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Abstract

Recently, the increasing level of atmospheric CO2, has been widely noticed due to its
association with global warming, provoking a growth in environmental concerns toward the
continued use of fossil fuels. According to the World Meteorological Organisation (WMO),
the concentration of CO- in the Earth's atmosphere surged to a record high, hitting 403.3
ppm in 2016. Researchers suggested that a combination of human activities and the El Nifio
weather phenomenon drove CO: to a level not seen in 800,000 years. Green methanol
synthesis that consists of CO. recycling together with renewable hydrogen production seems
to be a promising way to achieve carbon neutral process and sustainable development. This
thesis is therefore intended to provide some research advancements on methanol synthesis
from CO2 hydrogenation over promising bimetallic materials and green hydrogen synthesis

over nanocomposite materials.

Since the prevailing of the highly active and economic Cu/ZnO/Al;O; catalyst for CO;
hydrogenation to methanol, the Cu/ZnO based catalysts have attracted increasing attention
and many systematic studies have focused on elucidating the structure of active sites.
Although the active sites of methanol synthesis over commercial Cu/ZnO/Al,O3 catalysts
have recently been the subject of intense debate, many studies over the past 20 years have
shown that the good performance of Cu/ZnO based catalysts is attributed to the active Zn-
Cu bimetallic sites. In this thesis, we present a novel and simple method for the preparation
of active bimetallic Cu-Zn nanoparticles. Through the establishment of a type-Il
heterojunction in the support, Zn-rich Cu-Zn bimetallic alloys can be derived from the
reduction of the mixed metal (Cu, Zn, Ga) oxides support synthesised via co-precipitation
method. The catalytic performance of the catalysts shows CO2 conversion and methanol

selectivity can be significantly improved by increasing the Zn® content in the Cu-Zn
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nanoparticles under the facilitation of the metal oxides heterojunction. Moreover, the
number of the Cu-Zn active species can be further increased by introducing an ultra-thin (1-
3 cationic-layers) (CuZn)1xGax-COs layered double hydroxides nanosheets as catalyst
precursors synthesised following the recently reported aqueous miscible organic solvent
method. Owing to the distinctive local steric and electrostatic stabilisation of the ultra-thin
nanosheets, the newly formed Cu-Zn alloys can be stabilised by the cationic layers upon
reduction, exerting a great enhancement to the catalytic reaction of methanol production
from CO. and Hz. On the other hand, a new class of Rh-In bimetallic catalysts were
synthesised and applied as catalysts for renewable methanol production. The fine-tuning of
product specificity, owing to strong synergies that contribute to the electronic or geometric
alterations of the monometallic surfaces, is clearly demonstrated in this bimetallic system:
An unmodified Rh surface catalyses CO2 and Hz to methane, while the bimetallic Rh-In
system presents excellent methanol production rate of CO, hydrogenation. In addition, the
supported Rh-In nanoparticles show the ability to inhibit the reverse water-gas shift reaction
such that to minimise the formation of CO. Therefore, high methanol yield and methanol
selectivity under thermodynamically unfavourable methanol synthesis conditions can be

achieved over this novel and promising bimetallic system.

For the renewable methanol production from Hz and COz, it needs to be emphasised that the
hydrogen sources must come from the green production routes. Therefore, an in-depth study
of a nanocomposite system, CdS-carbon nanotubes-MoS,, for photocatalytic hydrogen
production from water has been demonstrated. The hydrogen evolution rate of this
nanocomposite is found critically dependent on the content and structural integrity of carbon
nanotube, and the study depicts the importance of fabrication of intimate heterojunctions

demonstrating the benefits of nano-ensembles of functional units for light capture, carrier
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transfer and catalysis in synergy for efficient solar photo-production of hydrogen from

water.

Keywords: Methanol synthesis, carbon dioxide, renewable hydrogen, bimetallic alloy,

heterogeneous catalysts, nanocomposite photocatalysts, sustainable development.
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Chapter 1: Introduction

1.1 Background and aims of the thesis

Along with the benefits brought by the advance of industrialisation, more and more problems
of greenhouse gas emissions have emerged, which result in global warming and lead to
extreme weather change®?2. Although it is well-known that burning of fossil fuels accounts
for the major greenhouse gas production, the world energy supply is still strongly dependent
on this limited and non-environmentally friendly source® as shown in Figure 1-1a.
According to the World Meteorological Organisation (WMO), the concentration of CO2 in
the Earth's atmosphere surged to a record high, hitting 403.3 ppm in 2016. Researchers
suggested that a combination of human activities and the EI Nifio weather phenomenon
drove COx- to a level not seen in 800,000 years*. This has become an international concern

where increasing efforts are being made to end this carbon emission problem.

Carbon capture and storage (CCS) is one of the options that could help towards meeting the
target of climate change mitigation. The International Energy Agency (IEA) reported in
2017 that among the many human activities, the use of energy represents by far the largest
source of emissions®. It can be seen from Figurel-1b that c.a. 42% of the global CO;
emissions from fuel combustion are related to electricity and heat generation, indicating that
CO; capture technologies could effectively alleviate the current carbon emission problem if
it was applied at large point sources, i.e., power plants. However, the main economic
obstacle for CCS today is that it requires large capital investment which yet to be profitable®.
Therefore, an alternative, carbon capture and utilisation (CCU), has started to attract

people’s attention, as it can turn waste CO; into valuable products such as chemical



feedstocks and fuels. In addition, its application for enhanced oil recovery (EOR) has also
attracted commercial interests since 1970s’. By storing CO; in oil fields, EOR has the
advantages of the enhanced oil production and reduced carbon emissions, that may offset
the cost of the CO; capture process. With the development of the CCU technologies, CO2 is
no longer considered as a waste but as an alternative carbon feedstock. Chemical fixation of
CO> using renewable hydrogen from biomass or decomposition of water from solar, tidal
wave, and wind powers through its hydrogenation to methanol, as suggested in the
“Methanol economy” strategy®, has prompted intense research activities because methanol
not only can be a platform chemical for many chemical products manufacture but also act
as a high energy density and easy storable/transportable liquid hence it is suitable for

replacing fossil fuels.

(@) (b)

Other renewables' 1.5%

Biofuels and waste

9.7% _\

Industry

19%
Residential 6%

Services 3%

Nuclear 4.9%
Other? 7%
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World primary energy supply by fuel, 2015 World CO, emissions from fuel combustion, 2015

Figure 1-1. The sources of (a) the global primary energy supply by fuel, and (b) the global
CO2 emissions from fuel combustion by sector; data retrieved from the reports of IEA
Statistics®®, 2017. Includes geothermal, solar, wind, tide/wave/ocean, heat and other
renewables; 2Includes agriculture/forestry, fishing, energy industries other than electricity

and heat generation.



The rapid advancement in the development of heterogeneous catalysts for methanol
synthesis from CO; and hydrogen reflects the fact that heterogeneous catalysts are preferable
than the homogeneous systems owing to their high stability, easier handling, and reusability
that help to fulfil large-scale productions with lower costs®. Over the years, a great amount
of effort has been put into the development of active and stable heterogeneous catalysts for
CO; hydrogenation to methanol with several important review articles published. Liu et al.1°
summarised the catalyst innovation for methanol synthesis via CO2 and CO through the
detailed aspects including active site, support effect, promoter, synthesis and pre-treatment
effect. However, this report was published 15 years ago hence an update of recent studies is
desirable. In a review of recent advances in catalytic hydrogenation of CO>, various catalyst
systems such as Cu-based catalysts, Pd-based catalysts, and other novel catalysts are
discussed in detail**. Alvarez et al.'? provided a statistical result on types of catalyst reported
for methanol synthesis from CO- hydrogenation published in the past 10 years, which shows
that 79% of the reports described catalysts based on Cu, followed by 11.5% based on Pd,
and 9.5% on bimetallic systems. It can recently be seen that CO2 hydrogenation to methanol
over bimetallic catalysts has emerged as an important subject in this area. In many cases,
there is a great enhancement in their specific physical and chemical properties owing to a
synergistic effect over the monometallic counterparts, therefore leading to a desirable

catalytic performance toward methanol production.

So far, numerous solutions have been proposed to alleviate the problems associated with the
emission of CO.. Among all the options, green methanol synthesis that consists of CO-
capturing/recycling together with renewable hydrogen production seems to be a promising
way to achieve carbon neutral process and sustainable development. To make the green

methanol production become economically attractive, from the feedstock side, the efficient



and economical CO- capture, as well as hydrogen production technologies, need to be
available. As for the catalyst systems for CO2 hydrogenation to methanol, at present the
commonly used Cu-based catalyst, especially Cu-Zn based catalysts, still at the benchmark
position due to their superior activity and economic advantages. However, the catalytic
performance of the conventional Cu-based catalysts is often governed by thermodynamics
which shows low methanol selectivity under low reaction pressure or low H2/CO;
conditions, presumably due to the poor intrinsic H activation capability of Cu. Therefore,
the advancement of Cu-based catalysts with new synthesis approaches as well as the
development of new non-Cu based catalysts with good performance, and most importantly,
can be effectively coupling with the above-mentioned feedstocks generation processes are
highly desirable. In this context, rational design of novel bimetallic alloy systems as well as
developing new synthesis methods that can lead to unique structural properties and enhanced
activities toward methanol synthesis are required. This thesis is therefore intended to provide
the studies on methanol synthesis from CO, hydrogenation over promising Cu and non-Cu
based bimetallic materials, and a green hydrogen synthesis route from the photocatalytic

way over nanocomposite materials.

1.2. Renewable CO2/H: sources

1.2.1 COz2 sources

Carbon dioxide capture and storage (CCS) is an emerging combination of technologies
which can help to reduce CO. emissions from the use of fossil fuels. However, CCS faces
many economic and technical barriers, such as the shortage of capital investment, the
uncertain CO> leakage rate, and the geological incapability in certain areas, that must be
overcome before it can be applied on a large scale!. More recently, carbon capture and

utilisation (CCU) has started to attract attention because it can turn waste CO; into valuable



products, such as methanol and many other chemicals. Utilisation of CO> has the advantage
of being a renewable, low cost, and non-toxic process. In addition, the CCU is generally a
profitable activity as the produced chemicals or fuels can be sold, which makes it a

promising way to help with the climate change mitigation®.

Elimination of CO> from the flue gases of power plants would greatly reduce the global
annual emissions, as the CO> produced from the electric power industry represents almost
half of the global greenhouse gas emissions4. There are three CO; capture strategies that
have been considered to possess the greatest possibility of reducing the emissions of CO>
from fossil fuel-based power plants, namely, post-combustion, pre-combustion, and oxy-
fuel capture!?. In the post-combustion strategy, CO; is separated from the flue gas stream
which allows for an easy adaptation to use with an existing power plant. As for the pre-
combustion strategy, the fossil fuel is gasified under certain temperature and pressure for
the removal of carbon prior to combustion. Given the higher partial pressure of CO2 in this
stream, an easy separation by utilising a variety of solvents can be achieved. In the last
scenario of CO> capture, the oxy-fuel capture, pure oxygen is used for the combustion,
resulting in a flue gas containing mainly water vapour and CO: so that the process can be

easily recovered through a simple condensation method.

Presently, the biggest challenge for the implementation of CO2 capture within power plants
is the development of new materials. Many researchers are devoted to finding a material that
displays suitable physical and chemical properties, and can reduce the large energy
requirements when conducting the capture process®. The aqueous amine solutions such as
monoethanolamine (MEA), diethanolamine (DEA) methyl diethanolamine (MDEA), as

well as the amine blends solutions, show highly selective for acid gases'®!’. Those amine



scrubbers have been commonly employed industrially for post-combustion CO; capture
because of their rapid reaction rate and low cost*®. However, due to the considerable energy
penalty for desorbing CO. from the liquids, other materials with lower heat capacities are
frequently proposed as alternatives. For example, ammonia-based solvents for CO:
separation has been applied to overcome the drawbacks of amine-based capture
technologiest®. lonic liquids show the advantages of high CO: solubility, good thermal
stability and tuneable structures, hence they have also been proposed as promising solvents
to replace the existing amine-based solvents®. On the other hand, solid sorbents such as
zeolites®®?!, carbon-based adsorbents (activated carbons?', carbon nanotubes??, and
graphenes?®), layered double hydroxides (LDHSs), and metal-organic frameworks (MOFs)?*
are considered to be good candidates for CO> capture owing to their promising adsorption
capacity, CO> selectivity, stability and regenerability?*. The high costs in the syntheses for

some of these solid absorbers are presently the prime concerns.

More recently, another method using a membrane system has been introduced for CO>
separation. The advantages of using membranes are simple, flexible, and less space-
demanding. Most importantly, the potential to perform separations at low energy penalties
makes the membrane strategies attractive for the practical CO2 removal applications. Apart
from the polymer-based membranes, the inorganic solid sorbents mentioned above can also
be used as inorganic fillers to form mixed-matrix membranes, which were found to improve
both the permeability and selectivity of the membranes compared to the base polymer when

applying for CO; capture®.

Overall, current CO> capture technologies still require a substantial energy input, therefore

it is unlikely that CO> capture will become profitable in the near future. If the government



can develop policies that help the development of CO2 capture projects, for example,
including CO> capture costs into the electricity bill*2, allowing tax-exempt financing for the
acquisition of capital equipment that is used to capture COo, etc., then the implementation
of CO; capture and the subsequent CO> mitigation may be able to take effect in a shorter

timescale.

1.2.2 Hydrogen sources

In the current industrial production, hydrogen is commercially produced by steam methane
reforming, coal gasification, and partial oxidation of light oil residues, which accelerates the
depletion of fossil fuels and lead to an increasing CO- level in the atmosphere?”28, For the
renewable methanol production from Hz and COg, it must be pointed out that the consumed
CO:z in this process has to be more than that produced in hydrogen manufacturing, which
means hydrogen sources must come from the green production routes. Water electrolysis
with the electricity generated from green energy, i.e., photovoltaic power plant, wind power
plant, and ocean energy converted into electricity?®, is considered to be one of the potential
options for green hydrogen productions. Today, the most common electrolysis technology
is alkaline-based water electrolysis®. Alkaline electrolysers operate by having two
electrodes in a liquid alkaline electrolyte solution that transports hydroxide ions (OH") from
the cathode to the anode with hydrogen being generated on the cathode side. State-of-the-
art nickel-based cathode materials show good corrosion resistance in an alkaline solution
water thus attracting extensive research efforts®. Although alkaline systems are the most
developed electrolysis technologies with the lowest in capital cost, they have the lowest
efficiency which leads to the highest electrical energy costs. Other ways toward green water
electrolysis such as polymer electrolyte membranes (PEM) and solid oxide electrolysers

(SOEC) are the developing technologies?®. PEM electrolysers have no corrosion and seals



issues, and they are more efficient than alkaline systems but more expensive. SOEC
technology has a huge potential for industrial application because it can produce hydrogen
while achieving 100% Faradaic efficiency*2. However, it has problems with corrosion, seals,

thermal cycling, and chromium migration?®’.

In addition to the above-mentioned processes, photocatalytic water splitting has a high
potential for application as a clean and renewable way to generate hydrogen, because it is a
process with negligible CO2 emission: Decomposition of water directly into hydrogen and
oxygen under sunlight irradiation with semiconductor materials (photocatalysts) are
investigated. To efficiently exploit solar energy, myriad efforts have been made to develop
photocatalysts that can be used not only under UV light but also under visible lightt. Up to
now, TiO2 has been a widely used catalyst for photocatalytic water splitting, due to the fact
that it is environmentally benign, stable, abundant and economical. However, the main
obstacles of TiO2-based photocatalysts are the rapid recombination of electrons and holes of
photo-generated excitons, fast backward reaction, and its poor activation by sunlight®2. In
response to these weaknesses, modification of its structure through the introduction of
surface oxygen vacancies by controlled reduction (blue or black TiO2) and incorporation of
dopers (N, F) to alter surface defects concentration are the common strategy. Employing
composite photocatalysts is also an up-and-coming approach to increase the photocatalytic
performance. For example, the composites are prepared by combining non-oxide materials
with oxides or other non-oxides to form heterojunctions such as CdS-TiO», CdS-ZnO, CdS-
MoS;, CdS-Agl, etc.,3+334 which lead to new photocatalysts with more efficient charge

separation and widened absorption spectrum.



So far, a tremendous amount of research has been pursued in developing the hydrogen
production via green routes. Among all the strategies, water electrolysis coupled with
renewable resources should be at this moment the preferable option for low CO2 emission
hydrogen synthesis technology in short term. The availability of inexpensive electric power
generated by wind, photovoltaic, tidal, or ground heat in special locations or countries may
justify the implantation of this technology. It is, however, for most industrial areas of major
CO. emission sources, the high installation and operational cost are still the major
hindrances. Further research to address the cost issues is urgently needed. For photocatalytic
generation of Hp, with the rapid development of new photocatalytic materials that
overcoming the current deficiencies such as low stability of the catalysts and low energy
efficiencies, it is anticipated that the low cost, environmentally friendly photocatalytic
water-splitting for hydrogen production can contribute more significantly to the green
hydrogen economy in further future. Particularly, the direct conversion of light energy to H»
over the indirect conversion via photovoltaic and electrolysis would in principle offer lesser

energy losts for the stepwise conversions.

1.2.3 CO2/H2 mixtures from biomass

Biomass is currently considered as one of the potential alternatives to produce renewable
methanol. It can be obtained from various sources, including agricultural and forest residues,
animal wastes, municipal paper wastes, sawdust, aquatic plants, and many more®®. The
currently accepted procedure to catalytically convert biomass into methanol is first via
biomass conversion to syngas (CO, CO2 and H>), followed by water-gas shift reaction (CO
+ H,O — CO2 + Hy), and ultimately by hydrogenation of CO» to methanol (CO2 + 3H, —
CH3OH + H20). Among the various gasification options, supercritical water (SCW)

gasification®® has received a great deal of attention as a promising method for utilising high



moisture content biomass and allowing maximum conversion. In addition, SCW gasification
is non-toxic, safe, readily available, economically feasible and environmentally friendly=®.
However, high temperature and pressure (T > 500 °C and P > 23 MPa) are usually required
to satisfy the SCW operating condition, which are very energy intensive®. On the other
hand, aqueous-phase reforming (APR) of biomass-derivatives is a recently developed
process and is preferable over other methods owing to its wide renewable resource, mild
reaction conditions (T = 230 °C and P = 2 MPa), and low processing cost®’. These biomass
conversion technologies have been found promising in generating a CO2/H2 mixture that
can incorporate with the downstream CO: hydrogenation reaction. However, most
biomasses and their derived molecules generally contain lower hydrogen to carbon ratios.
As a result, the utilisation of biomass for methanol production faces the main problem in
producing reformate gas of large excess CO2 to Hz, while in practice Ho/CO2 > 3 is preferable
for methanol synthesis over most catalyst formulations. Therefore, the stoichiometric
adjustment has to be introduced either by adding hydrogen gas or applying a CO, removal
step, which requires burdensome equipment and increases cost®. Alternatively, developing
a new catalyst that can efficiently catalyse CO2 hydrogenation to methanol under excess

CO2 but Ha>-deficient conditions would be highly desirable.

1.3 Bimetallic catalysts on CO: hydrogenation to methanol

Bimetallic catalysts have emerged as an important class of catalysts due to their unique
properties that are combined with two constituent metals. In many cases, bimetallic surfaces
have enhanced catalytic properties owing to strong synergies to contribute the electronic or
geometric alterations to monometallic counterparts. For the studies on CO2 hydrogenation
to methanol, Cu-Zn based system is prominently chosen. Other bimetallic catalysts such as

Pd-Zn, Pd-Ga, Cu-Ni and Ni-Ga have also been investigated. In this part, we survey the
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research progress on CO> hydrogenation reaction to methanol over many of diversified
bimetallic catalysts in the literature. This section will start with a brief introduction of
thermodynamic equilibrium of the methanol synthesis reactions, followed by a discussion
of the possible reaction pathways and reaction intermediates. The correlation between
reaction products and the adsorption properties of the metallic surfaces will also be
addressed. Then the review of different synthesis methods of the selected bimetallic systems

and their catalytic performance toward methanol synthesis will be illustrated.

1.3.1 Methanol synthesis mechanism

Due to the increasing focuses and interests in the methanol synthesis processes, numerous
studies on the mechanism of CO> hydrogenation have been conducted. To fully understand
the catalytic performance of CO> hydrogenation to methanol, the Kkinetics and
thermodynamics of the catalytic system need to be considered. This section reviews the
existing literature that provides information on the thermodynamic aspects and the possible
reaction pathways. The influences of adding foreign metals (to form bimetallic system) on

the reaction mechanism will also be discussed.

1.3.1.1 Thermodynamic equilibrium

In general, direct CO2 hydrogenation to methanol contains two major competing reactions®.
The first reaction is the synthesis of methanol from CO; and hydrogen:

CO; + 3H, — CH30H + H20. AHC = -49.5 ki mol'; AG® = -10.7 kI mol™? (1)

The second reaction is the reverse water-gas shift (RWGS) reaction that produces CO:

COz + Hz — CO + H20. AH?=41.2 kI mol’?; AG® =28.5kImol? (2)

Moreover, the catalytic hydrogenation of CO> to methanol can also occur indirectly from

CO formed through the RWGS reaction®:
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CO + 2H,; — CH30H. AH®=-90.6 kJ mol?; AG® =-29.6 kJ mol* (3)

It can be seen from equations (1) and (3) that, according to Le Chatelier’s principle,
increasing pressures and decreasing temperatures will cause the reaction to shift toward the
products to produce more methanol over the CO production from RWGS (equation 2). In
addition, using a high molar ratio of H2/CO is also thermodynamically as well as kinetically
favourable in methanol synthesis with taking the two equilibria into account®. Early studies
have demonstrated the necessity of using extremely high-pressure conditions in the synthesis
of methanol from syngas with CO; as reactants**~*3, Thanks to the development of active
Cu-Zn based catalysts, the reaction pressure of methanol synthesis has been substantially
reduced to 5-10 MPa while a satisfactory methanol selectivity of 50% can be attained
compared to previous catalyst formulations**. Nevertheless, due to the advantages of
applying high-pressure conditions in CO2 hydrogenation to methanol such as boosting
methanol yield, handling hydrogen more safely, reduction in reactor volume and plant area
thus decreasing capital costs, etc., high-pressure methanol synthesis over Cu based catalysts
have been explored and documented by some research groups. Ipatieff et al.* conducted a
high-pressure study up to 41.4 MPa over Cu/Al>O3 catalysts in a fixed-bed reactor, which
showed remarkable conversion (94%) from CO. to methanol. By using co-precipitated
Cu/ZnO/Al;Os catalysts, Bansode et al.*® demonstrated that one-pass COz conversion
(>95%) and methanol selectivity (>98%) were achieved under the reaction conditions of
H2/CO> = 10, reaction temperature of 260 °C, reactant pressure of 33.1 MPa, and gas hourly
space velocity (GHSV) of 10,471 ht. Gaikwad et al.*’ also showed that at the stoichiometric
molar ratio of H2/CO2 = 3, ca. 90% CO> conversion and > 95% methanol selectivity could
be achieved at 44.2 MPa. In contrast, some researchers devoted to the development of
catalysts that can work under low reaction pressures. It is mainly because the low-pressure

CO2 hydrogenation processes are more economically attractive with lower installation and

12



operation (pumping) costs. Moreover, they have the advantages of safer operation and can
be readily coupling with the upstream feedstocks generation processes. For example,
hydrogen production from standard alkaline electrolyser is typically operated at ambient
pressure or less than 3 MPa*, and some low-pressure biomass conversion processes (e.g.,
APR) to form CO,/H, mixture are operated at around 2 MPa®’. However, the conversion of
CO2/Hz to methanol by using low-pressure technologies is limited by thermodynamic and
kinetic considerations. It has to be emphasised that obtaining satisfactory single-pass CO>
conversion and methanol selectivity is important for practical catalytic application since
recycling processes are costly and require cumbersome facilities. So far, very little research
has demonstrated high methanol production rate at the pressure lower than 2 MPa. In fact,
most of the reported catalysts perform poorly at low-pressure conditions. Taking Cu-Zn
system as an example, when the reaction pressures are applied at less than 2 MPa, the rate
of RWGS is generally 1-3 orders of magnitude higher than that of methanol production over
the Cu-Zn surface*, thus resulting very poor selectivity toward methanol. It was reported
previously by Toyir et al.>° that under pressure of 2 MPa, silica-supported Cu/ZnO based
catalysts showed methanol selectivity around 99%. In addition, In2Os/ZrO; catalyst reported
more recently by Martin et al.! also achieved nearly 100% methanol selectivity under
relatively low pressure (5 MPa). Although these catalysts presented unexpectedly high
selectivity toward methanol, they showed very low CO conversion (2% to 5%) hence
leading to an overall low methanol production yield. Other Cu-based systems and novel
catalyst materials such as the catalysts with copper-ceria interface® as well as Ni-Ga/SiO;
system®? have proven their potential on highly efficient methanol synthesis. However, those
systems were evaluated for CO, to methanol at the pressure around ambient pressure where
the obtained methanol yield is not very impressive, hence little information on their realistic

application of CO. hydrogenation is known from the results provided by the authors.
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Nevertheless, it has been recently reported that the PdZn site from Pd-Zn bimetallic catalyst
appeared to alter the overall thermodynamic equilibria between methanol production and
RWGS reaction by offering an unusually high kinetic barrier for the latter reaction, and thus
effectively enhancing methanol production under low pressure (2 MPa) conditions without
catalysing RWGS reaction to equilibrium position®. This catalyst system apparently opens

up a promising possibility for low-pressure CO hydrogenation application.

1.3.1.2 Reaction pathways and intermediates of methanol production

As stated, the catalytic hydrogenation of CO> to methanol can happen directly or indirectly.
In the former, two different mechanistic routes have been proposed according to their key
reaction intermediates: The formate (HCOO) pathway or the hydrocarboxyl (COOH)
pathway. Methanol synthesis via the HCOO-mediated mechanism has been proposed by
many studies due to the fact that the formation barrier of the HCOO is considerably lower
than the formation barrier of the COOH**5-%"_ In addition, formate species were found to
be the most abundant surface intermediates during CO2 hydrogenation reaction from the
experimental observations®®%2, Grabow et al.>® found that under typical methanol synthesis
conditions, CO hydrogenation is responsible for ~2/3 of the methanol produced, and the
intermediates of the formate pathway for methanol production include HCOO*, HCOOH?*,
CH302*, CH20*, and CH30%*, see Figure 1-2. Another example of the formate pathway,
calculated by Yang et al.*°, showed that methanol synthesis on Cu surfaces followed the
formate pathway via HCOO, H>COO, H.CO and H3CO intermediates, which were
considered to be less stable from the above-mentioned calculations done by Grabow et al.>®.
But the authors indicated that the presence of the active low-coordinated Cu sites in the Cu
nanoparticle could stabilise the key intermediates (HCOO and H>.COO) therefore lowered

the barrier for the rate-limiting hydrogenation process. On the contrary, other researchers
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proposed that the H.O-promoted hydrocarboxyl (COOH) mediated mechanism, following
the sequence of COOH — HCOOH — HCO — HCOH — CH20H — CH3OH, is kinetically
more favourable than the formate pathway for the hydrogenation of CO2 to methanol on
Cu(111)%. In this proposed COOH pathway, it has been suggested that the formate species
only plays a spectator co-adsorbate role®*, and the direct HCOO hydrogenation is even
believed to be a “dead end” for methanol production®®. For an easy comparison, the above-
mentioned pathways for CO> hydrogenation to methanol and the intermediates are displayed
in Figure 1-2. On the other hand, it is also believed that hydrocarboxyl (COOH) is the
chemical precursor of CO from RWGS reaction®*®°, Hence, an indirect CO2 hydrogenation
mechanism has also been suggested, which involves the formation of CO from the RWGS
reaction as the first step, then methanol is formed by the hydrogenation of CO. However,
this claim is not as widely accepted as the other two. Moreover, the recently reported isotope
labelling experiments indicate that CO, rather than CO, is the preferred carbon source for

methanol production®:7,

HCOOH —» CH;0, —* CH,0 —+ CH,0
Formate Route
HCOO
CO,+ 3H, H,C00 —— H,CO » CH,0 / CH,OH
Hydrocarboxyl Route o\ | 1o s HeoH > CH,OH

COOH

Figure 1-2. CO- hydrogenation to methanol through formate route and hydrocarboxyl route

and the intermediates*®°>62 discussed in this Chapter.
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1.3.1.3 Synergistic enhancement in bimetallic catalysts

Adding foreign atoms to an existing metal system is used frequently to modify the chemical
properties of metal surfaces. In catalysis, bimetallic alloys usually have different catalytic
properties from their primary mono-metallic surfaces, which depend strongly on their
electronic or geometric structures. Figure 1-3 illustrates the main types of mixing patterns
and structures of bimetallic, namely, mixed, core-shell or Janus alloys®® . For the transition
metals, the d-band model is often employed in understanding bond formation at the surface
and their catalytic trends. Ngrskov and co-workers have illustrated the correlation between
the adsorption energy and the d-band structure on the surface metal atoms that the adsorbate
binds to’®"*. By forming a bimetallic alloy, the structure of the surface d-electron bands and
filling could change substantially owing to the modification of the electronic properties
driven by i) the formation of heteroatomic bonds that leads to the electronic interaction
between the two metals. This can alter the electronic environment of the primary metal,
giving rise to modifications in the electronic configuration of it, and consequently, change
its chemical properties. This is so-called electronic (or ligand) effect’>; ii) geometric
irregularity, that is, lattice distortion induced by alloying of two metals with different sizes,
and lattice compression or expansion occurs often in the core-shell (see Figure 1-3)
bimetallic structure. Those geometric differences can cause the changes in surface bond
lengths and bond angles, giving rise to the so-called geometrical (or ensemble) effect that
modifies the electronic properties of the parent metal atoms’>"4. According to theoretical
calculations®38575-77 catalytic activity and selectivity of CO2 hydrogenation to methanol is
critically dependent on the overall adsorptivity of the active surfaces. For a better
understanding on the differences in product specificity and methanol production rate caused
by the alteration of molecule adsorption through forming bimetallic alloys, we have

surveyed the reported CO> hydrogenation studies and some examples are given as below.
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In the literature, it has been suggested that Cu/Zn interface plays a significant role in
methanol synthesis from CO: hydrogenation as these two species (Cu and Zn) work
synergistically. Indeed, placing Zn in a proximity to Cu showed enhanced methanol
production has been demonstrated by many researchers’®%°, Behrens et al.” have reported
the stabilisation of adsorbed intermediates with decreased energy barriers when Zn atoms
were introduced on Cu step sites, which significantly increased the methanol production rate
of Cu-Zn surface compared to the unmodified Cu surface. Moreover, catalysts containing
Cu/ZnO were recently found to show 10 times higher activity than Cu catalysts of the same
sizes but without in contact with ZnO®. Another non-precious bimetallic system, discovered
by Studt et al.>3, showed that by alloying of Ga into Ni, the adsorption strength of Ni surface
was modified hence accelerated methanol formation. In contrast, Ni alone binds oxygen too
strongly that would result in surface poisoning by formate or the surface would mainly
perform methanation in CO, hydrogenation reaction®®. Kusama et al. found that the
formation of bimetallic alloys on the catalyst surface could change the electronic states of
rhodium and lead to different adsorption properties: Rhodium-based catalysts are known to
effectively catalyse CO2 hydrogenation to CH4 or CO, but alloying with Fe to form Fe-Rh
catalysts could improve the ethanol selectivity remarkably®?, while alloying with Co and Rh
resulted in promotion of methanol formation®®. The authors concluded that the changes of
product specificity could be correlated with the electronic state of rhodium changed with the
foreign atom addition. The changes of the adsorptivity of the active surfaces can also be
illustrated in the Pd-Zn bimetallic system. Liao et al.>* found that alloying of Pd with Zn to
form Pd core-Zn shell (Pd@Zn) structure could increase the adsorption strength of the
bidentate formate species (the key intermediate to methanol). From density function theory
(DFT) calculation, a strong electronic charge transfer from Zn to Pd was revealed. The Zn-

rich Pd-Zn bimetallic surfaces showed more selective and active for the formation of surface
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HCOO rather than COOH species in the first step of CO2 hydrogenation, leading to a higher
selectivity towards methanol production. Overall, from the above-mentioned examples, it
can be seen that the changes in the adsorption properties of the primary mono-metallic
surface are obvious when forming bimetallic system, giving rise to a different catalytic

behaviour.

(a) Core-shell (b) Janus (c) Mixed

Figure 1-3. Schematic representation of the types of structures of bimetallic alloy

nanoparticles (based on Ref. [68, 69]).

1.3.2 Bimetallic catalysts made by different methods and their catalytic performances

The high-pressure methanol synthesis process from CO/CO2 and H2 mixture using mixed
metals and metal oxides was firstly investigated in the early 20" century*~*3, In the 1960s,
the highly active and economic Cu/ZnO/Al2Os catalyst was developed and it is still currently
the industrial preferred catalyst for methanol synthesis operated at 240 °C — 260 °C and 50
—100 bar**. At present, the major challenges for catalyst development to methanol synthesis
from CO; are to develop the most efficient catalyst, thus the academic research efforts on
catalyst development using different catalyst compositions and preparation methods are

continuously shared and built. Recently, bimetallic nanoparticles/alloys have emerged as an
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important class of catalysts because they show the intimate contacts of the two elements
which can modify their electronic properties and change the adsorption properties of the
metal surfaces. It is well-known that catalytic conversion of CO2 to methanol is a structural-
sensitive reaction®!. Therefore, the differences in synthesis methods can influence the
structure of the catalysts and then lead to a different catalytic performance. This section will
focus on the review of synthesis methods of those bimetallic catalysts that showed enhanced
ability to catalyse CO2 hydrogenation to methanol than their monometallic counterparts. The

catalytic performance of the selected catalysts is compared in Table 1-1.
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Table 1-1 Catalytic performance of selected bimetallic catalysts in CO2 hydrogenation to methanol

Reaction conditions

Catalytic performance

Synthesis Catalyst P CO; Methanol o ¢
method Active species/ (support) (MPa), | Space velocity | H/CO, | conversion | selectivity STYweor” | WT¥weon Isol)F Ret
T (°C) (%) (%)
PdGa/(B-Gaz0s) ) ) 52 0075 | &
3,250 G)? 80000 h < A A
Pd/(SiO,) & 3 ! 12 NA NA 0.002
PdGa/(rod Ga,03) (W) 6000 11.04 41.27 a5
2
PdGa/(plate Ga;05) 5,250 mL g 8 17.33 51.62 N-A. N-A. N-A.
PdZn/(h-CNTSs) 99.6 0.371 0.0115
Imp.2 PdZn /(activated carbon) 3,250 G gl_f‘ﬂﬂ 3 N.A. 96.5 0.281 N.A. 0.0098 | 8
PdZn/(y-Al,05) 92.1 0.242 0.0097
PdCU/(SiOy) 6.7 30 0.032
Pd/(SiO) az250 | (PSR 3 3.0 23 0.010 NA | NA | @
Cul(Si0) 2.8 15 0.006
NisGaz/(SiOy) 0.1, 210 (G) 6000 ' N.A. N.A. ~0.02 ~0.12 N.A. &
Cu/ZnO/AI;0s s.250 | (PSSO 19.7 481 | 0637 | NA | NA | ®
Zincian georgeite-derived catalyst 2000 COCOs il 0.102 0.167
Zincian malachite-derived catalyst 25,190 S’[)g-l hi e 0seTiTE N.A. N.A. 0.083 0.136 N.A. 8
Commercial Cu/ZnO/Al,0s 0.116 0.243
PdGa/(Ga;Os) 5 250 (W) 18000 3 19.6 51.5 N.A. N.A. 01139 |
Cuzn/(ZnO) ’ mL g ! 11.7 36.1 N.A. N.A. 0.0048
Catalyst derived from Cu,Zn,Al-LDH (W) 20000 H2:CO:CO,:He 0.0268 o1
co. Conventional Cu/ZnO/Al,03 %250 mig'ht | =za0414 | NA NA NA NA 0018
precip.b | Catalyst derived from Cu,Zn,AlLY-LDH | 5,250 w) ;2‘}?_? 3 20.2 69.3 0.39 N.A. | 0.00666 | 9
Cu/(Zn,Al,Zr-LDH) 5, 250 L 3 22.2 45.8 0.30 N.A. NA | %
Catalyst derived from Cu,Zn,AlY-LDH | 5,250 e 3 26.9 47.1 0.52 N.A. NA | %
CuZzn from CuzZnGa-CO; AMO-LDH 45,270 m ;‘ior?? 3 18.8 47.8 0.6 N.A. N.A. %
PdZn derived from PdZnAl LDH 0.6 60 0.017 N.A. 0.002
Pd.Ga derived from PdMgGa LDH 3,250 Meoht | withasooar | L0 47 0.020 N.A.__ | 0.0085 | %
Pd derived from PdMgAl LDH 3 4 0.0006 N.A. | 0.00005
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Table 1-1 (cont.) Catalytic performance of selected bimetallic catalysts in CO2 hydrogenation to methanol

Reaction conditions Catalytic performance
Synthesis Catalyst P CO; Methanol o ¢
method Active species/ (support) (MPa), | SPace HJ/CO; | conversion | selectivity | OTYVeor” | WT¥ieon Isol)F et
T (°C) Y (%) (%)
bimetal PtCr/(SiOy) 2.2 51.1
carbonyl 5
hydridi; PtW/(SiO2) z200 | W= 100 3 2.6 92.2 N.A, NA | NA | 7
Imp. Pt/(SiO2) 0.4 1.9
Sol-
immob.¢ PdZn/(Zn0O) 2. 250 ,(T\ff)ggf?ﬂg 3 10.7 60 0.07744 NA. NA. %8
Imp. PdZn/(ZnO) 8.7 1 0.00176
Hetero- Pd@zn/(ZnO+CdSe) 45,270 (W) 18000 mL g 3 14.4 64.9 0.60 12.0 0.33 &
junction 2,270 tht 7 67.3 0.30 6.1 019 | 5

& Impregnation method

b Co-precipitation method

¢ Sol-immobilisation
4(G) = GHSV = volume flow rate/bed volume, (W) = WHSV = mass flow rate/catalyst mass.
¢ Space time yield of methanol (gmeon-geat :-h2)

FWeight time yield of methanol (gmeor-.Qactive metar >-h™Y)
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1.3.2.1 Impregnation method

Impregnation is the simplest method for mounting of dissolved aqueous metal precursors on
oxide supports to prepare supported catalysts. A known advantage of impregnation method
is that the materials dissolved in the solution will not get lost, which makes this method
attractive when preparing precious metal-containing catalysts. Pd-containing bimetallic
catalysts made via impregnation method were first discovered in the 1900s by Iwasa et al.1®
The authors observed that the original catalytic functions of monometallic Pd for steam
reforming of methanol, the reverse reaction of CO> hydrogenation to methanol, was greatly
modified by the formation of bimetallic alloys, i.e., Pd-Zn, Pd-Ga and Pd-In, upon the
reduction of the Pd-metal oxides. It was found that the reactions proceeded selectively when
using the catalysts having the alloy phase, whereas poor selectivities were exhibited on the
catalysts having monometallic phase.!®® A few years later the Pd-Ga system was further
investigated by other researchers®*, and the Pd-Ga bimetallic particles were found to be the
sites responsible for the increased selectivity to methanol in CO2 hydrogenation as well as
the inhibition of the methanol decomposition and/or reverse water-gas shift (RWGS)
reaction to produce CO. As a result, the Ga-modified Pd catalyst showed much better
selectivity and TOF toward methanol production®*. Qu et al. & further proposed that using
the plate-form Ga,O3, which has a higher degree of defects and electron-richer polar (002)
surface, could exert a stronger electronic interaction with Pd than the rod-form surface
Gay0s. This would lead to a deep reduction of Ga®* to generate bimetallic PdGax
nanoparticles with superior catalytic properties for methanol synthesis by CO:2
hydrogenation. As the importance of bimetallic nanoparticles has been increasingly
recognised, the characterisation techniques for revealing the structure of a bimetallic catalyst
become more and more proficient. By using a combination of advanced electron microscopy

techniques and structure characterisation tools, highly dispersed GaPd, nanoparticles on a
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high surface area SiO> support synthesised by impregnation of the high surface area SiO>
with Pd and Ga nitrates were identified. Besides, this nanodispersed intermetallic GaPd;
catalyst showed a much better methanol selectivity than the traditional Cu/ZnO/Al>O3

catalyst under ambient pressure!®?,

Apart from the Pd-Ga system, several supported Pd catalysts have also been found to exhibit
considerable activity and selectivity for hydrogenation of CO2 to methanol. Liang et al.®
incorporated multi-walled carbon nanotubes (MWNTS) into Pd/ZnO catalysts prepared via
a stepwise incipient wetness method. They found that the unique features of MWNTSs were
leading to the increase of the surface concentration of the Pd® species in the form of PdZn
alloys as well as helping with H> activation, thus increasing the rate of surface hydrogenation
reactions. On the other hand, amorphous silica supported Pd-Cu bimetallic catalysts
prepared by co-impregnation method also found to have a strong synergistic promotion
compared to the monometallic Pd and Cu catalysts®’: The production rate of methanol on
the Pd-Cu bimetallic catalyst is 2 times as much as the sum of those on the monometallic
catalysts, indicating a considerable bimetallic promotion on methanol synthesis from
hydrogenation of CO.. Another example of the precious bimetallic metal surface for
enhancing methanol production can be found in the Rh-Co catalyst®. Although the methanol
selectivity was very low (< 20%), it was suggested that the changed electronic states of
rhodium in the Rh-Co alloy resulting in the promotion of methanol formation. On the other
hand, non-precious Ni-Ga catalysts synthesised via impregnation method was recently
discovered to be superior to the traditional Cu/ZnO/Al>Os3 catalyst with respect to their
ability to inhibit the RWGS activity®®. The Ni-Ga intermetallic compounds were found to
possess mixed sites: the gallium-rich sites facilitate methanol synthesis, whereas the nickel-

rich sites perform RWGS and methanation until they get poisoned by CO and carbon, which
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makes the Ni-Ga catalysts to display good methanol synthesis activity with considerably
lower production of CO as compared to the conventional Cu/ZnO/Al>O3 catalysts under

atmospheric pressure®,

1.3.2.2 Co-precipitation method

The catalysts based on more than one component can be prepared by the simultaneous
precipitation from a solution containing desired soluble species to generate a homogeneous
distribution of catalyst components or catalyst precursors with a definite stoichiometry. Co-
precipitation method provides the advantage of obtaining high dispersions of catalyst
components, which is difficult to achieve by other synthesis approaches. Therefore, it is very

suitable to use in preparing multi-component catalysts and catalyst precursors.

1.3.2.2.1 Cu/ZnO based catalysts

The industrial Cu/ZnO/Al>O3 catalyst for methanol synthesis is made via coprecipitation
method. Since the prevailing of Cu/ZnO/Al20s3 catalyst, the Cu/ZnO based catalysts have
attracted increasing attention and many systematic studies have focused on elucidating the
structure of active sites®®">19, Although the active sites of methanol synthesis over
commercial Cu/ZnO/Al,Oz catalysts have recently been the subject of intense debate, many
studies over the past 20 years have shown that the good performance of Cu/ZnO based
catalysts for methanol synthesis could be attributed to the active Zn-Cu bimetallic sites.
Early researches done by Fujitani et al.21941% focused on the promotion mechanism of ZnO
to Cu catalysts for methanol synthesis. Their result revealed that the partially reduced ZnOx
could migrate to the surface of Cu particles to form Cu-Zn alloy when reducing a Cu/ZnO
catalyst with H> at above 600 K. The Cu-Zn alloy phase was then believed to be a

catalytically active species for the methanol synthesis from CO2 and H2 %1%, Topsge and
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co-workers observed that Cu/ZnO changed the CO adsorption properties under severe
reducing conditions from in-situ IR during methanol synthesis, suggesting that Cu-Zn alloy

structures could be formed due to the migration of reduced ZnO species*®®

. After conducting
careful investigations using other in-situ techniques, which includes electron energy loss
spectroscopy (EELS), high-resolution transmission electron microscopy (HR-TEM) and
extended X-ray absorption fine structure (EXAFS), the presence of Cu-Zn alloy in the
reduced Cu/ZnO catalysts was further confirmed!®®1°, Recently, with rapid development of
advanced characterisation techniques, it has been shown that Cu steps stabilised by bulk
defects and decorated with Zn atoms upon reduction can lead to a subtle change in the
geometric and electronic structure of Cu due to the desirable bimetallic properties’®.

Consequently, the high activity of Cu/ZnO/Al>O3 methanol synthesis catalyst is attributed

to the surface alloy of Zn and Cu’31%,

It is noted that Cu/ZnO based catalysts prepared by coprecipitation are much more active
than those prepared by impregnation methods. Moreover, the structure of catalyst precursor
obtained in the coprecipitation synthesis, such as malachite Cu,CO3(OH)., zincian malachite
(sometimes called rosasite) (Cu,Zn)>CO3(OH)., aurichalcite (Cu,Zn)s(COs3)2(OH)s, or
hydrozincite Zns(CO3)2(OH)s, can significantly affect the catalytic activity for methanol
production??”111112 Baltes et al.!*® discovered that the synthesis history would influence
strongly to the catalytic activity of methanol production. In their study, ternary
Cu/zZnO/Al,03 catalysts were systematically prepared via the coprecipitation method under
various synthetic parameters, and the best methanol productivity was found in the catalysts
with the following preparation conditions: Precipitation temperature of 70 °C, pH of 6-8,
time of aging in the mother liquor of 20-60 min, and calcination at 300 °C, which resulted

in the catalysts with relatively high BET and Cu® surface areas'!®. Other studies on this
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system by Behrens et al.**1® further concluded that zincian malachite was the optimum
precursor for the methanol synthesis catalyst due to its interwoven, nano-scale needle
morphology that facilitates the formation of a highly porous mesostructure catalyst. On the
other hand, it was recently reported that a disordered zincian georgeite catalyst precursor
could be prepared using supercritical antisolvent (SAS) precipitation method!’, which
enabled the preparation of an active Cu/ZnO catalysts that could compete with those
catalysts prepared from other hydroxycarbonates precursors. Soon after it was found that
zincian georgeite could be readily prepared by co-precipitation method®. Although the
zincian georgeite made by co-precipitation led to a catalyst with a slightly poorer
performance than those derived from SAS precipitation due to the impurity contamination
and less-disordered structure in the co-precipitated phases, it still displayed superior
performance for methanol synthesis compared to a conventional preferred zincian malachite

derived catalyst®.

1.3.2.2.2 Precious metal based bimetallic catalysts

Apart from the Cu/ZnO based catalysts, co-precipitation method was also widely employed
in the preparation of precious metal based bimetallic catalysts. Fujitani et al.*® synthesised
a series of palladium catalysts by co-precipitation method. The authors found that the
Pd/Ga203 catalyst was more active than Cu/ZnO by a factor of 2 in the methanol yield and
20 in the turnover frequency (TOF) for the synthesis of methanol from CO and hydrogen,
due to the optimal amount of Pd™ (0 < n < 2) stabilised by GaxOy on the surface of palladium.
Remember that many studies have identified the formation of Pd-Ga bimetallic alloys in
such catalyst composition, as discussed previously in section 1.3.2.1 of this chapter, which
are experimentally proven to be active for methanol production from CO2 and hydrogen. On

the other hand, carbon nanotubes (CNTs) was found to play a dual role (acting as a catalyst
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supporter as well as a promoter) for Pd-based catalysts®. CNTs-promoted Pd-Zn and Pd-Ga
catalysts were synthesised via co-precipitation method and studied for methanol production
from CO; hydrogenation by Zhang and co-workers®!18, The authors found that Pd-Zn and
Pd-Ga catalyst with an appropriate incorporation of CNTs displayed enhanced activity for
CO2 hydrogenation to methanol compared to those non-promoted Pd-based bimetallic

catalysts.

1.3.2.2.3 Layered double hydroxide (LDH)-derived catalysts

Recently, hydrotalcite-like compounds (or layered double hydroxide, LDH) with the general
formula [M?*1xM3*«(OH)2]** (An")xn-mH20 where M?* and M3* are divalent and trivalent
cations, respectively, have attracted numerous attention. LDH structure provides a
homogeneous distribution of all metal cations inside the layers, which is believed to offer a
suitable matrix for generating small, stable, and well-dispersed metal nanoparticles after
calcination and reduction. It was reported that monophasic catalyst precursor containing M2+
and M3* could be obtained by controlled thermal treatment of an LDH structure!®, since
that, the application of LDH as a catalyst precursor for CO2 hydrogenation reaction has been
developed immediately. Many studies have discussed the advantages of LDH precursors for
Cu/ZnO-based catalysts*?%*2!, such as good dispersion of M?* (Cu?*, Zn?*) and M** (A",
Y3 or Ga*") at an atomic level, homogeneous microstructure, good thermal stability against
sintering/reduction, high dispersion for small Cu clusters, and high specific surface area. An
active catalyst derived from a phase pure Cu, Zn, Al hydrotalcite-like precursor was
prepared and studied by Kiihl et al®%. This sample showed intrinsically more active than a
conventionally prepared reference catalyst. Furthermore, Gao et al.®>** synthesised a series
of Cu/ZnO/Al>Os3 catalysts derived from hydrotalcite-like precursors with modifier (Mn, La,

Ce, Zr and Y) or promoter (Y203) and tested for the CO2 hydrogenation to methanol. They
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have concluded that the introduction of additives to Cu/ZnO/Al,O3 catalysts derived from
hydrotalcite-like compounds could give higher BET specific surface area, Cu surface area
and Cu dispersion, thus leading to an enhanced catalytic performance with high stability®*-
% Tsang and co-workers® have just reported a CuZnGa catalyst derived from ultra-thin (1-
3 cationic-layers) (CuzZn)1-xGax-COz layered double hydroxides (AMO-LDH) nanosheets
synthesized following the aqueous miscible organic solvent method (AMOST)*?2, It has
been found that upon reduction, the AMO-LDH-derived catalysts give consistently and
significantly higher Cu surface areas and dispersions than the catalysts prepared from
conventional co-precipitation methods. It is also evident that Zn metal atoms decorating on
Cu nanoparticles can be formed in the catalyst derived from ultrathin LDH precursor, thus
exerting a great promoting effect to the CO2 hydrogenation reaction to methanol and leading
to a high methanol production rate. On the other hand, Ota et al.?® synthesised Pd-based
catalysts derived from ternary hydrotalcite-like compounds obtained by co-precipitation
from aqueous solutions. They found that the intermetallic Pd2Ga and PdZn nanoparticles
with a homogeneous distribution of Pd and intimate interaction with the other reducible
metal species were formed upon reduction in hydrogen, which were more active for

methanol synthesis from CO> hydrogenation than the monometallic Pd catalyst.

1.3.2.3 Other synthesis method

Shao et al.%" reported the supported PtW and PtCr bimetallic catalysts made by the bimetal
carbonyl hydride complexes precursors. The PtW and PtCr bimetallic catalysts exhibited
higher activity and methanol selectivity in CO2 hydrogenation reaction than the
monometallic or bimetallic catalysts prepared via impregnation method. Nerlov et al.*?
applied CO as a promoter in the catalyst system and observed a CO gas phase induced

surface segregation of Ni on Cu(100). The authors also found that the Ni/Cu(100) bimetallic
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sites were 60 times more active for CO- activation compared with pure Cu ones'?*, Hartadi
et al.®® found that a commercially available Au/ZnO catalyst prepared by deposition-
precipitation could benefit from the same effect as the Cu/ZnO catalyst, that is, containing
the partially reduced ZnO in the highly reductive atmosphere that could induce the formation
of AuZzn (surface) alloys or the formation of a partially reduced ZnOx shell, implying the
potential of Au/ZnO catalysts for the application in hydrogenation of CO2 to methanol.
Bahruji et al.®® identified the PdZn alloy nanoparticles with a controlled particle size from
the Pd/ZnO catalysts prepared by sol-immobilisation. The authors suggested that the
catalysts prepared by sol-immobilisation were relatively stable to thermal treatment and

showed a higher conversion of CO; towards methanol than the classic impregnated catalysts.

Tsang and co-workers®*% reported a novel heterojunction approach to synthesize supported
Pd@Zn nano-structures with tuneable Zn shell thickness by a simple reduction of Pd/CdSe-
ZnO solid precursors in hydrogen. The precursors contained CdSe-ZnO type-ll
heterojunction interfaces that could promote the reduction process of ZnO to metallic Zn°
atom and form Zn decorate Pd nanoparticles, which would exert enhanced catalytic
performance in methanol production from CO hydrogenation. The similar heterojunction
approach was then applied to the Cu/ZnO based catalyst. It was found that the presence of a
small amount of Ga®** in the Cu/ZnO system could lead to the formation of Ga-containing
spinel structure, which would create electronic heterojunction with excess ZnO phase to
facilitate the reduction of Zn?* to Zn° in contact with Cu to form highly active Cuzn
bimetallic nanoparticles and offer catalytic sites. The authors also discovered a correlation
between Zn° concentration in the CuZzn alloy nanoparticle to the catalytic performance,
showing that CO. conversion and methanol selectivity were significantly improved by

increasing the Zn® content in these CuZn bimetallic catalysts®.
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Chapter 2: Analytical techniques

2.1 Chapter overview

The characterisation is a very crucial part in catalysis as the specific physical and chemical
properties of the material have direct impacts on the catalytic activity and stability’-2. Today,
with the advancement of scientific technologies, a wide variety of powerful instruments are
invented to provide information about chemical compositions, electronic states, crystalline
structures, surface environments, and local structures of the materials. To resolve the
catalytic sites, the investigation with a combination of several advanced techniques is
usually required. This chapter briefly introduces the important analytical tools used

throughout this thesis by presenting their theoretical principles and applications.

2.2 X-ray diffraction (XRD)

XRD is one of the most commonly used techniques to characterise nanoparticle catalysts®.
It is a nondestructive technique and can be used to identify crystalline phases and orientation
as well as to determine structural properties such as lattice unit cell parameters, lattice strain,
and crystallite size. This technique is based on the constructive interference of the scattered
monochromatic X-rays emitted by interactions between X-rays and the atoms with the
periodical arrangement in the lattice when conditions satisfy Bragg's Law (Equation 2-1).
nA=2dsind; n=1,2,.... (Equation 2-1)

where n is the integer corresponds to the order of reflection; conventional lab XRD use Cu-
Ka radiation with A= 0.154 nm; d is the spacing distance of reflecting lattice planes; 0 is
Bragg angle: The angle between an incident X-ray beam and a set of crystal planes, see

Figure 2-1.
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Figure 2-1. Diffraction of X-rays from crystal lattice planes illustrating Bragg’s law*.

The spacing distance of lattice planes and the lattice parameters can be calculated using the
characteristic peak position of the obtained diffraction pattern. Taking the cubic system as
an example, the correlation can be described by the following equation:

2 2,72
2 = Ml (Equation 2-2)

d? a?
where h, k and | are the Miller indices; a is the lattice parameters (for cubic system a=b=c);

d is the spacing distance between lattice planes.

Another important characteristic of XRD pattern is peak broadening along with the reduction
of material crystallite size, due to the incomplete destructive where the X-rays are out of
phase. The crystallite size can be calculated based on the peak positions and the

corresponding full width half maximum (FWHM) according to the Scherrer equation:

L = KA/B cosB (Equation 2-3)
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where L is the averaged diameter of the crystallites; A is the wavelength of the incident X-
ray; B is the width of a diffraction peak at half the maximum intensity (FWHM) in radians;
0 is Bragg angle; K is a value which is in the range 0.87-1.00 (it is commonly assumed to

be 1).

2.3 X-ray photoelectron spectroscopy (XPS)

XPS, also known as electron spectroscopy for chemical analysis (ESCA), is a surface-
sensitive quantitative spectroscopic technique that provides information of surface chemical
composition and oxidation state of individual elements. XPS spectra are obtained by
irradiating the sample surface with a beam of soft (low energy) X-rays under ultra-high
vacuum conditions while simultaneously measuring the kinetic energy of the ejected
electron from the materials with binding energy lower than the X-ray energy. Because the
energy of the X-ray with a particular wavelength is known, the electron binding energy of
each of the emitted electrons can be determined by using the following equation:
Ek = hv — EB — ¢ (Equation 2-4)

where EK is the kinetic energy of the ejected electron; h is Planck’s constant; v is the
frequency of the incident X-ray; EB is the binding energy of the ejected electron with respect

to the Fermi level of the sample; ¢ is the work function of the spectrometer. The relationship

of the parameters is illustrated in Figure 2-2.
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Figure 2-2. lllustration of photoelectron emission stimulated by X-ray absorption®.

The kinetic energy (EK) of the ejected electron is an experimental value measured by the
spectrometer, which depends on the wavelength of the employed X-rays so that is not an
intrinsic property of the material. On the contrary, the binding energy of the electron (EB)
is characteristic of the electronic structure of the parent atom and also reflects the oxidation
state®. The total number of detected electrons at certain binding energy region is proportional
to the amount of the parent element, therefore, XPS is usually used to quantitatively analyse
surface chemical composition by the integration of the signal peaks area of elements
normalised by their relevant sensitivity factors. Although X-ray penetrates deeply into the
material, most of the ejected electrons are captured by the parent atom and only a small
fraction of surface (10-100 A) photoelectrons can escape from the material and be detected
by the spectrometer. The elemental composition provided by XPS is assigned to the surface
or near the surface of the analysed material, thus, it can present the information of the surface

catalytic site more precisely than other bulk analysis techniques.
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2.4 X-ray absorption fine structure (XAFS)

XAFS refers to the details of how X-rays are absorbed by an atom at energies near and above
its core-level binding energies in various chemical and physical state. The X-ray absorption
spectrum is derived from the measurement of the X-ray absorption coefficient n of a material

as a function of X-ray energy, and p is defined as:
u= —ln(:—‘) / X (Equation 2-5)
0

where lo is the intensity of X-ray light irradiated on the sample; I; is the intensity of X-ray

light transmitted through the sample; X is the thickness of the sample.

The result consists of two regimes: X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS), see Figure 2-3. XANES is especially
sensitive to formal oxidation state and coordination chemistry, i.e., octahedral or tetrahedral
coordination of the absorbing atom, while the EXAFS is used to determine the local
environment such as bond distances, coordination number, and species of the neighbours of
the absorbing atom. When the incident X-ray energy closes the energies near and above the
core-level binding energies of an element within the sample, the absorption coefficient p
increases dramatically, causing an absorption edge in XAFS spectrum. The position of
absorption edge usually reflects the oxidation state and the electronic configuration of the
absorbing atom. After the absorption edge, the excited electrons escape from the nucleus of
the absorbing atom with Kinetic energy, and the ejected electrons are likely to be
backscattered by the neighbour atoms then interfere with the forward ejected electrons. This
interference then develops oscillation in XAFS spectrum and is called EXAFS, which is
related to the type of scattering atoms around the absorbing atom and the distance between

them. EXAFS is best understood in terms of the wave behaviour of the photo-electron
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created in the absorption process. Because of this, it is common to convert the X-ray energy

to k, the wave number of the ejected electron, which is defined as:

2 2 i
k === \/2m E iy = —-\/2m,(hv — EB) (Equation 2-6)

where k is the wavenumber of the photoelectron; h is Planck’s constant; me is the mass of
an electron; Exin is the kinetic energy of the photoelectron; v is the X-ray frequency; EB is

the binding energy of the ejected electron.
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Figure 2-3. Left: XAFS spectrum is shown with the XANES and EXAFS regions identified;

Right: Isolated EXAFS (k) spectrum’.

x(K) is the oscillations as a function of photo-electron wave number (Figure 2-3). The
different frequencies revealed in the oscillations in x(k) correspond to diverse near-
neighbour coordination environments which can be described and modelled according to the

EXAFS Equation:

K = 3 M0 R+ 8,00 (Equation 2-7
X( )—Z,-Tsm[z R; + 8;(k)] (Equation 2-7)
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where f(k) and 6(k) are scattering properties of the atoms near the excited atom; N is the
number of neighbouring atoms; R is the distance from the absorbing atom to the
neighbouring atom, and o2 is the disorder in the neighbour distance. The model of EXAFS
function y(K) is quite complicated, but it allows us to obtain the chemical environment of
the absorbing atom at the atomic scale. Moreover, since these scattering factors depend on
the atomic number Z of the neighbouring atom, EXAFS is also sensitive to the atomic

species of the neighbouring atom’.

2.5 Transmission electron microscopy (TEM)

TEM is a powerful technique for examining nanomaterial-based catalyst, as it can allow a
direct observation of particle aggregation, particle size and provide morphological and
structural information. The principle of TEM is similar to that of an optical microscope but
using electrons instead of visible photons as a light source. In addition, electromagnetic
lenses are used in TEM to focus electron beam rather than using optical lenses as that of in
an optical microscope. Figure 2-4 shows the structure and cross-section of a typical TEM.
To describe it, in brief, an electron beam with high intensity is generated either by a tungsten
filament, a LaBs crystal, or a field emission gun, and then it is accelerated to high energy
and produce electrons with a wavelength (de Broglie wavelength) much smaller than typical
interatomic spacing. The high-speed electron beam passes through a condenser to produce
parallel rays and then impinge on the specimen. The transmitted electron beam through the
specimen is refocused and expanded through sets of projector lenses onto the phosphor

screen or a charge coupled device (CCD) camera or filmé.
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Figure 2-4. The layout of optical components of a typical TEM machine®.
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According to Rayleigh criterion (defined as Equation 2-8), the resolution of TEM depends
on the wavelength of the electron. Typically, to achieve a resolution of 0.3 nm, which is
thousands of times smaller than the smallest resolvable object in an optical microscope, the
operating voltage of a TEM instrument is 100 ~200 keV (A= 2.5 to 3.7 pm) under 10°® mbar
vacuum.

6y = 0614 (Equation 2-8)

nsinf

where A is the wavelength of the radiation; n is the refractive index of the view medium; 3

is the semi-angle of collection of the magnifying lens®.

On the other hand, a scanning transmission electron microscope (STEM) is a type of TEM.
STEM is a powerful and versatile instrument, which can provide better atomic resolution
imaging and nanoscale analysis, and is more efficient than conventional TEM. In principle,
the STEM differs from conventional TEM in that the electron beam is focused into a narrow
spot, which is scanned through the specimen in a raster pattern. Scattered electrons are

detected and their intensity is plotted as a function of probe position to create an image®.

2.6 Atomic force microscopy (AFM)

AFM was invented in 1986%°, which has the advantage that it can provide the topography
and structure of both conducting and non-conducting samples in a variety of types including
inorganic materials, polymers, composites, and many more. AFM is a high-resolution type
of scanning probe microscope. It scans a probe over the surface of the sample and measures
the forces between probe tip and surface. The typical AFM configuration is shown in Figure
2-5. The distance between probe and sample varies with the mode in which the AFM is

operated.
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Figure 2-5. Typical configuration of an AFM?!: (0) coordinate system; (1) Cantilever; (2)
Support for cantilever; (3) Piezoelectric element (to oscillate cantilever at its eigen
frequency.); (4) Tip (Fixed to open end of a cantilever, acts as the probe); (5) Detector of
deflection and motion of the cantilever; (6) Sample to be measured by AFM; (7) xyz drive,
(moves sample (6) and stage (8) in X, y, and z directions with respect to a tip apex (4)); (8)

Stage.

Three commonly used AFM scanning modes are contact mode, non-contact mode, and
tapping mode!!. The contact mode of AFM measures topography by sliding a probe tip
across the surface as well as in contact with the sample. On the contrary, in the non-contact
mode, the tip is suspended 50-150 A above the sample surface. Attractive Van der Waals
forces acting between the tip and the sample are measured, and topographic images are
constructed by scanning the tip above the surface. On the other hand, the tapping mode of
AFM measures topography by tapping the surface with an oscillating tip. Tapping mode can
eliminate the shear forces so that can protect soft samples and allow high-resolution
topographic imaging of the sample surfaces. Therefore, this is the technique of choice for

most AFM work.
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2.7 Fourier transform infrared (FTIR) spectroscopy

FTIR is a technique used to obtain an infrared absorption spectrum of materials. For the
catalysts, this technique is usually employed for determining reaction intermediates and
organic functional groups on the surface of catalyst through detection of the characteristic
stretching and bending frequencies of specific functional groups. Molecules possess discrete
rotational and vibrational energy levels. A vibrational transition can occur by absorbing
infrared light, in particular with a wavenumber of (200-4000 cm™). According to the simple
harmonic oscillator model, vibrational frequencies increase with the increasing of bond
strength between the atoms and decrease as the decreasing of the masses of atoms in the

chemical bond:

Ve =— [ p=D0"2 Equation 2-9)

T 2m n mq+my

where vo is the Harmonic Oscillator frequency of the two-atom chemical bond; m1 and m>
are the masses of atoms in the chemical bond; k is the force constant which is proportional
to the bond strength between the atoms. A general selection rule for the absorption of
infrared light is a change in dipole moment in the molecule during the vibration process,
hence not all vibration modes cause absorption. Furthermore, various vibrations can be

observed, including stretch, bend in/out of the plane, torsion, symmetric and asymmetric.

Attenuated total reflection (ATR-IR), the most widely used FTIR sampling tool and is
employed in the work of this thesis. ATR generally allows qualitative or quantitative
analysis of samples with a convenient sample preparation. The main advantage of ATR
sample preparation comes from its very thin sampling path length and depth of penetration
of the IR beam into the sample. This contrasts with traditional FTIR sampling by

transmission where the sample must be diluted with IR transparent salt, pressed into a pellet
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or to athin film to prevent totally absorbing bands in the infrared spectrum. In ATR sampling
the IR beam is directed into a crystal with relatively higher refractive index. The IR beam
reflects from the internal surface of the crystal and creates an evanescent wave, which
projects orthogonally into the sample in intimate contact with the ATR crystal. The sample
absorbs some of the energy while the reflected radiation is returned to the detector. Figure
2-6 illustrates the principle of a single internal reflection ATR spectroscopic technique,
where infrared radiation is passed through a material with a high optical density at an angle
such that total internal reflection occurs. Once the total internal reflection occurs, an
evanescent field is formed that extends beyond the crystal surface. By increasing the number
of reflections in the crystal the amount of interaction with the sample is enhanced, which

can result in a highly sensitive technique to monitor catalyst surface.

/ ol
Sample n
P 2 srfEme g Penetration depth
g
ATR crystal
Incident THz beam Reflected THz beam

Sy

To detector
Figure 2-6. Illustration of the principle of the ATR spectroscopic technique: ny and n; are

refractive indices of the ATR crystal and the sample material (n1 > n2)*2.
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2.8 Temperature programmed reduction (TPR)

Most of the metal oxide catalysts need a pre-reduction treatment to generate the active metal
sites before they are used to catalyse the reaction. TPR is a technique employed for the
investigation of the reduction behaviour of materials. The diluted reductive gas, used as the
probe molecules and are usually Hz or CO, is used to interact with the specimen loaded in a
quartz tube by passing a continuous gas stream under a defined temperature programme.
The changes of the probe molecule concentration in the gas flow are monitored in situ by a
thermal conductivity detector (TCD) at elevated temperatures. The illustration of a TPR
instrument configuration is shown in Figure 2-7. Two reductive gas streams with the same
composition are supplied at the same time. One of them is taken as the reference flowing
into the TCD detector directly (in the reference channel of Figure 2-7). The other passes
through and interacts with the specimen before it reaches the detector (in the sample channel
of Figure 2-16). The intensity of TCD signal is proportional to the composition difference
of the two gas streams. Thereby, the variation of probe molecule concentration in the sample
channel is recorded during the defined temperature programme with reference to the

unreacted gas stream, which reflects the reduction process of the sample.
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Figure 2-7. Schematic representation of a typical TPR instrument*®,

In a typical measurement, a sample is sandwiched between two layers of quartz wool that is
loaded in a quartz tube. The tube with the sample is then placed into a larger quartz tube
where it is attached to a stainless-steel holder and sealed with a rubber o-ring (Figure 2-8).
Once obtained the TPR analysis result, the integration of TCD signal versus temperature
gives the total uptake of the probe molecules (an accurate calibration prior to the
measurement is needed) which can provide the information of the number of reductive sites

as well as the corresponding reduction temperature.
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Figure 2-8. Diagram of the TPR reactor assembly*2.

2.9 Photoluminescence (PL) emission spectroscopy

Photoluminescence (PL) is light emission from a semiconductor material after it is excited
by an external source and absorbs photons*. It is a useful analytical technique for probing
exciton behaviour of materials and also provides information of band structure and the
surface state of solid materials. In the excitation process, the electrons in the valence band
(VB) jump across the band gap and temporarily occupy conduction band (CB) and leave the
holes in VB. The excited electrons usually drop back to VB rapidly and recombine with the
holes, leading to an emission of energy that is equal to the value of the band gap, namely,
band to band luminescence. On the other hand, the excitons can be stabilised by some
surface defects or impurities with energy levels close to the band edge. Once got trapped in
those defects, the recombination rate of electrons and holes will decrease accompanied by a

lifetime extension of the excitons. This delayed recombination usually gives an emitted
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radiation at a longer wavelength, which is called deep level luminescence, as illustrated in

Figure 2-9.

@
_’\ [ ] .
o~ Conduction band
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Surface defect or stabilisers
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L luminescence
Valence band
(b)
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Figure 2-9. (a) Illustration of the excitation and recombination processes of excitons of

semiconductor with emitted irradiation’®; (b) An example of PL spectra of GaN

semiconductor which shows both band to band luminescence and deep level luminescence®®.
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PL spectroscopy measurement mode can be steady-state or time-resolved. Steady-state PL
measures the emission across a range of energies under a constant wavelength of excitation
light source, yielding a fluorescence spectrum. This spectrum provides the information of
band structure, defects, impurity, etc., of a material. Time-resolved photoluminescence
(TRPL) is measured by exciting luminescence from a sample with a pulsed light source and
then recording the subsequent decay in PL as a function of time. The time resolution can be
obtained in a number of ways. Taking the time-correlated single photon counting (TCSPC)
technique as an example, TCSPC requires a defined “start”, provided by the electronics
steering the laser pulse or a photodiode, and a defined “stop” signal, realised by detection of
single-photon with sensitive detectors'’. The measurement of the time delay through TCSPC
is repeated many times to account for the statistical nature of the fluorophores emission. The
arrival times of emitted photons are collected and sorted into a histogram that plots the

occurrence of emission over time after the excitation light pulse®’.

The decay of the emitted photon intensity with time after the excitation can be expressed as:
I, =1,% A;eCt™ (Equation 2-10)
where lg is the intensity at the time upon excitation; It is the fluorescence intensity measured
at time t; A is the amplitude of the i component; t is the lifetime which is usually used to
indicate the life length of excitons reflecting the recombination rate of excited electrons and
holes. Formally, the excitons lifetime is defined as the time in which the initial fluorescence
intensity of a fluorophore decays to 1/e (approximately 37%) of the initial intensity, see
Figure 2-10. This quantity is the reciprocal of the rate constant for fluorescence decay from
the excited state to the ground state. In an ideal case, fluorescence decay is usually a mono-
exponential function (linear when plotted on the log-linear scale). However, in the case of

nano-material with the imperfect interface, defective surface, or adsorbed impurity that lead
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to various recombination mechanisms, the approximation of multi-exponential is needed. In

that case, a series of t can be obtained, implying the existence of the variable recombination

mechanism of excitons.

Fluorescence Lifetime Decay Profiles
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- & g
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Time Time Time

Figure 2-10. lllustration of time-resolved decay profile. (a) and (b) Fluorescence decay is a
mono-exponential function in a uniform system, e.g. a solvent; (c) fluorescence decay shows

a multiexponential function in a more complex system?’.

2.10 BET surface area analysis

The determination of surface area of materials relies on the measurement of adsorption.
Brunauer-Emmett-Teller (BET) theory was developed in 1938. It aims to explain the
physical adsorption of gas molecules on a solid surface and serves as the basis for an
important analysis technique for the measurement of the specific surface area of materials.
From BET analysis, it provides information on adsorption phenomenon to be correlated to
physically relevant properties of a material such as specific surface area, pore-size

distribution, micro-pore analysis, and porosity.
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The process of adsorption is usually studied through graphs know as adsorption isotherm. It
is the graph between the amounts of adsorbate adsorbed on the surface of adsorbent and the
relative pressure (the equilibrium pressure divided by the saturation pressure, p/p°) at a fixed
temperature. Most of the adsorption isotherm can be categorised into six types according to
IUPAC!®, as shown in Figure 2-11. The six types of isotherm are determined by the pore
size and surface character of the material, which are: Type I- microporous materials (pore
widths below 2 nm); type IlI- nonporous materials; Type IllI- nonporous materials and
materials having weak interactions between the adsorbate and adsorbent; Type IV-
mesoporous materials (pore widths from 2 nm to 50 nm); Type V- mesoporous materials
and materials having weak interaction between the adsorbate and adsorbent; type VI- a
layer-by-layer adsorption on homogeneous surface, which usually happens when the

temperature is near the melting point of the adsorbed gas®®.
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Figure 2-11. The six main types of isotherm from IUPAC classification®®,
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In general, the surface area analysis is performed by N adsorption/desorption. The volume
of gas adsorbed to the surface of the particles is measured at the boiling point of liquid
nitrogen (-196°C). The calculation is based on the BET theory, and the amount of adsorbed
gas is correlated to the total surface area of the particles including pores in the surface. From
the collected data it is not only possible to calculate the specific surface area (BET surface
area) but also the materials pore sizes distribution and shapes. Moreover, the shapes of the
adsorption/desorption isotherms can provide information on the nature of the material

studied, as mentioned above.

2.11 Raman spectroscopy

Raman spectroscopy is a fast and non-destructive technigque to provide information on the
electronic and lattice structures of a material?®. Raman spectroscopy is used to observe
vibrational, rotational, and other low-frequency transitions in molecules. It relies on inelastic
scattering, or Raman scattering, of monochromatic light, usually from a laser in the visible,
near infrared, or near ultraviolet region?'. The laser interacts with molecular vibrations,
phonons or other excitations in the system, resulting in the energy of the laser photons being
shifted up or down, and the shift in energy gives information about the vibrational modes in

the system?, see Figure 2-12.

Raman and IR spectroscopy are complementary methods used for studying of molecular
vibrations. It has been revolutionised by advancements in laser technology, with sources
readily available for the whole visible and near-IR spectral range®. In general, Raman has
higher spatial resolution than IR and can readily access the low wavenumber spectral range
where most phases of catalyst materials have their characteristic absorption bands.

Therefore, Raman has been employed for the characterisation of bulk and supported
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catalysts. Moreover, Raman spectroscopy is an ideal characterisation technique for carbon
materials owing to its high resolution offering the structure and electronic information.
Recently, Raman spectroscopy has become one of the most popular techniques for the
characterisation of disordered and amorphous carbons, fullerenes, carbon nanotubes,
diamonds, carbon chains, and poly-conjugated molecules?®?3, In addition, Raman scattering
on phonons is to a considerable extent determined by electrons, depending on how they
move, interfere and scatter. Thus, any vibration of electronic properties induced by defects,
edges, doping, or magnetic fields can affect the positions, widths, and intensities of the

Raman spectra, enabling one to probe electrons via phonons?.
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Figure 2-12. Energy-level diagram showing the states involved in Raman signal?.
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2.12 High sensitivity-low energy ion scattering (HS-LEIS)

HS-LEIS is a sensitive analytical technique for analysing the composition of the outermost
atomic layer of a sample. For a heterogeneous catalyst, the outermost atomic layer is the
location where the catalytic reaction takes place. In comparison to XPS, HS-LEIS gives the
information for the outermost atomic layer, while the information depth for XPS is several
nanometers (about 20 layers). HS-LEIS determines the mass of surface atoms by measuring
the energy from ions that are scattered from the surface. The principle behind this technique
is that: A noble gas ion (*He*, ®Ne", or “°Ar*) beam with a known primary energy Ei is
aimed perpendicularly at the sample surface where this ion collides with a surface atom in a
binary collision?*, see Figure 2-13. The energy of the backscattered ion (Es) is determined
by the classic laws of mechanics (conservation of momentum and conservation of energy)

and is described as:
E; = k*(22,0)E; (Equation 2-11)
my

where m1 and m; are the masses of the gas ion and the scattering surface atom, respectively;
0 is the back-scattering angle (determined via the geometry of the instrument). In the HS-
LEIS experiment, 6, m: and E; are known and Er can be measured with a dedicated energy
analyser. The factor k? is a known function of ma/m: and 6. Therefore, the mass of the

scattering surface atom can be calculated?,
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' E;, m;

Figure 2-13. Schematic representation of the HS-LEIS process?*.
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Chapter 3: Experimental methods

3.1 Synthesis procedure

3.1.1 Synthesis of CuZnGa-based catalyst

3.1.1.1 Synthesis of catalyst precursors by the conventional co-precipitation method (CZG
precursor)

Ga®* modified Cu/ZnO catalyst precursors were synthesised using a pH-controlled
conventional co-precipitation method®. The metal precursors were hydrated metal nitrate
salts: Cu(NOs)2-3H20 (Aldrich), Zn(NO3)2-6H20 (Aldrich), and Ga(NOsz)3-9H20 (Aldrich).
For a typical preparation, the metal nitrates [3.77g Cu(NO3)2-3H20; 5.53g Zn(NO3)2-6H:0;
0.75g Ga(NO3)3-9H,0] were dissolved completely in 100 mL deionised water. A Na;COs
aqueous solution was prepared by dissolving 3.50 g of Na2COs3 in 100 mL of DI water. The
solutions were added simultaneously into a plastic reactor containing 250 mL of preheated
DI water. A delivery pump with two 50 mL syringes was used to inject the precursor metal
nitrate solution at a constant rate of 0.42 mL-min in an automatic and reproducible manner.
An HPLC pump was used to deliver the Na,COs solution at a rate of 0.35-0.70 mL-min™.
The mixture was stirred at 1000 rpm while pH of the precipitating solution was carefully
maintained at 6.5. The precipitation process took place at around 80 °C. The pH of the liquid
was measured using a temperature-dependent pH meter and was controlled at pH 6.5, with
an error range of £0.1. After ageing for 16h, the precipitate was extracted by centrifugation
at 5000 rpm. The centrifuged precipitate was washed with DI water five times to remove
residual Na* ions. The resulting wet solid was dried in air at 80 °C for 18 h. The catalysts
were labelled as CZ (referring to Cu/ZnO catalysts in the absence of Ga) and CZGxGa

(referring to Ga modified Cu/ZnO catalysts where x indicates the mole % of Ga), see Table
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3-1. A typically measured surface area of CZG5Ga was 85 m?g~t. We also rinsed two equal
portions of powders in acetone for 1h (CZG5Ga-Al) and 18h (CZG5Ga-A2) before they
were dried. The measured surface areas were 82 m?g™* and 93 m?g™, respectively. The

procedure for the synthesis is graphically summarised in Figure 3-1.

Synthesis: CZG samples

CuZnGa (from 0.5 Ga to 40Ga)
120 mL, 1.2 M, 0.42 ml/min

1 I
1 I
I I
|
I —— [EE] Acetone, __pry | czG-Al
1 | 200mL1h :
Na,CO, 1 (ZG5Ga-Al |
033M  pH 6.5 Ft- | BET: 82 m%g? |
| I
J | |
Aging 16 h 1 :
! L1
—+—| Acetone I
I o )y
I—_> EE 200 mL 18 h—= Dry CZG-A2 |
Washed withH,0 =~ |
I CZG5Ga-A2 |
' : BET: 94 m%g?
Dry AMO washing

CZG5Ga-ww BET: 85 m2g!
» Acetone wash does not change the surface area of

CZG precursors (aurichalcite and malachite)

Figure 3-1. Procedure for the synthesis of CuzZnGa precursors by the conventional co-

precipitation (CZG precursor).

3.1.1.2 Synthesis of catalyst precursors via agueous miscible organic solvent method

(AMO-LDH precursor)

The metal precursor solution (50 mL) including desired amounts of Cu(NO3)2-3H20
(Aldrich), Zn(NO3)2-6H20 (Aldrich) and Ga(NO3)3-9H.O (Aldrich) was added drop-wise

into the 50 mL of 0.5 M Na>COs base solution under rapid stirring. During the nucleation
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step, the pH value was kept at ca. 10.0 by dropwise addition of a 4.0 M NaOH solution.
After ageing for 16 h with stirring at room temperature, the mixture was filtered and washed
with DI water until the pH was close to 7. The obtained wet cake solid layered double
hydroxides (LDHSs) was re-dispersed in 200 mL acetone and stirred at room temperature for
1-2 h. Then, the resultant solid was filtered, washed thoroughly with acetone and dried
overnight (18 h) in a vacuum oven at room temperature which led to aqueous miscible
organic solvent treated LDHs (AMO-LDHs) with a formula of [(Cua,
Znp)?* 1 xM3*(OH)2](CO3* )x2-mH20-nC3sHs0.2 The samples were labelled as LDHxGa
where x indicates the mole % of Ga in the synthesis recipe (see Table 3-1). These washed
samples were characterised by XRD or SXRD. The super-fine portions of the washed
samples were kept for catalysis use and TEM/AFM characterisation. As similar to the
literature, the powder sample with and without acetone treatment showed a large difference
in their surface area per gram basis. Typically, the surface areas of LDH30Ga-ww (ww:
water washed, no acetone treatment) and LDH30Ga-Aw (Aw: acetone washed) were
determined as 37 m?g* and 159 m?g?, respectively. The synthesis recipes can be found in

Table 3-1 and the procedure for the synthesis is graphically summarised in Figure 3-2.
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Synthesis: LDH samples

CuZnGa-NO, (from 5Ga to 40Ga)

NaOH
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LDH-30Ga

AMO washing

» Acetone wash can dramatically increase the surface
area of the LDH precursors

Figure 3-2. Procedure for the synthesis of CuZnGa catalyst precursors by AMOST method

(AMO-LDH precursor).

Table 3-1. Synthesis recipes and determined compositions for CZG and LDH-derived

samples.
Catalysts Synthesis recipe Cu:Zn:Ga from ICP
Cu:Zn:Ga (mol%o) Cu:Zn:Ga (wt%) Cu:Zn:Ga (mol%)

Cz 40:60: 0 45:55: 0 44:55: 0
CZG5Ga 40:55: 5 43:51: 6 44:51: 5
CZG10Ga 40:50:10 44:46:10 45:45:10
CZG30Ga 40:30:30 44:26:30 45:26:29
CZG40Ga 40:20:40 42:17:41 43:18:39
LDH5Ga 40:55: 5 42:54: 4 43:53: 4
LDH10Ga 40:50:10 43:50: 7 44:49: 7
LDH20Ga 40:40:20 44:41:15 45:41:14
LDH30Ga 40:30:30 45:32:23 47:32:21
LDH40Ga 40:20:40 47:22:31 49:22:29
LDH30Ga-ww 40:30:30 45:31:24 46:31:23
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3.1.1.3 Calcination of CuZnGa-based catalyst precursors

All precursor materials were calcined under constant air flow (50 mIn-mint) at 330 °C for
3 h (heating rate of 10 °C-min* followed by 1 hour of dwell at 80 °C and 150 °C) prior to

being used.

3.1.2 Synthesis of Rh-based catalyst
3.1.2.1 Synthesis of the binary metal oxide supports

The binary metal oxide supports were synthesised using a co-precipitation method. The
metal precursors were hydrated metal nitrate salts: AI(NOs)2-3H20 (Aldrich),
Zn(NO3)2-6H20 (Aldrich), In(NOz)3-xH20 (Aldrich). and Ga(NOz)3-9H20 (Aldrich). Two
of the selected metal nitrates were dissolved completely in 150 mL deionised water to make
a solution with a concentration of 0.05M. A Na>COs aqueous solution was prepared by
dissolving 7.5 g of Na2COz in 300 mL of deionised water. The solutions were added
simultaneously into a plastic reactor containing 50 mL of preheated deionised water at 80
°C. A delivery pump was used to inject the metal nitrate solution at a constant rate of 0.4
mL min! in an automatic and reproducible manner. An HPLC pump was used to deliver the
Na2COj3 solution at a rate of 0.4-0.8 mL min’. The mixture was stirred at 1,000 rpm, with
pH of the precipitating solution carefully maintained at 9 + 0.1. Once the addition of the
precursor metal nitrate solution was completed, the resulting precipitate was aged in solution
for 18 h. After the ageing process, the precipitate was extracted by centrifugation at 5,000
rpm. The centrifuged precipitate was washed with deionised water several times at 5,000
rpm to remove residual Na* ions and then washed with acetone before drying in vacuum.
The dried powder was then calcined in N2 at a ramp of 5 °C minup to desired temperature

(450°C, if not indicated) for 4 h to get the final binary metal oxide supports.
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3.1.2.2 Synthesis of the binary metal oxides supported Rh catalysts

The loading of Rh onto above synthesised binary metal oxide support was achieved by the

wet-impregnation method: the selected binary metal oxide support was immersed into a

Rh(NO3)s (Aldrich) aqueous solution and the mixture was kept stirring until the solid and

liquid were mixed evenly. The slurry was set aside in air for one night (18 h) before drying

in an oven at 80 °C. The dried powder was then calcined in N2 at a ramp of 5 °C min™ up to

450 °C for 4 h to get the final binary metal oxides supported Rh samples. The detailed

information of the samples is listed in Table 3-2.

Table 3-2. The details of the binary metal oxides supported Rh samples.

Binary metal oxide Binary metal | N, heat treatment )
] Rh loading
Sample Metal; : Metal,=1:1 oxide temperature for
] ) and method
Metal; Metal, preparation the metal oxide
Rh/ZnAlO Zn Al
Rh/GaAlO Ga Al 0.6%,
Co-
Rh/GaZnO Ga Zn o wet-
precipitation 450 °C ) ]
Rh/InZnO In Zn impregnation
method
Rh/InAlO In Al method
Rh/InGaO In Ga
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3.1.2.3 Synthesis of the Rh-containing, Ru-containing samples and the indium-aluminium

oxides support with different In/Al ratios.

The detailed information of the samples is listed in Table 3-3. In this part, the samples are
classified into two categories: those loaded Rh or Ru by the wet-impregnation method and
those by co-precipitation method. For the wet-impregnation samples, the synthesis followed
the same process as the binary metal oxides supported Rh samples described above: The
rhodium-indium supports with different recipe Rh:In ratios were synthesised using co-
precipitation method. Then the derived supports were loaded with Rh or Ru using wet-
impregnation method and dried, calcined in N2 to get the final catalyst. The co-precipitation
samples were prepared by the following process: Metal nitrates (Rh(NOz)3 aqueous solution,
AI(NO3)2-3H20 and/or In(NOs)3-xH20) were dissolved completely in 150 mL deionised
water to make a solution with a concentration of 0.05M. A Na>COs3 aqueous solution was
prepared by dissolving 7.5 g of Na,COs in 300 mL of deionised water. The solutions were
added simultaneously into a plastic reactor containing 50 mL of preheated deionised water
at 80 °C. A delivery pump was used to inject the metal nitrate solution at a constant rate of
0.4 mL-min in an automatic and reproducible manner. An HPLC pump was used to deliver
the Na2COj3 solution at a rate of 0.4-0.8 mL min™t. The mixture was stirred at 1,000 rpm,
with pH of the precipitating solution carefully maintained at 9 £ 0.1. Once the addition of
the precursor metal nitrate solution was completed, the resulting precipitate was aged in
solution for 18 h. After the ageing process, the precipitate was extracted by centrifugation
at 5,000 rpm. The centrifuged precipitate was washed with deionised water several times at
5,000 rpm to remove residual Na* ions and then washed with acetone before drying in
vacuum. The dried powder was then calcined in N, at a ramp of 5 °C minup to desired

temperature (450 °C, if not indicated) for 4 h to get the final catalysts.
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Table 3-3. The details of the Rh-containing, Ru-containing samples and the indium-

aluminium oxides support with different In/Al ratio.

Sample Rh or Ru loading & method | Recipe composition of the
support In : Al

Rh/(10AD)O 5%, wet-impregnation 0:10
Rh/(1In9A1)O 5%, wet-impregnation 1:9
Rh/(3In7AD)O 5%, wet-impregnation 3:7
Rh/(5In5A1)O 5%, wet-impregnation 5:5
Rh/(10In)O 5%, wet-impregnation 10:0
(5In5A1)O support - 5:5
Copre-Rh/(5In5A1)O 2.5%, co-precipitation 5:5
Copre-Rh/(10A1)O 2.5%, co-precipitation 0:10
Ru/(5In5A)O 5%, wet-impregnation 5:5

3.1.3 Synthesis of CdS/CNT/s-MoS2 photocatalyst
3.1.3.1 Materials for preparing CdS/CNT/s-MoS; photocatalyst

Reagents used throughout this section were purchased from Sigma Alrdrich and were used
without modification or purification unless stated: Cadmium chloride-CdCl, (99.99% trace
metals basis), oleylamine (technical grade,70%), sulfur (99.998% trace metals basis),
molybdenum disulfide- MoS: (99% 2H-MoS.), n-butyllithium (1.6 M solution in hexane),
hexane (97 > chromasolv for HPLC), nitric acid- HNO3 (ACS reagent), lactic acid (85%),
SWNT (carbon > 90%, > 80.0% carbon as SWNT (BET=~ 560 m?g?), 0.7-1.4 nm
diameter). The DWNTSs (345 m?g!) were produced by catalytic chemical vapour deposition
(CCVD) of an H,-CH4 mixture at 1000 °C with CoMo-MgO catalyst®*. MWNTSs (369 m2g"
1y were synthesised by CCVD using a Co:Mo-MgO catalyst with an elemental composition
of Mgo.9C00.033M00.0670. The catalyst was heated in an atmosphere containing 36% of CH4
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and 64% of Ho, at a total flow-rate of 15L h, starting from room temperature to 1000 °C at
5 °C min. No dwell was applied and the gaseous atmosphere was maintained constant
during all the procedure®. CNTs are free from amorphous carbon coating. During the
extraction process, oxides (unreacted CoMo-MgO) and unprotected metal nanoparticles
(Co, Mo) were dissolved by addition of aqueous HCI solution. The acidic suspension was
then filtered on 0.45 pum pore-size polypropylene membranes and washed with deionised

water until neutrality. The sample was freeze-dried.

3.1.3.2 Synthesis of cadmium sulphide

The synthesis of CdS spherical NPs followed the method described by Joo et al.® Firstly,
604 mg of cadmium chloride (3 mmol) was dissolved in 30 mL of oleylamine with the
assistance of sonication and stirring using a magnetic stirrer bar. This solution was then
heated to 90 °C with constant stirring in a three-necked flask for 1 h in air. 48 mg of sulfur
dissolved in 5 mL oleylamine was then injected into the mixture dropwise. The solution was
then heated to 160 °C under an N2 atmosphere and left for 6 h under vigorous stirring. After
leaving to cool overnight (18 h), the nanoparticles were then collected using centrifugation
(5000 rpm for 10 min) and were thoroughly washed with acetone five times to ensure all

solvent and excess ligand had been removed.

3.1.3.3 Synthesis of single-layer molybdenum disulphide (s-MoS2)

Single-layer MoS; (s-MoSz) was synthesised by the Tsang group following a well-
documented route of exfoliation of bulk MoS, with lithium intercalation”®. Initially, the
black MoS. powder was soaked for 48 h in 1.6 M solution of n-butyllithium in hexane under
N2 atmosphere. After this initial intercalation step of MoS; with lithium, the LixMoS> was

then repeatedly washed with hexane to remove excess butyl lithium and dried under N>
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atmosphere. The powder was then sonicated in de-ionised water for 48 h to assist exfoliation.
The reaction between water and intercalated lithium forms H2 between the layers and the
gas expansion tends to separate the MoS; layers until the layers become completely
separated and suspended in the aqueous solution. The product was filtered, washed
extensively with water and ethanol and then dried under vacuum. Atomic force microscopy

(AFM) image of the synthesised s-MoS; can be found in Figure 3-3.

20 @ &0 80 100 120 140 nm

Figure 3-3. Atomic Force Microscopy images of s-MoS: and drawing of MoS: structure

perpendicular to the ¢ axis®.

3.1.3.4 Acid treatment of CNTs

Following a method reported by E. Flahaut et al.8, initially, 200 mg of raw CNTs were placed
into 200 mL 3M HNOs solution in a 500 mL Pyrex flask and sonicated for 30 min then
refluxed under vigorous stirring for 24 h at 130 °C. The black suspension was then washed

three times with 100 mL DI water before drying the product at 80 °C in air overnight (18 h).
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3.1.3.5 Preparation of CdS/CNT/s-MoS, nanocomposites

CdS/CNT/s-MoS, composites were synthesised using a method similar to the previously
reported CdS-graphene oxide-MoS; synthesis method®. Initially, 100 mg CdS, 2 mg s-MoS;
and acid treated CNTs (0.4, 2, 5 and 7mg) in 50 mL ethanol were sonicated for 4 h and then
stirred at room temperature for a further 24 h. The suspensions were filtered using a 0.2 um
membrane and washed with 250 mL ethanol. The sample was then vacuum dried at 80 °C

in air overnight (18 h).

3.2. Catalytic testing

3.2.1 Catalytic testing of CO2 hydrogenation reaction

Catalytic tests in the hydrogenation of CO> to produce methanol were carried out in a tubular
fixed bed reactor (stainless outer tube with 12.7 mm diameter; quartz inner tube with 8mm
diameter) using a 0.1 g calcined catalyst precursor without dilution. Before each test, the
calcined catalyst precursor was pre-reduced at 290 °C for 2 h under atmospheric pressure
with the pure H stream (20 stp mL-mint, stp = standard temperature and pressure; P =
101.3 kPa, T = 298 K). After the reduction, the temperature was cooled to below 50 °C and
the reactor was pressurised to 4.5 MPa with CO2/Hz (molar ratios ranging from CO2 : Hz =
1:3to 3:1) gas mixture. The activities of the catalysts were determined under a constant
flow of the CO2/H, gas mixture through the catalyst bed (30 stp mL-mint) at desired
temperatures (190-310 °C). The activity measurements were taken after at least 2 h on the
stream at each selected reaction temperature. Heating tape was used to heat (at 200 °C) the
stainless-steel lines that connected between reactor tube and the GC to prevent condensation
of methanol and water. The products were quantitatively analysed by an Agilent 7890B gas

chromatograph equipped with calibrated thermal conductivity detector (TCD) and flame
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ionisation detector (FID). Figure 3-4 shows the picture of the CO2 hydrogenation reactor

used for this thesis.

Figure 3-4. The CO2 hydrogenation reactor used for the works in this thesis

3.2.2 Catalytic testing of photocatalytic splitting of water

Photocatalytic H2 evolution experiments were performed in a 500 mL sealed Pyrex flask at
ambient temperature and atmospheric pressure. The reactor was positioned 10 cm away from
the 500 W UV-vis lamp. In a typical photocatalytic experiment, 20 mg catalyst was
suspended in 90 mL deionised water and 10 mL lactic acid and sonicated for 30 min. Prior
to irradiation, the suspension was bubbled with 5 % CHaJ/Ar for 15 min to remove the
dissolved oxygen and to ensure the reaction was under anaerobic conditions, the CH4 acted
as an internal reference for gas chromatography calibration. Continuous magnetic stirring

was applied in order to keep the photocatalyst particles suspended during the irradiation. 20
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mL of sample was collected from the generated gas and analysed by Agilent 7890A gas

chromatography with TCD detector.

3.3 Characterisation procedure

3.3.1 X-ray diffraction (XRD)
The powder X-ray diffraction (PXRD) data were collected by a Philips PW-1729
diffractometer with Bragg-Brentano focusing geometry using Cu Ka radiation (A = 1.5418

A) from a generator operating at 40 kV and 40 mA.

High-resolution synchrotron X-ray diffraction (SXRD) data were collected on Beamline 111,
Diamond Light Source, UK. A detailed description of the beamline can be found
elsewhere!!. The energy of the incident X-ray beam was set at 15 keV. The wavelength and
the 20-zero point correction were refined using a diffraction pattern obtained from a high-
quality silicon powder (SRM640c). At room temperature, the sample powder was loaded in
a 0.1 mm borosilicate glass capillary. High-resolution SXRD data were obtained from the
samples using the multi-analyser crystal (MAC) detectors. The patterns were collected in
the 26 range 0-150° with 0.001° data binning. Each pattern was collected for an hour for
good statistics. In total, there were more than 100 hkl reflections measured, of which at least
72 independent hkl reflections were observed. The quality of the Pawley refinements of
SXRD data has been assured with a low goodness-of-fit (Gof) factor, a low weighted profile

factor (Rwp) and a well fitted within experimental errors.
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3.3.2 X-ray photoelectron spectroscopy (XPS)

XPS was performed on the reduced samples. The samples were calcined and then reduced
before they were carefully sealed in a glove bag filled with nitrogen to prevent air exposure.
The measurement was conducted using a Quantum 2000 Scanning ESCA Microprobe
instrument (Physical Electronics) equipped with an Al Ka X-ray radiation source (hv =
1486.6 eV). A flood gun with variable electron voltage (from 6 eV to 8 eV) was used for
charge compensation. The raw data were corrected for substrate charging with the BE of the
C peak (285 eV), as shown in the XPS handbook2. The measured spectra were fitted using
a least-squares procedure to a product of Gaussian—Lorentzian functions after removing the
background noise. The concentration of each element was calculated from the area of the

corresponding peak and calibrated with the sensitivity factor of Wagner.

3.3.3 X-ray absorption fine structure (XAFS)

After hydrogen reduction, samples were carefully transferred into capillary tubes (quartz
NMR tubes) in a nitrogen glove box. The reduced samples were sandwiched between silica
wool to fix the samples in the middle of the capillary tubes, and then the capillary tubes were
sealed and stored in a glove box until the XAFS experiments. Local structures surrounding
the selected absorbing atoms were probed by using XAFS technique at beamlines BLO7A
and BLO1C (depends on the energy required for the measurements) of Taiwan Light Source
at National Synchrotron Radiation Research Center (NSRRC) in Taiwan. A Si(111) Double
Crystal Monochromator (DCM) was used to scan the photon energy. The energy resolution
(AE/E) for the incident X-ray photons was estimated to be 2x10“. Conventional
transmission mode was adopted for Cu K-edge, while fluorescence mode was used for Rh
K-edge measurements. The Rh and In Lz-edge X-ray absorption near edge structure

(XANES) spectra were recorded with a beamline BL16A1.
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To ascertain the reproducibility of the experimental data, at least two scan sets were
collected and compared for each sample. The EXAFS data analysis was performed using
IFEFFIT 1 with Horae packages 2 (Athena and Artemis). The spectra were calibrated with
metal foils as a reference to avoid energy shifts of the samples. And the amplitude parameter
was obtained from EXAFS data analysis of the foil, which was used as a fixed input
parameter in the data fitting to allow the refinement in the coordination number of the
absorption element. In this work, the first shell data analyses under the assumption of single

scattering were performed with the errors estimated by R-factor.

3.3.4 Transmission electron microscopy (TEM)

For Chapter 4: Field emission TEM/STEM (FEI Technai F20S-TWIN) was conducted at

Johnson Matthey plc., with the help from Dr Winson Kuo using EDAX Si(Li) LN2 EDS
detector with SUTW (super ultra-thin window) of active area of 30 mm? at the energy

resolution of 135eV measured at Mn K alpha.

For Chapter 5: TEM images were taken using a JEOL 2010 TEM at 200 kV. The sample
particles were deposited on an Agar Scientific holey carbon supported copper 400 mesh
grid. TEM samples were prepared by sonicating a suitable amount of material in 1 mL

ethanol for 15 minutes before dropwise addition of the solution onto the copper grid.

For Chapter 6: TEM images were taken using an aberration-corrected TEM JEOL
2200MCO operated at 80kV. Samples were reduced in Hz at 290 °C then dispersed in 1 mL
ethanol for 15 minutes (in the N2 atmosphere) before dropwise addition of the solution onto
Agar Scientific Holey carbon supported copper 400 mesh grid. After drying the samples

were quickly placed into the vacuum chamber of TEM to prevent or minimise re-oxidation.

76



For Chapter 7: TEM images were taken using a JEOL 2100 TEM at 200 kV. The sample
particles were deposited on an Agar Scientific Holey carbon supported copper 400 mesh
grid. TEM samples were prepared by sonicating a suitable amount of material in 1 mL

ethanol for 15 minutes before dropwise adding the solution onto the copper grid.

3.3.5 Atomic force microscopy (AFM)

AFM measurements were collected by Agilent 5400 microscope. AFM samples were
prepared by deposition of a freshly diluted emulsion of LDH samples onto a clean Si wafer
by dip coating. The images were obtained with a Si tip cantilever (MikroMasch
NSC35/ALBS) working with frequency and force constant of 150 kHz and 4.52 N-m*,
respectively, using non-contact mode in the air at room temperature. Images were recorded
with 512 x 512 pixels and 0.5-1 Hz scan rate. Processing and analysis of the images were

carried out using the PicoView version 1.20.2 software.

3.3.6 Temperature programmed reduction (TPR)

TPR measurements were obtained using a ThermoQuest TPDRO 1100 instrument. Inside
the TPR quartz tube, 0.026 g of the calcined catalyst sample was sandwiched between two
layers of glass wool with a thermocouple placed in contact with the sample. The TPR tube
was then inserted into the instrument for helium pretreatment. The helium gas pretreatment
(helium is running through the TPR tube at 10 mL-min~! at a temperature ramp of 10 °C-min-
! from 40 to 150 °C, then held for 5 min before cooling) cleaned the catalyst surface by
removing any absorbed ambient gas molecules. After the pretreatment, the reduction (5%
H, in Argon flowing through the TPR tube at 20 mL-min at a temperature ramp of 10 °C
min~t from 40 to 400 °C, then held at 400 °C for 30 min before cooling to room temperature)

of catalysts was carried out to reduce the Cu?* within the sample. Cu?* and Cu* were reduced
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to Cu® by the flow of hydrogen gas in the reduction treatment. The consumption of hydrogen
gas changed the conductivity of the gas stream; hence, the change in conductivity was
measured and calibrated as a function of both temperature and time to produce the TPR

profile.

3.3.7 Thermogravimetric analysis (TGA)

The thermal decomposition of the freshly prepared catalyst precursors was studied by a
thermogravimetric method using an SDT Q600 thermal analyser. Measurements were
performed in the temperature range of 20-800 °C under continuous flow of compressed air

(100 mL-min?)

3.3.8 BET surface area analysis

The surface area of the samples was determined by N. adsorption-desorption at a liquid
nitrogen temperature of -196 °C using the Micromeritics ASAP 2020M analyser. Sample
degassing was carried out at 200 °C for 3 h prior to the acquisition of the adsorption isotherm.

Calculations were conducted according to the Brunauer—Emmett—Teller (BET) method.

3.3.9 Inductively coupled plasma mass spectrometry (ICP-MS)

The elemental chemical analysis was performed using inductively coupled plasma mass
spectrometry (ICP-MS), NexION 300, PerkinElmer. The calcined samples were digested in

nitric acid then diluted with MilliQ water prior to carrying out the experiments.
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3.3.10 N20 chemisorption for the measurement of Cu dispersion

The reduction treatment of Cu?* to Cu® in the catalyst sample (1% TPR) was followed by
N20O chemisorption at room temperature to determine the average size of the copper metal
particle. Treatment with 5% N2O/Ar at 20 mL min for 40 min was carried out to re-oxidise
only the Cu surface via dissociative chemisorption. To remove remaining adsorbed N0,
another He pre-treatment (He flowing at 10min* for 10 min at room temperature) was
carried out. This was followed by a second reduction treatment (2" TPR: 5% H> in Argon
at 20 ml min'! at a temperature ramp of 10 °C min* from 40 °C up to 330 °C). By analysing
data from the first and second TPR, it was possible to determine the Cu surface area of the
catalyst sample by pre-calibrating the TPR with a Cu(l1)O standard of known Cu content.
Standard samples of Cu(I11)O: 0.005, 0.0010 and 0.0015 g (Aldrich) were used to perform

the TPR and the number of moles of hydrogen consumed was calculated.

3.3.11 Hydrogen/Oxygen titration method for the measurement of Rh dispersion

The dispersion and exposed surface area (Srn) of Rh were determined by oxygen
chemisorption followed by hydrogen pulse reduction. Oxygen chemisorption was carried
out on a Micromeritics AutoChem 11 2920 instrument. Before the measurement, 100 mg of
sample was reduced at 350 °C in a 5% Hz/Ar mixture (50 mL.min™t) for 4 h. After cooling
to RT, the sample was exposed to dilute 1%02/He (20 mL.min*) for 1 h to ensure complete
oxidation of surface metallic Rh to RhO. Finally, calibrated hydrogen pulse reduction at 300
°C was conducted to determine the amount of surface RhO species. Srn was calculated by

dividing the amount of surface Rh by the actual Rh loading determined by ICP.
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3.3.12 Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were acquired using a Thermo Scientific Nicolet 6700 FTIR spectrometer with
a liquid-nitrogen-cooled detector. The solid samples were pressed onto the smart golden
gate- ZeSe/diamond crystal. The spectra were obtained by averaging 128 scans with a

resolution of 2 cm™ over the wavenumbers ranging from 1000-3500 cm™.

In-situ  FTIR spectra were recorded using a Thermo Scientific Nicolet
6700 FTIR spectrometer equipped with a Specac's high-temperature high-pressure cell.
Spectra were obtained by collecting 32 scans with a resolution of 4 cm™ and are presented
in absorbance units. The catalysts were pressed into pellets and loaded onto the sample
holder. The sample was then flushed with 5% Hz/Ar (20 mL min) for 20 min and then
reduced for 2 h at 290 °C. After the pre-reduction, the backgrounds were recorded at 50 °C,
100 °C, 150 °C, 200 °C, 250 °C and 290 °C in the atmosphere of 5% H./Ar. After collecting
the backgrounds, a mixture of CO2/H2 (CO2 : H2 = 1 : 3) was passed through the reduced
sample pellet and then the in situ FTIR spectra were collected at 50 °C, 100 °C, 150 °C, 200

°C, 250 °C and 290 °C with each temperatures maintaining for at least 30 min.

3.3.13 Raman spectroscopy
Raman spectra were recorded using a Perkin-ElImer Raman Station 400. This instrument is
a bench-top spectrometer with laser excitation wavelength at 785 nm and equipped with

CCD detector. Powder samples were prepared by placing the powder on a glass slide.

3.3.14 Ultraviolet-visible (UV-vis) absorption spectroscopy

UV-vis absorption spectra were taken using a Varian 100 Bio UV-Visible Spectrometer in
absorbance mode in the range 200-800 nm with a step interval of 1 nm. Samples were
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prepared by sonicating 2 mg of sample in 10 mL ethanol for 15 minutes before putting the

sonicated solution into an optical glass cuvette. Ethanol was thus used as the reference.

3.3.15 Photoluminescence (PL) spectroscopy

For Chapter 4: Time-resolved photoluminescence (TRPL) experiments were conducted with
the assistance of Dr. Wai-Ming Kwok and Dr. Chensheng Ma in Hong Kong Polytechnic
University. TRPL measurements were performed with a commercial Ti:sapphire
regenerative amplifier laser system (800 nm, 40 fs, 1 kHz, and 3.5 mJ/pulse). The 300 nm
excitation pulse was generated from the second harmonic of the sum of the frequency
generation between a one-photon absorption (OPA) output and the 800 nm fundamental
laser pulse. The samples were prepared by placing drops of nanoparticle ethanol suspension
onto a quartz plate and left the solvent to evaporate until a layer of the sample was deposited
on the plate. TRPL signals were collected by an intensified CCD (ICCD) detector that was
used to detect transient spectra with the controlled pump/probe time delay covering from ~2
ns and afterwards. All the measurements were conducted at room temperature and

atmospheric pressure.

For Chapter 7: Steady-state and time-resolved PL measurements were acquired using a time-
correlated single photon counting (TCSPC) setup (FluoTime 300, PicoQuant GmbH).
Samples were excited using 405 nm laser pulsed at frequencies of 40MHz (for steady state
measurements) and 10MHz (for time-resolved measurements). The PL was collected using
a high-resolution monochromator and hybrid photomultiplier detector assembly (PMA

Hybrid 40, PicoQuant GmbH).
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Parameters describing the photoluminescence were obtained by fitting the background-

corrected PL with a decay equation of emission intensity I(A,t) at the time (t) and wavelength

(M) of the form:

t
I 6) = Iyt = 0)2 a;eti

Where 1 is the characteristic lifetime of the i decay component, ai is the subsequent decay
amplitude, and Io(A) is the emission intensity at time t=0. Errors in the fitting parameters
were determined by examining the adjusted r-squares obtained by independently varying

each fitting parameter.

For ease of comparison of lifetimes between each sample, the intensity weighted average

lifetime is given by:

ZaiTiz
Tavg = - = zfifi

Where fi is the fractional contribution of each decay components and the denominator is over

all amplitudes and decay times which is proportional to the total intensity*2.

3.3.16 High sensitivity-low energy ion scattering (HS-LEIS)

HS-LEIS measurements were carried out on an lonTOF Qtac100 low-energy ion scattering
analyser. Ne* ions with a kinetic energy of 5 keV were applied at a low ion flux equal to 445
pA cm. The surface composition was obtained from the area of the corresponding peak and

calibrated with the sensitivity factors.
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Chapter 4: Enhanced CO: hydrogenation to methanol over

CuZn nanoalloy in Ga modified Cu/ZnO catalysts

The work in this chapter has been adapted and reproduced in part with permission from:
Molly Meng-Jung Li, Ziyan Zeng, Fenglin Liao, Xinlin Hong, Shik Chi Edman Tsang,

Journal of Catalysis, 2016, 343, 157-167. Copyright 2016 Elsevier.

4.1 Chapter overview

With the introduction of Ga®* into Cu/ZnO catalyst precursors, a series of catalysts have
been prepared using a simple co-precipitation method and tested as catalysts for the
synthesis of methanol from CO hydrogenation. It is found that the presence of a small
amount of Ga** can facilitate thermal deep reduction of ZnO support to Zn atoms under
hydrogen prior to catalysis hence a highly active CuZn bimetallic nanoparticle offering
catalytic sites is generated. The effect of Ga®* incorporation is attributed to the formation of
Ga-containing spinel, ZnGaxOa4 structure, which creates electronic heterojunction with
excess ZnO phase to account for the facilitated reduction of Zn?* to Zn°to form CuZn when
in contact with Cu nanoparticle. Furthermore, HR-TEM, nano-diffraction and EXAFS
characterisation reveal the presence of a small beta-brass Cuzn alloy phase (body-centred
cubic, bec). In addition, a correlation between Zn° concentration in the CuZn alloy
nanoparticle to the catalytic performance can thus be clearly demonstrated, which shows
CO2 conversion and methanol selectivity can be significantly improved by increasing the

Zn° content in these heterojunction catalysts.
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4.2 Introduction

Due to the increases in fossil fuels combustion by the increasing population and human
activities, the concentration of carbon dioxide, COz, in the atmosphere is rising year by year,
which causes a significant global warming. The present attempts to reduce the CO> emission,
and various technologies for CO2 capture and transformation are being paid intensive
investigation. It has been recently demonstrated that by utilising solar energy, wind power,
hydropower and biomass, renewable hydrogen gas can be produced at large scalel?.
Therefore, the recycling of ‘waste’ CO2 through its hydrogenation to high-energy-content
fuels such as alcohols or hydrocarbons appears to be a very attractive approach?®.
Particularly, the CO2 hydrogenation to methanol is becoming a potentially strategic
important process due to the positions of methanol as both key chemical platform and clean
liquefied fuel. For sustainable development of our society, the feasibility and advantages of

the methanol-based economy have recently been advocated by Olah et al.*

Cu-based catalysts are widely used for many important reactions in the chemical industry,
including methanol synthesis®”’, the water-gas shift reaction®1°, steam reforming***3, and
many more. Thanks to the development of the active Cu/ZnO/Al,O3 catalysts, Cu/ZnO based
catalysts are well known for methanol synthesis from syngas (CO/H) which has attracted
much attention. Recent research has reported that these catalysts also show superior activity
in CO2 hydrogenation. Cu is usually regarded as the active site but the role of ZnO support
is still in debate despite the fact that numerous investigations have been carried out over the
past few decades>!42°, With the rapid development of advanced characterisation techniques,
it is shown that a very small amount of Zn atoms is reduced from ZnO and decorate on Cu
nanoparticle at the interface, which results in a subtle change in the Cu electronic structure?*-

23 Consequently, the high activity is assigned to the formation of this CuZn alloy in contact
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region®. It is, however, the mechanism for the deep reduction of support metal ions to
corresponding metal atoms is still obscure. On the other hand, it is reported the incorporation
of different additives, such as Al.O3z, ZrO», SiO., and Ga>Os can further improve the activity,
stability and thermal resistance compared with the unmodified Cu/ZnQ%"?*2. Recently,
using atom probe tomography technique, small, active but stable Cu containing crystallites
(~0.5-2 nm) were identified in the working catalyst prepared from Ga®* promoted
Cu/Zn0?®30, The formation of ZnGa>04 spinel structure was believed to play a significant
role in the generation of the extremely small Cu clusters under methanol synthesis
conditions. However, the promotion mechanism of Ga®* and the nature of active site for the

CO2 hydrogenation are still not yet clear due to some complex solid-solid interaction(s).

On the other hand, semiconductor materials such as ZnO and ZnGa,O4 usually play a critical
role in catalysis reactions since many working catalysts involve the use of semiconductor
component(s), particularly in the form of a metal oxide(s) as support. The catalytic
properties of semiconductor are strongly related to its band structure which can be well-
tuned by several methods: Doping, heterojunction, hybridisation, morphology control,
etc.31% Introducing another semiconductor modifier to establish a heterojunction with a
specific energy level alignment is one of the simplest methods for structure tuning, due to a
wide range of choices of modifiers and well-acquired skills for their syntheses. There are at
least three types of heterojunctions, especially, type-1l, where the band gaps of two
semiconductors are similar but not at the same band energy positions (as staggered bands)
is found to be important in catalysis®*¢. As to this type-I1 heterojunction, the electrons and
holes are spatially separated across the interface during excitation and are localised on
different sides of the hetero-interface. Thus, the polarisation of two carriers over the two

semiconductor materials at the interface is taken place. This allows more involvements of
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these carriers in catalysis processes before their recombination. As a result, some novel

properties are usually observed in type-Il heterojunction compared with other junctions.

ZnGaz04 is a well-known photocatalyst component with wide proposed applications in
water splitting and pollutant removal®’. The integration of ZnO and ZnGa,O4 forming type-
Il heterojunction was also reported to show enhanced photocatalytic activity compared to
the individual components. The enhancement is mainly attributed into the separation of
holes and electrons across the interface upon light excitation®"-°, however, the application
of this type-I1 heterojunction in thermal catalysis reaction like the present methanol synthesis
reaction from CO. hydrogenation has not been reported. In this chapter, the preparation of
a Cu/ZnGaz04-ZnO mixture by the introduction of Ga** into Cu/ZnO is demonstrated. It is
shown that Ga®** can readily react with ZnO to form ZnGa.Ox spinel structure, which thus
forms ZnGa»04-Zn0O heterojunction with excess ZnO where Cu nanoparticles are dispersed
upon hydrogen reduction. With the presence of Ga®* in form of heterojunction, the thermal
reduction of ZnO to Zn° atom is significantly facilitated. As a result, small CuZn bimetallic
nanoparticles are thus generated on the surface of these mixed support phases during the
reaction. Importantly, the concentration of Zn° in the bimetallic phase is tunable by
controlling the amount of Ga** used in the synthesis. It is also demonstrated that Cu based
catalyst with Zn enrichment through the use of heterojunction shows a pronounced

enhancement in methanol synthesis from CO> hydrogenation reaction.

4.3 Results and discussion

4.3.1 Formation of CuZn bimetallic alloy facilitated by heterojunction
With the introduction of Ga*" into Cu/ZnO catalyst, a series of catalysts have been prepared
using a simple co-precipitation method with carefully control of precursor injection rate, pH
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value and precipitation temperature, see Figure 3-1 and Table 3-1 of Chapter 3, for the
synthesis details. Figure 4-1 shows the Hx-TPR results of the CZ (without adding Ga) and
CZG samples. It can be noticed that the reduction of CuO to Cu occurred at a lower
temperature when the sample was doped with Ga®*, which indicates the facilitation of the
reduction when Ga was incorporated. In addition, the presence of H>-TPR shoulder peak for
the sample with Ga®* content indicates the reduction of Cu* is detected. According to the
previous report?8, it has been proposed that Ga incorporation into Cu/ZnO can lead to the
formation of a cubic spinel phase containing interstitial Cu* ions on a defective ZnGazO4
surface, which can produce a high population of extremely small copper clusters upon their
further reduction for effective catalysis. The physical characterisations of selected CZ and
CZG catalysts show that Ga-containing sample (CZG-5Ga, 85 m?g™?) gives higher specific
surface area per gram of catalyst than the unmodified Cu/ZnO sample (CZ, 58 m?g?). The
Cu surface area per gram of catalyst (SAcu) can also be found to follow the order: CZG-5Ga
(63 m?gt) > CZG-20Ga (53 m?gl) > CZ (43 m?gl), suggesting the addition of Ga into
Cu/ZnO system can improve the dispersion of Cu due to the presence of Ga-containing cubic
spinel phase which helps the formation of small Cu clusters. This result is in agreement with
the findings by Schumann et al.*°, who have found that Ga dopant could act as a structure
promoter, which would lead to the high surface area for the Cu catalysts and shows promoted
performance in the methanol synthesis condition. In the current study, with the addition of
Ga®*, the Cu/ZnO catalysts also show enhanced Cu dispersion, which may lead to a better

performance for those Ga-containing samples in CO2 hydrogenation to produce methanol.
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Figure 4-1. TPR profiles of calcined CZ and CZG catalysts with different chemical

compositions.

From the XRD patterns of the calcined sample without the addition of Ga (Figure 4-2a, CZ),
phases of CuO, ZnO, are clearly identified. With the progressive Ga addition, a spinel phase
of MGa204 (M = Zn, Cu) was emerged in excess ZnO when Ga was over 5% and then
dominated the crystallite phases when Ga concentration was higher than 10% (Figure 4-2a).
The MGa204 (M = Zn, Cu) spinel phase observed in our calcined catalysts is a well-known
semiconductor phase®’. The integration of ZnO and MGa,O4 spinel forming type-
Il electronic heterojunction was also reported to improve the charge separation and enhance
catalytic activity compared to the individual components®®2°. Based on such heterojunction
approach, it has been reported that the thermally activated reduction of the refractory metal
oxide support could be strongly promoted, which facilitates the formation of bimetallic

catalysts with enhanced catalytic performance®. Therefore, with the great potentialities of
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type-11 heterojunction effects in our Ga-containing samples, it is logical to anticipate the
reduction of ZnO can be facilitated with the help of the MGa>O4 and ZnO interfaces, which
may promote the production of CuZn bimetallic catalyst and alter the catalytic performance
of the Cu/ZnO catalysts. Considering CZG-5Ga sample showed ZnO and MGaxO3 as the
most prevalent phases than that in other samples, CZG-5Ga was selected to calcine under
different temperatures to see the influences of the calcination conditions (XRD is shown in
Figure 4-2b). As can be seen in Figure 4-2b that CZG-5Ga is initially in the form of (Cu,
Zn)s(C0O3)2(OH)16, known as aurichalcite phase, with high dispersion of Ga. With the
increasing of calcination temperature, MGa2O4 could be observed at 330 °C, but this phase
decomposed into ZnO and CuO phases along with a small amount of Ga>O3 (not detected in
XRD) as the temperature further raising. From our XRD result, the co-existence of ZnO and
the spinel phase can be clearly observed in some CZG samples. Moreover, the relative
amounts of these two phases will vary with the synthesis conditions, suggesting that some

experimental variables could influence their interfaces and characteristics.
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Figure 4-2. XRD profiles of calcined CZG catalyst with various (a) chemical compositions
(all calcined 330 °C); (b) calcination temperatures (CZG-5Ga sample). (# peaks from Al

holder; S: spinel phase; T: tenorite CuO phase; Z: zincite ZnO phase).
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It is clear that two semiconductor solid phases, namely, ZnO and spinel structure (MGa2O4)
can co-exist under our preparation method. In order to reflect the guantity of the ZnO-
MGaz04 interfaces, electron energy loss spectroscopy (EELS)-TEM was employed. The
EELS elemental mappings for Cu, Zn, Ga and O in the CZG catalysts with varied calcination
temperatures are shown in Figure 4-3 (left). The brighter area indicates the relatively higher
pixel density of a particular element. In order to characterise the interface of the two phases
(Zn0O and Ga-containing phases (MGaz04)), differentiation of the EELS digitalised signal
ratios of Zn (Znr2,;3, 1020 eV) to Ga (Gavr23, 1115 eV) scanning along a certain region for
each sample are displayed in Figure. 4-3 (right). There are stable flat plateau regions with
sharp peaks occasionally observed, and the sharp peaks are caused by the drop in Ga
concentration from Ga-containing phase to ZnO rich phase. The regions with higher peak
frequency within the scan range represent a larger quantity of ZnO-MGaz0Os interfaces along
the scanned area. From the result, the 330 °C sample gives more peaks than all the other
samples, indicating the 330 °C sample gives the largest amount of interfaces between ZnO
and the Ga-containing spinel phase. From the results of XRD and EELS-TEM elements
mapping, it is concluded that the amount of ZnO-MGa2Os interface can be optimised at 330
°C calcined GZG-5Ga sample from the samples synthesised with the variation of chemical

composition and calcination temperature.
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Figure 4-3. Left: EELS-TEM mappings of Cu (a,e,I,m,q), Zn (b,f,j,n,r), Ga (c,9,k,0,s), and
O (d,h,i,p,t) for sample 280 °C (a,b,c,d), 330 °C (e,f,g,h), 380 °C (i,j,k,I), 450 °C (m,n,0,p),
and 500 °C (q,r,s,t); Right: Differential EELS-TEM digital signal ratios of Zn:Ga along a

scanning region for 280 °C, 330 °C, 380 °C ,450 °C, and 500 °C samples.

From CZ to CZG-5Ga, with the addition of a small quantity of Ga, the energy levels
alignment in the catalyst is transformed from type-I (CuO-ZnO) heterojunction to type-1I
(MGaz04-Zn0), as shown in Figure 4-4 according to their reported bulk energy levels®®°,
In the CuO-ZnO system, the carriers would thus be confined on the surface of CuO upon
thermal excitation. After adding Ga®*, with the formation of the MGa2Ox spinel structure,
the thermal excited electrons and holes, although in very small quantities, can be separated

across the heterojunction interfaces (holes on MGa,O4 and electrons on Zn0)*¥*°. Due to
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this spatial separation of excitons, the lifetime of the carriers in GZG-5Ga is expected to

increase.

Type | heterojunction Type Il heterojunction

Ga-containing
Spinel

cuo . structure
Zn0 Adding Ga3* MGa,0, (M = Cu, Zn) it

CZ sample CZG sample

Figure 4-4. A schematic illustration of energy levels alignments of the CZ and CZG samples,

where the band edges are positioned according to the reported bulk energy levels®®%,

To confirm the enhanced lifetime for the charge carriers in this system, time-resolved
photoluminescence (TRPL) measurement was conducted with a 300 nm light excitation
source for the CZ and CZG-5Ga samples (both were calcined at 330 °C) to further
investigate the influence of the type-I1 heterojunction. It is noted that light excitation is more
efficient than thermal means hence it is easier to follow the TRPL at higher charge carrier
concentration. Figure 4-5a gives the temporal changes of emission spectra recorded for the
samples. Both samples exhibit broad emissions (with Amax ~580 nm) that decay within
hundred nanoseconds after the excitation. Figure 4-5b shows the experimental decay profiles
derived from the integration of the TRPL. The curves are fitted using a multi-exponential
function to obtain the time constants (ti) and associated fractional contributions (ai%). As

seen in Table 4-1, the fractions of the long-lived components (a2, a3) in CZG-5Ga sample
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are indeed higher than that in the CZ sample, which implies the increased fraction of non-
instant recombination of the carriers in CZG-5Ga by the formation of type-11 heterojunction.
Moreover, the lifetimes of these long-lived components in CZG-5Ga sample (21, 150 ns)
are significantly longer than those of CZ sample (20, 130 ns). Therefore, from the TRPL
result, it is clear that the type-1l heterojunction of ZnO-MGa204 in CZG-5Ga sample
enhances the spatial separation of excited electrons and holes across the interface which

reduces the rapid instant recombination and prolongs their lifetime.
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Figure 4-5. (a) the temporal changes of emission spectra with 300 nm excitation recorded
for CZ and CZG-5Ga samples; (b) experimental and fitted kinetic decay profiles obtained
from integrated intensity of the time-resolved emission spectra of CZ and CZG-5Ga

samples.
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CZG-5Ga samples

Table 4-1. Exponential decay components of fractional emission amplitudes of CZ and

Sample 11 (ns) al (%) 12 (ns) a2 (%) 73 (ns) a3 (%)
cz 5 85.9 20 12.5 130 1.6
CZG-5Ga 3 80.4 21 14.5 150 5.1

As a typical semiconductor oxide, some thermal- or photo-excited electrons could
momentarily overcome the forbidden band gap and occupy the higher energy conduction
band which is primarily composed of empty bands of cations. The corresponding ‘holes’
will take residence in the lower energy valence band that is constituted mainly by occupied
p-bands of oxygen ions. Thus, the term ‘hole’ in semiconductor oxide can be appreciated
chemically as activated oxygen species with lower formal charge (neutral or singularly
charged oxygen) than lattice oxygen ions. However, the majority of the excited electrons
and holes (excitons) will recombine rapidly in the single-phase semiconductor oxide support
with short lifetime as reflected by the TRPL data. On the other hand, with the establishment
of type-1l heterojunction of ZnO-MGaz04, particularly in CZG-5Ga (calcined at 330 °C),
more activated oxygen species and electrons are accumulated in MGa>O4 and ZnO contact
region, respectively, as indicated by the increased fractions of long-lived components in
TRPL. In the H> pre-treatment process, these activated oxygen species (holes) could then
react with spilt H in a proximity to Cu metal nanoparticle to form water as their long lifetime
allows the occurrence of this chemical reaction. Thus, corresponding electrons in ZnO

region will reduce Zn?* from the support mixture to Zn atoms.
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The XPS spectra were collected and analysed. The raw data were corrected for substrate
charging with the BE of the C peak (285 eV). We did not see any evidence of the existence
of metallic Ga (mainly Ga®* was detected). It is noted that Ngrskov and co-workers have
recently shown Ni-Ga alloy catalysts are also effective for methanol synthesis from
CO2/H2*, in which the Ga-rich sites can activate methanol formation, however, this is not
applicable in our case as metallic Ga is not detected in the CZG samples. On the other hand,
there appeared to have a reduction of ZnO to metallic Zn atoms. The XPS Zn 2pz/. peaks of
the reduced samples with various amount of Ga content and calcination temperature are
revealed in Figure 4-6a and 4-6b. They clearly show that Zn 2ps/> peaks can be deconvoluted
into two peaks of Zn?* (1022.5 eV) and Zn° (1021.5 eV). According to the peak area of
signals, the Zn%Cu ratios were calculated and presented in Figure 4-6¢ and 4-6d. Clearly,
the Zn%Cu values reach the peaks at GZG-5Ga calcined 330 °C sample, indicating the
highest concentration of Zn° present in this sample, which is resulted from the highest
amount of ZnO-MGa204 type-Il heterojunction interfaces as characterised by XRD and
EELS-TEM. On the other hand, the lowest ratio of Zn%Cu in CZG-40Ga was attributed to
the single phase of spinel structure in the support as indicated by the XRD result (Figure 4-
2). In order to obtain the accurate composition information of the topmost surface of the
catalysts, high sensitivity low-energy ion scattering (HS-LEIS) measurements using Ne* as
the gas ion beam were also applied. Figure 4-7 with an inserted table shows the HS-LEIS
result of CZ sample and CZG-5Ga sample. The XPS result for each sample is presented as
a comparison. As seen from Figure 4-7, CZG-5Ga contains a higher concentration of Zn
species on the outmost surface compared to the CZ sample, which further confirms the
surface enrichment of Zn by the promotion of type-Il heterojunction. With the combined
results of XPS, HS-LEIS with XRD and TEM mapping, it is clearly established that the

addition of an appropriate amount of Ga®** promotes the formation of ZnO-MGazOs

96



heterojunction interfaces which play a key role in facilitating the reduction of ZnO to Zn°,
as shown in Figure 4-8. Therefore, the optimal Zn° reduction point is located in the catalyst
mixture with most prominent heterojunction effect (5% Ga®" and 330 °C calcination

temperature).
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4.3.2 Structural investigation of Cuzn alloy

Given the intimate interface of Zn-containing phase and Cu-containing phase in the
materials, the produced Zn® will decorate or react with the Cu nanoparticle to form bimetallic
nanoparticles. To further confirm the incorporation of Zn® into the nano Cu lattice, extended
X-ray absorption fine structure (EXAFS) of Cu was studied. This technique explores the
local structural information of the Cu atom. The experimental data for the reduced CuZnGa
samples were recorded and satisfactory R fittings were achieved, as can be seen in Table 4-
2 and Figure 4-9. It was found that the spectra of most of the catalysts in the present work
could not be well modelled using only scattering parameters from metallic fcc Cu. Therefore,
a mixed-structure model is introduced and it is found that the combination of both fcc
metallic Cu and bcc Cuzn alloy structures give significantly improved fits to the
experimental spectra. The EXAFS were fitted using scattering paths of Cu-Cu (2.56 A) from
metallic fcc Cu model, Cu-Zn (2.56 A) and Cu-Cu (2.99 A) from bce Cu-Zn alloy model.
Note that the longer distance of Cu-Cu (2.99 A) in the bcc Cu-Zn structure is distinctive
from the shorter Cu-Cu (2.56 A) of the fcc Cu model and Cu-Zn (2.56 A) of the bce Cu-Zn
model. As shown in Table 4-2, all R-factors are below 0.8% with the coordination number
(CN) of the Cu-Zn bond (derived from 2.56 A scattering path) ranging from 6 to 9. As for
the CN(Cu-Cu), derived from 2.99 A scattering path, it can be seen that the CZG5Ga sample
had the highest CN of bcc Cu-Cu bond, thus indicates the highest concentration of bcc Cu-
Zn alloy. We also found that the order of the samples according to the bcc Cuzn
concentration is consistent with that to the concentration of Zn%Cu observed from the XPS
result (Figure 4-6). In addition, no Cu-Cu bond of 2.99 A was observed in the 500 °C-
calcined sample which suggests that no bcc Cuzn alloy was formed during the reduction

procedure if the CuZnGa precursor has been calcined at elevated temperature. The EXAFS
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confirmed the existence of bcc Cuzn alloy in most of our samples, especially those with

higher Zn° concentration, i.e., CZG5Ga gives the highest quantity of bcc Cuzn alloy.

Table 4-2. EXAFS of CuzZnGa samples of various calcination temperatures and chemical

compositions

CN Bond
DW-factor ! h () CN DW-factor Bond
: bce Cu-Zn engt R-
Sample Enot’ | ¢ (Cu-zZn & (bce Cu- (bce Cu- length (A)
& fcc Cu- (Cu-Zn & factor
fcc Cu-Cu) Cu) Cu) (bcc Cu-Zu)
Cu) fcc Cu-Cu)
cz 34 8.8 (3) 0.009 (1) 254 (1) None None None 0.8%
CZG5Ga-280 °C 4.2 6.9 (4) 0.012 (1) 2.55 (1) 1.1 (4) 0.013 (5) 2.96 (3) 0.8%
CZG5Ga-330°C 0.5 7.5 (4) 0.010 (1) 2.54 (1) 1.8 (6) 0.014 (3) 2.94 (1) 0.5%
CZG5Ga-380°C 4.7 7.6 (4) 0.011 (1) 2.54 (1) 1.0 (5) 0.014 (5) 2.98 (4) 0.8%
CZG5Ga-450 °C 4.2 6.4 (3) 0.010 (1) 2.54 (1) 0.6 (3) 0.011 (5) 3.03 (4) 0.7%
CZG5Ga-500 °C 45 9.3 (3) 0.010 (1) 2.54 (1) None None None 0.4%
CZG20Ga 15 7.3(2) 0.008 (1) 2.54 (1) 1.0 (4) 0.013 (4) 3.00 (3) 0.4%
CZG40Ga 3.1 8.2 (2) 0.009 (1) 2.54 (1) 0.6 (1) 0.003 (2) 3.01(2) 0.4%

*Enot is the energy difference of absorption energy in experimental value and calculated
value.
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Figure 4-9. EXAFS plots of (a) k®.y Fourier transform of experimental and fitted data for
CZ; (b) k. Fourier transform of experimental and fitted data for CZG; (c) k®.y experimental

and fitted data for CZ; (d) k3.x experimental and fitted data for CZG.

The identification of bcc Cuzn alloy is rather challenging due to the comparable properties
(atomic size, crystalline structure, etc.) in Cu and Zn atoms. By using EXAFS technique, we
have determined the presence of body-centred CuZn alloy in the reduced CZG5Ga sample.
It is known that in the Cu-Zn system, when the Zn concentration is high enough (>50% in
bulk system), the Cuzn alloy tends to change the structure from face-centred cubic (fcc) to
body-centred cubic (bcc)*. In our EXAFS result, we have identified the presence of high

Zn-containing CuZn structure (bcc CuZzZn), suggesting that with the promotion of
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heterojunction effect, the reduced Zn° is abundant in the vicinity of Cu atoms, which
stabilises the bcc Cuzn alloy. To further confirm the presence of bcc Cuzn alloy, the HR-
TEM and HR-STEM analysis of CZG5Ga, the sample with the highest Zn%Cu ratio, was
performed, see Figure 4-10 and 4-11. Close examination of the selected area of the
diffraction rings, Figure 4-10e and 4-10f clearly indicates a mixture of phases (Cu, ZnO,
CuZn phases) in the reduced sample. Through lattice fringes analysis of the HR-TEM
images, see Figure 4-10a to 4-10d, there is a straightforward evidence of the formation of
the fcc Cu (may contain Zn as fcc CuZn with same lattice parameter) and bcc Cuzn. Figure
4-11 shows the HR-STEM images of the reduced CZG5Ga (Figure 4-11ato 4-11c) and CZ
(Figure 4-11d to 4-11f) samples, and their corresponding fast-Fourier Transform (FFT)
analyses of the selected areas. As shown in Figure 4-11b, the pattern in area 1 is indexed to
the bcc Cuzn alloy whereas that in area 3 (Figure 4-11c) indicates the presence of an fcc
structure, which could be fcc metallic Cu or fcc Cuzn alloy. On the other hand, only fcc
CuZzn alloy can be found in the reduced CZ sample (see Figure 4-11e and 4-11f), presumably
due to the relatively low content of Zn® in this sample, which is also depicted by XPS (Figure

4-6) and HS-LEIS (Figure 4-7) mentioned earlier in this chapter.
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bcc CuZn (100), d=0.295 nm

Figure 4-10. Structural analysis of the reduced CZG5Ga sample: (a) and (b) HR-TEM
showing (400), (420) bcc Cuzn and (111) fcc Cu(Zn) nanoparticle; (c) nano-diffraction of
selected bcc Cuzn phase and (d) bcc Cuzn (100) phase of d=0.295 nm; (e) selected area of
diffraction rings; (f) diffraction rings matching well with simulated Braggs’ diffractions of

mixed phases containing Cu, ZnO and bcc CuZn phases.
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Figure 4-11. High-resolution STEM image of the small regions in the reduced CZG5Ga
sample (a), and the fast-Fourier transform (FFT) patterns of area 1 (b) and 3 (c) in (a); the
reduced CZ sample (d), and the fast-Fourier transform (FFT) patterns of area 1 (¢) and 2 (f)

in (d).

4.3.3 CO2 hydrogenation to methanol over CZG catalysts

To investigate the influence of Zn® concentration, the reaction of CO2 hydrogenation to
synthesise methanol was performed. Figure 4-12 shows CO. conversion, methanol
selectivity and methanol yield of the CZ and CZG samples under different reaction
temperatures. In general, CZG5Ga shows better performance than all the other samples. The
methanol yield reaches the optimal value at 290 °C and drops with further increasing
temperature, which suggests the approach of the thermodynamic limit. Therefore, the results

obtained at 290 °C for the series of CZG samples with various Ga additions were selected
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and presented in Figure 4-13 to compare with each other. Interestingly, all the catalysts show
a comparable CO> conversion but the selectivity follows the order of CZ < CZG-40Ga <
CZG30Ga < CZG10Ga < CZG5Ga (Figure 4-13). It is noted that CZG5Ga has the highest
Zn%Cu ratio determined by the XPS analysis. The generation of the active Zn-rich CuzZn
alloys is promoted by the addition of Ga®* that can facilitate the deep reduction of ZnO with
the help of heterojunction formation. From CZ to CZG5Ga, the methanol yield is raised up
by nearly 3%. On the other hand, CZG-40Ga with only pure MGaO4 spinel phase as the
support (no heterojunction effect) has the least amount of Zn°. Therefore, its concentration
of the active species is reduced due to the increasing of non-active Ga®* species, which
results in the least methanol production rate. By controlling the content of Ga addition,
different phase mixture in the catalysts can be obtained. This result suggests that the
formulation of the solid phases greatly affects the number of solid interfaces and the
nanostructure of the Cu catalysts, which alter the catalytic performance of CO:

hydrogenation.
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Figure 4-12. Conversion, selectivity and yield for CZ and CZG samples prepared with

various chemical compositions (all calcined at 330°C) of CO2 hydrogenation to methanol.
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Figure 4-13. Catalytic performances of CZ and CZG samples prepared with various
chemical compositions (all calcined at 330 °C) under CO hydrogenation reaction condition

of 290 °C.

4.3.4 Discussion

Although it is widely accepted that the presence of ZnO increases the activity of Cu catalysts
towards methanol synthesis from extensive experimental works, the nature of the material
interaction(s) and the ‘active site’ are still under debate. As a result, the enhancement of the
activity of Cu by ZnO is crudely assigned to so-called ‘strong metal-support interactions’
(SMSI)*# with no specificity in the interaction. There have been many proposals to
account for this effect, which includes the textural contribution of ZnO to disperse Cu
particles?®3 and the formation of low coordinate Lewis acid Zn sites to assist dihydrogen
activation®. Similarly, the effect of Ga to promote the catalytic performance of Cu/ZnO for
methanol synthesis is not yet known despite the fact that Ga dopant is generally well known

to promote hydrogenation reactions. Proposed mechanisms include its improvement of Cu
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dispersion®, facilitation of Ga,Os3 to stabilise Cu®/Cu* #’, Lewis acid Zn/Ga sites to assist

dihydrogen activation*®#° and the electronic promotion to Cu®°, etc.

Indeed, according to Schumann et al.“°, they have found a strong electronic effect of Ga in
promoting Cu/ZnO catalysts in reverse water-gas shift (RWGS) reaction. However, for the
methanol synthesis, they attributed the main effect of adding Ga dopant as a structure
promoter (increase the surface area and the dispersion of Cu). Under reaction conditions of
20 bar, H2/CO; = 3/1, Toyir et al.*’ found 99.5% selectivity can be achieved over their Ga
promoted Cu/ZnO catalysts. With taking the RWGS equilibrium into account, (finely
divided Cu metal particle is an excellent catalyst for RWGS) this selectivity appears to be
unexpectedly high. This may relate to the difficulties in the actual gas analysis at their very
low conversions (2% to 5%). Nevertheless, they attributed the high performance to the
presence of Ga.0s particles at the surface of Cu-Zn0O-Ga;03/SiO-, which stabilised Cu®/Cu*
catalysis. However, the precise effect of Ga,Os and the mechanism on activity promotion
were not specified. Kazansky and co-workers argued that the low coordinated reduced Ga
ion, as similar to Zn ion, may provide active Lewis acid sites to assist the activation of
hydrogen®4°, Moreover, the recent observation by Martin et al.>® on unusual conductivity
ZnO under the reactions conditions is intriguing, which may suggest a strong electronic

promotion to the Cu in the catalyst mixture.

In the rich context of the above literature for the Zn/Ga promotion effects on Cu in methanol,
we did not discount the structural contribution made by the Ga dopant. In fact, we have
shown the enhancement in the dispersion of Cu with Ga promotion. As a result, the textural
contribution to Cu/ZnO in the Ga incorporation appears to play a role in the activity

promotion. More importantly, Behrens et al.® have recently used advanced characterisation
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techniques to demonstrate a very small amount of reduced Zn atoms from ZnO, which
decorated on Cu nanoparticle at the interface resulting in a subtle change in Cu electronic
structure. They assigned the active sites as Cu steps decorated with Zn atoms by the DFT
calculations. From our present catalytic results, we can see a correlation of catalytic
performance to the concentration of Zn° on the surface of Cu (higher Zn%/Cu ratio, better
catalytic performance) due to electronic interactions between catalytic components. Thus,
we believe it is timely, to re-emphasise the electronic interactions of Ga promoted Cu/ZnO
catalysts for this industrial important reaction. The dramatic enhancement in electronic
conductivity of ZnO under reactions conditions as observed by Martin et al.*>° could support
the fact that a high degree of reduction of ZnO to Zn, which subtly changes the concentration
of fundamental species (vacancies and interstitials) in ZnO. Thus, such transformation of
ZnO to conductive phase in the presence of gallium is consistent with our proposed

heterojunction effect as described in this study.

4.4 Chapter conclusion

This study shows the significant influences by the incorporation of Ga®* into Cu/ZnO
catalysts. Apart from the structural promotion provided by Ga®* species, our results clearly
indicate that the introduction of Ga®*" into Cu/ZnO catalyst precursor facilitates the deep
reduction of ZnO support to Zn° by the establishment of electronic heterojunction of ZnO-
MGazO4 (M = Zn or Cu). The reduced Zn° when in contact with Cu nanoparticle can form
Cuzn with high Zn° content, which is confirmed by EXAFS and HR-STEM techniques. It
is found that the increase of Zn® concentration in the catalysts can enhance the catalytic
performance of the reaction of methanol synthesis from CO2 hydrogenation. Both selectivity
and yield toward methanol synthesis are dramatically improved after adding an appropriate

amount of Ga®* into Cu/ZnO system, which results in a pronounced type-11 heterojunction
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effect. As stated in the introduction, the recent paper of Behrens et al. and their further DFT
works clearly suggest that alloying of Zn into the Cu step further increases the adsorption
strength of HCO, H>CO and HzCO surface intermediates and decrease their barriers to
methanol, hence the methanol production rate can be dramatically promoted®. Thus, the
proposed facilitated reduction of ZnO in the presence of Ga®*" gives more Cuzn alloys,
promoting higher activity for the methanol synthesis. Overall, this type-Il heterojunction
concept could provide a generic method for tuning thermal reduction behaviour of metal
oxide support to metallic atoms which consequently influences the properties of overlying
metal nanoparticles through the formation of bimetallic phase at the interface. This allows

the rational design of catalyst with optimal performance.
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Chapter 5: CO2 hydrogenation to methanol over nanosheets

derived from single cationic layer CuZnGa LDH precursors

The work in this chapter has been adapted and reproduced in part with permission from:
Molly Meng-Jung Li, Chunping Chen, Tug¢e Ayvali, Hongri Suo, Jianwei Zheng, Ivo F.
Teixeira, Lin Ye, Hanbo Zou, Dermot O'Hare, Shik Chi Edman Tsang. The article is

accepted by ACS Catalysis with revisions.

5.1 Chapter overview

Ultra-thin (1-3 cationic-layers) (CuZn)1-xGax-COs3 layered double hydroxides (AMO-LDH)
nanosheets were synthesised following the aqueous miscible organic solvent method
(AMOST) and applied as catalyst precursors for methanol production from CO:
hydrogenation. It was found that upon reduction, the AMO-LDH samples above a critical
Ga®* composition give consistently and significantly higher Cu surface areas and dispersions
than the catalysts prepared from conventional hydroxyl-carbonate phases (the CZG catalysts
introduced in Chapter 4). Owing to the distinctive local steric and electrostatic stabilisation
of the ultra-thin LDH structure, the newly formed Cu metal atoms are stabilised by the
cationic layers. It is also evident that Zn metal atoms decorating on Cu nanoparticles can be
formed in the AMO-LDH samples, which provides active CuZn sites that may also exert a
great enhancement to the catalytic reaction. The best catalyst in this study displayed
methanol productivity with a space-time yield of 0.6 gmeon-geat --h™* under typical reaction
conditions, which as far as we are aware, is higher than most reported Cu-based catalysts in

the literature.
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5.2 Introduction

Cu/ZnO based catalysts are well known to be active for methanol synthesis from
hydrogenation of either CO or CO». Due to the increasing emissions by the increasing
population and human activities, the concentration of CO; in the atmosphere is rising year
by year which causes significant climate change. The attempts to reduce the CO, emission
and develop various technologies for CO: capture and transformation are elevated. It has
been recently demonstrated that by utilising solar energy, wind power, hydropower and
biomass, renewable hydrogen gas can be produced at large scale!. Therefore, the recycling
of CO through its hydrogenation to high-energy-content fuels such as alcohols or
hydrocarbons appears to be very attractive®. Particularly, the CO2 hydrogenation to methanol
is becoming a strategically important process due to the positions of methanol as both

chemical platform and clean fuel.

A Cu surface is generally accepted to provide active sites for the catalytic CO:
hydrogenation to methanol. Its catalytic activity is a function of surface area to volume ratio
(inversely proportional to the particle size) due to the fact that catalysis is a surface
phenomenon*®. Thus, the generation of small Cu particles and particularly their stabilisation
against Cu sintering under reaction conditions are the important aspects of the catalyst
development. Despite the fact that many efforts have been made aiming to investigate how
a solid precursor can control the formation of metal atoms, the fine control to the size of
metal atoms and their subsequent aggregation in its matrix remain challenging. Additionally,
the role(s) of supports such as ZnO on the stabilisation and activity of Cu nanoparticles are
still in debate® 3. Due to the rapid development of advanced characterisation techniques,
many reports have indicated that a very small quantity of Zn atoms is reduced on small Cu

nanoparticles which results in a subtle change in the geometric and electronic structure of
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Cu due to the desirable bimetallic properties!*’. Consequently, it has been proposed that
highly active Zn-Cu alloy is the key catalytic site’. In the previous chapter of this thesis
(Chapter 4) the active CuzZn alloy for the enhanced methanol production from CO:
hydrogenation was identified, which support the idea that CuZn alloy act as the active site.
In contrast, other people believe that the reaction happens at the atomic interface between
ZnO and Cu, hence the presence of ZnO-Cu interfacial sites and the synergy of Cu and ZnO
are important for methanol production!®. On the other hand, it is reported that the
incorporation of different additives, such as Al>Os, ZrO,, SiO., and Ga>Os can further
improve the activity, stability, and thermal resistance compared with the unmodified
Cu/ZnO¥24, Particularly, the incorporation of Ga has attracted a considerable attention due
to the exhibition of its higher catalytic performance. The mechanism of Ga promotion has
been extensively studied, which includes the improvement of the Cu dispersion®-25, the
enhancement of electronic effect?’, the stabilisation of the intermediate state of Cu?®, and the
facilitation of the formation of active CuZn alloy?®, which make CuZnGa-containing catalyst

a suitable candidate material for CO2 hydrogenation to methanol.

It has been shown that monophasic catalyst precursor containing M?* and M3 could be
obtained by controlled thermal treatment of a layered double hydroxide phase (LDH), which
is a class of ionic lamellar solid often represented by the formula [M?",xM3*x(OH),]
(A")wn-mH20 with the positive divalent and trivalent metal cations located within the same
layer where A™ is the intercalated anion (or anions)®®3, Thus, it is believed that Cu®*, Zn?*
and Ga®* can also be incorporated into a stable solid LDH phase as a catalyst precursor for
CO2 hydrogenation reaction. In the literature, some studies have discussed the advantages
of LDH phases as catalyst precursors®>=*, such as good dispersion of M?* (Cu?*, Zn?*) and

M3 (AP, Y3 or Ga®*") at an atomic level, homogeneous microstructure, good thermal
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stability against sintering/reduction, high dispersion for small Cu clusters and high specific
surface area. Those benefits roused our interests in using this inorganic lamellar phase to
generate Cu metal atoms and Zn dopant species within the cationic layer such that the active
metal particles can be stabilised within the positively-charged sheet, hence reduce sintering.
In addition, the recent synthesis of the ultra-high surface area and high pore volume AMO-
LDH phases with a reduced number of cationic layers (approaching towards single-layer
nanosheets) using aqueous miscible organic solvent treatment (AMOST) method® may
further inhibit extensive Cu atom aggregation from an otherwise extended lattice. Thus, the
controlled reduction of discrete, flexible but sterically separated inorganic ionic layers to

produce and stabilise metal atoms is therefore envisaged.

In this chapter, a series of Ga**-modified Cu/ZnO based catalysts ((Cu?*, Zn?"): Ga* =1to
0.6) derived from AMO CuZnGa-COs LDH precursors were synthesised by following the
AMOST method®. The prepared catalysts were then evaluated for methanol synthesis from
CO2 hydrogenation and the results were compared with CuZnGa catalysts derived from
conventional hydroxyl-carbonate phases®® (CZG samples, which were introduced in Chapter
4 of this thesis) consisting of comparable metal contents. In order to better understand and
design the highly active catalysts for CO> hydrogenation to methanol, the precursor
structures and physicochemical properties of the catalysts were investigated in detail and
correlated with corresponding catalytic activities. In addition, the surface state and
compositions of the catalysts were studied by XPS after the reduction process to get the

insight into active copper and zinc species.
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5.3 Results and discussion

5.3.1 Structural characterisation

With the introduction of Ga®* into Cu/ZnO catalyst, a series of Cu, Zn, and Ga-containing
hydroxyl-carbonate precursor phases, denoted by CZG, have been prepared using a simple
and conventional co-precipitation method (see Figure 3-1 for the synthesis details). From
the XRD patterns, a dominant, aurichalcite phase of (Cu, Zn)s(COz3)2(OH)16 with a high
dispersion of Ga species from 0, 5, 10 mole% Ga concentration are seen in Figure 5-1a for
the freshly prepared samples. At the Ga concentrations of 30 or 40 mole%, the zinc-
containing malachite phase of (Cu, Zn)2(CO3z)(OH): is preferably formed. The formation of
these two hydroxyl-carbonate phases has been widely reported in the literature using similar
co-precipitation preparation method®. The peak broadening in the XRD patterns with the
increase in Ga concentration provides evidence of the use of Ga to reduce the crystal size of
aurichalcite phase. Particularly, at 30-40% Ga, the switch of the dominant aurichalcite phase
to malachite phase is interesting. It was found that the type of precursor will sequentially
vary as malachite to aurichalcite with increasing ZnO content®. Therefore, the switch of the
dominant phase observed here is because of the decrease in Zn concentration when
increasing Ga in the synthesis process (see Table 3-1 for the compositions of CuZnGa
samples). Upon calcination at 330 °C (Figure 5-1b), with the sample in the absence of Ga,
bulk phases of CuO, ZnO0, are clearly identified. As long as Ga is included, a spinel phase
of MGa204 (M = Zn, Cu) readily emerges together with minority phases of ZnO and CuO,

which are stabilised over the whole Ga range of 5-40%.

On the other hand, as can be seen in Figure 5-1c that samples prepared by AMOST method
(see Figure 3-2 for the synthesis details) via basic solution produced phase pure ((Cu,Zn)1-

xGax)(OH)2(CO3)x2.mH20.n(C3HsO) {AMO CuzZnGa-COz LDHs} with increasing
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crystallinity at or above 20% Ga. The Bragg reflections at 26 ca. 12°, 24°, and 35° were
attributed to (0 0 3), (0 0 6), and (0 0 9) crystal planes in the layered structure with a
rhombohedral symmetry (R3)%". The rhombohedral symmetry of LDH30Ga was further
confirmed by synchrotron XRD analysis, shown in Figure 5-2a, revealing the lattice
parameters of a, b = 3.11 A, ¢ = 22.64 A. In addition to intense Bragg reflections at 20 =
12°,24°, and 35°, the broad and asymmetric reflections were also observed at 20 =36°, 39°,
and 47°, ascribed to (0 1 2), (0 1 5), and (0 1 8) crystal planes, respectively, for the sample
with the highest 40% Ga loading (Figure 5-2b). This indicates a homogeneous dispersion of
various cations into the same hydroxide layer®®. No other crystalline phases are observed
from the AMO-LDH samples of 20, 30 and 40% mole Ga which correspond to LDH
structure of [(Cuo.45Zno.41Gao.14)(OH)2](CO3)o0.07, [(Cuo.47ZN0.32Gao.21)(OH)2](CO3)o.105 and
(Cuo.49ZNn0.22Gao.29)(OH)2(CO3)0.145, respectively, according to the ICP analyses (see Table
3-1 for the compositions of CuzZnGa samples). The discrepancy between nominal and ICP-
measured Ga content in the samples comes from the loss of metal ions dissolved in the
solution during the filtration process. It is noted that using 30% mole Ga in the synthesis
recipe is appropriate to form ultrathin AMO-LDH sheets (by the AMOST method) than the
other two AMO-LDH samples as the stability of LDH structure depends critically on the
overall charge of the cationic layer with specific M**: M?* ratio balanced with intercalated
anions®°. For example, the cationic charge for the layer holding the higher ratio of M?*/M3*
= 4 (20% mole Ga®*") is anticipated to be at lower end of the stability range. Therefore, it
may be relatively unstable and form amorphous precipitates such as hydroxides and
hydroxyl-carbonates in the presence of AMO solvent®”. Below the critical 20% Ga
concentration, an amorphous phase is clearly recorded from XRD. Similarly, adding 40 mole
% Ga in the synthesis (M3*/M?* > 0.5) leads to stronger electrostatic interaction between the

layers due to the presence of higher amount of stoichiometric intercalated carbonate anions.
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This creates thicker LDH layers (see Figure 5-2b), which is difficult to disrupt (exfoliate)
by the AMO solvent treatment. Notably, calcination of the AMO-LDHSs at 330 °C did not
reveal any formation of spinel structures or metal oxides from XRD investigation (Figure 5-
1d). This clearly indicates that LDHs have a kinetically more stable phase than the
conventional hydroxyl-carbonate phases (CZG samples). LDHs normally have two typical
distinct thermal events around < 200 °C (noted as T1) and 500-600 °C (noted as T2)
evaluated by thermogravimetric analysis (see Figure 5-3). The weight loss below T1 is due
to the desorption of physisorbed and intercalated solvents and water. After T1, the hydroxyl
groups start to decompose and gradually transform the LDH structure to a reversible
amorphous phase. This reaches a maximum at 550 °C (T2), and is ascribed to the partial
decomposition of carbonate anions and complete dehydroxylation of the metal hydroxide
layers®. Thus, the applied calcination temperature of 330 °C gives mainly the amorphous
phase with probably a trace amount of layered double oxides (LDO, although not detected

in this work) without reaching the second stage of the layer structure collapse.
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Figure 5-1. XRD profiles of (a) freshly prepared CZG catalysts; (b) calcined CZG catalysts
at 330°C; (c) freshly prepared AMO-LDH samples; (d) calcined AMO-LDH samples at 330

°C (# peaks from Al holder; S: spinel phase; T: tenorite phase; Z: zincite phase).
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Figure 5-2a. SXRD of freshly prepared LDH30Ga by synchrotron XRD (Diamond 111).

Pawley refinement with the best fitting parameters of R,p 8.1142; Reyy 6.2624; Rp 6.3235;
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Figure 5-2b. SXRD of freshly prepared LDH40Ga by synchrotron XRD (Diamond 111).

Pawley refinement with the best fitting parameters of Ryp 7.9297; Rexp 5.7502; Rp 6.1762;

20f'1.3790. 1=27.8994. Monodispersed spheres diameter = 4x1+3 =37.16 nm (~ 46 layers).
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Figure 5-3. Thermogravimetric analysis result of the LDH30Ga sample. T1 and T2:
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respectively.

5.3.2 Morphology analysis of the precursors

In order to determine the textural properties of these samples, TEM and AFM were
employed. Figure 5-4 shows the typical images of the hydroxyl-carbonate phase of CZ,
CZGhGa, and CZG40Ga prepared by co-precipitation method. It appears that the
unmodified CZ sample gives bulk-like structure, while CZG5Ga shows the extended
fibrous/sheet-like particles but those are fragmented in the presence of a high Ga
concentration, giving many smaller particles in CZG40Ga sample. On the other hand, the
LDH5Ga is similar in textual appearance as CZG5Ga although small sheet-like features are
occasionally observed. It is noted that the XRD of the AMO-LDH samples with low Ga
concentration (LDH5Ga and LDH10Ga) in Figure 5-1c show no indication of LDH phase
formation, which is not surprising. Their M?*: M3* is outside the stability range for LDHSs,

but probably some mixed phases of hydroxyl-carbonate structures of below the detection
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limit by the XRD are made, hence giving mixed shapes (particles/fibrous/sheets) in the
appearance. At 20% Ga (M?": M3" = 4) or above, sheet-like structures are observed (see
Figure 5-4), which agrees with the expected layered LDH structure identified by the XRD

(Figure 5-1c).

Figure 5-4. TEM images of freshly prepared CZG and AMO-LDH samples.

The striking reduction in the number of cationic layers via acetone (AMO-solvent) inter-
layer disruption produced by the AMOST method (fine particle portion) can be identified
by AFM on the 30% Ga (M?*: M®" = 2.33) sample (Figure 5-5). As can be seen that the
typical height profile of LDH30Ga sample clearly shows a thickness of 0.8-2.3 nm for
selected regions, which corresponds to 1-3 layer LDH platelet according to our 3-layer
LDH30Ga structural model intercalated with carbonate anions as depicted in Figure 5-6 (for

the single cationic layer, the structure stabilised by adsorbed carbonate anions is anticipated).
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The formation of such ultra-thin nanosheets which separated by discrete cationic layers and

balanced by intercalated carbonate anions suggests that acetone dispersion can override the

weaker interlayer electrostatic interaction, thus accounting for the dramatic increase in

surface area of this sample.
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Figure 5-5. (a) AFM image of single layer and few layers freshly prepared LDH30Ga sample

on Si substrate; (b) the height profile of the selected lines of (a).
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Figure 5-6. The LDH30Ga structural model showing 3 cationic layers with intercalated
carbonate anions and water molecules in between; each cationic layer contains Cu?* (blue),
Zn?* (grey) and Ga*" (orange) with OH™ vertexes in face-sharing octahedra with an inter-
layer separation of 7.8 A in a rhombohedral (3R symmetry) [(CuZn)ixGax(OH)2](CO3)x2
LDH structure derived from synchrotron XRD data (Figure 5-2). For simplicity, the equal
population of Cu, Zn and Ga ions are presented in this model and Jahn-Teller distortion of

Cu%*in octahedral sites is also not shown.

5.3.3 Investigation of reduction behaviour and active Cu surface area

The reduction behaviour of calcined CZG and AMO-LDH samples was investigated by Ho-
TPR, and the corresponding reduction profiles are given in Figure 5-7. It is known that Cu?*
has the more favourable reduction potential than the other two metal cations, i.e., Zn?" and
Ga®*. The TPR analysis shows that all samples give virtually the same integral reduction
peak area of 5.0 + 0.5 mmol. Hz-gea* corresponding to the complete reduction of Cu®* to
CuC. It is, however, interesting to note from Figure 5-7a that CZG samples display a complex
and broadened reduction peak accompanied by shoulders in the temperature range of 150—
270 °C. This indicates that some reduced Cu species exist in heterogeneous chemical

environments (variation in size and structure), thus leading to different peak maxima at

125



different reduction temperatures. The reduction range of 150-200 °C (low-temperature
shoulder) matches with that of Cu.O but its content in CZG samples diminishes at higher
Ga loading®*%®. The higher temperature main peak is attributed to the broad reduction of
CuGa204 and CuO phases of different sizes. Such a large variation in reduction behaviour
of Cu* and Cu?* in a heterogeneous mixture of extended lattices would expect to induce
large Cu particle size variation in the CZG precursor-derived catalysts. Without Ga, the even
higher temperature is required for the complete Cu?* reduction, which gives inefficient
utilisation of Cu active sites from the CZG precursor samples under dynamic reaction
conditions. On the other hand, the reduction profile of LDH samples shown in Figure 5-7b
displays more uniform and sharper peak profiles but at a higher temperature range of 200—
290 °C. Comparing to the CZG samples, the LDH samples do not show low-temperature
shoulder peak (absence of Cu.0), therefore, more homogeneous Cu particles are expected
to generate from the reduction of ultra-thin LDH phase prepared by the AMOST method.
However, the bulk LDH40Ga sample (see TEM image in Figure 5-4) with stronger interlayer

charge density requires much higher reduction temperature to reduce the Cu atoms.
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Figure 5-7. Temperature Programmed Reduction (TPR) profile of calcined (a) CZG samples

(b) LDH samples.

The Cu loading (determined by ICP), Cu dispersion, Cu surface area (determined by N.O
chemisorption) and BET specific surface areas (selected samples) for the Cu-containing
CZG and LDH catalysts were determined accordingly and are shown in Table 5-1. It is noted
that the absolute values for Cu dispersion and Cu surface area determined by N2O should
not be taken too literally. This is because recent studies have clearly shown that N-O is not
just oxidising the copper surface but also oxidising other reduced species, i.e., Zn or oxygen
vacancies on support*®-42, However, it is clear from the compiled Cu surface areas and Cu
dispersions that CZG samples give consistently lower values than LDH samples, which
agree with a similar behaviour as observed from the BET surface area analysis that CZG
precursors have much lower specific surface areas than the AMO-LDH precursors. As for
the LDH precursor without AMO solvent treatment, LDH30Ga-ww, that shows the lowest
BET surface area than other selected samples. Conventional hydroxyl-carbonate precursor

phases of Cu-ZnO (zincian malachite and aurichalcite) was discovered to possess higher
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Seet compared to LDH precursors, which could be ascribed to the formation of phase-pure
hydrotalcite platelets with lower dispersion®’, indicating that the solvent exfoliation process

is a very crucial step to generate ultra-thin LDH structure.

Table 5-1. Comparison of Cu loading, Cu dispersion, Cu surface area and BET specific

surface areas (selected samples) for the Cu containing CZG and LDH derived catalysts.

.8 Cu
Catalysts Cu loading _ b SCUb (ng'lcat) Seet® (ng'lcat)
(Wt%) dispersion
Cz 334 21.8 43 Freshly-prepared: 58
Freshly-prepared: 85
CZG5Ga 319 22.0 45 Calcined: 56
CZG10Ga 33.9 19.5 43 -
CZG30Ga 32.7 19.6 41 -
CZG40Ga 335 21.1 46 -
LDH10Ga 34.3 24.4 54 -
LDH20Ga 334 33.8 73 -
LDH30Ga 335 46.0 99 Freshly-prepared: 159
Calcined: 79
LDH40Ga 37.9 22.6 55 -
LDH30Ga-ww ]
(water wash) 34.3 28.1 62 Freshly-prepared: 37

2 Determined by ICP; ® Dispersion and specific surface area of metallic Cu determined by
N2O chemisorption; ¢ BET specific surface areas.

5.3.4 Catalyst screening and correlation between activity and structural parameters

The catalytic performances of Cu-containing CZG and AMO-LDH precursor samples for
methanol production via CO, hydrogenation were evaluated and are presented in Figure 5-
8 as well as Figure 5-9. The major product for all catalysts is methanol and the main by-
product is CO under operating conditions of Hz: CO2 (molar) = 3: 1, T =190-310 °C, P =

4.5 MPa and WHSV = 18,000 mL-gerrh™. The activity measurements were taken after at
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least 2 h on the stream at each selected temperature. Similar catalytic performances of CZ
and CZG samples were observed in terms of CO2 conversion, probably, due to their similar
Cu content, surface areas and Cu dispersions, see Table 5-1. However, differences were
identified in their selectivities towards methanol. In general, the methanol yields of CZ and
CZG catalysts (Figure 5-8) increase with the increasing in temperature and reach the optimal
value of about 290 °C before they are rapidly attenuated due to the thermodynamic
constraints. It can be seen in Figure 5-9a that among all CZG samples, CZG5Ga reveals the
best performance. The addition of 5 mole% Ga into CZ leads to an increase in CH3OH yield,
but further increase of Ga content starts to decrease the activity where the performance of
CZG40Ga is even lower than the CZ catalyst. The interpretation of these data is not
straightforward because there is no general trend for CZG samples that correlates to the
small variations in Cu dispersion (Figure 5-10). This observation suggests that the catalytic
conversion of CO> to methanol of the CZG sample may not only be dependent on copper
dispersion but also on other factors, presumably on structural and compositional differences
of nanoparticles (structural sensitive), as previously discussed that there is a large

morphological and structural variation between the CZG precursors.

Similar to CZG samples, CO2 conversion of AMO-LDH precursor catalysts increases with
the increasing in temperature while selectivity of methanol declines (Figure 5-8). In addition,
methanol yield of the homogeneous LDH-based catalysts also presents a volcano trend with
increasing temperature: Most of the LDH catalysts reach the optimal methanol yield at 290
°C, but the LDH30Ga and LDH20Ga catalysts exhibit methanol yield maxima at a lower
temperature (270 °C). Interestingly, according to Figure 5-9b and Figure 5-10, the LDH
samples which show higher Cu surface areas and Cu dispersions, particularly the LDH20Ga

and LDH30Ga (see Table 5-1) also give higher methanol selectivities and yields than
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CZG5Ga at 270 °C. The best performance is obtained by LDH30Ga which gives nearly 9%

methanol yield. This matches with the general consent from the literature that Cu surface

primarily provides active sites for this hydrogenation reaction*".
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Figure 5-8. Conversion, selectivity and yield for Upper row: CZG precursor catalysts; lower

row: AMO-LDH precursor catalysts in CO2 hydrogenation to methanol.
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Figure 5-9. Catalytic performance of CZG (a) and AMO-LDH (b) precursor catalysts for
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= Conversion
® Selectivity
CZG samples A Yield

A Plot containing all CZG and LDH samples is shown below:

w w B B
o [&] o o
1 L 1 L 1 L

Conv., selec. & yield (%)
8 B
1 " 1

154
10 -
5_
0 T T T T T T T T T T T —
40 50 60\ / 70 80 90 100
scu (m?g_)

cat:

Figure 5-10. Correlation of catalytic performance with Cu surface area for CZG and AMO-
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The enhanced Cu surface areas and dispersions of the LDH-derived samples (Table 5-1) can
explain why the AMO-LDH samples are superior to the CZG samples. The surface areas
and dispersions are inversely proportional to the particle size, moreover, the effect of the Cu
particle size has recently been found to be strong to the catalytic reaction*®, therefore the
particle size of the active species also needs to be investigated. Figure 5-11a shows that after
calcination in an air atmosphere, the formation of mixed metal oxides (appeared as sphere-
like particles) in the calcined CZG5Ga sample can be observed. Figure 5-11(b—d) shows the
images of the reduced CZG5Ga sample prepared with an Ha treatment at 290 °C (2 h), which
give 5-10 nm Cu-rich particles with occasionally much larger particles (> 10nm) observed.
In contrast, the image of calcined LDH30Ga (Figure 5-11e) reveals multiple curved sheets
assembled mostly of single discrete layers with some edge regions of 2—3 staggered layers,
indicating the AMO-LDH precursor can maintain its ultra-thin layered morphology in spite
of exhibiting an amorphous phase (Figure 5-1d) after calcination. Under identical hydrogen
treatment shown in Figure 5-11(f-h), many small and rather homogeneous size Cu-rich
particles of less than 5 nm (mean size = 4.0 = 0.1 nm) are formed on this positive charged
sheet-like structure. In line with the morphology observation of the reduced catalysts, the
reduction behaviour of the AMO-LDH samples, see Figure 5-7, displays more uniform peak
profiles compared to the CZG samples. The controlled reduction with the formation of
smaller Cu seeds in the AMO-LDH sample clearly reflects that Cu species must be engaged
in a stable LDH structure, which offers the finely controlled nucleation and restricted
mobility of metal atoms by the high surface, discrete inorganic sheets, thus can lead to small,
stable, and homogeneous Cu particles. Recently, Van Den Berg et al.** have extensively
tested a range of supported Cu particles from 2—15 nm and found that smaller Cu particles
are more active for CO/COz hydrogenation to methanol but too small Cu particles such as 2

nm show poorer activity, which is attributed to the lack of active step-edge sites and the
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subtle change in local electronic structure for such small metal particles. On the other hand,
Van Helden et al.** have computed for cobalt face-centred cubic particles that similar to Cu,
the active site fraction of step sites (so-called B5) increases with increasing particle size until
4 nm. We believe the formation of Cu nanoparticles in the catalytically active size domain
with narrow size distribution is related to a delicate control of nucleation and growth. For
the AMO-LDH derived catalysts, the discrete cationic layer with high charge density
appears to offer the required steric and electrostatic stabilisation, which is advantageous to
make larger Cu surface area with higher metal dispersion (4 nm particle size) upon
reduction. In this respect, Cu containing AMO-LDH samples are superior to those prepared

by the conventional co-precipitation method.
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Figure 5-11. TEM images of the calcined (a, €) and reduced (b, c, f, g) samples, and size
distribution diagrams (d, h) of the nanoparticles in the reduced samples. Upper row: (a)
calcined CZG5Ga; (b-d) reduced CZG5Ga containing 5-10 nm Cu-rich particles (mean size
= 6.3 = 0.2 nm) with some of the much larger sizes. Lower row: (e) calcined sheet-like
LDH30Ga sample; (f-h) reduced LDH30Ga containing many homogeneous small Cu-rich

particles of < 5nm (mean size = 4.0 £ 0.1 nm).

The XPS results of the reduced AMO-LDH samples with various Ga contents are revealed
in Figure 5-12. Figure 5-12a clearly shows the progressive increase in Ga peak area at
increasing Ga content. In comparison with the peak position with reference to the C 1s
transition at 285 eV, Ga is still maintained as Ga®* with no sign of reduction*®. However, the
positions of 2p12 and 2ps2 signals of Cu (Figure 5-12b) match well with those of Cu® and
their peak sizes remain the same at increasing Ga concentrations. This again suggests that
Cu?* is totally reduced from the AMO-LDH samples upon the pre-reduction treatment under
H> at 290 °C. The peak position of Zn 2p3s, shown in Figure 5-12¢ of AMO-LDH samples
matches with Zn?* indicating that most of these cations remain unreduced in the solid
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structure. However, there is a small degree of Zn?* reduction to Zn° at Ga concentrations of
20 and 30 mole% which correspond to the precursors with pure-LDH phases as well as high
surface areas. Through careful deconvolution, the broader peak can be separated into two
sub-peaks of Zn?* (1022.5 eV) and Zn° (1021.5 eV). In the literature, it has been suggested
that Cu/Zn interface plays a significant role in CO2 hydrogenation to methanol as these two
species (Cu and Zn) work synergistically. Thus, placing Zn in a proximity to Cu can enhance
methanol synthesis!”?®4?, Catalysts containing Cu/ZnO were recently found to show 10
times higher activity than Cu catalysts of the same sizes but without in contact with ZnO*,
This agrees with our observations that this composition modification is a very important
one. However, many models have been put forward in the literature to explain the role of
zinc, including zinc-induced defects in the copper structure®®, hydrogen spillover from zinc
oxide to copper?, the electronic stabilisation*®#°, and the morphological control on Cu
nanoparticle®. Behrens et al.}’ reported that the increase in turnover frequency (TOF) for
zinc-containing catalysts is mainly due to the formation of reduced zinc species from zinc
oxide and subsequent migration to the copper surface. By using density functional theory
(DFT) calculations, their work has indicated that a higher Miller-index copper surface,
Cu(211) contains active step sites, can be favourably decorated with Zn metallic atoms rather
than on the Cu(111) terrace surface. This exerts a strong electronic effect on Cu phase in
this reaction. The formation of a trace amount of Zn® atoms upon co-reduction for the
decoration on 4 nm step-edge rich Cu nanoparticles made by LDH30Ga sample in our result

seems to support their conclusion.
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Figure 5-12. XPS spectra of the reduced AMO-LDH derived samples of (a) Ga 2p peaks;

(b) Cu 2p peaks; (c) Zn 2 ps2 peaks at various Ga concentrations.

5.3.5 Comparison of catalytic activity

The catalytic performances of CZG5Ga, commercial HIFUEL™ catalyst (Johnson Matthey,
plc) and LDH30Ga with and without acetone treatment which contain comparable Cu
loadings have been compared in Figure 5-13. It is apparent that the LDH30Ga sample
(dispersed with acetone) reveals the best performance among the four samples. As stated®,
when the final wet slurry of LDH was dispersed with an AMO solvent (acetone), it
dramatically enhanced the surface area of the final material (Siprsoca =159 m?gt vs
SipHsoca-ww = 37 m?g 1) by exfoliating the cationic multilayers (intercalated with carbonate
anions) approaching to 1-3 layers. This discrete cationic layer can facilitate the formation

of small (~4 nm) and homogeneous Cu particles decorated with trace Zn atoms with narrow
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size distribution, which lead to higher CO. conversion and methanol production. In
comparison with other reported catalysts using Cu-containing LDH as the precursors
without solvent exfoliation®”*%% our simple AMO-LDH (LDH30Ga) precursor catalyst
also shows greater methanol production rate (see Table 5-2). As far as we are aware, the
impressive space-time yield of methanol of 0.6 gmeon-gear h ! at typical reaction conditions
represents one of the best reported catalytic activities for methanol synthesis using Cu-based
catalysts®*. On the other hand, it was recently reported that In,03/ZrO- catalysts exhibited a
very high selectivity for the conversion of CO, to methanol®®, however, the methanol space-
time yield of this catalyst was only 0.3 gmeoH-geat -h™* even under 5 MPa and a high ratio of
H2: CO2 (4-8). Moreover, it is surprising to see that our best AMO-LDH (LDH30Ga)
catalyst gives a comparable methanol yield to the highly active Pd@Zn core-shell catalysts>®
that was demonstrated recently under the same reaction conditions, though Pd is commonly
regarded to be more active than Cu upon modification. The methanol space-time yields of

selected materials described above are compared in Table 5-2.
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Figure 5-13. Comparison of conversion, selectivity and yield of CZG5Ga, LDH30Ga,

LDH30Ga-ww, and an industrial sample, HIFUEL™ with comparable Cu loadings for the

CO- hydrogenation to methanol at 270 °C

Table 5-2 Comparison of methanol space-time yields of selected catalysts with this work.

. .. Catalytic
Reaction conditions £ yt
Catalyst periormance Ref.
?r(?fg’ Space velocity H,/CO, STY®
LDH30Ga 45,270 | (W) 18000 mL g h 3 0.6
LDH30Ga-ww 45,270 | (W) 18000 mL g* h 3 0.3 This
CZG5Ga 45,270 | (W) 18000 mL g ht 3 0.4 work
JM-HiFUEL™ 45,270 | (W) 18000 mL g* ht 3 0.4
LDH (Cu, Zn, Al, Y) 50,250 | (W) 10000 mL gt ht 3 0.4 37
Cu on LDH (Zn, Al, Zr) el
supports 50,250 | (W) 7500 mLg'h 3 0.3 51
LDH (Cu, Zn, Al Y) 50,250 | (W) 12000 mL g ht 3 0.5 52
Syngas
LDH (Cu, Zn, Al, Ga) 60,250 | (W)10000mLg*h? | H,CO:COxHe ~04 53
=72:10:4:14
IN,04/Zr0; 50, 300 (G) 16000 h't 4 0.3 55
Pd@zn 45,270 | (W) 18000 mL g* ht 3 ~0.6 56

2(G) = GHSV = volume flow rate/bed volume, (W) = WHSV = mass flow rate/catalyst mass.
® Space time yield of methanol (gmeon-geat -h2)
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5.4 Chapter conclusion

At comparable Cu loadings, a catalyst derived from the ultra-thin AMO-LDH precursor
[(Cuo.47ZN0.32Gao.21)(OH)2](COs3)0.105-m(H20)-n(CsHsO) (LDH30Ga) was found to give
higher Cu surface areas and better catalytic performance in terms of conversion, methanol
selectivity and yield. It appears to be superior to the catalyst derived from LDH precursors
with normal post-treatment (water wash) as well as the samples from conventional hydroxyl-
carbonate precursors (CZG samples). Interestingly, this AMO-LDH precursor can maintain
its ultra-thin layered morphology in spite of exhibiting an amorphous phase after calcination
and can lead to accessible, well dispersed, small, and high surface area Cu crystallites
decorated with Zn atoms. Moreover, this simple catalyst precursor not only displays a better
space-time yield of methanol than the commercial HIFUEL™ catalyst but also outperforms
those multi-doped LDHSs as well as those recently-reported highly active catalysts in the
literature. We believe, further optimisation of AMO-LDH catalyst precursors can open new
opportunities for the preparation of size-controlled small bimetallic nanocrystallites for

many catalytic processes.
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Chapter 6: Capturing renewable H2 of biomass for convenient

methanol synthesis at low H2/CO2 over Rh-In bimetallic catalyst

6.1 Chapter overview

Methanol has grown into one of the largest chemical synthesis feedstocks due to the fact that
it can be the raw materials for many chemical products and can also be directly used as a
fuel or fuel substitutes. Methanol is conventionally manufactured via the syngas process
from fossil fuel feedstocks. To fulfil the global commitment for an environmentally friendly
and sustainable development, there is a strong interest in capturing renewable hydrogen
generated from renewables such as biomass or water decomposition from solar or wind
powers with carbon dioxide released in combustion to produce green methanol. However,
production of renewable hydrogen is currently rather expensive and is produced in limited
quantity as compared to CO». Particularly, in the utilisation of biomass for methanol
production via gasification faces the problem of a large excess CO to limited H> in its
reforming gas mixture, which is not favourable for the downstream CO. hydrogenation
reaction to methanol due to water-gas shift equilibrium to produce CO as the main by-
product over commercial Cu-based catalysts. In this chapter, we present that a new class of
Rh-In bimetallic catalysts can dramatically inhibit water-gas shift reaction, which as far as
we are aware, give the highest methanol weight time yield of about 21.3 gmeon-Gactive metal™**
h™! with methanol selectivity of over 85% under excess CO, (H2/COz < 3) at 4.5MPa than
all reported catalysts in literature. This makes the utilisation of biomass a competitive

alternative to methanol production from the economic and the energetic point of view.
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6.2 Introduction

Due to the increase in fossil fuels combustion by the increasing population and human
activities, the concentration of CO; in the atmosphere is growing year by year. The issue of
environmental pollution and global warming has become an international concern that has
encouraged people to search for new sources and alternatives to alleviate the CO2 emission
problem. It has been found that CO> capture, storage and utilisation can effectively result in
net removal of the atmospheric CO,. In addition, the combination of renewable energy and
biomass with CO; utilisation seems to be the potential options for carbon-neutral process
and sustainable development. Therefore, the recycling of CO. using renewable hydrogen
from biomass and decomposition of water from solar, tidal wave, and wind powers through
its hydrogenation to methanol, as suggested in the “Methanol economy” strategy?, appears
to be a very attractive approach due to the fact that methanol has high energy density and it
is easy to be stored/transported hence suitable for replacing fossil fuels. In addition,

methanol can also be the raw materials to produce thousands of chemical products.

Nowadays, methanol is predominantly produced from syngas, which is a mixture of CO,
CO2 and hydrogen gas derived from fossil resources, in a high-pressure process using a
Cu/ZnO/Al,0; catalyst®. However, the rapid advances in hydrogen gas availability by
utilising solar energy, wind power, hydropower and biomass as well as the low-cost capture
and storage of CO> from combustion aid the development of the synthesis of renewable
methanol from CO, hydrogenation reaction’*®. Among all the alternative resources,
biomass has been found promising in generating a CO2/H> mixture that can be coupling with
the downstream CO> hydrogenation reaction, as recently demonstrated in the low-
temperature aqueous phase reforming (APR) and the supercritical water gasification

(SCW)8’. However, the utilisation of biomass for methanol production faces the problem of
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a large excess COz in the gas production. Therefore the stoichiometric adjustment has to be
applied either by adding hydrogen or CO> removal, which require burdensome equipment
and high costs®®. Similarly, the production of hydrogen from renewable means is rather
expensive and is produced in limited quantity as compared to CO2%°. Thus, to achieve the
synthesis of methanol from biomass, a catalyst that can efficiently catalyse CO:

hydrogenation to methanol, CO, + 3H> — CH3OH + H.O, under CO, excess/H deficient

conditions would be highly desirable.

It is known that bimetallic nanoparticles/alloys show the intimate contacts of the two
elements which can modify their electronic properties and change the adsorption properties
of the metal surfaces'''?. A good example can be found in the Cu-Zn system, which is
reported that Zn modified Cu surface gives better methanol production rates than the
unmodified Cu surface because the Zn-modified Cu surface has lower adsorption energies
that result in a stronger binding of intermediates and lower energetic barriers to the methanol
product'®*15. Although the adsorption properties of the Cu surface can be improved by
modifying with Zn species, Cu surface still possesses the drawbacks on the low activity for
hydrogen activation, which leads to a low coverage of surface H and slows down the further
hydrogenation of the intermediates into methanol'!. Consequently, for the Cu-based
catalysts, high methanol selectivity commonly requires an extreme reaction condition (high
pressure of over 10 MPa, high ratios of H2:CO2 > 3) otherwise CO is favourably produced

through the reverse water-gas shift reaction (RWGS) route (CO2 + Ha— CO + H20)%. In

addition, it has been reported that the methanol selectivity of Cu-based catalysts is limited
according to thermodynamic calculations®!, which leads to significant CO production
through the reverse water-gas shift reaction, therefore to explore non-Cu based catalysts for

the synthesis of methanol from biomass-derived gas is needed to accomplish this
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development. In this chapter, we report a novel Rh-In bimetallic catalyst that shows optimal
adsorption properties to the intermediates of methanol product than unmodified rhodium
surface and is proven experimentally to give a more superior methanol production under
CO. excess/H. deficient conditions. Thus, we believe that a new convenient methanol
synthesis based on the biomass with lower energy cost could be established over this new

class of catalyst, as illustrated in Figure 6-1.

Gasnfcatlm?
O OO

Biomass-based Gas mixture contains Rh In bimetallic Renewable
waste materials APR, SCW, etc. H,/C0,<3 catalyst Methanol

Figure 6-1. A renewable-based methanol production process via catalytic hydrogenation of

CO2 using biomass-derived CO2/H> mixture over Rh-In bimetallic catalyst. (APR: Aqueous

phase reforming; SCW: Supercritical water gasification.)
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6.3 Results and discussion

6.3.1 Optimisation of catalyst composition

To find out the suitable support and optimise the chemical compositions of the Rh-
containing catalysts for CO2 hydrogenation to methanol, we prepared a series of binary metal
oxides as the supports by co-precipitation method and loaded Rh on them using wet-
impregnation method, then screened those catalysts for methanol production at relatively
low pressure (4.5 MPa) and high gas hour space velocity of WHSV = 18,000 mL-gear >-h™Y);
details on those binary oxides supported Rh samples can be found in Table 3-2, Synthesis
procedure, Chapter 3. After thermal treatment in N2 at 450 °C, the XRD patterns (Figure 6-
2) of those binary metal oxides supported Rh samples showed broad diffraction peaks from
the supports but no peaks from the Rh compounds could be detected, indicating that Rh
species were well-dispersed in the small crystalline metal oxide particles. Figure 6-3 shows
that all the binary oxides supported Rh samples synthesised in this study could catalyse CO-
hydrogenation to form methanol, and the highest methanol selectivity is found in the
Rh/INAIO sample (Rh/In on alumina). Moreover, the synthesis parameters of the indium-
aluminium oxide supported Rh catalyst has been further studied with various temperatures
of thermal treatment in N2 as well as different Rh loadings, and it has been found that 450
°C thermal treatment and >3% loading are preferred for methanol production (Figure 6-4

and Figure 6-5).
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6.3.2 Catalytic performance of the catalysts

After optimising the synthesis conditions of the indium-aluminium oxide supported Rh
samples, we then prepared a series of Rh-containing samples with different In/Al
compositions (see the details on Table 3-3 of Chapter 3) and tested them for CO:
hydrogenation reaction. As can be seen from Figure 6-6a that the samples with In/Al ratios
from 0 to 1 give a diverse product compositions: The sample contains no indium (the
Rh/(10AI)O sample) showed the total conversion of CO> to methane, then CO predominated
the product phases when the Rh/(1InQAI)O was used. This clearly reflects the strong
adsorption of CO2 and H. on unmodified Rh surface to give total hydrogenation of CO: to
mainly methane as the more favourable thermodynamic predicted product!’. We can see that
methanol emerged in the Rh/(1InQAIO sample and then started surpassing other
components in the Rh/(3In7Al)O before it becoming substantial (>85% selectivity) in the
Rh/(5In5AI1)O and the Rh/(10In)O samples. This suggests that the presence of indium in the
vicinity of rhodium significantly attenuates the adsorption properties of rhodium sites from
methanation to methanol production, and such modification of rhodium have not been
reported in the literature. Similar modification of the catalytic properties of ruthenium,
another well-known catalyst for catalytic methanation from CO, hydrogenation?’, can be
found in the Ru/(5In5AIO sample made by the identical synthesis process as the
Rh/(5In5A1)O sample. Ruthenium is believed to be even more active in CO2 methanation
than rhodium?®’, suggesting the modification of ruthenium should be more difficult to
achieve than that of rhodium. As expected, the methanation of CO over the Ru/(5In5AI1)O
sample cannot be excluded as a noticeable amount of methane still appeared in its product
composition, suggesting the indium modification to ruthenium sites was not as extensive as
it was to the rhodium sites. Along with the significant changes of the reaction products, we

can also see that the CO, conversion dropped drastically when incorporating indium into
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Rh-containing catalyst. However, according to Figure 6-6a, a decent CO2 conversion (>10%)
can still be achieved when using the Copre-Rh/(5In5AI)O sample which was made by co-
precipitation of all three components, i.e., Rh, In and Al. Note that the “Copre” stands for
co-precipitation. The specific surface areas and the rhodium surface areas shown in Table
6-1 reveal that adding rhodium together with indium and aluminium species in the co-
precipitation process could greatly increase the specific surface area of the catalyst as well
as the surface exposure of rhodium compared to the catalyst made by loading rhodium on
the supports via wet-impregnation method. It is well-accepted that the active sites become
abundant when the surface area of a catalyst increases, thus can enhance the conversion rate
of the reactants. On the other hand, it has been recently reported that indium oxide can act
as a superior catalyst for methanol production from CO, hydrogenation'®, therefore we also
tested the indium-aluminium oxides support which was labelled as “(5In5A1)O support” in
Figure 6-6a and we found that only 30% methanol selectivity with low CO2 conversion can
be achieved from the indium-aluminium oxides support without Rh loading under our
conditions. This suggests that indium oxide does not contribute to the high methanol

selectivity (>85%) in our indium-modified rhodium samples.

Table 6-1. Specific surface areas and rhodium surface areas of Rh/(5In5AI)O and Copre-

Rh/(5In5Al)O) samples

Sample SeeT (M?g1)? Srh (M?g1)P
Rh/(5In5AIO 32 17
Copre-Rh/(5In5Al)0O) 280 133

4Specific surface areas determined by BET analysis.
PRhodium surface areas determined by hydrogen/oxygen titration.

152



For the methanol synthesis from CO> hydrogenation reaction, the reverse water-gas shift
(RWGS) reaction is the major competing reaction to the methanol production, therefore,
high methanol selectivity in our indium-modified rhodium samples must possess the ability
to inhibit the RWGS reaction so that to minimise the formation of CO. To get the reaction
states according to the equilibrium thermodynamics of the CO, hydrogenation to methanol
under our reaction conditions, theoretical calculations were thus performed to derive the
equilibrium thermodynamics values (HSC Chemistry 5.11) where only the intrinsic
properties of the gas species were considered. Here the reactant mixtures of 1 mole of CO2(g)
and 3 moles of Ha(g) were considered, and product species of H,0(g), CO(g) and CH3OH(g)
were taken into account (experimentally identified). In CO2 hydrogenation reaction to
methanol, the use of higher CO2: H; ratio is not thermodynamically favourable. Figure 6-6b
shows the catalytic result of CO2 hydrogenation with different CO2:H> ratio (from 1:3 to 3:1)
over our best Rh-containing sample, the Copre-Rh/(5In5A1)O. A commercial Cu/ZnO/Al;03
catalyst (HIFUEL™ R120, Johnson Matthey, plc) was also tested for the comparison. By
increasing the CO- : Ho ratios from 1 : 3 to 3 : 1, the methanol selectivities over the Copre-
Rh/(5In5AI)O sample especially at the excess CO> were surprisingly achieved well beyond
the thermodynamic predictions (indicated by the dotted line in Figure 6-6b), suggesting that
the reaction rate of RWGS was suppressed on our indium-modified rhodium catalyst. In
contrast, the methanol selectivity for the commercial Cu/ZnO/Al,O3 catalyst sharply
decreased to below 10% at the conditions of CO2 : Hz = 3 : 1, indicating the decreasing trend
of methanol selectivity in the commercial Cu/ZnO/Al,O3 catalyst was mainly governed by

thermodynamics.
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Figure 6-6¢ gives the methanol weight time yield (gmeon-Gactive meta>-h™Y) of the Copre-
Rh/(5In5A1)O as compared to the commercial HIFUEL™ (Cu/ZnO/Al,Os) catalyst. We can
clearly see that the methanol yields per gramactive meta Qgiven by the commercial
Cu/ZnO/AlxO3 catalyst compared to those in the Copre-Rh/(5IN5AI)O sample were
overwhelming, showing the outstanding activity of methanol production over our indium-
modified rhodium catalyst. Moreover, as far as we are aware, this methanol weight time
yield of 21.3 gmeon-Gactive metal --h ™ Obtained by the Copre-Rh/(5In5AI)O catalyst at CO; : H2
=1: 3 under the typical reaction conditions is the highest value in all reported catalysts from
the literature for CO, hydrogenation reaction'!. The methanol selectivity as well as the
weight time yield of the Copre-Rh/(5In5AI)O catalyst at CO2 : H =1 : 3 can even be tuned
by adjusting the WHSV to higher values. From Figure 6-7 the Copre-Rh/(5In5AI)O catalyst
achieved nearly 100% CH3zOH selectivity with the weight time yield over 40 gmeoH:Qactive
metal -2, proving its excellent ability to catalyse CO, hydrogenation to methanol with high
yield. Noted that the Copre-Rh/(5In5AI)O catalyst still maintained this high methanol
selectivity at superior methanol yields when it was applied to the excess CO- : Hz conditions
which were thermodynamically unfavourable for methanol production (Figure 6-6b).
Consequently, with such high methanol production under excess CO2 (H2 deficient) reaction
conditions, our new Copre-Rh/(5In5AI)O catalyst displays the major advantage to carry out
CO2 hydrogenation in capturing limited renewable hydrogen to methanol. It is particularly
well suited for biomass-derived CO2/H> mixtures via recently reported supercritical water

gasification or aqueous phase reforming without any hydrogen admixture or CO2 removal®’.
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Figure 6-6. The catalytic performance of CO2 hydrogenation to methanol at 4.5 MPa over
the studied catalysts. (a) Methanol selectivities at 270 °C, CO.:H>=1:3 of Rh and Ru catalysts
of different In/Al ratios and different synthesis methods. (b) Methanol selectivities at 250
°C and 270 °C of Copre-Rh/(5In5AI)O sample compared with commercial Cu/ZnO/Al>O3
catalyst under different CO2:H; ratios. The dotted lines indicate the calculated methanol
selectivities by taking both methanol synthesis and RWGS equilibria into account. (c) The
weight time yield of methanol at 250 °C and 270 °C of Copre-Rh/(5In5Al)O sample
compared with commercial Cu/ZnO/Al,O3 catalyst under different CO2:H: ratios. The
decreasing trend for both catalysts is according to the thermodynamic limits when higher

CO2: Ha ratio is used.
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Figure 6-7. (a) CO- conversion, CH3OH selectivity and yield of the Copre-Rh/(5In5AI)O
catalyst under various reaction temperatures. Reaction conditions: 4.5 MPa of 75% H and
25% CO2, WHSV = 18,000 mL-gcar -h1). (b) CH3OH selectivity and weight time yield of
the Copre-Rh/(5In5AI1)O catalyst under various WHSV. Reaction conditions: 4.5 MPa of

75% H2 and 25% CO: at 270 °C.

6.3.3 The electronic properties of the indium-modified Rh catalyst

The change of the catalytic properties we have observed in our Rh-containing catalysts is
believed to be induced by the indium incorporation. To further investigate, the electronic
properties of the rhodium-containing catalysts were systematically studied by XPS. The
characteristic photoemission from the Rh 3d, In 3d, Al 2p and O 1s core levels were recorded
for each sample. For consistency, all the binding energies that are reported have been
calibrated to the C 1s transition at 285.0 eV. The XPS of Rh 3d and In 3d of the reduced Rh-
containing catalysts are shown in Figure 6-8. The Rh 3d XPS doublet peaks progressively
shifted toward higher binding energy indicative of higher oxidation state of rhodium, as the

indium content decreases to zero (from Rh(10In)O to Rh(10ANO). It is known that small
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rhodium particles supported on alumina are very vulnerable to oxidation'®, therefore our Rh-
containing samples might have encountered a small degree of re-oxidation during their
storage and transportation prior to the XPS analysis. Further investigations on the samples
before/after H, reduction have been conducted by rhodium and indium Ls-edge XANES,
see Figure 6-9. From Rh Ls-edge XANES of the Copre-Rh/(5In5AI)O catalyst, we can see
the rhodium species turned metallic after H> reduction, but the reduced sample still contains
oxidic rhodium, which implies that the sample could be re-oxidised during sample transport
before performing the ex-situ XANES experiment. On the other hand, from In Lz-edge
XANES spectra, we know that most indium species stay as indium oxide after H, reduction,
but there was a slight decrease in the white line intensity, which means there might be a
small degree of indium being reduced presumably when in direct contact with Rh. It is
interesting to see that when having more indium content in the Rh-containing sample, less
oxidic rhodium could be clearly observed through XPS analysis (Figure 6-8), which is also
obtained by Ls-edge XANES analysis (Figure 6-9). This means the presence of indium can
prevent the re-oxidation of rhodium species, suggesting the indium modification can change
the properties of metallic rhodium and stabilise it from interaction with oxygen. On the other
hand, from In 3d XPS spectra shown in Figure 6-8, there is no distinguishable shift observed,

indicating that most indium species stayed as oxidic after reduction.
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6.3.4 Structural characterisation of the indium-modified Rh catalyst

We then performed Rh K-edge XAS analysis, which gives the detailed information on
oxidation state and local atomic structure of Rh over these samples. Figure 6-10a shows the
normalised Rh K-edge XANES spectra of the reduced Rh-containing catalysts and the
rhodium reference material. In agreement with the XPS result (Figure 6-8), the rhodium
species of the samples containing less indium were more oxidised. The rhodium species in
the Rh/(5In5AI1)O, Rh/(10In)O and Copre-Rh/(5In5Al1)O samples that have higher indium
content showed metallic characteristic as the absorption edge positions of these samples
were close to that of the rhodium foil. Figure 6-10b shows the Fourier-transform Rh K-edge
EXAFS of the reduced Rh-containing samples. The k3-weighted EXAFS and the
corresponding fitting of the Rh-containing samples are shown in Figure 6-10c and the
structural fitting parameters are detailed in Table 6-2. It can be seen from Figure 6-10b that
in general, each Rh-containing sample contains two main shells, that is, a Rh-O shell at
around 2A and the Rh-metal shell at a longer distance. For the Rh/(IN9AI)O sample, the
observed distance of Rh-O at 2.04 A along with the Rh-Rh at 2.66 A and 3.05 A indicate the
first three Rh-(neighbour atoms) distances in a hexagonal (corundum) Rh2O3 structure!®.
The Rh/(3In7AIl)O sample gives similar peak positions but the bond lengths and the
coordination numbers that fit the experimental data are slightly different from the
Rh/(1In9AI)O sample, as can be seen in Table 6-2. It is evident the Rh/(3In7Al)O sample
contained a mixed structure including Rh203 and other rhodium species, i.e., metallic
rhodium and Rh-In alloy, since those compounds have Rh-(neighbour atoms) bonds in the
similar distance range. As the indium content further increased, the coordination number of
Rh-O decreased as well as the distance of the Rh-Rh bond at around 2.66-2.70 A increased,
suggesting less oxidic rhodium existed in the system when the indium concentration was

higher. Besides, in the Rh/(5In5AI)O and Copre-Rh/(5In5AI)O samples, there are three
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distinctive bonds observed at the distances of 2.64, 2.82 and 3.07 A, that are attributed to
the Rh-In, Rh-In and Rh-Rh bonds, respectively, from the tetragonal Rhins structure. The
Rh/(10In)O sample gives even higher Rh-In alloy content due to its higher coordination
number of the Rh-In bond. Besides, the Rh/(10In)O sample contains no oxidic rhodium
species (no Rh-O bond detected). To show that the incorporation of the RhiInz alloy structure
is necessary to achieve a satisfactory fitting, a comparison of the fit, both with and without

Rhins alloy structure is presented in Figure 6-11.
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Figure 6-10. (a) normalised Rh K-edge XANES spectra of the reduced Rh-containing
catalysts and the rhodium reference material; (b) k3-weighted Rh K-edge Fourier transforms
of the reduced Rh-containing samples; (c) k3-weighted Rh K-edge EXAFS spectra for the
reduced Rh-containing catalysts.
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Table 6-2. The structural fitting parameters of the Rh K-edge EXAFS of the reduced Rh-

containing samples.

Sample Scatterer | R (A) C.\. D-W R factor

0 2.04(1) 3.3(1) 0.004(1)

Rh/(1In9A1)O Rh 2.66(1) | 2.3(1) | 0.008(1) 0.5%
Rh 3.05(3) 0.8(2) 0.015(2)
O 2.07(1) 2.9(2) 0.005(1)

Rh/(3In7A1)O Rh, In 2.68(1) 2.3(2) 0.011(1) 1.9%
Rh, In 2.94(2) 1.02) 0.011(2)
0 2.042) | 0.5(1) | 0.006(2)
In 2.64(1) | 33(1) | 0.006(1)

Rh/(5In5A1)O Rh 2.71(1) 2.4(2) 0.005(1) 0.6%
In 2.822) | 2.1(2) | 0.007(2)
3.07(2) 1.7¢4) | 0.007(2)
o) 2.06(2) 0.6(2) 0.005(2)
In 2.622) | 3.103) 0.004(2)

Copre-Rh/(5InSAI)O Rh 2.73(3) 1.9(2) 0.004(1) 1.4%
In 2.83(1) 2.5(3) 0.010(2)
Rh 3.072) | 2.3(4) 0.015(2)
In 2.64(1) | 4.4(1) 0.004(1)
Rh 2.73(1) | 230 0.004(1)

Rh/(10In)O 0.4%
In 2.80(1) 1.43) | 0.007(2)
Rh 3.03(1) 1.4(3) | 0.006(2)
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Figure 6-11. Fourier transforms of Rh K-edge EXAFS for the reduced Copre-Rh/(5In5AI)O

sample: (a) fit without Rhlins structure and (b) fit with Rhins structure.

H>-TPR profiles of some of the Rh-containing catalysts, as well as the (5In5AI)O support,
are presented in Figure 6-12. The profile for the Rh/(10AI)O catalyst showed peaks at 135
and 248 °C, which are attributed to the reduction of well-dispersed Rh.O3 and of larger
Rh20s particles®, respectively. After indium incorporation, we can see that only the
reduction peak of well-dispersed Rh2Os can be observed in the Rh/(1In9AI)O sample,
suggesting that indium addition can enhance the dispersion of rhodium species. As the
indium content further increased, the reduction temperature of the well-dispersed Rh2O3
increased in the Rh/(3In7Al)O sample, and the reduction peak then became insignificant in
the Rh/(5In5AI1)O and Rh/(10In)O samples. It seems that the presence of indium species in
the vicinity of rhodium had a very strong influence on the reduction of rhodium in the Rh-
containing samples, that is, the indium species controlled the reduction of rhodium by
slowing down the reduction reaction. On the other hand, it can be noted that the (5In5AI)O
support sample started the hydrogen uptake at around 200 °C, which is attributed to the
reduction of the surface or the dispersed indium oxide phase with smaller particles sizes?.

Therefore, under the reduction temperature of 290 °C that we applied prior to the catalytic
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testing, the reduction of rhodium species is likely to occur simultaneously with the reduction
of the surface indium species to form Rh-In alloy as we observed from the Rh K-edge

EXAFS analysis.
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Figure 6-12. Temperature programmed reduction profiles of the Rh-containing samples.

The HR-TEM image of the reduced Copre/Rh(5In5AI)O sample and the corresponding fast-
Fourier Transform (FFT) analyses of the selected area presented in Figure 6-13a reveal the
existence of nano-clusters as a tetragonal Rhins structure with the particle size of less than
5nm (the majority is 1-2nm). From the HR-TEM images, the hexagonal In.O3 appeared as
the main light-contrast particles which were in the vicinity of the darker Rh-containing

clusters that scattering electrons more strongly. This observation is in agreement with the
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XRD patterns in Figure 6-13b that the hexagonal In.Os phase is the predominant structure
in the Copre/Rh(5In5AI1)O sample either before or after catalytic testing. We cannot detect
any rhodium containing phase from the XRD probably due to the low loading (~2.5 wt.%)
of rhodium, and the absence of aluminium oxides phases from XRD patterns indicates that

aluminium oxide species are in the form of amorphous structure.
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Figure 6-13. (a) HR-TEM images and the corresponding fast-Fourier Transform (FFT)
analyses of the selected area of the reduced Copre/Rh(5In5AI)O sample; (b) XRD patterns

of the calcined (in N2) and spent Copre-Rh/(5In5AI)O samples.

6.3.5 Discussion

It is well-known that addition of foreign metal atoms even in a trace level to the metal
catalyst to form bimetallic nanoparticles/alloys can significantly modify the electronic
properties of the primary mono-metallic surface. This can alter its adsorption properties of
the metallic phase (with foreign metal atom impurities) hence dictating product specificity.

Many examples have been recently reported including Cu-Zn system3-1° Pd@2Zn core-shell
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1112 pd-Ga, Pd-In??, Ni-Ga? catalysts, etc. for the selective CO/CO- hydrogenation. In this
study, it is clear that the formation of Rh-In alloy in the reduced Rh-containing samples
containing indium oxide can greatly modify their catalytic properties in the CO;
hydrogenation reaction. According to the theoretical calculations?>?, the catalytic activity
of CO; hydrogenation to methanol is critically dependent on the overall adsorptivity of
catalytic surfaces. Previous studies suggest that CO. hydrogenation involves two possible
reaction pathways, i.e., the formate (HCOOQO) pathway and the hydrocarboxyl (COOH)
pathway?®20. The thermodynamic preferable formation of surface HCOO (through M-O
adsorption) over COOH (through M-C adsorption) from CO2/H; adsorption as M moves
towards right hand of the periodic table (weaker adsorption due to a decrease in metal d-
band average energy and increase in electron filling) is given?5273!, The selective formation
of HCOO over COOH as the intermediate leads to enhanced methanol selectivity through
further multi-steps hydrogenation. It is also noted that COOH is the chemical precursor of

CO from reverse water-gas shift reaction®*.

In the case of unmodified rhodium, the metallic surface binds carbon dioxide and hydrogen
strongly presumably through COOH so that the most thermodynamic stable product,
methane, is produced from the subsequent extensive CO. hydrogenation. Alloying with
indium on rhodium weakens the adsorption energy of the surface to favour the surface
HCOO according to the literature?=2, hence leads to methanol production. To probe the
surface adsorption properties of the Rh-containing catalysts, we performed the in-situ FTIR
measurement with the CO2/H> flow at 50 °C to 290 °C. It can be seen from Figure 6-14a that
for the Copre/Rh(10AI)O sample without indium addition, the Rh(CO). gem-dicarbonyls
species (through Rh-C interaction) were initially adsorbed on rhodium, giving the peaks at

1960-1990 cm™ and 2030-2050 cm, which are believed to be the key intermediate for the

165



methane formation due to strong dissociative H adsorption on Rh surface®. Other weakly
adsorbed species, namely, linear CO, bridging CO, adsorbed H.O, and mono-dentate
formate®***®, could also be observed in the temperature range from 50 °C to 290 °C, but the
intensities of the adsorbed H>O and mono-dentate formate greatly decreased as the increase
of temperature. In contrast, the Copre/Rh(5In5AI)O sample displays different adsorbed
species detected during the in-situ FTIR measurement. It can be seen from Figure 6-14b that
at 50 °C, the prevalent intermediates including bi-dentate and poly-dentate carbonates as
well as mono-dentate and bi-dentate formates (formed via adsorbed HCOQ), which are
regarded as the key intermediates for the methanol production®®3’, were prevalently
observed. It can also be noted that a weak band attributed to the linear CO at around 2000-
2010 cm™ %, As the temperature was raised, this band was apparently increased. However,
there was no formation of characteristic strong and broad bands of 2110 and 2180 cm™
attributable to the gas-phase carbon monoxide®. Thus, this surface CO (and COOH) is
expected to be in equilibrium with other surface species (i.e., HCOO) without the direct

desorption of the gaseous CO.

Interestingly, it has been observed that surface HCOO is also formed preferentially over
COOH on the Cu-Zn based surfaces. Behrens et al. have reported a similar stabilisation of
adsorbed HCOO when Zn atoms are introduced on Cu step sites'®. However, as in our case,
the Cu-based surface in HIFUEL™ catalyst exhibits much lower methanol selectivity at the
expense of CO/H20 via RWGS than Rh-In under identical conditions at the present pressure
regime. It is noted that H adsorption energies on Cu (111) decorated by Zn is very low,
which leads to low activity for H dissociation on Cu-based surface!!. This could lead to a
low surface H coverage that slows down the further hydrogenation rate of HCOO into

methanol. In addition, the decomposition of COOH to adsorbed CO and OH is less
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dependent on the concentration of surface H according to reaction stoichiometry*!, which
rapidly consumes the produced COOH to CO/H20 via RWGS reaction and shifts the
equilibrium between HCOO/COOH. The in-situ FTIR measurement of the commercial
Cu/ZnO/Al>03 sample shown in Figure 6-15, which gives the information that the surface
of the commercial Cu/ZnO/Al,Oz catalyst showed predominantly the products of the RWGS
reaction (CO and H20): It is shown that at low temperature the water species could be
observed, and the small sharp peaks at around 2060-2080 cm are the bands corresponding
to the chemisorbed CO on a low Miller-index plane of Cu®’. When the temperature increased,
the vibrations of water vapour enhanced. In addition, two strong and broad bands at 2110
and 2180 cm™ attributed to the gas-phase carbon monoxide demonstrated that the RWGS
reaction had occurred®. Note that the absence of the surface adsorbed intermediates is
showing a consequence of the low residence time as well as relatively weak adsorption of
these species on the Cu surface. In contrast, our Rh-based surface is expected to show a more
superior ability in activating Hz than that of in Cu-based catalysts as indicated by its higher
H adsorption energie’'“%. As predicted by the theoretical model, H adsorption energy
increases as one goes to the left from the group 11 metals (Cu, Ag, Au)**2. Thus, we
demonstrate that the higher H and HCOO surface coverages on Rhin due to optimal surface
adsorptivity will favour the high methanol production rate as well as suppressing the surface
COOH to inhibit the RWGS reaction. This result has clearly suggested the unique surface
properties of bimetallic Rhin catalyst is better adapted to tackle low ratios of H./CO;
mixtures from biomass to methanol at mild conditions compared to the commercial

Cu/ZnO/Al,Os catalysts.
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Figure 6-14. In-situ FTIR spectra of the adsorbed species on the reduced surface. (a)
Copre/Rh(10AI)O sample; (b) Copre/Rh(5In5AI)O sample. The gas flow of 25% CO> and
75% H> was passed through the catalyst pellets made by 20 mg of samples at various

temperatures.
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Figure 6-15. In-situ FTIR spectra of the adsorbed species on the reduced commercial
Cu/ZnO/Al,03 (HIFUEL™) surface. The gas flow of 25% CO; and 75% H, was passed

through the catalyst pellets made by 20 mg of samples at various temperatures.

6.4 Chapter conclusion

It is reported that Rh-containing catalysts with indium oxide inclusion can generate Rh-In
alloy surface which offers catalytically active sites for selective methanol synthesis from
CO2/H2 mixtures. This Rh-In surface appears to stabilise surface HCOO-intermediates for
superior methanol production with impressive weight time yield whereas suppressing the
formation of COOH-adsorbed species for RWGS reaction at applied pressure. Moreover,
the Rh-In catalysts can maintain high methanol selectivity of over 85% under practically

low H2/CO. conditions at a high flow rate, which is far from the thermodynamically
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favourable regime for methanol production. With the increasing demands for the renewable

methanol synthesis from biomass resources, we believe that the superior catalytic

performance of this novel Rh-In catalyst under a diverse of CO2/H> ratios allows a more

efficient handling with the upstream COz/H> production from the current biomass

gasification processes.
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Chapter 7: Importance of structural integrity of carbon
conjugated mediator for photocatalytic hydrogen generation

from water over CdS-carbon nanotube-MoS2 composite

The work in this chapter has been adapted and reproduced in part with permission from:
Molly Meng-Jung Li, Poppy Mills, Simon M Fairclough, Alex Robertson, Yung-Kang Peng,
Jamie Warner, Chunyang Nie, Emmanuel Flahaut, Shik Chi Edman Tsang. Chemical

Communications, 2016, 52, 13596-13599. Copyright 2016 Royal Society of Chemistry.

7.1 Chapter overview

Photocatalytic water splitting has a high potential for application as a clean and renewable
way to generate hydrogen, because it is a process with negligible CO> emission:
Decomposition of water directly into hydrogen and oxygen under sunlight irradiation with
a semiconductor material. Recently, the composite photocatalysts are emerging as an
extensively studied project. They are prepared by combining non-oxide materials with
oxides or other non-oxides, which can lead to an efficient charge separation while expanding
the absorption spectrum of the photocatalyst. In this chapter, we report that the incorporation
of quantum dots, CdS, is shown to significantly promote photocatalytic hydrogen production
from water over single-layer MoS; via dispersing the two materials on carbon nanotubes to
form a three-component nanocomposite. In addition, the hydrogen evolution rate of this
nanocomposite is found critically dependent on the content and structural integrity of carbon
nanotube such that double-walled carbon nanotube shows more superior Hz production to
single-walled carbon nanotube because its inner carbon nanotubes survive from the

structural damage during functionalisation.

173



7.2 Introduction

The depletion of fossil fuel reserves and the undeniable environmental harms caused by their
overconsumption make photocatalytic Hz production from water attractive as future
renewable energy sourcel2. Typically, the photocatalytic splitting of water requires
semiconductors to capture a photon with energy equal to or greater than their band gap
energy. The photons are absorbed by a semiconductor nanocrystal causing the generation of
photo-excited electrons and holes in the conduction and valence bands, respectively. The
excited electron-hole pairs, known as excitons, are then subject to two main competitive
deactivation routes, namely excitons recombination and excitons separation followed by
chemical reactions. The former route is undesirable in photocatalysis since this only emits
heat or light with no chemical process involved whereas the latter is important for

photocatalytic reduction of water to hydrogen gas.

Nanosize CdS is a quantum dot material for efficient capture and emit photons due to its
characteristic band edges and band gap®*. However, it displays very poor photocatalytic
activity due to rapid exciton recombination®®. On the other hand, molybdenum disulfide
(MoSy) is not an intrinsic active semiconductor to capture photons in photocatalysis but its
conduction band (-0.12 eV vs NHE) and valence band (1.78 eV vs NHE) render it suitable
for electrochemical water-splitting”. It has been reported that an intimate mixture of
CdS/MoS; can catalyse photocatalytic Hz evolution efficiently®. In addition, CdS supported
on carbon materials is also proven to suppress charge recombination and provide active
adsorption sites, which leads to the enhancement of photocatalytic activity® 2. Furthermore,
the use of graphene to support CdS quantum dots and single layer MoS; (s-MoS>) into
nanosize appears to give higher hydrogen evolution rate’. However, it is not yet clear about

the functional roles of each component in these composite mixtures and their synergistic
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effect(s) for photocatalytic H» evolution. It is believed that by elucidating such materials
interactions, rational design of composite materials for more efficient photocatalytic

conversion to chemicals could be developed.

In this chapter, we report the systematic study of correlation of photocatalytic H, activity
with structural and electronic properties of CdS and s-MoS: as well as their interactions with
surface functionalised single, double and multi-walled carbon nanotubes (SWNT, DWNT
and MWNT) in composites using a range of characterisation techniques including XRD,
TEM, and Raman. Particularly, time-resolved photoluminescence (TRPL) technique is
invoked to investigate the lifetime of excitons with reference to activity measured for this
type of composite. It is found that the excitons recombination readily taken place on CdS
upon light activation can be effectively quenched when it is mixed with carbon nanotubes
(CNTSs) due to the rapid transfer of the photo-excited electrons to carbon structure before
the proton reduction from water for the hydrogen production over s-MoS,. Thus, the light
capturing sites (CdS) can be separated from hydrogen production sites (s-MoS.) via CNTs
as the electronic mediator. Higher hydrogen production rate is obtained over the two finely
dispersed phases on the CNTs than those without the carbon mediator due to the higher
electron conductivity and storage capacity of CNTs'*°, It is also found that typical acid
functionalisation of CNTs for the immobilisation of CdS and MoS; can result in the
destruction of surface graphitic conjugation and affect the essential process of electron
transfer, which will lead to poor activity. As a result, DWNT with intact inner carbon

nanotubes acts as an optimal electron mediator for photocatalytic hydrogen production.
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7.3 Results and discussion

The powder XRD of the synthesised CdS quantum dots is shown in Figure 7-1a, which
confirms the CdS cubic structure. In addition, the Scherrer-equation reveals an average
particle size of 5 nm. The UV-visible absorption of CdS presented in Figure 7-1b features a
broad absorption peak at 472 nm corresponding to the reported band gap of 2.63 eV34. The
TEM image (Figure 7-1c) also reveals typical 4.32 nm CdS nanoparticles and their size
distribution in Figure 7-1d, suggesting small and uniform CdS nanoparticle size. When
mixing CdS and s-MoS: sheets together, Figure 7-2 clearly shows that CdS nanoparticles
tend to aggregate on the basal and edge regions of restacked s-MoS; sheets with more than
one monolayer thickness. The severe aggregation of CdS and s-MoS; at the materials
interface indicates a poor dispersion of these components for light capture and charge

(excitons) separation.

(b)
-~ 3
= S
& P
z g
= <
10 20 30 40 50 60 70 80 460 500 600 700
Angle (26) Wavelength (nm)
35 (d) R

0.34nm
CdS(111)

0 1 + 1 . .
3 4 5 6
Nanoparticle Diameter (nm)

Figure 7-1. (a) X-ray diffraction pattern; (b) UV-visible absorption spectrum; (c) TEM
image; (d) nanoparticle diameter size distribution of the synthesised CdS nanoparticles.
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Figure 7-2. TEM image of CdS/s-MoS, nanocomposite, which reveals the aggregation of

CdS nanoparticles on the basal planes and the edges of re-stacked s-MoS>

It was envisaged that dispersion of CdS and s-MoS on high surface area CNTs may
overcome the aggregation problem. Typical HNO3 acid pre-treatment on CNTs has been
applied for the removal of contaminants (such as amorphous carbon and catalyst particles)
as well as functionalising the outer carbon structure with terminal carboxyl and hydroxyl
groups for the immobilisation and dispersion of solid phase in composite®. A detailed
selection of acid treatments was reviewed by Flahaut et al.’, which revealed that most of
the treatments can effectively remove contaminants but also cause shortening of tube length
and functionalise the carbon surface. Among various acids and concentrations applied, 3M
HNO3 was regarded as the optimum concentration and served as a compromise between the
yield of the functional groups created on CNTs and the chemical damage to the CNTSs
structure. Therefore, the 3M HNOs treatment was chosen for the CNTs pre-treatment of the

present study. The photocatalytic hydrogen production activity of the composite samples
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with lactic acid as the sacrificial reagent was measured. Figure 7-3a shows that CdS or
CdS/DWNTs are totally inert for the hydrogen production, implying that CdS and interface
of CAS/DWNT cannot provide the sites for proton reduction despite the well-known light
capture ability for excitons production over the CdS phase. In contrast, when s-MoS: is used,
a significant quantity of Hy is produced (137 pmol h'g?). Furthermore, the CdS/s-MoS;
composite produces 1380 pmol h'g™ Hy, which is clearly higher than CdS or s-MoS; alone’.
There is a further increase in the amount of evolved Hz gas when DWNTSs is added into the
CdS/s-MoS; (see E, F, G). With the increased amount of DWNT added, a maximum of H»
gas is evolved (5728 umol h'g?) at 5 mg DWNT content. However, a further increase in
the amount of DWNTSs could impair the photocatalytic H. production, presumably due to
masking of the active site, i.e., shield effect®, when 7 mg of DWNT is used. Comparing
different forms of CNTs (SWNT, DWNT and MWNT) with the same loading, see Figure7-
3b, the DWNT composite gives the best activity per gram basis. Noticeably, SWNT
composite gives only half Hy production rate compared to the DWNT. Therefore, the
functional roles for each component particularly the nature and quality of CNTs as support
with respects to hydrogen production activity need to be investigated through careful

material characterisations.
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Figure 7-3. (a) Hydrogen evolution rate for 20 mg catalysts extracted from the mixture of A:
CdS (100 mg); B: CAS/DWNT (100 mg CdS +0.4g DWNT); C: s-MoS,; D: CdS/s-MoS;
(100 mg CdS + 2 mg s-MoS»); E: CdS/2mg DWNT/s-MoS; (100 mg CdS +2mg DWNT+ 2
mg s-MoS»); F: CdS/5mg DWNT/s-MoS> (100 mg CdS +5mg DWNT+ 2 mg s-MoS»); G:
CdS/7mg DWNT/s-MoS; (100 mg CdS +7mg DWNT+ 2 mg s-MoS»); (b) Hydrogen

evolution rate for 5Smg DWNT; MWNT and SWNT to support CdS and s-MoS:.

To explore the charge (excitons) dynamics within the synthesised composites, the samples
were examined using static and time-resolved photoluminescence spectroscopy (PL and
TRPL). The steady-state PL spectra at an excitation wavelength of 405 nm shown in Figure
7-4a contain anticipated strong emission from CdS quantum dots centred at 750 nm by
recombination of excitons from trap-state. However, CdS quantum dots when mixed with
either CNTs or s-MoSz or CNTs/s-MoS; exhibit much smaller trap-state peaks compared
with CdS alone, suggesting that the radiative recombination of excitons in CdS is minimised.
CNTs appear to be more effective in quenching the PL than MoS; on the same weight basis

but the mixture of CAS/DWNT/s-MoS: is the most effective. Figure 7-4b shows that DWNT,
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MWNT and SWNT in quenching the trap-state emission PL. Figure 7-4c and 7-4d show the
TRPL with decay monitored at 750 nm (excitation 405 nm) for samples with different
components. An average lifetime (t) for exciton recombination for each sample was derived
and is shown in Table 7-1. The pristine CdS demonstrates an average lifetime of 13.00 ns;
upon mixing with s-MoS, and DWNT, the photo-generated carriers are indeed significantly
quenched, where the DWNT again shows better quenching ability compared to s-MoS;. This
indicates the photo-excited electrons collection/extraction from CdS to s-MoSz via DWNT
is more efficient than that of CdS/s-MoS., presumably due to the high electron storage and
mobility of DWNT. Among all the samples, CdS/DWNT/s-MoS: displays the lowest t of
3.02 ns, implying it has a better carrier quenching (charge transfer) ability. Similar to the
static PL, SWNT (4.53 ns) is less effective than MWNT (3.42 ns) and DWNT (3.02 ns) in
quenching the excitons emission. As MoS: is the only component to provide active sites for
proton reduction to hydrogen (see Figure 7-3a). it is likely that the photoelectrons generated
by CdS upon light excitation are quickly taken up by the CNTs before passing to s-MoSo.
Apparently, the nature of CNTs appears to be critical for efficient transport and storage of
photoelectrons from the CdS phase. It is well known that the electronic properties of the
carbon nanotube are crucially depending on the diameter and chirality due to the distorted
conjugated atomic tubular structure with partial overlap of P, orbitals. The electronic
properties of MWNT are quite complex, as each layer in MWNT can have different
chiralities. Furthermore, MWNT shows considerably lower electronic conductivity than
SWNT or DWNT due to the interactions between the layers within MWNT were found to
disturb the electrical current along the tube axis'®. The morphology of DWNT is very close
to SWNT, but the inner carbon tubes may provide detainment of conjugation atomic

pathway from aggressive mechanical or chemical damage to the outer tube surface!’.
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Figure 7-4. (a) and (b): steady state PL, excitation 405 nm for (a) CdS samples with different
components (b) CdS and CdS/CNTs/s-MoS, samples. (c) and (d): time-resolved PL with
decay monitored at 750 nm, excitation 405 nm for CdS samples with different components

(d) CdS and CdS/CNTs/s-MoSz with different nature of CNTSs.
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Table 1. The fractional contribution (fi) and lifetimes (ti) of each decay components &

average lifetime (tavg) for various samples.

Material fi T1 f T2 Tavg
Cds 20.8% 1.45ns | 79.2%  16.03 ns | 13.00 ns
CdS/MoS: 273% | 0.74ns | 72.7% | 7.82ns | 5.88 ns
CdS/DWNT 309%  0.79ns | 69.1 %  6.83ns | 4.97 ns
CdS/DWNT/MoS2 | 284 % | 0.64ns | 71.6% | 3.96ns | 3.02 ns
CdS/IMWNT/MoS:z | 33.9% | 0.89ns | 66.1 % | 4.72ns | 3.42ns
CdS/SWNT/MoS:2 | 26.8% | 0.79ns | 73.2% | 590ns | 4.53 ns

High-resolution TEM (HR-TEM) images (Figure 7-5a and 7-5b) show the raw single and

double-walled CNTs with the tubular graphene feature for the SWNT and DWNT,

respectively. After 3M HNO3z treatment, the majority of SWNTs by the typical acid

treatment is converted to carbon sheets and amorphous carbon (the area of serious

destruction of SWNT to amorphous carbon is shown in Figure 7-5¢). But for DWNTS, many

of them retain in the partial destructed tubular structure in amorphous carbon fragments

(Figure 7-5d). Thus, the more fragile nature of SWNT leading to opening, unfolding, and

destruction to carbon fragments is particularly noted.
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Figure 7-5. Typical HR-TEM images of (a) raw SWNT; (b) raw DWNT; (c) acid-treated

SWNT; (d) acid-treated DWNT

To quantify the global structural change of the samples before and after the same acid
treatment, Raman spectra of raw and HNOzs-treated CNTs are shown in Figure 7-6. The band
located around 1315 cm™ is assigned as the D-band which is commonly associated with the
disordered, sp3-hybridised carbon arising from defects and impurities, while the band
located around 1580 cm™ is assigned to the G-band which is associated with the crystalline
graphitic structures®®. The intensity ratio of D-band to G-band is commonly used to quantify

the degree of disorder in graphene structure®®. Table 7-2 gives the Ao/Ac and Ip/lg ratios of
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the raw and acid treated CNTs. Generally, HNOz-treated CNTs showed a larger D-band to

G-band ratios, indicating the destruction of graphene structure of CNTs during the acid

treatment. Notably, the Ip/lg ratio increases to 5.2 times in SWNT, followed by 4.9 times in

DWNT and 2.1 times in MWNT sample. The increasing of D-band ratio in SWNT suggests

that SWNTs indeed have undergone more severe damage after the identical acid treatment

(particularly on the surface), which we believe to impair its charge transfer ability (giving

rise to larger t shown in Table 7-1), hence lower H; activity than DWNT (see Figure 7-3b).
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Figure 7-6. Raman spectra of raw CNTs and 3M HNO3 treated CNTSs.
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Table 7-2. The Ap/Ac and Ip/lg ratios of the raw and acid treated CNTSs.

Sample Ap/Ac Io/le
SWNT-raw 0.0261 0.0821
SWNT-Acid 1.431 0.4305
SWNT
Ratio increment 54.828 5.244
(acid/raw)
DWNT-raw 0.263 0.1404
DWNT-Acid 1.221 0.6894
DWNT
Ratio increment 4.643 4910
(acid/raw)
MWNT-raw 0.0918 0.3490
MWNT-Acid 1.15 0.7265
MWNT
Ratio increment 12.527 2.082

(acid/raw)
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Figure 7-7a shows that the image of the CdS/DWNT/s-MoS, composite. The regions of CdS
nanoparticles and s-MoS; sheets dispersed on the partial tubular carbon structure can be
differentiated through corresponding lattice fringe distances and fast-Fourier Transform
(FFT) shown in Figure 7-7b. The intimate contact between CdS, s-MoS; and carbon
nanotubes are clearly evidenced, which suggests that the CNTs remarkably decrease the
aggregation of CdS and s-MoS: as they spread uniformly in the nanocomposite for superior
H> activity than without the carbon support. Figure 7-8 illustrates the benefits of nano-
composites of functional units for light capture, carrier transfer and catalysis in synergy for
efficient photo-production of hydrogen from water. This indicates the future design of
efficient photoactive composite for separation and optimisation of light capture
nanomaterial from catalytic hydrogen production material via electron conductive mediator
in a remote way. It is also clear from this study that the crucial maintenance of the integrity
of the graphitic tubular structure with intact of conjugation of inner tubes is imperatively
important for the charge transport and storage from light capture CdS phase to hydrogen

production sites on s-MoS for optimal photocatalysis.
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Figure 7-7. (a) A typical HR-TEM image of CAS/IDWNT/s-MoS,, the marked areas rich in
compounds were confirmed by EDX; (b) Selected area of CdS nanoparticle with

corresponding fast-Fourier Transform (FFT).
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Figure 7-8. Schematic representation of the functions of nano-composites for light capture,
carrier transfer and catalysis in synergy for efficient photo-production of hydrogen from

water.
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7.4 Chapter conclusion

In summary, photocatalytic hydrogen evolution activity through water splitting is greatly
enhanced by the incorporation of carbon nanotubes and single-layered MoS> nano-sheets as
cocatalysts into CdS system. CdS/DWNT/s-MoS; with the optimal amount of DWNT (mass
ratio of CdS: DWNT: s-MoS> = 100: 5: 2) can provide a high hydrogen evolution rate of
5728 umol g* h! and the unique roles of intact carbon nanotube as electron mediator are
identified by the systematic TRPL study. In addition, DWNT shows the best performance
compared to other forms of CNTSs, due to its robust double-walled structure which can
provide protection for the inner tube from surface damage during functionalisation/handling,
while SWNT inevitably suffers from the destruction of conjugation. This study depicts the
importance of fabrication of intimate heterojunctions demonstrating the benefits of nano-
ensembles of functional units for light capture, carrier transfer and catalysis in synergy for

efficient photo-production of hydrogen from water.
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Chapter 8: Conclusions and future perspectives

8.1 Conclusions

With the vast concerns about climate change and the actions for reducing fossil fuel usage,
finding alternative renewable energy sources is of great interest. Numerous solutions have
been proposed to alleviate the problems associated with the emission of CO.. Among all
the options, green methanol synthesis that consists of CO» capturing/recycling together with
renewable hydrogen production, seems to be a promising way to achieve carbon neutral
process and sustainable development. In this thesis, we put emphasis on the development of
active bimetallic catalysts for the CO> hydrogenation reaction to produce methanol by
increasing the number of active species (Cu-Zn alloy) through different synthesis methods
as well as changing the adsorption properties of the bimetallic surfaces (In-modified Rh) to
rationally dictate the reaction products. On the other hand, we also demonstrated the
application of carbon nanotubes-promoted CdS-MoS, nanocomposites for photocatalytic
green hydrogenation production from water. The main research achievements in this thesis

are as follows:

In chapter 4, we report that the presence of a small amount of Ga®* into Cu/ZnO system can
lead to the formation of Ga-containing spinel, ZnGa>O4 structure, which creates electronic
heterojunction with excess ZnO phase in the catalyst system. The result of time-resolved
photoluminescence (TRPL) reveals that type-1l heterojunction of ZnO-MGa04 (M = Zn,
Cu) in the optimal sample (with 5 mole% Ga addition) promotes the spatial separation of
excited electrons and holes across the interface which reduces the rapid instant

recombination and prolongs their lifetime. This facilitates thermal deep reduction of ZnO
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support to Zn atoms under hydrogen reduction condition. Therefore, a highly active CuzZn
bimetallic nanoparticle offering catalytic sites is generated. Furthermore, High-resolution
transmission electron microscopy (HR-TEM), nano-diffraction and X-ray Absorption
Spectroscopy (XAS) characterisation reveal the formation of a small beta-brass Cuzn alloy
phase (body-centred cubic, bce). A correlation between Zn® concentration in the Cuzn alloy
nanoparticle to the catalytic performance is also clearly demonstrated, which shows that
both CO> conversion and methanol selectivity are significantly improved by increasing the

Zn° content in these hetero-junctioned catalysts.

In chapter 5, to further enhance the dispersion and specific surface area of the active species
(Cu-Zn alloy) in the Cu/ZnO catalyst system, we have adopted a novel synthesis approach,
I.e., agueous miscible organic solvent method (AMOST), and synthesised an ultra-thin (1-3
cationic-layers) (Cuzn)1 xGax-COs layered double hydroxides (AMO-LDH) nanosheets as
catalyst precursors for methanol production from CO> hydrogenation. We found that upon
reduction, the AMO-LDH samples with appropriate Ga** composition give consistently and
significantly higher surface areas and Cu-Zn dispersions than the catalysts prepared from
conventional hydroxyl-carbonate phases (the catalysts introduced in Chapter 4). Owing to
the distinctive local steric and electrostatic stabilization of the thin-layer LDH matrix, this
discrete cationic layer can facilitate the formation of small (~4 nm) and homogeneous Cu
particles decorated with trace Zn atoms with narrow size distribution which lead to higher
CO> conversion and methanol production. We also discovered that the Cu-Zn catalysts
derived from this novel AMO-LDH precursor not only displayed a better methanol
production yield than the commercial Cu/ZnO-based HIFUEL™ catalyst, but also
outperforms those multi-doped LDHs as well as those recently-reported highly active

catalysts in the literature.
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In chapter 6, we present that Rh-containing catalysts with indium oxide inclusion can
generate active and small Rh-In bimetallic nanoparticles which offers catalytically active
sites for selective methanol synthesis from CO2/H. mixtures. The electronic properties and
structural information of Rh-In bimetallic alloys have been extensively investigated by XPS
and XAS analyses. We found that this new class of Rh-In bimetallic catalysts can
dramatically inhibit the reverse water-gas shift (RWGS) reaction by stabilising surface
HCOO-intermediates and suppressing the formation of COOH-adsorbed species on the
bimetallic surface. As far as we are aware, this new class of Rh-In catalyst gives the highest
methanol weight time yield of about 21.3 gmeoH-Gactive meta™-h™* with methanol selectivity of
over 85% under excess COz (H2/CO2 < 3) conditions at 4.5MPa than all reported catalysts
in literature. This makes the utilisation of biomass (the upstream feedstock generation
process of CO> hydrogenation) a competitive alternative to methanol production from the

economic and the energetic point of view.

In Chapter 7, we demonstrate that the incorporation of quantum dots, CdS, is shown to
significantly promote photocatalytic hydrogen production from water over single-layer
MoS: via dispersing the two materials on carbon nanotubes (CNTSs) including single, double,
and multi-walled CNTs (SWNT, DWNT, and MWNT) to form nanocomposite
photocatalysts. CAS/IDWNT/s-MoS; with the optimal amount of DWNT (mass ratio of CdS :
DWNT : s-MoS, = 100 : 5 : 2) can provide a high hydrogen evolution rate of 5,728 pmol-
gea h™L. The unique roles of intact carbon nanotube as electron mediator are identified by
the systematic TRPL study, and the hydrogen evolution rate of the nanocomposite is found
critically dependent on the content and structural integrity of CNTs. Compared to other
forms of CNTs, DWNT shows more superior Hz production, because its robust double-

walled structure can provide protection for the inner tube from surface damage during
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functionalization/handling. The fabrication of intimate CdS/DWNT/s-MoS; hanocomposite
demonstrates the advantages of nano-ensembles of functional units for light capture, carrier

transfer and catalysis in synergy for efficient photo-production of hydrogen from water.

8.2 Future perspectives

At present, the major challenges for renewable chemical synthesis routes from CO; and
hydrogen are to develop economically viable and efficient catalysts. Therefore, the research
efforts on catalyst preparation using a variety of material compositions with different
preparation methods are being explored continuously. To make the green methanol
production become economically attractive, from the feedstock side, the efficient and
economical CO> capture, as well as hydrogen production technologies, need to be available.
As for the catalyst systems of CO2 hydrogenation to methanol, the commonly used Cu-based
catalyst, especially Cu-Zn based catalysts, still at the benchmark position due to their
superior activity and economic advantages, we have shown in this thesis that the catalytic
performance of Cu-Zn catalysts can be further improved via controlled reduction in a
suitable catalyst precursor to make small (c.a. 4nm), stable, and homogeneous Cu-Zn
nanoparticles. However, the catalytic performance of the Cu-based catalysts is often
governed by the thermodynamics which shows low methanol selectivity under low reaction
pressure (<2 MPa) or low H2/CO; (ratio <3) conditions. Therefore, the catalysts possessed
of the qualities including low cost, good performance, stable, and most importantly, can be
effectively coupling with the CO/H> feedstock generation processes or be applied on those
thermodynamically and kinetically unfavourable conditions are highly desirable. Adding
foreign atoms to an existing metal system has been shown to be an effective method in
improving the catalytic performance of monometallic nanoparticles due to the fine

adjustment of the adsorption properties while forming alloys. In this context, rational design
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of novel bimetallic alloy system through computational molecular modelling,
advanced characterisation on the bimetallic systems as well as developing new synthesis
methods that can lead to unique structural properties and enhanced activity toward methanol

synthesis are highly desirable for the quest of ultimate catalyst.
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