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Abstract 

The manipulation of microstructures within modern micro- and nanomaterials stands as a 

prevalent practice with extensive applications across diverse fields. The deliberate control of 

material microstructures empowers the fine-tuning of their distinctive physical and chemical 

properties, catering to specific requirements in various applications. This dissertation mainly 

explores the strategic utilization of materials endowed with controlled microstructures, particularly 

investigating their significance and applications in the field of electrochemistry and obscurants. 

Finding ways to reduce reactor volume while increasing product output for electroorganic 

reactions would facilitate the broader adoption of such reactions for the production of chemicals in 

a commercial setting. The goal of the electrochemistry research is to investigate how the use of 

flow with different electrode structures impacts the productivity (i.e., the rate of product generation) 

of a TEMPO-mediated azidooxygenation reaction. Comparison of a flow and batch process with 

carbon paper (CP) demonstrated a 3.8-fold higher productivity for the flow reactor. Three custom 

carbon electrodes, sintered carbon paper (S-CP), carbon nanofiber (CNF), and composite carbon 

microfiber-nanofiber (MNC), were studied in the flow reactor to evaluate how changing the 

electrode structure affected productivity. Under the optimum conditions these electrodes achieved 

productivities 5.4, 6.5 and 7.8 times higher than the average batch reactor, respectively. Recycling 

the outlet from the flow reactor with the MNC electrode back into the inlet achieved an 81% yield 

in 36 minutes, while the batch reactor obtained a 75% yield in 5 hours. These findings demonstrate 

that the productivity of electroorganic reactions can be substantially improved through the use of 

novel flow-through electrodes. Further exploration on other type of electroorganic reaction with 3-

D porous electrode, like electrochemical cross-electrophile coupling (XEC), got an extensively 

lower yield in the flow cell with different configurations, which was due to the pass of chemicals 
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through membrane in divided cell and low residence time in undivided cell.  Due to the time and 

funding limited, we did not dig deeper into this project. 

The ultimate goal of the obscurants work is to create an engineered aerosol that acts as one-

way smoke, i.e., it creates an asymmetric vision environment in which the ability to image objects 

depends on the viewing direction. To this end I developed a rapid, one-pot synthesis of copper-

based microclubs that consist of a Cu2O octahedron attached to a Cu2O@Cu shaft. Millions of 

synthesized particles were analyzed in minutes with a FlowCam to provide a robust statistical 

analysis of their geometry, and rapidly elucidate the roles of the reaction constituents on the particle 

shape and yield. By utilizing Bayesian Optimization, the parameter space of the reaction conditions 

was fully explored, reducing the mean square error (MSE) between predicted and actual yield by 

125 times after 14 iterations and achieving 64% yield of microclub production in 20 mL scale. With 

the slight modification on the optimized conditions, 67% yield was achieved under 2 L scale 

synthesis of microclub. The combination of asymmetry in both shape and composition introduces 

a 30% difference in scattering of light propagating parallel to the microclub axis from opposing 

directions. This work represents a first step toward the creation of an asymmetric imaging 

environment with an aerosol consisting of acoustically aligned microclubs.     

 

 

 

 

 

 

 

 



 

 
vi 

Contents 

Abstract ........................................................................................................................................... iv 

List of Tables .................................................................................................................................. ix 

List of Figures .................................................................................................................................. x 

Acknowledgements ....................................................................................................................... xiii  

1. Introduction .................................................................................................................................. 1 

1.1 Materials with Microstructure ............................................................................................. 1 

1.2 Control Microstructure of Flow Electrodes for Electrochemistry ....................................... 2 

1.2.1 Flow Electrochemistry ................................................................................................... 2 

1.2.2 Control Microstructure of Flow Electrodes .................................................................... 3 

1.3 Control Microstructure of Materials for Obscurants ........................................................... 4 

1.3.1 Obscurants ...................................................................................................................... 4 

1.3.2 Control Microstructure of Obscurants Materials ............................................................ 5 

2. Intensification of Electrochemical Azidooxygenation with a Flow-Through Electrode ............. 7 

2.1 Introduction ......................................................................................................................... 7 

2.2 Materials and Methods ...................................................................................................... 10 

2.2.1 Materials ....................................................................................................................... 10 

2.2.2 Fabrication of Carbon Electrodes ................................................................................. 11 

2.2.3 Flow Cell Design .......................................................................................................... 13 

2.2.4 Measurement of Physical Properties of Various Carbon Electrodes ............................ 14 

2.2.5 Procedure for Electrochemical Azidooxygenation in a Batch Reactor ........................ 18 

2.2.6 Procedure for Electrochemical Azidooxygenation in Flow Cell .................................. 21 

2.2.7 Procedure for Cycling Experiment in Flow Cell .......................................................... 22 

2.3 Results and Discussion ...................................................................................................... 23 



 

 
vii  

2.3.1 Batch vs. Flow with Carbon paper ............................................................................... 23 

2.3.2 Fabrication and Characterization of Carbon Electrodes with Higher Surface Areas ... 30 

2.3.3 Flow Reactor Performance with Higher Surface Area Electrodes ............................... 34 

2.3.4 Increasing Yield with Recycling .................................................................................. 37 

2.3.5 Extension to a More Difficult Substrate ....................................................................... 40 

2.4 Conclusion ......................................................................................................................... 41 

3. Intensification of Electrochemical Cross-Electrophile Coupling by Flow-Through Process .... 42 

3.1 Introduction ....................................................................................................................... 42 

3.2 Materials and Methods ...................................................................................................... 44 

3.2.1 Materials ....................................................................................................................... 44 

3.2.2 Procedure for Synthesis of Tertiary Ŭ-Bromopinacol Boronic Ester ........................... 45 

3.2.3 Procedure for e-XEC Reaction in batch reactor. .......................................................... 46 

3.2.4 Procedure for e-XEC Reaction in flow reactor. ........................................................... 47 

3.3 Results and Discussion ...................................................................................................... 48 

3.3.1 Batch vs. Flow in Undivided Cell ................................................................................ 48 

3.3.2 Batch vs. Flow in Divided Cell .................................................................................... 52 

3.3.3 Comparison of Nylon and FAB-PK-130 Membrane for Chemical Blocking .............. 54 

3.4 Conclusion ......................................................................................................................... 56 

4. Towards One-Way Smoke: Synthesis of Copper-Based Microclubs with Asymmetric Scattering 

and Absorption ............................................................................................................................... 57 

4.1 Introduction ....................................................................................................................... 57 

4.2 Materials and Methods ...................................................................................................... 60 

4.2.1 Materials ....................................................................................................................... 60 

4.2.2 One-pot Synthesis of Copper-Based Microclubs ......................................................... 60 

4.2.3 Microclub synthesis at 2 L Scale with Overhead Stirrer .............................................. 61 



 

 
viii  

4.2.4 Instrumentation and Characterization .......................................................................... 62 

4.2.5 Bayesian Optimization for Planning Experiments ....................................................... 64 

4.2.6 Microclub Alignment in Acoustic Environment .......................................................... 67 

4.3 Results and Discussion ...................................................................................................... 67 

4.3.1 Synthesis and Characterization of Microclubs ............................................................. 67 

4.3.2 Effect of Key Reaction Conditions on Microclub Synthesis ........................................ 71 

4.3.2.1 Reaction Time ....................................................................................................... 72 

4.3.2.2 NaOH Concentration ............................................................................................ 74 

4.3.2.3 N2H4 Amount ........................................................................................................ 75 

4.3.2.4 EDA Amount ........................................................................................................ 76 

4.3.3 Enhancing Yield through the Application of Bayesian Optimization .......................... 77 

4.3.4 Scale up of Microclub Production ................................................................................ 80 

4.3.5 Asymmetric Optical Properties of Microclub by Simulation ....................................... 84 

4.3.6 Alignment of Microclubs in Solution by Acoustic Sound ........................................... 85 

4.4 Conclusion ......................................................................................................................... 87 

5. Conclusion ................................................................................................................................. 88 

References ...................................................................................................................................... 90 

Biography ..................................................................................................................................... 105 

  



 

 
ix 

List of Tables 

Table 1. Physical properties of different carbon flow-through electrodes. .................................... 32 

Table 2. Comparison of different forms of FAB membrane and nylon membrane under 10 mA 

current for e-XEC. ......................................................................................................................... 54 

Table 3. Comparison of FAB membrane with different pretreatment methods and nylon membrane 

for e-XEC reaction. ........................................................................................................................ 55 

Table 4. Absorption cross section (ACS), scattering cross section (SCS), and extinction cross 

section (ECS) of the microclub structure at the rotations of [0↔, 90↔, 180↔, 270↔] .............................. 84 

 

 



 

 
x 

List of Figures 

Figure 1. Typical flow cell configurations: (A) flow-through pattern, (B) flow-by pattern. ........... 2 

Figure 2. Images of the reactors and the reaction. ........................................................................... 9 

Figure 3. Shape of carbon paper (CP) electrode. ........................................................................... 11 

Figure 4. Conductivity of carbon microfiber-nanofiber composite (MNC) electrodes prepared with 

different glucose concentrations. ................................................................................................... 13 

Figure 5. Image of a 3D-printed PEKK flow cell assembled with a Ag/AgNO3 reference electrode 

for the ECSA measurement. .......................................................................................................... 14 

Figure 6. ECSA (electrochemically active surface area) measurement of different electrodes. .... 16 

Figure 7. Pressure drop of deionized water across different carbon electrodes at various superficial 

velocities for (A) CP, (B) S-CP, (C) CNF, and (D) MNC. ............................................................ 17 

Figure 8. 1H-NMR spectra of the azidooxygenation products. ...................................................... 20 

Figure 9. Image of the disassembled components of the PEKK flow cell. Note that the reference 

electrode for the determination of the ECSA is not shown in the figure. ...................................... 23 

Figure 10. (A) Mechanism and (B) reaction equation of TEMPO-mediated azidooxygenation.75 24 

Figure 11. (A) The productivity of azidooxygenation in a flow cell with a CP electrode as a function 

of applied potential and flow rate. (B) I-V curve of a background solution .................................. 25 

Figure 12. Electrochemical behavior comparison between batch reactor and flow reactor........... 26 

Figure 13. (A&B) Current, faradic efficiency (FE), yield and productivity of azidooxygenation with 

CP in the flow reactor as a function of flow rate. .......................................................................... 28 

Figure 14. SEM images of different carbon electrodes: (A) CP, (B) sintered carbon paper (S-CP), 

(C) carbon nanofiber (CNF), (D) carbon microfiber-nanofiber composite (MNC). ...................... 29 

Figure 15. Zoom-in SEM images of (A) CP and (B) sintered carbon paper (S-CP). .................... 29 

Figure 16. Thickness of different carbon electrodes measured by the cross-section SEM images: 

(A) CP & S-CP, (B) CNF, (C) MNC. ............................................................................................ 31 

Figure 17. Conductivity, electrochemical active surface area (ECSA), permeability, and porosity 

of different carbon electrodes. ....................................................................................................... 32 

Figure 18. Current, FE, yield and productivity of azidooxygenation for flow reactors using (A&D) 

S-CP (B&E) CNF, and (C&F) MNC. ............................................................................................ 34 



 

 
xi 

Figure 19. SEM images of different carbon electrode after the reaction. (A) CP, (B) S-CP, (C) CNF, 

and (D) MNC. ................................................................................................................................ 35 

Figure 20. Comparison of azidooxygenation reaction performance with different carbon electrodes.

 ....................................................................................................................................................... 36 

Figure 21. The effect of NaOH buildup and removal on MNC electrodes. ................................... 37 

Figure 22. Comparison of the yield for the azidooxygenation reaction in the batch reactor and flow 

cell vs. reaction time with different substrates ............................................................................... 38 

Figure 23. Comparison of the yield for the azidooxygenation reaction in the batch reactor and flow 

cell vs. total time (reaction time + washing time) with different substrates .................................. 39 

Figure 24. The change in weight of the MNC electrode after each reaction cycle. ....................... 40 

Figure 25. Equation of electrochemically driven cross-electrophile coupling reaction (e-XEC).111

 ....................................................................................................................................................... 42 

Figure 26. (A) Image of an undivided batch reactor. (B) Image of a divided batch reactor. (C) Image 

of an undivided flow reactor. (D) Image of a divided flow reactor. .............................................. 43 

Figure 27. Equation of tertiary Ŭ-bromopinacol boronic ester (3b) synthesis. .............................. 45 

Figure 28. 1H-NMR and 13C-NMR spectra of the e-XEC reagent and product. ............................ 45 

Figure 29. Equation of e-XEC reaction to get 3c and the structure of PMP. ................................. 46 

Figure 30. Image of the disassembled components of the (A) undivided flow cell and (B) divided 

flow cell. ........................................................................................................................................ 49 

Figure 31. Mechanism of e-XEC reaction.111 ................................................................................ 50 

Figure 32. (A) GC-MS results at different reaction time in an undivided flow cell with flow. (B) 

Reaction progress in an undivided flow cell without flow. ........................................................... 51 

Figure 33. Mg plate after reaction in the undivided flow cell with flow. ...................................... 52 

Figure 34. GC-MS results of divided flow reaction at different reaction times at (A) anode side and 

(B) cathode side. ............................................................................................................................ 53 

Figure 35. GC-MS results with nylon, FAB-aq, and FAB-THF membranes for divided batch e-

XEC reaction after 5 h. .................................................................................................................. 56 

Figure 36. Picture of FlowCam 8000. ............................................................................................ 59 

Figure 37. Image of the customized water tank reactor for large-scale microclub synthesis. ....... 62 



 

 
xii  

Figure 38. Image of the 2 L mini spray dryer during the dry of microclub particles. .................... 64 

Figure 39. Workflow for Bayesian Optimization for experimental plan. ...................................... 66 

Figure 40. Color changes at different stages of microclub generation and characterization of 

microclubs. ..................................................................................................................................... 68 

Figure 41. TEM characterization of microclub. ............................................................................. 69 

Figure 42. HRTEM and SAED of Cu2O octahedron. .................................................................... 70 

Figure 43. SEM images of microclub etched by glacial acetic acid after (A) 10 min and (B) 30 min.

 ....................................................................................................................................................... 71 

Figure 44. The FlowCam image library used for determining the yield of microclubs in a larger 

population (100k+) of particles. ..................................................................................................... 72 

Figure 45. SEM images of the reaction at (A) 2 min, (B) 10 min, (C) 20 min, (D) 40 min, and (E) 

60 min reaction time. (F) Yield and average length of microclubs at different reaction times. .... 73 

Figure 46. (A) Yield and average length of microclubs at different NaOH concentration. (B) SEM 

image of reaction product with 15 M NaOH. ................................................................................ 74 

Figure 47. (A) Yield and average length of microclubs with different N2H4 amount. SEM images 

of reaction product with (B) 5 ɛL and (C) 20 ɛL of N2H4. ............................................................ 75 

Figure 48. (A) Yield and average length of microclubs with different EDA amount. SEM images 

of reaction product with (B) 0 mmol and (C) 1.2 mmol of EDA................................................... 76 

Figure 49. Contour images of N2H4 amount and time impacting the yield across different iteration 

cycles. (A) BO1, (B) BO9, (C) BO14. ........................................................................................... 77 

Figure 50. Performance of Bayesian Optimization over 14 iteration cycles. ................................ 78 

Figure 51. Yield of microclub synthesis at different scales and images of corresponding reactor (20 

mL, 480 mL, and 2 L scale). .......................................................................................................... 80 

Figure 52. Temperature change during 2 L microclub synthesis. The temperature starts recording 

once Cu(NO3)2 and EDA were added to NaOH solution. .............................................................. 81 

Figure 53. Asymmetric optical properties of microclub from simulation...................................... 83 

Figure 54. Cellphone video showing particle alignment and resulting improvement in visibility with 

acoustic field application on microclub solution with 1% PVA. ................................................... 86 

 



 

 
xiii  

Acknowledgements 

First, I would like to express my profound gratitude to my advisor, Prof. Benjamin Wiley, 

for his invaluable contribution to my Ph.D. journey. Prof. Wiley has not only provided an array of 

intriguing projects but also guided me with immense patience, significantly contributing to my 

success. Under his mentorship, I have had the opportunity to engage in diverse projects ranging 

from electroorganic chemistry to water splitting, and the development of obscurants. These 

projects, coupled with numerous multidisciplinary collaborations, have been instrumental in honing 

my skills in quick learning, teamwork, time arrangement, and project management. I would also 

like to extend my sincere thanks to my committee members, Prof. Jie Liu, Prof. Steven Malcomson, 

and Prof. Weitao Yang. Their support and feedback during my prelim exam and their valuable 

suggestions over the years have been pivotal in my academic growth and development. 

Second, I extend my heartfelt thanks to my collaborators, who have been integral to my 

research journey. I am grateful to Dr. Myung Jun Kim for his training and guidance during my 

initial weeks in the group; Prof. Song Lin in Cornell University for help in organic synthesis on 

electrochemistry project; Prof. Michael Gehm, Prof. Steven Cummer, and their students at Duke 

University on one-way smoke project; and Prof. Ivan Moreno-Hernandez for his expertise in TEM 

analysis. I am also thankful for my group members, Dr. Huayu Tong, Dr. Jiacheng Zhao, Dr. Heng 

Xu, David Stremler, and Dr. Padmanabh Joshi, for their insights and assistance in my Ph.D. life. 

Third, I extend my deepest gratitude to my family and friends for their unwavering support.  

I eagerly look forward to returning to my hometown soon to reunite with them.  

Lastly, I wish to express my appreciation for my favorite KPOP groups and variety shows. 

They have been a source of joy and energy, brightening my days and providing much-needed 

respite during my long Ph.D. journey. 



 

1 

1. Introduction 

1.1 Materials with Microstructure 

Materials composed of particles at the micro and nano scales are commonly known as 

micromaterials and nanomaterials, respectively. Their distinctively small geometric dimensions 

bestow upon them unique properties that differ significantly from their bulk material counterparts. 

These unique characteristics have led to their extensive use in a diverse array of fields, including 

healthcare,1-3 energy,4-6 electronics,7-9 defense,10-12 and more. 

The effective exploitation of these unique properties is heavily reliant on the precise 

optimization of their micro- and nanostructures. This optimization process is crucial in enhancing 

the performance and functionality of these materials. Various methods are employed to control 

these structures, such as direct synthesis, lithography, self-assembly, modeling, and printing,13 

which vary depending on the specific material in question and its intended application. 

Despite its critical importance, achieving exact micro- and nanostructural configurations 

for specific applications remains a formidable challenge in the field of material science. The vast 

diversity of materials, coupled with their wide-ranging applications, leads to a complex interplay 

of differing properties and requirements. The relationship between structure, properties, and 

applications has yet to be comprehensively explored. Moreover, the ever-evolving nature of 

technological techniques and industrial applications continuously demands new and innovative 

structural configurations in micromaterials and nanomaterials. This dynamic landscape underscores 

the ongoing need for precise control over material microstructures, a pursuit continually shaped by 

scientific advancements and shifting industrial demands. 

This dissertation is primarily focused on the meticulous control of material microstructures 

with specific applications in flow electrochemistry and obscurants. By exploring these particular 

areas, it endeavors to contribute to the broader understanding and optimization of microstructures 
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specifically tailored for these fields. In doing so, it aims to address both the existing challenges and 

the emerging opportunities within this specialized domain of material science. 

1.2 Control Microstructure of Flow Electrodes for Electrochemistry 

1.2.1 Flow Electrochemistry 

Flow chemistry is characterized by the execution of chemical reactions within tubes or 

pipelines, where reactive components are propelled together at a mixing junction and transported 

through a conduit where temperature conditions are precisely controlled. This approach yields 

several notable advantages, including expedited reactions, production of cleaner products, safer 

reaction conditions, and simplified scalability. These benefits make flow chemistry an increasingly 

popular choice for a variety of chemical processes. 

 

Figure 1. Typical flow cell configurations: (A) flow-through pattern, (B) flow-by pattern. 

Figures reproduced with permission from ref 14. Copyright 2012 the Royal Society of 

Chemistry. 

Flow electrochemistry, on the other hand, involves conducting electrochemical processes 

where solution flows both within the reactor and along the electrode surface. In contrast to 

traditional batch electrolyzers, this method facilitates more rapid heat exchange and mass transfer 

and has the potential to introduce distinctive reaction mechanisms.15 This method has garnered 

considerable attention for its application in high-yield, continuous chemical production processes. 
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A notable example is the innovation by ThyssenKrupp Industrial Solutions in developing the filter 

press flow cell for chlor-alkali electrosynthesis. This advancement has led to a significant reduction 

in power consumption, down to 1,979 kWh/t NaOH at a current density of 6 kA/m2.16 Such 

development exemplifies the potential of flow electrochemistry in elevating efficiency and 

sustainability in industrial-scale chemical synthesis. 

1.2.2 Control Microstructure of Flow Electrodes 

In traditional electrochemical flow cells, two main configurations are commonly 

employed: flow-through (Figure 1A) and flow-by (Figure 1B).14 Electrodes employed in flow 

electrochemistry, particularly in the flow-through pattern, necessitate three-dimensional porous 

materials to enable solution passage while offering a high surface area. Thus, the selection of 

materials for flow electrodes goes beyond just chemical compatibility with the reaction; it also 

hinges on the microstructure of these materials, which plays a vital role in enabling efficient mass 

transport and charge transfer. 

In the broader context of flow chemistry, electrodes must meet specific requirements, such 

as a high surface area to offer abundant active sites for reactions, and optimal pore sizes to allow 

the passage of solutions or gases. A study by Yang et al. involving three types of Ni electrodes (Ni 

foam, Ni microfiber, and Ni nanowire felt) in alkaline water splitting, exemplifies this principle.4 

They observed the best performance with the Ni microfiber electrode, which provided a balance of 

high surface area and effective bubble removal capabilities. Although Ni nanowire had the highest 

surface area, its smaller pore size resulted in lower permeability and bubble clogging issues, leading 

to worse performance on water electrolysis.  

Control over these internal microstructures can be achieved either by selecting suitable 

commercially available materials or through self-modification techniques. For carbon-based flow 

electrodes, commercial options include materials like carbon cloth, carbon felt, and carbon paper.14 
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Further modifications, such as etching or lithography, can be applied to create nanoporous 

structures on micromaterials or to introduce novel microstructures.17-19 Furthermore, combining 

different materials with varied compositions or sizes can lead to the creation of composite 

electrodes, which introduce new physical or chemical properties beneficial for flow 

electrochemistry applications.20-22 

In summary, the optimization of microstructures in flow electrodes is a critical factor for 

enhancing their performance. Achieving this optimization can be pursued through various methods 

and techniques tailored to the specific needs, thus significantly the effectiveness and efficiency of 

flow electrochemistry applications.  

1.3 Control Microstructure of Materials for Obscurants 

1.3.1 Obscurants 

Obscurants, such as smoke, fog, dust, and mist, are composed of either anthropogenic or 

naturally occurring particles suspended in the air. These particles modify the transmission or 

reflection of the electromagnetic spectrum, thereby affecting visibility or detection. These materials 

are strategically used to obscure or alter the optical characteristics of a space. They achieve this by 

employing various mechanisms such as scattering, absorption, or interference of incident light. 

Such manipulation of light properties allows for effective control over visibility and perception 

within the given space.23 The utilization of obscurants spans a rich historical trajectory. In ancient 

China (ca. 200 BC), smoke signals were used as a threat warning system along the Great Wall.24  

In contemporary society,  the applications of obscurants have expanded significantly beyond their 

traditional military and defense roles. Today, they are utilized in a variety of sectors including 

security, scientific research, entertainment and gaming, and even in religious activities.25 This 

diversification underscores the evolving nature of obscurants and their increasing significance in 
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various aspects of modern life. Therefore, to meet the specific needs of different application, the 

ability to manually control the structure of obscurants becomes crucial. 

1.3.2 Control Microstructure of Obscurants Materials 

The development and use of obscurants cover a wide spectrum, ranging from traditional 

smoke-generating substances such as red phosphorus,26 hexachloroethane,27 terephthalic acid,28 and 

boron carbide,29 to advanced nanomaterial-based aerosols like aluminum microspheres,30 carbon 

nanotube,31 and polymer fiber.32 This variety in composition and functionality highlights the critical 

importance of understanding their microstructures and how controlled architectures profoundly 

influence their operational effectiveness. 

Obscurants necessitate materials with tailored microstructures to effectively manipulate 

their physical, chemical, and biological properties. For example, the manipulation of optical 

properties crucial for concealment and protection, such as infrared extinction, is intricately linked 

to the particle sizes of aerosols. Research has shown that specific particle diameters are necessary 

for maximum extinction effectiveness.33 Furthermore, concerns regarding health risks associated 

with obscurant application, such as inhalation-related respiratory discomfort and toxicity, remain 

significant,34 which are heavily influenced by both material composition and particle 

microstructures. Previous in vivo experiments have indicated that particles smaller than 10 nm are 

rapidly eliminated by the kidneys, while those larger than 200 nm are eliminated from the 

bloodstream.35 Other properties like blood circulation half-life, vascular permeability, transvascular 

flux, and biodistribution, are all impacted by the size of the nanoparticle.35 Hence, designing 

appropriate microstructures is imperative to ensure the safety and efficiency of obscurants. 

The ideal production method for obscurants should be precise, scalable, and cost-effective. 

Colloidal methods, involving the synthesis and assembly of micro- or nanoparticles in liquid 

solutions, are a promising approach that meets these criteria. The design of obscurant particles ï in 
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terms of their components, sizes, and shapes ï is crucial in determining the specific colloidal 

approaches employed. These approaches include but are not limited to particle size manipulation, 

surface modification, structural design at the microscale and nanoscale, and the integration of 

additives or compounds to modulate light-scattering properties, ultimately influencing the 

effectiveness of the obscurant material under different environmental contexts.36-39  

In summary, the diverse demands placed on obscurant material underscore the critical need 

to control their microstructure, a task that is both crucial and challenging. Employing a diverse 

array of methods is essential to tailor their properties effectively, ensuring optimal performance in 

different environmental scenarios. Continuing to explore and apply further methodologies is 

necessary to meet these evolving requirements. 
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2. Intensification of Electrochemical Azidooxygenation with a 

Flow-Through Electrode 

2.1 Introduction 

Organic electrochemistry involves the application of a voltage across and current through 

a solution to achieve desired oxidation or reduction of organic molecules.  By changing the applied 

voltage one can achieve a broad range of reactivity for activating inert chemical bonds or 

suppressing unwanted reactions. Stoichiometric quantities of potentially hazardous oxidants and 

reductants can be eliminated by using electrons and holes to provide redox equivalents.40-46 The 

advantages of organic electrochemistry have motivated a renewed interest in its application to 

solving difficult synthetic problems.47,48  

Despite its advantages, organic electrochemistry is not widely used for the production of 

pharmaceuticals. One hurdle to adoption by medicinal chemists is accessibility and standardization. 

These issues are being addressed through the development of instruments such as the ElectraSyn 

2.0 and platforms for high-throughput experimentation.49-53  

A second hurdle exists for process chemists: scaling up promising electrochemical 

reactions to produce kilograms in a small amount of time and space.54 In this case, a key figure of 

merit is the productivity, i.e. amount of product produced per unit time. This rate can be normalized 

the electrode area to compare different electrode configurations. One approach to the problem of 

scale-up is to create electrochemical flow cells in which the reaction solution flows between parallel 

plates.15,48,55-58 For example, the long-channel (2 meters), spiral ñAmmoniteò flow cell has reported 

a production rate of 0.2 g h-1 per cm2 of electrode area for methoxylation of N-formylpyrrolidine.56 

However, such parallel plate reactors do not take advantage of the much higher volumetric surface 

areas of 3D porous electrodes,59 such as metal mesh,60 metal foam,61 graphite felt,62,63 carbon paper 

(CP),64 and reticulated vitreous carbon (RVC).65-67 For reactions that are limited by charge transfer, 
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the higher volumetric surface area of a 3D porous electrode can theoretically increase the rate of 

the reaction in proportion to its higher electrode surface area.68 For reactions that are limited by 

transport of the reactant to the electrode surface, incorporating flow across or, better yet, through a 

porous electrode can increase the rate of the reaction to an even greater extent.59,69 In both cases the 

use of flow-through 3D porous electrodes can enable intensification of the electrochemical reaction, 

thereby minimizing the time and space required to produce sufficient quantities of the desired 

product.69-73  

Since organic electrochemists nearly always utilize commercially available electrodes, 

there are many reactions for which it is unclear to what extent changing the structure of an electrode 

can improve the productivity of an electroorganic reaction.69 We have recently explored how the 

use of a copper nanowire felt in a flow-through reactor can improve the productivity of an 

electrochemical process.69 The higher surface area and mass transport coefficient enabled a 4.2-

fold increase in the productivity of a cyclization reaction. However, most electroorganic reactions 

consist of oxidations that would dissolve the copper nanowire electrode. In addition, many 

electroorganic reactions use a mediator, such as 2,2,6,6-tetramethylpiperidine N-oxyl (TEMPO), 

to facilitate the desired transformation.74-76 It is not clear to what extent changing the structure of 

the electrode can increase the rate of electroorganic reactions that utilize a mediator. 

In this chapter, we explore how the use of flow and changing the structure of a carbon-

based electrode can improve the productivity of TEMPO-mediated azidooxygenation of alkenes 

(see Figure 2).75 We focused our study on the TEMPO-mediated azidooxygenation of alkenes for 

three reasons: (1) TEMPO is a widely used mediator, so the extent to which the productivity of this 

reaction can be improved may apply to other TEMPO-mediated electroorganic reactions or to 

reactions involving other mediators, (2) the aminoalcohol-type molecules that can be obtained via 

this reaction are prevalent among pharmaceuticals,77 and (3) this reaction proceeds under very mild 
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conditions and offers broader substrate scope than alternatives.78-80 We focus on the use of carbon 

as an electrode material because it is relatively inexpensive, offers high corrosion resistance, can 

be fabricated into structures at a variety of length scales, and is commonly used in electroorganic 

reactions as an anode or cathode.75,81-87  

 

Figure 2. Images of the reactors and the reaction.(A) Image of a batch reactor. (B) Image of 

a 3D-printed PEKK flow cell. T he values below A and B are the maximum productivity 

(mmol of product per hour) for azidooxygenation in each reactor. (C) Scheme of TEMPO-

mediated azidooxygenation reaction using 4-tert-butylstyrene (1a) for the production of 1-(2-

azido-1-(4-(tert-butyl)phenyl)ethoxy)-2,2,6,6-tetramethylpiperidine (1b). 

CP was used as the benchmark anode since it has the largest specific surface area among 

commercially-available flow-through electrodes69 and has previously been used in electroorganic 

reactions.88-92 We find that switching from a batch to flow reactor with commercially-available CP 

as an electrode can improve the productivity of the reaction by 3.8 times. Changing from a standard 
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CP electrode to a composite microfiber-nanofiber electrode (MNC) improved the productivity of 

the flow-cell reaction 2.1 times, for a total increase of 7.8 times relative to the batch system with 

CP electrode. While the batch reactor achieved a maximum yield of 75% in 5 hours, the flow reactor 

with the composite electrode achieved a maximum yield of 81% in 36 minutes, and a production 

rate of 0.72 g h-1 per cm2 of electrode area. This production rate per cm2 of electrode area represents 

a 3-fold increase over the highest previously reported values for an electroorganic reaction.56 This 

work demonstrates that the use of a flow-through electrode can improve the productivity of a 

TEMPO-mediated reaction relative to a batch synthesis, and that the use of MNC electrode with a 

higher surface area can further improve the productivity of the reaction relative to a CP electrode. 

This work further demonstrates that the productivity of flow-reactors incorporating 3D porous 

electrodes can greatly exceed that of non-porous parallel plate flow-reactors for the production of 

organic chemicals.   

2.2 Materials and Methods 

2.2.1 Materials 

Nitric acid (HNO3, 68-70%), sulfuric acid (H2SO4, 95-98%), N,N-dimethylmethanamide 

(DMF, 99.8%), hexane (98.5%), and ethyl acetate (99.5%) were purchased from VWR. Acetonitrile 

(MeCN, 99.5%), sodium azide (NaN3, 99.5%), Nafion perfluorinated resin solution (5 wt%), Ŭ-D-

glucose (96%), 4-tert-butylstyrene (93%), 4-phenyl-1-butene (99%), 1,3,5-trimethoxybenzene 

(99%), chloroform-d (99.8 atom % D), and silica gel (70-230 mesh) were purchased from Sigma-

Aldrich. Tetramethylpiperidine-1-oxyl (TEMPO, 99%), lithium perchlorate (LiClO4, 99%) were 

purchased from Oakwood. Tetraethylammonium tetrafluoroborate (TEABF4, 98%) was purchased 

from TCI. Silver nitrate (AgNO3) was purchased from Fisher Scientific. Argon gas was purchased 

from Airgas. All reagents were used as received. 
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Carbon paper (TGP-H-120) and graphite felt (AvCarb Felt G200) were purchased from 

Fuel Cell Store. Carbon nanofiber (CNF, PR-24-XT-LHT) was purchased from Applied Sciences. 

Pt mesh (52 mesh, 99.9%) was purchased from Sigma-Aldrich. Ag/AgNO3 non-aqueous reference 

electrode was purchased from CH Instruments, Inc. Glass fiber filter paper was purchased from 

VWR. Stainless steel mesh, gaskets, tubes, and rods were purchased from McMaster-Carr. 

 

Figure 3. Shape of carbon paper (CP) electrode. 

2.2.2 Fabrication of Carbon Electrodes 

Carbon paper (CP) was fabricated into the desired shape with a Silhouette Cameo 2 paper 

cutter. The shape of the CP was a 15 mm diameter circle with 5 mm × 13 mm rectangle side arm 

(Figure 3). The carbon nanofiber (CNF) electrode was prepared from purchased carbon nanofibers. 

The microfiber-nanofiber composite (MNC) electrodes were prepared from a combination of 

purchased nanofibers and graphite felt. Graphite felt was broken in a blender with deionized water 

until the large pieces were reduced to a suspension of homogenized carbon microfibers. 1 g of 

carbon nanofiber was pretreated with 50 mL HNO3 and 25 mL H2SO4 at 90°C for 6 h for 

functionalizing and improving the dispersion of the nanofibers.93 The suspension was then mixed 

with 1 L of deionized water, filtered onto filter paper, dried in an oven at 90°C  for 5 h, and 
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redispersed into 200 mL of DMF solvent. The same pretreatment method was also applied to 1 g 

of carbon microfiber. The concentration of well-dispersed carbon nanofiber or microfiber 

suspensions was measured from the mass difference before and after filtering 1 mL of each 

suspension onto filter paper. MNC electrode was prepared by adding a carbon nanofiber suspension 

containing 5 mg of carbon nanofiber, a carbon microfiber suspension containing 5 mg of carbon 

microfiber, and 0.25 mL Nafion solution into a 50 mL centrifuge tube. The Nafion solution was 

used to improve the dispersion of carbon nanofibers and microfibers in DMF.94 The mixture was 

then diluted to 20 mL with DMF and sonicated for 30 min. After sonication, the mixture was filtered 

through a gasket with a 12 mm diameter hole onto a piece of CP. The gasket was used for 

controlling the shape of the MNC electrode. The CP substrate was used as the electrical contact 

and mechanical support for the MNC electrode. The electrode was then dipped into a glucose 

solution for 1 h, dried in an oven overnight at 90°C, and annealed at 1000°C for 1 h under an argon 

atmosphere to improve the conductivity of the electrode.95 The optimized concentration of glucose, 

which was the point at which the maximum conductivity was obtained, was 10 wt% (Figure 4). For 

the fabrication of the CNF electrode, all procedures were the same as those for the MNC electrode 

except 10 mg of carbon nanofiber suspended in DMF was filtered out instead of the combination 

of nanofibers and microfibers. Since both electrodes used CP as the substrate and could not be 

removed from the substrate, CP electrodes were also prepared by dipping CP into 10 wt% glucose 

solution for 1 h and sintering at 1000°C for 1 h under argon atmosphere (named sintered carbon 

paper, S-CP) for comparison to evaluate what benefits in productivity could be obtained by adding 

the nanofibers or microfiber/nanofiber mixture.  
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Figure 4. Conductivity of carbon microfiber-nanofiber composite (MNC) electrodes prepared 

with different glucose concentrations. Above 10 wt%, the electrode became so brittle that it 

was not possible to measure the conductivity. 

2.2.3 Flow Cell Design  

The undivided flow cell used in this work (Figure 2B &Figure 5) contained two parts, an 

inlet and an outlet, and was fabricated by 3D printing. The material for the flow cell was 

polyetherketoneketone (PEKK), which was chosen due to its broad chemical resistance and high 

mechanical strength.96 The flow cell was printed on an Aon M2 Industrial printer with PEKK-C 

70/30 filament (3D Xtech, USA). Filament was dried in an oven at 150°C for at least 4 hours prior 

to printing to remove moisture. Simplify3D slicing software was used to prepare the flow cell parts 

for printing and select printing parameters. Key print parameters include the following: nozzle 

temperature = 365°C, build plate temperature = 140°C, printer chamber temperature = 70°C, nozzle 

diameter = 0.6 mm, extrusion width = 0.7 mm, layer height = 0.125 mm and print speed = 1500 

mm/min.  The flow cell parts were printed with a solid rectilinear infill density and two perimeter 

lines for a shell thickness of 1.4 mm. During printing, each flow cell part was oriented so the base 

of the part (the surface in contact with the gasket/electrode) was flat on the build plate. No support 
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material was required during printing except for a raft that was used at the base for stability during 

printing and easy removal afterwards. 

 

Figure 5. Image of a 3D-printed PEKK flow cell assembled with a Ag/AgNO3 reference 

electrode for the ECSA measurement. 

The working electrode and counter electrode between the inlet and outlet were sandwiched 

by two gaskets with a 0.5 cm2 hole in the middle to control the exposed surface area for liquid flow, 

forming the following structure: inlet/gasket/working electrode/gasket/counter electrode/gasket/ 

outlet. A small piece of stainless steel mesh was contacted to the side arm of the CP or Pt mesh by 

a small piece of tape and connected to the potentiostat or the DC power supply. As the area of the 

hole in the gasket was smaller than the size of the electrode, the electrode was compressed into the 

stainless steel mesh by the gasket. The outlet contained a hole for the reference electrode during 

measurement of surface area (Figure 5). For the measurement of permeability and for the 

electroorganic synthesis, the outlet did not have a hole for the reference electrode (Figure 2B). 

2.2.4 Measurement of Physical Properties of Various Carbon Electrodes 

The electrical conductivity of each electrode was calculated with eq 1, 

    
s

1
=

R L
s                                                              (1) 
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where ů is the conductivity, Rs is the sheet resistance measured by a four-point probe station 

(Signatone S-302-4), and L is the thickness of the electrode. The electrode thickness was measured 

with a scanning electron microscope (SEM, Apreo S, ThermoFisher Scientific). In order to measure 

the conductivity of the CNF and MNC electrodes without the contribution of the CP, we filtered 

the nanofiber or microfiber/nanofiber suspensions onto a glass fiber filter paper, dipped the 

electrodes into glucose solution, sintered at 1000°C for 1 h under argon atmosphere, and measured 

with the four-point probe station. 

The electrochemically active surface area (ECSA) of different electrodes was determined 

by cyclic voltammetry (CV) in MeCN solution with 0.1 M TEABF4.97 CV was performed with a 

potentiostat (CHI600D, CH Instruments, Inc.) in the flow cell shown in Figure 5. The working, 

counter, reference electrodes were different carbon electrodes, Pt mesh, and a Ag/AgNO3 non-

aqueous electrode, respectively. The reference electrode consisted of a silver wire immersed in the 

MeCN solution with 0.01 M AgNO3 and 0.1 M LiClO4. CV was performed with a potential near 

the open circuit potential (OCP ± 0.05 V). The capacitive current (icapacitive) was measured at OCP 

and plotted vs. scan rate (Figure 6). The ECSA was calculated with eq 2, 

   capacitive di ECSA SLC v= Ö                                                 (2) 

where S is the exposed surface area of the electrode (0.5 cm2), L is the thickness of the electrode, 

Cd is the specific capacitance for a flat carbon surface in MeCN solution with 0.1 M TEABF4 (18 

µF/cm2)97 and v is the scan rate. 
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Figure 6. ECSA (electrochemically active surface area) measurement of different 

electrodes.(A, C, E, G) Cyclic voltammograms in MeCN with 0.1 M TBABF4 and (B, D, F, 

H). Linear fits of the capacitive current vs. scan rate with linear regression equation for (A, 

B) CP, (C, D) S-CP, (E, F) carbon nanofiber (CNF), and (G, H) MNC.  
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The permeability was determined by first measuring the pressure drop of deionized water 

across the electrode as a function of flow rate (Figure 7) with a digital pressure gauge (DPGW-05, 

Dwyer Instruments). The permeability was then calculated with Darcyôs law (eq 3)98,99 

    
k p

u
Lm

D
=-                                                              (3) 

where u is the superficial velocity, which can be calculated from the flow rate and the exposed 

surface area of the electrode (0.5 cm2), k is the permeability, µ is the viscosity of water (8.9 × 10-4 

Pa s), ȹp is the pressure drop across the electrode, and L is the thickness of the electrode. 

 

Figure 7. Pressure drop of deionized water across different carbon electrodes at various 

superficial velocities for (A) CP, (B) S-CP, (C) CNF, and (D) MNC. 
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The porosity (Ů) was determined from the weight and volume of different electrodes, which 

can be calculated with eq 4: 

   
void C C C

 

total total C C

/
= 1 1

V W W

V V S L

r
e

r
= - = -                                     (4) 

where Vvoid is the volume of the void, Vtotal is the volume of the electrode, WC is the weight of the 

electrode, ɟC is the density of the carbon, SC is the surface area of the electrode, and L is the thickness 

of the electrode. Note that for carbon nanofiber and microfiber-nanofiber electrodes, WC and SC use 

the mass and surface area of the center cylinder of the electrodes where the fibers are filtered onto 

the substrate.  

2.2.5 Procedure for Electrochemical Azidooxygenation in a Batch Reactor 

This procedure for electrochemical azidooxygenation was adopted and modified from 

previous work.75 Figure 2A shows the reactor consisted of a 20 mL glass vial with a magnetic stir 

bar and a cap with three holes. These three holes were used for working electrode, counter 

electrode, and other purposes including reference electrode, capillary tube, or pipette tip. The 

working electrode (anode) was CP connected to a graphite rod by conductive epoxy adhesive. The 

counter electrode (cathode) was a platinum mesh connected to a brass rod by conductive epoxy 

adhesive and a heat shrink tube. The CP electrode was replaced with a new one and the platinum 

mesh was rinsed with deionized water and acetone after each trial. To this vial was added olefin 

substrate (0.8 mmol, 1.0 equiv), TEMPO (187.5 mg, 1.2 mmol, 1.5 equiv), and MeCN solvent (with 

0.1 M LiClO4, 14.0 mL). After solids were fully dissolved, NaN3 aqueous solution (2.0 M NaN3 in 

water, 1.2 mL, 2.4 mmol, 3.0 equiv) was then added into the vial. The vial was then closed with 

the cap with the electrodes. The vertical positions of graphite rod and brass rod were adjusted so 

that the surface areas of CP and Pt mesh in solution were both ca. 0.5 cm2. The horizontal distance 

of anode and cathode was ca. 5 mm. The stirring rate was set at 900 rpm. The electrolysis was 
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performed at 3.0 V at room temperature and terminated until the olefin substrate was fully 

consumed as determined by thin-layer chromatography. The reaction mixture was then transferred 

to a short silica gel column (ca. 4 g) and flushed with 25 mL of 10% ethyl acetate and hexanes to 

remove inorganic salts. The crude solution was then concentrated with a rotary evaporator and 

eluted with hexane/ethyl acetate on silica gel column chromatography to yield purified product.   

 

 For synthesis of 1-(2-azido-1-(4-(tert-butyl)phenyl)ethoxy)-2,2,6,6-tetramethylpiperidine 

(1b), 4-tert-butylstyrene (128.2 mg, 0.8 mmol, 1.0 equiv) was added into the vial. The reactor 

effluent was purified by column chromatography on silica gel (hexanes/ethyl acetate = 19/1) to 

yield the desired product as a viscous, clear oil (Figure 8A). 1H NMR  (500 MHz, CDCl3): ŭ 7.38 

(d, J = 8.4 Hz, 2H), 7.28 (d, J = 8.3 Hz, 2H), 4.84 (dd, J = 6.8, 4.7 Hz, 1H), 3.79 (dd, J = 12.3, 4.7 

Hz, 1H), 3.65 (dd, J = 12.3, 6.9 Hz, 1H), 1.71 ï 0.60 (m, 27H). 

 

For synthesis of 1-((1-azido-4-phenylbutan-2-yl)oxy)-2,2,6,6-tetramethylpiperidine (2b), 

4-phenyl-1-butene (105.8 mg, 0.8 mmol, 1.0 equiv) was added into the vial. The reactor effluent 

was purified by column chromatography on silica gel (hexanes/ethyl acetate = 40/1) to yield the 

desired product as a viscous, clear oil (Figure 8B). 1H NMR  (500 MHz, CDCl3): ŭ 7.32 ï 7.26 (m, 

2H), 7.24 ï 7.16 (m, 3H), 4.01 ï 3.88 (m, 1H), 3.64 (dd, J = 12.4, 4.3 Hz, 1H), 3.38 (dd, J = 12.4, 

5.8 Hz, 1H), 2.77 ï 2.58 (m, 2H), 2.12 (ddt, J = 13.7, 10.3, 6.1 Hz, 1H), 1.96 ï 1.84 (m, 1H), 1.66 

ï 1.00 (m, 18H). 
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Figure 8. 1H-NMR spectra of the azidooxygenation products. (A) 1-(2-azido-1-(4-(tert -

butyl)phenyl)ethoxy)-2,2,6,6-tetramethylpiperidine (1b), and (B) 1-((1-azido-4-phenylbutan-

2-yl)oxy)-2,2,6,6-tetramethylpiperidine (2b). 
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For the kinetic experiment in the batch reactor, the procedure was similar except 1,3,5-

trimethoxybenzene was added at the beginning as an internal standard. During the reaction, 0.1 mL 

of solution was taken out every hour. The resulting sample was concentrated with a rotary 

evaporator and analyzed by 1H-NMR (Bruker, 500 MHz) without further purification. The yield 

was calculated by the amount of product divided the amount of initial alkenes, where the amount 

of product can be determined using the integrals of the peaks of the product and internal standard 

measured by 1H-NMR. The productivity was calculated by dividing the amount of product by the 

reaction time. The Faradic efficiency (FE) was calculated with eq 5, 

     
t

t

= 
nF n

FE
A

Ö
                                                   (5) 

where n is the number of electrons (n=1), F is the Faraday constant, nt is the moles of product at 

time t measured by 1H-NMR, and At is the integral area between time 0 and time t in the current-

reaction time curve of Figure 12A. 

2.2.6 Procedure for Electrochemical Azidooxygenation in Flow Cell 

The 3D-printed PEKK flow cell in Figure 2B was used for electrochemical 

azidooxygenation. The working electrode was CP or the customized carbon electrode contacted by 

a small piece of stainless steel mesh with tape. The counter electrode was a Pt mesh contacted by 

the stainless steel mesh with tape. The surface area of the Pt mesh or carbon electrodes was larger 

than the hole of the gasket (0.5 cm2). Therefore, the exposed surface areas of the carbon electrode 

and Pt mesh were 0.5 cm2. The carbon electrode was replaced with a new one and the platinum 

mesh was rinsed with deionized water and acetone after each trial. To a 20 mL vial was added 4-

tert-butylstyrene (128.2 mg, 0.8 mmol, 1.0 equiv), TEMPO (187.5 mg, 1.2 mmol, 1.5 equiv), and 

MeCN solvent (with 0.1 M LiClO4, 14.0 mL). 1,3,5-trimethoxybenzene was added as an internal 

standard. After solids were fully dissolved, NaN3 aqueous solution (2.0 M NaN3 in water, 1.2 mL, 
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2.4 mmol, 3.0 equiv) was then added into the vial. The mixture was then transferring to a 60 mL 

disposable syringe and pumped into the flow cell with a syringe pump (PHD-2000, Harvard 

Apparatus). The applied potential was set to 3.0 V by a DC power supply (Korad KA3005P) to 

achieve the maximum productivity (Figure 11A). For the reaction under 0.1 mL/min (Figure 12C-

D), after 10 min when the current reached a steady state, 0.1 mL of solution was collected every 15 

min. The resulting sample was concentrated with a rotary evaporator and analyzed by 1H-NMR 

without further purification. For the reactions at different flow rates (Figure 13 &Figure 18), for 

each data point, after the current reached a steady state (generally after 1 mL of solution was passed 

through the electrode), 5 drops of the solution were collected in a glass vial, concentrated with a 

rotary evaporator, and analyzed by 1H-NMR without further purification. The productivity was 

calculated with eq 6 and the FE was calculated with eq 7, 

   on P
productivity vy

V
=                                                 (6) 

   =
nF productivity

FE
I

Ö
                                                 (7) 

where no is the moles of 4-tert-butylstyrene used in the reaction, P is the purity of the 4-tert-

butylstyrene (93%), V is the volume of the organic solution (14 mL), v is the flow rate (mL/h), y is 

the yield measured by 1H-NMR, n is the number of electrons (n=1), F is the Faraday constant, and 

I is the current( A) . 

2.2.7 Procedure for Cycling Experiment in Flow Cell 

For recycling the outlet solution back into the inlet, the reaction was run in the same manner 

as for the kinetic experiments. The working electrode was the MNC electrode. 4-tert-butylstyrene 

and 4-phenyl-1-butene were used as the olefin substrates, separately. The solution was then pumped 

into the flow cell with a syringe pump at a flow rate of 2 mL/min. The reaction time was started 

timing when the current was over zero and the solution was collected in a glass vial. The reaction 
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stopped at 6 min when one reaction cycle completed. After the reaction, all solution left in the flow 

cell was collected in the vial and deionized water was passed through the flow cell for 2 min at 2 

mL/min to remove the inorganic salts on the electrode surface. The water in the cell was then 

removed by flushing the cell with air for 10 seconds. The reaction solution was then transferred to 

the same syringe again and the next cycle was started with the same electrodes and reaction 

conditions. For 4-tert-butylstyrene, after each reaction cycle, 0.05 mL of solution was taken out for 

1H-NMR analysis. For 4-phenyl-1-butene, after each 30 min, 0.05 mL of solution was taken out for 

1H-NMR analysis. 

 

Figure 9. Image of the disassembled components of the PEKK flow cell. Note that the 

reference electrode for the determination of the ECSA is not shown in the figure. 

2.3 Results and Discussion 

2.3.1 Batch vs. Flow with Carbon paper 

A customized batch reactor (Figure 2A) and flow cell (Figure 2B) were fabricated to 

evaluate the effect of the flow-through process on the productivity of a TEMPO-mediated 

azidooxygenation reaction (Figure 2C). The batch reactor consisted of a 20 mL glass vial with three 

holes drilled into the cap. The anode was a 0.5 cm × 2.0 cm × 0.036 cm piece of CP connected to 

a graphite rod. The cathode was a platinum mesh connected to a brass rod. The exposed surface 
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areas of anode and cathode in solution were 0.5 cm2 and the spacing of the two electrodes was 

roughly 5 mm. The polyetherketoneketone (PEKK) flow cell was fabricated by 3D printing two 

separate pieces that can be connected to rubber tubing via a zip tie. The two halves of the flow cell 

were then assembled with gaskets and electrodes between them and screwed together (see Figure 

9 for image of the disassembled reactor components), forming the following structure: 

inlet/gasket/working electrode/gasket/counter electrode/gasket/outlet. The anode was a piece of CP 

prepared by paper cutting (see Figure 3 for shape of the electrode) and the cathode was Pt mesh. 

The exposed surface areas of anode and cathode are both 0.5 cm2, an area controlled by the hole on 

the gasket. CP was used as the anode because carbon is corrosion resistant and CP has the largest 

specific surface area among commercial flow-through electrodes.69 Pt mesh was used as the cathode 

due to the low overpotential required to reduce water to hydrogen on Pt. The spacing between the 

anode and cathode was 0.8 mm, the thickness of the gasket. 

 

Figure 10. (A) Mechanism and (B) reaction equation of TEMPO-mediated 

azidooxygenation.75 
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Figure 11. (A) The productivity of azidooxygenation in a flow cell with a CP electrode as a 

function of applied potential and flow rate. (B) I -V curve of a background solution containing 

14 mL MeCN with 0.1 M LiClO 4, 1.2 mL H2O, and a CP electrode in the flow cell. The flow 

rate was 1.0 mL/min. 

The azidooxygenation reaction was adopted and modified from previous work.75 For both 

the batch and flow reaction, 4-tert-butylstyrene (0.8 mmol, 1.0 equiv) and TEMPO (1.2 mmol, 1.5 

equiv) were added to MeCN (14.0 mL) solution with 0.1 M LiClO4. An aqueous solution of NaN3 

(2.4 mmol, 3.0 equiv) was then added to the mixture. Additional experimental details are in the 

Supporting Information. During the TEMPO-mediated azidooxygenation, the TEMPO radical is 

oxidized to TEMPO+ and water is reduced to hydrogen. The TEMPO+ then forms the charge-

transfer complex TEMPO-N3 and facilitates the formation of an azidyl radical. Both azidyl and 
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TEMPO radicals were then successively added onto the alkene to form the final product (Figure 

10).75,100 

 

Figure 12. Electrochemical behavior comparison between batch reactor and flow reactor. 

(A&B) Current, faradic efficiency (FE), yield and productivity of azidooxygenation with 

carbon paper (CP) in the batch reactor. (C&D) Current, faradic efficiency (FE), yield and 

productivity of azidooxygenation with CP in the flow reactor with a low flow rate of 0.1 

mL/min.   

For an electroorganic reaction, the applied potential should be high enough to ensure a high 

rate of charge transfer while being low enough to avoid unwanted reactions. To find the ideal 

potential window, we first performed azidooxygenation with cell potentials between 2.2-3.4 V, and 

with two different flow rates (0.5 and 2.0 mL/ min). As shown in Figure 11A, under both flow 

rates, the productivity increased by more than two times as the potential was increased from 2.2 V 

to 3.0 V. At 3.4 V, the productivity did not increase significantly, indicating the reaction had 

become mass-transport-limited between 3.0 and 3.4 V. In addition, the background current doubled 
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when the voltage was increased from 3.0 V to 3.4 V (see Figure 11B). An increase in background 

current decreases the faradaic efficiency and potentially increases unwanted reaction by-products. 

Therefore, 3.0 V was chosen as the optimum applied potential for the azidooxygenation reaction in 

our reactors. 

Figure 12A shows the current and faradic efficiency (FE) for the batch reactor. Both the 

current and FE decrease with time for the batch reactor because, as the reactants are consumed, the 

rate at which the reactant is transported to the electrode decreases. Figure 12B shows that the yield 

for the batch reactor increases until it reaches a plateau at about 5 h, at which point the yield is 

75%. The productivity for the batch reaction starts at 0.23 mmol/h but decreases to 0.11 mmol/h at 

5 h due to the decrease in the concentration of reactants with time.  

Figure 12C illustrates how the flow reactor is fundamentally different from the batch 

reactor. The flow reactor is fed with a constant concentration of reactant, so it is able to maintain a 

relatively high and constant current with time. This constant feed of reactant allows the flow reactor 

to maintain a more consistent productivity, which starts at 0.24 mmol/h before decreasing to 0.19 

mmol/h (Figure 12D). We ascribe this decrease to buildup of NaOH on the surface of the anode, 

which we will speak of more later. At this low flow rate of 0.1 mL/min, the productivity during the 

first 2 hours is similar to that of the batch reactor, suggesting that the larger distance between the 

electrodes in the batch reactor is not limiting its productivity. Since the productivity in the 2 reactors 

is similar at this low flow rate, the yield at two hours for the flow reactor (53%) is similar to the 

yield obtained in the batch reactor at the same timepoint (52%).  
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Figure 13. (A&B) Current, faradic efficiency (FE), yield and productivity of 

azidooxygenation with CP in the flow reactor as a function of flow rate. 

Since the reaction is limited by transport of reactants to the electrodes, higher currents and 

faradaic efficiencies can be obtained by increasing the flow rate (Figure 13A).62,101-103 The higher 

current and higher FE translates to a higher productivity (Figure 13B). At the highest flow rate we 

tested (2.0 mL/min), a productivity of 0.64 mmol/h could be obtained. This is an increase of 278% 

relative to the best productivity for the batch reactor and 581% relative to the productivity for the 

batch reactor when the reaction completes. However, a higher flow rate also decreases the residence 

time and therefore decreases the yield for a single pass of reactant through the electrode. We will 

later show that multiple passes through the flow reactor produces yields comparable to the batch 

reactor in a small fraction of the time. 
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Figure 14. SEM images of different carbon electrodes: (A) CP, (B) sintered carbon paper (S-

CP), (C) carbon nanofiber (CNF), (D) carbon microfiber-nanofiber composite (MNC). 

 

Figure 15. Zoom-in SEM images of (A) CP and (B) sintered carbon paper (S-CP). 
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2.3.2 Fabrication and Characterization of Carbon Electrodes with Higher 

Surface Areas 

After clearly establishing the extent to which the flow reactor can improve the productivity 

of TEMPO-mediated azidooxygenation with a CP anode, we next sought to determine how 

changing the structure of the electrode can further improve its productivity. Three additional carbon 

electrodes were prepared: sintered carbon paper (S-CP), carbon nanofiber (CNF), and MNC. The 

CNF electrode and MNC electrode were prepared by dispersing 10 mg of fibers in a liquid 

suspension, filtering the suspensions through CP, dipping CP with the filtrate into a glucose 

solution, drying in an oven overnight, and annealing at 1000°C for 1 h under argon to improve the 

conductivity and mechanical stability of the electrode.  As the temperatures required for 

graphitization of carbon (>2000°C )104,105 are difficult to obtain with conventional laboratory 

furnaces, we relied on the addition of glucose to enable low-temperature graphitization.95 The 

optimum glucose concentration was that which maximized the conductivity without making the 

electrode so brittle that it easily fractured (Figure 4). Since both electrodes used CP as the substrate 

and could not be removed from the substrate, S-CP electrodes were also prepared under the same 

conditions for comparison to evaluate what benefits in productivity could be obtained by adding 

the nanofibers or microfiber/nanofiber composite. The scanning electron microscopy (SEM) 

images of the CP, S-CP, CNF, and MNC electrodes are shown in Figure 14. Note that the CP 

contained 5 wt% polytetrafluoroethylene (PTFE).106 The primary difference between CP and S-CP 

was the morphology of the PTFE particles at the edge of the carbon fiber (Figure 15). After 

sintering, the PTFE particles merged into a solid mass. SEM images of cross-sections of the 

electrodes show the thickness of CP/S-CP, CNF, and MNC electrodes is 0.360 mm, 0.685 mm and 

0.717 mm, respectively (Figure 16). A detailed description of electrode fabrication is provided in 

the supporting information. 
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Figure 16. Thickness of different carbon electrodes measured by the cross-section SEM 

images: (A) CP & S-CP, (B) CNF, (C) MNC. 
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Table 1. Physical properties of different carbon flow-through electrodes. 

 Conductivity 

(S/cm) 

ECSA 

 (cm2/cm3) 

Permeability  

(m2) 

Porosity 

(%) 

CP 154 6.9×101 7.3×10-14 78 

S-CP 148 1.1×103 7.6×10-14 76 

CNF 92.7 1.8×104 2.7×10-15 82 

MNC 146 7.8×103 8.5×10-14 83 

 

 

Figure 17. Conductivity, electrochemical active surface area (ECSA), permeability, and 

porosity of different carbon electrodes. 
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The physical properties of four electrodes are summarized in Figure 17 and Table 1. All 

electrodes had a similarly high conductivity. The electrochemically active surface area (ECSA) was 

measured with the PEKK flow cell assembled with a Ag/AgNO3 reference electrode (Figure 5) and 

calculated with the double-layer capacitance method (Figure 6) .97 The ECSA of S-CP is 1.1×103 

cm2/cm3, which is 16 times higher than that of CP. This increase in surface area may be related to 

the pyrolysis of PTFE107 and the assistance of glucose.95 The ECSA of MNC and CNF is 7.8×103 

cm2/cm3 and 1.8×104 cm2/cm3, respectively, which is 113 times and 261 times higher than that of 

CP. The higher surface area of MNC and CNF electrodes is due to the smaller diameters of the 

constituent nanofibers (0.1 µm) relative to carbon microfibers (10 µm). 

The permeability of a flow-through electrode is an important characteristic because it 

determines the flow rate that can be achieved for a given pressure drop, as described by Darcyôs 

law (eq 3).98,99 If the permeability of an electrode is too low, then it may not be possible to achieve 

a desired flow rate through the electrode because the necessary pressure will cause the reactor to 

leak or will cause the electrode to break.  

The permeability of the electrodes was determined by linear fits to measurements of the 

pressure drop across the electrode for a given flow rate (see Figure 7).98,99,108 The CP, S-CP, and 

MNC electrodes have a similar permeability. The permeability of the CNF electrode is 31 times 

lower than that of MNC. This lower permeability (k) can be understood from the Kozeny-Carman 

(KC) equation (eq 8):  

( )

2 3

2

C16 1

d
k

K

e

e
=

-
                                                      (8)                            

where d is the diameter of the fibers, Ů is the porosity of the electrode, and Kc is Kozeny constant, 

which is a function of the pore geometry and tortuosity.99 The KC equation indicates the 

permeability will decrease with decreasing fiber diameter and decreasing electrode porosity. As the 
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porosity of the CNF electrode is similar to the other electrodes, the cause for the lower permeability 

can be ascribed to the much smaller diameter of the nanofibers. 

 

Figure 18. Current , FE, yield and productivity of azidooxygenation for flow reactors using 

(A&D) S-CP (B&E) CNF, and (C&F) MNC. 

2.3.3 Flow Reactor Performance with Higher Surface Area Electrodes 

The current, FE, yield and productivity of azidooxygenation with S-CP, CNF, and MNC is 

shown in Figure 18. SEM images of the electrodes before and after the reaction under the flow rate 

that achieved the maximum productivity indicate the electrodes are stable under the reaction 

conditions (Figure 14 & Figure 19). Sintering the CP led to an improvement in performance relative 

to CP due to a higher ECSA. The higher surface area of the CNF electrode also enabled it to achieve 

a higher current, FE, yield, and productivity than CP under the same conditions. Similar currents 

were obtained with the MNC electrode as the CNF, but the MNC had a higher FE, and thus higher 

yield and productivity. It is unclear why the CNF exhibited a lower FE. It may be related to the 

lower permeability of the electrode, which may cause the reactant to transport across the electrode 

surface to be uneven. This in turn may lead to depletion of the reactant in pockets of the electrode 
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and greater production of undesirable side products. Thus the MNC electrode seems to strike a 

balance between higher surface area while maintaining a sufficient permeability to achieve a high 

mass transport of reactant.  

 

Figure 19. SEM images of different carbon electrode after the reaction. (A) CP, (B) S-CP, (C) 

CNF, and (D) MNC. The reaction was conducted under the flow rate that achieved the 

maximum productivity.  

The average productivity for the batch reaction with CP is compared to the optimum 

productivities for the flow reactors with the four different electrodes in Figure 20A. We compared 

the average productivity for the batch reactor since its productivity is less constant than the flow 

reactors. The higher surface areas of the S-CP, CNF and MNC electrodes enable them to achieve 
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productivities 5.4, 6.5 and 7.8 times higher than the average batch productivity, respectively. 

Relative to commercially available CP, the S-CP, CNF and MNC electrodes improve the reactor 

productivity by 1.4, 1.7 and 2.1 times, respectively. 

 

Figure 20. Comparison of azidooxygenation reaction performance with different carbon 

electrodes. (A) Productivity of the azidooxygenation reaction in a batch reactor with CP and 

in a flow cell with four different carbon electrodes. (B) Plots of conversion efficiency versus 

productivity of CP in a batch reactor and with different carbon electrodes in a flow cell. 
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Figure 13B & Figure 18D-F shows the productivity increases with increasing flow rate, 

but the yield decreases. The decreasing yield in this case is primarily due to a shorter residence 

time of the reactant within the porous electrode. The shorter residence time can lead to a higher 

amount of reactant that does not participate into the reaction. Therefore, in order to estimate the 

efficiency with which each electrode converts reactant to product, we calculate and plot the values 

of product/(alkene consumed) for the batch reactor and four carbon electrodes. Since this value is 

calculated as product out/(reactant in - reactant out) and is analogous to an energy efficiency, we 

refer to it as the conversion efficiency. Values of conversion efficiency are plotted against 

productivity in Figure 20B, and their number values are listed in Table S2.  Figure 20B shows that 

the MNC electrode exhibits both high productivity and high conversion efficiency, whereas the 

CNF electrode exhibits high productivity but lower conversion efficiency. Based on the results 

from Figure 20, we can conclude that the MNC electrode has the best performance for 

azidooxygenation reaction among the electrodes tested. 

 

Figure 21. The effect of NaOH buildup and removal on MNC electrodes. (A) Yield of 

azidooxygenation reaction with MNC electrode with a flow rate of 2 mL/min. Each reaction 

cycle took 6 min. The electrode remained the same over the six recycling reactions and was 

not washed. (B) Pictures of MNC electrodes after six reaction cycles without washing. (C) 

Pictures of MNC electrodes after eight reaction cycles wherein the electrode was washed with 

deionized water at flow rate of 2 mL/min for 2 min after each cycle. 

2.3.4 Increasing Yield with Recycling 

We note that while the productivity increases with flow rate, the single-pass yield 

decreases. The reaction yield can be increased by simply recycling the output of the reactor back 
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into the syringe used at the inlet. This experiment was carried out for the MNC electrode for six 

cycles. The same reaction solution and electrode were used for each cycle. Each cycle took 6 min 

to pump the reactant through the electrode, resulting in a total reaction time of 36 min. During this 

process, we noticed that the yield increased slowly after each cycle and only achieved a 37% yield 

after six cycles (Figure 21A). A small leak was also observed after the third cycle. After 

disassembling the flow cell, we observed the anode was covered by a white salt (Figure 21B). We 

determined this salt to be primarily NaOH based on the pH value of the salt dissolved in water and 

the balanced reaction equation (Figure 10). Thus it appears the NaOH were partly precipitated from 

the reaction solution during the flow due to the low solubility in acetonitrile, and the deposition of 

the NaOH on the electrode surface decreased the performance of the electrode.  

 

Figure 22. Comparison of the yield for the azidooxygenation reaction in the batch reactor and 

flow cell vs. reaction time with different substrates: (A) 4-tert -butylstyrene (1a) and (B) 4-

phenyl-1-butene (2a). The products are: 1-(2-azido-1-(4-(tert -butyl)phenyl)ethoxy)-2,2,6,6-

tetramethylpiperidine (1b) and 1-((1-azido-4-phenylbutan-2-yl)oxy)-2,2,6,6-

tetramethylpiperidine (2b). The batch reactor utilized a CP anode. The flow cell utilized a 

MNC anode with a flow rate of 2 mL/min. 
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Figure 23. Comparison of the yield for the azidooxygenation reaction in the batch reactor and 

flow cell vs. total time (reaction time + washing time) with different substrates: (A) 4-tert -

butylstyrene (1a) and (B) 4-phenyl-1-butene (2a). The products are: 1-(2-azido-1-(4-(tert -

butyl)phenyl)ethoxy)-2,2,6,6-tetramethylpiperidine (1b) and 1-((1-azido-4-phenylbutan-2-

yl)oxy)-2,2,6,6-tetramethylpiperidine (2b).  The batch reactor utilized a CP anode. The flow 

cell utilized a MNC anode with a flow rate of 2 mL/min. 

In order to remove NaOH from the electrode and improve the recycling performance, 

deionized water was passed through the electrode at a flow rate of 2 mL/min for 2 min after each 

cycle. This electrode wash was able to remove the visible deposit of NaOH from the electrode (see 

Figure 21C). The curves of yield versus reaction time for the flow reaction is compared to the batch 

reaction in Figure 22A. Figure 23Figure 23A plots the same information except the time for 

washing the flow reactor electrode is included. After six cycles of recycling with a reaction time of 

36 min (46 min with washing steps), the azidooxygenation reaction in the flow cell was complete 

and achieved a yield of 81%. In comparison, the batch reaction took 5 hours (eight times longer) to 

achieve a yield of 75%. The overall productivity in the flow cell after 6 cycles was 1.00 mmol/h 

compared to a productivity of 0.11 mmol/h in the batch reactor after 5 hours when the reaction was 

complete. The microfiber-nanofiber layer remained on the CP layer after the reaction (Figure 21C). 
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The weight of the MNC electrode before and after each recycling reaction varied by no more than 

0.4 mg (0.8%, Figure 24), indicating the electrode remained intact over the course of the reactions. 

 

Figure 24. The change in weight of the MNC electrode after each reaction cycle. The reaction 

was performed with a cell potential of 3.0 V and a flow rate of 2.0 mL/min. After each reaction, 

the electrode was cleaned with deionized water to remove the inorganic salts on the electrode 

and then dried in an oven for three hours. 

2.3.5 Extension to a More Difficult Substrate 

Finally, we extend the same reaction system, without further optimization, to a substrate 

that is more difficult to convert, 4-phenyl-1-butene (2a in Figure 22).75 Generally electrochemical 

flow reactors improve reactions that are kinetically fast and mass transport limited to a greater 

extent than reactions that are relatively slow and reaction rate limited69 due to their ability to 

increase the rate of mass transport to the electrode. Therefore, we expect the reduction in reaction 

time to be less dramatic for 2a than for 1a. For 2a, the batch reactor with the CP anode achieved a 

yield of 34% in 5 hours with a productivity of 0.05 mmol/h. The flow reactor with the MNC anode 

achieved a higher yield of 40% after 21 cycles with a reaction time of 2 hours (2.67 h with washing 

steps) and a productivity of 0.16 mmol/h, 3.2 times higher than batch reaction (Figure 22B & Figure 

23B). Therefore, we can conclude that the combination of the flow reactor with the MNC electrode 
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can, without further optimization, dramatically improve the reaction rate for more difficult to 

convert substrates. 

2.4 Conclusion 

This work explored how the use of flow-through electrodes could improve the productivity 

of TEMPO-mediated azidooxygenation. Using a commercially-available CP electrode, a flow 

reactor increased the reaction productivity by up to 3.8 times relative to a batch process due to 

improved transport of reactant to the electrode surface. By utilizing a flow reactor with a custom 

MNC electrode, the productivity of azidooxygenation could be further improved to 7.8 times that 

of the batch reaction with CP. This improvement was due to the higher surface area of the MNC 

electrode. While the batch reactor achieved a 75% yield in 5 hours, the flow reactor with the MNC 

electrode obtained an 81% yield in 36 minutes, a production rate of 0.72 g h-1 per cm2 of electrode 

area. This production rate per cm2 of electrode area represents a 3-fold increase over the highest 

previously reported values for an electroorganic reaction, which was achieved with flat, non-porous 

electrodes.56 The same flow-through electrode and reaction conditions could be applied to 

dramatically improve the productivity for substrates that are relatively easy or difficult to convert.  

We hope the information in this chapter facilitates the intensification and scale-up of electroorganic 

reactions.  
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3. Intensification of Electrochemical Cross-Electrophile 

Coupling by Flow-Through Process 

3.1 Introduction 

The formation of carbon-carbon (C-C) bonds constitutes a fundamental aspect of organic 

compound synthesis. As such, the development of cross-coupling reactions for C-C bond 

construction is a critical area of study in organic chemistry.109 Among various mathods,  cross-

electrophile coupling (XEC) has garnered significant interest. This approach, which involves the 

connection of two different carbon electrophiles, stands out for its ability to circumvent issues 

related to cross-selectivity.110 A notable advancement in this field was recently reported by Zhang 

et al., who developed a transition-metal-free XEC technique specifically for C(sp3)ïC(sp3) 

formation (Figure 25). This innovative method leverages electrochemistry to achieve high yields, 

selectivity, and a broad substrate scope, as well as enhances efficiency, sustainability, and diversity 

in organic synthesis, marking a significant leap forward in this domain.111 

 

Figure 25. Equation of electrochemically driven cross-electrophile coupling reaction (e-

XEC).111 

While the XEC reaction boasts several advantages, its practical application faces notable 

challenges. One significant issue is the extended reaction time, which exceeds 10 hours for a 1 

mmol scale.111 This necessitates higher productivity for effective scale-up. Additionally, the use of 

Mg electrodes poses another challenge, as they are prone to passivation by electrolytes and organic 

substrates, leading to reduced efficiency and limitations in scaling up the process.112 A potential 
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solution to the Mg electrode problem could be the substitution with carbon electrodes, accompanied 

by a sacrificial reductant like 1,2,2,6,6-pentamethylpiperidine (PMP). Furthermore, the issue of 

low productivity might be addressed by implementing a flow process, as discussed in Chapter 2. 

 

Figure 26. (A) Image of an undivided batch reactor. (B) Image of a divided batch reactor. (C) 

Image of an undivided flow reactor. (D) Image of a divided flow reactor.  

 In this chapter, we will delve into how the flow process impacts the productivity of the e-

XEC reaction. Specifically, we will compare reactions in undivided batch and flow reactors using 

Mg(+)/C(-) electrode pairs and in divided batch and flow reactors with C(+)/C(-) electrode pairs, 

incorporating various membrane separators (Figure 26). However, due to constraints in funding 
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and time, our exploration with the flow cell has yet to yield promising results. Consequently, our 

discussion will focus primarily on the work accomplished so far in this project. 

3.2 Materials and Methods 

3.2.1 Materials 

Hexane (98.5%), and ethyl acetate (99.5%) were purchased from VWR. Bromine (Br2, 

99.5%), carbon tetrachloride (CCl4, 99.9%), (2-Bromoethyl)benzene (98%), 1,2-dimethoxyethane 

(DME, 99.5%), 1,2,2,6,6-pentamethylpiperidine (PMP, 97%), sodium chloride (NaCl, 99%), 

ammonium chloride (99.5%), sodium sulfate (99%), sodium bicarbonate (99.7%), diethyl ether 

(Et2O, 99.7%), 1,3,5-trimethoxybenzene (99%), tetradecane (99%), chloroform-d (99.8 atom % D), 

and silica gel (70-230 mesh) were purchased from Sigma-Aldrich. 2-Isopropyl-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane (95%), tetrabutylammonium perchlorate (TBAClO4, 95%) were purchased 

from Oakwood. Tetrahydrofuran (THF, 99.9%) was purchased from Fisher Scientific. All reagents 

were used as received except THF and Et2O, which were passed through solvent purification system 

to get driest solvent. 

Graphite felt (AvCarb Felt G200) and FAB-PK-130 membrane were purchased from Fuel 

Cell Store. Nylon membrane (0.2 micron) was purchased from Sterlitech. Magnesium ribbon rolls 

and foil sheets were purchased from Amazon. The microflow cell (MFC30006) was purchased 

from ElectroCell North America, Inc. 
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3.2.2 Procedure for Synthesis of Tertiary Ŭ-Bromopinacol Boronic Ester 

 

Figure 27. Equation of tertiary Ŭ-bromopinacol boronic ester (3b) synthesis. 

 

 

Figure 28. 1H-NMR and 13C-NMR spectra of the e-XEC reagent and product. (A) 2-(2-

Bromopropan-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3b), and (B) 4,4,5,5-

tetramethyl-2-(2-methyl-4-phenylbutan-2-yl)-1,3,2-dioxaborolane (3c). 
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2-(2-Bromopropan-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3b) was synthesized 

through the procedure adopted and modified from previous work (Figure 27).111 In a three-necked 

round bottom flask was added 2-isopropyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3a, 40 mmol, 

1 equiv) and CCl4 (80 mL) and a magnetic stir bar. The flask was equipped with a saturated 

NaHCO3 (aq) scrubber and two rubber caps. After blowing with N2 gas for around 5 min, bromine 

(42 mmol, 1.05 equiv) was dropwise added to the solution. The reaction was stirred at 400 rpm at 

room temperature for overnight. After reaction, the stir bar was removed from the solution and the 

reaction was concentrated with a rotary evaporator to obtain the crude product. The final product 

3b was obtained by purifying the crude residue with short path distillation under reduced pressure 

as a colorless oil (8.32 g, 83%, Figure 28A). 1H NMR  (500 MHz, CDCl3): ŭ 1.77 (s, 6H), 1.28 (s, 

12H). 13C NMR (126 MHz, CDCl3): ŭ 84.2, 30.3, 24.4, carbon attached to boron not observed. 

HRMS (ESI-TOF) calculated for [M+H]+ (C9H18BBrO2) m/z 219.0656, found m/z 249.0650. 

3.2.3 Procedure for e-XEC Reaction in batch reactor. 

 

Figure 29. Equation of e-XEC reaction to get 3c and the structure of PMP. 

4,4,5,5-tetramethyl-2-(2-methyl-4-phenylbutan-2-yl)-1,3,2-dioxaborolane (3c) was 

synthesized through the procedure adopted and modified from previous work (Figure 29).111 The 

reaction was conducted in either undivided cell and divided cell. For undivided cell, anhydrous 

THF (10 mL), anhydrous DME (2 mL), and TBAClO4 (10 mmol, 10 equiv) were added to a 20 mL 

vial equipped a magnetic stir bar. After TBAClO4 was fully dissolved, 3b (1 mmol, 1 equiv) and 

(2-Bromoethyl)benzene (3d, 3 mmol, 3 equiv) were added to the mixture. The vial was then sealed 

with the cap equipped with anode (Mg sheet or ribbon, 2 cm2) and cathode (graphite felt connected 
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by a stainless steel wire, 2 cm × 2 cm) and blown with N2 gas for several minutes. The stirring rate 

was set at 900 rpm. The electrolysis was performed at 10 mA at room temperature and stopped 

after 6 h. For divided cell, a H-cell with nylon membrane with two chambers was used for the 

reaction. Both sides included a cap equipped with graphite felt connected by a stainless steel wire 

(1 cm × 1 cm due to the size of the cell). In anode chamber, anhydrous THF (10 mL), TBAClO4 

(10 mmol, 10 equiv), and PMP (2.5 mmol, 2.5 equiv) were added. In cathode chamber, all 

chemicals were the same as undivided cell except DME. After reaction, the electrodes were 

removed from the solution and rinsed with saturated NH4Cl (aq) and Et2O. All solution was then 

transferred to a separatory funnel, further diluted with Et2O, and washed with brine for three times. 

The organic layer was then dried with anhydrous Na2SO4 and concentrated with a rotary evaporator 

to obtain the crude product. The final product 3c was obtained by purifying with silica gel 

chromatography (hexanes/ethyl acetate = 100/1) to yield the desired product as a colorless oil 

(156.3 mg, 57%, Figure 28B). 1H NMR  (500 MHz, CDCl3): ŭ 7.29 ï 7.24 (m, 2H), 7.21 ï 7.12 (m, 

3H), 2.60 ï 2.52 (m, 2H), 1.62 ï 1.56 (m, 2H), 1.26 (s, 12H), 1.00 (s, 6H). 13C NMR (126 MHz, 

CDCl3): ŭ 143.7, 128.4, 128.3, 125.5, 83.0, 43.5, 33.1, 24.8, 24.8, carbon attached to boron not 

observed. HRMS (ESI-TOF) calculated for [M+H]+ (C17H27BO2) m/z 275.2177, found m/z 

275.2180. 

3.2.4 Procedure for e-XEC Reaction in flow reactor. 

The commercial-available microflow cell was used for e-XEC reaction (Figure 26 C&D). 

In undivided cell (Figure 30A), the anode was a piece of Mg sheet. The size of Mg sheet was large 

enough to cover the flow channel. The cathode was a piece of graphite felt (2 cm × 2 cm). A silicon 

gasket with a hole size of 2 cm × 2 cm was used to control the exposed area of cathode to be 4 cm2. 

To a 20 mL vial was added THF (10 mL), anhydrous DME (2 mL), TBAClO4 (10 mmol, 10 equiv), 

3b (1 mmol, 1 equiv), and 3d (3 mmol, 3 equiv). 1,3,5-trimethoxybenzene or tetradecane was added 
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as an internal standard. After solids were fully dissolved, the solution was blown with N2 gas for 

several minutes and then pumped into the flow cell with a syringe pump (VWR Variable-Speed 

Peristaltic Pumps). The applied current was set to 10 mA by a DC power supply (Korad KA3005P) 

to compare with batch reactor. For each time spot we picked, 5 µL of solution was collected and 

diluted with hexane to around 2 mL. The resulting sample was then analyzed by GC-MS without 

further purification. In divided cell, the setup was similar to the image in Figure 30 expect the 

following changes (Figure 30B): (1) the channels were changed to a smaller one to fit the shape of 

1 cm × 1 cm. (2) The Mg sheet was changed to the graphite felt. (3) A membrane was used between 

two PTFE channel with the size larger than the size of the channel. For FAB-PK-130 membrane, 

the piece was soaked in 1 M of NaClO4 solution for 3 days. (4) A silicon gasket with the size of 1 

cm × 1 cm was used between channel and Cu plate on both sides. For anode side, anhydrous THF 

(10 mL), TBAClO4 (10 mmol, 10 equiv), and PMP (2.5 mmol, 2.5 equiv) were added to a 20 mL 

vial. For cathode side, all chemicals added to the vial were the same as undivided cell except the 

removal of DME and the addition of internal standard. The mixtures were pumped into the anode 

and cathode side separately with two syringe pumps. The following reaction and post-treatment 

procedure was the same as undivided flow cell. The amount or yield was calculated from the area 

ratio of corresponding compounds versus the internal standard from GC-MS. The relationship 

between compound and standard was derived from the calibration curve with pure chemicals. 

3.3 Results and Discussion 

3.3.1 Batch vs. Flow in Undivided Cell 

A customized undivided batch reactor (Figure 26A) and flow cell (Figure 26Figure 2C) 

were fabricated to evaluate the effect of the flow process on the productivity of a e-XEC reaction 

(Figure 29). The batch reactor consisted of a 20 mL glass vial with rubber cap. The anode was a 

piece of Mg sheet with the exposed area in solution of 1.0 cm × 2.0 cm × 0.1 cm. The cathode was 
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a 2.0 cm × 2.0 cm piece of graphite felt. The distance between two electrodes was roughly 1 cm. 

The microflow cell was commercially available with customized silicon gasket to control the 

exposed surface area (see Figure 30A for image of the disassemble reactor components), forming 

the following structures: PTFE frame/gasket/Cu plate/gasket/channel (including cathode)/channel/ 

anode/Cu plate/gasket/PTFE frame. The cathode size was 2.0 cm × 2.0 cm to fit in the channel. 

The anode size was large enough to cover the whole channel on the anode side. Graphite was used 

as the cathode because of the porous structure, relatively high surface, and flexible thickness that 

enable compressing into the channel for good connection with Cu plate. The Mg sheet was used as 

the anode since it generated the highest yield from literature.111 Furthermore, the replacement of 

Mg to Zn or Cu in batch reaction was not able to get the desired product. The spacing between the 

anode and cathode was 3 mm, the thickness of one channel. The solution flows only from the 

cathode side. 

 

Figure 30. Image of the disassembled components of the (A) undivided flow cell and (B) 

divided flow cell.  
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The e-XEC reaction was adopted and modified from previous work (Figure 29) with 

tertiary Ŭ-bromopinacol boronic ester (3b) and (2-Bromoethyl)benzene (3d).111 For both batch and 

flow reaction, 3b (1 mmol, 1 equiv) and 3d (3 mmol, 3 equiv) were added to THF/DME (10 mL/2 

mL) with 10 mmol of TBAClO4 supporting electrolyte. DME was used as a co-solvent to avoid Mg 

electrode fouling by providing the ability of dissolving inorganic salts generated during the 

reaction, mostly Mg salts. The use of DME has less effect on the final yield, where the yield in 

THF and THF/DME solvent under 5 mA was 57% and 54% respectively. During the e-XEC, the 

alkyl halide with more substituted (3b) undergoes a two-step single-electron reduction to a C-

centered radical followed by a carbanion. Next, the carbanion reacts with a less hindered alkyl 

halide (3d) with SN2 mechanism to form the final product (Figure 31).111 Therefore, 1 equiv of 

product generation consumes 2 equiv of electrons. 

 

Figure 31. Mechanism of e-XEC reaction.111 

To accelerate the reaction process for e-XEC, 10 mA constant current was applied for both 

undivided batch and flow reaction. In batch reaction, the initial voltage was 6.03 V, representing a 

low conductivity in THF solution. After 6 h electrolysis, the yield of e-XEC was 57% as determined 

by GC-MS. The corresponding productivity was 0.09 mmol/h. In comparison, in flow reaction, the 

initial voltage was only 3.5 V, which was attributed to the short distance between electrodes. 
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However, less than 1% of yield was detected after 2 h. Notably, besides the peak of reagents, 

standards, and a small peak of product, no peaks from byproducts were detected (Figure 32A). The 

low yield in flow was therefore attributed to the solution not reacting. However, a contrasting 

phenomenon was observed that the Mg electrode exhibited channel-shaped etching, indicating that 

Mg was consumed in the reaction (Figure 33). We suspected that additional electrochemical 

reactions, distinct from the expected e-XEC process, were occurring in the flow cell, thereby 

hindering the desired reaction. Since there was almost no product, we did not further increase the 

reaction time. 

 

Figure 32. (A) GC-MS results at different reaction time in an undivided flow cell with flow. 

(B) Reaction progress in an undivided flow cell without flow. The amount was determined by 

GC-MS. 

One possible explanation is from the change of the new setup. To verify this hypothesis, 

we ran the same reaction in the flow cell without flow. The flow cell was firstly fulfilled with the 

as-described reaction solution while keeping all concentrations the same. The volume injected was 

roughly 2.8 mL. Then the outlets were sealed with cap and parafilm to avoid the evaporation of 

THF and the solution was electrolyzed under 10 mA applied current. As the voltage increased 

above 30 V in 10 min, the flow cell was also slightly shaken on a vibrating platform shaker to avoid 

electrode passivation. The results in Figure 32B showed that reaction obtained 22% yield in 1 h 
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and 58% yield in 2 h, with the productivity of 0.22 mmol/h and 0.29 mmol/h separately. The 

limiting reagent 3b was fully consumed at 2 h. The non-stoichiometric relationship between 3b and 

3d, especially after 1 h, revealed that 3d was mainly converted to the byproducts from oxidation 

and self-coupling. However, the comparable yield in undivided batch and flow cell excluded the 

effect of setup on the yield with flow. 

 

Figure 33. Mg plate after reaction in the undivided flow cell with flow. 

3.3.2 Batch vs. Flow in Divided Cell 

In the meantime, Mg electrode is not a good electrode in electrochemical reaction due to 

the possibility of passivation, especially when scaling up. Other stable electrodes are necessary to 

replace it. Therefore, A divided batch reactor (Figure 26B) and flow cell (Figure 26Figure 2D) were 

also used to evaluate the effect of the flow process on the productivity of a e-XEC reaction (Figure 

29), which can replace Mg electrode with carbon electrode and a sacrificial reductant (PMP). The 

batch reactor consisted of an H-cell equipped with rubber cap. Two 20 mL chambers were separated 

by a piece of Nylon membrane with the thickness of 0.1 mm. We chose Nylon here since it was not 

soluble in THF. The electrode used for both anode and cathode was a 1.0 cm × 1.0 cm piece of 

graphite felt. The distance between the two electrodes was roughly 4 cm. The microflow cell was 

similar to the undivided one (see Figure 30B for image of the disassemble reactor components) 
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with the following structures: PTFE frame/gasket/Cu plate/gasket/channel (with 

cathode)/membrane/ channel (with anode)/gasket/Cu plate/gasket/PTFE frame. The electrode size 

was 1.0 cm × 1.0 cm to fit in the channel. The spacing between the anode and cathode was 0.1 mm, 

the thickness of the membrane. The solution flows through both anode and cathode side. 

The e-XEC reaction was similar to the undivided reaction with 3b and 3d. For both batch 

and flow reaction, In anode side, PMP (2.5 mmol, 2.5 equiv) was added to 10 mL of THF with 10 

mmol of TBAClO4. In cathode side, 3b (1 mmol, 1 equiv) and 3d (3 mmol, 3 equiv) were added to 

10 mL of THF with 10 mmol of TBAClO4. Note that DME was not necessary as we avoided using 

Mg electrode in the divided cell.  

 

Figure 34. GC-MS results of divided flow reaction at different reaction times at (A) anode 

side and (B) cathode side. 

According to the literature, a 75% yield was achieved using a similar setup but with a 

different substrate.111 Unfortunately, our batch reaction initially experienced no current, attributable 

to the low conductivity of THF and the considerable distance between the two electrodes. 

Following this modification, the initial voltage stabilized at 7.25 V, aligning with the voltage 

observed in the undivided reactor. However, despite these adjustments, the yield remained low at 

only 3% after 5 h. Similar phenomena were observed in the flow reaction as well. The initial voltage 
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was reduced to only 3.4 V, attributed to the significantly shortened distance between the electrodes. 

Despite this adjustment, the yield remained undetectable. This was due to the presence of all 

chemicals on both the anode and cathode sides, coupled with the fact that the quantity of the 

standard on each side was not able to quantify (Figure 34). However, the extremely low peak of 

the product strongly suggests that the yield was indeed very low. The likely cause of this issue is 

the high permeability of the membrane, which allows PMP to pass through to the cathode side, 

thereby impacting the main reaction. Consequently, it becomes necessary to replace either the 

anode or the membrane to address this problem. The retrospect of graphite felt + PMP back to Mg 

plate in batch reaction still got 2%. Therefore, the membrane needed to be changed. Retrospectively 

applying graphite felt + PMP back to the Mg plate in the divided batch reaction resulted in a yield 

of only 2%. This outcome consequently indicates the necessity of replacing the membrane. We will 

talk about it in the next section. 

Table 2. Comparison of different forms of FAB membrane and nylon membrane under 10 

mA current for e-XEC. 

 

3.3.3 Comparison of Nylon and FAB-PK-130 Membrane for Chemical 

Blocking 

As discussed in the previous section, a new membrane might be necessary to fix the 

problem in the divided cell. Theoretically, a good membrane in this case should only allow ClO4
- 

passing through the membrane for conductivity and charge balance. In this section, we compare 
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nylon membrane with a new membrane named FAB-PK-130 (FAB), which is a kind of polyketone 

reinforced anion exchange membrane with high selectivity and stability.113 It can also allow 

different kinds of anions to pass through with appropriate pretreatment. Therefore, FAB membrane 

is one option that we can test in the divided e-XEC reaction. 

Table 3. Comparison of FAB membrane with different pretreatment methods and nylon 

membrane for e-XEC reaction. 

 

The FAB membrane, initially delivered in a dry state with a bromide form,113 is designed 

as a bromide-selective membrane. For its application in our reaction, conversion to the ClO4- form 

is essential (Table 2). To identify the optimal condition, we conducted two similar pretreatment 

methods on the FAB membrane: (1) dipped membrane in 1 M NaClO4 aqueous solution for 3 days 

(FAB-aq). (2) dipped membrane in 1 M NaClO4 solution in THF for 3 days (FAB-THF). Table 3 

shows the e-XEC results with different membrane in the divided batch reactor. Of the three 

membranes tested, FAB-eq demonstrated the most effective performance in blocking PMP from 

reaching the cathode side, achieving an anode-to-cathode chamber amount ratio of 43.4 to 1. By 

contrast, the nylon membrane and FAB-THF showed ratios of 11.3:1 and 2.5:1, respectively. 

Notably, pretreatment in THF solution further enhanced permeability, making it the least suitable 

option for divided e-XEC reactions. Similar phenomena were also observed in Figure 35, where 

the FAB-aq membrane effectively blocked most organic species in the cathode side. Unfortunately, 

despite these efforts, the yield with the FAB-aq membrane, while being the highest among the 
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tested membranes, remained as low as 8%. This limited yield can be attributed to the continued 

presence of PMP on the cathode side (Figure 35B). Further efforts to troubleshoot the root cause in 

the divided cell. 

 

Figure 35. GC-MS results with nylon, FAB-aq, and FAB-THF membranes for divided batch 

e-XEC reaction after 5 h. 

3.4 Conclusion 

This study delved into the potential of boosting e-XEC reaction productivity by employing 

a flow process, utilizing a variety of electrodes and membranes. Our experimental approach 

covered a range of configurations, including Mg anodes and graphite felt cathodes in undivided 

batch and flow cells, as well as graphite anodes and cathodes coupled with PMP as a sacrificial 

reductant in different membranes for divided batch and flow cells. Despite our extensive efforts, 

we found that high yields were predominantly achieved in the undivided batch reactor. In contrast, 

both the flow cell and the divided batch reactor configurations encountered substantial challenges 

in achieving high product yields. Regrettably, due to time and funding limitations, we were unable 

to continue this line of research further. However, the insights and data gathered from these 

experiments are hoped to provide a valuable foundation for future studies in enhancing the 

productivity of e-XEC reaction within the realm of flow electrochemistry. 
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4. Towards One-Way Smoke: Synthesis of Copper-Based 

Microclubs with Asymmetric Scattering and Absorption 

4.1 Introduction 

Scattering of light within aerosols (e.g. fog or smoke) causes isotropic vision obstruction 

through random redirection of light.37,38 If one creates an aerosol in which the magnitude of light 

scattering differs in opposing directions, such an aerosol has the potential to act as ñone-way 

smokeò, i.e., it could enable the smoke to appear transparent in one direction but opaque in the 

opposing direction. Conventional wisdom is that the creation of one-way smoke is impossible 

because it would violate Lorentz reciprocity, i.e., that an electromagnetic field should remain 

unchanged if one interchanges the positions of a light source and detector.114 However, such 

reciprocity applies to the extinction cross section of a particle, not its scattering cross section. 

Recent theoretical results indicate that, since extinction is the sum of scattering and absorption, a 

particle with asymmetric absorption permits asymmetric scattering.115 However, there are very few 

experimental demonstrations of particles that exhibit properties that would enable the creation of 

one-way smoke.116  

Previous results indicate that a particle with asymmetric geometry is sufficient to enable 

asymmetric scattering.115-121 We expect that asymmetric scattering could be enhanced by 

introducing asymmetry in both the particle geometry and material composition. Among various 

candidate structures, the ñmatchstickò structure stands out has having a shape and compositional 

asymmetry that is desired for asymmetric vision.122-133 These specialized shapes, comprising a 

distinct "head" and an elongated "shaft," may be tailored to provide the necessary geometric 

asymmetry in conjunction with specific material properties. The prospect of employing different 

materials with distinct absorption and scattering characteristics for various components within the 
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matchstick-shaped structure may amplify asymmetric scattering. These possibilities present a 

promising avenue for exploration in the creation of an asymmetric vision environment. 

The pioneering studies on synthesis of matchstick-shaped particles focused on metal-based 

hybrid nanostructures, such as Co-TiO2,124 Au-CdS,126 AgCdSe-Au,123 and Ag-Au.127 These 

structures were synthesized using a two-step, seed-mediated growth method. In these processes, 

nanorods served as the seeds, and the ñheadò of the structure grew on one side of the rod, controlled 

by surfactants,124,127 UV light,126 or pH.123  

SiO2-based colloidal microparticles constitute another class of matchstick-shaped 

structures that have been extensively researched.122,125,128-133 Much like the aforementioned 

nanostructures, most of these microparticles were synthesized using a two-step, "seeded-growth" 

method. In these studies, certain colloidal particles (like FeOX, MnOX, SiO2, Ag, polystyrene) acted 

as the seeds and the SiO2 rods grew anisotropically from the water droplets attached to the seeds. 

Notably, a single group successfully created SiO2 rods with a small hollow sphere attached to one 

end using a one-step tetraethoxysilane (TEOS) hydrolysis.134 However, this structure was only 

achieved by using TEOS that had been exposed to air for over a year due to partial hydrolysis and 

condensation of TEOS. Such year-long syntheses are obviously not practical. 

Our group previously studied the growth of copper nanowires on Cu2O octahedra seeds, 

leveraging the early formation of Cu2O nanoparticles in a solution-phase synthesis.135,136 This 

previous work established a foundation the further exploration of copper-based anisotropic 

structures described herein. 

Despite these previous advances, there remains a significant gap in the synthesis of 

complex micro-sized materials, particularly those with a combination of different components for 

the head and the shaft. Such two-component structures are a desirable missing piece of the existing 

particle library because they can enable a higher degree of anisotropic properties. The task of 
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orchestrating the precise formation of such hybrid structures in a single step presents a significant 

challenge.  

 

Figure 36. Picture of FlowCam 8000. 

In this chapter, we introduce a novel one-pot synthesis approach for creating two-

component, copper-based microclubs with a matchstick shape and asymmetric absorption and 

scattering properties. We refer to the structure as a 'club' rather than a 'matchstick' because the 'club' 

moniker seems a better match for its shape, which consists of an octahedral (rather than spherical) 

Cu2O ñheadò and Cu2O-coated Cu ñshaft.ò  Exploiting the reductive properties of hydrazine (N2H4) 

and the oxidation-preventing ability of ethylenediamine (EDA),137 we are able to generate these 

distinct microclubs in a highly concentrated sodium hydroxide (NaOH) solution. The high 

concentration (22.5 M) of NaOH plays a pivotal role in our synthesis, establishing the extreme 

conditions necessary to form the unique microclub morphology. The morphology of the final 

product could be adjusted, and its yield optimized, by tuning the concentration of NaOH, N2H4, and 
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EDA, a process monitored by a FlowCam (Figure 36)138-140 and assisted by Bayesian Optimization 

(BO) algorithm. The scale up from 20 mL to 2 L was successfully with slightly modification of the 

optimal conditions, with the best yield of 67%. The asymmetric properties of the microclub 

structure was found by simulation to create a 30% difference in scattering in opposing directions. 

The innovative method simplifies the synthesis and characterization process, eliminating the need 

for multiple steps or seed preparation, and offers an efficient pathway for the production of two-

component, anisotropic copper-based microstructures with potential to be used for asymmetric 

vision applications. 

4.2 Materials and Methods 

4.2.1 Materials 

Sodium hydroxide (NaOH, pellets, 97%) was purchased from VWR. Copper(II) nitrate 

hemi(pentahydrate) (Cu(NO3)2·2.5H 2O, 98%), ethylenediamine (EDA, 99%), hydrazine solution 

(N2H4, 35 wt.% in H2O), methanol (99.8%), polyvinylpyrrolidone (PVP, MW = 10000), Polyvinyl 

alcohol (PVA, MW = 146,000-186,000) were purchased from Sigma-Aldrich. Benzotriazole (99%) 

was purchased from Acros Organics. N,N-diethylhydroxylamine (DEHA, 98%) was purchased 

from Santa Cruz Biotechnology. All reagents were used as received. 

4.2.2 One-pot Synthesis of Copper-Based Microclubs 

NaOH aqueous solution (22.5 M) was first prepared by fully dissolving NaOH in a 

polypropylene bottle or centrifuge tube. This solution was then stored in an oven at 50°C  to prevent 

precipitation at room temperature. For the synthesis, NaOH (22.5 M, 20 mL), Cu(NO3)2·2.5H 2O 

(0.1 M, 1 mL), and EDA (0.60 mmol, 40 ɛL) were firstly mixed in a 50 mL round bottle flask and 

preheated in a 50°C  water bath for 5 min with continuous stirring at 700 rpm. N2H4 was then quickly 

added into the solution and the reaction turned cloudy white within 5 s. The reaction was terminated 
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after 20 min when the solution turned red brown and the solution was transferred to a centrifuge 

tube containing 3% PVP and 1% DEHA aqueous solution (~ 10 mL). The mixture was vortexed 

vigorously and the products floated on the surface as brown aggregations. The products were then 

collected by draining the liquid and washed with deionized water and methanol several times by 

centrifuging at 2000 rpm for 10 min. For short-time storage, the products were dispersed in either 

1% DEHA solution or pure methanol. For long-time storage, the products were dispersed in 

aqueous solution containing 0.5 wt.% benzotriazole to prevent corrosion.141 

4.2.3 Microclub synthesis at 2 L Scale with Overhead Stirrer  

2 L NaOH aqueous solution (22.5 M) was prepared ahead by fully dissolving NaOH (45 

mol, 1.8 kg) in two 1 L polypropylene bottles. These bottles were then stored in an oven at 58°C  to 

prevent precipitation at room temperature. Due to the large size of the reactor, a customized water 

tank reactor was designed and fabricated for synthesis (Figure 37). The thermocouple was located 

in the heating tank controlled by a temperature controller. The pump delivered the hot water to the 

tank with the reactor and recirculated the water to maintain the temperature. Before the first 

synthesis, the temperature controller was set as auto-tuning mode to minimize the temperature 

variation at high temperature. Generally, it took 4-5 h to reach and stabilize at setting temperature. 

For the synthesis, NaOH (22.5 M, 2 L) was first added in a 5 L round bottle flask and preheated in 

a 57°C  water bath until the inner solution temperature reached 56°C . Once 56°C  was achieved, 

Cu(NO3)2·2.5H 2O (0.1 M, 100 mL) and EDA (33.75 mmol, 2.25 mL) were added into NaOH 

solution and preheated for 15 min with continuous stirring at 550 rpm with overhead stirrer (IKA  

RW20). N2H4 (35 wt%, 0.92 mL) was then quickly added into the solution and the reaction was 

stirred for an additional 40 s. After 40 s, the stirrer was stopped, and the stirring paddle was removed 

from the solution. The reaction was terminated after 80 min when the solution turned red brown 

and the solution was transferred to a glass bottle containing 3% PVP and 1% DEHA aqueous 
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solution (~ 500 mL). The mixture was vortexed vigorously and the products floated on the surface 

as brown aggregations. The products were then collected by draining the liquid and washed with 

deionized water and methanol several times by centrifuging at 3000 rpm for 10 min. The products 

were dispersed in either 1% DEHA solution or pure methanol for storage and characterization.  

 

Figure 37. Image of the customized water tank reactor for large-scale microclub synthesis. 

4.2.4 Instrumentation and Characterization 

The microclubs were characterized by scanning electron microscopy (SEM, Thermo 

Scientific Apreo S model), scanning transmission electron microscopy (STEM, ThermoFisher 

Titan 80-300), high-resolution transmission electron microscopy (HRTEM, FEI Tecnai G2
 Twin), 

X-ray diffraction (XRD, Panalytical XôPert PRO MRD HR XRD System), and flow imaging 

microscopy (FIM). 

HRTEM data were collected on an FEI Tecnai G2 Twin microscope operated at 200 kV 

with an exposure time of 2 s and a resolution of 4096 x 4096 pixels. Electron diffraction data were 
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collected with an exposure time of 4 s and an observed camera length of 285 mm. Selected area 

electron diffraction was utilized to isolate the ñheadò of the microclub and the ñshaftò of the 

microclub, allowing the elucidation of the differing chemical compositions. Electron diffraction 

data were analyzed in the Crystalmaker SingleCrystal program, using a known system to ensure 

correct camera length calibrations. Peaks were assigned using powder diffraction rings generated 

from CIFs loaded directly into the program. STEM-EDS data were collected on a ThermoFisher 

Titan 80-300 scanning transmission electron microscope operated at 200 kV at the Analytical 

Instrumentation Facility at NC State University using an FEI double tilt holder with a molybdenum 

retention clip. The EDS map in Figure 41 was collected with a dwell time of 32 us at a resolution 

of 833 x 148 pixels over 94 frames. The resulting EDS maps were analyzed in ThermoFisherôs 

Velox program using the net% analysis mode with pre- and post-filtering enabled. 

The yield and length of microclub were determined via FIM. FIM, a dynamic image 

analysis technique, can provide particles sizes, counts, and morphology within a few minutes. The 

FIM measurements were conducted using a FlowCam (FlowCam 8000, Yokogawa Fluid Imaging 

Technologies) equipped with a 20X objective lens, an 80 µm FOV flow cell, and a 0.5 mL syringe 

pump. In each test run, ~ 0.5 mL of diluted microclub solution was added into the FlowCam. The 

system automatically captured images of the particles at a flow rate of 0.05 mL/min and an auto-

imaging rate of 27 frames per second. The stop condition was when particle count reached 100000. 

Two filters were applied to determine the total particle count and microclub count. The first filter 

was the value filter with edge gradient between 150 and 255 to exclude unfocused and background 

particles. The second filter was the statistical filter from a pre-built library with 426 preselected 

microclub images to identify microclubs amongst the overall particle population. Upon applying 

the filters, the software directly provided the particle count and size. The yield of microclub was 

then calculated using the following equation: Yield = Microclub count / Total particle count. 
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A spray dryer was utilized to obtain the dry, single-dispersed microclub particles. Figure 

38 shows an image of the spray dryer in action, drying the microclub particles, with the collection 

bottle containing the brown-colored dried particles. The spray dryer was set to the following 

parameters: fan frequency = 60 Hz, pump rate = 0.75 L/h (15%), air inlet temperature = 120°C . 

The microclubs were first pretreated with 50 mL of 0.5 wt% of benzotriazole solution overnight to 

prevent oxidation at high temperature and in the air. Following this, the microclubs were washed 

three times in deionized water by centrifuging at 3000 rpm for 5 min. For operating the spray dryer, 

we began by priming the pump with 20 mL of deionized water. Subsequently, the sample solution 

was run through the system until the process was complete. Upon completion, a minimum of 30 

mL of deionized water was flushed through the system to collect any remaining particles and clean 

the system.  Finally, the particles collected in the bottle were transferred to a 20 mL vial and stored 

in N2 atmosphere for future use. 

 

Figure 38. Image of the 2 L mini spray dryer during the dry of microclub particles. 

4.2.5 Bayesian Optimization for Planning Experiments 

For our experiment planning aimed at maximizing the yield of microclub, we selected 

Bayesian Optimization (BO) with a Gaussian Process Regressor (GPR) as the surrogate model, and 
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the Expected Improvement (EI) acquisition function as the optimization strategy. It's important to 

note that in this context, 'yield' refers to the ratio of the total microclub count to the total particle 

count, as measured by FlowCam. The choice of BO was driven by the small size of our initial 

dataset and the high costs and time constraints associated with the experiments.142,143 GPR was the 

preferred model for BO due to its widespread use and effectiveness in similar applications.144 The 

EI acquisition function was chosen because it focuses on selecting inputs that are likely to yield the 

most significant improvement in the target function.145 

The workflow of BO used for experimental plan is shown in Figure 39. Our initial dataset 

included 64 data points with 7 reaction parameter and result shown below: 

Input: [Concentration of NaOH ((15-22.5), M),  

            Brand of NaOH ((0,1), 0 represents VWR and 1 represents Sigma-Aldrich),  

            Preparation method of NaOH ((0,1), 0 represents preparing NaOH in plastic bottle  

            and 1 represents preparing NaOH in glass bottle),  

            EDA amount ((0-60), µL),  

            N2H4 amount ((1-25), µL),   

            Temperature ((45-60), °C ),   

            Time ((1-60), min)] 

Output: [Yield ((0-1))] 

where the boundaries of the parameter space were determined by the actual experimental 

limitations. In GPR with a Matérn kernel, the length scale is a crucial hyperparameter that 

influences the function's smoothness. To ensure the model neither overfits nor underfits the data, 

the length scale was optimized before initiating BO. With the optimized length scale established, 

BO was conducted, starting with 5 initial points and proceeding through 50 iterations, resulting in 

a total of 55 suggested experiments. From these, the top 5 experiments with the highest predicted 
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yields were selected for real-world experimental validation. The actual yields obtained from these 

experiments were then incorporated as 5 new data points into the dataset. Subsequently, BO was 

re-run, utilizing this updated dataset to generate the next set of experimental suggestions. 

 

Figure 39. Workflow for Bayesian Optimization for experimental plan. 

Despite conducting 9 iterations cycles of experimental settings, which involved a total of 

109 data points, no improvements were observed. Consequently, the following modifications were 

implemented: (1) Two non-critical parameters, namely the brand of NaOH and its preparation 

method, were eliminated from the input. (2) All data points involving the preparation of NaOH in 

a glass bottle were removed, resulting in a reduced dataset of 79 data points. (3) The length scale 

value was updated each time new data points were added. Apart from these changes, all other steps 

remained consistent with the first 9 cycles of iterations. The optimization stopped after 14 iteration 

cycles with a total amount of 104 new data points. 

The implementation of BO and hyperparameter optimization were carried out using Python 

within the PyCharm Integrated Development Environment (IDE). For the execution of BO, we 
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primarily utilized key libraries like Scikit-learn, renowned for its robust machine learning tools and 

algorithms.146 The optimization process itself was efficiently managed using the 

BayesianOptimization library, which provides a powerful and user-friendly interface for 

conducting optimization tasks. This setup in PyCharm offered a conducive environment for coding, 

debugging, and testing, ensuring a seamless workflow for the entire optimization process.4.2.1 

Materials 

4.2.6 Microclub Alignment in Acoustic Environment 

"The microclub alignment experiments were carried out in a custom-designed plastic 

chamber in collaboration with our partners. This chamber comprises an inner compartment 

measuring 5 cm × 5 cm × 5 cm, and an outer chamber with dimensions of 10.5 cm in length, 10.5 

cm in width, and 5.7 cm in height. To prevent sound reflection, the space between these two 

chambers was filled with Sylgard silicone elastomer. Two square transducers, each with a 

frequency of 610 kHz, were affixed perpendicularly to the outer wall of the inner chamber. For the 

experiments, each transducer was connected to a separate channel on an oscilloscope (Rigol 

DG4102 function/arbitrary waveform generator) through an amplifier. The oscilloscope's 

frequency was set to 610 kHz, and the intensity was adjusted to 500 mVpp. The inner chamber was 

filled with a microclub solution in 1% PVA. For alignment accuracy, a Siemens star was positioned 

as a target directly beneath the chamber, at the center of the view. Following this setup, the 

oscilloscope was activated to initiate the alignment process. 

4.3 Results and Discussion 

4.3.1 Synthesis and Characterization of Microclubs 

The microclubs were synthesized via a modified hydrazine-reduction method, which was 

previously utilized in the synthesis of Cu nanowires and Cu2O octahedra.135,147 The color evolution 
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of the reaction mixture over time is depicted in Figure 40A-C. The initial mixture in Figure 40A 

comprises 20 mL of a 22.5 M NaOH aqueous solution, 1 mL of a 0.1 M Cu(NO3)2 aqueous solution, 

and 40 ɛL (0.60 mmol) of EDA. The blue color is attributed to a [Cu(OH)4]- complex, which 

typically forms in concentrated NaOH solutions.135 As the saturation point of a NaOH solution at 

room temperature is approximately 19 M, to prevent precipitation, the 22.5 M NaOH solution was 

maintained at 50 °C before being used for the reaction.148 

 

Figure 40. Color changes at different stages of microclub generation and characterization of 

microclubs. (A) The initial mixture before adding N2H4, (B) the translucent suspension at 5 

min, and (C) the red brown color at 20 min. (D) SEM image of microclubs. (E) Powder XRD 

of microclubs. 

After preheating the solution in Figure 40A for 5 min in a 50 ÁC water bath, 10 ɛL of N2H4 

was quickly introduced into the solution. The solution turned cloudy white within 10 s due to N2 

generation resulting from the oxidation of N2H4 and the simultaneous reduction of [Cu(OH)4]- to 

the colorless [Cu(OH)2]-. As the bubbles exited the flask, the solution gradually transitioned to a 
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translucent suspension in 5 min (Figure 40B). Subsequently, this suspension shifted to a red brown 

color and became darker (Figure 40C). The reaction was stopped at 20 min and the optimal yield 

of Cu microclubs was obtained. 

 

 

Figure 41. TEM characterization of microclub. (A) HRTEM image of the tip of microclub, 

(B) STEM -EDS mapping of microclub, (C) HRTEM and SAED of the octahedral ñheadò of 

microclub, (D) HRTEM and SAED of the conical ñshaftò of microclub. 
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Figure 42. HRTEM and SAED of Cu2O octahedron. 

The morphology of the microclub is evident in the scanning emission microscopy (SEM) 

image in Figure 40D. Each microclub, synthesized through a one-pot method, features an 

octahedral "head" and a conical "shaft". X-ray diffraction (XRD) of microclubs demonstrate they 

consist of both Cu and Cu2O (Figure 40E). To further determine the structure of microclubs, a 

detailed compositional analysis was performed with transmission electron microscopes (TEM) 

(Figure 41). The picture of the tip of the microclub suggests it consists of a ~250 nm-wide Cu core 

and 25 nm-thick Cu2O shell (Figure 41A). STEM-EDS mapping results affirm that both the "head" 

and "shaft" consist of Cu and O elements (Figure 41Error! Reference source not found.B). 

Selected area electron diffraction (SAED) indicates that both the ñheadò and the ñshaftò projections 

of the microclub are composed of Cu2O and Cu (Figure 41C & D). As octahedron is typically the 

structure of Cu2O (Figure 42),135,136 the existence of Cu diffraction in ñheadò may come from the 

junction of ñheadò and ñshaftò. We also notice that several diffraction spots in Figure 41D cannot 

be conclusively attributed to either Cu2O or Cu. Due to the weak peak and lack of additional 
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evidence supporting its existence, we will not delve further here. The presence of Cu2O and Cu was 

further corroborated by an etching process, in which Cu2O was dissolved in glacial acetic acid. The 

resulting change indicated that both the "head" and "shaft" were partially eroded after 10 min and 

only the metallic Cu nanowire core was left after 30 min (Figure 43). These findings all indicate 

that the octahedral ñheadò of the microclub is Cu2O, and the conical ñshaftò is Cu coated with Cu2O, 

proving that the microclubs are composed of two-components that formed in a single-reaction. 

 

Figure 43. SEM images of microclub etched by glacial acetic acid after (A) 10 min and (B) 30 

min. 

4.3.2 Effect of Key Reaction Conditions on Microclub Synthesis 

To gain a deeper understanding of the microclub growth during the one-pot synthesis, we 

conducted the reaction at various time intervals and investigated the effects of key reactants - 

NaOH, N2H4, and EDA - on the formation of the microclubs.  In order to examine these effects, we 

utilized SEM to assess morphological changes and a FlowCam (Yokogawa Fluid Imaging 

Technologies, Figure 36) to quantify both yield and length variations. The FlowCam is a relatively 

new instrument that is beginning to be used to accelerate the morphological analysis of particles 

and microorganisms, but has yet to be widely employed in the field of colloidal synthesis.138-140,149-

155  The FlowCam uses flow imaging microscopy for the rapid acquisition of particle images, in 
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conjunction with VisualSpreadsheet 6 software for rapid analysis of 39 geometric parameters (e.g., 

edge gradient, length, width, aspect ratio).  During each measurement, we acquired a total of 

100,000 particle images and filtered out unfocused and background particles. We identified the 

microclubs within the overall particle population using a pre-built library that contained 426 

preselected microclub images (Figure 44). The yield is defined as the ratio of the microclub count 

to the total particle count. 

 

Figure 44. The FlowCam image library used for determining the yield of microclubs in a 

larger population (100k+) of particles. The number below each particle is the length of 

microclub (in ɛm). 

4.3.2.1 Reaction Time 

Figure 45 captures the time evolution process of microclub growth. Within the first 5 min, 

the solution predominantly contains small spherical particles with a diameter of 0.28Ñ0.03 ɛm 

(Figure 45A), corresponding to the near-zero yield of microclubs from the FlowCam analysis. At 
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10 min, a noticeable transition occurred, as evidenced by the jump in yield to 10% and the 

emergence of observable microclub structures Figure 45B) with an average length of 6.69±1.61 

ɛm. This indicates a shift from nucleation to a growth phase, where the small spherical particles 

have evolved into elongated microclubs. The microclub formation and growth continued until 20 

min where the yield increased to 64% and the length to 9.82Ñ3.48 ɛm (Figure 45C). A prolonged 

reaction time beyond 20 minutes did not promote further microclub formation. At 30 min, the 

length increased to 10.88Ñ3.66 ɛm while the yield is similar to that at 20 min (60%). Leaving the 

reaction to 60 min resulted in a reduced yield (34%) and length (9.99Ñ3.86 ɛm). During this stage, 

the precursor appeared to be exhausted, and N2H4 continued to reduce Cu2O to Cu, as evidenced 

by the progressively irregular shape of microclubs (Figure 45D & E).  

 

Figure 45. SEM images of the reaction at (A) 2 min, (B) 10 min, (C) 20 min, (D) 40 min, and 

(E) 60 min reaction time. (F) Yield and average length of microclubs at different  reaction 

times. 
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Figure 46. (A) Yield and average length of microclubs at different NaOH concentration. (B) 

SEM image of reaction product with 15 M NaOH. 

4.3.2.2 NaOH Concentration 

Following the investigation of the time-dependent evolution of microclub growth, we then 

turned our attention to the role of key reagents in the process, with the first focus on NaOH due to 

its extremely high concentration in the microclub synthesis (Figure 46). At lower NaOH 

concentrations (15 M & 17.5 M), the predominant structure was the Cu2O octahedra with an edge 

length of around 1.6 ɛm (Figure 46B), and the yield of microclubs measured from the FlowCam 

was zero. However, a shift occurred when the NaOH solution was supersaturated (20 M & 22.5 

M). Under these conditions, microclubs started to emerge, underscoring the crucial influence of 

extremely high NaOH concentrations on the formation of these structures. We hypothesized that 

higher NaOH concentrations augment the reducing power of N2H4 sufficiently to convert Cu(II) to 

both Cu(I) and Cu(0). This theory is supported by the prolonged duration of the white cloudy state 

observed in a 22.5 M NaOH solution compared to that in a 15 M NaOH solution, indicating more 

extensive decomposition of N2H4. We also observed that while the lengths of the microclubs 

formed at 20 M and 22.5 M were similar, the yields showed a significant difference (32% vs. 64%). 
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This suggests that NaOH may primarily influence the nucleation process, i.e., the initial formation 

of the microclubs, and the transformation from octahedron to microclub morphology. Once the 

microclubs begin to form, the length might be largely dictated by other factors in the reaction, such 

as the reaction time. We found it impossible to increase the NaOH concentration further, such as 

to 25 M, due the inability of NaOH to fully dissolve at 50 °C. 

 

Figure 47. (A) Yield and average length of microclubs with different N2H4 amount. SEM 

images of reaction product with (B) 5 ɛL and (C) 20 ɛL of N2H4. 

4.3.2.3 N2H4 Amount 

We then examined the effect of varying the N2H4 amount on the morphology, yield, and 

length of the microclubs, given its key role as a reducing agent (Figure 47). The maximum yield 

and length were attained with 10 ɛL of N2H4. Deviations from this amount resulted in a lower yield 

and shorter microclub lengths. However, the underlying reasons for these observations differed 
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depending on whether the N2H4 volume was increased or decreased. When the amount of N2H4 was 

reduced to 5 ɛL, microclubs could still form (Figure 47B), but the yield and length decreased. We 

attribute this to the reduced amount of N2H4 leading to insufficient reducing power for optimal 

microclub formation and growth. On the other hand, increasing the volume of N2H4 led to a 

decrease in yield and length due to over-reduction of Cu(II) to Cu(0). This theory is supported by 

the observation of numerous rod-like and irregular particles present in the product. (Figure 47C). 

 

Figure 48. (A) Yield and average length of microclubs with  different EDA amount. SEM 

images of reaction product with (B) 0 mmol and (C) 1.2 mmol of EDA. 

4.3.2.4 EDA Amount 

The final key reactant is EDA. EDA plays an important role in suppressing the nucleation 

of Cu2O nanostructures. Figure 48A shows that the maximum yield was achieved with 0.6 mmol 

of EDA. Either increasing or decreasing the amount of EDA would lead to shorter microclubs and 
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more impurities, which were mainly attributed to the formation of small Cu2O particles (Figure 

48B & C). At 0 mmol of EDA (Figure 48B), nucleation of Cu2O seeds was rapid and many small 

particles formed in the early stage of the reaction. However, the suppression of oxide formation 

was not sufficient to enable the formation of a high yield of microclubs after 20 min. At 

concentrations of EDA higher than the optimum, fewer nuclei were generated and fewer small 

particles were observed in the final product (Figure 48C). At even higher concentrations of EDA 

(3.75 mmol), the nucleation of Cu2O was completely suppressed, the solution remained translucent 

after 20 min, and no particles were observed with SEM and the FlowCam. Therefore, 0.6 mmol of 

EDA represented the optimum concentration for sufficient suppression of copper oxidation to 

enable nucleation of Cu2O particles and subsequent growth of microclubs. 

 

Figure 49. Contour images of N2H4 amount and time impacting the yield across different 

iteration cycles. (A) BO1, (B) BO9, (C) BO14. 

4.3.3 Enhancing Yield through the Application of Bayesian Optimization 

To further enhance the yield of microclub in 20 mL synthesis, we adopted a Bayesian 

Optimization (BO) approach for experiment planning and yield prediction within the defined 

reaction parameter space. BO has demonstrated superior performance over other global 

optimization methods in a range of benchmark functions.156 Particularly noteworthy is BO's ability 

to effectively navigate the parameter space, even when starting with a sparse dataset.157 A 

comprehensive understanding of our choice of BO model and the detailed workflow were described 

in Section 4.2.5. 



 

78 

 

Figure 50. Performance of Bayesian Optimization over 14 iteration cycles. (A) Model score. 

(B) Comparison of predicted yield (blue) and actual yield (orange). (C) Mean square error 

(MSE) between predicted and actual yield. (D) EDA amount suggested by BO for a total of 

70 experiments. The red dash line is the separator between the 9th and 10th iteration cycle. 

To evaluate the performance of BO, we initiated the process with a dataset comprising 64 

data points, which included 7 input reaction parameters and 1 output. The highest yield achieved 

in this initial dataset was 63% (Figure 49A).  In each optimization iteration cycle, BO suggested a 

combination of 5 initial points and 50 iteration points, totaling 55 experiment conditions with 

corresponding predicted yields. Out of these, the top 5 experiments, based on the highest predicted 

yields, were selected for validation. The actual yields from these 5 experiments were then 

incorporated back into the dataset for subsequent iteration cycles. This procedure was repeated 

across 9 optimization cycles and the performance was depicted in Figure 50. The model score, 


