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ABSTRACT OF THE DISSERATION  

 

 

Design of Nanostructured Materials Systems for Selective 

Heterogeneous Catalytic Applications   

 

 

By  

 

Yongjia Li 

Doctor of Philosophy in Materials Science and Engineering  

University of California Los Angeles 2016 

Professor Yu Huang, Chair 

 

 

The development of materials science and engineering in the past decades has been closely 

related to the emerging challenges associated with industrial and socio-economical 

requirements. Catalysis research has always been in a very central position in many 

different industry sectors. Learning from nature, materials research community has been 

long understood that the isolated catalytic components are no longer sufficient to meet new 

technological challenges. With more strict requirements of higher conversion and higher 

selectivity towards specific product(s), and lower energy demands during reactions, it is 

often very little room for singular catalyst material to play an efficient role. Instead, 

considerable attention has been placed in composite catalyst research. Rich knowledge in 
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such regard has been obtained in plenty of catalysis research disciplines, like artificial 

photosynthesis, electrochemical energy conversion, tandem catalysis, as well as new types 

of conventional nanocatalysts with tentative compositions. Still, large gap in regard of 

nanocomposite catalyst materials is still difficult to be filled in near future. For instance, 

materials selection is an open field with uncountable possibilities, opportunities as well as 

problems. Synergetic effect is the utmost goal while its implementation is still questionable 

in most systems. Tandem catalysis represents revolutionary catalytic design philosophy, 

but its application in real life industry reactions is rare so far.   

This dissertation depicts mainly the nanocomposite catalyst materials, and studies the 

synergetic effect between each component in different systems.  It is divided into three 

fields. Firstly, in Part I, 2D material support in catalysis is studied and the influence of 

supporting material in catalytic activity and selectivity is discussed. It includes Chapter 3, 

in which graphene-hemin nanocomposite system was developed and explored through a 

simple wet synthesis route. It is applied in toluene oxidation reaction to examine the effect 

in primary C-H bond activation reaction. Also, the effect of graphene as support is 

investigated in detail. Secondly, in Part II, alloy nanocatalysts are designed and the 

synergetic effect between different components are studied. It includes Chapter 4 and 5. In 

Chapter 4, nanoporous palladium (Pd) catalyst is synthesized. It is then alloyed with gold 

(Au) component to form Au-Pd alloy catalyst, with maintained nanoporous morphology. 

Its superior oxidative catalytic efficiency is assessed in benzyl alcohol oxidation reaction 

and methanol electro-oxidation reaction. The alloy formation and the synergetic effect 

between Au and Pd components are studied. In Chapter 5, a nano-star shaped Au-Cu alloy 

catalyst is synthesized and used in CO2 reduction application. The high hydrocarbon yield 

is related to the alloy composition and rough surface morphology. Lastly, nanocomposite 

is widely used in photocatalysis, therefore the contribution of metallic and semiconductor 

components, and their integration effect is studied. It includes Chapter 6. In Chapter 6, 

tandem catalyst composed of TiO2 and Au/Pd nanowheel is fabricated. After annealing in 

inert environment, the nanocomposite is tested in benzimidazole synthesis reaction. It 

features a highly green reaction route with photocatalytic nature, and of remarkable yield 

in target molecule product. The role of each component and the synergetic effect is 

compared.  
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Fig. 6.15. (a) Quantum yield calculated based on conversion obtained from 

monochromic tests on TiO2. Black dots represent conversion of 

o-phenylenediamine catalyzed by 10mg TiO2 using 

monochromic light source ranging from 450 nm to 650 nm. Blue 

curve represents quantum efficiency calculated with respect to 

each wavelength. 
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Fig. 6.16. Quantum yield calculated based on conversion obtained from 

monochromic tests on TiO2-Au/Pd nanocomposite. Red curve 

represents absorption peak of Au/Pd nanowheels in aqueous 

solution. Blue curve represents conversion of o-

phenylenediamine catalyzed by 10 mg TiO2-Au/Pd 

nanocomposite (m:m = 10:1) using monochromic light source 

ranging from 450 nm to 800 nm. Black curve with square dots 

represents quantum efficiency calculated with respect to each 

wavelength. 
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Fig. 6.17. Recyclability test result 160 
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Chapter 1 

1. Introduction  

 

1.1. Nanocomposite catalyst overview 

 

1.1.1. Nanocatalysis overview   

 

One of the grand challenge in 21st century is, the restraining supply of fossil fuel cannot 

meet the fast growing demand from industry. To amend this problem, maximizing energy 

utilization efficiency and searching for alternative renewable energy sources are considered 

the key engineering solutions. Targeting at these two technical advancements, 

nanostructured catalyst material research has always been considered in a very central role. 

For one, innumerable chemicals reactions are viable in industry because of the catalysts. 

Especially for petrochemical, pharmaceutical and recently blooming biomedical industries, 

higher conversion rate, higher selectivity towards target product(s) can only visible through 

introduction of highly efficient catalytic materials in reaction systems. Compared to bulk 

forms, nanocatalyst materials are favored due to its smaller dosage, less cost and material 

waste, as well as outstanding performance due to large surface-to-volume ratio. Developing 

an effective and affordable nanocatalysts usually implies the commercial success and 

technological advancement. One the other hand, production of several types of promising 

renewable energy heavily replies on nanocatalyst. For instance, proton electrolyte 

membrane fuel cell (PEMFC) and direct methanol fuel cell are seen as highly attractive 
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energy conversion devices, whole industrial application is tightly associated with research 

on Platinum (Pt) and Pt alloy nanoparticles.1 Another example is electroreduction of CO2 

to hydrocarbon molecule species.2 This approach is highly welcomed by industry since it 

simultaneously reduces greenhouse gas CO2 emission, and convert the waste CO2 and CO 

gas into reusable hydrocarbon fuels.2 Research previously demonstrates such artificial 

reduction of CO2 is difficult due to slow reaction kinetics and competing hydrogen 

evolution reaction (HER).3 Nonetheless, recent research result shows that nano-sized 

Copper (Cu) and Gold (Au) nanoparticles are highly active for this purpose, and can be 

used as highly productive CO2 reduction catalysts.4 

 

Figure 1.1. Series of catalyst based on homogenous, heterogeneous and biocatalyst 

categories.5 
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1.1.2. Nanocomposite catalyst overview  

 

Given the promising industry potential of nanocatalysts, catalysis researchers have been 

long understood the importance of incorporating different active catalyst components 

together, to maximize the overall performance, and even to achieve additional catalytic 

effect which is otherwise impossible. Learning from nature for centuries, biological 

scientists have successfully developed system biology focusing on the fascinating 

interaction between individual components and the mutual effect presented in overall 

system.5,6 Likewise, isolated component in catalyst system can hardly fulfill all 

technological challenges.6 Instead, considerable attention has been given to selection of 

different nanocatalyst materials and combine them together to form uniform 

nanocomposite catalyst. Rich knowledge has been obtained through several fields. For 

example, artificial photosynthesis (water splitting, hydrogen evolution) utilizes metallic 

nanomaterials and ceramic materials.7 Ceramic materials with proper band gap can 

effectively absorb photon in UV or visible range, and initiate electron-hole separation. 

Metallic nanoparticle grown on ceramic materials matrix serves as exciton sink to attract 

electron or holes, so as to minimize the recombination event (Fig. 1.2).7 Moreover, many 

of the metallic nanoparticles are active reaction sites.7 They can greatly facilitate reaction 

with faster kinetics.7 One example is silver or gold nanoparticles are highly active in 

pollution degradation, hence TiO2-Au or TiO2-Ag are proved effective in photo-

degradation of water pollutant.7 
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Figure 1.2. Schematic illustration of artificial photosynthesis by one-step or two-step 

photon-excitation systems. The reduction site, oxidation site displayed in figure shows co-

catalyst sites, which is usually by metallic or metal oxide nanoparticles. The photocatalysts 

shown in figure are mainly ceramic nanostructures.7  

 

1.1.3. Advantage in nanocomposite catalyst design 

 

Nanocomposite catalyst, compared to the singular component, can achieve better activity 

and selectivity. Often, it can also reduce environmentally-unfriendly side effects, and 

greatly reduce energy requirement in reaction. The function of the synergy based on design 

philosophy can be divided into following applications8:  
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1. One component in the composite materials is activated by the other(s). In this case, 

the interface between two or more components is crucial since the exciton transfer, 

surface reconstruction, or other changes can be counted. Examples in this category 

include CuO/CeO2 composite for CO oxidation reaction,9-11 selective photo-

oxidation of organics catalyzed by M-TiO2 (M = metal nanoparticles).12-16 

2.  One component, if used alone, will suffer serious degradation in short time period. 

The other component(s) function as prevention of the degradation process, so as to 

construct sustainable and highly effective catalyst system for longer time. For 

instance, carbon support is widely used as catalyst support for noble metal 

nanoparticles with size less than 5 nm. They can significantly reduce leaching effect 

due to semi-homogeneous catalytic effect.17,18  

3. Successive catalytic functioning can be counted for more than one catalytic 

components in multiple step reactions. In this case, each component is essential and 

cannot be replaced. Examples include Henry and Adol condensation reactions 

catalyzed by acid-base catalyst mixture,19,20 and dye degradation catalyzed by Fe-

doped mesoporous zeolite catalysts.21,22  

 

1.1.4. Synergetic effect  

 

The ultimate goal of successful nanocomposite catalyst design is to achieve synergetic 

enhancement effect. The synergetic effect is usually understood as the cooperation between 

different catalyst components under an integrated composite catalysis system.8 As a result, 
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the overall catalytic performance is substantially better than summation of those by 

corresponding individual components. There are several keys to render this effect. Firstly, 

the overall system shall be a unified, homogenous and well-tailored system. Secondly, the 

interaction between each component shall be effective. Thirdly, degradation of one 

component shall be avoided to prevent deactivation of the overall composite system. Fourth, 

each component may have different roles in terms of overall reaction flow and product 

formation. As such, the reaction speed of each step from adjacent component shall be well 

coordinated to prevent inconsistency of overall reaction flow. These requirements leads to 

considerable challenge in designing a highly efficient nanocomposite catalyst system, 

because the synergy between each component is usually complicated and hard to control, 

especially in nanoscale level. As well, the mechanism of each component may be clear in 

isolated system, however difficult to investigate in composite system. Lastly, the actual 

material design may be restricted due to material synthesis and integration limit.  

 

1.2. Graphene-based composite catalysts 

 

1.2.1. Graphene basics  

 

Graphene is considered promising material since the monolayer was exfoliated in 2004.23 

Graphene, as single layer carbon sheet characterized by the sp-2 hybridization, has 

demonstrated lots of unique properties and hence drawn lots of attention in both academic 

community and industry sector.24-28 It demonstrates quantum Hall effect (QHE).24-28 It has 
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very high carrier mobility at room temperature (~ 10000 cm2/Vs), large specific surface 

area (2630 m2/g), good optical transparency (~97.7%), high Young’s modulus (1TPa), and 

excellent thermal conductivity (3000 – 5000 W/mK).24-28  

 

1.2.2. Main limitation of graphene application in industry  

 

Till today, numerous methods are developed aiming to synthesize high quality graphene 

with superior properties to fulfill different applications. Traditionally, mechanical 

exfoliation is used to fabricate small size single or bilayer graphene with outstanding 

electrical properties.23 It follows by development of wet chemical synthesis of graphene 

with modified Hummer’s method.23 This method is featured by large quantity production, 

but is limited by the poor electrical properties and difficulty to control quality.23 CVD 

method opens another possibility of producing high quality graphene in large scale.23 It 

fabricates graphene on Cu or Ni catalyst beds. However, so far this method is still haunted 

by high cost. Lastly, thermal reduction method is recently developed and attracted lots of 

attention.23 The main approaches of graphene synthesis is summarized in Table 1.1. 

Nonetheless, the main limiting factor of graphene in large scale industrial application is the 

mass production. Top-down exfoliation can fabricate graphene with high physical 

properties such as electrical, optical, and mechanical properties.29-32 However, it is 

technically impossible to mass produce graphene in this matter. CVD growth of graphene 

provides an alternative with easier operation, more controllability and better quality, 

however is still limited due to cost issue.29-32  
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Table 1.1. Comparison of various methods for preparation of graphene and its derivatives23  

 

 

1.2.3. Chemically exfoliated graphene  

 

The low cost and mass production is only possible using chemically exfoliation method 

from graphite.33 This method generates graphene oxide in large quantity. Subsequently, it 

can be reduced to graphene using strong reducing agent. This method is featured by its 
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simplicity, and possibility to reduce production cost in large quantities. Although its 

physical properties generated by this method is not as excellent as mechanically exfoliated 

graphene, it is still acceptable for various catalytic applications.33 Moreover, it should be 

noted since reduction process cannot fully eliminate oxygen containing groups from 

graphene oxide, the residue oxygen containing groups on the graphene surface leads to 

more flexible functionability and tuning freedom.33  

 

1.2.4. Benefits of graphene in catalysis  

 

With these features, chemically exfoliated graphene can be readily used as matrix and 

incorporated with many other materials, such as inorganic nanomaterials, organic 

molecules, polymers, metal-organic frameworks, biomolecules, and carbon nanotubes (Fig. 

1.3).23 In terms of catalysis, graphene materials can provide greatest intrinsic carrier 

mobility, which is very beneficial in electrocatalysis processes.34 Also, the large surface 

area of graphene compared to other commonly used support such as active carbon or TiO2 

ensures maximum exposure of active reaction sites.34 The strong mechanical and thermal 

stability of graphene maintains overall stability of the catalysis system.34 Finally, 

chemically exfoliated graphene maintains rich surface oxygen-containing groups, which 

reinforces attachment strength of various functional groups.34  
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Figure 1.3. Schematic illustration of integration catalyst nanoparticle with graphene.33 

 

1.2.5. Potential issues with graphene in catalysis 

 

Although graphene has numerous advantages in catalysis, there are several issues with its 

application in catalysis. Firstly, graphene is two-dimensional material, it tends to stack 

between layers due to π-π interaction.35 This process is usually irreversible and hence will 

destroy active reaction sites extensively. To avoid this, spacers like active carbon or other 

bulky materials have to be anchored on graphene surface to prevent aggregation, however 

this adds synthesis difficulty and may also generate blocking issue.36,37 For example, 

quantum dots are used as spacer and for increasing conductivity, as shown in Figure 1.4. 

Another serious issue associated with chemically exfoliated graphene is the low electrical 

conductivity. Although it is acceptable for most electrochemical measurement, it indeed 

demonstrates inconsistent issue due to batch variation or storage conditions.23,33 Graphene 

with incomplete reduction may commonly demonstrates large quantities of oxygen 

containing groups on surface, which may lead to lower conductivity.23,33  
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Figure 1.4. Stacking of graphene and quantum dots composite (left).38 

 

1.2.6. Examples of graphene-based nanocomposite catalyst  

 

Plenty of research publications have documented graphene-based nanocomposite catalysts. 

In photocatalsis, graphene-meta nanocomposite utilizes the high electron conductivity of 

graphene surface to create two-step photosynthesis (Fig. 1.5).39  
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Figure 1.5. Graphene sheet as the catalyst support for two-step artificial photosynthesis 

system.39 

 

1.3. Bimetallic catalyst and the synergetic enhancement effect between components  

 

1.3.1. Bimetallic nanocatalyst overview  

 

Bimetallic nanocatalyst frequently exhibits improved catalytic activity and stability 

compared to the single metal constituents. For example, Au-Pd has drawn lots of attention 

in recent years.40,41 Both Au and Pd are commonly used noble metal catalysts in various 

oxidation reduction reactions, such as industrial synthesis of vinyl acetate (VA),42 low 

temperature CO oxidation,43 and direct synthesis of H2O2 from H2 and O2
44 and oxidation 

of benzyl derivatives.45  

 

1.3.2. Limitation of single component nanocatalyst 

 

Singular nanocatalyst, although also considered active catalyst material, normally requires 

small size to achieve detectable catalytic effect (<5 nm). However, this size may surfer 

severely from degradation due to detachment of metal atoms from clusters. Also, most of 

the wet-synthesis strategy involves large dosage of surfactant. For example, the smaller 

size normally indicates heavy coverage of surfactants on the surface of gold nanoparticle 



 

13 

 

surface. As a result, the active surface site exposed is limited. On the contrary, Pd is 

historically considered active catalyst and has been applied in chemical industry for 

hundreds of years.40 The main issue for Pd is the low d-band center.40 This may cause 

strong adsorption of reactant on the surface, and consequently a surface poisoning effect.40 

 

1.3.3. Synergetic effect of gold-palladium bimetallic nanocatalyst  

 

Unlike Au or Pd nanocatalysts, alloying Au and Pd component gives rise to change in the 

overall physical and chemical properties on the surface. Previous researchers summarized 

it to two effects. The first is called ensemble effect. After forming bimetallic structure, the 

ensemble effect mainly contributes to dilution of Au and Pd atoms. With homogenous 

mixing of the two types of atoms, Pd tends to be isolated by Au atoms surrounded, and 

form “monomer-like” structure.40 Theoretical calculations show that this atomic 

arrangement favors adsorption of reactant molecules with smaller energy (Figure 1.6), in 

comparison to bulk Pd atoms or Pd monolayers (Figure 1.7).46 As a result, the detachment 

of reactant after transitional state (namely TS in Figure 1.6 and Figure 1.7) is much easier. 

Similarly, Pd’s lattice spacing is 5% smaller than Au, once they form bimetallic mixture, 

Pd will tend to adopt Au’s lattice.40 It then increases bond distance between adjacent Pd 

atoms, causing monomer-like distribution of Pd atoms.40  
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Figure 1.6. Energy of Pd surface and adsorbed molecule in initial stage, transitional stage 

and final stage for the coupling with ethylene and acetate. The Pd surface here is isolated 

cluster form in Au-Pd alloy surface.46 

 

Figure 1.7. Energy of Pd surface and adsorbed molecule in initial stage, transitional stage 

and final stage for the coupling with ethylene and acetate. The Pd surface here is isolated 

Pd monolayer.46 
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The second effect is ligand effect, mainly involving electronic modification.47 Since Au is 

much more electro-negative than Pd, alloying Au and Pd leads to electron transfer from Pd 

to Au in s and p shells, but a reverse transfer in d shells in Au. Hence Pd gains d-band 

electron, and its d-band center rises accordingly.47 Since for both Au and Pd, d-electrons 

are more important in terms of chemical properties, gaining d electrons means Pd possesses 

higher d-band center, therefore the self-poisoning effect can be reduced significantly.47  

 

1.3.4. Synergetic enhancement of copper alloy in CO2 reduction applications  

 

Carbon dioxide (CO2) is considered most notorious greenhouse gas. With increasing CO2 

ambient concentration due to human industrial activities, control of CO2 release has drawn 

an international attention.2 However, capturing CO2 is difficult as traditionally this process 

is accomplished through natural consumption to restore the balance.2 It thus brings 

conversion of CO2 to fuels using electrochemical, photoelectrochemical or photocatalytic 

reduction approaches a sensible solution. Nevertheless, great challenges remain in 

designing effective CO2 reduction catalysts, such as slow kinetics of CO2 reduction, low 

energy utilization efficiency, complicated reaction pathways and products, parallel 

hydrogen evolution reaction (HER), etc.2 In addition, most of the metallic catalysts studied 

so far favor HER and require large overpotential to generate hydrocarbon products. To date, 

Cu is considered most suitable metallic catalyst for CO2 reduction due to its high 

hydrocarbon yield at moderate overpotential. Still, there is a long way toward 
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comprehensive understanding of the reaction steps and its relationship with the metallic 

catalyst surface structure, composition and other properties. 

 

 

Figure 1.8. Trends in turnover rates (TOR) of Au-Cu bimetallic nanoparticle and the mass 

activity on CO for CO2 reduction.
4 

 

Extensive research works both experimentally and theoretically has revealed that to 

increase CO2 reduction efficiency, the catalyst should be able to maximize protonation of 

adsorbed CO or COH, and simultaneously suppress competing HER process. Alloying Cu 
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with other metal components is a feasible strategy in this account. The reason lies in 

different CO binding strengths by different metals.48 It influences the stability of 

intermediates and hence changes methane and methanol yields.48 Moreover, the 

oxophilicity of the metal surface has a direct impact in cleavage of C-O bonding, which 

affects methane selectivity.48 Various alloy systems such as Cu-Ni, Cu-Sn, Cu-Au and Cu-

Ag have been investigated in the past. Specifically in terms of Cu-Au alloy catalysts, 

Buess-Herman et. al. examined Cu-Au alloy electrode and found Au50Cu50 appears to be 

the most efficient substrate for conversion of CO2 into carbon-containing gaseous 

products.49,50 A recent study by Yang and co-workers on Au-Cu bimetallic nanocatalyst 

concluded the catalytic activity and product selectivity is heavily determined by both 

geometric and electronic effect (Fig. 1.8).4 

 

1.3.5. Theoretical insights on performance of copper based alloy in CO2 reduction  

 

Theoretical calculation gives insightful predication the performance of Cu based alloy 

systems in CO2 reduction. It is believed that the correlation between CO adsorption energy 

and the CHO intermediate adsorption energy predominantly determines the selectivity to 

CH4, C2H4, CH3OH, CHOOH, and H2.48 As shown in Figure 1.9, if the metal catalyst lies 

to weaker CO binding side, the CO formed will generally choose to leave metal surface 

and become final product. In this case, the selectivity to CO is high but limited amount f 

of hydrocarbon can be seen. For example, Au and Ag are both considered active in CO2 

reduction in terms of overpotential, but neither is suitable in terms of hydrocarbon 
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production from CO2.48 The major product catalyzed by Au or Ag is always CO, rather 

than CH4 and other hydrocarbon molecules.48 On the other hand, if the CO2 adsorption is 

too strong, it might become surface poison and block active sites on metal surfaces.48 Such 

as Pt and Ni are normally low in CO2 reduction yield because they become deactivated 

soon, due to the strong adsorption of CO on their surfaces.48  

 

Figure 1.9. Volcano plot of the partial current density of CO2 reduction48  
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1.4. Semiconductor-metal nanocomposite as plasmon-enhanced photocatalyst  

 

1.4.1. Photocatalysis overview  

 

Photocatalysis is considered a feasible solution of globally concerned environmental 

challenges such as energy storage, pollution reduction and green energy generation. In the 

past 50 years, researchers have developed a series of techniques utilizing solar energy 

directly for green energy generation and storage. Artificial water splitting enables human 

beings to split water and generate hydrogen and oxygen. Photocatalytic pollutant 

degradation helps decompose pollutant and convert it to useful energy sources.  

 

1.4.2. Reason to develop plasmonic photocatalysis 

 

Unlike conventional chemical reactions driven by heating, the photon energy from sunlight 

shall be converted through photoexcitation process in a semiconductor with proper band 

gap. TiO2 is the most commonly used semiconductor material in photocatalysis due to cost 

and band width considerations. One fatal drawback of this material is, it requires UV light 

(wavelength < 400 nm) to operate, because its band gap is larger than 3 eV.51 However, 

only 4% of the solar power is in this range, while another 43% of the solar power is within 

visible range (400 – 700 nm) as shown in Figure 1.10.52  
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Figure 1.10. Solar spectrum and the absorption spectrum of TiO2 and Fe2O3
53 

 

In order to maximize the energy utilization efficiency of TiO2, lots of research attempts are 

implemented in the past decade, like doping TiO2 to increase sub-band intensity,54 

hybriding TiO2 with other semiconductor materials with narrower bands,55 and 

incorporating TiO2 with other semiconductor to form heterojunction structures.56 However, 

there are still two critical issues for those research approaches. Firstly, mixing TiO2 with 

other semiconductor materials indeed helps increasing the photon utilization efficiency in 

visible range, however it also creates significantly large amount of defects, which renders 

recombination of exciton.57 Secondly, hybrid other semiconductor with TiO2 is limited by 

material selection. Most of the semiconductor materials are either lack of photocatalytic 

efficiency, or exhibit improper band width or band position.57  
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1.4.3. Metallic nanoparticles as plasmonic absorber  

 

Noble metal (Au, Ag, Cu) nanoparticles are known for their strong surface plasmon 

resonance.58,59 The surface plasmon resonance peak can be tuned by varying the particle 

size, shape and dielectric constant in its surrounding.60,61 It gives large flexibility to tune 

the absorption peak in visible range by modifying the nanoparticle indirectly. More 

importantly, most metallic surfaces are considered active catalytic sites in oxidation or 

reduction reactions, and the lower work function of metals makes them ideal electron 

trap.62,63 Combining with semiconductor materials, it is expected the metallic nanoparticles 

can serve as visible range photon absorber, active reaction sites, as well as electron 

collector to prevent exciton recombination.  

 

Figure 1.11. SEM image of Ag@AgCl plasmonic photocatalyst 64 

 

1.4.4. Plasmonic photocatalysis enhancement mechanism (metal alone): metal nanoparticle 

hot electron excitation mechanism  
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It is suggested that noble metal nanoparticle itself can have plasmonic photocatalysis effect. 

Halas have discovered plasmon induced dissociation of H2 on plasmon excited Au 

nanoparticle surface (Fig. 1.12).65 Similarly, Linic found oxidation reaction can be 

catalyzed by visible light enhanced plasmonic Ag nanoparticle surface.66,67 It indicates 

plasmon quantum can be transferred to electron-hole pair on metallic surface. Because this 

hot electron is in excited state, it might have the chance to extend further away from 

equilibrium electron state and behave as a free electron and involve in oxidation/reduction 

reactions.65 The electron, once transferred to absorbed reactant, will enter a transient 

negative ion state where the energy is generally higher than activation energy barrier 

required for normal reaction kinetics.65 As a result, the absorbed reactant overcomes barrier 

and transfers to final stage more quickly.65  

 

Figure 1.12. Process of plasmon induced hot electron generation on Au nanoparticle 

surface, and its catalytic behavior in H2 dissociation reaction process65  
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1.4.5. Plasmonic photocatalysis enhancement mechanism (semiconductor-metal): local 

electrical field enhancement mechanism  

 

Extensive studies proved that irradiating metallic nanoparticle near the surface plasmon 

resonance peak can largely increase the localized electrical field intensity (Fig. 1.13). In 

this region, if sub-band exists in semiconductor surface, the electron-hole pair generation 

rate can be orders higher than semiconductor itself under same condition.53 Such 

enhancement mechanism heavily replies on the sub band between semiconductor band 

gaps.53 For most of the semiconductor materials, the defect states on the surface normally 

causes sub band formation.53  

 

Figure 1.13. Photocurrent of anodic TiO2 with and without Au nanoparticles under visible 

range irradiation.53 

 

1.4.6. Plasmonic photocatalysis enhancement mechanism (semiconductor-metal): hot 

electron transfer mechanism  
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Since hot electrons can be generated on metallic nanoparticle under visible range 

irradiation with wavelength close to the nanoparticle’s surface plasmon resonance peak, it 

is also believed that the hot electron can be transferred to adjacent semiconductor surface 

once this metallic nanoparticle is coupled with that semiconductor material.57 For example, 

Gacia and co-workers used gold nanoparticle with size of less than 10 nm to study the 

coupling of hot electron from metallic component to semiconductor part (P25 TiO2).68 He 

noticed the excitation mechanism differs depending on excitation wavelength. Gold 

nanoparticle, generally speaking, serves as election buffer and active sites for evolution of 

hydrogen and oxygen from water at the full wavelength range.68 Particularly when the 

incident light wavelength is close to surface plasmon resonance frequency of gold 

nanoparticles, he observed electron injection from gold onto TiO2 conduction band, and a 

less oxidizing electron hole potential of around -1.14 V.68  

 

Similar phenomena have been repeatedly observed by other groups. Specifically, the 

authors believed that upon photoexcitation using visible range wavelength (close to metal 

nanoparticle surface plasmon resonance frequency), electron from metal nanoparticles can 

inject directly into TiO2 conduction band. Since the transitional state still have to fulfill 

overall electronic neutral state, holes will be left on metal nanoparticles.68 This creates 

temporary accumulation of holes or apparent positive charge nature on metal surface.68 For 

example, in TiO2-Au system, hydrogen evolution reaction happens on TiO2 surface with 

aids of electron injected from Au nanoparticles to conduction band of TiO2. Hole scavenger 

EDTA will be oxidized on metal nanoparticle surface, in the form of hole quenching 

process (Figure 1.14).68   
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Figure 1.14. Proposed photocatalytic enhancement mechanism of Au/TiO2 upon excitation 

of the gold nanoparticle surface plasmon band 68 

 

1.5 Tandem catalysis 

 

1.5.1. Introduction to tandem catalysis  

 

The development of modern chemical synthesis routes echoes sustainable development 

concept lately. It is always for both scientific merit and technological advancement that the 

more efficient chemical reaction flow, lower energy consumption and better reactant 

utilization efficiency. 

 

Tandem catalysis design is one of the most attractive catalysis design philosophies. 

Tandem reaction is defined as a series of reactions in a single reactor, with single or 

multiple catalytic processes, to achieve relatively complicated products.69 The product is 
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otherwise synthesized through multiple reactions in different reactors, through traditional 

synthetic approaches. Compared to traditional multi-step reaction flow, tandem catalysis is 

largely favored by industry due to following aspects:  

 

1. It represents time efficiency. It largely reduces lead time and transfer time during 

production.70 

 

2. It largely reduces production cost. Since tandem reaction/catalysis allows 

production flow to happen in single reactor, investment on reactor and facilities will 

be significantly reduced.70 

 

 

3. It shows environmentally benign energy saving concept. Since multiple step 

reactions are concentrated to single step reaction, energy waste is largely reduced. 

Also, it is only feasible in tandem catalysis that reactant molecule 

diffusion/transportation is mostly limited to catalyst surface or active reaction sites. 

Normally transportation limit is largely the main limiting factor of reaction kinetics, 

which is usually solved by increasing reaction temperature, reaction pressure, 

extending reaction time or adding strong mechanical stirring. Such input would cost 

large amount of energy.70  
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4. It reduces difficulty in separation, storage of intermediate product and purification 

of products. Hence it greatly reduces technical requirement for chemical 

production.70 

 

 

5. It limits potential safety concern and emission of toxic intermediate. Tandem 

reaction allows usage of more safe and green starting materials. Toxic starting 

materials may be replaced by more safe materials.70  

 

Besides all benefits mentioned above, tandem reaction also grant freedom to synthesis 

route and opens the possibility to synthesize molecules which are otherwise unfeasible in 

multiple step reaction approaches.  

 

1.5.2. Different tandem catalysis systems 

 

There are generally two types of tandem catalysis systems based on reaction conditions. 

 

The first one utilizes different catalytic sites or catalysts for a series of reactions.71,72 The 

product from previous reaction step can be used as reactant in following step reactions. For 

this system, usually the two reactions steps share same or similar reaction mechanism and 

reaction conditions. It is rare that the two steps are largely different in reaction condition, 
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since that would generate conflict between different steps and results in interfered final 

catalytic effects (Fig. 1.15). 

 

 

Figure 1.15. Tandem catalysis by two different catalysts for multiple step reactions and 

multiple active sites70 

 

The second system, to the opposite of the first one, uses one single catalyst for multiple 

step reactions.73,74 This catalyst is able to serve both reaction steps efficiently. This 

approach is highly attractive since it significantly reduces catalyst preparation difficulty 

and materials cost. As well, it simplifies the reaction flow and reduces potential conflict 

between different catalysts/active sites and reaction steps. The down side is, firstly it is 

much harder to find suitable catalyst for multiple step reactions. Secondly, even the catalyst 

materials selection is not an issue, it is substantially risky to rely on single site for several 

reactions steps and expect high output in the end. If the catalyst is inactive in one or more 

steps, the tandem catalysis design fails (Fig. 1.16).  

 

Figure 1.16. Tandem catalysis by one catalyst for multiple step reactions70  
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1.5.3. Examples of heterogeneous tandem catalysts 

 

Lots of research efforts have been placed to develop effective tandem catalysts in the recent 

ten years. To a more practical view, heterogeneous tandem catalyst is more favored by 

industry, since it offers easiness of removal and separation of reactants/products. Also, the 

absence of volatile and decomposed organic molecules like in homogenous catalyst makes 

it more safe and green in large scale industry processes. Thirdly, recycling can only be 

achieved in heterogeneous catalysts, which further reduces cost. Lastly, it is generally 

accepted that heterogeneous catalyst has higher tolerance to reaction environment. It is also 

more robust compared to their homogenous counterparts. To a long run point of view, 

heterogeneous catalyst materials are stable and can be stored for longer time without 

special protection.  

 

Since Heck reaction and Suzuki reaction involve C-C coupling process, Pd catalyst is for 

long considered suitable candidate. Meanwhile, Pd is also considered very active catalyst 

in hydrogenation applications. Hence, several groups have developed Pd catalyst for 

Suzuki/reduction and Heck/reduction tandem catalyst systems (Fig. 1.17). Like the Pd/C 

catalyzed sequential Heck coupling and hydrogenation reaction. Bromobenzene or 1-

bromo-2-nitrobenzene reacts with styrene and form C=C double bonds.75,76 The problem 

is, deactivation is severe for Pd after short operation time, which might be due to blocking 

of active sites on Pd in hydrogenation reaction.  
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Figure 1.17. Tandem Heck/hydrogenation sequence with Pd/C as catalyst75 

 

Similarly, multimetallic catalyst systems are developed despite of the great challenges 

compared to single-metallic catalyst. For example, nanoparticle bilayer system is designed 

to utilize both interfaces for a sequential reaction (Fig. 1.18).77 The bilayer system is 

composed of Pt, CeO2 and SiO2 systems. The distinct interface between Pt and CeO2, and 

another interface between Pt and SiO2 are used to catalyze two step reactions. the CeO2-Pt 

interface shows active catalytic efficiency in methanol decomposition, which forms CO 

and H2. These products are subsequently used for ethylene hydroformylation reaction, 

which is catalyzed by the SiO2-Pt interface. Propanal is the final product.  
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Figure 1.18. (Left) Propanal produced as a function of reaction time over CeO2–Pt–SiO2 

and Pt–CeO2-SiO2 bilayers at 190 oC from ethylene and MeOH. (Right) Illustration of the 

CeO2–Pt–SiO2 tandem catalyst.77 
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Chapter 2 

2. General experiment techniques  

 

2.1.  Materials preparation  

 

All the nanomaterials synthesis techniques discussed in this dissertation were low 

temperature wet synthesis approaches. The detail is given in each chapter. 

 

2.2.  Materials characterization  

 

2.2.1. Transition electron microscope (TEM) 

 

Nanoparticle morphology is characterized by TEM. Low magnification TEM images are 

obtained from FEI T12 Quick CryoEM and CryoET, operated at 120 kV. High resolution 

TEM images are obtained from FEI TITAN transmission electron microscope operated at 

300 kV. Crystallinity information is also obtained from FEI TITAN transmission electron 

microscope operated at 300 kV. 

 

2.2.2. Scanning electron microscope (SEM) 
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General morphology of bulky materials and overall size distribution of nanoparticles before 

catalytic reaction is examined by Nova 230 Nano scanning electron microscope. 

 

2.2.3. High angle annular dark field scanning transmission electron microscope (STEM-

HAADF) 

 

Element mapping information of nanoalloy and nanocomposite is obtained from FEI 

TITAN transmission electron microscope equipped with high angle annular dark field 

detector.  

 

2.2.4. Energy disperse X-ray spectroscopy (EDX) 

 

Composition information of alloy and nanocomposite is obtained from FEI TITAN 

transmission electron microscope equipped with energy disperse X-ray detector.  

 

2.2.5. X-ray diffractometer (XRD) 

 

X-ray diffraction patterns are obtained to assess the composition, crystallinity and particle 

size information. It is done on Panalytical X'Pert Pro X-ray Powder Diffractometer.  
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2.2.6. X-ray photoelectron spectroscopy (XPS) 

 

Overall composition, surface composition, surface alloy bonding condition are determined 

through Kratos AXIS Ultra DLD spectrometer.  

 

2.2.7. Atomic force microscopy (AFM) 

 

Reduced graphene and graphene-hemin composite thickness is measured using Bruker 

Dimension 5000 Scanning Probe Microscope. 

 

2.2.8. Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

 

The elemental composition of nanocomposites, and the concentration of nanocatalysts 

before catalytic reactions are determined on TJA RADIAL IRIS 1000 ICP-AES and 

Shimadzu ICPE-9000. 

 

2.2.9. Ultraviolet-visible spectroscopy (UV/Vis) 

 

UV/Vis spectra are used to determine the optical properties of nanomaterials, specifically 

the noble metal nanoparticles with strong LSPR absorption properties. UV/Vis absorption 

spectrum is obtained on Beckman Coulter DU 800 spectrometer.  
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2.2.10. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT) 

 

DRIFT is used to determine the optical transmission properties of nanocomposite materials 

in thin film form. Diffuse reflectance UV-Vis-IR spectra are obtained on a Hitachi U-4100 

UV-Vis spectrophotometer. 

 

2.3. Catalytic performance characterization  

 

2.3.1. Gas chromatography mass spectroscopy (GC-MS) 

 

Catalytic reaction products are analyzed in gas chromatography mass spectroscopy to 

determine both qualitatively and quantitatively. For liquid products, Shimadzu 

QP2010Plus GC-MS equipped with electron ionization detector (EI) is used. Samples are 

injected through auto-sampler with common split ratio of 50:1 to 10:1. Shimadzu 5MS 

non-polar capillary column is used for all tests. Internal standard methods are applied for 

all samples, while for unknown products, quantification is completed through calculation 

of remaining reactants.  

 

2.3.2. Mass Spectrometer (MS)  

 

Mass Spectrometer is used to determine the unknown composition of product after catalytic 

reactions. Waters Micromass LCT Premier Mass Spectrometer is used.  
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2.3.3. High performance liquid chromatography (HPLC) 

 

High performance liquid chromatography is used for two applications. One, for unknown 

samples, determination of sample composition requires knowledge of pure component 

separated from mixture of products/reactant matrix from catalytic reactions. Purified 

product is then injected to gas chromatography mass spectroscopy or mass spectroscopy to 

determine composition. Second, for simple samples with all known products, 

commercially available chemicals are used in High performance liquid chromatography 

and set as sample standards. The mixture solution after catalytic reaction is injected into 

HPLC to quantify product concentration. Varian Pro-Star HPLC is used for all applications.  

 

2.3.4. Gas chromatography barrier ionization discharge spectrometer (GC-BID) 

 

Gas sample analysis is completed on gas chromatography barrier ionization discharge 

spectrometer. Barrier ionization discharge detector is new design concept combining the 

advantage of GC-FID (flame ionization detector) and GC-TCD (thermal conductivity 

detector). It possesses the high sensitivity of TCD detector and can detect H2 gas as FID. 

The detection limit is low as ppb level. Restek micro-packed column is used to detect H2, 

CO, CH4, CO2, C2H4 as well as other gaseous analytes. 
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2.3.5. Electrochemical workstation (E-chem) 

 

Electrochemical analysis is performed with following purposes:  

1. To study the catalytic efficiency of certain nanomaterials (for example, to study the 

difference in ethanol oxidation activity between Au/Pd nanowheel, TiO2-Au/Pd 

composite and TiO2) 

2. To study the active surface area in electrocatalytic reactions (for example, the active 

surface area of Au-Pd porous nanoalloy) 

3. To perform electrocatalytic reaction itself (for example, electroreduction of CO2 

catalyzed by Au-Cu nanoalloy) 

 

Princeton Applied Research VersaSTAT 4 electrochemical workstation is used for all 

electrochemical analysis. Ag/AgCl (3M NaCl) is used as reference electrode and Pt wire is 

used as counter electrode.  

 

 

 



 

 

 

 

 

 

Part I 

2D graphene material as catalyst support 

 

 

Chapter 3 
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 Chapter 3 

3. Graphene-hemin hybrid material as effective catalyst for selective oxidation 

of primary C-H bond in toluene  

 

3.1. Introduction  

 

Graphene is two-dimensional single layer material consisting of sp2-hybridized carbons.1 

It exhibits unique properties in various applications, such as energy storage and transfer 

devices, nanoelectronics and nanophotonic devices, nanocatalysts, etc.2-5 Particularly in 

catalytic research, using graphene oxide (GO) as starting material offers low cost route to 

synthesize graphene (GN) directly in solution form, hence greatly enhances its 

processability and capability of incorporation with other materials.6-12 To date, there have 

been numerous reports demonstrating GN-Inorganic Nanomaterials based hybrid materials 

for different catalytic systems. For example, precious metal nanoparticles such as Au, Pd, 

Pt and Ag grown on GN are used as active catalyst for oxygen reduction reaction (ORR), 

oxidation reaction as well as hydrogenation reaction.13-16 Ceramics nanomaterials like TiO2, 

MoS2 and Co3O4 on GN are found effective in organic pollutant photo-degradation, ORR 

and oxygen evolution reaction (OER), and H2 production in water splitting cell.17-21 Still, 

to our best knowledge, GN-Organic Molecule based hybrid materials in catalytic 

application are not adequately explored except for a few reports,22-25 and the influence of 

GN on organic catalyst is still unclear. 

In contrast to inorganic catalysts, organometallic catalysts offer wider scope in reaction 
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choices, better selectivity, lower cost and more flexible surface chemistry.26,27 Among them 

metalloporphyrin has drawn substantial attention as an active catalyst to functionalize 

saturated C-H bonds with remarkable regioselectivity and enantioselectivity.28-31 Hemin 

(iron protoporphyrin) is the active center of many heme-proteins.32 Unlike inorganic 

catalysts, hemin suffers from instability upon oxidative degradation. It is reactive towards 

meso-cleavage via self-oxidation, thus transforms into catalytically inactive meso-

hydroxyporphyrin derivatives.30,33,34 Previous researchers put great efforts into structural 

modification in order to prevent this self-degradation.29,30 Although these modifications 

indeed increase its activity and stability, it simultaneously increases synthetic difficulties 

and cost, which inevitably prevents its mass usage in industry. Alternatively, support 

materials are widely used in metalloporphyrin catalysts.35-39 Nevertheless, those supports, 

like porous ceramics, polymers, nanofibers and nanotubes, are several magnitudes larger 

than metalloporphyrin molecule with limited active surface area. More importantly, 

metalloporphyrin connects to support mostly by covalent bond, which limits the choices of 

support materials and adds synthesis complexity.29,39,40 Several recent papers demonstrate 

possibility of incorporating porphyrin with GN via π-π interaction.22-25,41,42 To date, 

whether this hybrid material can maintain high activity, stability and selectivity in more 

challenging reactions, such as the saturated C-H bond oxidation reaction under higher 

temperature and longer reaction time to fulfill industry-oriented requirement is still 

unknown. More importantly, the function of GN in terms of overall catalyst performance 

and its influence over catalyst, such as the activity, selectivity and stability is still not well 

investigated.  
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Herein, we report hemin-graphene (H-GN) hybrid material synthesized via simple wet-

chemical route as effective catalyst in saturated C-H bond oxidation reaction. Hemin is 

attached to GN via π-π interaction. The synthesis route is shown schematically in Figure 1. 

Toluene oxidation reaction is chosen to assess catalyst efficiency due to its commercial 

value and technological challenge. Toluene oxidation products benzyl alcohol (BAL), 

benzaldehyde (BAD) and benzoic acid (BAC) are important intermediates in 

pharmaceuticals, dyes, solvents, food preservative and so on. Current industrial method 

suffers from low conversion rate to maintain high selectivity.43 Furthermore, addition of 

halogen cocatalysts and acidic solvents makes it environmentally unfriendly. Earlier 

studies44-46 have confirmed metalloporphyrin with or without support as active catalyst for 

this reaction. However, those results are either of relatively low yield, or from high 

temperature, high pressure condition, not mentioning the catalysts used are impractical to 

synthesize in large quantity. 
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Figure 3.1. Schematic illustration of catalyst synthesis procedure and catalytic reaction 

involved. a, H-GN catalyst synthesis process and catalytic reaction. b, Toluene oxidation 

reaction and main products catalyzed by H-GN. 

 

3.2. Experiment  

 

3.2.1. Catalyst preparation 

 

Graphene oxide (GO) was prepared using modified Hummer’s method. Aqueous GO 

solution was then transferred into ethanol before mixing with hemin solution in ethanol. 

Ammonia (28%) and hydrazine hydrate (35%) were then introduced. And the mixture was 

heated up at 65oC for 3.5 hours, following which, the H-GN in ethanol was washed with 

ethanol to remove hydrazine residue and unattached hemin molecules.  
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3.2.2. Catalytic reaction 

 

Toluene was introduced into 25 ml round bottom flask in oil bath with condensation. While 

vigorously stirring, TBHP initiator was added and O2 gas (1 atm) was bubbled into solution 

continuously. After 1 hour, desired amount of catalyst was introduced into solution system 

and the solution was heated to 60oC. Sampling was done per 15 ± 1 min for the first hour 

and 30 ± 1 min afterwards.  

 

3.3. Results 

 

3.3.1. Material characterization results  

 

GO and H-GN samples are characterized by UV-Vis spectroscopy (Fig. 3.2). Yellowish 

brown colored GO dispersion displays an absorption peak at 231 nm with shoulder at 290-

300 nm. For free hemin solution, the main adsorption peak is at 398 nm corresponding to 

Soret band, and several small peaks between 500 nm and 700 nm from Q-bands.23 After 

reduction, solution color changes to black and the broad peak at 265 nm shows the 

formation of GN.47 Additionally, a second peak at 405 nm can be observed, indicating 

Soret band of hemin with bathochromic shift of 7 nm. This change can be reasoned as π-π 

interaction between the GN and the adsorbed hemin molecules, which is in agreement with 

previous reports that the π-π interaction between chemically converted graphene (CCG) 

and pyrene derivative leads to red shift of pyrene’s characteristic adsorption peak,48 as well 

as the observation of the red shift of the Soret band of the cationic porphyrin derivative 
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upon its attachment to CCG.44 The stability and thermal stability of H-GN is also tested 

(Fig. 3.3). To conclude, hemin molecules are attached onto graphene via π-π interaction.  

 

 

Figure 3.2. Materials characterization results using X-ray Photoelectron Spectroscopy 

(XPS), Atomic Force Microscopy (AFM) and Raman spectroscopy. a, UV-Vis spectra of 

GO, H-GN and hemin in ethanol. b, XPS deconvolution of Fe2p in H-GN sample. UV-Vis 

spectra indicates after reduction, GO is reduced to GN and Hemin is attached onto GN via 

π-π interaction. XPS result indicates most Hemin molecules attached onto GN maintains 

monomer form. c, AFM image of representative H-GN flakes, height profile with three 
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selected line scan is indicated (blue, red and green lines). The average height is around 1.2 

nm with average flake size of 3 – 5 µm. d, The Raman shifts of GO, GN and H-GN. 

 

 

Figure 3.3. Representative images of GO, H-GN freshly prepared and after weeks. a. 

Freshly made GO (left) and freshly made H-GN (right). b. H-GN in ethanol stored at room 

temperature over a month (left). GN in ethanol stored at room temperature for less than 3 

weeks (right). 

 

XPS is another technique used to explore interaction between GN and hemin. GO sample 

survey shows no traceable signal of Fe2p at around 710 eV nor N1s at around 400 eV (Fig. 

3.4). In contrast, the survey of H-GN shows the presence of both N1s and Fe2p signals, 

which is evidence of noncovalent functionalization of hemin on GN (Fig. 3.4). In C1s XPS 

spectrum of GO, two dominant peaks are at 284.5 eV and 286.4 eV, corresponding to C-C 

and C-O species, along with two weak peaks at 287.5 eV and 288.2 eV corresponding to 

C=O and O-C=O species (Fig. 3.4), respectively.49,50 After reduction, the intensity of the 

peaks corresponding to C=O and O-C=O species reduces, due to the removal of the oxygen 

containing groups and the recovery of sp2 carbon network (Fig. 3.4). Meanwhile, a new 
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peak at 285.7 eV rises due to the formation of C-N bonds from hydrazine hydrate.51,52 In 

Fe2p XPS spectrum of H-GN (Fig. 3.2b), Fe 2p2/3 peak is much higher than Fe-O mixed 

peak (Fe-O bond), compared to that in H-GN sample prepared in water environment which 

typically results in dimerization of hemin (Fig. 3.4).53 Hence it confirms that most hemin 

molecules maintain monomer form on GN.  

 

Figure 3.4. XPS survey of GO and H-GN. a. Survey of GO sample. b. Survey of H-GN 

sample. c. Deconvolution of C1s in GO sample (1. C-C: 284.6 eV. 2. C-O: 286.7 eV. 3. 

C=O: 287.6 eV. 4. O=C-O: 288.7 eV). d. Deconvolution of C1s in H-GN sample (1. C-C: 

284.6 eV. 2. C-N: 285.7 eV. 3. C-O: 286.4 eV. 4. C=O: 287.6 eV. 5. O=C-O: 288.7 eV.). 

e. Deconvolution of Fe2p in H-GN synthesized in water (1. Fe 2p2/3: 707.1 eV. 2. Fe pre-

peak: 705.7 eV. 3. Fe-O: 710.5 eV. 4. Fe 2p1/2: 719.5 eV). 
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The morphology and thickness of H-GN is examined by AFM. From Figure 3.5, the 

thickness of the GN sheet is around 0.7 nm, which is consistent with previous reports of 

single-layer CCG.7 The thickness of H-GN is determined as 1.2 nm with 0.5 nm increment 

compared with that of clean GN sheets (Fig. 3.2c). Considering hemin molecule height is 

around 0.2 nm,54 it can be estimated hemin molecules are adsorbed onto GN sheet as 

monolayer or sub-monolayer on both sides without aggregation. Based on this monolayer 

attachment assumption, it can be calculated the coverage of hemin on GN is approximately 

28.2%. 

 

Figure 3.5. AFM results of GN and H-GN. a. Tapping-mode AFM image of GN. Scale bar 

= 1 μm. b. Tapping-mode AFM image of H-GN. Scale bar = 1 μm. c. Height profile of GN 

with selective line scan (taken along the white line in a.) d. Height profile of H-GN with 

selective line scan (taken along the white line in b.) 

1 µm 
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The interaction between GN and hemin molecules is also characterized by Raman 

spectroscopy (Fig. 3.2d). The initial GO structure shows two broad peaks at 1352 cm-1 and 

1596 cm-1, corresponding to D and G bands. After conversion to GN, the D and G peaks 

become narrower and G peak shifts to 1600 cm-1. Moreover, D/G intensity ratio increases. 

This is due to increment of number of small sp2 domains and reduction of its average size.7 

More intestinally, upon attachment of hemin onto GN, both D and G peaks become broader 

compared to pure GN, with G-band shift to 1,591 cm-1. It is clear that there is electron 

transfer between GN and hemin molecules.42  

 

3.3.2. Catalytic activity results 

 

The catalytic efficiency of H-GN is measured in toluene oxidation reaction with a range of 

conditions. In view of vulnerability of hemin at high temperature and energy saving 

demand in industry, we adopt low temperature (60 oC) and atmosphere pressure. The 

comparison of conversion process by different catalysts is shown in Figure 3.6 and 

summarized in detail in Table 3.1. Hemin by itself has peroxidase-like activity, however is 

unstable under oxidative environment.33,34 Thus, its low activity (Table 3.1, Entry 2) in this 

reaction can be explained by quick degradation.  

 

In contrast, with protective support from GN, hemin seems to function well: H-GN yields 

appreciably higher conversion rate (9.42%) than hemin (1.02%) or GN (0.14%), or in 
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absence of catalyst (0.22%) (Table 3.1, Entries 1-4). TON reaches 9,420 in 12 hours, which 

is comparable or even better than other reported catalysts (Table 3.2).44-46 In addition, it 

can be observed H-GN gives slightly different product profile from other systems that 

selectivity towards BAC is more significant than BAD and BAL. Similar phenomena are 

also observed when O2 is replaced by t-butyl hydroperoxide (TBHP) as oxidant (Fig. 3.7). 

This indicates GN support somehow alters catalytic selectivity. 

 

Figure 3.6 H-GN catalytic performance in Toluene oxidation reaction, a, Toluene 

conversion comparison with different catalysts using O2 as oxidant. The reaction 

temperature is 60 oC, and the reaction time is 12 hours. O2 is the oxidant and TBHP is the 
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initiator. O2 pressure is 1 atm. Substrate/initiator molar ratio is 100. Substrate/catalyst 

molar ratio is 100,000. In GN sample, GN dosage is same as that in H-GN. b, Toluene 

conversion rate and product selectivity using H-GN as catalyst. The reaction conditions are 

identical to a except reaction time is extended to 20 hours. c, The toluene conversion rates 

of different catalyst dosages/additions. Reaction 1 (Rxn. 1) with one catalyst addition 

within 20 hours. Rxn 2 is with two additions within 20 hours. Rxn 3 is with five additions 

within 30 hours and Rxn. 4 is from seven additions within 30 hours. d, Comparison of the 

final product selectivities among Rxn. 1 to Rxn. 4 shown in c, and Rxn. 5 is the reaction 

with twelve additions within 48 hours. BAL = Benzyl Alcohol. BAD = Benzaldehyde. 

BAC = Benzoic Acid. 

 

Table 3.1 Comparison of catalytic activities in toluene oxidation reaction with O2 as 

oxidant.  

Entry Catalyst Conv. (%) BAL (%) BAD (%) BAC (%) TON 

1 None 0.22 2.69 92.66 4.64 - 

2 Hemin* 1.02 4.83 85.61 9.56 1020 

3 GN† 0.14 3.46 91.03 5.51 - 

4 H-GN* 9.42 10.82 73.24 16.04 9420 

* Substrate/hemin catalyst molar ratio is 100,000. † Dosage of GN is calculated based on 

GN mass in H-GN (entry 4). BAL = Benzyl Alcohol. BAD = Benzaldehyde. BAC = 

Benzoic Acid. 
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Figure 3.7 Toluene conversion using TBHP as oxidant. Reaction temperature is 80 oC. 

Reaction time is 12 hours. Substrate/oxidant molar ratio is 1. Substrate/catalyst molar ratio 

is 100,000.  

 

In order to monitor detailed conversion process, in-situ sampling is done during the 

reaction (Fig. 3.5a,b). The catalytic process can be separated into three stages35,45,46: firstly, 

with initial addition of H-GN catalyst, oxygen donors from peroxide oxidize hemin and 

forms Oxoiron(IV) species. This induction period is slow and products are mainly BAL 

and BAD. Secondly, once Oxoiron(IV) species accumulate to certain level and oxygen 

donors are continuously supplied from O2, activated Fe=O species start to catalyze 

oxidation efficiently. This active period is characterized by faster conversion process. At 

the end a saturation period was observed and is attributed to the deactivation of the hemin 

molecules through the reaction with the oxygen donors46 (black curve in Fig. 3.5a). 

Additionally, the increment of BAC is apparent (blue curve in Fig. 3b) while the percentage 

of BAD is decreasing (green curve in Fig. 3.5b).  
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To increase the conversion rate, we attempted to increase initial catalyst dosage (Fig. 3.8). 

To our surprise, the addition of 5-fold catalyst at the beginning of catalytic experiment 

gives limited increment in conversion rate (12.94% vs. 10.27% in 20 hours) and longer 

induction period (4 hours vs. 3 hours). Further increasing catalyst dosage to 10-fold, instead 

of a higher conversion rate, a reduced conversion rate (9.15% in 20 hours) is observed. It 

might be attributed to the coagulation of concentrated GN sheets, which restricts the access 

of the substrates and oxidants to the hemin catalyst, and increases the chances of hemin 

forming inactive μ-oxo dimer.  

 

Figure 3.8. Comparison of toluene oxidation conversion with different H-GN catalyst 

concentrations. O2 is oxidant. O2 pressure is 1 atm. Reaction temperature is 60 oC. 

Reaction time is 20 hours.  

 

To enhance the conversation, we tried adding same dosage of catalyst repeatedly (Fig. 3.5c). 

The second addition is at the 7th hour (1 hour prior to saturation period). Subsequent 

additions are done per 4 hours. Based on this method, considerable enhancement in 
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conversion rate is achieved. After second addition, substrate conversion reaches 19.21% 

after 20 hours, compared to 10.27% from single addition reaction. In 30 hours, the reaction 

with five additions of H-GN results in 34.75% converted, and seven times addition leads 

to a conversion rate of 40.56%. 48 hours reaction with twelve additions yields ultimate 

conversion rate of 50.14%, with TON of 4,170. More importantly, the selectivity towards 

BAC becomes more significant with increasing aliquots (94.28% of BAC after 48 hours 

with twelve times additions).  

 

Furthermore, to demonstrate the general applicability of H-GN catalyst, ethylbenzene, 

cyclohexane and styrene are chosen as reference substrates (Table 3.2). As ethylbenzene 

possesses lower C-H bond dissociation energy than toluene (357.3 kJ/mol vs. 368.2 

kJ/mol),55 its conversion rate is higher than toluene (12.62% vs. 9.42%), as expected. 

Cyclohexane reaction gives 8.24% yield after 12 hours, with clear selectivity towards 

cyclohexanone. Similarly, H-GN results in 23.12% styrene conversion and 73.6% 

selectivity towards benzaldehyde. These results confirm that H-GN can serve as active 

catalyst for various oxidation reactions.  

 

Table 3.2 Comparison of the catalytic activity for oxidation of different substrates 

catalyzed by H-GN. Reaction temperature is 60 oC. Reaction time is 12 hours. O2 is 

oxidant and O2 pressure is 1 atm. TBHP is initiator. Substrate/catalyst molar ratio is 

100,000. Substrate/initiator molar ratio is 100.  
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Substrate Time 

hours 

Conv.  

% 

Main Product Selectivity (%) TON 

Ethyl- 

benzene 

  Acetophenone  Phenylethanol   

6 8.43% 52.17% 43.71% 8430 

12 12.62% 54.26% 41.23% 12620 

Cyclo- 

hexane 

   Cyclohexanone  Cyclohexanol   

6 6.41% 64.12% 12.08% 6410 

12 8.24% 57.28% 14.93% 8240 

Styrene  

  Benzaldehyde  Styrene Oxide  

6 12.38% 76.4% 15.5% 12380 

12 23.12% 73.6% 16.1% 23120 

 

3.3.3. Discussion on role of graphene in nanocomposite catalyst 

 

Given these initial promising results, we investigated function of GN in H-GN system. As 

stated previously, GN itself is inactive in toluene oxidation reaction. Hence we believe the 

main role of GN is to provide support for hemin.  
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GN has remarkably high surface area, and the distribution of hemin on its surface is even, 

thus sufficient contact between catalyst and substrate/oxidant can be expected. Secondly, 

it has been noted by previous report22 that the immobilization of hemin on GN can prevent 

hemin molecules to form catalytically inactive species by self-dimerization. Our XPS result 

on Fe2s spectrum of H-GN sample further supports this statement. Thirdly, Raman 

Spectroscopy is used to study electron transfer between hemin and GN. From Raman 

spectrum of GN, it can be seen G band is at 1,601 cm-1. In contrast, G-band shifts to 1,592 

cm-1 for H-GN. This is a result of electron transfer from hemin to GN.42,56 GN serves as 

electron withdrawing species, which resembles halogen substitutes on meso-phenyl rings 

and β-positions of pyrroles in metalloporphyrins.29  

 

The halogens due to their electron-withdrawing nature have been reported to provide 

stronger site isolation of the central metal core, enhance electrophilicity of the metal-oxo 

entity, thus improve catalytic activity of metalloporphyrin.29,30 Similar effect can be 

expected in hemin from the GN support. Lastly, GN prevents or greatly reduces the self-

destruction process by blocking the attack from the oxygen donors to hemin’s bare side, 

especially under oxidative conditions.33,34 

 

Besides the protective effect, GN itself is also thought to influence the selectivity of 

products. With longer reaction time and larger amount of H-GN catalyst added, the 

production of BAC is more dominant and the production of BAL and BAD declined. One 

might argue that this change is due to thermodynamics, as stated in a previous research.57 
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However, clearly different production trends are observed by evaluating the absolute 

productions of all three products in the H-GN catalyzed reactions, blank control reaction 

(without catalysts) and hemin catalyzed reaction.  

 

In the blank reaction or the hemin catalyzed reaction, the BAD and BAC productions 

always increase with reaction time, with the overall production of BAD always higher than 

that of BAC. Such a trend is totally different from the observations obtained in the H-GN 

catalyzed reactions, where we can clearly see that the production of BAD increases in the 

beginning, and then gradually declines toward the end of the reaction. It is also observed 

the overall production BAC increases and surpasses the production of BAD toward the end 

of the reactions. We consider this observed selectivity towards BAC in the H-GN catalyzed 

reaction as a result of the different interactions between the substituted aromatic 

compounds with the GN support. According to Rochefort,58 the presence of electro-

withdrawing substitute groups on benzene significantly modifies overall π-π interaction 

between adsorbed molecules and GN. The medium range attractive π-σ interaction 

overwhelms long-range repulsive π-π interaction, thus helps to bring electro-withdrawing 

groups closer to GN surface and causes stronger adsorption.  

 

In our case, BAC and BAD with -COOH and -CH=O has stronger tendency to be adsorbed 

onto GN surface, compared to BAL with –CH2OH group. And toluene is the least likely 

adsorbed. In the beginning of a reaction, active hemin molecules are abundant and toluene 

molecules are the majority, hence the primary adsorption of toluene on H-GN results in 
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oxidation to BAL, which subsequently undergo oxidation to produce BAD and BAC. As a 

result, the yield of all three products increases with time. As the reaction proceeds, the 

amount of BAD rises, which is more competitive in preferential adsorption onto GN, thus 

leads to a higher chance for BAD to approach hemin and be oxidized to BAC. As-produced 

BAC may tend to haunt near GN surface, allowing only BAD with similar electrophilicity 

to adsorb, reducing the chances for less electrophilic species such as BAL and toluene to 

access the H-GN catalytic surface. This process produces BAC in expense of BAD, 

therefore promotes product profile change while maintaining a slower overall conversion 

rate increment. The phenomenon can be observed apparently from multiple addition 

reactions (Fig. 3.9), especially after ~22 hours, as BAC selectivity reaches nearly 100% 

after 12 additions of H-GN in 48 hours.  
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Figure 3.9 Schematic illustration of influence of GN on reaction process based on multiple 

addition reaction. Interaction of substrate/products with GN support at the beginning of 

reaction process. Aromatic rings with more polar substitute groups (-COOH>-COH>-

CHOH>-CH3) tend to have stronger adhesion to GN surface, subsequently block access of 

less polar counterparts. In the beginning (a), toluene molecule is majority, hence adsorption 
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of toluene on H-GN to produce BAL is major reaction. Subsequently, oxidation to BAD 

(b) and BAC (c) is governing reaction. As a result, all three products dosages increase with 

time. With the reaction proceeds, the amount of BAD raises, which causes its preferential 

adsorption onto H-GN, thus a higher chance to approach hemin and form BAC (d). As-

produced BAC will also haunt near GN surface, allowing only BAD with similar 

electrophilicity to adsorb, reducing chances for less electrophilic species such as BAL and 

toluene to access GN surface. This process produces BAC in expense of BAD, therefore 

promoting product profile change while maintaining overall conversion rate increment 

slower. 

 

3.3.4. Comparison of H-GN catalyst with other toluene oxidation catalysts 

 

Compared to other toluene oxidation catalysts reported previously (Table 3.3), our H-GN 

gives much better activity and selectivity than traditionally Cu based catalysts, which are 

currently widely applied in industry. The conversion and TON number from H-GN is not 

comparable to Au-Pd based catalysts, however it does offer much cost advantages.  In one 

word, H-GN shows promising results in toluene oxidation and can be considered as suitable 

candidate for next generation toluene oxidation catalyst candidates.  
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Table 3.3. Comparison of H-GN with our toluene oxidation catalysts reported before  

 

 

3.4.  Conclusion  

 

In conclusion, H-GN hybrid material is proved as highly effective catalyst in toluene 

oxidation reaction under mild conditions. GN serves as support to hemin catalyst by 

providing sufficient contact between substrate/oxidant and catalyst, maintaining hemin as 

catalytically active monomer form and preventing it from self-dimerization, promoting 

charge transfer from hemin to GN so as to enhance central iron core isolation and activity, 

and protecting hemin from meso-cleavage via self-oxidation.  

 

GN itself also influences catalytic selectivity. Electro-withdrawing substitute groups on 

benzene promotes adsorption to GN, which results in higher chance for BAD with more 



 

65 

 

electrophilic C=O group to approach hemin on GN and transform to BAC. Hence a 

significant selectivity towards BAC is observed especially with longer reaction time.  
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Chapter 4 

4. Highly  active nanoporous oxidative catalyst with effective Pd-Au surface   

 

4.1. Introduction  

 

Metallic nanomaterials are considered active and recyclable next generation catalyst in 

chemical, pharmaceutical, and energy industries.1 Amongst numerous metallic 

nanocatalysts, Pd-Au bimetallic nanocatalyst has drawn substantial attention in recent 

years due to its enhanced catalytic activities and selectivities compared to Pd-alone 

catalysts.2 The enhancement is mainly attributed to two alloying factors, i.e. ensemble 

and ligand effects.2b,3 Once formed Pd-Au bimetallic structure, it is suggested that 

charges are transferred from Pd to Au in s, p levels and from Au to Pd in d levels. For 

Pd, gaining d electrons will result in weaker interaction between adsorbates and surface 

Pd atoms.4 Consequently, self-poisoning effect is significantly reduced and overall 

catalytic activity is improved. Based on this mechanism, considerable Pd-Au based 

nanocatalysts have been developed with wide range of applications. For example, Pd-

Au catalyst has been proved effective in CO oxidation,5 vinyl acetate (VA) synthesis,6 

cyclotrimerization of acetylene to benzene,7 selective oxidation of alcohol to aldehyde 

or ketone,8 activation of primary C-H bond,9 oxidation of hydrogen to hydrogen 

peroxide,10 as well as hydrocarbon hydrogenation,11 etc. To date, a main challenge in 

Pd-Au bimetallic nanoparticle synthesis is lack of homogeneity.2d,12 Traditional 

impregnation or sol-gel precipitation methods could generate <5 nm nanoparticles 
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loaded on supports like Al2O3, FeOx, TiO2, CeO2, MgO, SiO2 and carbon.13 These 

catalysts usually lack of size, shape and composition control: it is common to observe 

Pd-alone, Au-alone and Pd-Au nanoparticles together of various shapes and large size 

distribution. Therefore, they are not ideal in terms of materials utilization, nor are they 

suitable candidates for fundamental understanding of Pd-Au catalysis mechanism and 

catalyst design. Alternatively, colloidal synthesis regulated by different surfactants 

could produce core-shell or quasi-homogenous alloy particles with well defined size, 

shape and composition.12,14 Still, except for very few studies,15 most Pd-Au 

nanoparticles formed as such are larger than 20 nm, while nanocatalyst less than 10 nm 

is generally considered effective,2a and efficient in costly noble metal usage. 

 

On the other hand, recently there is lots of research effort on fabrication of noble metal 

nanoparticles with highly porous morphologies.16 Owing to its highly ordered network, 

large specific surface area, rich edge/corner surface chemistry, nanoporous material 

possesses intriguing catalytic properties. For example, nanoporous Au obtained from 

electrochemical dealloying is highly active in gas-phase oxidative coupling of methanol 

at low temperature, although its bulk counterpart is inert in this reaction.17 Pt-Pd 

bimetallic nanodendrites developed from two-step seed growth method exhibit higher 

oxygen reduction reaction (ORR) activity than commercial Pt catalysts.18 A one-step 

synthesis route prepared Au@Pd@Pt triple-layer particle is prominent catalyst in 

methanol oxidation reaction (MOR) with superior CO tolerance.19 Despite the great 

success mentioned above, nanoporous materials synthesis is still limited in many 
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aspects. Template synthesis is restricted in thin films or particles with irregular 

morphologies. Surfactant mediated synthesis mostly produces random pore channels, 

which prohibits full access to interior surface. More importantly, most publications 

adopting surfactant mediated growth approaches so far focus on either single element 

nanoporous structure, or core-shell structure with little alloying between different 

components at interface. 

 

To fully utilize the synergetic effect of bimetallic Pd-Au and the large surface of a 

porous structure, we demonstrate here the deposition of Au atoms onto porous Pd 

nanoparticles (pPd@Au) via galvanic replacement reaction to achieve an effective 

surface composition of the Pd-Au (Fig. 4.1). In this structure, the porous pPd@Au 

nanostructures inherit the high surface area of the pPd while at the same time possess 

the surface activity of the Pd-Au bimetallic catalysts. The catalytic performance of this 

pPd@Au was assessed in benzyl alcohol oxidation reaction and formic acid electro-

oxidation reaction. 
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Figure 4.1. Schematic illustration of galvanic replacement reaction of HAuCl4 on pPd 

nanoparticle.  

 

4.2. Experiment  

 

4.2.1. Synthesis of pPd nanoparticle 

 

Soidium tetrachloropalladate (Na2PdCl4) aqueous solution was mixed with 

hexadecylpyridinium chloride (HDPC). Afterwards it was transferred into 60 oC oil 

bath and ascorbic acid aqueous solution was added. The reaction lasted for 3 hours. 

 

4.2.2. Washing treatment of pPd nanoparticles with acetic acid 

 

As-prepared pPd nanoparticle solution was centrifuged and washed with water and 

ethanol for three cycles each. Then acetic acid was added and solution was sonicated to 

make sure homogenous mixture. It was then transferred to 60 oC oil bath for 6 hours 

with vigorous stirring. After it, solution was centrifuged and washed with water till pH 

was restored to 7. Finally it was transferred to ethanol.  

 

4.2.3. Deposition of Au onto pPd nanoparticles by galvanic replacement reaction  
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Desired amount of chloroauric acid (HAuCl4) aqueous solution was injected into pPd 

nanoparticle solved in ethanol while stirring. After 30 min, particles were collected 

through centrifugation and washed by ethanol for three cycles.  

 

4.2.4. Benzyl alcohol oxidation reaction 

 

Benzyl alcohol was mixed with water and transferred to 25 ml single-neck high pressure 

glass reaction vessel. After purged with O2 gas (1.5 atm) three times, pre-calculated 

amount of catalyst was injected into reaction vessel quickly and sealed. O2 was supplied 

continuously at 1.5 atm and reaction vessel was transferred to 80 oC oil bath with 

stirring. Sampling was done 15 ± 1 min in first hour and 30 ± 1 min afterwards.  

 

4.3. Results  

 

4.3.1. Materials characterization results 

 

pPd nanoparticle is synthesized according to previous publication20 with modification 

(see experiment section and supporting information for more details). As-synthesized 

pPd nanoparticle is washed by water and ethanol. Afterwards it is cleaned by acetic acid 

to maximally eliminate hexadecylpyridinium chloride (HDPC) surfactant residue 
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between branches. After solution pH is restored to neutral, it is transferred to ethanol 

and mixed with desired amount of HAuCl4 aqueous solution. The quantity of pPd used 

for galvanic replacement reaction and of pPd@Au for catalytic reaction is confirmed 

by inductively coupled plasma optical emission spectrometry (ICP-OES).  

 

Transmission electron microscopy (TEM) images of the as-synthesized pPd 

nanoparticles show that they are of uniform spherical shape with a mean particle size 

of 20 ± 3 nm (Fig. 4.2a). Each particle is porous with multiple branches stretching from 

center of the core to circumferential edges. It can be observed in high resolution 

transmission electron microscopy (HRTEM) that adjacent branches are almost parallel 

to each other (Fig. 4.3). The diameter of each branch is around 1.8 - 2 nm, with inter-

branch distance of approximately 2.5 - 2.7 nm. The Brunauer-Emmett-Teller (BET) 

measurement showed that this pPd nanoparticle has a very high surface area of 70.31 

m2/g. The clear fringes in HRTEM image show periods of 0.224 nm, which is consistent 

with FCC Pd (111) planes, indicating good crystallinity (Fig. 4.3). Moreover, it can be 

confirmed each branch is composed of many small grains, hence a single branch is 

polycrystalline. Such morphology demonstrates apparent nanoporous feature, which is 

prerequisite in providing sufficient contact area for galvanic replacement reaction with 

HAuCl4 and catalytic reactions.  
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Figure 4.2. Representative images of pPd and pPd@Au (Pd:Au3+ = 100:1). (a) TEM  

image of pPd. (b) TEM image of pPd@Au. (c) HRTEM image of a single pPd@Au 

particle. (d) HRTEM image of branches of a pPd@Au particle. (e) HAADF image of 

pPd@Au particle. The particle in middle is surveyed for element analysis. (f) Au-Lα 

element mapping for selected particle. (g) Au-Mα element mapping for selected particle. 
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(h) Pd-Lα element mapping for selected particle. Scale bar: (a) (b) (e) 20 nm, (c) (d) 2 

nm.  

 

Figure 4.3. HRTEM images of pPd. (a) HRTEM image of pPd particles. (b) HRTEM 

image of branches of a single pPd particle. Scale bar: (a) 4 nm. (b) 3 nm. 

 

After depositing Au onto pPd nanoparticles through galvanic replacement reaction, it 

is observed that the overall size of the nanoparticles and their nanoporous feature 

remain the same (Fig. 4.2b). Nonetheless, some of the branches' details endure certain 

modification. For instance, compared to pure pPd (Fig. 4.2a), less apparent porosity 

was observed in a pPd@Au (Fig. 4.2b) (Pd to Au3+ precursor atomic ratio is 100:1, 

denoted as Pd:Au3+ = 100:1 here). HRTEM image shows apparent overgrowth of Au 

clusters on some parts of a branch (Fig. 4.2c) of a pPd (Fig. 4.3b). Compared to pPd 

nanoparticles, the inter-branch distance of pPd@Au shrinks to ~2.2 nm, while some 

parts of the branches show increased diameter of 2.1 - 2.3 nm, as a result of Au 

deposition (Fig. 4.2c). Moreover, BET analysis gives a lower surface area of 56.79 m2/g, 
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possibly resulting from blockage of nanopores and channels after Au deposition. Lastly, 

both periods of 0.224 nm and 0.236 nm are present in different regions by measuring 

fringes in HRTEM image (Fig. 4.2d, 4.4), as clear evidence of Au (111) plane grown 

inhomogenously on top of Pd crystalline surface.21 In view of the complexity of 

pPd@Au structure, and that Pd and Au exhibit a complete solid solution at all 

temperatures below melting point,22 we also adopted scanning transmission electron 

microscopy-high angle annular dark field (STEM-HAADF) to image elemental 

distribution in individual particles (Fig. 4.2f-h). The Au-Lα and Au-Mα scans do not 

completely coincide with Pd-Lα scan, while Au-Lα and Au-Mα scans share almost 

identical morphology details. It indicates that Au atoms are not deposited onto pPd 

branch surfaces as uniform film. Additionally, X-ray photoelectron spectroscopy (XPS) 

analysis elucidates clearly charge transfer from Pd to Au, as a consequence of Pd-Au 

bimetallic formation (Fig. 4.5). Together, we believe that when galvanic replacement 

reaction happens on pPd nanoparticles, Au3+ from HAuCl4 are preferentially reduced 

near edges, corners, grain boundaries, as well as other defect sites on Pd crystalline 

surface in the early stage.  It is also possible that Ostwald ripening happens between 

small Au clusters, leading to overgrowth of separated Au clusters mainly distributed 

near defects of pPd branch surfaces. Our observation is in good agreement with 

previous report of Pd-Au tadpole growth mechanism.14d Consequently we conclude that 

unlike traditionally homogenous Pd-Au alloy or core-shell nanostructure, our pPd@Au 

has segregated Au clusters decorated on pPd branch surfaces throughout the porous 

structure.  
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Figure 4.4. HRTEM image of branches of a pPd@Au particle. 
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Figure 4.5. XPS spectrum of Au 4f in pPd@Au particles (Pd:Au3+ atomic ratio is 100). 

Both Au 4f5/2 and Au 4f7/2 peaks exhibit negative shifts compared to bulk Au, which is 

direct result of electron transfer from Pd to Au,6 due to formation of bimetallic structure.  

 

4.3.2. Catalytic activity results  

 

The catalytic efficiency of pPd@Au is measured in benzyl alcohol oxidation reaction  

Its products include benzaldehyde, benzoic acid and benzyl benzoate, in which 

benzaldehyde as intermediate is of important industry value especially in perfumery 

and pharmaceutical applications. Conventionally benzaldehyde was synthesized via 

chlorination of toluene followed by saponification, which generates large quantity of 

industrial waste water and requires high energy and equipment investment.9 Recent 

research8,13g reveals Pd-Au bimetallic nanocatalysts can be particularly effective in 

selective oxidation of benzyl alcohol using oxygen or air under mild conditions. Figure 

4.6 summarizes the results of benzyl alcohol oxidation catalyzed by pPd and pPd@Au 

nanocatalysts synthesized with various Pd:Au3+ atomic ratios. In control reaction, pPd-

alone catalyst shows merely 42.6% conversion rate under the same reaction condition 

(Fig. 4.6c Entry 1). While Pd:Au3+ ratio varies from 20 to 1600, its conversion rate 

changes from 86.2% to 75.7%, with the maximum of 98.5% achieved when the ratio is 

100 (Fig. 4.6a). This "volcano" shape activity change can be explained as follows: when 

Au component is below optimum in Pd-Au catalyst system, synergetic effect between 

Pd and Au is limited. With increasing Au component the alloying effect becomes more 
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and more prominent, as confirmed by raised conversion rate. However, when Au 

component is excessive (e.g. Pd:Au3+ = 20), over-grown Au clusters may start to block 

nanopores, which limits accessibility of Pd-Au surface atoms to substrates, resulting in 

a lower conversion rate. It is found that the selectivity profile is also closely related to 

Pd:Au3+ atomic ratio (Fig. 4.6b,c). With lower Pd:Au3+ atomic ratio, selectivity towards 

benzaldehyde is dominant (89.7% 68.2% and 79.8% for Pd:Au3+ atomic ratio of 20, 50 

and 100, respectively). By decreasing Au component dosage in pPd@Au catalyst, 

selectivity towards benzaldehyde is weakened while selectivity towards benzyl 

benzoate is enhanced (for instance, when Pd:Au3+ atomic ratio increases to 800 and 

1600, selectivity towards benzaldehyde reduces to 58.6% and 49.7% respectively, 

while selectivity towards benzyl benzoate rises to 38.2% and 47.6% respectively). 

Consistent with previous experimental observations,23 we believe that Pd here serves 

as more active oxidative catalyst component than Au. With higher percentage of Pd 

surface atoms involved in reaction, benzaldehyde will be easily over-oxidized to 

benzoic acid, and subsequently benzyl benzoate. Alternatively, benzyl alcohol can 

combine with benzaldehyde to form hemiacetal intermediate, which is subsequently 

oxidized to ester.9 This process could be initiated only by relatively strong oxidative 

catalyst, hence is impractical without large amount of surface Pd atoms.  
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Figure 4.6. pPd@Au and pPd catalytic effect under different Pd:Au3+ atomic ratios. All 

experiments are conducted at 80 oC for 3 hours, with oxygen as oxidant. Oxygen 

pressure is 1.5 atm. Substrate/catalyst atomic ratio is 500. (a) Benzyl alcohol conversion 

comparison. (b) Product selectivity comparison. Green bar represents selectivity to 

benzaldehyde, red bar as benzoic acid and blue bar as benzyl benzoate. (c) Benzyl 

alcohol oxidation conversion and product selectivity table using different catalysts. 

TOF calculation is based on 3 hours results. BAD = benzaldehyde. BAC = benzoic acid. 

BB = benzyl benzoate.  

 

To study the influence of pPd@Au catalyst concentration in conversion and selectivity, 

we kept the Pd:Au3+ atomic ratio constant at 100 and varied substrate/catalyst atomic 
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ratio. Particularly in order to gain thorough understanding of reaction kinetics, we 

performed in-situ sampling to analyze conversion and product profile changes through 

reaction process.  It can be seen from Figure 4.7a,c that reaction proceeds relatively fast 

with more catalysts (substrate/catalyst atomic ratio 250). It almost reaches 100% 

conversion before 3 hours. At 2 hours, selectivity towards benzaldehyde is 89.8% and 

overall conversion is 95.7%. By reducing dosage of catalyst (substrate/catalyst atomic 

ratio is 500), the overall reaction rate reduces. It reaches 98.5% conversion after 3 hours, 

however selectivity towards benzaldehyde reduces to 79.8%. Further reducing catalyst 

dosage (substrate/catalyst atomic ratio 1000), a lower conversion rate after 3 hours is 

observed (64.6%), though selectivity towards benzaldehyde remains high as 84.2%. To 

our best knowledge, our pPd@Au catalyst with conversion rate of 95.7% and selectivity 

towards benzaldehyde of 89.8% is better than many reported Pd-Au nanocatalysts in 

benzyl alcohol oxidation reaction (Table 4.1). 
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Figure 4.7. pPd@Au and pPd catalytic effect and recyclability under different 

conditions. All experiments are conducted at 80 oC for 3 hours, with oxygen as oxidant. 

Oxygen pressure is 1.5 atm. (a) Benzyl alcohol conversion comparison based on 

different substrate/catalyst atomic ratios. Pd:Au3+ atomic ratio is 100. (b) Reusability 

test based on different Pd:Au3+ atomic ratios. Initial substrate/catalyst atomic ratio is 

500. (c) Products selectivity changes based on experiments in (a).  

 

Table 4.1: Comparison of catalytic performance in benzyl alcohol oxidation by 

pPd@Au with previous reported Pd-Au bimetallic catalysts.  
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*: Selectivity towards benzaldehyde. 

 

We further tested the stability of pPd@Au nanocatalysts by performing benzyl alcohol 

oxidation and recovering the catalyst from reaction solution after reaction completion 

(100% conversion), washing it with water and ethanol repeatedly, and applying as-

recovered catalyst to next round of reaction. Our  results (Fig. 4.7b) indicate that with 

higher Au composition in pPd@Au catalyst (Pd:Au3+ atomic ratio 50), the catalyst 

preserves 94.7% of its initial catalytic activity (92.3% converted after fourth cycles, 

compared to 97.4% converted after first cycle within 3 hours). Lower Au dosage in 

pPd@Au results in deteriorated recyclability after four cycles. When Pd:Au3+ atomic 

ratio is 100 and 400, its activity after fourth cycle is 88.6% and 77.2% of its initial 

activity after first cycle, respectively. In stark contrast, pPd-alone catalyst renders only 

59.9% of initial activity after four cycles. The enhanced recyclability can be attributed 
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to protective coverage of Au atoms on defect sites of pPd branch surfaces. As 

mentioned earlier, Au3+ precursors are believed to preferentially reduced onto defect 

sites of Pd surface during galvanic replacement, which are also the most active sites 

during catalytic reaction where leaching of Pd occurs.24 The higher Au percentage, the 

better coverage of Pd surface defects, and the less leaching may happen, leading to a 

better stability. TEM analysis on pPd and pPd@Au nanoparticles after four cycles (Fig. 

4.8) shows that pPd nanoparticles exhibit significant ripening and almost lose porous 

feature, while pPd@Au nanoparticles do not show much change compared with initial 

unreacted morphology. 

 

Figure 4.8. TEM images of reused pPd and pPd@Au particles (Pd:Au3+ atomic ratio is 

100). (a) Image of pPd after catalyzing 3 cycles of reaction. (b) Image of pPd@Au after 

catalyzing 3 cycles of reaction. Scale bar: 5 nm.  

 

In order to verify general applicability of pPd@Au catalyst, we also applied it in formic 

acid electro-oxidation reaction. For electrochemical tests, 10 μg of pPd and pPd@Au 



 

90 

 

nanocatalysts are loaded onto glassy carbon electrode (GCE) for each sample. Figure 

4.9 is the Cyclic Voltammetry (CV) of pPd and pPd@Au (Pd:Au3+ = 100) nanocatalysts. 

A single oxygen desorption peak was observed at -0.315 V and -0.320 V (vs. Ag/AgCl) 

on the CV for both pPd@Au (Pd:Au3+ = 100) and pPd, respectively. The only one peak 

observed indicates the alloy is relatively homogeneous,25 confirming the uniform 

decoration of Au clusters on Pd branches and their effectiveness in generating a Pd-Au 

alloy like catalytic surface. We can estimate the Au/Pd atomic ratio from the 

relationship between the peak positions and Pd ratio, which is 0.91%. This result is in 

good agreement with the Pd:Au3+ atomic ratio mentioned above (100:1). 

Electrochemically active surface areas (ECSA) calculation indicates pPd nanoparticle 

has active surface area of 65.37 m2/g, and pPd@Au of 42.68 m2/g (Table 4.2). This 

reduction of active surface area after depostion of Au onto pPd is consistent with our 

BET analsis result. Formic acid electro-oxidation reaction is carried on in 0.5 M KOH 

containing 0.5 M formic acid. Scan range is from -0.4 V to 0.8 V and scan rate is 50 

mV/s. Figure 4.9b indicates for pPd@Au catalyst, two peaks can be found at around 

0.25 V (vs. Ag/AgCl) and 0.34 V (vs. Ag/AgCl), in forward and reverse scan, 

respectively. pPd@Au shows a specific activity of ~4.03 mA/cm2, which is much 

higher than that of the pure pPd (1.5 mA/cm2).  
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Figure 4.9. Electrocatalytic performance comparison of pPd@Au (Pd:Au3+ atomic 

ratio is 100) with pPd using formic acid oxidation reaction. (a) Determination of active 

surface area. Reaction condition: 0.5 M KOH. Scan range is from -1 V to 0.4 V. Scan 

rate is 50 mV/s. (b) Determination of activity. Reaction condition: 0.5 M KOH and 0.5 

M formic acid. Scan range is from -0.4 V to 0.8 V. Scan rate is 50 mV/s.  

 

4.4. Conclusion  

 

In conclusion, we have developed a facile synthesis route of nanoporous Pd particle 

decorated with Au clusters through galvanic replacement reaction. This pPd@Au 

nanocatalyst is featured by well-defined nanoporous morphology, high accessible Pd-

Au like surface area with uniformly distributed small Au clusters grown on pPd branch 

surfaces. It demonstrates high catalytic activity in benzyl alcohol oxidation reaction, 

which yields over 95% conversion with ~90% selectivity towards benzaldehyde at mild 

conditions. Au component is found to have significant influences in both conversion 
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rate and product selectivity. Both influences directly stem from the synergetic effect 

between Pd and Au, in which the amount of Au present in catalyst system determines 

extent of alloying with Pd as well as accessibility to catalytically more active Pd surface 

atoms. Finally, stability test indicates pPd@Au catalysts can effectively preserve its 

catalytic activity after several reaction cycles, due to protective deposition of Au on pPd 

surface defect sites.  
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Chapter 5 

5. Au-Cu nanostars with outstanding performance in carbon dioxide 

electroreduction 

 

5.1.  Introduction  

 

Carbon dioxide (CO2) is considered most notorious greenhouse gas.1-6 With increasing 

CO2 ambient concentration due to human industrial activities, control of CO2 release 

has drawn an international attention. However, capturing CO2 is difficult as 

traditionally this process is accomplished through natural consumption to restore the 

balance.1 It thus brings conversion of CO2 to fuels using electrochemical, 

photoelectrochemical or photocatalytic reduction approaches a sensible solution.2-6 

Nevertheless, great challenges remain in designing effective CO2 reduction catalysts, 

such as slow kinetics of CO2 reduction, low energy utilization efficiency, complicated 

reaction pathways and products, parallel hydrogen evolution reaction (HER), etc.1-6 In 

addition, most of the metallic catalysts studied so far favor HER and require large 

overpotential to generate hydrocarbon products.6 To date, Cu is considered most 

suitable metallic catalyst for CO2 reduction due to its high hydrocarbon yield at 

moderate overpotential.7-9 Still, there is a long way toward comprehensive 

understanding of the reaction steps and its relationship with the metallic catalyst surface 

structure, composition and other properties.1 
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Extensive research works both experimentally and theoretically has revealed that to 

increase CO2 reduction efficiency, the catalyst should be able to maximize protonation 

of adsorbed CO or COH, and simultaneously suppress competing HER process.1-3 

Alloying Cu with other metal components is a feasible strategy in this account.8-14 The 

reason lies in different CO binding strengths by different metals. It influences the 

stability of intermediates and hence changes methane and methanol yields.8 Moreover, 

the oxophilicity of the metal surface has a direct impact in cleavage of C-O bonding, 

which affects methane selectivity.9 Various alloy systems such as Cu-Ni, Cu-Sn, Cu-

Au and Cu-Ag have been investigated in the past.10-13 Specifically in terms of Cu-Au 

alloy catalysts, Buess-Herman et. al. examined Cu-Au alloy electrode and found 

Au50Cu50 appears to be the most efficient substrate for conversion of CO2 into carbon-

containing gaseous products.12 A recent study by Yang and co-workers on Au-Cu 

bimetallic nanocatalyst concluded the catalytic activity and product selectivity is 

heavily determined by both geometric and electronic effect.11  

 

In the present work, we report a gold-copper (Au-Cu) nanostar catalyst by a two-step 

synthesis route. Principally, Au nanostar was generated through co-reduction of Au and 

Cu precursors in the first step. Without separating unreacted Au and Cu precursor 

residue, strong reducing agent was introduced into the reaction solution in the second 

step, resulting in Au-Cu alloy precipitation on Au nanostar surface (Fig. 5.1). The as-

prepared structure is characterized by a polycrystalline Au-Cu alloy surface with small 

grains, disordered crystalline directions and rough topography, which is different from 
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most of the reported single crystalline Au-Cu bimetallic nanoparticles with uniform 

shape and smooth surface.15 Additionally, we found its surface composition, 

crystallinity and roughness can be tuned through annealing treatment in inert 

environment. This provides an ideal catalytic system to study the correlation between 

the alloy’s surficial properties and its catalytic performance in CO2 reduction. To our 

best knowledge, it is the first report of polycrystalline Au-Cu alloy nanocatalyst 

characterized by the rough surface morphology, with high activity and selectivity to 

hydrocarbon products in CO2 reduction.  

 

 

Figure 5.1. Schematic illustration of Au-Cu nanostar formation and annealing process.  

 

5.2. Experiment  

 

5.2.1. Synthesis of nanoparticles 

 

Au NS synthesis 
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Au NS was synthesized by reducing CuCl2
.2H2O and HAuCl4

.3H2O together with 

presence of hexadecylamine (HDA) and D-glucose. In a typical synthesis, 40 mg HDA 

was dissolved in 3 ml deionized water, stirred at 80 oC for 3 hours and cooled down to 

room temperature. Then 1 ml 60 mM CuCl2
.2H2O aqueous solution, 2 ml 10 mM 

HAuCl4
.3H2O aqueous solution and 100 mg D-glucose were introduced to the HDA 

solution. After stirring for another 15 min, the solution was heated to 100 oC for 3 hours. 

 

Au-Cu NS synthesis  

As-prepared Au NS was used without purification. 2 ml 100 mg/ml L-ascorbic acid 

aqeous solution was injected into Au NS solution while vigorous stirring. The reaction 

solution was kept at 100 oC with stirring for another 2 hours.  

 

Au-Cu NS-a synthesis 

Au-Cu NS sample was annealed at 150 oC for 2 hours under N2 gas protection.  

 

Cu NC synthesis  

Cu NC was synthesized by reducing CuCl2
.2H2O using HDA as capping agent and D-

glucose as reducing agent. In a typical synthesis, 90 mg HDA was solved in 5 ml 

deionized water and stirred at 80 oC for 3 hours. After cooling the solution down to 
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room temperature, 10 mg CuCl2
.2H2O, and 100 mg D-glucose was added and the 

solution was stirred for another 15 min. Then it was heated at 100 oC for 3 hours.  

 

5.2.2. Materials characterization  

 

TEM characterization is performed in FEI T12 Quick CryoEM and CryoET operated 

at 120 kV. HRTEM and STEM analysis is done on FEI Titan transmission electron 

microscope operated at 300 kV. ICP-AES analysis is conducted by TJA RADIAL IRIS 

1000 ICP-AES. XPS is completed by Kratos AXIS Ultra DLD spectrometer. 

 

5.2.3. Catalytic experiment  

 

Electrode fabrication  

Freshly prepared nanoparticle solution is washed thoroughly using hot water (~60 oC) 

by centrifuge for several times. The concentration of final concentration is quantified 

with ICP-AES. It is dropped onto clean FTO substrate (film area: 1 cm X 3 cm) and 

dried in air. The electrode is fabricated by soldering Cu wire to care side of the FTO 

substrate, and sealed with insulating epoxy resin.  

 

Electrochemical measurement  
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CV measurement and steady state constant-potential measurement are conducted on 

Princeton Applied Research VersaSTAT 4 electrochemcial workstation. In both cases, 

electrode with nanocatalyst is mounted in home-made two compartment 

electrochemical cell separated with anion exchange membrane. Ag/AgCl (1M KCl) 

electrode is used as reference electrode and Pt wire is used as counter electrode. N2 

bubbling is performed for 15 min to eliminate air in solution and CO2 is bubbled for 30 

min. Gas sample analysis is done on Shimadzu Tracera GC-BID 2010Plus equipped 

with Restek Micropacked GC column every 30 ± 1 min. ~60 μl of effluent gas is 

extracted by Hamilton sample lock syringe and immediately injected into GC-BID. To 

ensure consistency of all measurements, gas intake by GC column is regulated to 20 μl 

by a p-type Hastalloy 6 port sampling loop. Each data point is the average from three 

individual measurements of different samples. FE of each product at specific applied 

voltage is calculated from the charge needed to generate the amount of gas product 

detected by GC-BID, divided by total charge passed during the reaction.  

 

5.3. Results  

 

5.3.1. Materials characterization results 

 

The synthesis procedures of Au nanostar (Au NS), Au-Cu alloy nanostar (Au-Cu NS) 

and Au-Cu nanostar after annealing treatment (Au-Cu NS-a) were modified from 
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previous publication.16 From both low magnification transmission electron microscope 

(TEM) image (Figure 5.2) and high resolution TEM (HRTEM) image (Figure 5.3b), we 

can see the Au NS generated in the first step consists of five branches approximately 

72o between each other. Each branch is 100-120 nm in length, less than 10 nm in width 

at tip, and 30-40 nm wide near core (Figure 5.3b).  

 

 

Figure 5.2. (a) Low magnification TEM image of Au NS. (b) Low magnification TEM 

image of Au-Cu NS. 

 

Periodic lattice fringes of 2.35 A can be assigned to fcc Au (111) facet (Figure 5.3c). 

As well, the overall nanostar is five-fold twin structure, as confirmed by both zoom-in 

image of the central region (Figure 5.3c) and selected area electron diffraction (SAED) 

pattern (Figure 5.4). The five symmetric twin planes extend along each branch till the 

end of the tip (Figure 5.4b). In addition, typical edge of the branch (Figure 5.4c) 

demonstrates “step-like” appearance, probably due to high index facets.16 X-ray 

a b 
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diffraction (XRD) result presents a standard Au diffraction pattern, with no signs of Cu 

or Au-Cu alloy peaks (Figure 5.3d). Elemental analysis by inductively coupled plasma 

atomic emission spectroscopy (ICP-AES) and scanning transmission electron 

microscopy (STEM) energy dispersive X-Ray (EDX) spectroscopy (Table 5.1) both 

confirm it is composed predominantly of Au (99.3 at%) and trace amount of Cu (0.7 

at%).  
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Figure 5.3. (a) schematic illustration of Au-Cu alloy nanostar growth process. (b) 

HRTEM image of Au NS. (c) HRTEM image on central region of the Au NS. (d) XRD 

pattern of Au NS. (e) HRTEM image of Au-Cu NS. (f) HRTEM image on branch edge 

of the Au-Cu NS. (g) XRD pattern of Au-Cu NS. (h) HRTEM image of Au-Cu NS-a. 

(i) HRTEM image on branch edge of the Au-Cu NS-a. (d) XRD pattern of Au-Cu NS-

a. Scale bar = 50 nm. 

 

 

T
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Figure 5.4 (a) SAED image of the Au NS center. (b) zoom-in HRTEM image of Au 

NS branch tip region. (c) zoom-in HRTEM image of Au NS central region. (d) zoom-

in HRTEM image of Au NS branch edge region. 

 

Table 5.1. Elemental analysis results by ICP-AES and STEM-EDX  

Sample ICP-AES result STEM-EDX result 

Au NS 99.31 at% Au 99.45 at% Au 

Au-Cu NS 77.16 at% Au 75.63 at% Au 

 

After applying ascorbic acid as reducing agent, unreacted Cu precursor, together with 

Au precursor, is reduced onto Au NS surface, as shown in Figure 5.3e. Remarkably, Au 

NS branch is now covered with a layer of uneven thickness ranging from <1 nm to 4 

nm (Figure 5.3f), which is made of polycrystalline structure of small grains (average 

size is 4 – 5 nm) and random crystalline orientations (Figure 5.5). Through analysis of 

lattice fringes, we realized majority of the deposited clusters possesses lattice spacing 

of 2.15 ± 0.06 A (Figure 5.5), which differs significantly from fcc Au (111) plane in 

Figure 1c. To understand the composition of this layer, ICP-AES and STEM-EDX were 

employed. The results indicate Cu takes up to 22.8 at% in the overall nanostar (Table 

5.1), which clearly proves existence of Cu in deposition layer. In addition, we believe 

the deposition layer is Au-Cu alloy rather than Cu alone.  



 

107 

 

 

Figure 5.5. HRTEM image of Au-Cu NS branch edge. Red dotted lines indicate 

possible grain boundaries. Scale bar: 2 nm. 
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The reason is, firstly there is still large amount of Au residue in reaction solution after 

Au NS formation. Au precursor would undergo co-precipitation with Cu precursor in 

the second step due to its higher reduction potential. Secondly, according to literature,17 

the lattice fringe of 2.15 ± 0.06 A may be assigned to (111) facet of AuXCu1-X (x = 0.18 

– 0.21) alloy structure. Thirdly, XRD demonstrates a new peak at around 40.3o besides 

Au (111) and (200) peaks (Figure 5.3g), consistent with previous reported Au-Cu alloy 

(111) diffraction peak location.17 Lastly, we used X-ray photoelectron spectroscopy 

(XPS) to rule out the possibility that the deposition might be a copper oxide layer.18 

Deconvolution of Au 4f peak shows substantial blue-shift for Au 4f7/2 and Au 4f5/2 peaks 

(Figure 5.6), typically a consequence of Au-Cu solid solution formation.19 

Deconvolution of Cu 2p peak reveals there is no tail (~953 eV) near Cu 2p3/2 peak 

(Figure 5.6c), which is normally assigned to CuIIO.19 Based on the characterization 

results above, we postulate that in the second step, Au and Cu precursors undergo co-

reduction onto Au NS surface and form an alloy deposition. Owning to the fast kinetics 

and presence of high index facet on Au NS surface (Figure 5.6c), the reduced clusters 

display a polycrystalline nature with small grains and disordered orientations. The 

surficial deposit layer is Cu-rich alloy phase (Cu ~ 80 at%), while the composition of 

inner Au NS remains pure Au phase.  
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Figure 5.6. (a) XPS survey on Au-Cu NS. (b) deconvolution of Au 4f peak. (c) 

deconvolution of Cu 2p peak. 
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To demonstrate the relationship between catalytic behavior of Au-Cu NS in CO2 

reduction and its surface profiles including morphology, composition and crystallinity, 

we intended to modify its surface by annealing. Since Au and Cu form complete solid 

solution with high degree of compositional tunability,17,19 inter-diffusion between alloy 

deposition layer and inner Au NS domain is expected during annealing. On average, 

the surface roughness is considerably reduced in HRTEM image (Figure 5.3h). A close 

observation at the edge of a branch indicates the small grains with random crystalline 

orientations disappear, instead they transform to a more uniform layer whose crystalline 

direction aligns along with inner Au NS domain (Figure 5.3i). We found in XRD pattern 

the typical lattice fringe is 2.32 A, which can be assigned to Au0.9Cu0.1 alloy structure.17 

Also the Au0.2Cu0.8 diffraction peak previously at 40.3o by Au-Cu NS sample (Figure 

5.3g) is no longer there, and the Au (111) diffraction peak previously at 38.2o shifts to 

38.5o (Figure 5.3j). A feasible explanation is, inter-diffusion of Au and Cu atoms results 

in a more homogenous composition in overall structure, the polycrystalline Cu-rich 

alloy deposition clusters are diminished and replaced by the Au-rich alloy from surface 

to internal region. Although we can still observe a distinctive layer on surface, it has 

been recrystallized and the composition changes fully. Cu penetration into Au NS 

domain renders formation of Au0.9Cu0.1 alloy, which is evidenced in XRD peak position.  

 

Given the unique surface characteristics, Au NS, Au-Cu NS and Au-Cu NS-a are 

applied in CO2 reduction to examine their activities and selectivities. Cu nanocubes (Cu 
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NC) synthesized using a modified literature approach20 is selected as reference (TEM 

image shown in Figure 5.7).  

 

Figure 5.7. TEM image of Cu nanocube (Cu NC). 

 

5.3.2. Catalytic activity results  

 

Cyclic voltammograms (CV) of nanocatalysts are plotted to assess overall activity of 

each catalyst. The measurement is from -1.3 V to 0.7 V vs. reversible hydrogen 

electrode (RHE) in 0.5 M KHCO3 solution saturated with N2 or CO2, and the scan rate 

is 10 mV/s. In the present of N2, current densities at applied voltage of -1 V are -1.3 

mA/cm2, -0.92 mA/cm2, -0.70 mA/cm2 and -0.31 mA/cm2 for Au NS, Au-Cu NS, Au-

Cu NS-a and Cu NC respectively (Figure 5.8a). Under CO2 saturated condition, Cu also 

gives smallest current density at same applied voltage in contrast to the other three 

catalysts (Figure 5.8b). It suggests pure Cu demonstrates lowest overall activity, while 

incorporating Au could enhance the current density. Nonetheless, it should be noted the 
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current density is municipal outcome of all reactions occurred in solution, including the 

competing HER current.6 In addition, Au-Cu NS shows larger current density in N2 

solution than Au NS, indicating it might be more active in general.2,8 Meanwhile, 

current density by Au NS in CO2 solution is smaller than Au-Cu NS and comparable to 

Au-Cu NS-a beyond -0.7 V, which might imply active CO2 reduction occurred on Au-

Cu alloy surface. Lastly, Au-Cu NS-a generally demonstrates smaller current density 

than Au-Cu NS, possibly because of the surface reconstruction by annealing. In all, 

these results prove the Au-Cu alloy nanostar structure is an active catalyst in CO2 

reduction. 

 

Figure 5.8. CV of different catalysts in 0.5 M KHCO3 saturated with (a) N2 and (b) 

CO2. Scan range is -1.3 V to 0 V, scan rate is 10 mV/s. Gas bubbling starts 15 min prior 

to reaction and continues to end.  

 

In order to understand more quantitatively the catalytic activity and selectivity toward 

different products, CO2 electroreduction catalysis is measured under steady state 
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conditions by performing constant-potential electrolysis in 0.1 M NaOH solution 

saturated with CO2. For Au catalyst generates little hydrocarbons in liquid form, we 

focused on analysis of gaseous products by gas chromatography (GC) in this study. 

Faradaic efficiency (FE) is calculated for each product under a range of applied voltages 

(-0.7 V to -1.1 V), as shown in Figure 5.9. Au NS sample gives distinct selectivity 

toward CO and H2, with FE of CO higher than that of H2 by nearly 20% in the whole 

applied voltage range. This result is in good agreement with previous publications, that 

the major product in Au catalyzed CO2 reduction is CO.14 Interestingly, when the 

applied voltage is larger than -1 V, very low quantity of CH4 (FE < 0.3%) can be 

detected (Figure 5.9a). Several earlier publications suggest methane or ethylene can 

hardly be found in Au catalysis system,7,14,21 hence the origin of CH4 formation here is 

not fully understood and requires further investigation. In terms of Au-Cu NS catalyst 

(Figure 5.9b), the product profile is magnificently different from Au NS. Both CH4 and 

C2H4 can be found even at low applied voltage (-0.7 V). And with increasing voltage, 

FE of CH4 and C2H4 increases accordingly. Moreover, FE of H2 is higher than that of 

CO (e.g. 71% vs. 25% at -1 V), which is opposite to Au NS system. To demonstrate the 

importance of Au-Cu alloy surface morphology and composition, we also tested Au-

Cu NS-a under identical conditions (Figure 5.9c). CH4 and C2H4 can still be detected 

by GC, although the FEs are much lower than that obtained from Au-Cu NS under same 

applied voltages. Secondly, FE of H2 exceeds FE of CO in Au-Cu NS-a sample, which 

somehow resembles Au NS system. Finally, Cu NC is adopted as reference (Figure 

5.9d). It demonstrates a high product selectivity toward hydrocarbon (CH4 and C2H4), 
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and a substantially lower preference in CO production. For example, FE of CO by Cu 

NC is 45% lower than Au NS and 18% lower than Au-Cu NS at -0.7 V. Particularly, 

Cu is traditionally considered most active in hydrocarbon production in CO2 reduction 

reaction,1,2,6 however in our system, Au-Cu NS with Au component seems more 

efficient. The FE of CH4 from Cu NC is lower than that obtained from Au-Cu NS, 

especially beyond -0.9 V. Similarly, FE of C2H4 from Au-Cu NS exceeds 1% at -0.8V, 

while FE of CH4 from Cu NS at the same voltage is merely 0.5%. 

 

 

Figure 5.9. Faraday efficiency (FE) plots of different catalysts with respect to various 

gaseous products. (a) FE of CO production. (d) FE of CH4 production. (e) FE of C2H4 

production. (f) FE of H2 production. Applied voltage varies from -0.7 V to -1.1 V, 
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Sampling time is 30 min after beginning of reaction, solution: 0.5M KHCO3. CO2 

pressure: 1 atm bubble till saturation. 

 

Next, we intended to understand the cause of catalytic activity and selectivity variations 

among these nanocatalysts. Several recent studies suggest CO binding strength is key 

factor to determine hydrocarbon yield in CO2 reduction process.7-9 After adsorbed CO2 

is reduced to CO through two electron reduction step, it can either undergo desorption 

as free gaseous molecule if the binding strength of the metallic surface is not strong 

enough, or stay on the surface due to strong binding and subsequently be reduced 

further to hydrocarbon species (for instance CH4 and C2H4).
7-9 Au exhibits much 

smaller onset potential in CO2 reduction to CO step compared to Cu, as well as a weaker 

binding strength to CO.7,9 As a result, CO is released as major product catalyzed by Au, 

whiles Cu residing on the stronger binding side promotes transformation of CO to 

further reduced form that can readily serve as industrial chemicals.7,9 Therefore, it is 

theoretically logical to correlate the surface Au:Cu atomic ratio to the selectivity by the 

Au-Cu alloy nanostar structure. From our trial results, we can see the clear trend the FE 

of CO increases with increasing surface coverage of Au atoms. For example, at applied 

voltage of -0.8 V condition, Au NS (fully covered by Au atoms) yields 53% FE of CO, 

Au-Cu NS with approximately 20 at% surficial Au atoms gives 31% FE of CO, and Cu 

NC without Au atoms on its surface shows only less than 6% FE of CO (Figure 5.9). 

Such a composition-performance association can also be seen in CH4 and C2H4 FE 

changes. At -0.8 V, FE of CH4 is 8% by Cu NC, ~4% by Au-Cu NS, 1.5% by Au-Cu 
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NS-a with around 10 at% Au surface coverage, and cannot be detected by Au NS 

(Figure 5.9). Similarly, C2H4 production is completely suppressed on Au NS surface 

and the FE obtained by Au-Cu NS-a is less than 0.8% through the voltage range, but 

always larger than 1% from Cu NC and Au-Cu NS system (Figure 5.9). In short 

summary, the surface composition difference between these nanocatalysts has crucial 

effect on CO2 reduction activity and selectivity. With more Au atoms covered on the 

nanostructure’s surface, CO production tends to increase and hydrocarbon yield 

decreases.  

Table 5.2. Summary of mass activity of CO2 reduction product by different catalysts 

 

 

Nonetheless, we still noticed compositional effect might not be the sole governing 

factor. Table 1 summarized mass activity of gaseous products by each nanocatalyst at 

applied voltages of -0.7, -0.8 and -0.9 V. Firstly, if compositional difference is the sole 

factor, Cu NC without Au atoms on its surface should have maximum hydrocarbon 

(CH4 and C2H4) yield, yet Au-Cu NS exceeds Cu NC at all three voltages (Table 5.2). 

Secondly, the highest CO product is not from Au NS at -0.8 and -0.9 V, but Au-Cu NS-

a, with ~10 at% Cu atoms coverage (Table 5.2). Thirdly, we did not detect any 
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hydrocarbon product catalyzed from Cu NC at -0.7 V, but the Au-Cu NS counterpart 

gives a mass activity of 4 mA/mg. Even Au-Cu NS contributes in 0.5 mA/mg. These 

observations clearly indicate compositional effect might not be the sole influence to 

CO2 reduction activity and selectivity.  

 

Surface morphology is always considered important in controlling the selectivity of 

CO2 reduction. Density functional theory (DFT) calculations based on Cu (100), (111) 

and (211) surfaces reveals (211) surface with a step characteristic could most effectively 

stabilize adsorbed CO molecule on the Cu surface.22,23 This necessarily facilitates the 

protonation and further reduction of CO to hydrocarbon molecules.22,23 Other research 

works conducted on polycrystalline Au and Cu nanocatalysts also show grain boundary 

might play an important role in CO2 reduction.21,24  

 

When the gran boundary density on a polycrystalline Au decreases, the surface-area-

normalized activity for CO2 reduction also drops.21 The oxide derived Cu structure 

shows much higher overall activity than the single crystalline Cu nanoparticle, also due 

to its extensive grain boundaries.24 These publications could possibly support our 

experimental results. First, the roughness of the surface can be modeled as a large 

number of defects such as steps.22 In our Au-Cu NS, the surface is covered with 

polycrystalline alloy clusters, whose thickness is uneven and the crystalline orientation 

is random (Figure 5.3f). As a consequence, high index facets with step feature can be 
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expected, which could promote hydrocarbon formation, as shown in Figure 3 and Table 

1. Likewise, annealing treatment largely reduces Au-Cu NS-a surface roughness, but 

the Au-Cu alloy layer still possesses certain level of thickness variation (Figure 5.3i). 

This explains its lower hydrocarbon yield compared to Au-Cu NS, and higher CO yield 

than Au NS nanocatalyst. Secondly, the Au-Cu alloy deposition on Au-Cu NS surface 

is polycrystalline in the form of small grains (4 – 5 nm), thus the grain boundary density 

on its surface must be considerably high (Figure 5.3f). Such a high grain boundary 

density is responsible for the high overall catalytic activity in CV test results (Figure 

5.3), and the high mass activity in hydrocarbon production (Table 5.2). Further, 

although structure detail within grain boundaries is complicated and difficult to model, 

it is highly possible the high angle of misorientation and inclination leads to large 

numbers of dangling bonds.25 This again would help stabilize the adsorbed CO 

molecules and thus boost hydrocarbon yield. In summary, the surface morphology 

feature in Au-Cu NS and Au-CuNS-a could be part of the causes of their higher activity 

and hydrocarbon yield in CO2 reduction. 
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Figure 5.10. Catalytic stability of Au-Cu NS by current change and FE of CO 

production over time. Applied voltage is -0.8 V, scan length is 4.5 hours. Sampling 

starts 30 min after beginning of reaction, with 30 min interval. Solution: 1M NaOH. 

CO2 pressure: 1 atm bubble till saturation. Black line represents current change and blue 

dots represents FE results. 

 

Lastly, the stability of Au-Cu NS nanocatalyst is tested using -0.8 V applied voltage 

continuously for 4 hours, and corresponding FE of CO analyzed every 30 minutes is 

recorded and compared (Figure 5.10). Au-Cu NS exhibits an initial current density of 

1.25 mA/cm2.The current density gradually decays to ~1.2 mA/cm2 within 1 hour and 

remains for the rest 3 hours. During this period, the initial FE of CO recorded is 28%. 

It raises to 30% after 1 hour and declines till ~23% after 4 hours. We propose the current 

declination and FE degradation might be associated with catalyst surface structure 

change. With extensive surface defects from grain boundaries and steps, surface atom 

migrations,26 surface poisoning,26 and strain release from Au-Cu alloy structure27 can 

be expected. TEM analysis on Au-Cu NS proves our guess, as the nanoparticle shows 

apparent ripening after 4 hours reaction (Figure 5.11). 
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Figure 5.11. TEM image of Au-Cu NS after CO2 reduction.  

 

5.3.3. Comparison of Au-Cu star with other metal catalyst in CO2 reduction  

 

From Table 5.3., it can be seen our Au-Cu NS structure gives very high FE of CH4 at 

applied voltage of -0.7 V. It is almost comparable to pure Cu in bulk form, and 

significantly higher than other Au-Cu alloy catalyst in CO2 reduction applications 

reported before. Moreover, it can be seen that Au-Cu NS-a, although gives a lower FE 

of hydrocarbons, still yield promising amount of CH4, especially considering it is 

composed of Au-dominant surface.  

 

Table 5.3. Comparison of Au-Cu star with other metal catalyst in CO2 reduction  
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5.4.  Conclusion 

 

In conclusion, Au-Cu nanostar structure is obtained via two step wet-synthesis 

approach. The structure features an Au nanostar core and Au-Cu alloy surface. 

Structural analysis demonstrates the Au0.2Cu0.8 deposition layer is composed of small 

polycrystalline clusters with small grains and random crystal orientations, which makes 

the overall surface thickness uneven. Annealing treatment in inert environment greatly 

reduces the surface roughness through surface reconstruction. Also, inter-diffusion 

between Au and Cu atoms changes surface composition to Au0.9Cu0.1.  
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When the Au NS, Au-Cu NS and Au-Cu NS-a are applied in CO2 reduction, Au-Cu NS 

nanocatalyst exhibits much higher overall catalytic activity, hydrocarbon yield and total 

carbon-containing gaseous product yield, which can be attributed to both the Au-Cu 

alloy composition, and its unique surface morphology. With this effective alloy catalyst 

for CO2 reduction, it opens both challenges and opportunities of designing the alloy 

nanocatalyst with fine surface compositional and morphological control, toward the 

ultimate goal to make CO2 reduction a viable industrial solution in near future.   
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Chapter 6 

6. Plasmon-enhanced TiO2-Au/Pd nanocomposite photocatalyst for tandem 

synthesis of benzimidazole 

 

6.1. Introduction  

 

Catalytic research has been long served as center of chemical industry development to 

deliver wide ranges of organics with high yields. One of the grand challenges is, 

complicated target products are normally acquired through a series of reaction steps, 

which requires redundant separation and purification procedures.1-3 By catalyzing 

sequential or concurrent two or more reactions in a single reactor to yield desired 

product(s), tandem catalysis design takes advantage over traditional multistep synthesis 

system in production period, atom economy, toxic intermediate safety, waste reduction, 

as well as minimize energy and equipment requirement.1-3 More importantly, complex 

products otherwise difficult to synthesize can be envisioned.1-2 Previously, many 

research groups have contributed to both homogenous and heterogeneous tandem 

catalysis. Through utilization of Ni-based complex and cationic Ti derivative system, 

linear low density polyethylene (LLDPE) with Mw of 460,000 g/mol can be obtained.4,5 

In terms of heterogeneous catalysis, Pd-Os and Pd-Os-W nanocatalysts are found active 

in tandem Heck/hydrogenation and Suzuki/reduction reactions.2,6 Nonetheless, lots of 

the blanks in tandem catalysis field are yet to be filled. For example, knowledge on 

systematic design of each component and maximization of the synergetic effect is 
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limited.3,7 Incorporating photocatalysis with tandem catalysis has not been fully 

investigated despite the enormous economic benefit.8-10 In addition, most of the tandem 

catalysts reported so far targeted at relatively simple reactions, while the feasibility of 

tandem catalysis in complicated industrial applications is still questionable.1-3 

 

Benzimidazole ring is an important pharmacophore in modern drug discovery, which 

has significant activity against several viruses such as HIV, HSV-1, RNA, influenza 

and human cytomegalovirus.11-13 Traditionally, it is produced by coupling 1,2-

diaminobenzenes with carboxylic acids under harsh dehydrating acidic environment 

and high temperature.11-13 Direct reaction of phenylenediamine substrates with 

aldehydes offers a relatively mild reaction condition, but is restricted by unstable 

aldehyde reactant and excessive oxidant.12 Besides, aldehyde is generally less favored 

than alcohol because of its volatility, pungent odor, and easy degradation via 

autoxidation in air.12 Moreover, catalysts used in most aforementioned synthetic routes 

are homogenous, which adds difficulty in purification and catalyst recycling.14 In terms 

of heterogeneous catalysis, transition metal catalyzed preparation of N-

alkylbenzimidazoles from o-haloanilines provides an alternative route, however 

preparation of the starting material anilides is onerous.15,16 Hence, the design of an 

alternative heterogeneous catalyst which allows mild reaction condition and stable 

reactants like alcohol is highly desirable. 
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Figure 6.1. Illustration of tandem synthesis of benzimidazole catalyzed by plasmon-

enhanced TiO2-Au/Pd nanocomposite  

 

To address the above-mentioned challenges in benzimidazole production, we report 

hereby a highly efficient plasmon-enhanced tandem catalysis system, which allows 

alcohols to participate in reaction directly with phenylenediamine substrates at room 

temperature, in absence of strong acids or oxidants. The heterogeneous nanocatalyst is 

composed of commercially available Degussa P25 TiO2 nanoparticles and plasmonic 

Au/Pd nanowheels. It features following four aspects. First, the system embarks 

synergetic enhancement in reaction flow and overall catalytic performance (Fig. 6.1). 

Ethanol is used directly as starting material, which is oxidized to acetaldehyde on Au/Pd 

nanowheel surface (1st step). Then, acetaldehyde reacts in situ with o-phenylenediamine 

substrate to form final products (2nd step). Through this, we expect a substantial 

improvement in overall kinetics while avoiding aldehyde introduction in the beginning. 
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Second, the surface composition of Au/Pd nanowheel is well tailored to improve its 

catalytic activity. Through annealing treatment, the metallic surface previously of 

segregated Au and Pd domains transforms to Au-Pd alloy. Since Au-Pd bimetallic 

surface is generally considered more active or selective than pure Au or Pd surface,17,18 

a more prompt oxidative catalysis behavior can be anticipated. Third, apart from the 

overall conversion, the selectivity is closely related to this alloy surface. o-

phenylenediamine may either take one acetaldehyde molecule to form main product 2-

methylbenzimidazole via a dehydrogenation step, or two acetaldehyde molecules to 

form 1-ethyl-2-methyl-1H-benzimidazole as by-product. Hence the selectivity is 

heavily affected by the dehydrogenation of benzimidazoline intermediate. On the other 

hand, the alloy surface on Au/Pd nanowheel as effective oxidative catalyst can 

substantially promote the dehydrogenation reaction, therefore guarantee preferential 

formation of main product. Last, the system adopts environmental friendly 

photocatalysis approach, in which the oxidation of ethanol in 1st step and 

dehydrogenation of benzimidazoline intermediate in 2nd step is facilitated by photo-

generated holes. More significantly, Degussa P25 TiO2, although widely acknowledged 

a cost-effective and active photocatalyst, lacks visible range absorption.19 The Au/Pd 

nanowheel with strong plasmonic adsorption near 550 nm (see materials 

characterization part for details) can raise the overall photon utilization efficiency.  

 

6.2. Experiment  
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6.2.1. Materials synthesis  

 

Synthesis of Au/Pd nanowheel: Au/Pd nanowheel was prepared according to published 

protocol33 with modification. Briefly, 0.35 ml 0.1 M octadecyltrimethylammonium 

(OTAC) aqueous solution was mixed with 0.1 ml 1 M HNO3 solution and 0.4 ml water. 

After shaking gently, 0.4 ml 10 mM HAuCl4 aqueous solution and 0.12 ml 10 mM 

Na2PdCl4 aqueous solution was introduced. The mixture was vigorously stirred for 5 

min, before 2 ml 1 M ascorbic acid (AA) aqueous solution was quickly injected. The 

solution was continuously stirred for 2 hours and washed by centrifuge and precipitation.  

 

Synthesis of Au-alone or Pd-alone nanostructure: 0.35 ml 0.1 M OTAC aqueous 

solution was mixed with 0.1 ml 1 M HNO3 solution and 0.4 ml water. After shaking 

gently, 0.52 ml 10 mM HAuCl4 aqueous solution or 0.52 ml 10 mM Na2PdCl4 aqueous 

solution was introduced. The mixture was vigorously stirred for 5 min, before 2 ml 1 

M AA aqueous solution was quickly injected. The solution was continuously stirred for 

two hours and washed by centrifuge and precipitation.  

 

Integration of TiO2 and Au/Pd nanowheel: TiO2 nanopowder was grinded and mixed 

with 1M 6-mercaptohexanoic acid (MHA) aqueous solution. After stirring overnight, it 

was washed by ethanol and dried in air. Next, it was added to desired amount of freshly 

prepared Au/Pd nanowheel aqueous solution and sonicated for 30 min. The mixture 
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was then stirred for at least 24 hours (sonicate for 10 min after every 3 hours). The 

sample was then washed by water and dried in air. It was then annealed at 150 oC for 2 

hours under Argon protection. Finally, it was grinded again to maintain fair separation.  

 

Integration of carbon black (CB) and Au/Pd nanowheel: Commercially available CB 

was mixed with Au/Pd nanowheel in aqueous solution. After sonicating it for 30 min, 

it was stirred overnight. The sample was washed by water and dried in air. It was then 

annealed at 150 oC for 2 hours under Argon protection. Finally, it was grinded to 

maintain fair separation.   

 

6.2.2. Catalytic reaction  

 

Catalytic experiment: Oriel Instruments arc lamp source (200 W at source) equipped 

with Spectra-Physics controller is used as light source for catalytic experiments. In a 

typical reaction, 10 ml ethanol was mixed with catalysts in a sealed Pyrex glass tube 

(50 ml) with continuous N2 flow (1 atm). The glass tube bottom was in contact with 

circulating water reservoir to keep the solution at room temperature throughout reaction. 

After pruging N2 for 15 min, desired amount of o-phenylenediamine was injected by 

syringe. The light source was then turned on and continues for 3 hours. Sampling was 

done per 15 ± 1 min in the first hour and 30 ± 1 min subsequently. Product identification 

was done on Waters Micromass LCT Premier Mass Spectrometer, and Shimadzu GC-



 

133 
 

MS QP2010Plus equipped with EI detector. Following product quantification was done 

on GC-MS.   

 

Apparent Quantum Yield (QY) measurement: Light source used for QY measurement 

was identical to other catalytic experiments. For monochromic test, Oriel instruments 

Cornerstone 260 1/4m monochromator was connected to light source to filter incident 

light to monochromic source (source used: from 450 nm to 560 nm, light wavelength 

increases 10 nm every time. From 560 nm to 800 nm, the increment is 20 nm). Each 

time, light beam with fixed wavelength was directed by tuning grating at outlet to center 

of glass tube. In order to prevent background light contamination, the whole optical 

path and glass tube was covered tightly by aluminum foil. QY was determined by the 

ratio between the number of reacted electrons (represented by number of molecules 

converted, multiplied number of electrons needed for conversion of each molecule) and 

number of incident photons.  

 

Electrochemical measurement: Electrochemical analysis was performed on Princeton 

Applied Research VersaSTAT 4 electrochemical workstation. Analyte aqueous 

solution was dropped onto clean FTO substrate (0.2 cm2), and dried in air. The electrode 

was fabricated by soldering Cu wire to bare side of FTO substrate, and sealed with 

insulating epoxy resin. After drying in air, it was placed in conventional three-electrode 

cell, with Ag/AgCl (3M NaCl) as reference electrode. After bubbling N2 for 15 min, 
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0.5 M NaOH and 0.5 M ethanol mixture solution was carefully introduced to cell till 

fully merge FTO substrate with catalyst. Scan rate was 50 mV/s and scan range was 

from -0.6 to 0.4 V.  

 

Recyclability test: Recyclability test followed previous catalytic experiment protocol. 

After each cycle, TiO2-Au/Pd nanocomposite was collected by centrifuge and washed 

repeatedly by water and ethanol. Decanted ethanol solution was analyzed by GC-MS 

to make sure no detectable organic residue on TiO2-Au/Pd nanocomposite. After that it 

was re-introduced to next cycle. 

 

6.3. Results  

 

6.3.1. Materials characterization results 

 

Low magnification transmission electron microscope (TEM) image shows the size of 

typical Au/Pd nanowheel is 80 ± 15 nm, with a few exceptions of less than 20 nm 

(Figure 6.2a). High resolution TEM (HRTEM) image on a single particle (Figure 6.2b) 

displays clear phase contrast between central circular plate and surrounding 

circumference approximately 10 ± 5 nm in width. Lattice analysis shows the d-spacing 
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of the planes is 2.36 Å in central domain and 2.24 Å in circumference domain, which 

can be assigned to fcc Au (111) and fcc Pd (111) facets respectively (Figure 6.2c).   

 

Figure 6.2. (a) Representative low magnification TEM image of Au/Pd nanowheels. (b) 

HRTEM image of single Au/Pd nanowheel. (c) HRTEM image lattice analysis based 

on a small region in (b), indicated by dotted square. (d-f) STEM-HAADF element 

mapping of a single Au/Pd nanowheel without annealing. (d) STEM-HAADF image of 

the nanowheel. (e) Au-L scan. (f) Pd-L scan. (g-i) STEM-HAADF element mapping of 

a single Au/Pd nanowheel after annealing. (g) STEM-HAADF image of the nanowheel. 

(h) Au-L scan. (i) Pd-L scan. (j) XPS survey on Au 4f peak of Au/Pd nanowheels in 

TiO2-Au/Pd nanocomposite before and after annealing. Black curve: after annealing. 

Red curve: before annealing. Scale bar: (a,b) 50nm, (c) 5 nm. 
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The overall morphology of annealed TiO2-Au/Pd nanocomposite is shown in scanning 

electron microscope (SEM) and TEM images (Figures 6.3, 6.4).  

 

Figure 6.3. (a-d) Representative TEM images of TiO2-Au/Pd with different TiO2 to 

Au/Pd mass ratios (a) 10:1, (b) 100:1, (c) 500:1 and (d) 1000:1. Scale bar: 100 nm.  
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Figure 6.4. SEM images of TiO2-Au/Pd (TiO2 to Au/Pd mass ratio is 10:1) with Au/Pd 

nanowheels highlighted by blue arrows.  

 

Scanning transmission electron microscope equipped with high-angle annular dark field 

(STEM-HAADF) element mapping reveals the Au/Pd nanowheels disperse evenly 

inside TiO2 matrix (Figure 6.5).  
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Figure 6.5. (a) HRTEM image of TiO2-Au/Pd nanocomposite. (b) STEM-HAADF 

image of TiO2-Au/Pd nanocomposite. The red square highlighted region is identical to 

that in (a), and is used for element mapping in (c,d). (c) STEM-HAADF element 

mapping Au-L scan on TiO2-Au/Pd nanocomposite. (d) STEM-HAADF element 

mapping Pd-L scan on TiO2-Au/Pd nanocomposite. Scale bar: 500 nm. 
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Specifically, Au/Pd nanowheel samples before and after annealing are analyzed by 

STEM-HAADF element mapping and line scan to track the surface composition change. 

Before annealing, the nanowheel is a typical core/shell (Au/Pd) structure with little Pd 

element in core region (Figure 6.2e,f). After annealing, significant inter-diffusion of Au 

and Pd atoms results in a more uniform, mixed element distribution (Figure 6.3h,i, 6.6, 

6.7).  

 

Figure 6.6. (a) STEM-HAADF image of Au/Pd nanowheel before mixing with TiO2, 

and corresponding EDX line scan on Au and Pd. (b) STEM-HAADF image of Au/Pd 
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nanowheel in TiO2-Au/Pd nanocomposite, and corresponding EDX line scan on Au and 

Pd. 

 

Figure 6.7. STEM-HAADF analysis on annealed Au/Pd nanowheel. (a) STEM-

HAADF image of a single Au/Pd nanowheel. (b) Au-M mapping results on Au/Pd 

nanowheel. (c) Pd-L mapping results on Au/Pd nanowheel. (d) Line-scan profile based 

on Au-L and Pd-L scans.  

 

HRTEM lattice analysis also confirms existence of Au-Pd alloy phase in annealed 

Au/Pd nanowheel (Figure 6.8). Lastly, to quantify element composition of Au/Pd and 
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TiO2-Au/Pd composite, we employed STEM Energy-dispersive X-ray spectroscopy 

(EDX). Au accounts for 93.72 wt% in Au/Pd, or the molar ratio of Au:Pd is 88.8:11.2 

(Figure 6.9). In TiO2-Au/Pd, Au:Pd molar ratio is roughly the same (88.2:11.8) (Figure 

6.9). The accuracy of above results is verified by inductively coupled plasma atomic 

emission spectroscopy (ICP-AES) (Figure 6.10). Thus, we can conclude Au/Pd 

nanowheels are mixed with TiO2 matrix uniformly. The nanowheel itself displays 

core/shell composition before annealing, and forms Au-Pd alloy surface after annealing.  

 

Figure 6.8. HRTEM image of annealed Au/Pd nanowheel. Analysis on friges in red 

square circled area shows Au (111) facet of 2.355 A, in boundary region betwen initial 

Au wheel and Pd border (in blue sqaure) shows AuPd alloy (200) facet of 1.968 A with 
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a possible composition of Au0.6Pd0.4, and in Pd alone regions (yellow colored square 

region) shows typical Pd (111) of 2.236 A.  

 

Figure 6.9. STEM-EDX analysis on Au/Pd and TiO2-Au/Pd (TiO2 to Au/Pd mass ratio 

is 10:1). 
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Figure 6.10. ICP-AES analysis on Au/Pd and TiO2-Au/Pd (TiO2 to Au/Pd mass ratio 

is 10:1). 

 

Since our catalyst system design relies on integration of TiO2 and Au/Pd components, 

the intimate connection between two domains’ vicinity is crucial. X-ray photoelectron 

spectroscopy (XPS) characterization on Au 4f peak in TiO2-Au/Pd sample identifies 

that Au 4f7/2 and Au 4f5/2 peaks both blue-shift after annealing (Figure 6.2g). This might 

be a mutual effect of electron transfer from oxygen vacancy of TiO2,20 and formation 

of Au-Pd alloy.21 Deconvolution of Ti 2p peak in annealed TiO2-Au/Pd shows Ti 2p3/2 

peak is located at 458.8 eV with obvious shoulder between 456 eV and 458 eV, 

normally a indicator of increased Ti3+ content with respect to pristine P25 (Figure 

6.11).22  
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Figure 6.11. XPS deconvolution of Ti 2p peak in TiO2 and TiO2-Au/Pd nanocomposite. 

The shoulder on TiO2-Au/Pd around 457 eV indicates p-doping in TiO2.  

 

Under current circumstance, it is most possibly from interference on Ti-O bonds by 

metal atoms, as a result of the strong bond formation between TiO2 and Au/Pd.22 

Moreover, diffuse reflectance spectroscopy was used to study optical property of TiO2-

Au/Pd nanocomposite (Figure 6.12). While the P25 TiO2 absorbs mostly below 400 nm, 

apparent absorption enhancement in visible range is observed after Au/Pd is introduced. 

Interestingly, with increasing amount of Au/Pd (TiO2:Au/Pd mass ratio decreases from 

100:1 to 10:1), the spectrum trough deepens in visible range with obvious minima at 

~560 nm (Figure 6.12a). This value is close to the absorption peak of Au/Pd nanowheel 

(~540 nm) measured in solution form (Figure 6.12b), therefore can be ascribed to the 

surface plasmon resonance (SPR) of Au/Pd nanowheel. The 20 nm red shift can be 

attributed to high refractive index of TiO2 as discussed in earlier literatures.23-27 These 

results prove that Au/Pd nanowheels could facilitate visible range absorption of the 

nanocomposite. 
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Figure 6.12. (a) Diffuse reflectance spectra of TiO2 and TiO2-Au/Pd nanocomposite. 

The ratio indicated for blue and red curves are mass ratio between TiO2 and Au/Pd. (b) 

UV-Vis absorption spectrum of Au/Pd nanowheel in aqueous solution. Inset: photos of 

freshly made Au/Pd nanowheel solution (left) and TiO2-Au/Pd solution (right) in 

ethanol. 

 

6.3.2. Catalytic activity results  

 

Catalytic performance of TiO2-Au/Pd is assessed in reaction of o-phenylenediamine 

and ethanol with white light irradiation. All experiments were under N2 protection to 

avoid ambient oxygen interference. The overall reaction is shown in Figure 6.1, where 

ethanol is photo-oxidized to acetaldehyde, which subsequently reacts with o-

phenylenediamine. The monoimine intermediate, after transferring to benzimidazoline 

reversibly, undergoes dehydrogenation to form final product 2-methylbenzimidazole. 
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The major by-product in this reaction is 1-ethyl-2-methyl-1H-benzimidazole, as a result 

of second acetaldehyde addition and rearrangement of imidazole ring.12 In dark control 

experiments, none of the catalysts create detectable products (Table 6.1, Entries 1-4), 

suggesting photo-initiated nature of the reaction. With white light irradiation, TiO2-

Au/Pd helps converting >99.9% reactants after three hours, equivalent to TON of 3,850 

(Table 6.1, Entry 7). It exceeds TiO2 trial result of 25.8% yield, as well as Au/Pd trial 

of 2.6% yield (Table 6.1, Entries 5,6). These results clearly indicate the high catalytic 

activity is a synergetic outcome contributed by both TiO2 and Au/Pd. Next, impact of 

Au/Pd nanowheel dosage is examined. When mass ratio of TiO2 to Au/Pd is 100:1, it 

demonstrates best catalytic performance (Table 6.1, Entry 7). Reducing metal 

nanoparticle dosage results in lower conversions (Table 6.1, Entries 9-11), while further 

increasing Au/Pd dosage to 10:1 also leads to reduction in conversion (Table 6.1, Entry 

8). These phenomena can be explained as the following: Au/Pd nanowheel serves as 

plasmon absorber and provides catalytic sites. Larger Au/Pd dosage means increased 

reaction kinetics and number of active sites. However, excessive metal component 

increases exciton recombination occurrence,28 which is eventually reflected by 

inversely changed conversion. Moreover, we tested physical mixture of TiO2 and Au/Pd 

to compare its catalytic effect with integrated nanocomposite (Table 6.1, Entry 12). The 

physical mixture only gives 34.6% yield, probably due to lack of synergetic 

collaboration, and restricted exciton transfer across interface between semiconductor 

and metal domains. Lastly, TiO2-Au and TiO2-Pd are used as reference. The conversion 
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obtained from TiO2-Au is only 50.6%, and from TiO2-Pd is 70.5%, which demonstrates 

the advantage of bimetallic Au/Pd over its singular metal components.  

 

Table 6.1. Conversion and selectivity results by various catalysts and reaction 

conditions 

 

Experiment condition: 2 mmol of o-phenylenediamine, 10 ml ethanol, N2 gas (1 atm), 

reaction time 3 hours. * Physical mixture of TiO2 nanoparticles and Au/Pd nanowheels 

(without annealing). 

 

Given these optimistic results, we intended to learn the catalytic mechanism and 

relationship between catalyst structure and its performance. The conversion and 



 

148 
 

selectivity change in different catalyst systems is tracked with time (Figure 6.13). In 

TiO2-Au/Pd catalyzed reaction, 47.3% conversion is achieved in the first hour, and 

nearly 90% within two hours, which is impressively higher than TiO2 trial (8.3% and 

21.4% respectively). Additionally, the selectivity toward main product maintains at 

98.9% after three hours in TiO2-Au/Pd trial, but drops to 84.6% in TiO2 system. In 

terms of selectivity, TiO2-Au/Pd trial is 99.6%, 99.1% and 98.9% selective to main 

product in one hour, two hours and three hours span. Comparatively, the selectivity 

from TiO2 trial drops to 93.4% within first hour, to 89.7% in second hour and reaches 

84.6% after three hours. Such huge differences in both conversion and selectivity may 

be attributed to the influence from Au/Pd nanowheels. With Au/Pd nanowheels, both 

the ethanol oxidation in 1st step and benzimidazoline dehydrogenation in 2nd step can 

be promptly catalyzed, thus the overall yield is high. TiO2 is inert in those two reaction 

steps, hence the overall kinetic is relatively slow. Also, selectivity to main product is 

associated with dehydrogenation of benzimidazoline intermediate. Since generation of 

by-product 1-ethyl-2-methyl-1H-benzimidazole requires two acetaldehyde molecules 

while main product 2-methylbenzimidazole needs one, acetaldehyde molecules 

accumulated from 1st step might kinetically favor the generation of by-product to 

consume more and restore the equilibrium (Fig. 6.1). This is coherent with TiO2 

catalysis situation, where selectivity to main product drops constantly with time. With 

Au/Pd catalyst, dehydrogenation of benzimidazoline would effectively help fast 

consumption of acetaldehyde, and consequently drive the equilibrium to preferential 

main product formation side.     
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Figure 6.13. (a) Illustration of reaction process and products. (b,c) Time-on-line 

monitoring of conversion and selectivity change. Black curve depicts conversion, blue 

curve with dot represents selectivity towards 2-methylbenzimidazole, blue curve with 

triangle represents selectivity towards 1-(1-ethyl-2-methyl-1H-benzimidazole. 

Experiment condition: 2 mmol of o-phenylenediamine, 10 ml ethanol, 10 mg catalyst 

(9.9 mg TiO2 + 0.1 mg metal for TiO2-Au/Pd), N2 gas (1 atm), white light, reaction time 

3 hours. 

 

To prove our hypothesis on the catalysis mechanism, detailed experiments are designed 

to test the catalytic effects posed on each reaction step. Firstly, Au/Pd nanowheel is 

believed to promote 1st step ethanol oxidation by overpotential suppression. 



 

150 
 

Electrochemical analysis shows TiO2-Au/Pd gives onset potential below -0.1 V, while 

TiO2 is only active above 0.3 V (Figure 6.14a). This result is in good agreement with 

prior studies on metal-semiconductor photocatalysts, in which metallic component 

reduces energy path for cleavage of α-H on ethanol.29 Secondly, Au/Pd surface could 

catalyze dehydrogenation of benzimidazoline intermediate in 2nd step. To verify this, 

we mimicked 2nd step by introducing equimolar amount of acetaldehyde to o-

phenylenediamine with different catalysts in dark condition (Figure 6.14b). The 

conversion and selectivity result from TiO2 resembles that of blank trial, indicating that 

TiO2 is inert in this step. On the other hand, both TiO2-Au/Pd and carbon black (CB)-

Au/Pd (annealed) achieve high conversion (78% and 79%, respectively) and ~95% 

selectivity to main product. This result sufficiently proves Au/Pd nanowheel plays a 

very important role in dehydrogenation of benzimidazoline intermediate. Therefore, the 

TiO2-Au/Pd nanocomposite enables tandem synthesis of benzimidazole using alcohol 

in replacement of aldehyde. Au/Pd nanowheels provide active sites for both ethanol 

oxidation and benzimidazoline dehydrogenation steps, which is crucial in final 

conversion and selectivity. 
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Figure 6.14. (a) Electrochemical analysis of ethanol oxidation catalyzed by TiO2-

Au/Pd (TiO2:metal mass ratio is 100:1) and TiO2. (b) Conversion and selectivity 

comparison by different catalysts during 2nd step reaction in dark. Reaction condition: 

2 mmol of o-phenylenediamine, 2 mmol of acetaldehyde, 10 ml ethanol, N2 gas (1 atm), 

dark environment, reaction time 3 hours. TiO2-Au/Pd (annealed): 9.9 mg TiO2 + 0.1 

mg Au/Pd. CB-Au/Pd (annealed): 9.9 mg CB + 0.1 mg Au/Pd. TiO2: 10 mg TiO2. 

 

Besides the synergic effect from TiO2 and Au/Pd components discussed above, 

catalytic surface design is also closely related to the overall performance. Particularly 

in current reaction system, metallic catalyst plays an exceptionally weighted part in 

both conversion and selectivity. In terms of conversion, we have demonstrated Au/Pd 

is more active than Au or Pd singular counterparts (Table 6.1, Entries 13,14). In addition, 

we analyzed influences of various surface compositions on 2nd step (Table 6.2, part B-

D). The reactions were carried in dark condition with equimolar amount of 
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acetaldehyde to o-phenylenediamine. TiO2-Au yields 52.3% conversion, TiO2-Pd 

yields 69.6 %, and the physical mixture of them yields 62.8% within three hours. None 

of them is comparable to TiO2-Au/Pd performance under same dark condition (77.8%). 

Moreover, since annealing creates Au-Pd alloy phase (Figure 1g-i, S4-6), we also 

intended to understand if this alloy structure is distinctively better than core/shell 

structure before annealing. Catalytic test based on CB-Au/Pd without annealing for 2nd 

step reaction shows a conversion of 57.9% after three hours (Table S1, part E), which 

again proves the segregated Au and Pd domains in core/shell structure is less active. 

The superior activity of Au-Pd alloy structure concedes with previous publications that 

Au-Pd alloy is more efficient catalyst than Au or Pd.17,18 Its perturbed d band center 

gives weaker binding strength of adsorbed substrates, which considerably prevents self-

poisoning and maintains high intrinsic activity constantly.17    

 

Table 6.2. Control experiment results with various catalysts 

 

A: TiO2-Au/Pd (annealed) 

 

Reaction 

time (hrs) 

Conversion Selectivity 
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(%) (%) 

0 0 0 

1 42.6 99.3 

2 58.3 97.2 

3 77.8 95.9 

 

Experiment condition: 2 mmol of o-phenylenediamine, 10 ml ethanol, 2 mmol 

acetaldehyde, 10 mg catalyst (TiO2 + metal, m:m = 100:1), N2 gas (1 atm), reaction 

time 3 hours, dark reaction.  

 

B: TiO2-Au (annealed)* 

 

Reaction 

time (hrs) 

Conversion 

(%) 

Selectivity 

(%) 

0 0 0 

1 20.5 84.9 

2 36.8 86.1 
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3 52.3 79.4 

Experiment condition: 2 mmol of o-phenylenediamine, 10 ml ethanol, 2 mmol 

acetaldehyde, 10 mg catalyst (TiO2 + metal, m:m = 100:1), N2 gas (1 atm), reaction 

time 3 hours, dark reaction.  

*: morphology of Au nanoparticle and TiO2-Au composite is shown in Figure S10. 

 

C: TiO2-Pd (annealed)* 

 

Reaction 

time (hrs) 

Conversion 

(%) 

Selectivity 

(%) 

0 0 0 

1 38.6 98.6 

2 52.7 92.4 

3 69.6 92.8 

 

Experiment condition: 2 mmol of o-phenylenediamine, 10 ml ethanol, 2 mmol 

acetaldehyde, 10 mg catalyst (TiO2 + metal, m:m = 100:1), N2 gas (1 atm), reaction 

time 3 hours, dark reaction.  
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*: morphology of Pd nanoparticle and TiO2-Pd composite is shown in Figure S10. 

 

D: TiO2-Au and TiO2-Pd (physical mixture, annealed) 

 

Reaction 

time (hrs) 

Conversion 

(%) 

Selectivity 

(%) 

0 0 0 

1 31.3 87.6 

2 43.7 85.4 

3 62.8 84.1 

 

Experiment condition: 2 mmol of o-phenylenediamine, 10 ml ethanol, 2 mmol 

acetaldehyde, 10 mg catalyst (TiO2 + metal, m:m = 100:1) including 9 mg TiO2-Au and 

1 mg TiO2-Pd, N2 gas (1 atm), reaction time 3 hours, dark reaction.  

 

E: CB-Au/Pd (without annealing) 



 

156 
 

 

Reaction 

time (hrs) 

Conversion 

(%) 

Selectivity 

(%) 

0 0 0 

1 35.2 96.6 

2 46.7 94.2 

3 57.9 90.8 

 

Experiment condition: 2 mmol of o-phenylenediamine, 10 ml ethanol, 2 mmol 

acetaldehyde, 10 mg catalyst (CB + metal, m:m = 100:1), N2 gas (1 atm), reaction time 

3 hours, dark reaction.  

 

The benefit in metal catalyst design also extends to product selectivity. Benzimidazole 

production in industry with aldehyde as starting material usually requires addition of 

excessive oxidant to maintain high selectivity.11-13 In contrary to this tedious approach, 

the Au-Pd alloy surface on Au/Pd nanowheel is catalytically active in oxidation reaction, 

hence it could effectively promote benzimidazoline dehydrogenation and indirectly 

helps maintain the high selectivity. This can be proved as the trend in 2-

methylbenzimidazole selectivity follows Au/Pd relative dosage change (Table 6.1, 
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Entries 7-11). TiO2:Au/Pd mass ratio of 10:1 gives nearly 100% selectivity, which 

drops to 79% when the mass ratio changes to 1000:1. Also, if comparing Au/Pd catalyst 

with Au or Pd catalysts, we can also draw similar notation: TiO2-Au trial shows a 

selectivity of 82.3% and TiO2-Pd trial gives 93.6%, both are lower than 98.9% 

selectivity by TiO2-Au/Pd (Table 6.1, Entries 7,13,14). In one word, the high activity 

of Au/Pd nanowheel in benzimidazoline dehydrogenation determines the predominant 

selectivity to 2-methylbenzimidazole. 

 

Lastly, plasmon-enhanced photocatalysis is another striking feature of this catalytic 

system. Previous studies revealed hot carrier transfer and local electrical field 

enhancement are the main mechanisms.30,31 To correlate them with our catalytic results, 

we carried on monochromic irradiation experiment based on both TiO2-Au/Pd 

nanocomposite and TiO2 (see experiment section for details). Monochromic test on 

TiO2-Au/Pd shows both the conversion and the quantum efficiency rise sharply when 

irradiation wavelength is near 550 nm (Figure 6.15). The highest conversion and 

quantum efficiency are obtained at 560 nm, which is identical to maximum absorption 

of TiO2-Au/Pd nanocomposite (Figure 6.2a) and close to Au/Pd nanowheel's SPR peak 

(Figure 6.2b). Once the wavelength used shifts away, these conversion and quantum 

yield increments disappear quickly (Figure 6.15). This is consistent with previous 

observations from TiO2-Au, that once the excitation wavelength corresponds to metal 

SPR band, hot electrons could be generated on metal surface and injected into 

conduction band of adjacent semiconductor, leaving photo-generated holes on metal 
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surface.32-35 The holes are responsible for the oxidation reaction,34 which in our case is 

ethanol oxidation and benzimidazoline dehydrogenation.  

 

Figure 6.15. Quantum yield calculated based on conversion obtained from 

monochromic tests on TiO2-Au/Pd nanocomposite. Red curve represents absorption 

peak of Au/Pd nanowheels in aqueous solution. Blue curve represents conversion of o-

phenylenediamine catalyzed by 10 mg TiO2-Au/Pd nanocomposite (m:m = 10:1) using 

monochromic light source ranging from 450 nm to 800 nm. Black curve with square 

dots represents quantum efficiency calculated with respect to each wavelength.  

 

Nonetheless, we could not rule out the possibility of local field enhancement 

mechanism, because our result indicates abnormal rise in visible-range photoresponse 

from 500 nm to 575 nm catalyzed by TiO2 alone (Figure 6.16). This might be attributed 

to the increased sub-band transition via local electrical field enhancement mechanism. 



 

159 
 

P25 TiO2 anatase-rutile interface possesses defects,28 which is confirmed by our XPS 

analysis (Figure 6.5). Once the incident wavelength is close to metal SPR peak, intense 

electrical field from metal SPR absorption can boost sub-band transition in 

semiconductor domain nearby.30,31 However, we propose this is not the main cause of 

photocatalytic enhancement. First, local electrical field enhancement scenario still 

requires photo-oxidation occurs on semiconductor surface, which is contradictory to 

the inactive catalytic performance of TiO2 (Table 6.1, Figures 6.3, 6.4). Second, if this 

mechanism indeed played a dominant role, the wavelength to obtain best conversion 

and quantum yield catalyzed by TiO2-Au/Pd should follow that by TiO2 at around 525 

nm (Figure 6.16), rather than 560 nm (Figure 6.15). Thereafter, we suggest the hot 

electron injection is the leading enhancement mechanism in our system. 
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Figure 6.16. (a) Quantum yield calculated based on conversion obtained from 

monochromic tests on TiO2. Black dots represent conversion of o-phenylenediamine 

catalyzed by 10mg TiO2 using monochromic light source ranging from 450 nm to 650 

nm. Blue curve represents quantum efficiency calculated with respect to each 

wavelength.  

 

Recyclability test is performed using TiO2-Au/Pd composite. No considerable change 

in conversion nor selectivity is observed after three consecutive cycles (the 3rd cycle 

gives 91.7% yield and 98.4% selectivity), reflecting a robust catalyst (Figure 6.17). 

 

Figure 6.17. Recyclability test result.  
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Moreover, to test tolerance of this catalyst in similar substrates, various o-

arylenediamines and/or alcohols were chosen (Table 6.3). Both 2-alkyl- and 2-aryl-

substituted benzimidazoles were produced under different circumstances, with 

generally high yield. Lastly, to further widen applicability of this tandem catalysis, we 

attempted to use it in arylboronic acid addition to aldehyde,32 by substituting aldehyde 

to alcohol. Our preliminary results indicated this tandem catalyst is active in this 

reaction.  

 

Table 6.3. Catalytic performance of TiO2-Au/Pd based on different diamines and 

alcohols.  

 

Experiment condition: 2 mmol of diamine substrate, 10 ml alcohol, 10 mg catalyst 

(TiO2 or TiO2 + metal, m:m = 100:1), N2 gas (1 atm), white light, reaction time 3 hours.  

 

6.3.3. Comparison with other benzimidazole synthesis route  
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Table 6.4. Comparison of TiO2-Au/Pd catalyzed tandem synthesis of benzimidazole 

with other synthetic routes 

 

 

 

6.4. Conclusion  

 

In summary, we have demonstrated a plasmon enhanced photo-driven tandem catalyst, 

composed of Degussa P25 TiO2 and Au/Pd nanowheels. This architecture enables a 

green, energy-saving and economic photocatalytic synthesis of benzimidazole from 

cheap and stable ethanol and o-phenylenediamine. Specifically, TiO2-Au/Pd 

photocatalyst oxidizes ethanol to acetaldehyde, which in situ reacts with o-

phenylenediamine substrate. This avoids introduction of unstable aldehyde reactant and 

significantly assists overall kinetics. This alloy catalytic surface in Au/Pd nanowheel 

substantially facilitates oxidation of ethanol and dehydrogenation of benzimidazoline 

intermediate, thus guarantees overall reaction rate and selectivity. Lastly, Au/Pd 

nanowheels with strong SPR absorption in visible range greatly enhance photon 
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utilization efficiency. Our studies based on other substrates and reaction systems also 

proves this tandem catalyst system can be extended to various benzimidazole substrates 

or other tandem reactions, which implies its high potential in industry applications.   
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Chapter 7 

 

7. Summary  

 

In current study, different nanocomposite systems are designed and tested in various 

catalytic applications. The synergic effect between different components are studied and 

modified to maximize the enhancement effect. The influence of each components is also 

investigated to understand its ultimate effect to overall catalytic performance.  

 

In first part, 2D material (graphene) is used as catalyst support. The study reveals that 

hemin-graphene hybrid material is proved as highly effective catalyst in toluene oxidation 

reaction under mild conditions. graphene serves as support to hemin catalyst by providing 

sufficient contact between substrate/oxidant and catalyst, maintaining hemin as 

catalytically active monomer form and preventing it from self-dimerization, promoting 

charge transfer from hemin to graphene so as to enhance central iron core isolation and 

activity, and protecting hemin from meso-cleavage via self-oxidation. graphene itself also 

influences catalytic selectivity. Electro-withdrawing substitute groups on benzene 

promotes adsorption to graphene, which results in higher chance for benzaldehyde with 

more electrophilic C=O group to approach hemin on graphene and transform to benzoic 

acid. Hence a significant selectivity towards benzoic acid is observed especially with 

longer reaction time. 
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In second part, Au-Pd porous nanoalloy and Au-Cu nanoalloy structures are chosen to 

study their catalytic effect and synergetic effect in different catalytic applications. For Au-

Pd, pPd@Au nanocatalyst is featured by well-defined nanoporous morphology, high 

accessible Pd-Au like surface area with uniformly distributed small Au clusters grown on 

pPd branch surfaces. It demonstrates high catalytic activity in benzyl alcohol oxidation 

reaction, which yields over 95% conversion with ~90% selectivity towards benzaldehyde 

at mild conditions. Au component is found to have significant influences in both 

conversion rate and product selectivity. Both influences directly stem from the synergetic 

effect between Pd and Au, in which the amount of Au present in catalyst system determines 

extent of alloying with Pd as well as accessibility to catalytically more active Pd surface 

atoms. Finally, stability test indicates pPd@Au catalysts can effectively preserve its 

catalytic activity after several reaction cycles, due to protective deposition of Au on pPd 

surface defect sites.  

 

For Au-Cu, The structure features an Au nanostar core and Au-Cu alloy surface. Structural 

analysis demonstrates the Au0.2Cu0.8 deposition layer is composed of small polycrystalline 

clusters with small grains and random crystal orientations, which makes the overall surface 

thickness uneven. Annealing treatment in inert environment greatly reduces the surface 

roughness through surface reconstruction. Also, inter-diffusion between Au and Cu atoms 

changes surface composition to Au0.9Cu0.1. When the Au NS, Au-Cu NS and Au-Cu NS-a 

are applied in CO2 reduction, Au-Cu NS nanocatalyst exhibits much higher overall 

catalytic activity, hydrocarbon yield and total carbon-containing gaseous product yield, 

which can be attributed to both the Au-Cu alloy composition, and its unique surface 
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morphology. With this effective alloy catalyst for CO2 reduction, it opens both challenges 

and opportunities of designing the alloy nanocatalyst with fine surface compositional and 

morphological control, toward the ultimate goal to make CO2 reduction a viable industrial 

solution in near future. 

 

In third part, semiconductor-metal nanocomposites are used to study the synergetic effect 

in photocatalysis applications. For TiO2-Au/Pd, the architecture enables a green, energy-

saving and economic photocatalytic synthesis of benzimidazole from cheap and stable 

ethanol and o-phenylenediamine. Specifically, TiO2-Au/Pd photocatalyst oxidizes ethanol 

to acetaldehyde, which in situ reacts with o-phenylenediamine substrate. This avoids 

introduction of unstable aldehyde reactant and significantly assists overall kinetics. This 

alloy catalytic surface in Au/Pd nanowheel substantially facilitates oxidation of ethanol 

and dehydrogenation of benzimidazoline intermediate, thus guarantees overall reaction rate 

and selectivity. Lastly, Au/Pd nanowheels with strong SPR absorption in visible range 

greatly enhance photon utilization efficiency. Our studies based on other substrates and 

reaction systems also proves this tandem catalyst system can be extended to various 

benzimidazole substrates or other tandem reactions, which implies its high potential in 

industry applications.   

 




