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ABSTRACT

Epoxidation of ethylene with oxygen over promoted silver catalyst is one of the 

most important examples of heterogeneous catalysis to date with a multi-billion dollar 

annual market. Ethylene oxide (EO) can be used directly as a sterilizer, disinfectant, and 

fungicide, or as an intermediate chemical for producing ethylene glycol, detergents, 

antifreeze, polyesters, as well as a variety of other commercial chemicals. Thus, ethylene 

oxide is known as one of the highest volume chemicals produced in the chemical industry, 

accounting for approximately 40-50% of the total value of organic chemicals produced by 

heterogeneous oxidation. Considering the application of EO in detergents and sterilizers, 

the importance of EO production has been increased more than before due to the COVID-

19 pandemic. Preventing the total oxidation and improving the yield of selective products 

can be counted as one of the major challenges in selective oxidation reactions.  

It has been shown in the literature that the selectivity of ethylene oxide, among 

many other factors, depends on silver faceting of the catalyst nanoparticles. However, it is 

not exploited in industry, where the silver is mainly being used in nanoparticles with (111) 

facets due to the preparation and stability issues of the other structures. 

Thermodynamically, the Ag(111) facet is the most stable but the least active facet among 

the others ,while Ag(100) has been shown theoretically to exhibit the highest selective facet 

for EO formation. In this thesis, silver nanowires catalysts were synthesized via 

hydrothermal method and were deposited on 𝛼 -aluminum oxide supports using wet 
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impregnation method. Obtaining a pure nanowires sample in not possible, however, some 

synthesis parameters such as time, temperature, and chemicals’ concentrations that are 

parameters possibly affecting the morphology, yield, length, and diameter of nanowires 

were varied to increase the nanowires yield. Low yield, thin nanowires resulted from a 

shorter synthesis time while a mixture of nanorods and nanospheres were fabricated for 

longer synthesis times. An optimum time (24hours) was selected for synthesis time as one 

of the most effective synthesis parameters.  

Unpromoted supported silver nanowires catalyst with an average diameter of less 

than 100nm and unpromoted semi-spherical silver catalyst with (111) facets that was 

synthesized using wet impregnation method, were tested in a single channel reactor at 

atmospheric pressure and for different temperatures. Structure of silver nanowires thinner 

than 100 nm were changed at the reaction condition while thicker nanowires remined 

intact.  
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CHAPTER 1 

INTRODUCTION 

Ethylene epoxidation reaction is one of the oxidation reactions that has been 

investigated for a long time since the original work by Lefort in 19311. While the industrial 

process has been established for quite some time, ethylene epoxidation still is one of the 

reactions that researchers are working on due to the high value of ethylene oxide. Ethylene 

oxide (EO) accounts for 40-50% of the total value of organic chemicals produced in 

heterogeneous catalysis, with 86% of the global capacity utilization2,3. The worldwide EO 

production in 2018 was more than 25 million metric tons and is expected to exceed 35 

million metric tons by 20234. It has been reported the EO market value in 2018 was more 

than 40 billion US dollars and is estimated to reach a global market cap of more than 55 

billion US dollars by 2023 from EO production5. EO can be used either directly as a 

sterilizer, disinfector, and fungicide6 or indirectly as an intermediate agent for ethylene 

glycol, antifreeze, polyester, detergents, etc6,7. Based on some of the EO applications, and 

due to the COVID-19 pandemic, the importance of EO production has been increased in 

recent years. The EO industry production shifted towards sanitizers and cleaning agent 

products more during the pandemic in 2020. The role of EO as a sterilizer was also 

increased because more than 50% of medical devices are sterilized with EO. However, the 

overall EO market decreased due to COVID-19, which could be related to an 80% decrease 

in EO usage in the textile industry in China, since it is one of the biggest countries in EO 

production8.  
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Ethylene epoxidation over catalyzed silver is a good example of green chemistry. 

Previously, ethylene oxide was produced with a non-catalytic route called epichlorohydrin 

process discovered by Von A. Wurtz in 1859 and was industrialized by BASF in 1914. In 

this process, chloride reacts with a hydroxide salt (such as sodium hydroxide) and produces 

hypochlorous acid. Hypochlorous acid then reacts with ethylene to form epichlorohydrine. 

Ethylene oxide and calcium chloride are the products of a reaction between 

epichlorohydrine with calcium hydroxide9,10. Salts containing chlorine once dumped into 

rivers as a means of disposal, a method that is not acceptable these days11. Nowadays, 

however, silver is used as a unique catalyst for ethylene epoxidation with some dopants 

such as cesium, chlorine, or noble metals to increase the ethylene oxide selectivity from 

less than 50% to about 90%3,12,13. However, considering what was mentioned previously, 

increasing even 1% of EO selectivity could bring about more profit.  

As previously mentioned, silver is a unique catalyst for ethylene epoxidation. Some 

other oxidation catalysts such as Pd, Pt, or Ni result in complete combustion14. Although 

the main reason for the uniqueness of silver is not fully understood yet, the silver and 

oxygen interaction is the key to its high selectivity15. Au and Cu are two other transition 

metals that have been suggested as potential catalysts for this reaction. It is shown that Cu-

Ag bimetallic catalysts can increase the ethylene oxide selectivity compared to pure silver 

itself3,7. However, in comparing silver, gold, and copper, silver can be selected as the best 

catalysts for this reaction because of the higher EO selectivity15.   

Molecular oxygen dissociation on the silver surface is one of the critical parts of 

this reaction which has considerable activation energy, even though it is not a rate-

determining step (except on Ag(111) at a pressure above ~2 bar)6,16,17. Thus, the interaction 
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between metal and oxygen molecules should be strong enough in order to dissociate 

molecular oxygen to atomic oxygen. Moreover, strong metal-oxygen interaction prevent 

ethylene oxide from desorbing from the surface, which can result in undesirable products 

by activating the C-H bond15. Furthermore, the metal should have an optimum interaction 

with the oxygen molecule. The metal-oxygen interaction in the case of copper is a strong 

result of better oxygen dissociation but leads to an increase in the activation barriers and 

desorption energy for an intermediate compound called Oxametallacycle (OMC), which is 

to be explained in detail later, that make the copper an inappropriate choice in comparison 

to silver.  

Since the 1930s, much progress has been made in ethylene epoxidation, both 

theoretically and practically.  A lot of research was initially geared toward the role of 

oxygen in the ethylene epoxidation (ETO) reaction. Once, it was believed that the atomic 

oxygen is responsible for undesirable products following the reaction below:  

𝑂(𝑎𝑑𝑠) + 𝐶2𝐻4 → 𝑂𝐶2𝐻4(𝑎𝑑𝑠)
5𝑂(𝑎𝑑𝑠)
→     2𝐶𝑂2 + 2𝐻2𝑂 

Where the “ads” is indicating adsorbed, and the intermediate is acetaldehyde that is 

decomposed quickly to form carbon dioxide and water. While the claimed that the 

molecular oxygen is responsible for the selective product, ethylene oxide:  

𝑂2(𝑎𝑑𝑠)+ 𝐶2𝐻4 → 𝐶2𝐻4𝑂+𝑂(𝑎𝑑𝑠) 

Since these two reactions have the same reaction orders and similar activation energies, 

they combined them as one general reaction as seen below:  

7𝐶2𝐻4 + 6𝑂2(𝑎𝑑𝑠) → 6𝐶2𝐻4 + 2𝐶𝑂2 + 2𝐻2𝑂 
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Based on this equation, and is generally claimed in the literature, the highest EO selectivity 

that can be reached considering the fact that EO does not oxidize to acetaldehyde and then 

undesirable products is 6/7 or 85.7%18. However, EO selectivity higher than 85.7% was 

obtained soon after that research. Those results proved that atomic oxygen might also result 

in EO rather than carbon dioxide and water15,18.  Moreover, investigation on the mechanism 

of the reaction using temperature-programmed reduction (TPR) spectroscopy proved that 

the atomic oxygen is responsible for EO production19. Through further investigation, it was 

found that atomic oxygen is responsible for both desirable and non-desirable products, 

depending on the valance charge of adsorbed oxygen. Electrophilic atomic oxygen results 

in EO formation while the nucleophilic oxygen can move the reaction to carbon dioxide 

production by breaking H from adsorbed ethylene in order to form acetaldehyde20.  

Ethylene epoxidation can occur in two different reaction mechanisms, either with 

the Langmuir-Hinshelwood (LH) mechanism or via the Elley-Ridal (ER) mechanism. EO 

formation through the ER mechanism is known as direct epoxidation reaction, while an 

intermediate called Oxametallacycle (OMC or OME) is produced with LH mechanism, 

then EO and acetaldehyde are formed through OMC decomposition. The difference 

between these mechanisms is related to oxygen coverage. In both mechanisms, molecular 

oxygen adsorbed on the silver surface, which dissociates two atomic oxygen. However, in 

ER mechanism, gaseous ethylene reacted with atomic adsorbed oxygen on the silver 

surface since the coverage of oxygen is high. On the other hand, in the LH mechanism, 

ethylene also adsorbs on the silver surface and then reacts with atomic oxygen to produce 

OMC. In the following section, the direct epoxidation mechanism and the discovery of 

OMC will be discussed in detail6,15. It is computationally suggested that the direct route of 
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ethylene epoxidation can happen on the oxide surface of silver Ag2O(001) in the presence 

of electrophilic oxygen. In this route, the electrophilic oxygen interacts with the double 

carbon bond of gaseous ethylene and directly produces an inactive form of ethylene oxide 

while releasing 174 kJ/mol and desorbing EO with 73 kJ/mol. The overall energy of this 

step is the same as the OMC route of ethylene epoxidation but with fewer reaction steps. It 

has been claimed that in the LH mechanism, because of ethylene adsorption, atomic oxygen 

can interact with the C-H bonds and produce acetaldehyde. In contrast, in the direct route, 

this atomic oxygen mainly interacts with the C=C bond. However, with this route, when 

the atomic oxygen is consumed, ethylene can get adsorbed, and the mechanism will shift 

toward the LH mechanism. Thus, to have the ER mechanism, the surface of silver should 

always be kept in an oxide state, and all the oxygen vacancies should be blocked15.  

As it was mentioned before, one of the essential discoveries for ETO reaction was 

the OMC discovery as an intermediate that can be converted to either EO or acetaldehyde 

by Barteau et al. using both experimental and computational techniques such as 

temperature-programmed desorption (TPD), high-resolution electron energy loss 

spectroscopy (HREELS), and density functional theory (DFT)3,16,21. The stable OMC was 

discovered by back adsorbing EO on the silver surface (111) at 250K where the EO ring 

was opened to form stable surface intermediate and then reacted again to form EO, ethylene 

and water at 310K. The spectrum obtained by the HREELS from back adsorbing the EO 

on the silver surface were different to the products and reactants spectra of the reaction. By 

the comparison of HREELS and DFT results the structure of the OMC on Ag(111) was 

obtained22. The structure of OMC om different silver surfaces is shown in Figure 1-1:         
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The mechanism of the reaction then was explained as below:  

𝑂2 +∗↔ 2𝑂∗ 

𝐶2𝐻4 + 2 ∗↔ 𝐶2𝐻4∗  

𝐶2𝐻4∗ + 𝑂∗ ↔ 𝐶𝐻2𝐶𝐻2𝑂 ∗ 

𝐶𝐻2𝐶𝐻2𝑂 ∗↔ 𝐶𝐻2𝐶𝐻2𝑂 +∗ 

 

where OMC intermediate is denoted as 𝐶𝐻2𝐶𝐻2𝑂 ∗. Thus, the oxygen would dissociate on 

the surface to produce atomic oxygen. The formation of OMC from adsorbed ethylene and 

oxygen on the surface happens after the ethylene adsorption. Ethylene oxide can be 

produced in the next step, which is dependent on the stability of the OMC. These couple 

of studies helped to further understanding the microkinetic modeling of the ETO reaction 

mechanism. The formation of this intermediate has been proven in industrial conditions 

too17. Although there were differences in the conclusions reached, as it was concluded that 

the oxygen dissociation and EO formation are the rate-limiting steps. This fact was 

investigated on different surfaces of silver by Hus et al. 6 It was computationally 

investigated that the rate-determining step for the Ag(100) and Ag(111) is the EO 

Figure 1-1. OMC structure on different silver surfaces [15]. 
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formation; oxygen dissociation is the next rate-limiting step, and it is more limiting step in 

Ag(111) in higher pressure than the atmospheric. 

In this part, we are explaining the mechanism of the ethylene epoxidation reaction on 

different surfaces. One of the important assumptions that has been used in the literature is 

that the total oxidation and bulk oxidation (Ag2O) do not happen on the surface or bulk. 

This means that the coverage of oxygen will not reach full coverage. This assumption was 

calculated by ab initio calculation is an important consideration since it can change the 

reaction mechanism on the surface.  The most common mechanism that happened on the 

silver surface for ethylene epoxidation is the Langmuir-Hinshelwood mechanism. 

However, it was reported that the Elley-Ridal mechanism could happen. To clarify more, 

the dissociated oxygen atoms can either react with adsorbed ethylene or gaseous ethylene 

and produce the OMC intermediate. Reaction energies for elementary steps ethylene 

epoxidation reaction on the different surfaces are shown in Figure 1-2. Oxygen 

dissociation, OMC formation, and conversion of OMC to the EO or acetaldehyde are the 

most significant rate-limiting steps compared to the other steps that happen on the surface.  

It should be noted that the carbon dioxide and water formation from acetaldehyde were not 

considered in the calculations, because the acetaldehyde decomposition step is too fast. 

Comparing the activation energy differences between EO and acetaldehyde on different 

surfaces illuminate the fact that the acetaldehyde energy barrier is considerably lower than 

EO on both (110) unreconstructed and reconstructed surfaces, which results in being the 

inappropriate choice for epoxidation reaction. This difference in energy barrier on the (111) 

facet is close and competitive. The story is slightly different on the (100) facet, where the 

OMC intermediate would prefer to go through the EO formation path rather than 
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acetaldehyde formation. The apparent activation energy on (111) and (100) facets for both 

EO and AA formation were calculated at 1.34 bar and 10% ethylene and oxygen. The 

results showed that the energy barrier for AA formation on (111) is less than EO by 0.06 

eV. However, this energy barrier for (100) faceting was 0.07 eV more favorable toward 

EO formation. Among all the surfaces, the (100) was the only structure with higher EO 

selectivity than the undesirable product. The EO selectivity, at the conditions previously 

mentioned above for activation energy, was plotted versus different temperatures (left) and 

different pressure (right) on various facets. The EO selectivity showed the highest amount 

on Ag(100) with around 80% while the amount on Ag(111) was predicted to be between 

20% to 40% for different temperatures. These predictions were consistent with 

experimental amounts. As it is cleared in the Figure 1-3, EO selectivity showed a weak 

dependency on the pressure change. However, pressure can affect the reactant coverage 

and reaction rates. 

Figure 1-2. Reaction energy landscapes for ethylene epoxidation on different silver 

catalyst’s facets. [6] 
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Figure 1-3. EO selectivity as a function of temperature and pressure for 

different silver catalyst's facets[6] 
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There are a few experimental works that have investigated the different silver 

structures for ethylene epoxidation reactions. In one of these investigations, the comparison 

between both (100) and (111) facets were studied where the silver nanowires and 

nanocubes were synthesized as silver catalysts with dominant (100) facets while silver 

nanospheres with (111) faceting were used. As shown in Figure 1-4, both silver nanowires 

and silver nanocubes showed higher selectivity rather than nanospheres. It should be 

mentioned that the catalysts did not promote with any promoters such as cesium. Moreover, 

chlorine salt was noy used as an additive to the feed. Thus, it was shown that an increase 

in EO selectivity from almost 30% to more than 70% using silver nanocubes rather than 

nanospheres catalysts was possible. The most exciting question that should be addressed 

here is the reason(s) that the silver nanocubes demonstrated higher selectivity rather than 

both nanowires and nanospheres. In addition to the reasons mentioned previously regarding 

the reason that silver (100) is more effective than silver (111), the higher turnover 

frequency (TOF) of nanocubes compared to nanowires and nanospheres accounted for a 

higher EO selectivity. Although the TOF of nanowires and nanospheres were the same, the 

number of active sites per volume in nanowires was higher than nanospheres. 

Unfortunately, the reasons that the nanocubes had higher EO selectivity rather than 

nanowires still remains a mystery, even when both of them have mostly (100) facets. 

However, based on the images in their supplementary files, it can be observed that the 

nanowires had a lower yield compared to nanocubes meaning that the (111) to (100) facets 

ratio was higher for nanocubes than nanowires. Additionally, it was claimed that more 

defect sites existed on nanowires relative to nanocubes. The common area of the edges in 

nanowires is not sharp, and it has a small thickness, which results in a different type of 
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defect site. Although the nanocubes could have these defect sites, these sites were more in 

nanowires, which caused a better performance for nanocubes in comparison. Another 

outcome of the Figure 1-4 is that a larger particle size would result in higher EO selectivity. 

The particle size is related to the ratio of undercoordinated size over coordinated size as it 

is shown in the Figure 1-5. The larger a particle is, the lower undercoordinated sites over 

total sites it has. Since the rate of non-selective products formation is related to the 

concentration of undercoordinated size, as mentioned in the Figure 1-5, the larger particles 

had higher EO selectivity. It should be noted that the size here means the characteristic 

length, which is the side length for nanocubes and the diameter for nanowires and 

nanospheres.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1-4. EO selectivity for different silver structures and sizes 

as a function of oxygen partial pressure.[24] 
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Another result the authors referred to, was the increase in EO selectivity with an 

increase in oxygen partial pressure. In an experiment demonstrated within the literature, 

the ethylene partial pressure was held at a constant 0.1 while an increase in the oxygen 

partial pressure followed by a decrease in the nitrogen partial pressure. Nitrogen is mainly 

Figure 1-5. EO selectivity for different silver structure as a 

function of inverse characteristic length. [24] 
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used as the inert gas in this reaction rather than gases such as argon due to its higher heat 

capacity in order to keep the reactor temperature constant, since ethylene epoxidation is 

highly exothermic. The first reason for the increase in EO selectivity was explained, as the 

reaction order related to oxygen, which is a positive number23,24. Although many papers 

reported the reaction orders with different numbers, either experimentally or 

computationally, the common results were that the reaction orders related to both ethylene 

and oxygen are positive numbers, and oxygen has a much larger reaction order than 

ethylene6,15. It is also mentioned that increasing the oxygen partial pressure may results in 

more active sites by involving the undercoordinated sites that were chemically active. It 

could also play a role similar to that of chlorine in this reaction by blocking the defect 

sites24.  

Although the ethylene epoxidation process has industrialized since 1931, there are 

still a lot of researchers working on this process in order to develop the process or find out 

more about the chemistry and mechanism of the reactions. However, the majority of works 

include a focus on the silver with the (111) faceting rather than other silver catalysts 

structures. Some of the most recent and prestigious papers were mentioned in the previous 

sections, both computational and experimental studies23,24,25,26,27,28,29. Differences between 

computational and experimental studies are inevitable. Some of these differences might be 

explained by more studies. For example, in the computational study for silver catalysts 

with (100) facets, the differences between nanocubes and nanowires in the reaction 

atmosphere were not considered6 while it was shown that the silver nanocubes have higher 

EO selectivity rather than silver nanowires24. Moreover, reaching to pure silver 

nanostructured that have less thermodynamic stability is not feasible. Thus, in the studies 
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that investigated silver nanocubes or nanowires catalysts, these structures were 

accompanied by a considerable amount of silver semispherical particles with (111) planes, 

a fact that computational papers did not consider. Experimentally, previous studies showed 

about 12% or 15% silver on alumina support showed the best EO selectivity7,30,31. It was 

claimed in the study shown in an earlier paragraph, that the composition of silver nanowires 

and nanocubes on the alumina support were about 10%, and they were also distributed 

uniformly. However, the maximum silver catalysts loading on 1 g of alumina support were 

0.014 g and 0.063 g for nanowires and nanocubes, respectively. It means that the total 

catalysts weight loading were about 1.4% for nanowires and 6% for nanocubes24. 

Additionally, some studies showed that the ethylene conversion and EO selectivity varied 

since the reaction started before reaching steady-state, which could be between 24 to 48 

hours31. However, in the study did by Sangaru27 neither ethylene conversion nor EO 

selectivity were changed as a function of time even after 24 hours for silver nanocubes. All 

the studies that were mentioned here, especially those with a focus on different silver 

structures, helped the researchers to discover more about the ethylene epoxidation reaction, 

silver catalysts, etc. These studies, in addition to a lot of unanswered questions and vague 

points, as well as consideration of the importance of EO, intrigued us to start this study. 

Here, we tried to address various simple methodologies that were not mentioned in 

previous published papers but are crucial to reach a reasonable output. 
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CHAPTER 2 

SYNTHESIS  

Synthesizing metal nanoparticles in different shapes has been investigated 

extensively32. Silver is one of the metals with unique features that make it attractive for 

researchers. Among the metals, silver has high thermal conductivity and the highest 

electrical conductivity. Adding a specific shape to the silver, with the mentioned features, 

can enhance its advantages for a specific application. For example, silver nanowires are 

used extensively in electronic devices such as LEDS and solar panels due to their high 

aspect ratio as well as their electrical and heat conductivities33,34,35. Figure 2-1. shows the 

different silver structures that have been investigated32. However, many of these different 

shapes of silver were not tested under reaction conditions. Although there are some papers 

that used silver nanowires and nanocubes for epoxidation reactions24,23,26, silver semi-

nanospheres particles with dominant (111) plane are mostly being used either in academia 

or industry. 

Figure 2-1. Most important synthesized silver nanoparticles [32]. 
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In this thesis, silver nanoparticles such as nanospheres, nanowires were 

investigated; some preliminary work with silver nanocubes was also conducted, which is 

going to be our focus in future studies. Synthesizing silver nanostructures with (100) facets 

is not simple as (111) facets due to the lower thermodynamic and thermal stability of this 

facet. During our research, we found out that there are simple but crucial tricks in the 

synthesis that a lot of papers did not mention. Here, we tried to cover these important 

experimental tricks as much as possible. Two methods were used for silver nanowires 

synthesis: the Hydrothermal method and the Polyol process method. Additionally, incipient 

wetness/wet impregnation method was used to synthesize silver nanosphere particles.  

2.1 Hydrothermal Method  

Hydrothermal method for synthesizing different structures of nanoparticles is one 

of the well-known synthesis procedures due to the simplicity, low cost, environmentally 

friendliness (although some trace of cl- observed in EDS each time), and its ease of scale-

up36. The simplicity of the hydrothermal method can be attributed to its one-step synthesis 

method. However, this can sometimes be a disadvantage due to issues with controlling the 

dimensions of the shapes, such as diameter and length, when compared to other methods. 

For example, in polyol method, the morphology, yield, and dimensions of nanowires can 

be varied by changing the injection rate, the stirring rate during the reaction, and the order 

of adding the chemicals37. In both the hydrothermal method and the polyol process method, 

a polymer is used as capping agent. However, there are some papers which did not use any 

polymer with hydrothermal method and still successfully synthesized nanowires38,39. In our 

case, polyvinylpyrrolidone (PVP) was used as capping agent. Glucose was also added as a 

soft reducer (the role that ethylene glycol plays in the polyol method). By adding the silver 
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nitrate aqueous solution and glucose, silver seeds are formed in addition to nitic acids based 

on the equation below:  

2𝐴𝑔𝑁𝑂3 + 𝐶6𝐻12𝑂6 +𝐻2𝑂 → 𝐶6𝐻12𝑂7 + 2𝐻𝑁𝑂3 + 2𝐴𝑔 

This unprotected silver can be converted to silver nitrate again in the presence of nitic acids. 

However, with the addition of sodium chloride addition, silver chloride particles are 

produced. Silver chloride solubility in water is low and it can precipitate into the bottom 

of the solution. Thus, the Cl- ion concentration is crucial in the silver nanowire formation. 

Glucose reduces the silver chloride to silver cations and then silver seeds; overall, this 

process relatively slow, which helps in to prevent the creation of big nanoparticles36. At 

this point, the capping agent plays a pivotal role by adsorbing on the (111) facet of silver 

seeds. In our case, PVP adsorbs on the (111) facets and helps in one dimensional growth 

of silver seeds to the silver nanowires in (110) direction.   

The experimental procedure for silver nanowires synthesis with hydrothermal 

method was followed from the Bari. et al paper36. Four solutions of 15 ml of 0.02 M silver 

nitrate (Sigma-Aldrich, 209139), 15 mL of 0.04 M sodium chloride (Sigma-Aldrich, 

S7653), 5 mL of 0.12 g glucose (Alfa Aesar, A11090), and 5 mL of 1 g PVP (Sigma-

Aldrich, 856568) were provided separately all in DI water. For better dissolution of PVP 

into water, the solutions were sonicated in a sonication bath at 65 ℃ for about 1 hour, 

resulting in a clear solution at the end. All the other solutions were stirred on the stir plate 

at room temperature at about 200-250 rpm for the stirring condition. Glucose aqueous 

solution was added to the silver nitrate solution at first. After 10 minutes of stirring, we 

added the PVP solution to the prepared solution. The solution was then stirred for 20 

minutes. The sodium chloride solution was added dropwise using a syringe pump with a 

rate of about 0.2 mL/min. Although the injection rate plays a crucial role for the polyol 
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method, changing the injection rate from 0.2 mL/min to 0.6 mL/min did not result in any 

significant differences. With the beginning of sodium chloride aqueous solution injection, 

the color of the preparing solution changed from colorless to a milky solution with alight 

purple tint. Figure 2-2 shows the color differences of the solutions before and after injecting 

the sodium chloride. The prepared solution was then transferred into a 50 mL Teflon-lined 

stainless-steel autoclave and heated for 24 hours at 160 ℃ in a furnace in atmospheric air. 

The autoclave then was cooled at room temperature for a couple of hours and the solution 

was transferred into a centrifuge tube. The Teflon bottle was rinsed with DI water to be 

sure that we did not have any wasted silver nanowires. The solution was centrifuged at 

2500 rpm for 20 or 30 minutes usually two times with DI water and two times with ethanol. 

Centrifugation or any other similar methods, are being used for two purposes: 1. Separation 

of silver nanowires/nanocubes from silver nanoparticles, and 2. Removing unreacted 

chemicals (such as PVP, and nitrate precursor) used for synthesis from the silver 

nanoparticles. Here DI water and ethanol were used in order to remove the organic and 

inorganic, unreacted chemicals from the silver nanowires. High nonconductivity was 

observed in the SEM images of supernatant, which was likely due to the removal of the 

nonconductive chemicals from sample during the centrifugation. Moreover, small 

nanoparticles were observed in the supernatant SEM image. Figure 2-3 shows the silver 

sample settled at the bottom of the centrifuge tube and the supernatant at the top after the 

first cycle of centrifugation. The centrifuge cycles should be continued until the supernatant 

becomes colorless, which typical happens after 3,4 centrifuge cycles. Using paper filter as 

another method for separation of nanoparticles with different sizes was also tried with the 

washing cycles, much like in the centrifugation method. The yield of nanowires in the 
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centrifuge case was better, probably because of the fact that nanoparticles can be trapped 

between the net of nanowires, which can cause issues with their removal from the filter 

paper, even if the pores of the paper are higher than the diameter of nanoparticles.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 

Figure 2-2. Solution preparation for silver nanowires synthesis (a)before and 

(b) after sodium chloride aqueous solution injection 

Figure 2-3. Settled down silver nanoparticles after 

first cycle centrifuge.  
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Characterization of nanowires:  

After finishing the centrifuge cycles, the sample containing silver particles formed 

a pellet at the bottom of the tube. The pellet was removed from the centrifuge tube and was 

put either on the glass slide or SEM stub pins to be dried for a couples of hours. Putting the 

sample directly on the SEM stub pins was preferred, since in the case of glass slide, the 

sample must be spread by a spatula and transferred on the SEM stub pins; this resulted in 

the need for an additional push onto the stub pins to ensure the sample was actually sticking 

to the carbon tape. The Zeiss Gemini500 Thermal Field Emission Scanning Electron 

Microscope (FESEM) was used for collecting SEM images. The incident electron beam 

energy was set to 15 kV for all the images. The composition of the supported silver catalyst 

was determined with Energy Dispersive X-ray Spectroscopy (EDS) connected to the 

FESEM instrument. X-Ray Diffraction (XRD) patterns of the silver samples were collected 

using a Rigaku Miniflex II equipped with a Cu-K𝛼 X-ray source and a high-speed silicon 

strip detector. Scans were collected between 10° to 90° with a 2𝜃 angle at a rate of 2°/min 

with a step size of 0.02°.  

Figure 2-4 shows the silver nanowires synthesized with the hydrothermal method 

as described before. To distribute the pellet containing silver particles at the bottom of the 

centrifuge tube, 3 to 5 mL of ethanol was added after centrifugation and the solution was 

sonicated for 10-15 minutes, resulting in a suspension of silver particles. Then a droplet of 

the suspension was dropped onto the carbon tape of SEM stub pins and let it dry for couples 

of hours at room temperature. As it is obvious in the Figure 2-4, in addition to the silver 

nanowires with different thicknesses, there are also silver semi-spherical particles among 

them. Based on our experience, after making a lot of supported and unsupported silver 
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nanowires, removing these nanoparticles and increasing the yield of nanowires to almost a 

pure nanowires sample, is not feasible.  

 

Sonicating the sample of silver nanowires settled at the bottom of centrifuge tubes, 

after finishing the centrifuge cycles, was found out a step that helps in a better silver 

particles distribution on the support. Sonication has been reported in the literature for 

putting the sample on the grids that are being used for conducting the TEM images. If the 

sonication step is skipped, the SEM stub pin is prepared by applying the pellet of silver 

particles settled at the bottom of the centrifuge tube directly to the SEM stub pin or a glass 

slide. The resulting SEM image can be seen in Figure 2-5. 

 

Figure 2-4. SEM image of silver nanowires synthesized with the hydrothermal method. 
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Generally, most studies used the centrifuge method for separating the nanowires or 

nanocubes from the nanoparticles or microparticles. As previously mentioned, a filter paper 

was also used to find out which separation method would be most effective. A 12.5 cm 

diameter, P8 fisher brand filter paper was put on the ceramic Buchner funnel before it was 

inserted into a clean 2 L filter flask. The filter flask was connected to a water stream to 

provide the vacuum in order to accelerate the supernatant passage through the filter paper. 

The centrifuged sample was poured over the filter paper and just like in the centrifuge 

process, the silver sample was washed 2 times with DI water and then 2 times with ethanol. 

The filter paper, which contained separated silver particles, was dried at room temperature 

and then the silver particles were removed and seated on the SEM stub pins in preparation 

for imaging. Figure 2-6 shows the SEM image of the silver particles. Obviously, the silver 

Figure 2-5. SEM image of silver nanowires without sonication step. 
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particles were present in this sample varied greatly from those observed in the Figure 2-5 

using the centrifuge as the separation method. The yield of nanowires obtained from the 

centrifugation method was higher compared to the filtration method. The most probable 

reason is that in the case of filter paper, the silver particles (semi-spherical particles) might 

stick between the net of silver nanowires and are unable to be removed as effectively as in 

centrifugation method. Moreover, trace amounts of filter paper were observed during SEM 

imaging which could be because of scratching the dried silver particles from the filter 

paper. It will be discussed more later in this thesis that for impregnating the silver particles 

onto the support, the synthesized silver particles need to be sonicated with a specific 

amount of a solvent after separation. However, sonication is not recommended in the case 

of filter paper method since there might be trace of filter paper residuals in the silver 

sample, and the waste during the separation would be higher in this case compared to 

centrifuge method. 

Figure 2-6. SEM image of silver particles using the filter paper as the separation 

method. 
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Obtaining a pure nanowires sample is challenging. As previously mentioned, and 

showed in the SEM images, there were semi-spherical silver particles in the samples as 

well as nanowires. Moreover, some other silver particles with different shapes were 

observed during SEM imaging. As shown in Figure 2-7, silver particles in the form of 

triangular and hexagonal microplates existed in the sample as well as silver nanowires. 

There are some studies that have investigated the triangular and hexagonal silver 

nanoplates synthesis; however, these studies used different synthesis methods than had 

previously been discussed40,41,42. It has been shown that the triangular silver nanoplates are 

formed through seed-mediated growth of silver nanoparticles. Thermodynamically, these 

particles are less stable than the hexagonal nanoplates. Thus, with higher synthesis time 

and with a crucial effect of heat, those particles change to the hexagonal nanoplates, as 

seen in Figure 2-7 as well41. Thus, existence of both triangular and hexagonal nanoplates 

at the same time makes sense; however, formation of these particles via hydrothermal 

method, even with low yields, could be interesting for further mechanism studies of silver 

nanoparticles.  

Figure 2-7. SEM images of silver triangular and hexagonal plate particles. 
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Literatures in the synthesis of metal nanoparticles usually include the parametric 

studies in order to discover the reaction mechanisms during the synthesis and investigate 

the effects of the synthesis parameters on the aspect ratio and yield of particles. However, 

the goal here was not to conduct a parametric study of silver nanowires formation, but to 

find and vary the effective parameters in order to reach higher yields and a specific 

diameter and length for said nanowires. There are many parameters that can affect the yield, 

length, and diameter of nanowires, such as synthesis time, temperature, and chemical 

concentrations. Among all these parameters, time of synthesis had the most considerable 

effect on the nanowires’ yield and diameters in the ranges that were studied in this thesis. 

The synthesis time that was mentioned in the reference paper36 reported a synthesis time 

of 22 hours. Synthesis times of 12, 15, 18, 21, and 24 hours were   investigated to discern 

the effect of synthesis time on the silver nanowires yield and diameter.  For the 12 hour 

synthesis time, which was the shortest time selected, there were two separate phenomenon 

that were observed during imaging. The first phenomenon, as it is shown in Figure 2-8, 

includes the thin silver nanowires with small silver particles in semi-spherical shape, which 

is similar to what was shown before. Figure 2-9 shows the SEM images of the other 

observed phenomenon. The particles in this image are silver chloride particles that existed 

in the structure are different than the silver particles, which is consistent with literature38,39. 

As it was explained earlier in this chapter, silver nitrate and sodium chloride react together 

and form silver chloride particles. Silver chloride particles are reduced and converted to 

the silver seed with the help of glucose, which and grow anisotropically in the existence of 

PVP to produce silver nanowires. As it was observed, a synthesis time of 12 hours was not 

enough for silver chloride particles to be reduced and converted to silver seeds.  
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With increasing synthesis time, the silver chloride particles continue to be reduced, 

resulting in the formation of more silver seeds. Thus, more silver nanowires would be 

produced. Figure 2-10 shows the silver chloride particles, in addition to the silver 

nanowires and semi-spherical particle. The concentration of silver chloride particles with 

a 15 hour synthesis time was still considerable but less than 12 hours. By increasing the 

synthesis time to 18 hours, the concentration of these particles was significantly decreased. 

Figure 2-11 shows the silver chloride particles existence in a few parts of the silver particles 

sample. The silver chloride particles were observed in different batches with the 18 hour 

synthesis time, but in low concentration. These particles were hardly observed for the 

synthesis times after 18 hours, such as 21 and 22 hours. Thus, this is likely the time that 

Figure 2-8. SEM image of silver nanowires with a 12 hour synthesis time. 
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almost all the silver chloride particles had been reduced to produce the silver seeds needed 

for nanowires formation. 

 

Figure 2-9. SEM image of silver chloride particles with a 12 hour synthesis time. 
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Figure 2-10. SEM image of silver chloride particles with a 15 hour synthesis 

time. 

Figure 2-11. SEM image of silver particles with a 18 hour synthesis time. 
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Although the silver chloride particles were rarely observed with 22 hours synthesis 

time, we did not find any single silver chloride particles within the 24 hour samples. Figure 

2-12 is the SEM image using 21 hour synthesis time. The reason that we chose 21 was to 

have similar step for the synthesis times. In addition to the two silver chloride particles, 

that can be seen in this image, the silver semi-spherical particles concentration was 

considerable. One reason to explain this is that the silver seeds needed more time for 

adsorbing the PVP and anisotropically growth. However, it also could be related to lack of 

PVP concentration as well. Thus, we chose the 24 hours as our time for synthesis to be sure 

that all the silver chloride particles had enough time to be reduced, which resulted in the 

production of the silver seeds. The silver seeds would then absorb PVP and grow in the 

[110] direction to produce silver nanowires. 

Figure 2-12. SEM image of silver particles with a 21 hour synthesis time. 
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XRD patterns of the samples with 12, 15, 18, 21, and 24 hour synthesis times are 

shown in Figure 2-14. The peaks related to silver are specified with a “*” while the peaks 

for silver chloride particles are specified with “o”. Silver chloride peaks are considerable 

in the samples with 12 and 15 hour synthesis times. A result that is consistent with the SEM 

images shown previously, where the large silver chloride particles were the dominant 

particles rather than the silver particles. Increasing the synthesis time from 12 hours to 15 

hours, where the concentration of silver chloride particles decreased, can also be verified 

with the decrease in intensity of silver chloride particles. As it was mentioned previously, 

low silver chloride particles were observed in the 18 and 21 hour synthesis time samples. 

The concentration of these particles was low enough not to see any related peaks in their 

Figure 2-13. SEM image of silver particles with a 24 hour synthesis time. 
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XRD patterns. Silver related peaks are for (111), (200), (220), and (311) facets, 

respectively. For longer synthesis times, the intensity ratio of (111) to (200) facets of silver 

particles with the FCC structure increased, indicating a reduction in high-index Miller 

planes being reduced and the enhancement of the (111) abundance in the silver 

nanowires25,43. The calculated lattice constant related to (111) planes is 4.081 𝐴̇, which is 

consistent with standard value (4.086 𝐴̇).  

 

 

 

 

Figure 2-14. XRD patterns for silver samples with 12, 15, 18, 21, and 24 hour 

synthesis time. 
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Increasing the synthesis time does not necessarily result in an increase in the yield 

of nanowires. Two other synthesis times, longer than 24 hours, were tested; however, with 

a much larger step. The goal was not to find the optimum synthesis time, but to find out 

how does longer synthesis time affect the yield of silver nanowires. Figure 2-15 and 2-16 

show the silver particles for 40 and 60 hour synthesis times. Obviously, the yield of 

nanowires in these samples were lower than previous ones, indicating that the reactions 

that happen to form silver nanowires could be reversible, and the nanowires could 

disappear in this condition to form silver particles that are more thermodynamically stable.  

 

 

 

Figure 2-15. SEM image of silver particles with a 40 hour synthesis time. 



 

33 

 

 

The next step was to vary the chemical concentrations to see how the yield, length, 

and diameter of the nanowires would change. Our purpose was to change the synthesis 

conditions in small ranges, close to the reference literature, to increase the yield of 

nanowires.  As it was explained in chapter one, the silver semi-spherical particles could 

affect the EO selectivity. The silver nitrate concentration, which is a precursor of silver 

seeds in the reaction, was selected as the first chemical concentration to vary. In order to 

choose a new silver nitrate concentration, the growth mechanism of nanowires should be 

taken into consideration. The existence of silver semi-spherical particles could be due to 

the abundance of silver seeds during the nanowires growth. Thus, those silver seeds 

aggregate to each other to form a bigger particle with mostly (111) facets, which is more 

Figure 2-16. SEM image of silver particles with a 60 hours synthesis time. 
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thermodynamically stable. Then, to have less excess silver seeds, which would inhibit their 

aggregation, two lower concentrations were chosen while 0.02 M acted as reference for the 

silver nitrate concentration. 0.015 M and 0.01 M silver nitrate concentration with other 

similar synthesis conditions were tested. For the lowest silver nitrate concentration, 0.01 

M, as it is shown in Figure 2-17, the silver nanowires existed in the sample; however, the 

yield of nanowires is very low, and the silver particles, such as semi-spherical particles, 

were dominant. The reason could be related to the high ratio of PVP to silver nitrate. 

Generally, the PVP molecules adsorb on the (100) planes and prevent silver seed 

adsorption on those facets and the silver particles growth in [110] direction, which leads to 

the production in silver nanowires. By decreasing the silver nitrate concentrations, the 

silver cations and the silver nuclei decreased while the concentration of PVP was 

unchanged. Thus, the PVP molecules could adsorb on the (111) as well, which would 

prevent the anisotropic growth of the silver seeds. Thus, the parametric studies were mostly 

conducted via the polyol method in the literature37,44 while the ratio of silver nitrate over 

PVP was changed.  
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Figure 2-17. SEM images of silver particles with 0.01 M silver nitrate concentration. 
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Figures 2-18 and 2-19 are the SEM images for silver particles with the 0.015 M and 

0.02 M silver nitrate concentrations, respectively. In both samples, a higher yield of silver 

nanowires was observed when compared to the least concentrated silver nitrate solution 

that was tested (0.01 M silver nitrate concentration). However, in the sample with 0.015 M 

silver nitrate concentration, thinner silver nanowires were obtained compared to the 0.02 

M sample. This has been reported also in the literature25 that variation in silver nitrate or 

any other silver precursor concentration can affect the diameter of nanowires. As a result, 

a 0.02 M silver nitrate concentration was selected, and the following experiments were 

conducted in this thesis, based on what was observed with the three different silver nitrate 

concentrations.  

 

Figure 2-18. SEM image of silver particles with 0.015 M silver nitrate 

concentration. 



 

37 

 

As previously mentioned, glucose plays the role of soft reducer in the hydrothermal 

method for silver nanowires synthesis. The silver seeds concentration, which are needed 

for nanowires growth, is related to glucose concentration. To investigate the effects of 

glucose concentration on the silver nanowires yield and diameter, three other 

concentrations were tested and compared to the main concentration used previously. 

Mainly 0.12 g of glucose was dissolved into 5 ml of DI water. 0.06 g, 0.18 g, and 0.24 g of 

glucose, all dissolved in 5 ml of DI water, were used for silver nanowires synthesis and 

compared to the main point. Qualitatively, by decreasing the glucose concentration the 

yield of nanowires was decreased, as it is shown in Figure2-20. The reason could be 

explained in the way that by decreasing the glucose concentration, the rate of silver chloride 

particles reduction was decreased. It was similar to the increase of the PVP to silver seeds 

Figure 2-19. SEM image of silver particles with 0.02 M silver nitrate concentration. 
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ratio. Then, the PVP could block the (111) facets as well as (100) facets and prevent the 

silver seeds from anisotropic growth. Moreover, a lot of nanowires were observed in a 

different form compared to previous results. These nanowires were not straight as is shown 

in Figure 2-21. The reason could be related to the shortage of enough silver seeds for those 

nanowires during the formation to grow thick and straight. By increasing the glucose 

concentration as double as the main point (0.24 g glucose in 5 ml DI water), the silver 

nanowires yield was relatively lower than the main concentration point, but the diameter 

of some nanowires was considerably thicker, as is shown in Figure 2-22. The diameter of 

these nanowires was exceeded 200 nm. Additionally, these nanowires were in straight 

form. By increasing the glucose concentration, the silver chloride reduction rate was 

increased. Thus, the silver seeds concentration was increasing, resulting in a lower ratio of 

PVP to silver seeds. Excess silver seeds could not find enough PVP molecules to adsorb 

and grow anisotropically and then aggregated to each other and produced spherical 

particles at the end. However, some of those silver nanowires that found enough PVP 

molecules to grow in one dimension direction had enough silver seeds to grow in a straight 

form and thick diameter. Another silver nanowires sample, including 0.18 g glucose 

dissolved into 5 ml of DI water, was synthesized as a point between the highest glucose 

concentration and the main point. The result is shown in Figure 2-23. This sample had a 

similar nanowires yield compared to the main glucose concentration sample with 

approximately thicker nanowires. Thus, it was selected as the glucose concentration for the 

further experiments done in this study.  

 

 



 

39 

 

 

 

 

 

 

 

 

 

 

Figure 2-20. SEM image of silver particles with 0.06 g glucose dissolved into 5 ml of DI 

water. 

Figure 2-21. SEM image of silver particles with 0.06 g glucose dissolved into 5 ml of DI 

water. 
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Figure 2-23. SEM image of silver particles with 0.18 g glucose dissolved into 5 ml of 

DI water. 

Figure 2-22. SEM image of silver particles with 0.24 g glucose dissolved into 5 ml DI 

water. 
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Silver nanowires then needed to be impregnated on the support to be prepared for 

reaction conditions. Low surface alpha aluminum oxide is well-known as the common 

oxide support for ethylene epoxidation reaction catalysts. Incipient wetness/wet 

impregnation method was mostly used for impregnating silver particles onto aluminum 

oxide support24,26,27. As it was mentioned previously, after the centrifugation step, silver 

nanowires settled down at the bottom of centrifuge tube and formed a pellet. This pellet-

shape of nanowires cannot be impregnated on the support in a uniform distribution. The 

aluminum oxide support was provided from Saint-Gobain company in form of 8 mm rings 

with a 0.7 m2/g surface area and 0.49 m3/g pore volume. About 3-5 mL of water added to 

the silver nanowires pellet, which was gently shook, and then mixed with enough powder 

support in 18-40 mesh size sieve particles to have roughly 10-15% silver on the surface of 

the support. Then the solution was stirred in less than one minute and put in the oven to be 

dried at 80℃. In the Figure 2-24, the distribution of nanowires on the low surface area 𝛼-

Al2O3 without stirring is shown. The reason for not stirring the sample might be due to the 

potential for stirring to break apart the nanowires. The issue with a poor distribution of 

silver particles on the support is the existence of many spots without any silver particles, 

which can be attributed to the accumulation of silver particles in other spots, as it is shown 

in the Figure 2-24. This sample in the reactor might not be effective, since the spots without 

silver particles are completely inactive in the reaction. Then, stirring was tried to observe 

the silver particles distribution on the aluminum oxide support. Here, the sample was no 

longer dried in the oven, but the silver aggregate at the bottom of centrifuge tube were 

mixed with 3-5 mL of water and then transferred to a beaker, which was heated at same 

temperature as before on the stir plate under mild stirring condition.  
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Figure 2-24. SEM images of silver nanowires distribution on low surface 

alumina support without stirring for impregnation. 
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Figure 2-25 shows the SEM image of the silver nanowires distribution on the low 

surface area aluminum oxide support. The surface composition for silver was about 10%, 

according to EDS. However, another issue was observed in this condition, as shown in 

Figure 2-26. A lot of silver semi-spherical particles were stuck to the silver nanowires and 

block by them. This could block the (100) facets of silver nanowires and make them 

inactive as a result.  

 

 

 

 

 

Figure 2-25. SEM image of silver nanowires on the aluminum oxide support with 

using mild stirring condition for impregnation. 
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The same phenomenon was also observed when another type of low surface area 

aluminum oxide support was used. 1-2 mm ball-shape low surface aluminum oxide was 

provided from Tipton Corp. company. The same procedure, as mentioned previously, was 

repeated to impregnate silver nanowires on the ball-shape support. Sticking of silver semi-

spherical particles to the silver nanowires existed in this sample as well, as it is shown on 

Figure 2-27. Additionally, what was observed in large scale SEM imaging, shown in Figure 

2-28, brought us to the conclusion that the silver particles were placed just physically on 

the support. The silver particles, including silver nanowires, were covered in a thick layer 

form on the 1-2 mm ball particles. They easily were separated and removed from the 

support by hard shaking.    

 

Figure 2-26. SEM images of sticking silver spherical particles to the silver 

nanowires. 
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One of the similar steps between impregnating the silver particles on both 

aluminum oxide supports, as mentioned previously, was the solvent that was used for said 

step. In the next step, ethanol was used as the solvent for impregnating the silver nanowires 

on the alpha alumina supports. Although other solvents other than DI water and ethanol 

were not tested, it was found that it is crucial to use ethanol as the solvent for this step. This 

fact is reported in the literature as well27. The distribution of silver nanowires was not 

perfect using water as solvent and stirring under mild condition during the drying of the 

solution of silver particles in the solvent. Thus, ethanol was chosen as solvent for 

impregnating silver nanowires on the alumina support in this study.   

 

Figure 2-27. SEM image of sticking silver spherical particles to silver nanowires 

after impregnation on ball-shape alumina support. 
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Figure 2-28. SEM images of silver particles on the ball-shape alumina support. 
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Depending on the centrifuge time and rpm and the number of centrifuge cycles, 

some big silver particles were occasionally observed during SEM imaging, which was 

probably because the silver particles formed a stronger pellet after centrifugation. In order 

to solve this issue, sonication was used to make a suspension of silver particles in ethanol. 

After centrifugation, the supernatant was removed completely, then the aggregate was 

weighed from the sample in order to calculate mass of support needed for making 10-15% 

of supported silver catalyst. Then, 3-5 ml of ethanol was added to the centrifuge tube and 

the solution was sonicated for 10-20 minutes. The color of the solution was gray and there 

should not be any large particle of silver in the solution. However, it needed to be checked 

whether the sonication can break the nanowires or not. After sonication, some droplets of 

suspension were dropped on the SEM stub pin and were left to dry for a couple of hours to 

be ready for conducting the SEM images in FESEM instrument. Figure 2-29 shows the 

sonicated silver nanowires without the support. The SEM image of this sample showed that 

the nanowires were not broken, and the sonication did not decrease the yield of nanowires. 

Thus, the sonication was concluded to be the crucial step needed to impregnate the silver 

nanowires on the support. Figure 2-30 shows the SEM image of silver nanowires using 

ethanol as the solvent for impregnation, sonication, and stirring; mild stirring conditions 

are also a crucial parameter needed for making a good silver supported catalyst. In this 

figure, ball-shape alpha alumina support was used. Figure 2-31 shows the SEM images of 

silver nanowires on the SA5562 low surface area alpha alumina support, which were 

synthesized using the same procedure previously discussed. These images were taken from 

different catalyst particles to be sure that silver nanowires were distributed perfectly in the 

various particles.  
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Figure 2-29. SEM image of unsupported silver nanowires after sonication. 

Figure 2-30. SEM image of silver nanowires on the ball-shape alumina support. 
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Figure 2-31. SEM images of well-distributed supported silver nanowires 
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Figure 2-32 shows the EDS element mapping and patterns for the related SEM 

image shown as well. In the EDS mapping, the green, red, and yellow colors belong to 

silver, oxygen, and aluminum, respectively. Silver surface composition is about 11% in 

this spot, which is the same as many other spots EDS mapping was conducted on; this 

shows that the silver nanowires were distributed uniformly with about 11 wt% in all the 

support’s surface.  

 

 

 

 

 

Element Weight % 

O K 43.76 

AlK 45.52 

AgL 10.72 
 

Figure 2-32. SEM-EDS image and mapping of silver nanowires on the alumina support. 
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2.2 Polyol Method  

The polyol method is known as the most successful and popular method for 

synthesizing silver nanowires and silver nanocubes45,46. Although this method was 

introduced first by another group47, Xia’s group applied this method on metal nanoparticles 

synthesis such as silver and then developed it to the modified polyol process25,48,49. In the 

polyol process, ethylene glycol thermally decomposes to the acetaldehyde and water. Then 

silver cations, which bond to a lone pair electron of atomic oxygen, react with acetaldehyde 

easily, as their chemical potential was decreased, to produce the silver seeds and 

glycolaldehyde. In the next step the silver seeds were assembled, which leads to the 

production of the silver MTPs which are mostly in decahedral shape45,50.  

𝐻𝑂𝐶𝐻2𝐶𝐻2𝑂𝐻 
∆
→ 𝐶𝐻3𝐶𝐻𝑂 + 𝐻2𝑂 

2𝐴𝑔+ + 2𝐶𝐻3𝐶𝐻𝑂 → 2𝐶𝐻3𝐶𝑂𝑂𝐻 + 2𝐴𝑔
0 

The reason that silver seeds form the decahedra shape of MTPs is because they 

include(111) facets that are the most thermodynamically stable facets35. Due to the energy 

level of MTPs, more silver seeds are adsorbed on the MTPs surface, followed by the 

crystallization of silver seeds and the uniaxial elongation of MTPs, which result in the 

formation of silver nanorods35. Afterward, PVP molecules contribute to silver nanowires 

production where the nitrogen and oxygen atoms of the PVP react weakly to the (100) 

planes of silver nanorods to stabilize them and prevent further growth. Thus, silver 

nanorods start growing in [110] direction and produce silver nanowires. Figure 2-33 shows 

a schematic procedure of nanorod growth from the MTP particles with a pentagonal cross 

section51. Figure 2-34 shows a 3-D truncated decahedral of a nanorod with silver atoms 

arrangement and different faceting such as (100) and (111) and the FCC unit cell with a 
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lattice constant indicated with the letter “a”52. The same silver nanowire structure was 

observed in our samples. Figure 2-35(a) shows the SEM image of a single nanowire’s end 

with the facets described in literature, as mentioned previously. The (111) and (100) facets, 

and [110] direction, which is the direction of nanowire growth, are specified with yellow. 

Moreover, an SEM image of two edges of a single nanowire is shown in the Figure 2-35(b). 

Two areas of different (100) facets were selected with red dashed boxes separated with a 

yellow dashed line. The SEM images in Figure 2-35 could be the proof of the same cross 

section and growth mechanism of silver nanowires that were synthesized in this study, as 

what have been done in the literature. 

 

 

 

 

 

 

Figure 2-33. Schematic of silver nanorods 

formation from silver MTPs [51] 
Figure 2-34. 3-D scheme of silver 

nanorod [52]. 



 

53 

 

 

 

 

 

 

 

 

 

 

 

Experimental Procedure: 

The focus in this study was on the hydrothermal method as one of the synthesis 

methods for making nanowires. However, the polyol method was first selected for making 

silver nanowires, much like previous studies operating supported silver nanowires for 

epoxidation reactions24,26,27. All the attempts before a change in one of the crucial steps, 

which is going to be explained in detail later, was unsuccessful. Changing in pivotal 

synthesis parameters such as PVP/AgNO3 concentrations, injection rates, synthesis times, 

and temperatures did not change the outcome. It was found out that there is a crucial step 

during synthesis that was not mentioned by most papers. First, 5 mL of ethylene glycol is 

poured in a three-neck beaker, which is then connected to a reflux system (to avoid possible 

ethylene glycol evaporation) and heated up to 160 ℃ and left for an hour. During the 

meantime, following solutions were prepared: 0.1 M silver nitrate in 3 mL of ethylene 

[110] 

(111) 

(100) 

b) a) 

Figure 2-35. Structure of a single silver nanowire. 
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glycol and 0.6 M PVP in ethylene glycol. These two solutions were injected into the three-

neck beaker containing ethylene glycol over the period of one hour, with a two-channel 

syringe pump at a rate of 0.375 mL/min. The schematic of the synthesis system we used is 

shown in Figure 2-36. The solution should be stirred at a vigorous stirring condition for an 

hour. The stirring rate is the crucial step was mentioned previously. 300 and 400 rpm were 

tried for the first attempts, but not a single nanowire was observed in the sample. Increasing 

the rpm to 550 rpm resulted in silver nanowire formation. The solution was then cooled at 

room temperature for a couple of hours and centrifuged at 2500 rpm for 20 minutes; this 

process was repeated a total of four times, two times with DI water and two times with 

ethanol. Then the supernatant was removed and the aggregate, including silver particles, 

was put on the SEM stub pin to be dried for a couple of hours. 

 

 

 

Figure 2-36. Experimental setup for synthesizing silver nanowires via the polyol 

process. 
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Figure 2-37 shows the SEM image of the silver nanowires in higher magnification. 

A larger scale SEM images is shown in Figure 2-38. Although the yield of silver nanowires 

made by polyol process here was qualitatively lower compared to silver nanowires 

synthesizes with hydrothermal method, the nanowires obtained by polyol process had 

uniform diameter. Silver nanowires, shown in Figure 2-37, have a diameter of about 170 

nm. Then, based on what was obtained from Figure 2-38, it was concluded that the 

nanowires synthesized with polyol process at the conditions mentioned previously, had a 

uniform thicker diameter of about 170 nm, but lower yield compared to the hydrothermal 

method. This uniformity of silver nanowires is an important feature for gauging  the 

performance of the catalyst in the reactor, since particles with different size (diameter in 

case of nanowires) showed different EO selectivity24.  

 

 

 

 

 

 

 

 

 

 

 Figure 2-37. SEM image of silver nanowires with higher 

magnification. 
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Figure 2-38. SEM images of silver nanowires synthesized via polyol process. 
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2.3 Wet Impregnation and Incipient Wetness  

Silver spherical particles were synthesized using wet impregnation method as 

mentioned in the previous studies7,31. In order to make 2 g of 15 wt% supported silver 

catalyst with semi-spherical silver particles, 1.7 g of low surface area aluminum oxide 

support, that was provided from Saint-Gobain co. as mentioned previously, in a powder 

form (18-40 mesh size particles) was first pre-calcined and then was added to a solution of 

silver nitrate including 0.47 g AgNO3 dissolved in slight excess of water. The amount of 

water needed for incipient wetness was calculated based on support pore volume and 

checked by titrating the support to reach the incipient wetness point. Then, the solution was 

dried at 80℃ under mild stirring condition for a couple of minutes. After water evaporation, 

the sample was put into the oven for calcination at 450℃ for 12 hours in atmospheric air 

for the full decomposition of the nitrate precursor. It has been noted that at a temperature 

below 400 ℃, the nitrate precursor does not decompose completely31. Figure 2-39 shows 

the SEM images of silver particles on the aluminum oxide support. Darker particles belong 

to aluminum oxide while the lighter, spherical particles belong to silver. 
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Figure 2-39. SEM images of silver particles on the aluminum oxide support 

synthesized via wet impregnation. 
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CHAPTER 3 

REACTOR PREPRATION 

 

 The reactor system that was set up in this study included a single, vertical reactor 

for testing the silver catalysts supported on 𝛼-Al2O3 supports; the analysis portion of the 

reactor included a gas manifold and a gas chromatograph for analyzing the reactor effluent 

as shown in Figure 3-1. Ethylene and hydrogen gases pass through a backflow arrestor 

(indicated by bright pink in Figure 3-1) and are then connected to a 5850E Brooks mass 

flow controller (MFC). Oxygen and nitrogen gases also pass through two separate 5850E 

Brooks mass flow controllers, which all connected to a Brooks 0154 MFC controller box. 

All the gases are assumed to be well-mixed through a combination of ¼” stainless steel 

tees, port connectors, and tubing before the reactor. The MFC is connected to both ethylene 

and hydrogen lines, which has a Swagelok three-way valve before the backflow arrestor to 

switch between ethylene and hydrogen. ¼” stainless steel tubing was used for all the lines 

from the gas cylinders to the reactor. All the MFCs were calibrated for a wide range of 

flows between 4 sccm to 100 sccm. The flowrates used for running the reactor at different 

space velocities were double-checked with a Gilibrator in a range of 1 to 250 cc to be sure 

that there were not any errors of more than 3% for each flow passing through the MFCs, 

especially for low flowrates. For all the reaction runs, the pressure was atmospheric, and 
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the feed composition included 10% ethylene, 10% oxygen and 80% inert gas. Nitrogen was 

used mostly as an inert gas rather than argon because the ethylene epoxidation reaction is 

exothermic and to maintain the reactor in constant temperature, nitrogen was used rather 

than argon because nitrogen has a heat capacity which is double that of argon’s heat 

capacity. Nitrogen was used as an inert gas in a lot of other epoxidation reaction 

studies7,31,25; however, methane, with a heat capacity of double that of nitrogen, could be 

used as well30. The reactor that was used in this study consisted of a ½” stainless steel tube 

sealed with two Viton o-rings at the beginning and end of the reactor tubing. The catalyst 

powder was put between two pieces of quartz wool and kept at the middle of the reactor 

tube. The K-type thermocouple was used to measure the bed temperature. A 10 to 20 ℃ 

temperature difference was observed between the bed temperature and furnace 

temperature. Thus, the temperature of furnace was set to have desirable bed temperature. 

All the temperature that are reported in this represent the bed temperature.  

 

 

 

 

 

 

 

 

 

 

Figure 3-1. Schematic of reactor set up. 



 

61 

 

The lines of tubing that carried the effluent into the GC were wrapped with an 

electrical heat tape to avoid the liquid entrance into the GC. The effluent sent to a Shimadzu 

2014 GC with two columns: a Q Plot fused silica capillary column provided from Supelco 

with 30 m*0.32 mm diameter connected to flame ionization detector (FID) for separating 

and detecting ethylene and ethylene oxide, and a packed column ShinCarbon 80/100 with 

2 mm ID and 1/8” OD and 2 m length provided from RESTEK connected to thermal 

conductivity detector (TCD) for separating and detecting ethylene and carbon dioxide. Q 

PLOT columns are generally used for separation of small hydrocarbons giving it the 

possibility to separate ethylene and ethylene oxide. TCD is ideal choice for measuring the 

non-organic species because of the non-specificity of detectable components. TCD works 

based on different thermal conductivity of gases passing through the detector. There is a 

reference gas in a separate chamber (known as carrier gas, Helium in our case) and the gas 

is the effluent in other chamber where the change in thermal conductivity is measured there 

at isothermal conditions. The thermal conductivity of the stream was altered as various 

components passed through the column filament, causing the filament to heat up or cool 

down. Temperature changes resulted in resistance changes, which were measured and 

recorded as voltage changes over time31. The temperature of the GC oven was ramped as 

it is shown in Figure 3-2. Initial temperature was selected as 45 ℃ with the 10 minutes 

holding time and was increased to 240℃ and held for 2 minutes at the end.  The carrier gas 

flowrate for the ShinCarbon column that, was connected to TCD, was set on 25 mL/min. 

Thus, the residence time of getting the carbon dioxide and ethylene peaks in TCD were 

about 14 and 17 minutes, respectively. FID is an ideal choice for detecting the organics 
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because they are generally the easiest to ionize and give the strongest signals. Then, the 

ionized molecules come into contact with a collector plate that is connected to an 

ammeter31. A hydrogen/Air (oxygen) flame was used to ionize the species in the gas 

stream. The ethylene and ethylene oxide peaks showed a residence time of about 1.5 and 

4.5 minutes, respectively. An overlap between the ethylene and ethylene oxide peaks was 

observed when the carrier gas flowrate was set to 10 mL/min. For a better gas separation, 

column temperature and carrier gas flowrate through the capillary column was varied. The 

column temperature was decreased to 40 ℃, but a small change in the peaks’ residence 

times were observed. Decreasing the column temperature to less than 40 ℃  is not 

recommended. Moreover, changing the carrier gas flowrate through the capillary column 

from 10 mL/min to 5 mL/min, as it is shown in Figure 3-3, was more effective. The area 

that is overlapped between the ethylene and ethylene oxide is negligible compared to total 

area, and therefore, the total ethylene and ethylene oxide concentrations can be calculated.   

Calibration gases were provided from CAL GAS DIRECT company in the highest 

concentrations for each gas and balanced with nitrogen. Thus, 10% ethylene, 1% carbon 

dioxide and 1% ethylene oxide calibration gas cylinders all balanced with nitrogen were 

used. The GC was calibrated for carbon monoxide as well, but during the reaction, no 

carbon monoxide peaks were observed. Acetaldehyde also did not appear in the peak lists, 

since it reacts so fast and decompose to carbon dioxide and water. Then, the calibration 

gases were diluted with nitrogen for each gas to build the lower concentrations. 8%, 6%, 

and 4% were made for ethylene. 0.75%, 0.5%, and 0.25% were made for carbon dioxide. 

0.75%, 0.5%, 0.25%, and 0.1% were made for ethylene oxide. For all the gases the 

calibration curved that are shown in Figure 3-4 to 3-7, forced to zero.  
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Figure 3-3. Ethylene and ethylene oxide peaks in FID with a GC carrier gas 

flowrate of a) 10 mL/min b) 5 mL/min. 
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Figure 3-2. Temperature profile of the GC oven. 
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Figure 3-4. Carbon dioxide calibration curve in the TCD. 
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Figure 3-5. Ethylene oxide calibration curve in the FID. 
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Figure 3-7. Ethylene calibration curve in the FID. 
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Figure 3-6. Ethylene calibration curve in the TCD. 
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The first reactor runs, were unsuccessful; however, the conditions were adjusted 

accordingly. Upon initial testing, the synthesized catalysts showed low activity. It was 

unknown if the issues were related to either to the reactor or the catalysts. Thus, a 

benchmark catalyst sample was tested, which included silver nanoparticles in semi-

spherical shapes with the particles size mostly between 100 to 200 nm. First, the catalyst 

was reduced at 300 ℃ and atmospheric pressure for 12 hours with a flow including 20% 

hydrogen balanced with argon. 1.1 g catalyst was loaded into the reactor, and it was 

operated at a total flowrate of 100 sccm including 10% ethylene, 10% oxygen, balanced 

with argon at 180℃  and atmospheric pressure. Although this condition was not a 

reasonable condition, because of high space velocity, it was chosen as a result of its ability 

to obtain data from a previous run. In epoxidation reactions, since the selectivity goes down 

with increasing conversion, the yield of reactions is also calculated to compare the results. 

The yield of reaction in this case, considering the obtained conversion and selectivity as 

3% and 23.9%, respectively, was 0.0717. It should be mentioned that the obtained 

conversion and selectivity was an average of more than 10 GC sampling loops in order to 

be sure that the reactor reached steady state conditions. However, in higher temperature, 

this reaction needs more time to get to the steady state. The time needed for reaching to 

steady state condition in the literature has been reported with a lot of difference, which 

could be related to different condition or different catalysts structures. For example, for 

supported silver nanocubes catalyst, ethylene conversion and ethylene oxide selectivity 

showed no variation with time at a reaction condition of 230 ℃, and 10% O2 and 40% 

ethylene27. While the time needed to get steady state for supported silver nanowires and 

nanocubes in another study was reported as 24 hours25. 36 and 48 hours are the other times 
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reported in the literature for reaching to steady state for supported silver spherical 

particles30,3.  

 

The next step was to try the catalysts made by our group with the corrected space 

velocity. In order to decrease the space velocity, the total flowrate needed to be decreased 

or/and the mass of the loaded catalyst could be increased. Since the flowrate composition 

was included with the 10% ethylene, 10% oxygen balanced with an inert gas, and the 

maximum MFCs flowrates were 100 sccm, it was preferred to not set the total flow rate 

lower than 60 sccm in this run to have accurate flowrate for ethylene and oxygen. About 2 

g of 15% silver on low surface alumina (SA5562) synthesized with wet impregnation 

catalyst was loaded this time to have a space velocity about 7500 hr-1. The catalyst was 

reduced at 300 ℃ for 12 hours at a stream that included 20% hydrogen balanced with 

Figure 3-8. Ethylene conversion and EO selectivity for benchmark 

silver catalyst. 
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nitrogen, and then the reactor was operated at similar conditions discussed previously, 

except using nitrogen as inert gas rather than argon because of the higher heat capacity of 

nitrogen. Moreover, since the optimum temperature was reported differently in the 

literature, it was decided to change the temperature to observe the ethylene conversion and 

EO selectivity as a function of temperature. Thus, reactor runs for each temperature were 

operated for a couple of hours. The result is shown in Figure 3-9. It should be mentioned 

that the error bars for EO selectivity have been shown while the error bars related to 

ethylene conversion has not been shown because the error was too small to show. By 

increasing the temperature, as it was expected, the ethylene conversion was increased, 

because based on Arrhenius equation by increasing the temperature, the rate constant 

increased, which then resulted in the rate of reaction increased. This, in turn, resulted in 

more ethylene consumption and more ethylene conversion as a result. The EO selectivity 

was increased by about 10% with the temperature increase from 190 ℃  to 240 ℃ . 

Selectivity temperature dependency was shown in a computational study with a reaction 

condition very similar to the conditions conducted in this study6. The computational results 

were very consistent with the experimental results3,6,13. To understand the enhancement in 

the EO selectivity with temperature increase, it is needed to reference the apparent 

activation energies for EO and acetaldehyde formation for the (111) silver facets that are 

the most common facets for semi-spherical silver catalysts. For the reaction conditions 

mentioned here previously, the EO apparent activation energy is higher than the 

acetaldehyde apparent activation energy. Thus, as it has been reported in Hus et al. study, 

the slope of 1/T vs. log (TOF) which is apparent activation energy is more in EO formation 

rather acetaldehyde formation, meaning that by increasing the temperature, the log(TOF) 
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is increased more for EO formation when compared to acetaldehyde formation. The ratio 

of EO mole formation to the acetaldehyde mole formation was defined as EO selectivity 

in this study. Generally, in epoxidation reactions, including the ethylene epoxidation 

reaction, the conversion and selectivity have different trends. It has been reported that by 

increasing the conversion, the selectivity goes down because of the initiation of ethylene 

oxide oxidation through the isomerization to acetaldehyde, which is decomposes fast to 

carbon dioxide. The result, shown in Figure 3-10, is obtained at the exact same conditions 

as were used for Figure 3-9. Based on these results, the EO selectivity went down by 

increasing the conversion. The only difference between what has been collected in these 

figures, is the time that catalyst was on the stream. It has been shown in literature that the 

catalysts for ethylene epoxidation reactions would take between 24 to 48 hours to reach the 

stable condition. Comparing the results with the same reaction condition that shown in the 

figures below, catalyst in the first reactor run was initiating. Moreover, the results shown 

in Figure 3-10, was similar to the results that were obtained previously in our group7. 

Although the space velocity in this study was higher than what was reported previously in 

literature, the yield was close to each other. In previous work, at about 230 ℃ the 

conversion was about 5% with a selectivity of 28% resulted in a yield of 1.4%. In this 

study, at the same temperature the yield of 1.9% was obtained that was similar to previous 

results. The reason of higher selectivity was calculated here could be addressed by the 

silver size effects. Larger silver particles size would result in higher EO selectivity. 

However, because of the sintering the lifetime activity of the catalysts would be lower. 
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Figure 3-9. Ethylene conversion and EO selectivity for semi-spherical, fresh catalysts at 

different temperatures. 

Figure 3-10. Ethylene conversion and EO selectivity for semi-spherical, silver catalysts 

during the second run. 
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Figure 3-11. SEM images of silver particles on the low surface area aluminum oxide 

support a) spent catalyst b) fresh catalyst 
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For the silver nanowires sample, the reaction conditions were selected based on 

what had been reported in Linic et al. Thus, about 1.6 g of the supported silver nanowires 

sample, as shown before in chapter 2, was loaded into the reactor and pretreated at 230℃ 

for three hours in a stream of 25% O2 balanced with nitrogen. Then, the reaction was started 

with a 50 sccm total flow which included 10% ethylene, 10% O2 and balanced with 

nitrogen, resulting in space velocity of 7400 h-1. By using the hydrothermal synthesis 

method, about 0.6 g of supported silver nanowires were synthesized. To have enough 

catalyst mass for loading into the reactor, there were two ways: first to scale up the 

synthesis amount by a factor of three or to mix three batches of one typical synthesis cycle 

that was reported in chapter two. Both methods were tested, and it was preferred to mix 

three batches together to have enough amount for the reaction. The silver nanowires yield 

was of higher quality in the case of mixing the batches, which could be because of the fact 

that the reaction happening in the hydrothermal method is reversible; this, in turn, could 

potentially increase the probability that the backward reaction could occur, during longer 

synthesis times, which would result in lower silver nanowire yields. However, in order to 

mix three batches of supported silver nanowires, it must be ensured that all the three sample 

have similar silver nanowires yields and diameters, and that they also have similar 

distributions on the support. EDS mapping of silver particles on the support surface showed 

that the surface composition was between 8% to 11% by silver weight percent. Then, the 

three batches were mixed together and loaded into the reactor. The reaction operated at 

different temperatures from 190 ℃ to 280 ℃ for a while. Although the ethylene oxide peak 

was observed in the GC, the ethylene conversion was lower than 1%. Thus, the supported 

silver nanowires catalyst were not active at mentioned reaction conditions. One possible 
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reason could be due to impurities that covered the active sites of silver nanowires such as 

PVP molecules. As it has been mentioned in the literature and previously in chapter two, 

the PVP molecules adsorbed on the (100) and prevents growth and then the (111) starts to 

grow in [110] direction. It has been shown in the literature6 that washing the silver 

nanowires with both water and an organic solvent, such as ethanol, removed most of the 

PVP molecules from the surface, and about 1.5%wt of PVP molecules can be removed by 

heating the sample in the TGA. However, it was decided to increase the reactor temperature 

to possibly remove some of the PVP molecules and to check the thermal stability of 

nanowires as well. 400℃ was selected as the temperature to continue the reactor run under 

the same pretreatment flowrate composition. At this temperature, almost all the nanowires 

decayed into segments and lost the (100) structures and deformed into silver semi spherical 

particles as it is shown in Figure 3-12.  

There were some other potential changes to be had that could potentially make the 

catalyst active at said reaction conditions. In addition to a well distribution of silver 

nanowires on the 𝛼 -Al2O3 that was mentioned in chapter two, the surface silver 

composition was the first place to investigate. As it was shown previously, with the amount 

that was selected to make 15 wt% silver on the support surface, EDS mapping showed 

about 10 wt% silver on the support surface. Thus, it was selected to make 20 wt% supported 

silver catalysts to reach the correct silver surface composition. Three batches of silver 

nanowires were synthesized and impregnated on the low surface area aluminum oxide 

support (SA5562) and the EDS mapping was conducted on all three samples. Silver 

distribution was between 15 wt% to 20 wt% on the support surface. An SEM image of one 

of the batches of supported silver nanowires is shown in Figure 3-13.  
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Figure 3-12. SEM image of deformed silver nanowires to silver semi spherical particles 

Figure 3-13. SEM image of fresh supported silver nanowires catalyst with 16 wt% silver 

surface composition. 
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The EDS pattern and surface composition of this SEM image is shown in Figure 3-14. 

 

This catalyst was loaded into the reactor and pretreated the same reaction conditions 

that were used before. Then the reactor was operated with the same reaction conditions: 50 

sccm total flowrate including 10% ethylene, 10% oxygen, balanced with nitrogen at 

atmospheric pressure and different temperature starting from 190 ℃ to 270 ℃. The total 

EO mol formation was higher than what was observed in previous run; however, the 

conversion was still lower than 1%, which resulted in the inactivation of supported silver 

nanowires catalyst. Figure 3-15 shows the spent supported silver catalyst. In addition to 

semi-spherical silver particles that existed in the fresh catalysts, generally two types of 

silver nanowires could be observed in the spent catalyst. Nanowires with a thicker diameter 

existed almost intact while the thinner nanowires were decayed to smaller nanorods or 

nanoparticles. Comparing what has been reported in the literature about the gold and 

platinum nanowires, thermal stability to what has been observed in this study, could reach 

Figure 3-14. EDS pattern and surface composition of elements shown in Figure 3-14 
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us to a conclusion about the silver nanowires structure change. Platinum nanowire thermal 

stability was investigated in the literature by annealing the Pt nanowires in a vacuum 

furnace at temperatures between 600 ℃ to 1000 ℃ for 30 minutes. The same experiment 

was done for the gold nanowire in another study. Although these studies were conducted 

in different conditions compared to what has been done in this thesis, the same structure 

change procedure could also be conducted for silver nanowires at the reaction conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

A higher magnification SEM image of the spent catalyst is shown in Figure 3-16, 

which demonstrates that the thinner nanowires were broken under the reaction condition 

while thicker nanowires remained unchanged. Small nanorods were placed in continuation 

of each, other indicating that they might form a nanowire before the reaction, but then they 

were decayed to smaller parts by annealing under reaction condition. Generally, the 

Figure 3-15. SEM image of spent supported silver nanowire catalyst. 



 

77 

nanowires with a diameter of more than 100 nm remain intact under reaction condition 

(until about 270 ℃ for a couple of hours) while the thinner nanowires were broken and lost 

their initial structure.  

 

 A quick review of some of the silver nanowires synthesis using hydrothermal 

method in the literature, resulted in the table shown below, Table 1. The average diameter 

of silver nanowires synthesizing with hydrothermal method is usually less than 100 nm. A 

result that was observed in this thesis as well. It could be the reason that the studies on the 

supported silver nanowires catalysts for ethylene epoxidation used the polyol method as a 

well-known method for making nanowires. The advantages of polyol method comparted 

to hydrothermal method in synthesizing silver nanowires can be summarized as follows: 

first, a better control on silver nanowires growth with favorable diameter of more than 100 

Figure 3-16. Higher magnification SEM image of spent supported silver nanowire 

catalyst. 
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nm and second, a better nanowire diameter distribution with more uniform diameter. What 

was mentioned previously are good results to learn by; however, they are not the reason 

for catalyst inactivity. As it was shown in this thesis, the silver spherical particles with 

(111) facets were active and had a reasonable EO selectivity as an unpromoted supported 

silver catalyst. Thus, one of the most possible reasons, which will be investigated in future 

experiments, is the adsorption of gases on the supported silver nanowire catalyst. 

Table 3-1. Diameter and length scale of silver nanowires synthesized by hydrothermal 

method in the literature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Study Diameter  Length  

Xu et al.53 Ave ~ 30 nm Micrometer scale  

Yang et al.43 Ave ~ 53 nm Up to 6  𝜇𝑚 

Tetsumoto et al.39 70 to 300 nm  Up to 100  𝜇𝑚 

Tang et al.54  60 to 140 nm Micrometer scale  

Zhang et al.55 Ave ~ 50 nm  Ave ~250  𝜇𝑚 

Bari et al.36 Ave ~ 45-65 nm  200 to 500  𝜇𝑚 

Wang et al.38 Ave ~ 100 nm  Ave ~ 500  𝜇𝑚 

Cwik et al.56 Ave ~100 nm  Ave ~ 160 𝜇𝑚  

Liu et al.57 Ave ~ 50nm  Micrometer scale  
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 CHAPTER 4 

CONCLSION AND FUTURE WORK 

 

The goal of this thesis was to synthesize different silver, nanostructured catalysts 

and evaluate their activity for an ethylene epoxidation reaction. Among the different silver 

catalysts structures, semi-spherical silver catalysts, which include (111) facets in 

abundance, have been investigated vastly in the literature31,7,3,13,58. Ag (111) is the most 

stable the least active facet for silver, as the metal with FCC structures6. Industrially, some 

promoters, such as cesium and rhenium, in addition to feed additives, such as chlorine, are 

being added to silver catalysts in order to increase EO selectivity13,58. It has been reported, 

both experimentally and computationally, that the unpromoted silver catalysts with Ag 

(100) facets are more selective toward the ethylene oxide formation in an ethylene 

epoxidation reaction6,25,24. Silver nanowires and silver nanocubes are well-known silver 

structures, which consist primarily of (100) facets25,26. Although silver nanocubes catalysts 

have higher EO selectivity than silver nanowires24, in this study silver nanowire structure 

were chosen as the starting point, since there are considerably more literature studies in 

silver nanowires synthesis compared to silver nanocubes. Based on what was mentioned in 

previous chapters, synthesizing these structures were challenging. Thus, in this study it was 
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imperative to report every step, regardless of how small, required to prepare a better silver 

nanowires sample. 

Both the polyol and hydrothermal methods were utilized in this study for 

synthesizing silver nanowires. The hydrothermal method was found to be more 

straightforward for making silver nanowires but resulted in thin nanowires compared to the 

polyol method. Various adjustments were made to the synthesis parameters to try and 

improve the nanowire yields and investigate their effects on the diameters of the nanowires. 

The centrifuge method was selected as a better separation method compared to vacuum 

filtration. For both methods, a cycle including two times washing with DI water and two 

times washing with ethanol (or other organic solvents such as acetone and isopropanol) 

was chosen. For the centrifuge method, the samples were centrifuged for 20 minutes at 

2500 rpm for each cycle and then were put on the glass slide or SEM stub pins to be dried. 

For the method using vacuum filtration, samples were poured on a filter paper and washed 

with the same solvents; the sample was then transferred onto the SEM stub pins to be dried. 

By comparing SEM images of these two samples, as shown in chapter two, it was 

concluded that the yield of nanowires was higher in the sample that silver spherical 

particles were removed with the centrifuge method compared to filter paper separation 

method. This result could happen because the spherical particles would stick between the 

net of nanowires and could not be removed perfectly. Additionally, some trace amounts of 

filter paper were observed in the SEM images.  

Moreover, among other synthesis parameters, time was found as one of the crucial 

variables affecting the yield and the diameter of nanowires. Silver nitrate and sodium 

chloride first were reduced in an aqueous solution to produce silver chloride particles. The 
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solubility of silver chloride in water is weak, so the glucose helps in the reduction of silver 

chloride particles to release the silver nuclei needed for nanowires formation. In the short 

synthesis time (12hours), silver chloride particles were reduced partially, and a lot of silver 

chloride particles, with high XRD peak intensity, were seen in the SEM images and XRD 

patterns, respectively. By increasing synthesis time, more silver chloride particles were 

reduced, which resulted in more silver nuclei being released. A lower concentration of 

silver chloride particles was observed in the SEM images for 15 hours compared to 12 

hours with less intense XRD peaks. These peaks were not collected in XRD pattern for the 

18 hour synthesis time, but the sample was consistent with the related SEM images that 

showed the silver chloride particles were in a lower concentration compared to the two 

others. Thus, it can be seen that the 18 hour synthesis time, with the concentrations and 

temperatures, was selected for this thesis as the transition synthesis time that majority of 

silver chloride particles were reduced to form the silver particles. Two more synthesis times 

were tested: 21 hours and 24 hours. A few silver chloride particles were observed for the 

21 hour sample while there were not any for the 24 hours sample. The primary reason for 

choosing a higher synthesis time than the time that major silver chloride particles were 

reduced to silver nuclei, was that the silver seeds should have enough time to adsorb PVP 

for blocking the (100) facets and facilitate the anisotropic growth of nanowires. 

Considering the peaks that were obtained for silver particles in XRD, 24 hours was selected 

as a better choice for the synthesis time because of the ratio of Ag(111) to Ag(220), which 

was higher in the 24 hours sample, showing a decrease in high index of Miller planes. 

Comparing the diameter of silver nanowires from the sample synthesized by 12 hours and 

24 hours, it brought us to the conclusion that higher synthesis times resulted in a thicker 



 

82 

diameter, in this case, as well as the silver precursor concentration. However, longer 

synthesis time is not necessarily good for silver nanowires yield and diameter. Too lengthy 

of a synthesis time resulted in a very low yield of silver nanowires, which is because of the 

reversibility of silver chloride particles and reduction by glucose. 

Silver nitrate, sodium chloride, PVP, and glucose concentrations were changed in 

small ranges to increase the yield and diameter of nanowires. The silver nitrate 

concentration was decreased to increase the yield of silver nanowires, because excess 

amounts of silver nitrate would result in the excess silver seeds concentration, which is 

required to agglomerate to each other and produce large semi-spherical silver particles. 

0.01 M silver nitrate aqueous solution was tested at lower concentrations, which resulted 

in a lower yield of the silver nanowire sample compared to the 0.02 M silver nitrate 

concentration, which acted as the basis concentration that was used in this study. The ratio 

of silver to PVP molecules together played a pivotal role, since when there were a lot of 

PVP molecules in the sample compared to silver nitrate molecules, then during the silver 

seeds formation and anisotropic growth, the PVP molecules would get adsorbed on the 

(111) planes as well as the (100) planes and stop them from growing in the [110] direction 

to form nanowires. Thus, the silver spherical particles would be dominant. This could be 

the reason of low silver nanowire yield when the silver nitrate concentration was chosen as 

0.01 M. Silver nanowires yield was increased by increasing the silver nitrate concentration 

to 0.015 M with the same yield as 0.02 M but with thinner nanowires. Changing other 

chemical concentrations in a small range did not change the story, and the yield of 

nanowires was not increased more than what has been shown in this study. However, with 

a larger change in chemical concentrations, considerable changes were observed. 
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Increasing the glucose concentration in DI water, resulted in thicker nanowires with a lower 

yield, which was because of an increase in silver chloride particles, the reduction rate and 

abundance of silver seeds, which aggregate to each other, provided the silver spherical 

particles in addition to thicker nanowires.  

In the next step, the procedure of impregnating silver nanowires in the low surface 

𝛼 -aluminum oxide was explained in detailed. The silver nanowire sample, after 

centrifugation, was diluted with 3 to 5 mL of ethanol and then was sonicated for about 10 

to 20 minutes to be sure that all the aggregates at the bottom of the centrifuge tube were 

changed to a suspension of silver nanowires and ethanol. The suspension was contacted 

with enough aluminum oxide support powder to have 15% silver nanowires surface 

composition. The solution was stirred in the beaker on the stir plate at 80 ℃until it was 

dried. Calcination was not needed here, because almost all the impurities were removed 

during the washing with DI water and ethanol in the centrifuge. It was found that the 

solvent for wet impregnation should be ethanol while the usage of DI water, a weak bond 

between silver particles and supports weas formed, which resulted in the removal of the 

silver particles on the support easily by shaking. Additionally, stirring, during the drying, 

is necessary to have a well distributed silver nanowires on the support surface. Sonication 

would ease the separation of the aggregate of silver particles and help to achieve a better 

silver particle distribution. EDS mapping shows that with the amount to make 15% silver 

surface composition, we finally reached 10% silver composition while making a 20% silver 

to support ratio gave us a 15% silver distribution on the surface.  

 Supported silver spherical catalysts with 15% silver surface composition that were 

synthesized with wet impregnation, were tested in the reactor as well as the supported silver 
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nanowires with the same composition. The pretreatment and reaction conditions were 

selected based on what was done previously in the literature7. The semi-spherical catalysts 

with diameter of more than 500 nms were reduced at 300 ℃  for 12 hours in a 20% 

hydrogen stream balanced with nitrogen. The reactor was then operated at different 

temperatures and atmospheric pressure at a stream consisting of 10% ethylene, 10% 

oxygen and balanced with nitrogen at a space velocity of about 7500 hr-1. By increasing 

the temperature, the ethylene conversion was increased due to the increase in the reaction 

rate defined by the Arrhenius equation. For the first run, the increase in temperature also 

resulted in an increase in EO selectivity, which was consistent with DFT papers explained 

by the fact that the apparent energy barrier for EO production is higher than the apparent 

energy barrier for acetaldehyde production. Thus, by increasing the temperature, the rate 

of increase in TOF would be higher in EO formation than AA formation. However, for the 

next reactor run, it was observed that by increasing the temperature, the EO selectivity went 

down as previously mentioned in the experimental papers. In the same stream, the EO 

selectivity goes down since the isomerization reaction rate increases and more EO converts 

to AA as time goes on. However, in the case was mentioned previously, it could be related 

to the size of the particles effect on the EO selectivity and ethylene conversion. The more 

catalysts that were spent in the stream, the more sintering that occurred, which resulted in 

much bigger silver particles, up to 5 𝜇𝑚 diameter size. Then the EO selectivity decreased 

while ethylene conversion increased.  

 The supported silver nanowire catalysts were not active. The ethylene conversion 

was less than 1%. To find out the reason many experiments and suggested and tested. In 

addition to the good silver nanowires distribution that was mentioned before, the surface 
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composition was increased from 10% to 15%. However, the activity of the catalysts was 

not greatly changed. The spent catalysts showed that some of the silver nanowires lost their 

structure and they decayed into smaller nanorods and nanospherical particles. Based on 

what was observed in the SEM images, nanowires thinner than 100 nm were mostly 

decayed into nanoparticles while thicker nanowires remained intact. Fresh silver nanowires 

catalysts, in addition to the literature review, showed that the silver nanowires synthesized 

with hydrothermal method with different conditions and chemicals have a diameter less 

than 100nm. This result proved why all the studies working on different silver structure 

catalysts used the polyol method rather than the hydrothermal method. The Advantages of 

the polyol process compared to the hydrothermal could be summarized in two points: 1. 

Thicker nanowires could be synthesized 2. The diameter distribution in the polyol method 

is more uniform. However, synthesizing the nanowires in the hydrothermal method is much 

easier than the polyol process method. It was found that the stirring rate in polyol synthesis 

method is crucial. Even a single nanowire was not obtained when a stirring rate of 300 and 

400 rpm was used; however, increasing the stirring synthesis rate to 520 rpm resulted in a 

low yield of silver nanowires with a great uniform diameter. However, the reason of 

inactivity of these catalysts may not be structural changes, since they were decayed into 

spherical particles that have been shown to be active before. Another hypothesis, that is 

going to be tested in future, is that impurities covered the active sites of the silver particles. 

It has been reported that the glucose starts to be carbonized or polymerized in the 

temperature between 140 ℃ to 160 ℃. A layer of graphite and amorphous carbon resulted 

from the glucose was reported with Raman spectroscopy in the literature39. Sample of silver 

nanowires synthesized in this study will be tested using Raman spectroscopy to investigate 
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the graphite and carbon existence, same as previously mentioned. Additionally, based on 

what was said in the literature, more than 98% of PVP molecules adsorbed on the silver 

nanowires were removed by washing the sample during centrifugation. Moreover, the EDS 

pattern obtained in this study showed that almost all the chemicals were removed in a 

considerable percentage. However, in order to understand the layer of the impurities that 

could block the silver particles site, the IR spectrum of a probe molecule gas on the silver 

surface at the reaction temperature and pressure will be investigated. Comparison between 

the collected spectrum of the probe molecule gas on the silver surface in literature and the 

sample synthesized in this study would help to illuminate the adsorption of reactants on the 

silver nanowires catalysts.  

As it was mentioned in chapter one, silver nanocubes showed a higher EO 

selectivity rather than silver nanowires in experimental studies. Although both silver 

nanowires and nanocubes have (100) facets, resulting in higher EO selectivity compared 

to (111) facets, silver nanocubes have the highest EO selectivity. This is due to the greater 

number of active sites on a concentration per volume basis and a lower concentration of 

defect sites that accompany them. Synthesizing silver nanocubes in different sizes is the 

next step of this study in future experiments to compare their activity and size effects to 

the activity of silver nanowires and semi-spherical silver catalysts of different sizes. The 

experimental procedure for making silver nanocubes with both the hydrothermal and 

polyol methods is same as synthesizing silver nanowires, but at different concentrations or 

synthesis conditions, such as time and temperature.   
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 In epoxidation reactions, promoting the catalysts and using feed additives is very 

common and well-known. Cesium and rhenium are two well-known silver catalyst 

promoters which increase the EO selectivity considerably13. Promoting silver nanowires 

and silver nanocubes catalysts with cesium and other promoters could greatly improve the 

ethylene epoxidation catalysts and overall reaction yields26. 
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