each notation of the images represents the mole fraction of Pd salt in the metal

precursor mixture. The Roman numeral “II” in the notations means that [RuCl,(CO)3], was used
as the Ru precursor.

By contrast, when Ru (III) salt (Ru(acac); ) instead of Ru (II) was used as the Ru precursor, the
predominant shape of the NPs in each sample is a truncated sphere, although other shapes such
as hexagons, pentagons, triangles and cubes are also present (Figure 4-2). A small quantity of
branched and multiple twinned shapes can also be observed in Figure 4-2. The monometallic Ru
NPs were mostly spherical with an average diameter of 3.2 nm. Using the metal precursor
mixture with 5 mol% Pd had little effect on particle morphology, but it resulted in increasing the
particle size to about 8 nm. When the percent of Pd was increased to 20 mol%, the NPs appeared
less monodisperse and less uniform in size, varying from 5 to 12 nm. In contrast, the NPs
synthesized with 40 mol% Pd in the precursor mixture produced relatively monodisperse
spherical NPs with an average diameter of 12 nm. The distribution of size and shape of the NPs
did not change significantly following further increases in the fraction of Pd in the metal

precursor mixture.
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Figure 4-2 Typical TEM images of colloidal Ru-Pd NPs synthesized with Ru(Ill) as Ru
precursor. The number in each figure is the mole fraction of Pd salt used in the metal precursor

mixture. The Roman numeral “III” in the notations means Ru(acac)z was the Ru salt used in the
metal precursor mixture.

The metal compositions of colloidal NPs synthesized with metal precursor mixtures of Ru (III)

and Pd(acac), were determined by EDS elemental mapping and line scan of various regions in

each sample. The EDS spectra (Figure 4-3) show that all the NPs were composed of Ru and Pd
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elements, and no monometallic NPs were observed in any of the samples, demonstrating that the
NPs from the various syntheses are bimetallic in nature. The EDS line scan of each sample
(except for PdOSRulll whose size was too small for a EDS line scan) show single Gaussian

distributions of signals for both Ru and Pd elements, indicating that the NPs have an alloy

. e e . . 16,23
structure with random distribution of atoms in the particle.

Jl Ru Pd Kev
0 5 10 15 20 25 30

Figure 4-3 EDS spectra of colloidal Ru-Pd NPs. (a) PdOSRulll, (b) Pd20Rulll, (¢) Pd40RullI,
(d) PASORulII, (e) Pd60RulII, (f) PASORuIIL. All the analyses were done under a STEM model
with a point resolution of 0.19 nm and a high angle dark field resolution of 0.13 nm. The
elemental line scans were done at a magnification of 3.0M.The EDS spectra were taken through
the line across the selected NPs, where the x-axis represents the length of the line in the image
and the y-axis the elemental signal strength at the corresponding location of the line.
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Figure 4-3 (cont’d)

4.3.2. Characterization of Ru-Pd NPs supported on MSU-F
A list of the colloidal Ru-Pd NPs used for the preparation of Ru-Pd catalysts supported on
mesoporous silica (MSU-F) and the labels for the corresponding catalysts are given in Table 4-2.

Table 4-2 A list of colloidal Ru-Pd NPs used to prepare catalysts supported on MSU-F

C"%\ll‘;jgal PdOSRulll Pd20Rulll Pd40Rulll PdSORuIll PAGORuIll PdASORuIIl Pd100

S“%’g?ed PdOSRuF  Pd20RuF  Pd40RuF  PdSORuF  Pd60RuF  PdSORuF  Pd100F

The FT-IR spectra of the pure support (MSU-F), the capping agent (PVP), and each catalyst are

displayed in Figure 4-4. The spectra of the support (MSU-F) and the PVP stabilizer havet

. . . . . 24
characteristic absorption peaks in agreement with previous reports . The IR spectra of the

catalysts activated through the Ar-protected calcination only have the characteristic peaks of the
pure support, indicating complete removal of the capping polymer agent from the surface of the

supported NPs.
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Figure 4-4 FTIR spectra of MSU-F, PVP, and Ru-Pd NPs supported on MSU-F. As was

observed for the monometallic samples, MSU-F shows a strong adsorption peak at 1100 cm_1

corresponding to the Si-O stretch. Pure PVP has C=0 and C-N stretch bands at 1694 and 1674
cm_l, asymmetric CH» stretches at 2950 cm_1 for the pyrrolidone ring and at 2922 cm_1 for the
polymer backbone, a CH bending band at 1371 cm_l, and a CHj scissor band at 1461 Cm_l. The

. . . -1 -1 .
spectrum also contains a series of bands in the range 750 cm  to 1300 cm , corresponding to
the spectra of the C-C ring and C-C chain of PVP. The catalysts activated through the Ar-
protected calcination only have the characteristic peaks of the pure support.

4.3.2.1. Morphologies and chemical compositions of Ru-Pd NPs supported on MSU-F
Typical TEM images of Ru-Pd bimetallic NPs and Pd monometallic NPs (each supported on

MSU-F) are shown in Figure 4-5. For all catalysts, the support still has a layered structure after

thermal activation under Ar-protected calcination at 650°C. The support (MSU-F) also retained

its typical mesoporous structure, which consists of a hexagonal framework with a cell window
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size of ~15 nm. The NPs are well-dispersed on the support with no signs of agglomeration and
no damage to the framework or structure of the support. No unsupported NPs were observed in
any of the TEM images, indicating a strong interaction between the NPs and the support.

The images at higher magnification (scale bar of 20 nm) in Figure 4-4 show that all the NPs on
the support are mostly spherical in shape after thermal treatment. These results are quite different
from those of the colloidal Ru-Pd bimetallic NPs, which had various shapes in addition to the
predominantly polyhedral shape (Figure 4-2). These results suggest that the thermal treatment
significantly improved uniformity in the size and shape of the supported NPs. This improvement
can be attributed to sintering and annealing effects during calcination. The particle size

distribution of each catalyst was determined by measuring about 100 randomly selected particles

over multiple areas in the TEM image of each sample.
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Figure 4-5 Typical TEM images of Ru-Pd NPs supported on MSU-F. The images with scale bar
of 50 nm were taken at a magnification of 100 K; the images with scale bar of 20 nm were taken
at a magnification of 400 K. The size distribution of NPs in each sample was determined by
measuring the diameters of randomly selected NPs (~100 counts) from various TEM images of
each sample.
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Figure 4-5 (cont’d)
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Figure 4-5 (cont’d)
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The average diameters of the NPs supported on MSU-F and the metal composition of the bulk
catalysts are summarized in Table 4-3. The metal contents obtained from the ICP-AES data show
that the mole fraction of Pd in each catalyst is close to that of the Pd compound used in the
corresponding metal precursor mixture during the NPs synthesis, demonstrating the high
efficiency of polyol co-reduction for producing the Ru-Pd bimetallic NPs. The average diameters
of the supported NPs were calculated from the particle size distribution of each catalyst (Figure
4-5). The mean particle size on the MSU-F support increased from 4.7 nm for monometallic Ru
NPs (WD170F-5NM) to 10.5 nm for Ru-Pd bimetallic NPs with Pd molar fraction of 44%

(Pd40RuF). Further increases in the Pd fraction had no obvious effect on the average size of the
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supported NPs. The narrow size distribution, evident from the low standard deviations, is an

indication of the uniformity of the NPs.

Table 4-3 Chemical compositions and average size of Ru-Pd NPs supported on MSU-F

Sample ID Ru content Pd content Molar fraction of  Average size of

(gRu/gCat.)% (gPd/gCat.)% Pd in NPs (%) NPs (nm)

WD170F-5NM 0.72 0.00 0 4.7+1.3

PdOSRuF 0.76 0.01 2 6.2+0.7

Pd20RuF 0.58 0.07 10 9.2+1.8
Pd40RuF 0.59 0.49 44 10.4£1.0
Pd5ORuF 0.62 0.74 53 10.5+1.0
Pd60RuF 0.57 0.97 62 11.6£1.4
Pd80RuF 0.41 1.45 77 11.3£1.4
Pd100F 0.00 1.03 100 11.3+£1.3

Chemical compositions in each sample were determined by ICP-AES. Average size (diameter,
nm) of the NPs in each sample was determined by counting ~100 NPs in the TEM images.

The metal distribution of the supported Ru-Pd NPs were evaluated by a combination of EDS
point analysis, line scan, and elemental mapping. The results summarized in Figure 4-6 show
that all the NPs in each sample are composed of both Ru and Pd elements, with no isolated
monometallic NPs in any of the samples. This demonstrates that the supported bimetallic NPs
have an alloyed structure after thermal activation. The EDS point spectra of each sample
acquired from different regions of the NPs show a random arrangement of Pd and Ru atoms in
the NPs. The EDS line scan spectra of each sample across the particles shows both Ru and Pd
elements, and the elemental mapping of each sample shows a homogeneous distribution of the

two elements.
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Figure 4-6 EDS analysis of Ru-Pd NPs supported on MSU-F. (a) Randomly selected point on
the NPs and the corresponding spectrum of EDS point analysis. (b) EDS line scan profiles of
elemental distribution (cyan for Ru and red for Pd) along a line across selected NPs. (c) HRTEM
image of a representative NP (c1) and the corresponding elemental mapping images from Pd
Kol emission (c2) and Ru Kol emission (c3). All the analyses were done under STEM
conditions with a point resolution of 0.19 nm and a high angle dark field resolution of 0.13 nm.
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Figure 4-6 (cont’d)
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Figure 4-6 (cont’d)
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4.3.2.2. Structure of Ru-Pd NPs supported on MSU-F
The crystal structure of the supported Ru-Pd NPs was analyzed by powder XRD diffraction, as

shown in Figure 4-7.
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Figure 4-7 XRD patterns of Ru-Pd bimetallic NPs and monometallic Pd NPs supported on

MSU-F. The diffraction peaks at 20 = 39.1°, 45.4°, 66.2°, and 79.6°correspond to the (111),
(200), (220), (311) facets of Pd with fcc crystal structure. Ru with Apc crystal structure has a

strong diffraction peak at 260 = 42.3°, which corresponds to the (101) facet.

The supported monometallic Pd NPs have diffraction peaks at 20 = 39.1°, 45.4°, 66.2°, and

79.6°, which correspond to the (111), (200), (220), (311) facets of an fcc Pd crystal. A new

diffraction peak was observed in the XRD patterns of the supported bimetallic NPs, which

confirmed the earlier observation that the supported Ru-Pd NPs have an alloyed crystal structure.

The peak for PdOSRuF was located at 20 = 42° which is slightly lower than that of the
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monometallic Ru NPs (26 = 42.2°), suggesting that 2 mol% of Pd in the precursor mixture does

not significantly affect the crystal structure of the NPs. It is also evident that increasing the Pd
fraction significantly facilitates the transformation of the crystal structure of the bimetallic NPs
from the Ru /Acp structure to the Pd fce structure.

The crystallinity of the supported NPs was also confirmed by the SAED pattern and high
resolution TEM (HRTEM) images of each sample (Figure 4-8). Both the array of bright spots in
the SAED patterns and the lattice fringes in the HRTEM images correspond to a group of

reflection planes within the particles, indicating that the NPs are alloyed crystals.

I
| (Pd0O5SRuF)

represent the area selected for SAED. The HRTEM images of each sample were taken at a
magnification of 800 K (scale bar of 2 nm).
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4.3.2.3. Surface properties of Ru-Pd NPs supported on MSU-F

The BET surface area, average pore diameters, and metal dispersion of each catalyst are
summarized in Table 4-4. The total surface area of each catalyst after thermal treatment was
close to that of the support (MSU-F). The diameter of the pores also remained essentially

unchanged. These results suggest that no damage occurred to the structure of the support during

the thermal activation of the catalyst. The metal dispersion of each catalyst obtained from H»p

chemisorption is lower than the value from CO chemisorption, except for the supported

monometallic Ru NPs (WD170-5NM). This is possibly due to the difference in the adsorption

stoichiometry of Hy and CO. The metal dispersions obtained from CO chemisorption decreased

continuously with increases in the Pd fraction of the NPs, and reached a minimum at a Pd

fraction of 60 mol%. Increasing the Pd fraction further does not have a significant effect on

metal dispersion. The metal dispersions obtained by H, chemisorption have a similar trend.

Table 4-4 Chemisorption and physisorption results of MSU-F supported Ru-Pd NPs

Sample ID BET Surface area  Average pore Metal dispersion by chemisorption

(mz g'l) diameter (nm) H, CcO

MSU-F 503.33 £1.20 --- --- ---
WD170F-5NM 479.12+1.14 15.31 15.2% 14.7%
PdO5RuF 506.23 £ 1.16 15.37 6.6% 7.5%
Pd20RuF 498.34 £ 1.26 15.36 7.3% 8.8%
Pd40RuF 504.78 £1.27 15.39 2.0% 2.9%
Pd50RuF 462.00 + 1.14 15.4 0.5% 2.4%
Pd60RuF 525.47 +1.40 15.27 0.3% 1.2%
Pd80RuF 477.73 £ 1.23 15.29 0.5% 1.1%
Pd100F 511.92+1.27 15.44 0.4% 1.7%

The BET surface area of each sample was determined from N, adsorption. Average size
(diameter, nm) of the NPs in each sample was determined by counting ~100 NPs in the TEM

images. The metal dispersion of each sample was determined from H, and CO adsorption
results, respectively.
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The CO-TPD spectra of the supported Ru-Pd NPs are shown in Figure 4-9. All CO desorption

peaks are within the temperature range of 40°C to 150°C. The CO-TPD profile of the
monometallic Ru NPs has a broad CO desorption signal with a maximum at about 80°C,

possibly due to CO adsorption on under-coordinated Ru sites. A shoulder at about 60°C was also

observed, which originated from CO adsorption on terrace sites. Addition of a little amount of Pd

in the NPs (PdO5SRuF, 2 mole % of Pd in the NPs) did not completely change the CO desorption

pattern, but the maximum desorption peak shifted to a lower temperature (60°C) and a shoulder
remained at a higher temperature (80°C). Increasing the Pd fraction to 10 mol% in the bimetallic

NPs (Pd20RuF) resulted in a single CO desorption peak with a maximum at 60°C, with no

shoulder peaks. The CO desorption pattern was similar for NPs with Pd fractions between 10
mol% (Pd20RuF) and 77 mol% (Pd8ORuF). Monometallic Pd NPs also displayed a single CO

desorption peak and the temperature for peak maximum is a little lower than that of PASORuF.
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Figure 4-9 CO-TPD spectra of Ru-Pd NPs supported on MSU-F. All CO desorption peaks are

within the temperature range of 40°C to 150°C. (a) WD170-5NM; (b) PdO5RuF; (c) Pd20RuF;
(d) Pd40RuF; (e) PA50RuF; (f) PA60RuUF; (g) PAS8ORUF; (h) Pd 100F. Monometallic Ru NPs has

a broad CO desorption signal with a maximum at about 80°C and a shoulder at about 60°C.
Addition of a little amount of Pd in the NPs (PdOSRuF, 2 mole % of Pd in the NPs) did not
change the CO desorption pattern. Increasing the Pd fraction to 10 mol% in the bimetallic NPs

(Pd20RuF) resulted in a single CO desorption peak with maximum at 60°C, with no shoulder
peaks. The CO desorption pattern remained similar for NPs with Pd fractions between 10 mol%
(Pd20RuF) and 77 mol% (Pd80RuF). Monometallic Pd NPs has a single CO desorption peak.

4.3.3. Catalytic assessment of CAL hydrogenation with Ru-Pd NPs supported on MSU-F

A list of the reaction conditions investigated for CAL hydrogenation over supported Ru-Pd NPs
was given in Table 4-5. The products observed within the reaction time under the described
reaction conditions are COL, HCAL, and HCOL (see the plots of substrate and products

concentration against reaction time in Appendix B-1 to B-8).
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Table 4-5 Summary of reaction conditions for CAL hydrogenation over Ru-Pd NPs supported

on MSU-F
Metal loading | Initial concentration o P(H time
Catalyst (<10 mole) of CAL (mM) | T(°C) (1(3 ; r2)) (hour)
PdOSRuF 1.9 40 65 20 7
Pd20RuF 2.0 40 45 20 7
1.8 40 65 20 7
2.0 40 85 20 7
2.0 40 105 20 7
Pd40RuF 2.0 40 65 20 7
Pd50RuF 2.0 40 45 20 7
1.8 40 65 20 7
2.0 40 85 20 7
2.0 40 105 20 7
Pd60RuF 2.0 40 65 20 7
Pd8ORuF 1.6 40 45 20 7
1.6 40 65 20 7
1.6 40 85 20 7
1.6 40 105 20 7
Pd100RuF 1.6 40 45 20 7
1.6 40 65 20 7
1.6 40 85 20 7
1.6 40 105 20 7

The initial reaction rates were determined by the differential analysis procedure described in
Chapter 3. One example of the analysis is illustrated by the reaction over the catalyst PASORuF

(Figure 4-10 and Table 4-6).
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Figure 4-10 Reaction profile for CAL hydrogenation over PdSORuF and the corresponding
regression curves. Reaction conditions: 35 ml CAL solution in IPA (40mM); T = 45°C -105°C;
P(Hp) =20 bar; Stirring speed = 800 RPM. The numbers in T## means the reaction temperature.

Table 4-6 Regression coefficients of substrate concentration versus reaction time for CAL
hydrogenation over the catalyst Pd50RuF. Reaction conditions: 35 ml CAL solution in IPA
(40mM); T = 45°C -105°C; P(H;) = 20 bar; Stirring speed = 800 RPM. The numbers in T## are
the values of the reaction temperatures.

Reaction Regression function Y = A + B1*X + B2*X2

ID A Bl B2
value | error | value | error | value | error

T45 41.55 | 034 | -11.85 | 0.59 | 0.66 | 0.19

T65 42.66 | 021 | -22.26 | 0.37 | 2.83 | 0.12

T85 4142 | 034 | -53.78 | 1.72 | 1431 | 1.59

T105 4142 | 1.62 | -87.93 | 824 | 46.79 | 7.65
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4.3.3.1. Effect of metal composition on the activity of Ru-Pd NPs supported on MSU-F

The effect of the metal composition of bimetallic NPs on their activity for CAL hydrogenation is
shown in Figure 4-11, with the activity of each catalyst defined as the conversion of CAL per
mole of metal per hour. Under the same substrate concentration, the initial activity increased
with increasing Pd fraction in the bimetallic NPs, reaching a maximum at 44 mol% Pd in the NPs
(Pd40RuF). Further increases in the Pd fraction to 53 mol% (Pd50RuF) resulted in a significant
decrease of the initial activity, with this value remaining relatively constant over Pd fractions

ranging from 53 mol% to monometallic Pd NPs.
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Figure 4-11 Catalytic activity as a function of Pd fraction for CAL hydrogenation over Ru-Pd
NPs supported on MSU-F. Reaction conditions: 35 ml CAL solution in IPA (40 mM); 7= 65°C;
P(Hp) = 20 bar; Stirring speed = 800 RPM. The activity of each catalyst is expressed as the

initial rate of CAL consumption per mole metal per hour (mol CALx (mol rnetal)-1 ><h-l).
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The turnover frequencies (TOF) of CAL hydrogenation over Ru-Pd bimetallic NPs and the
monometallic NPs were estimated by normalizing the initial reaction rates to the total amount of
exposed metal atoms on the supported NPs, which could be obtained from the metal dispersion
determined by CO chemisorption (Table 4-4), without discriminating between Ru and Pd atoms.
The TOF values for the reaction over the bimetallic NPs with Pd fraction of 10 mol%
(Pd20RuF), 53 mol% (Pd50RuF), and 77 mol% (Pd8ORuF), along with the monometallic Ru
(WD170F-5NM) and Pd (Pd100F) NPs were calculated. The plot of the TOF values as a function

of the metal composition is presented in Figure 4-12.
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Figure 4-12 TOF as a function of Pd fraction for CAL hydrogenation over Ru-Pd NPs supported

on MSU-F. Reaction conditions: 35 ml CAL solution in IPA (40mM); 7= 65°C; P(H;) = 20 bar;
Stirring speed = 800 RPM.

It can be seen from Figure 4-12 that the TOF for bimetallic NPs with Pd fractions of 10 mol%

was higher than the monometallic Ru NPs at all reaction temperatures. The TOF increased with
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increasing Pd fraction up to 53 mol% in the NPs. These results demonstrate the synergetic effect

between Ru and Pd metals in the bimetallic NPs. This synergetic behavior has also been
. . . 25,26 . .
observed for CAL hydrogenation over Pt-Au bimetallic catalysts. Further increases in the

Pd fraction up to monometallic Pd in the NPs did not significantly affect the TOF.

The effect of reaction temperature on TOF for CAL hydrogenation over Ru-Pd NPs is shown by
the Arrhenius plots in Figure 4-13. The Arrhenius plots for all the reactions over each catalyst
are linear with respect to the inverse reaction temperature. Thus, the apparent activation energy
(Ea) and In (ro) values of each catalyst could be determined by linear regression within the

selected reaction temperature range.

15
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] @ Pd20RUF, E,=34=+ 2 KJ/mole
137 Pd50RUF, E,=26+5 KJ/mole
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Figure 4-13 Arrhenius plots for CAL hydrogenation over bimetallic and monometallic NPs
supported on MSU-F. Reaction conditions: 35 ml CAL solution in IPA (40mM); T = 45-105°C;

P(Hp) = 20 bar; Stirring speed = 800 RPM. Linear regression of the data for each catalyst gives
the Arrhenius intercept In(r,) in the equation: In(r) = In(r,) — EA/RT.
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The activation energy from the Arrhenius plots for CAL hydrogenation on monometallic Pd NPs

(46+2 kJ/mol) was higher than the value reported in the literature for traditional Pd/C catalyst

(46+2 kJ/mol) .27 This difference can be attributed to the influence of the support on catalytic

activity. For example, it has been reported that a carbon support is beneficial for creation of

additional adsorption sites and formation of spill-over hydrogen compared to an inert silica
28-34 . .
support. The activation energy for CAL hydrogenation over the supported Ru-Pd alloyed

NPs decreased by about 15 kJ/mol compared to that for the reaction over monometallic Pd NPs.
Thus, the synergy between Pd and Ru atoms has significantly decreased the activation barriers
for the reaction. It is also observed that the activation energy is independent of the Pd fraction,

given that the values are close to those for monometallic Ru NPs.

4.3.3.2. Effect of composition on the selectivity of Ru-Pd NPs supported on MSU-F

The profiles of product selectivity as a function of time for the reaction over Ru-Pd bimetallic
NPs with different Pd fractions are shown in Figure 4-14, with selectivity defined as the ratio of
the moles of the target product to the moles of total products formed. Unlike the case of CAL
hydrogenation over monometallic Ru NPs where COL was the primary product (Figure 4-14a;
details also in Figure 3-9), HCAL and HCOL were the major products for CAL hydrogenation
over monometallic Pd NPs. The product selectivity remained constant for substrate conversions
ranging from 10% to 90% (Figure 4-14). Only a small amount of COL was produced at the
beginning of the reaction, while the selectivity to COL decreased drastically with increased
substrate conversion, and then remained at a low level (less than 10%) with the increase of
substrate conversion to 100%. A significant difference in product selectivity was also observed

for CAL hydrogenation over the traditional Ru and Pd catalysts supported on both carbon and

149



silica.35 The higher selectivity for HCAL for the reactions over Pd catalysts can be explained by

a more favorable bonding between Pd and C-C than between Pd and C-O compared to Ru.35-39
o T WDI170F-6NM 100 [ PdOSRuF
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Figure 4-14 Product selectivity as a function of substrate conversion for CAL hydrogenation
over Ru-Pd NPs supported on MSU-F. m HCAL; X COL; A HCOL. Reactions conditions: 35

ml CAL solution in IPA (40mM); 7= 65°C; Stirring speed = 800 RPM.
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Figure 4-14 (cont’d)

I | PAS0RuF 199 T Pd60RuF
~ 80 + - 80 +
S 0H 2 701
60 < 60 +
550".. H BN .'j -‘ESO--‘II.I HEp
*g 40 + s 40
< 30 X < 30 1
@220 @® 20 -
10 T % % X 10--)()()(
0 '_Y_Y_I_V_V_xl_x_Y_x* 0 __Y_V_Y_Y_&_x_l_x_H_
0 1020304050060 708090100 0 1020304050060 708090100
CAL conversion (%) CAL conversion (%)
159 | PASORuF 1907 Pd100F
80 - _ 80 +
SupmEEE §m g S7on"i m mm m oy
2% 60 +
= 50 :‘?50 +
g 40 - § 40 +
$30 % S 30 ¥
N 20 - v 0 +
10 + 1
0 XX XX % %% || NLIXX X % x % sx
0 1020 3040 50 60 70 80 90100 0 102030405060 708090100
CAL conversion (%) CAL conversion (%)

The effect of the Pd fraction of the bimetallic NPs on product selectivity was investigated at a
substrate conversion of 50% (Figure 4-15). The selection of 50% percent substrate conversion as
the analysis point is reasonable within our experimental data, since the selectivity-conversion
profiles in Figure 4-10 show that the product selectivity of is fairly constant over CAL
conversions of 35% to 90%.The monometallic Ru NPs have the highest selectivity to COL, but
the addition of Pd to form the bimetallic NPs drastically decreased the selectivity of COL to less

than 10%. The selectivity of HCAL first increased with increased Pd fraction in the bimetallic
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NPs, then remained constant over Pd fractions between 10 mol% and 62 mol%. The selectivity
begins to increase again with further increases in Pd fraction up to 77 mol % (Pd8ORuF). There
were no significant changes in the selectivity of HCAL for the reaction over monometallic Pd
NPs and Ru-Pd bimetallic NPs when the Pd fraction is above 77 mol % (PdS8ORuF). By contrast,
the selectivity of HCOL has the opposite trend with increased Pd fraction in the bimetallic NPs.
It can also be observed in Figure 4-12 that the product selectivity is insensitive to the initial
substrate concentration under identical compositions of supported NPs. More detailed theoretical
calculations would be needed to further understand the effect of the Pd fraction in Ru-Pd

bimetallic NPs on the product selectivity of CAL hydrogenation.
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Figure 4-15 Product selectivity as a function of Pd fraction in the bimetallic NPs for CAL
hydrogenation. Meaning of symbols: ¢ material balance; B HCAL; X COL; A HCOL.

Reaction conditions: 35 ml CAL solution in IPA (40mM); T = 65°C; P(H,) = 20 bar; stirring
speed = 800 RPM. The product selectivity was investigated at the substrate conversion of 50%
percent.
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4.4. Summary

Ru-Pd bimetallic NPs with different metal compositions as well as monometallic Pd NPs were
synthesized by polyol reduction of Ru and Pd metal precursors with PVP as the stabilizer. TEM
data show that the predominant shape of the NPs synthesized using Ru(acac); and Pd(acac), as
metal precursors are truncated spheres. A combination EDS line scan and elemental mapping
analysis showed that the NPs are bimetallic in nature, and that the two metals (Ru and Pd) are
homogeneously distributed in the NPs.

The NPs were well dispersed on the MSU-F support after deposition and thermal activation.
Both the supported bimetallic and monometallic Pd NPs are spherical in shape with narrow size
distributions. The supported bimetallic NPs retained an alloyed structure with a homogeneous
distribution of the two metals (Ru and Pd) following thermal activation. The thermal treatment
also improved the crystallinity of the supported NPs, as confirmed by powder XRD patterns,
SAED, and HRTEM.

The supported bimetallic NPs gave higher TOF values than monometallic Ru NPs, with the
enhancement proportional to the Pd fraction up to 53 mol% (Pd50RuF) in the NPs. Further
increases in the Pd fraction up to the monometallic Pd did not significantly affect the TOF
values. The synergy between Pd and Ru atoms significantly decreased the activation barriers for
the reaction, as indicated by about 15 kJ/mol decrease of the activation energy for CAL
hydrogenation over supported Ru-Pd alloyed NPs than over the monometallic Pd NPs. CAL
hydrogenation over the Ru-Pd bimetallic NPs as well as the monometallic Pd NPs produced

either HCAL or HCOL as the major product within a broad substrate conversion range.
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Chapter S Conclusions and suggestions for future research

5.1. Conclusions

We have designed and synthesized ruthenium (Ru)-based catalysts with well-defined structures,
and investigated the correlation between their structures and their catalytic performance for the
liquid phase hydrogenation of bio-derived organic acids and aldehydes.

We first explored colloidal-based routes for preparation and activation of the supported Ru
nanocatalysts. Three solution-based methods were evaluated to synthesize the colloidal Ru NPs:
thermal decomposition with thioether as stabilizer, phase-transfer synthesis with amine as
stabilizer, and polyol reduction with polymers as stabilizer. Of the three protocols, polyol
reduction gave the best results for synthesizing monodisperse Ru NPs in high yield in a moderate
reaction time over a broad range of reaction temperatures. Sonication-assisted colloidal
deposition was more efficient than direct colloidal deposition for anchoring Ru NPs onto ordered
mesoporous silica (MSU-F) support. Activation of the supported Ru NPs to remove the organic

stabilizer used in the synthesis was explored using three thermal treatments: gentle oxidation at

1500C, thermal reduction at 3500C, and Argon-protected calcination at 650°C. After the thermal

treatments, the solid catalysts were characterized by several physical and chemical methods,
followed by assessment of their reactivity by the aqueous phase hydrogenation of pyruvic acid
(PyA) to lactic acid as a model reaction. The conclusion of these studies is that argon-protected
calcination is the most efficient procedure for activating the - Ru nanocatalysts supported on
MSU-F.

We then investigated the effect of particle size on the catalytic activity of the supported Ru NPs,

using the liquid phase hydrogenation of cinnamaldehyde (CAL) as the model reaction. Colloidal
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Ru NPs of different sizes were produced by polyol reduction under different synthesis
conditions. It was observed that the formation of Ru NPs can occur under thermodynamic or
kinetic control, with the final size of the NPs determined by a balance between the two pathways.
After sonication-assisted deposition of the size-tuned Ru NPs on MSU-F and subsequent Ar-
protected calcination, the Ru NPs were well-dispersed on the support, with no signs of
agglomeration and no damage to the ordered structure of the MSU-F support. The uniformity
and crystallinity of the supported Ru NPs in each catalyst also improved after thermal activation.
The liquid phase hydrogenation of CAL over different sizes of supported Ru NPs produced
COL, HCAL, and HCOL. COL was the primary product over all size ranges of the supported Ru
NPs, but product selectivity was independent of particle size. However, particle size changes the
density of active sites per unit surface area, thus affecting the activity of the catalysts.

Finally, we correlated the composition of Ru-based bimetallic catalysts to their catalytic
performance for CAL hydrogenation. The colloidal Ru-Pd bimetallic NPs as well as their
monometallic counterparts were synthesized by polyol reduction of the metal precursors,
impregnated into MSU-F support via sonication-assisted deposition, and activated through Ar-
protected calcination. The supported NPs in each catalyst were well dispersed on MSU-F, with
spherical shapes within a size range of 6 to 12 nm. The supported bimetallic NPs have an
alloyed crystal structure, with a homogeneous distribution of the two metals. CAL hydrogenation
over all the supported Ru-Pd bimetallic NPs and the monometallic Pd NPs produced either
HCAL or HCOL as the major product, with the molar ratio of HCAL to HCOL strongly
dependent on the metal composition of the catalysts. The supported bimetallic NPs have higher

turnover frequencies (TOF) than the monometallic Ru NPs, presumably due to synergetic effects.
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5.2. Suggestions for future research

5.2.1. Additional characterization to understand the structure of Ru-Pd bimetallic NPs
supported on MSU-F

A combination of STEM-EDS analysis and power XRD diffraction has demonstrated that the
supported Ru-Pd bimetallic NPs have an alloyed structure with a homogeneous distribution of
Ru and Pd elements. Further characterizations are needed to confirm these observations. X-ray
absorption spectroscopy (XAS), including both extended x-ray absorption fine structure
(EXAFS) and x-ray absorption near edge structure (XANES) can be used to evaluate the
electronic structure and the geometric atomic configuration in the local environment of the
bimetallic NPs. The XANES spectra can be used to determine the valence state of the element
and charge distribution of NPs in the sample. Theoretical fitting of the EXAFS data can provide
information about the environment of local atoms, nearest-atomic neighbor arrangement

(coordination numbers), and inter-atomic distance. A successful application of EXAFS was

reported for characterization of Pt-Ru core-shell and alloy NPs.l

High-energy x-ray diffraction, which is carried out on a synchrotron beamline, is another useful
technique for understanding the structures of NPs. The diffuse scattering diffraction patterns over
an extended range of wave vectors can be obtained in addition to the Bragg-like diffraction peaks
on high-energy x-ray diffraction. Refinement of the high-energy x-ray diffraction data, combined
with computational modeling such as reverse Monte Carlo simulations and atomic pair

distribution function analysis, can provide more accurate structure and element distribution

throughout the NPs.>

161



5.2.2. Mechanism-based kinetic modeling of CAL hydrogenation over supported Ru-Pd
NPs
We compared our reaction data on CAL hydrogenation over the NPs supported on MSU-F with

the latest reported kinetic models of CAL hydrogenation over traditionally prepared Ru or Ru-Sn

6,7 . . .
sol-gel catalysts, = and found discrepancies between our experimental data and the model

predictions. We think a primary reason for this discrepancy is the difference between the reaction

pathways of supported NPs and those over traditionally prepared Ru or Ru-Sn catalysts. The

. . . . . . 6,7
literature model does not consider transformations between reaction intermediates. ~ However,

intermediate transformations such as radical isomerization due to electron delocalizations, may
have a significant effect on the reaction routes for CAL hydrogenation over supported NPs with
well-defined compositions and structures. To model the kinetics of CAL hydrogenation over the
supported NPs used in this study, further theoretical computations and simulation are necessary.

Description of the chemical bond between the molecules and NP surfaces is the first step for

modeling the reaction kinetics. Density functional theory (DFT) is an increasingly important tool

. . 8-10 . . . .
for understanding surface chemistry. In DFT calculations, the interaction energies between

molecules and atoms on the metal surface can be computed. The technique can also be used to

obtain a set of other important parameters, including reaction free energies, activation energies,

.- o . . 11 .
transition states, surface stability, and molecule vibration frequency.  Compared with other

computational methods, DFT has the significant advantage of allowing the treatment of complex,

extended systems with a good balance between accuracy and computational cost at a reasonable

10,12-16

calculation speed. Several successful examples have been reported in applying DFT
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calculations to investigation of the competitive routes for C=C and C=0O hydrogenation over

Au(111), Ag (111), Pt(111), Ru(0001) and Pt-Sn (111) surfaces. >

In kinetic analyses which involve the modeling of overall reactions in terms of elementary steps,

all possible elementary reactions are included in the mechanism and there is no assumption of a
T 24-27 . . .

rate-limiting step. The activation energies and pre-exponential factors of each elementary

reaction step are primary inputs for micro-kinetic analysis. The activation energies can be

obtained directly from the DFT calculations, while the pre-exponential factors can be estimated

>

by collision theory using transition state vibration frequencies given by DFT calculations.

The theoretical modeling, coupled with experimental results, could offer a better understanding

of the reaction mechanisms and kinetics of CAL hydrogenation over supported NPs.
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Appendix A

Reaction profiles for CAL hydrogenation over different size groups

of Ru NPs supported on MSU-F

A. 1 CAL hydrogenation over the catalyst WD170F-SNM
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Figure A.1-1 Reaction profiles for CAL hydrogenation under reaction temperature of 45°C. e
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The reaction conditions were described
in Table 3-6. The numbers in C##T45 means the substrate initial concentration for the reaction.
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Figure A.1-2 Reaction profiles for CAL hydrogenation under reaction temperature of 65°C. e
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The reaction conditions were described
in Table 3-6. The numbers in C##T65 means the substrate initial concentration for the reaction.
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Figure A.1-3 Reaction profiles for CAL hydrogenation under reaction temperature of 85°C. ®
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The reaction conditions were described
in Table 3-6. The numbers in C##T85 means the substrate initial concentration for the reaction.
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Figure A.1-4 Reaction profiles for CAL hydrogenation under reaction temperature of 105°C. e
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The reaction conditions were described
in Table 3-6. The numbers in C##T105 means the substrate initial concentration for the reaction.
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Figure A.1-5 Reaction profiles for CAL hydrogenation under reaction temperature of 125°C. ®
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The reaction conditions were described
in Table 3-6. The numbers in C##T125 means the substrate initial concentration for the reaction.
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A. 2 CAL hydrogenation over Ru catalyst SG30F-6NM
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Figure A.2-1 Reaction profiles for CAL hydrogenation under reaction temperature of 45°C. e
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was SG30F-6NM, and the
reaction conditions were described in Table 3-6. The numbers in C##T45 means the substrate
initial concentration for the reaction.
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Figure A.2-2 Reaction profiles for CAL hydrogenation under reaction temperature of 65°C. e
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was SG30F-6NM, and the
reaction conditions were described in Table 3-6. The numbers in C##T65 means the substrate
initial concentration for the reaction.
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Figure A.2-3 Reaction profiles for CAL hydrogenation under reaction temperature of 85°C. e
material balance; ¢ CAL; m HCAL; X COL; A HCOL The catalyst was SG30F-6NM, and the
reaction conditions were described in Table 3-6. The numbers in C##T85 means the substrate
initial concentration for the reaction.
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Figure A.2-4 Reaction profiles for CAL hydrogenation under reaction temperature of 105°C. ®
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was SG30F-6NM, and the
reaction conditions were described in Table 3-6. The numbers in C##T105 means the substrate
initial concentration for the reaction.
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Figure A.2-5 Reaction profiles for CAL hydrogenation under reaction temperature of 125°C. o
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was SG30F-6NM, and the
reaction conditions were described in Table 3-6. The numbers in C##T125 means the substrate
initial concentration for the reaction.
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A. 3 CAL hydrogenation over Ru catalyst TW10F-25NM
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Figure A.3-1 Reaction profiles for CAL hydrogenation under reaction temperature of 45°C. e
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW10F-25NM, and the

reaction conditions were described in Table 3-6. The numbers in C##T45 means the substrate
initial concentration for the reaction.
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Figure A.3-2 Reaction profiles for CAL hydrogenation under reaction temperature of 65°C. ®
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW10F-25NM, and the

reaction conditions were described in Table 3-6. The numbers in C##T65 means the substrate
initial concentration for the reaction.
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Figure A.3-3 Reaction profiles for CAL hydrogenation under reaction temperature of 85°C. e
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW10F-25NM, and the

reaction conditions were described in Table 3-6. The numbers in C##T85 means the substrate
initial concentration for the reaction.
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Figure A.3-4 Reaction profiles for CAL hydrogenation under reaction temperature of 105°C. ®
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW10F-25NM, and the
reaction conditions were described in Table 3-6. The numbers in C##T105 means the substrate
initial concentration for the reaction.
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Figure A.3-5 Reaction profiles for CAL hydrogenation under reaction temperature of 125°C. ®
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW10F-25NM, and the
reaction conditions were described in Table 3-6. The numbers in C##T125 means the substrate
initial concentration for the reaction.
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A. 4 CAL hydrogenation over Ru catalyst TW12F-67NM
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Figure A.4-1 Reaction profiles for CAL hydrogenation under reaction temperature of 45°C. e
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW12F-67NM, and the

reaction conditions were described in Table 3-6. The numbers in C##T45 means the substrate
initial concentration for the reaction.
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Figure A.4-2 Reaction profiles for CAL hydrogenation under reaction temperature of 65°C. ®
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW12F-67NM, and the
reaction conditions were described in Table 3-6. The numbers in C##T65 means the substrate
initial concentration for the reaction.
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Figure A.4-3 Reaction profiles for CAL hydrogenation under reaction temperature of 85°C. ®
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW12F-67NM, and the

reaction conditions were described in Table 3-6. The numbers in C##T85 means the substrate
initial concentration for the reaction.
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Figure A.4-4 Reaction profiles for CAL hydrogenation under reaction temperature of 105°C. e
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW12F-67NM, and the
reaction conditions were described in Table 3-6. The numbers in C##T105 means the substrate
initial concentration for the reaction.
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Figure A.4-5 Reaction profiles for CAL hydrogenation under reaction temperature of 125°C. ®
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW12F-67NM, and the
reaction conditions were described in Table 3-6. The numbers in C##T125 means the substrate
initial concentration for the reaction.
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A. 5 CAL hydrogenation over Ru catalyst TW16F-94NM
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Figure A.5-1 Reaction profiles for CAL hydrogenation under reaction temperature of 45°C. e
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW16F-94NM, and the
reaction conditions were described in Table 3-6. The numbers in C##T45 means the substrate
initial concentration for the reaction.
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Figure A.5-2 Reaction profiles for CAL hydrogenation under reaction temperature of 65°C. ®
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW16F-94NM, and the
reaction conditions were described in Table 3-6. The numbers in C##T65 means the substrate
initial concentration for the reaction.
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Figure A.5-3 Reaction profiles for CAL hydrogenation under reaction temperature of 85°C. e
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW16F-94NM, and the

reaction conditions were described in Table 3-6. The numbers in C##T85 means the substrate
initial concentration for the reaction.
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Figure A.5-4 Reaction profiles for CAL hydrogenation under reaction temperature of 105°C. ®
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW16F-94NM, and the
reaction conditions were described in Table 3-6. The numbers in C##T105 means the substrate
initial concentration for the reaction.
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Figure A.5-5 Reaction profiles for CAL hydrogenation under reaction temperature of 125°C. ®
material balance; ¢ CAL; m HCAL; X COL; A HCOL. The catalyst was TW16F-94NM, and the

reaction conditions were described in Table 3-6. The numbers in C##T125 means the substrate
initial concentration for the reaction.
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Appendix B

Reaction profiles for CAL hydrogenation over Ru-Pd bimetallic NPs

supported on MSU-F

B. 1 CAL hydrogenation over the bimetallic catalyst PdAOSRuF
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Figure B.1-1 Reaction profiles for CAL hydrogenation over the catalyst PAOSRuF. e material
balance; ¢ CAL; m HCAL; X COL; HCOL. Reaction conditions: 1.9x10° mole of metal

(RutPd) loading in each reaction; 35 ml CAL solution in IPA (40mM); T = 65°C; P(Hy) =20
bar; Stirring speed = 800 RPM. The numbers in C##T65 means the substrate initial concentration
for the reaction.
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B. 2 CAL hydrogenation over the bimetallic catalyst PdA20RuF
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Figure B.2-1 Reaction profiles for CAL hydrogenation over the catalyst PA20RuF. e material
HCOL. Reaction conditions: ~1.9x10 mole of metal
(RutPd) loading in each reaction (see Table 4-5); 35 ml CAL solution in IPA (40mM); T =

65°C; P(H,) = 20 bar; Stirring speed = 800 RPM. The numbers in C##T65 means the substrate

balance; ¢ CAL; m HCAL; X COL;

initial concentration for the reaction.
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B. 3 CAL hydrogenation over the bimetallic catalyst Pd40RuF
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Figure B.3-1 Reaction profiles for CAL hydrogenation over the catalyst PA4ORuF. e material
balance; ¢ CAL; m HCAL; X COL; HCOL. Reaction conditions: 2.0x10° mole of metal
(Ru+Pd) loading in each reaction (see Table 4-5); 35 ml CAL solution in IPA (40mM); T =

65°C; P(H,) = 20 bar; Stirring speed = 800 RPM. The numbers in C##T65 means the substrate
initial concentration for the reaction.
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B. 4 CAL hydrogenation over the bimetallic catalyst PdASORuF
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Figure B.4-1 Reaction profiles for CAL hydrogenation over the catalyst PASORuF. e material
balance; ¢ CAL; m HCAL; X COL; HCOL. Reaction conditions: ~1.9x10 mole of metal
(RutPd) loading in each reaction (see Table 4-5); 35 ml CAL solution in IPA (40mM); T =

65°C; P(H,) = 20 bar; Stirring speed = 800 RPM. The numbers in C##T65 means the substrate
initial concentration for the reaction.
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B. 5 CAL hydrogenation over the bimetallic catalyst Pd60RuF
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Figure B.5-1 Reaction profiles for CAL hydrogenation over the catalyst PA6ORuF. e material
balance; ¢ CAL; m HCAL; X COL; HCOL. Reaction conditions: 2.0x10°® mole of metal
(RutPd) loading in each reaction (see Table 4-5); 35 ml CAL solution in IPA (40mM); T =

65°C; P(H,) = 20 bar; Stirring speed = 800 RPM. The numbers in C##T65 means the substrate
initial concentration for the reaction.
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B. 6 CAL hydrogenation over the bimetallic catalyst PdAS8ORuF
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Figure B.6-1 Reaction profiles for CAL hydrogenation over the catalyst PABORuF. e material
HCOL. Reaction conditions: ~1.9x10 mole of metal

balance; ¢ CAL; m HCAL; X COL;

(RutPd) loading in each reaction (see Table 4-5); 35 ml CAL solution in IPA (40mM); T =
65°C; P(H,) = 20 bar; Stirring speed = 800 RPM. The numbers in C##T65 means the substrate

initial

concentration for the reaction.
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B. 7 CAL hydrogenation over the bimetallic catalyst PdA9SRuF
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Figure B.7-1 Reaction profiles for CAL hydrogenation over the catalyst PA95RuF. e material
balance; ¢ CAL; m HCAL; X COL; HCOL. Reaction conditions: 2.0x10°® mole of metal
(RutPd) loading in each reaction (see Table 4-5); 35 ml CAL solution in IPA (40mM); T =

65°C; P(H,) = 20 bar; Stirring speed = 800 RPM. The numbers in C##T65 means the substrate
initial concentration for the reaction.
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B. 8 CAL hydrogenation over the bimetallic catalyst Pd100F
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Figure B.8-1 Reaction profiles for CAL hydrogenation over the catalyst Pd100F. e material
HCOL. Reaction conditions: ~1.9x10 mole of metal
(RutPd) loading in each reaction (see Table 4-5); 35 ml CAL solution in IPA (40mM); T =

65°C; P(H,) = 20 bar; Stirring speed = 800 RPM. The numbers in C##T65 means the substrate

balance; ¢ CAL; m HCAL; X COL;

initial concentration for the reaction.
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