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Abstract

Abstract

Using rapid supercritical CO, antisolvent precipitation, a set of nanoscaled
oxide catalyst precursors have been prepared, which were further calcined to give
metal oxides, such as CuMnOg(hopcalite), CeQ,, TiO, and ZnO etc.
CuMnOy(hopcalite) was used as catalyst without further modification and other
single metal oxides were used as supports for gold catalysts. These materials have
been characterized using a full range of techniques: XRD, Raman, FT-IR, BET
surface area, SEM, DTA/TGA and XPS. Element distribution in the as-precipitated
materials was evaluated by TEM-EDX. The catalytic activity of our products was

evaluated by low temperature (0~25°C) CO oxidation.

For CuMnOy (hopcalites), an amorphous homogenous precursor mainly
composed of acetates has been prepared. Following calcinations, separated copper
nanocrystals supported on manganese oxide (Cu/MnQOy) has been obtained. The
preliminary catalytic data show the intrinsic activity for CO oxidation of the catalyst
derived from this precursoris considerably higher than the conventional CuMn,0,
catalysts prepared by coprecipitation, and also currently available commercial
catalysts. The results clearly show that a catalyst with enhanced activity can be
prepared without the presence of intimately mixed copper and manganese oxide
components. In addition, using mixed solvents, such as water-ethanol and
water-DMF, crystalline heterogeneous precursors have been produced. With the

addition of more water to the precursor solution, there appears to be a reaction
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between the metal acetates CO,, and H,O. Therefore, carbonates of the metals are
precipitated instead of the acetate composition. Following calcination, less
crystalline or even amorphous phase-separated nanostructure final catalysts retain
the high surface area, which leads higher catalytic activities than that of the current
commercial hopcalite catalysts. Furthermore, using 30% H,O, as an oxidizer and
ethanol as solvent, catalysts have been prepared as well. All the as-prepared
catalysts exhibit higher catalytic activities on CO oxidation when compared to those

from solvents in the absence of H,0,.

Novel nano-polycrystalline CeO, was produced. When it was used as a support
for gold and gold palladium nanoparticles, the catalytic data show that the activity
and catalyst lifetime for CO oxidation of a gold catalyst supported on this material
1s much greater than that for gold supported on regular CeO, derived from the direct
calcination of cerium acetylacetonate. In addition, the Au-Pd catalysts supported on
CeO, prepared using supercritical antisolvent precipitation are amongst the most
active catalysts yet reported for the selective oxidation of alcohols and the direct
oxidation of hydrogen to hydrogen peroxide. Similarly, TiO, has been produced by
supercritical process. When using it as a support for gold nanoparticles, the activity
and stability for CO oxidation of a gold catalyst supported on this material is much
greater than that for gold supported on regular TiO, derived from the direct
calcination of titanium oxide acetylacetonate. Finally, ZnO was prepared using
supercritical process and then was used as supports for gold particles as well. The

catalytic data show that it can give very high activity for CO oxidation.
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Chapter 1

Introduction

1.1 Green chemistry

Green Chemistry, also known as sustainable chemistry, is the design, manufacture
and application of chemical products that reduce or eliminate the use or generation of
substances that are hazardous to human health and the environment [1]. It is a
science-based nonregulatory, economically driven approach toward sustainable
development that has grown substantially since the concept fully emerged in 1990s
[2]. This approach requires an open and interdisciplinary view of materials design,
applying the principle that it is better not to generate waste in the first place, rather
than disposing or treating it afterwards. Green chemistry is often cross-disciplinary,
which means it can involve govemnments, academic and industrial communities that

perform or support research to achieve common goals.

The green chemistry alternative emerged in the early 1990s by informal networks
of practitioners. In the early 1990's, the US EPA's Office of Pollution Prevention and
Toxics established the development in the USA of the Presidential Green Chemistry
Challenge Award Program after the passage of the first environmental law in 1990
which focused on preventing pollution at the source rather than dealing with

remediation or capture of pollutants. EPA has since collaborated with academia,

1
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industry and other government agencies to promoted use of chemistry to develop new
technologies for pollution prevention and sustainable development. In the first half of
1990s, both the United Kingdom and Italy launched major initiatives in green
chemistry. The UK’s efforts are largely coordinated by the scientific community.
Firstly, several researchers established the research and education programs in green
chemistry. In 1998, the Royal Society of Chemistry launched a major initiative to
promote green chemistry in a new journal Green Chemistry. In Italy, a 30-university
consortium funded by the Italian government has been established to pursue research
and education in green chemistry. The Italian National Consortium for Chemistry for
the Environment has opened three national laboratories that focus on green chemistry
and hosts a green chemistry summer school with participation from 23 nations.
Nowadays, many countries including Japan, China and Australia, have launched
green chemistry research projects. International collaborations and communications
are extensively developing and advancing global environmental protection and

sustainable development.

The design of environmentally benign chemicals and processes now may be
guided by the 12 Principles of Green Chemistry developed by Paul Anastas and John
C. Wamner [3-5]. These principles cover the concepts such as maximizing the use of
raw materials that are transformed to target products, the design of safe and
environmental-benign process, the improvement of energy efficiency and the better

disposal of waste by-products. Nowadays, these principles have been used as
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guideline and criteria by chemical scientists. The 12 principles of green chemistry can
be described in detail as follows:

1. Prevention - It is better to prevent waste than to treat or clean up waste after it has
been created.

2. Atom Economy - Synthetic methods should be designed to maximize the
incorporation of all materials used in the process into the final product.

3. Less Hazardous Chemical Synthesis - Wherever practicable, synthetic methods
should be designed to use and generate substances that possess little or no toxicity to
human health and the environment.

4. Designing Safer Chemicals - Chemical products should be designed to effect their
desired function while minimizing their toxicity.

5. Safer Solvents and Auxiliaries - The use of auxiliary substances (e.g., solvents,
separation agents, etc.) should be made unnecessary wherever possible and innocuous
when used.

6. Design for Energy Efficiency - Energy requirements of chemical processes should
be recognized for their environmental and economic impacts and should be
minimized. If possible, synthetic methods should be conducted at ambient
temperature and pressure.

7. Use of Renewable Feedstocks - A raw material or feedstock should be renewable
rather than depleting whenever technically and economically practicable.

8. Reduce Derivatives - Unnecessary derivatization (use of blocking groups,

protection/ deprotection, temporary modification of physical/chemical processes)
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should be minimized or avoided if possible, because such steps require additional
reagents and can generate waste.

9. Catalysis — Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents.

10. Design for Degradation - Chemical products should be designed so that at the
end of their function they break down into innocuous degradation products and do not
persist in the environment.

11. Real-Time analysis for Pollution Prevention - Analytical methodologies need to
be further developed to allow for real-time, in-process monitoring and control prior to
the formation of hazardous substances.

12. Inherently Safer Chemistry for Accident Prevention - Substances and the form
of a substance used in a chemical process should be chosen to minimize the potential

for chemical accidents, including releases, explosions, and fires.

Since green chemistry emerged in 1991, research programs and centers have been
focusing efforts around the principles of green chemistry. The research area of green
chemistry is very broad and excellent research is being conducted within polymer,
solvents, catalysis, renewables, analytical method development, synthetic
methodology development as well as the design of safer chemicals. In 2005 Ryoji
Noyori (Nobel laureate in chemistry, 2001) identified three key developments in
green chemistry [6]: (1) use of supercritical carbon dioxide as green solvent; (2) using
aqueous hydrogen peroxide for clean oxidations and (3) use of hydrogen in

asymmetric synthesis.
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1.2 Green catalysis

1.2.1 Catalysis and heterogeneous catalysis

Catalysis plays a paramount role nowadays in our society. It has an enormous
impact on the chemical industry because catalysts enable reactions to take place and
make reaction processes both more efficient and environmentally friendly. In addition,
a 0.5% to 1% increase in selectivity of reaction that leads bulk chemicals can lead to
an up to 1 million dollar increase in operating profit. Therefore, catalysis has become

indispensable in chemical industry and will become more important in 21st century.

Catalysis is the acceleration of a chemical reaction by means of a substance, called
catalyst. Here, catalyst is one substance that is added to a reaction system to alter the
speed of a chemical reaction approaching a chemical equilibrium. It interacts with the
reactants in a cyclic manner promoting many reactions at the molecular level, but it is
not consumed. Moreover, a catalyst makes a reaction go faster and in a more selective
manner. Generally, there are three kinds of catalysis: heterogeneous, homogeneous

and biological catalysis.

In heterogeneous catalysis, the catalyst is in a separate phase from the reactants
and products. The catalysts provide a surface in which the chemical reaction takes
place on active sites of the surface. A representative example as shown in Figure 1.1

illustrates how a heterogeneous catalyst works.






Chapter 1

Heterogeneous catalysis has several apparent advantages compared to other
catalytic processes:

(a) It avoids formation of inorganic salts;

(b) It is regenerable, non-toxic;

(c) Easy to handle, safe to store and has long life time;

(d) Easy and inexpensive removal from reaction mixture by filtration or

centrifugation;

Therefore, heterogeneous catalysis has been used in most industrial chemical
processes, such as the Haber process in ammonia synthesis with an iron catalyst and
the oxidation of sulphur dioxide in manufacture of sulphuric acid using a vanadium
oxide catalyst. Even in everyday life, we also find some examples of heterogeneous

catalysis, for example, fuel cell and CO detector.

1.2.2 Green Catalysis

Catalytic reactions reduce energy requirements and separations due to increased
selectivity. Therefore, catalysis provides an effective means to produce valued
compounds from raw materials in a cost-effective and environmentally benign manner.
Nowadays, the application of catalysis to reduce toxicity, benign and renewable
energy systems, and efficiency makes it a central focus area for green chemistry

research.

In recent years the development of catalysts for processes to replace
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stoichiometric reactions, which produce large amounts of undesirable waste products,
has made a significant contribution to the reduction of environmental pollutants.
However, the green of the chemistry industry is offset by other environmental issues:
(1) organic solvents, including hazardous chlorinated hydrocarbons, still widely used
in many catalytic reactions; (2) traditional procedures for the commercial preparation
of catalysts often involve the use of metal nitrates as intermediates, resulting in the
generation of waste effluent. Thus, there is an increasing interest on the topic of green
catalysis recently. It not only includes developing new catalysts which can offer stable,
highly effective catalytic performances, but considers the application of
environmentally friendly supercritical fluid on catalysis reactions and catalyst

preparations.

Numerous studies have been focused on catalysis using supercritical fluids as
solvent. Baiker and Noyori ef al. have reviewed the works on heterogeneous catalysis
and homogeneous catalysis in supercritical fluids, respectively [7-8]. The results in
these reviews have shown supercritical fluids have the great potentials in catalytic
reactions. At the same time, catalytic materials and supports preparation using
supercritical fluids has also been studied [9-11]. The most widely used supercritical
fluids in the preparation of catalysts are supercritical water (hydrothermal synthesis)

and supercritical CO; (antisolvent precipitation).
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1.3 Supercritical Fluid (SCF)

1.3.1 Definition

A supercritical fluid i1s defined as a substance above its critical temperature (Tc)
and critical pressure (Pc). The cntical point represents the highest temperature and

pressure at which the substance can exist as a vapour and liquid in equilibrium.

The phenomenon can be easily explained with reference to a phase diagram in
Figure 1.2. The curves represent the temperatures and pressures where two phases
coexist in equilibrium. The gas-liquid coexistence curve is known as the boiling curve.
If we move upwards along the boiling curve, increasing both temperature and
pressure, then the liquid becomes less dense due to thermal expansion and the gas
becomes denser as the pressure rises. Eventually, the densities of the two phases
converge and become 1dentical, the distinction between gas and liquid disappears, and

the boiling curve comes to an end at the critical point.

Table 1.1 lists the critical properties of some substances, which usually are used
as supercritical fluids [12]. Of all the substances shown by the table, carbon dioxide
and water are the most frequently used in a wide range of applications, including
extractions, dry cleaning and chemical waste disposal. In polymer systems, ethylene
and propylene are also widely used, where they act both as a solvent and as the

reacting monomer.
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Supercritical
Region

Liquid

’e;
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Figure 1.2 P-T phase diagram for a pure substance, which is traditionally used to

define the supercritical region.
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Table 1.1 Critical data for some substances

Molecular Weight Tc Pc

Solvent
(g/mol) K) (MPa)
Carbon dioxide 44.01 304.1 738
Water 18.02 647.3 22.12
Methane 16.04 190.4 4.60
Ethane 30.07 305.3 487
Propane 44.09 369.8 4.25
Ethylene 28.05 282.4 5.04
Propylene 42.08 364.9 4.60
Methanol 32.04 512.6 8.09
Ethanol 46.07 513.9 6.14

Acetone 58.08 508.1 4.70
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1.3.2 Properties of SCFs

The properties of supercritical fluids are considered to lie between those of a
liquid and a gas. They combine the solubility of liquids and the diffusivity of gases
[13-14]. However, it should be noted that some of the properties of an SCF are more

liquid-like, while others are more gas—like.

Generally, the solubility of a given solute increases with both increasing density
of the solvent and increasing vapor pressure of the solute. Consequently, the solubility
of a solute in an SCF increases with increasing pressure. It should be noted that
solubilities in liquids usually surpass those in SCFs and that the dissolving power of
an SCF only approaches that of its liquid solvent. However, SCFs sometimes still can
be referred to “supersolvent” because of the unique combination of relatively high

solubilities and other gas—like features.

Diffusivities of SCFs are considered as gas-like properties with respect to their
order of magnitude. In an SCF, diffusivity decreases as pressure is increased,
approaching values of a liquid. Meanwhile, an increase in temperature can lead to the

increase of diffusivity.

Furthermore, most properties of supercritical fluids can significantly change with
small changes in pressure and temperature, rendering supercritical fluids easily
tunable regarding their qualities as a solvent or reactant. It is this mixture of more

liquid-like and more gas-like properties together with the easy tunability of those

12
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properties that render SCFs great promising media for chemical processes.

1.3.3 Applications of SCF's

Owing to the specific properties, supercritical fluids have been widely used in
various fields including analysis, separation, polymer or material synthesis as well as

catalysis. For example:

Supercritical extraction: [15-16] Extraction of solid natural materials, mainly for
food ingredients and pharmaceuticals using supercritical fluids has been widely used.
So far, there are many large-scale industrial applications on supercritical extraction,

for example, coffee decaffeination and hop resin extraction.

Particle formation: [17-22] Extensive efforts have been put on nano- or
micro-particles formation using supercritical fluid. Production of the particles mainly
comes from hydrothermal synthesis using supercritical water and antisolvent
precipitation using supercritical CO,. So far, particle design has been a major
development of supercritical fluids applications, mainly in the pharmaceutical,
pigments and catalysts. In particular, the environmentally benign properties of CO,
make it the most widely used supercritical medium in the particle formation. In the
next part, we will focus on the introduction of particle preparation using supercritical

CO,.
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1.4 Particles Preparation using Supercritical CO, as an

antisolvent (SAS)

1.4.1 Supercritical CO,

Supercritical carbon dioxide (Tc =31.0 °C, Pc = 73.8 bar) is the most widely used
supercritical fluid so far in chemical process due to its “green” properties - it is
abundant, inexpensive, nonflammable, nontoxic, and environmentally benign. In
addition, CO; can be vented to the atmosphere or recycled without harm. Beckman
has reviewed on the use of supercritical CO, in green chemical synthesis and
processing [23]. This literature reveals that the use of CO2 has permeated almost all
facets of the chemical industry and that careful application of CO, can result in

products and processes that are cleaner, less expensive and of higher quality.

During the last decades, there has been an increasing interest in micro- and
nano-particles preparation using supercritical CO; [9, 17-22]. As we all know, very
fine particles are of considerable importance in numerous applications, including
pigmental, pharmaceutical, cosmetic and catalytic industries. Several techniques have
been used in the past for preparation of very fine particles. However, they suffer from
inherent limitations; for example, it is difficult to control particle size and particle size
distribution of powder; in addition, liquid crystallization also suffers from the problem
of solvent contamination of the precipitate. As an alternative to the traditional
techniques, preparation of particles using supercritical CO; can potentially overcome

some limitations in classical techniques on particle formation.

14
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There have been several methodologies for particle formation using scCO;
according to the literatures, for example, rapid expansion of a supercritical solution
(RESS) [24-27], supercritical antisolvent precipitation (SAS) [28-30] and supercritical
assisted atomization (SAA) [31-36]. Amongst them, supercritical antisolvent
precipitation (SAS) is a technique more recent than the others but already it has
become the focus of intense industrial research. Particularly, SAS has much promise

for inorganic materials.

1.4.2 Principle of SAS precipitation

The application of the supercritical CO, as an antisolvent to precipitate materials
from conventional solvents results from the fact that many substances are insoluble in
supercritical CO,. The principle of this technique is quite similar to the
well-established use of layering of poor solvents above a solution to result in
precipitation or crystallization in synthesis of chemicals. Generally, supercritical
antisolvent precipitation succeeds as a method when all the following conditions can
be met: (1) The solute is highly soluble in the conventional solvent; (2) The solute has
poor solubility in scCO, (3) scCO; should have the good miscibility to the
conventional solvent. In the SAS technique, essentially, scCO; is mainly used to

reduce the solvent power of a conventional solvent, so that the solute precipitates.

Recently, supercritical antisolvent precipitation process has been considered as an
altemative to the liquid antisolvent processes. It has several potential advantages in

very fine particle preparation:
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(1) The scCO; has very fast diffusivity which is about two orders of magnitude larger
than conventional solvents. This fast diffusion can produce supersaturation
immediately prior to precipitation, and thus leads to the formation of nanoparticles not
usually accessible by liquid antisolvents or other conventional techniques. At the same

time, it is also convnenient for the control of the particle size distribution.

(2) The CO; is environmentally benign and it can be vented to the atmosphere or
recycled without harm. So the recovery of dry precipitates from the SAS process can
be easily done by just a single depressurization. This step of the process is always
problematic for other techniques, where complex treatments for the complete

elimination of contamination from liquid residues are required.

(3) The temperature and the density of the scCO, as well as the flow rates of the
scCO; and the solution can be manipulated to control the particle size, shape and the
morphology of the precipitated particles. It is known that control of these parameters
1s quite important for particle design, particularly for the particles used as

heterogeneous catalysts.

1.4.3 Experimental apparatus

Particle formation using scCO, as an antisolvent has been performed using
different processes and apparatuses. This induced various acronyms to be used by
different authors to indicate the precipitation process, such as GAS(compressed gas

antisolvent) [37-39], PCA(precipitation by compressed antisolvent) [40-43],
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SEDS(solution enhanced dispersion by superciritical fluids) [45] and
SAS(supercintial antisolvent precipitation) [28-30]. However, the principles on these
techniques are exactly the same. Amongst all of these acronyms, SAS gives a better
description of the process since it points out the supercritical nature of the antisolvent

used.

For particle formation using supercritical CO; as an antisolvent, two kinds of
operations generally are used in the preparation process according to the literature: (a)

batch operations, and (b) semi-continuous operation.

1.4.3.1 Batch Operation

Figure 1.2 shows a schematic representation of a batch supercritical antisolvent
particle precipitation. In a batch process, the precipitation chamber is loaded with a
given quantity of the liquid solution and then the supercritical antisolvent is added
until the final pressure is reached. The supercritical antisolvent can be added from the
bottom or from the top of the chamber. The batch operation is not generally carried
out at a steady state. Therefore, it is difficult to analyze the effect of the process

parameters on the precipitated materials.

At the end of the precipitation process, the chamber needs to be washed with the
supercritical CO; to remove the liquid. This is very important for the achievement of
dry and pure precipitates. If the washing is not sufficient, the liquid solvent may

resolubilise or contaminate the precipitates during the depressurization of the

17
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1.4.4 Preparation of Inorganic Materials Precipitation Using

SAS

Using an SAS process, numerous particles have been produced. As discussed
above, organic solvents generally are applied in this process considering the
requirement of the miscibility of scCO, and the solvent. Preparation of inorganic
materials including superconductors and catalysis materials is thus relatively difficult
due to the poor solubility of inorganic metal salts in the majority of organic solvents
that are available. There is only a limited number of works reported in the literature so
far, and these are summarized in Table 1.2. From the table, it is apparent that DMSO
(dimethyl sulfoxide) has been used as solvents in the majority of particle formation of
inorganic materials synthesis, which mainly results from the highly solubility of many
inorganic metal salts in DMSO [48]. In addition, very fine inorganic particles, down
to 50nm, can be obtained using SAS process. It is very promising, particularly in the
synthesis of heterogeneous metal oxides catalysts, since catalysts with nanosize have

been reported that can greatly exhibit enhanced activity for various catalytic reactions

[49-50].

In the following, detailed literature survey, the results classified by the
applications will be introduced for a number of inorganic materials prepared by SAS

process.
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Table 1.2 Particles preparation of inorganic materials using SAS process

Substances Solvents Results References
Ammonium Chloride DMSO(dimethyl sulfoxide) crystalline particles; particle size: 0.1-20um [51]
Barium Chloride DMSO cystalline particles ; particle size : 0.5um [51]
Cobaltous nitrate acetate fluffy pink powder with free-flowing [52]
Europium acetate DMSO or NMP (N-methylpyrrollidone) mean diameter of particle: 0.2um [53]
Gadolinium acetate DMSO mean diameter of particle: 0.2um [53]
Neodymium acetate DMSO or NMP mean diameter of particle: 0.1um [54]
Nickel chloride hexahydrate absolute ethanol very fine free-flowing powder [52]
Samarium acetate DMSO particle size:0.1-0.5 um [10.29,54]
Samarium acetate water+ethanol particle size: 0.2 um [55]
Silver nitrate methanol particle size: 0.3um [55]
TiO, ethanol Anatase TiO,, average particle size : 200nm [56]
Vanadium phosphorus oxide | isopropanol amorphous particles; particle size: 0.075-1um [57.58.59]
Yttrium acetate DMSO particle size: 0.1-lum [54.60]
Zinc acetate DMSO or NMP amorphous particles; mean diameter of particle: 50nm [11.30]
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Chapter 1

new method demonstrates that great potential exists for the preparation of nano-scaled

catalysts using the methodology.

(2) SmO; precursor (SmAc)

Using the same SAS process, Reverchon e/ al. successfully prepared samarium
acetate which further was calcined to give the corresponding oxide [10]. The particle
size ranged from S0nm to 300nm was observed. Catalytic activity for ethane
dehydrogenation on SmOx(SAS) was tested and it showed high selectivity to ethylene
(58% at 680°C) in the oxidative dehydrogenation of ethane, which has been shown in

Figure 1.7.

Furthermore, they compared the ethylene yield obtained with SmOx(SAS) and
regular SmOx at a given value of ethane conversion. The result showed that the yield
of ethylene on SmOx(SAS) is higher than on regular SmOx. This work gives an
exciting information that catalysts derived from supercritical antisolvent precipitation

may exhibit better catalytic performance to selective oxidation reaction.
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Figure 1.7 Ethylene yield (l,0) and CO/CO, selectivity ratio (@®,O) versus ethane
conversion on SmOx(SAS)(solid symbols) and on regular SmOx(open symbols)

catalysts.

(3) VPO

Hutchings and co-workers reported the preparation of vanadium phosphate
(VPOs,) using supercritical CO, as an antisolvent in 2001[57-59]. The precipitation
started from the isopropanol solution of vanadium phosphate and VPO precursor
subsequently was obtained which consists of discrete spherical particles ranging

between 75nm and lum in diameter (Figure 1.8).
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Figure 1.9 The yield of maleic anhydride (mol/h m?) with time on stream for the VPA
VPO, VPD, and VPOsc catalysts. GHSV=1200" for the VPO, VPD, and VPA

3

catalysts; GHSV=2400 "' for the VPOsc catalyst. The reaction temperature was

400+°C and the concentration of butane in air was 1.5% by volume for all catalysts.

Table 1.3

The Yield of Maleic Anhydride (molh - m?) for the VPA. VPO,
VPD. and VPO, Catalysts under Steady-State Conditions

n-Butane Surface Specific
Preparation  conversion  Selectivity area activity
route (") (") m*g~h)  (molMA m—2h-})
VPA 11 3l 4 124 » 10-°
VPO 27 32 14 135 x 107°
VPD 62 4 43 119 » 10°°
VPO, 24 48 6 22 » 107°

Note GHSV=1200 h=' for the VPO. VPD, and VPA catalysts:
GHSV =2400 h™! for the VPO, catalyst. The reaction temperature was
400-C and the concentration of butane in air was 1.5%. by volume for all

catalysts
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This work has been the first detailed study on the application of catalysts derived
from supercritical antisolvent precipitation. It further indicates that preparation of
catalysts using supercritical CO; as an antisolvent may have a great potential to be an
alternative preparation method since better catalytic performance than that of

convention catalysts has been obtained in some reactions so far.

1.4.5.2 Superconductor preparation

A set of superconductor precursors including EuAc, GdAc, LaAc, YAc and SmAc
have been prepared using SAS process by Reverchon and co-workers [53,54,60].
They systematically studied the effect of different preparation parameters, such as
volumetric expansion of solvent, T, P, liquid concentrations, the feed ratio
solution/antisolvent and various solvents, have been investigated. This systematic
work offered the useful information on tailoring the particle size and morphology of

particles in supercritical antisolvent precipitation process.

Taking an example of the preparation of YAc [54], the effects of volumetric
expansion of DMSO was mainly investigated. Their results showed that volumetric
expansion of DMSO mainly controlled the morphology of particles produced by SAS.
SEM images of YAc in Figure 1.10 clearly exhibited the change of morphology
induced by volumetric expansion. When pressure varied from 100 to 160bar, no
definite trend on the effect can be identified any more since the maximum value of

volumetric expansion has been reached at that region.

29



Chapter 1

Meanwhile, their study suggested the solute concentration mainly controls
primary particle size and particle size distribution of precipitated materials, as shown
in Figure 1.11. The data showed that the observed increase of diameter and particle
size distribution correlates very well with the reduced concentration of all the tested
solutes. For example, when using the same reduced concentration for various
chemicals, the similar mean particle size and particle size distribution were observed.
Due to the reduced concentration was defined as the ratio between the concentration
of the liquid solution feeding to the SAS system and the concentration at saturation
conditions, the distance from the saturation point was considered by the authors as the

driving force for the particles formation and can determine their final characteristics.

This work offers a very useful guide for the preparation of inorganic materials
with controlled size and morphology, which is quite essential for nanoscaled catalysts

preparation.
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Chapter 1

TiO,. Anatase titanium oxide with a mean diameter of 200nm, can be obtained at
20MPa and 300°C using ethanol as a solvent. Meanwhile, surface area of as-prepared
anatase TiO, up to 150m*/g was obtained using these supercritical conditions. They
also investigated the effect of temperature, pressure and residence time on the

precipitation. Table 1.4 gives the summary of these data.

Table 1.4 Summary of product characteristics at selected operational conditions

P (MPay T¢eO Residence TiO; anatase Yield (%) Average size (nm) Product poliution (& C) Crystallinity BET area

time (s) im¥/g)

Batch process

100 300 Yes 4 200 71 Very good 108

200 300 Yes 8 150 12 Very good 13

200 250 Yes 7 00 20 Good 160

200 200 3?7 - - 120 Poor 150
Semi-continuous process®

200 0 120 Yes 85 250 <l Very good 159

200 X0 %9 Yes 82 12§ <1 Very good 152

200 300 60 Yes 80 100 <l Very good 140

200 300 30 37 - - - Poor _

200 0 20 &2 - - - Poor -

3 Initial concentration = 0.05 g DIPBAT/g reaction medium Hydrolysis reactant: ethanol. Molar ratio E‘OH/DIPBAT =28,
® Hydrolysis reactant: ethanol. Molar ratio EXOH/DIPBAT = 28.

They considered the formation of anatase TiO, can be attributed to the hydrolysis
of DIPBAT followed by the decomposition of the hydroxide. The reaction mechanism
of the hydrolysis and decomposition process in supercritical antisolvent precipitation

is described as follows:
EtOH « ethene + H,;0

Ti(OR)2(OR’); + H;0 « Ti(OR)OR’);(OH) + ROH
Ti(ORXOR')2(0H) + H20 « Ti(OR")2(OH); + ROH
Ti(OR’);(OH); + H2O « Ti(OR’)}OH)3 + R'OH
Ti(OR’)}OH)3 + H20 < Ti(OH), + R'OH

TitOH)4 & TiO; +2H,;0
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In this procedure, water for the hydrolysis is generated by decomposition of
ethanol in the supercntical process. A molar ratio of at least 28 mol EtOH /mol
DIPRAT is required in order to complete the reaction and to form anatase TiO,. At the
same time, high temperature of 300°C is essential to complete decomposition of

titanium hydroxides.

This work demonstrates that remarkable progress has been achieved for
preparation of metal oxides using supercritical antisolvent precipitation because it
successfully solves the problem that the high surface area of the precipitated materials
can’t be retained after calcinations [11]. This is particularly essential for preparation

of nanoscaled oxide catalysts in the future.
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1.5 Aim of this project

In recent years the development of catalysts for processes to replace
stoichiometric reactions, which produce large amounts of undesirable waste products,
has made a significant contribution to the reduction of environmental pollutants.
Unfortunately, this 'greening' of the chemical industry at one level is offset by
environmental issues at another, issues that we now have to address. Traditional
procedures for the commercial preparation of catalysts often involve the use of metal
nitrates as intermediates, resulting in the generation of waste effluent. Recent UK
regulations conceming the control of nitrate effluent will inevitably place severe
restrictions on catalyst production, necessitating the development of new methods for
catalyst synthesis. The aim of this project is to develop new preparation
methodologies for heterogeneous catalysts currently prepared using nitrates with
co-precipitation. Specific objectives will include:

a) The preparation of hopcalite (CuMnOy) using supercritical CO; of high

activity catalysts for CO oxidation.

b) The study of manipulating the parameters in supercritical antisolvent

precipitation process to control and obtain the required material morphology.
¢) The study of the synthesis of high activity oxides as supports for gold

nanoparticles for CO oxidation as well as alcohol oxidation.
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Chapter 2

Experimental Details

2.1 Catalysts Preparation
2.1.1 Precursor Precipitation by the SAS process
2.1.1.1 SAS apparatus

The scheme of the SAS apparatus is shown in Figure 2.1. It is a semi-continuous
precipitation instrument. This apparatus consists of two HPLC pumps (Jasco, PU-980
for solution and PU-1580-CO, for CQO;), a back pressure regulator (BPR, Jasco,
BP-1580-81), a precipitation chamber and an isothermal oven. Previously, we have

successfully precipitated vanadium phosphate catalysts used this apparatus [1,2].

CO; is pumped as a liquid using one HPLC pump over the critical pressure
(72bar), which is maintained by BPR. It passes through a length of coiled tube in the
isothermal oven and is heated through its critical point. The starting solution is
pumped through a fine capillary (220um 1d) into the precipitation vessel by the other
HPLC pump. As the solution exits the capillary, the solvent and CO, diffuse into each
other, reducing the solubility and the solutes precipitate. A stainless steel filter
(500nm) is put at the bottom of the vessel. It collects the precipitates but allow the
CO; and solution to pass though. To avoid clogging the BPR, a second stainless steel
filter is set to locate below the first one to collect some particles which passes though

the first filter.
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2.1.1.2 Calculation of the yield of as-precipitated precursor

The yield of as-precipitated precursors is approximately calculated as follows:

Yield% = m/(vxtxc) x100

Where “m” is the collected amount of as-precipitated precursor (mg) after operation,

v” is the flow rate of the feeding solution (ml/min), “t” is the feeding time of the

solution (min) and “c” is the concentration of the feeding solution (mg/ml).

2.1.2 Catalyst Preparation

The as-precipitated catalyst precursors are calcined to give final catalysts
(hopcalites) or supports for gold catalysts at 300-400 °C for 2h with the ramp of 10
°C/min in static air. Detailed preparations will be introduced in the corresponding

chapters.

2.2 Catalyst Testing

The catalysts are tested for CO oxidation using a U-shape fixed-bed laboratory
microreactor (3mm id), operated at atmospheric pressure. The reaction gas mixture
consists of 0.5% CO balanced with synthetic (80% O, and 20% N,). The gas is fed to
the reactor at controlled rates of 22.5 ml min™ using mass flow controllers and passed
over the catalysts (15 or 50mg). The catalyst temperature is maintained at 25 °C by
immersing the quartz bed in a thermostatically controlled water bath. The products are

analyzed using on-line gas chromatography.
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2.3 Characterization

2.3.1 Characterization of precursors and catalysts

All the as-precipitated precursors and as-calcined catalysts as well as as-prepared
gold catalysts have been characterized by XRD, BET, FTI-IR, Raman, AAS, TGA,
SEM, TEM and XPS. Amongst these characterizations, all the analysis work on gold
catalysts was finished by Prof. C. Kiely’s group in Lehigh University in USA and all
the analysis on hopcalite sample was finished by Prof. M. Rosseinsky’s group in
Liverpool University. XPS analysis on gold catalysts and hopcalite samples was

performed by Dr. A. Carley in Cardiff University

2.3.2 Chatacterization Techniques

2.3.2.1 X-ray powder diffraction (XRD)

X-ray powder diffraction (XRD) is widely used as a common technique in the
research study of heterogeneous catalysts. XRD is a non-destructive technique and its
most widespread use is for the identification of crystalline compounds by their
diffraction pattern [3,4]. This method can be used for phase identification, quantitative
analysis and the determination of structure imperfections. When X-rays interact with a
crystalline substance, a diffraction pattern will be obtained. Hence, the X-ray
diffraction pattern of a pure substance is like a fingerprint of the substance. With
regard to pure amorphous solid materials, no phase diffraction patterns appear by

XRD analysis. Figure 2.2 displays a schematic picture of the X-ray tube, the X-ray
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with standard reference patterns and measurements, the XRD pattern allows for

identification of the matenal.

The XRD analysis in this thesis was carried out using an Eraf Nonius PSD120
diffractometer with a monochromatic Cu K,; source operated at the conditions of 40

keV and 30 mA.

2.3.2.2 BET method

The most widely used technique for determining the surface area is the so-called
BET method (Brunauer, Emmet and Teller, proposed in 1938) [5]. Surface area is an
important and intrinsic physical property of matenals and often plays a significant
role in the reactivity of catalysts and sintering behaviour of powdered metals and so
on. The concept of the theory is an extension of the Langmuir theory. The resulting

BET equation is expressed by (1):

1 _c—1 (ﬁ) | 1 (1)
l’[(P()/p) - l] a Uy C Py Uy C

P and P, are the equilibrium and the saturation pressure of adsorbates at the
temperature of adsorption, v is the adsorbed gas quantity (for example, in volume

units), and v,, is the monolayer adsorbed gas quantity.

The basic principle of BET method is to determine the surface area by
calculating the amount of gas adsorbed at cryogenic temperatures. According to the

amount of gas adsorbed at a given pressure, the BET equation can be used to calculate
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the number of adsorbed gas molecules that would be required to form a monolayer on
the surface. In the present work, data were treated in accordance with the BET method

from the nitrogen adsorption isotherms.

For the BET surface area analysis in this thesis, powder samples were firstly
degassed for approximately 30 minutes. After that, the sample was placed in a sample
vessel connected to a gas inlet (liquid N; at 77K used to cool the vessel), a vacuum
pump and an electronic barometer. The initial step of the analysis involved evacuation
of the chamber in order to remove adsorbed molecules from the surface followed by
the deposition step where N, was allowed into the chamber and the pressure was
measured. All the analysis of samples were performed using the Micromeritics
Gemini 2360 Analyzer, which is a fully automatic, single- or multi-point surface area

analyzer.

2.3.2.3 Thermo gravimetric analysis (TGA)

Thermo gravimetric analysis (TGA) is a useful thermal analysis technique, which
can be employed to measure the amount of weight change of a material, either as a
function of increasing temperature, or isothermally as a function of time, in an
atmosphere of nitrogen, helium, air, other gas, or in vacuum. Inorganic materials,
metals, polymers and plastics, ceramics, glasses, and composite materials can be

analyzed.

During the current work in this thesis, TGA analysis is mainly applied to
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determine temperature and weight change of decomposition reactions, which in tum
allows us to get a quantitative composition analysis of the material that was studied.
All of the TGA analysis in the current work was carried out in N, flow with the ramp

of 10°C/min using the SETARAM'S Labsys thermogravimetric analyzers.

2.3.2.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is among the most frequently used
techniques in catalysis. It can yield information on the elemental composition, the
oxidation state of the elements, chemical species that exist on the surface of samples,
and in favorable cases on the dispersion of one phase over another [6]. This technique
usually consists of a fixed X-ray energy source and an electron energy analyzer.
Routinely, used X-ray sources are Al K, (1486.6eV) or Mg K, (1253.6eV). XPS
analysis should be performed under a ultra high vacuum (UHV) environment.

The basic principle of XPS is based on the photoelectric effect proposed by
Einstein [6], in which an atom absorbs a photon of energy hv; next a core or valence
electron with binding energy Ej 1s ejected with kinetic energy Ei. In XPS, measuring
the E; and calculating the E;, will produce the fingerprint of the atom because for each
and every element, there will be a characteristic binding energy associated with each
core atomic orbital. Thus, the XPS spectra are able to provide information on the
electronic state, elemental composition and chemical species that exist on the surface

samples.

XPS analysis in this thesis X-ray photoelectron spectra were measured on a
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Kratos Axis Ultra DLD spectrometer using a monochromatic AlK, X-ray source (75
W) and an analyser pass energy of 40 eV. Samples were mounted using double-sided
adhesive tape, and binding energies are referenced to the C(1s) binding energy of

adventitious carbon contamination taken to be 284.7 eV.

2.3.2.5 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a kind of electron spectroscopy capable of
producing high resolution images of a sample surface, which involves using electrons
rather than light to form an image [7]. Consequently, SEM allows a greater depth of
focus than optical microscopy and is able produce an image that is a good illustration
of a three-dimensional sample. SEM images have a characteristic three-dimensional
appearance and are useful for judging the surface structure of the sample.

The basis principle of SEM can be simply described as the following: when
electron beam hits the sample, two sorts of electrons, namely secondary electrons and
backscatter electrons are produced . These two kinds of electrons are collected by the
detector and converted to a signal that is transferred to a viewing screen, thus forming
the SEM image. SEM images will show a quite natural looking on what the surface

looks like. Figure 2.4 gives SEM images of human hair and P25-TiO, powder.
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Chapter 2

Bright-field imaging experiments were carried out in a JEOL 2000 FX TEM operating
at 200kV.  Annular dark-field (ADF) imaging and x-ray energy dispersive
spectroscopy (XEDS) analyses were carried out at 300kV using a VG HB 603
dedicated scanning transmission electron microscope (STEM) fitted with a Nion
spherical aberration corrector and an Oxford Instruments INCA 300 system for XEDS
spectrum imaging. All the analysis work on gold catalysts was finished by the group
in Lehigh University in USA and all the analysis on hopcalite sample was finished by
the group in Liverpool University. In particular, in this thesis, the joint-use of SEM

and TEM was adopted since both of them can provide complementary information.

2.3.2.7 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is a powerful tool for identifying
types of chemical bonds in a molecule by producing an infrared absorption spectrum
that is like a molecular fingerprint [8,9]. FTIR is a special measurement technique for
collecting infrared spectra (IR). Instead of recording the amount of energy absorbed
when the frequency of the infra-red light is varied, the IR light is guided through an
interferometer. After passing the sample, the measured signal is the interferogram.
Since FTIR is a kind of IR spectroscopy, the signal from FTIR spectra is identical to
that from conventional infrared spectroscopy. The theoretical principle of FTIR is the

same as IR.

IR is one of the most common spectroscopic techniques. Simply, it is the

absorption measurement of different IR frequencies by a sample positioned in the path
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of an IR beam. IR works because chemical bonds have specific frequencies at which
they vibrate corresponding to energy levels [8,9]. Consequently, IR is a spectroscopy
that uses the information of molecular vibration. Since different functional groups
absorb characteristic frequencies of IR radiation, IR spectra will give us the
information that what kinds of functional groups exist in the material that is analyzed.
Figure 2.6 shows an example of FTIR spectrum of silicone. By adopting various
sampling accessories, IR spectrometers can accept a wide range of sample types such

as gases, liquids, and solids.

3i-0-3i stretching vibrations

3765.53

290517
e
141207

\ CHg Asymmetnic
! ) deformation of $i-CHy
, JCH steetching of CHg

CHj3 symmetric deformation of Si-CHy \

T | T ] T T T T I | T |

4000 3000 2000
Wavenumbers

Figure 2.6 FTIR spectrum of silicone (polydimethylsiloxane)

In this thesis, the main goal of FTIR analysis is to determine the chemical
functional groups in the sample, which is able to help structural elucidation and
compound identification. All the analysis of FTIR was carried out on a Perkin Elmer

series 2000 FT-IR spectrometer.
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Chapter 2

All of the Raman analysis in this thesis was carried out on a Renishaw

Ramanscope spectrograph fitted with a green Ar+ laser (A=514.532nm ).

2.3.2.9 Atomic Absorption Spectrophotometry (AAS)

Atomic absorption spectroscopy (AAS) is a technique for determining the
concentration of a particular metal element within a sample [10]. In their elemental
form, metals are able to absorb ultraviolet (UV) light when they are excited by heat.
Each metal has a characteristic wavelength that will be absorbed. AAS looks for a
particular metal by focusing a beam of UV light at a specific wavelength through a
flame and into a detector. The sample of interest is aspirated into the flame. If that
metal is present in the sample, it will absorb some of the light, thus reducing its
intensity. The AAS instrument measures the change in intensity. Then, a computer
data system converts the change in intensity into an absorbance. As concentration

goes up, absorbance goes up.

The concentration measurement is usually determined from a calibration curve
after calibrating the instrument with standards of known concentration. A calibration
curve is produced using a series of known standard solutions. The concentration of the
element to be determined can be readily derived from this calibration curve. The AAS
instrument primarily consists of the following sections: light source, sample cell,
monochromator and detector, as shown in Figure 2.8. During the AAS analysis,

successful operation of AAS often depends on the correct choice of flame, suitable
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preparation of samples and standards, careful optical alignment of the lamp with the

monochromator and careful alignment of the burner with the light path.

Monochromator

Detector
Y am— - L chanitci H
Hollow
cathode
BMP|  Frame
Nebulizer Test
Solution

Processor

Figure 2.8 Sketch of atomic absorption spectrophotometer

In this thesis, AAS is mainly used to determine the loading of metal on a support
and the ration of composition of metal elements in a compound. All the analysis of
AAS was carried out with a Perkin-Elmer 2100 Atomic Absorption spectrometer

using an air-acetylene flame.
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Chapter 3

Preparation and Catalytic Evaluation of

CuMnO, for CO Oxidation

3.1 Introduction

The mixed copper manganese oxide (CuMnOx), also called hopcalite, is a
well-known oxidation catalyst at room temperature. It can effectively remove deadly
carbon monoxide from breathing air, destroy Volatile Organic Compounds (VOC) in
ambient environment, as well as destruct toxic and corrosive emission of ozone. Since
its first reported use in 1921, this catalyst system has been successfully used as a
commercial catalytic material for over 80 years in respiratory protection in military,

mining and space application.

During the last decades, to investigate its activity-structure correlation and
achieve higher catalytic activity, the studies of hopcalite have been carried out on
synthesis methods, characterization, adsorption and physical properties, mechanism of
catalytic activity as well as applications. So far, it is suggested that the high activity of
the hopcalite catalyst is due to the resonance system Cu”*+Mn>"<Cu'*+Mn*" and the
unique adsorption properties of CO on Cu*/Mn*" as well as of oxygen on

Cu'*/Mn*".The purpose of the resonance system is thought as the regeneration of the
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catalyst in an active state after chemisorption of CO and O; and formation of CO,
[1-4]. In addition, the activity of hopcalite also depends on its morphology since many
studies have showed that the hopcalite is highly active in the amorphous state,' even
at room temperature, and the activity is lost if the material is calcined at temperatures
above ca. 500°C when a crystalline spinel phase is formed. On the other hand, the
studies of the synthesis methods indicated that the activity of CuMn,Q, is known to
depend on the structure of the catalyst precursor ° and, in general, this is in tum
controlled by the preparation method. Recently, Hutchings and co-workers have
investigated the effect of the parameters in the coprecipitation procedures on the
catalyst performance [5-7]. Their results showed that the ageing time in the precipitate
process is of crucial importance in the preparation of active hopcalites and the most
active catalyst was aged for 12 hours and the phase prepared was the stoichiometric
CuMn;0;. The modified approach has led to the preparation of the hopcalite with

better catalytic activity [5-7] .

It is well known that active hopcalites are currently prepared by coprecipitation of
a basic carbonate from a solution of the nitrates using sodium carbonate. Recently, the
UK government has issued new regulations [8] concemning the control of nitrate
effluent that will place severe restrictions on catalyst production, as nitrates are
standard starting point for the preparation of many large-scale heterogeneous catalysts.
Therefore, there is an urgent need to develop a new catalyst preparation methodology
that avoids the use of nitrates. This is particularly important for hopcalite thinking that

it is widely used in breathing apparatus, smoke hoods and other personal protection
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applications. Using supercritical fluids in catalyst preparation provides an important
possibility of a nitrate-free path to catalysts and catalyst precursors, thereby providing

a new green route for catalyst manufacture.

In this chapter,it was focused on the preparation of nanostructured CuMnOy using
supercritical CO, as an antisolvent and acetates as starting precursors. Different
solvents for metal acetates including pure solvents and cosolvents contained water as
well as hydrogen peroxide have been investigated and catalysts with high activity for

CO oxidation at room temperature have been obtained.

3.2. Experimental

3.2.1 Catalyst Preparation

The synthesis of CuMn,O, was performed using the apparatus shown
schematically in Chapter 2 (Figure 2.1). A mixed solution of copper acetate and
manganese acetate (1:2 in molar ratio) in solvent (i.e. dimethyl sulfoxide) was
prepared. Supercritical CO, was pumped in at pressures of up to 110bar with the flow
rate of 10 ml min™. The whole system was held at 40 °C. Initially, pure solvent was
pumped through a fine capillary into the precipitation vessel at a flow rate around 0.1
ml min™ for 25 min in co-current mode with supercritical CO; in order to obtain
steady-state conditions in the vessel. After the initial period, the flow of liquid solvent

was stopped and the mixed acetate solution was delivered at 0.1 ml min™ flow rate.
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The system pressure and temperature was maintained constantly during the course of
feeding the solution and CO,. As the solution exited the capillary, the droplet and
scCO; rapidly diffused into each other, causing expansion, simultaneously reducing
the solvent power. The solute was precipitated rapidly. When all the solution had been
processed, scCO, was pumped for a further hour to wash the vessel in case the
residual dimethyl sulfoxide (DMSO) condensed during the depressurization and
partly solubilized the precipitated powder modifying its morphology. When the
washing process was completed, the CO, flow was stopped and the vessel was
depressurized to atmospheric pressure and the light green as-precipitated precursor
was collected. The precursor was calcined at a certain temperature in air to produce
the final catalyst-copper manganese oxide which was further used to the oxidation of

CO under ambient temperature.

To investigate the influence of various precipitation environments in supercritical
process, I explored different pressure from 110 to 150bar and different temperatures
from 40 to 60 °C. In addition, various kinds of solvents were applied, which range
from single solvents, including DMSO, DMF and NMP etc, to mixed solvents, such

as water-ethanol, water-DMF and H,O,-ethanol etc.

All these as-prepared precursors were characterized by the analysis of XRD, BET

FT-IR, TGA, SEM, and in selected samples, by TEM and XPS.
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3.2.2 Materials

All the materials were used as supplied. Table 3.1 lists the details on all these

materials including solvents, metal salts and CO; gas.

Table 3.1 Specification of materials used in the supercritical antisolvent precipitation

Materials * Grade Company
CO; SFC, 99.99% BOC
Cupric acetate monohydrate ACS reagent, >98% Sigma-Aldnch
Manganese(lI) acetate tetrahydrate >99% Aldrich
Dimethyl sulfoxide (DMSO) ACS reagent, >99.9% Aldrich
ethanol Analytical reagent, absolute Fisher
Dimethylformamide (DMF) HPLC grade Acros
Spectrophotometric grade,
N-Methyl-2-pyrrolidone (NMP) Aldrich
99%
methanol HPLC Grade Fisher
H,0, 30% H,0, in water Aldrich
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3.3. Results and Discussion

3.3.1 Using pure DMSO as a solvent

DMSO is a clean, low toxic and dipolar aprotic solvent which widely functions as
a reaction solvent in pharmaceutical, agricultural, polymer processes and sugar esters
[9]. Due to its high solubility of inorganic metal salts and complete miscibility with
scCO,, DMSO has been considered the best solvent to produce metal oxide precursors
in supercritical antisolvent precipitation process. Recently, Reverchon and co-workers
have successfully produced a variety of metal oxides applying DMSO as a solvent in
supercritical process [10-11]. Their results showed well-defined nanoparticles of
metal oxides precursors have been obtained with high yield due to the excellent
miscibility between DMSO and supercritical CO; as well as the good dissolve power

of DMSO to metal acetates.

In view of these pioneer works, our initial synthesis of CuMnOx in supercritical
antisolvent process was performed using pure DMSO as a solvent. Experiments were
conducted over about 6h, which resulted in the synthesis of approximately 0.5g of
light green solid. The yield was calculated approximately around 45% based on the

starting matenials of CuAc of 10 mg/ml and MnAc of 24.5 mg/ml in DMSO.
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3.3.1.1 Characterization of the precursor

The precursor obtained from supercritical antisolvent process was characterized

by the analysis of XRD, FT-IR, SEM and TEM. The results are showed as follows

The XRD pattemns of as-prepared precursor and the starting materials (CuAc and
MnAc) are shown in Figure 3.1. The hopcalite precursor produced from supercritical
process is clearly amorphous, in contrast with the crystalline CuAc and MnAc before
supercritical process. The result is in full agreement with the literature reports, in
which amorphous materials were always obtained in supercritical antisolvent process
when using pure DMSO as a solvent [10]. Due to the prompt precipitation induced by
the rapid mix between scCO, and DMSO in supercritical process, it is easy to

understand that the amorphous precursor can be obtained using this method.

. . : . :
20 40 Go 0o 100
2 theta/degree

Figure 3.1 XRD patterns of untreated manganese acetate (a), copper acetate (b) and

CuMnOx precursor from supercritical process (c).
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The FT-IR spectrum of the precursor (Figure 3.2) shows the main bands of the
acetate salts at 1561 and 1415 cm™, corresponding to the asymmetric and symmetric
stretching of carboxyl groups, respectively. There are also bands observed at 1471
cm’! as a shoulder, and at 842cm™, which may be attributed to the presence of a little
bit basic carbonate salts. The presence of carbonate salts can be attributed to the

exposing of the materials to CO, atmosphere in the supercritical process.
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Figure 3.2 The FT-IR spectra of untreated manganese acetate (a), copper acetate (b)

and CuMnOx precursor from supercritical process (c).

BET surface area measurements show that precursors made using this process
exhibit exceptionally high surface area, up to ca. 300 m’g™". The ratio of [Cu]:[Mn] in
the precursor prepared was found to be 0.51 by the analysis of AAS, indicating that

the copper acetate and manganese acetate were precipitated stoichiometrically.
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