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ABSTRACT 

Two-dimensional polymers (2DPs) are a class of two-dimensional (2D) materials that combine 

atomic thinness and molecular functionality. Like all 2D materials, 2DPs have an anisotropic 

structure where molecular moieties are connected by chemical bonds in-plane but loosely 

bounded out-of-plane through van der Waals (vdW) forces, allowing 2DPs to be isolated as 

ultrathin monolayers. What distinguishes 2DPs from their inorganic counterparts are the 

molecular lattice constituents, which give rise to almost infinite varieties of 2DPs. Particularly, 

molecular lattice constituents often lead to an intrinsic porosity in 2DPs, making them ideal 

candidate for membrane-related applications. In this dissertation, we will investigate the large-

scale synthesis of 2DPs and explore their application as a membrane for osmotic power 

generation. First, we will introduce an interfacial synthesis method for monolayer 2DPs up to 

inch-scale. This method is compatible with various 2DPs structures and chemistries. We will use 

this method to generate homogeneous monolayer 2DPs and investigate their structural and 

chemical properties. Using this approach, we will also demonstrate the capability of generating 

hybrid vdW heterostructures, from which large-scale electrical device arrays can be fabricated. 

Second, we will use our ultrathin nanoporous 2DPs as a permselective membrane for osmotic 

power generation. The chemical and structural versatility of 2DPs allow for a rational bottom-up 

design of a covalently linked 2DP membrane with proper pore size and functionalization that fall 

in the “Goldilocks” zone for osmotic power generation. The mechanics of short-range 

interaction-based permselectivity in our membrane is investigated using molecular dynamics 

simulations, and the unique mechanism is leveraged for ion-specific transport and gateable 

osmotic power generation. In the end, we propose several new directions for further improving 

the synthesis of 2DPs and expanding their applications.  
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Chapter 1: Introduction and Overview  

1.1 2D Materials and Their “Organifization” 

In this dissertation, we investigate the large-scale synthesis and applications of two-dimensional 

(2D) materials, particularly the organic ones. Since the discovery of graphene1, the first 2D 

material that consists of a single layer of hexagonal carbon lattice exfoliated from graphite nearly 

two decades ago, a multitude of researchers have devoted their entire careers to the study of 2D 

materials. To date, over a few dozen different 2D materials have been identified, with countless 

others still awaiting isolation or synthesis2,3. What began as a playground for physicists to 

explore exotic low-dimensional physics soon captured the attention of materials scientists and 

chemists, who began exploring various techniques for synthesizing 2D materials from the bottom 

up4.  Among these techniques, chemical vapor deposition (CVD) emerged as the most 

prominent, enabling the growth of high-quality, large-area 2D materials that have a range of 

potential applications5,6.  

It did not take long for scientists to realize that the dangling bond-free surfaces of 2D materials 

make them ideal for materials integration without the constraint of lattice matching7. As different 

2D layers are held together through van der Waals (vdW) forces, their heterostructures are 

referred to as vdW heterostructures. With a library of 2D materials covering insulators, metals, 

and semiconductors, and their extraordinary electronic properties, making atomically thin 

circuitry has been the holy grail of the 2D field for very long time and will continue to be so. As 

a result, much progress has been made in the integration of 2D materials, allowing for the 

fabrication of vdW heterostructures and lateral junctions with clean interfaces at large scales and 

with precise control over translational and rotational degrees of freedom8–10. Automatic 
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integration systems have even been developed to streamline the process8,11. Recently, the moiré 

physics from vdW heterostructures has added another exciting aspect to 2D materials research12, 

attracting again a multitude of researchers to devote their entire careers to studying the exotic 

physics in the 2D world. 

Despite the many achievements and milestones in the field of 2D materials, our discussion so far 

has been limited to inorganic materials. The power of organic synthesis and the diversity of 

organic materials are evident in every aspect of modern society, with two of the most noticeable 

being modern medicine and plastics. In fact, even before the discovery of graphene, scientists 

were able to assemble a monolayer of organic molecules on metal surfaces13, which could 

arguably be considered 2D materials before graphene. After the advent of graphene, the question 

Figure 1.1 Different categories and types of 2D materials. Reproduced from 
Ref. 16. 
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for chemists was whether organic 2D materials could be synthesized and isolated in a similar 

manner to graphene, which is easily manipulable and does not require an ultra-high vacuum 

chamber. The answer was yes, and since the discovery of graphene, more organic 2D materials 

have been identified than inorganic ones14,15, bringing great structural diversity and functionality 

to 2D materials research (Fig. 1.1)16.     

The rapid development of organic 2D materials benefited from the well-established reticular 

chemistry, which offers a wide range of molecular building blocks and linking strategies to 

create predetermined ordered frameworks17–19 (Fig. 1.2). It is no surprise that with the proper 

geometry of molecular building blocks and suitable linkage, ordered 2D frameworks, also now 

known as 2D polymers (2DPs), can be synthesized through reticular chemistry17,20. Compared to 

Figure 1.2 Reticular chemistry of organic 2d materials. (A) Topology designs of 
organic 2D materials. Reproduced from Ref. 18. (B) Examples of molecular 
building blocks for organic 2D materials with various molecular symmetries. (C) 
Examples of linkage chemistries for organic 2D materials synthesis. 
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inorganic ones, the composition and structure of organic 2D materials, especially 2D polymers, 

can be designed and controlled with greater versatility by combining various molecular 

precursors and linking chemistries. This level of control enables the realization of desired 

functions through molecular design for specific applications. Additionally, changing the lattice 

constituents from atoms to molecules results in a much larger lattice size, which allows for 

intrinsic porosity. This porosity opens up new opportunities in membrane-related applications 

such as gas separation and water desalination21–26.     

1.2 Functions and Applications of Organic 2D materials      

Given the inspiration provided by their inorganic counterparts, it is not surprising that the early 

applications of organic 2D materials focused on their electronic properties27–31. In fact, the 

development of organic electronics significantly predates the discovery of 2D materials, with the 

hope of the solution-processable organic materials being a much more accessible alternative to 

the inorganic ones, and potentially with more versatile functionalities that can be tailored to 

specific applications32,33. More recently, improved synthetic techniques have led to increased 

interest in membrane applications of 2DPs21,25. With their 2D thinness and tunable nanoporous 

structures, 2DPs allow for superior permeation and on-demand membrane design compared to 

traditional inorganic and polymeric membranes21,24,34. As a result, 2DP-based membranes have 

shown great promises for various separation processes22,25,34 as well as energy conversion and 

storage16,35. 

When organic materials are reduced to 2D, many of their interesting properties remain intact, but 

their conductivity usually decreases significantly as the planar arrangement of molecular 

moieties prohibits electron hopping through the � − � stacking 28–30,36. With the conventional 
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� − � hopping no longer accessible, researchers turned to increasing electron delocalization 

within the 2D layer. To achieve this goal, many different strategies were devised, such as 

adopting highly conjugated monomers27, optimizing linkage chemistry to maximize orbital 

overlapping30, and utilizing host-guest interactions37. Within a decade, the design principles for 

high-conductivity 2DPs were established, resulting in the reporting of 2DPs with conductivity as 

high as 2500 S/cm2 38. In addition, metallic transport and superconductivity were also realized in 

2DPs, completing the picture of conductive 2DPs38–40.  

The electrical conductivity in 2DPs has then laid the foundation for many other applications, 

including electrocatalysis, chemical sensing, and energy storage29,35,41. Moreover, the versatile 

nature of 2DPs also allow them to be used to modulate the conducting behavior of other 

materials, providing molecular versatility to otherwise inert materials42–45. By combining 

molecular design with conductivity, the versatility of organic chemistry and easy accessibility of 

electricity can be leveraged to create customizable electronic devices for various applications. 

However, it is important to note that in the context of conductivity-focused research, the 

morphology of the materials being studied is usually not 2D (i.e. few-layers and monolayers). 

Instead, powder, nanocrystals, and thick films (~��) are often used27,31,46. Until very recently, 

the unique 2D nature of 2DPs was not fully exploited for their applications, largely due to the 

limited synthetic approaches for producing monolayer or few-layer 2DPs14,47. Nonetheless, with 

recent progress in 2DP synthesis, the potential of structurally diverse and chemically versatile 2D 

membranes is garnering attention, and their intrinsic porosity is particularly intriguing for many 

researchers22,24–26.  
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Compared to bulk 3D porous materials, porous 2DPs possess atomic-level thickness, which 

allows for fast diffusion of species through the pores, enabling rapid and efficient interaction 

with the environment. In combination with the chemical versatility of reticular chemistry, this 

property creates numerous new opportunities. For example, when catalytic moieties are 

integrated into the structure, 2DPs can serve as excellent heterogeneous catalysts due to the 

completely exposed surface and easy access to the catalytic center48. 

As large-scale synthesis of 2DPs became available47,49–53, these ultrathin porous materials have 

demonstrated great potential for membrane-related applications. For instance, precise design of 

the geometry, size, and functionality of nanopores in a 2DP membrane enables efficient and on-

demand separation of similar and dissimilar molecules, and even ions21,54. With proper 

functionality and pore size, 2DP membrane may significantly boost the performance of 

molecular separation, water desalination and osmotic power generation.  

With the advancements in monolayer/few-layer 2DP synthesis, it is now possible to integrate 

2DPs with other inorganic 2D materials via vdW integration42,55,56. This integration allows the 

creation of hybrid vdW heterostructures, where the chemical versatility of 2DPs can be 

combined with the robustness and conductivity of inorganic 2D materials. 2DPs can sensitize the 

heterostructures and make them responsive to specific stimulants, such as chemicals, light, and 

heat43,57,58. Moreover, 2DPs can also potentially act as a surface modification to better interface 

inorganic 2D materials with various processes59.   

The on-demand chemical design and structural diversity of 2DPs provide unique properties and 

enable applications that are not accessible by other materials. When combined with the ultimate 

2D thinness, the possibilities with 2DPs are unparalleled. 
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1.3 Challenges and Progresses in 2DP Synthesis 

The synthesis of 2DPs differs significantly from that of the inorganic 2D materials. Following 

the isolation of graphene through graphite exfoliation, the production of large-scale monolayer 

graphene was achieved via chemical vapor deposition (CVD) on copper surfaces60. As additional 

inorganic 2D materials were identified, CVD remained the preferred and most effective method 

for their bottom-up synthesis, particularly at large scale4–6,60. 

In general, CVD relies on the heterogeneous nucleation and reaction of constituent atoms at the 

interface of a gas and a solid substrate. This process typically involves the decomposition of 

either gaseous or solid precursors to produce constituent atoms, which then react at the substrate 

surface to form the desired material. The thermal stability of inorganic 2D materials and 

decomposition of precursors into atomic constituents allow a large thermal budget for this type 

of synthesis, which is one of the key factors that makes CVD such an effective method for the 

synthesis of inorganic materials. 

The synthesis of organic 2D materials, or 2DPs, however, is drastically different. To form a 

lattice of molecules and clusters, the integrity of the individual lattice constituent must be 

preserved, limiting the allowed temperature for synthesis. For most carbon-based organic 

molecules, the decomposition temperature is around 300 ℃. In addition, 2DP structures, 

especially those with large intrinsic porosity, have a much lower bond density than their 

inorganic counterparts and are generally less thermally stable61,62. Therefore, synthesis of 2DPs 

must be done at relatively low temperature to maintain the integrity of constituent 

molecules/clusters and the synthesized 2DPs.  
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On top of the low thermal budget, 2DPs suffer from a lower anisotropy for in-plane and out-of-

plane bonding. The out-of-plane � − � stacking is usually strong enough to compete with the in-

plane coordination or reversible covalent bonds, which can sometimes lead to preferential out-of-

plane crystal growth36,63–65. Furthermore, the intrinsic porosity and rotatable bonds make 2DPs 

“soft”, rendering them more prone to interpenetration, bending and lattice frustration. All of 

these factors can lead to amorphousness and even break the 2D structure. As a result, growing 

2DPs, especially in a monolayer, is an extremely challenging task. 

Early synthetic efforts towards 2DPs were primarily focused on the identification of planar 

monomers that give rise to 2D layered structures and the linkage chemistries that generate robust 

bonding and facilitate electron transport18,28,29,35. Hydro/solvo-thermal methods and conventional 

solution synthesis have been the major approaches for these types of synthesis. The monomers 

typically consist of large, rigid, conjugated molecules of fused aromatic rings (Fig. 1.2). Proper 

selection of transition metal centers and organic linkers is crucial to ensure the formation of the 

desired 2D lattice and modulator molecules are often used to facilitate the 2D structure as well as 

improve the crystallinity63–65. While solution-based methods have been successful in generating 

powders and single crystals of layered 2DPs, they often fall short in generating strict monolayer 

of 2DPs without further exfoliation/processing (e.g. ultrasonication and mechanical exfoliation).  

Significant progress has been made in the synthesis of monolayer/few-layer 2DPs with 

interfacial synthesis14,66,67. The intrinsic 2D nature of interfaces/surfaces provides an ideal 

guiding template for 2DP synthesis. Before the concept of 2DP was coined, monolayers of 

organic molecules were deposited on atomically flat metal terraces in ultra-high vacuum 

chambers, marking the early attempts of interfacial synthesis of 2DPs13. As the research of 2DPs 
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gaining momentum, various interfacial methods have been developed, covering all the binary 

combination of gas, liquid, and solid, as well as immiscible liquid-liquid interfaces. Among those 

methods, Langmuir-Blodgett deposition that utilizes an air-water interface has attracted the most 

interests49,52,53. This method can generate large-scale monolayers of molecules from a sub-

monolayer spreading by compressing the molecules at the air-water interface with a pair of 

barriers while closely monitoring the change in surface tension. However, the mechanical 

compression inevitably induces wrinkles and cracks66,68,69, even though global surface tension is 

being monitored in real-time. Moreover, the reaction conditions accessible to a Langmuir-

Blodgett deposition are limited to around room temperature to maintain a stable air-water 

interface, leading to limited linkage options and often poor crystallinity.  

1.4 Dissertation Outline 

In this dissertation, we will present our approaches towards the synthesis and application of 

2DPs. In Chapter 2, we review the fundamental design and chemistry of 2DP synthesis and 

introduce several well-established synthetic techniques for 2DPs. After that, we briefly discuss 

the developing techniques that show potentials for future improvements. In Chapter 3, we 

present our unique method, namely laminar assembly polymerization (LAP), for wafer-scale 

monolayer 2DPs synthesis. The mechanics of this method are studied in detail with experimental 

support, and thorough characterization of the synthesized wafer-scale 2DPs are presented. In 

Chapter 4, fabrication of vdW heterostructures of 2DP/MoS2 is demonstrated. Our transfer-based 

integration method enables programmable superlattices and non-perturbative device fabrication 

with them. We then move on to more application-related topics in Chapter 5, where we detail the 

design and synthesis of a 2D nanoporous membrane for osmotic power generation. The power 

generation experiment is conducted with a microfluidic membrane device, and the power 
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generation performance is benchmarked with previous materials. We then use molecular 

dynamics simulation to understand the short-range interaction dominated ion selectivity in 

Chapter 6 and demonstrate the unique ion-specific selectivity and gated osmotic power 

generation. Finally in Chapter 7, we conclude this dissertation with a discussion on our ongoing 

efforts and future plans with 2DP synthesis and applications.     
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Chapter 2: Developments in 2DP Synthesis 

2.1 Introduction 

Materials synthesis is a perpetual topic in chemistry. It is a complex and dynamic process that 

requires both knowledge and skill. However, it can be eventually boiled down to two 

fundamental aspects: the selection of appropriate reactants and the optimization of reaction 

conditions. These two aspects have been essential throughout the history of materials synthesis, 

from ancient alchemy to modern synthesis, and 2DP synthesis is no exception.   

The starting reactants usually determine whether a material can be made and what minimum 

reaction conditions must be applied. In 2DP synthesis, the monomer also directly determines the 

final lattice structure, as it is formed by individual monomers. Therefore, in 2DP synthesis, the 

proper design of monomers is vital for the preferential formation of a 2D lattice. The preparation 

of the right monomer is at the intersection of organic and inorganic chemistry, which requires a 

good understanding of the structure-property relationship, sophisticated synthetic skills, and 

chemical intuition from years of experience.  

However, getting the proper monomer is hardly halfway toward a successful synthesis of 2DPs. 

With the proper monomer, one also needs to optimize the conditions to generate high quality 

materials. The reaction condition is a broad term covering temperature, solvents, catalysts, 

modulators, etc., making it almost an infinite parameter space. To synthesize high-quality 

materials with controlled morphology, crystallinity, and phase, one must choose just the right 

conditions from this dauntingly large parameter space, making this task nearly impossible for an 

individual to achieve alone. Instead, it requires a collective effort from the community, with 

researchers collaborating to share knowledge, techniques, and resources. 
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In the early days of 2DP synthesis, the focus was to find the proper monomer and linkage 

chemistry that generate a 2D layered structure1. Major efforts were dedicated to the identification 

of planar monomers and planar bonding motifs (Fig. 1.2). However, the synthetic conditions 

were not too different from those used for 3D bulk materials. As a result, the synthesized 

products, although possessing a layered 2D structure, were usually in the form of microcrystals 

or powders rather than 2D monolayers/few-layers. To push the morphology to the real 2D 

regime, numerous advances in the synthetic conditions and techniques have been made. Among 

those techniques, interfacial synthesis has been the most fruitful one thanks to the intrinsic 2D 

nature of the interface1,2.  

In this chapter, we will discuss the developments in 2DP synthesis, from its very early proof-of-

concept trials that focused on the realization of 2D layered structure in nano-sized crystals to the 

most advanced techniques that brought us to freestanding monolayers with the size of tens of 

centimeters.  

2.2 Design & Chemistry of 2DPs 

Among all low-dimensional materials, 2D materials was the last one to come, partly due to their 

extreme structural anisotropy. For inorganic materials, researchers can look for potential 2D 

materials from layered bulk materials, where the anisotropic in-plane and out-of-plan bonding 

allow for isolation and synthesis of individual layers. However, such approach usually does not 

apply to 2DPs, where a bottom-up approach is required for both materials design and synthesis.   

Fortunately, with various synthetic toolboxes and decades of structure-property relationship 

research, this is hardly a challenge for chemists and materials scientists. In addition, the first 

inorganic 2D material, graphene, has showcased a working solution that chemists cannot be 
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more familiar with – the sp2 hybridization. When a carbon-carbon double bond is formed 

between two sp2 carbon atoms, they define a plane where everything connected to them must 

reside. As the sp2 network (i.e., conjugation) extends, the plane grows only in two dimensions, 

with graphene being an extreme example where all carbon atoms are connected to each other 

through sp2 hybridization forming an infinite 2D layer of carbon atoms.  

Inspired by this, initial 2DP monomer design focused on incorporating as much conjugation as 

possible. Noticeable examples of this philosophy include the use of monomers derived from 

pyrene, triphenylene, porphyrin, phthalocyanine (Fig. 1.2B). With proper linkage chemistry, 

individual planar molecules can be connected into the same plane, which gave rise to the first 

examples of 2DPs3,4. However, those large, conjugated molecules also introduce strong � − � 

stacking, which is sometimes strong enough to compete with the in-plane bonding and leads to 

preferential out-of-plane crystal growth5,6.  

It is crucial to choose the right linkage chemistry. Several common linkages for 2DPs are shown 

in Fig. 1.2C. There are in general 2 common features for those linkages. First, the linkage should 

be planar. This one is obvious but limits the options for 2DP synthesis as nature usually favors 

high-symmetry 3D structure over 2D ones. For instance, neither tetrahedral or octahedral 

symmetries, two of the most common bonding symmetries in nature, is considered planar, and 

both are usually incompatible with a 2D lattice without certain distortion. A 2D lattice can be 

formed when planar linkages and planar molecules/monomers are arranged into the same plane 

through matching geometry of the monomers. Second, the linkage should have as few rotatable 

parts as possible. This is critical to keep the linkages and the monomers fixed in the same plane. 

For this purpose, multi-dentate bonds and conjugated bonds are usually adopted1. It is worth 
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noting that the rotation of bonds can happen not only at the linkage but also within the monomer 

when single bonds are present. It is sometimes beneficial as it can allow certain distortion to 

accommodate otherwise frustrated 2D structure. However, it often increases the amorphousness 

and degrades the robustness of the structure, and hence, impedes the formation of a 2D lattice. 

As a result, most 2DP monomers are composed of either fused or connected aromatic rings to 

limit the rotation.  

In addition, there is a practical aspect of the linkage chemistry that every 2DP synthesist needs to 

consider: how easy it is to make the bonds. As we mentioned before, synthesis of 2DPs usually 

Figure 2.1 Templated synthesis of 2DPs with stable chemical bonds. (A) 
Synthesis of highly crystalline imine-2DP through reversible urea linkage pre-
organization. Reproduced from Ref. 10. (B) Photopolymerization of pre-
organized anthracene-based monomers. Reproduced from Ref. 8. (C) 
Surfactant-assisted polymerization of imide-2DPs and (D) a representative 
HRTEM image. Reproduced from Ref. 9. 
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needs to be done at a relatively low thermal budget to maintain the integrity of the final structure. 

Therefore, the formation of the linking bonds must be done before any of the reactants 

decomposes or undergoes any side reactions. In addition, to restore any structural defects and 

non-planarity caused during the polymerization, it is better to have reversible bonds that allow 

for correction for crystalline lattice. For these reasons, most early works on 2DP synthesis focus 

on reversible bonds that are easy to form and break3,7. However, the poor chemical stability of 

those bonds limits the application scenarios of the 2DP products. To address this problem, 

several strategies has been developed to take advantage of stable chemical bonds in 2DPs. For 

example, the single-step synthesis of a stable chemical bonds can be broken into multiple steps 

utilizing the topochemical polymerization. In those methods, a crystalline lattice is first formed 

by reversible assembly of the monomers through weak interactions (e.g. � − � interaction8, 

Coulomb interaction9, reversible chemical bonds10). And then, irreversible bonds are formed 

between monomers without changing the crystalline assembly, leading to 2DPs of high 

crystallinity (Fig. 2.1). In addition, new synthetic processes, catalysts, and monomers are 

constantly being developed to achieve stable 2DPs, with a plethora of examples11–14.    

With the constant development of design and chemistry of 2DPs, more and more structures 

become available. Nevertheless, for any synthesis to produce high-quality materials with 

controlled morphology, fundamental understanding and knowledge must be combined with 

practical implementations. Without proper reaction conditions, the monomers would never form 

the desired linkage and structure. For the remaining of this chapter, we will discuss in detail how 

the knowledge we have learned so far are applied in several synthetic approaches that are able to 

generate, or at least bring us closer to, 2DPs with large-scale and high crystallinity.  
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2.3 Solution-Based Synthesis 

In solution-based synthesis, all the reactants are dissolved (or sometimes dispersed) 

homogeneously in a solvent, where desired products formed through control of the temperature, 

catalysts, molar ratio, etc. Because it is the most common method for synthesizing 3D 

framework materials, such as metal-organic frameworks (MOFs) and covalent-organic 

frameworks (COFs), solution-based synthesis was used to test the feasibility of 2DP synthesis 

when proper monomers and linkage chemistries first became available1,15,16. For early trials, 

however, the synthetic conditions for solution-based 2DP synthesis were not significantly 

different from those used for synthesis of 3D frameworks, resulting in poorly controlled 

morphology in the form of powder/nanocrystals17–19 (Fig. 2.2). In some cases, the strong � − � 

stacking between the molecules can obscure any 2D features of the resulting products, requiring 

crystallography studies to reveal the layered 

structure4,6. Despite the poor morphology 

control, solution-based synthesis of 2DPs has 

offered a viable approach to identify proper 

monomer designs, develop new linkage 

chemistry, and refine synthetic conditions. 

Today, solution-based synthesis remains a 

major test field for novel 2DP synthesis, 

providing a solid foundation for many other 

methods that have emerged in recent years.    

Figure 2.2 Typical morphology of solution-
synthesized 2DPs. (A) Structure of the 
Ni3(HITP)2 2DP. (B) SEM images of the 
Ni3(HITP)2 2DP film. (C) Structure of the 
2DP3. (D) Optical image of the microcrystals 
of 2DP3. Inset: photograph of the 2DP3 
crystalline powder. Reproduced from Ref. 17-
19.  
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In solution-based 2DP synthesis, anisotropic growth can only arise from structural anisotropy 

since all reactants are homogeneously dispersed in the solvent. Therefore, the most critical factor 

in solution-based 2DP synthesis is to engineer the structural anisotropy through monomer and 

linkage chemistry design. In works that focuses on getting high quality crystalline 2DPs rather 

than morphology control, it is important to balance the intralayer and interlayer interaction. It has 

been shown that strong interlayer interaction helps the assembly of monomers in adjacent layers, 

thereby increasing the crystallinity of the materials with the annealing process20–22. As a result, 

many non-covalent interactions have been utilized to increase the interlayer interaction, and 

many of those strategies have yielded crystalline power of 2DPs23–27 (Fig. 2.3). However, 

whether strong interlayer interaction is always beneficial for enhancing crystallinity is still under 

debate with results supporting both sides reported28,29.  

In contrast, for better control of the morphology or formation of monolayer/few-layer 

nanosheets, it is always beneficial to increase the in-plane bonding and/or reduce out-of-plane 

stacking. One notable example is the synthesis of Zr/Hf-based 2DPs through solution synthesis 

(Fig. 2.4). The 3D Zr/Hf-based MOFs are known for their remarkable chemical and thermal 

stability, as well as the structural variety from the 12-connectivity Zr6/Hf6 nodes30. Although the 

Figure 2.3 Typical interlayer interactions in 2DPs. Reproduced from Ref. 1. 
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12-connectivity nodes do not 

form a 2D lattice, it is possible 

to control the connectivity by 

adding monocarboxylic acid, 

which cap the nodes instead of 

connecting them to each other. 

By doing so, the large size of 

the Zr6/Hf6 nodes and the 

presence of capping ligands 

greatly reduce the � − � 

stacking between layers. 

Together with the strong in-

plane Zr/Hf cluster-carboxylate 

coordination bonds, this has 

enabled high yield of monolayer/few-layer 2DP nanosheets that can be obtained through 

ultrasonic exfoliation31.  

Another strategy for promoting 2D growth in solution-based synthesis involves using a 2D 

substrate. Although technically, growth in this case is an interfacial one that happens at a liquid-

solid interface, we include it in our discussion for solution-based 2DP synthesis since all the 

reactants are still homogeneously dispersed in a solvent. When a liquid-solid interface is present, 

heterogeneous nucleation on the solid surface can lead to thin film growth on the solid substrate. 

However, such nucleation is usually promoted by the oxygen-rich surface and results in a thin 

film composed of randomly oriented nanocrystalline domains, which can hardly be considered 

Figure 2.4 Zr-based 2DP synthesized from solvothermal 
methods. (A) Building blocks and structure of the Zr-based 
2DP. (B) AFM image of solution-exfoliated Zr-2DP. (C) 
HRTEM of solution-exfoliated Zr-2DP. Reproduced from Ref. 
31. 
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2D. In 2011, Dichtel and coworkers32 developed an ingenious method of using graphene as the 

growth substrate for 2DPs (Fig. 2.5). The extreme flatness and dangling bond free surface of 

graphene allows for face-to-face stacking of 2DP monomers onto the substrate, promoting 

aligned growth of 2DPs with crystalline plane parallel to the substrate. This method allowed for 

large-scale 2DP synthesis that is only limited by the inorganic 2D substrate and was later 

extended to other 2D substrates, resulting in various 2DP/inorganic 2D materials 

heterostructures. However, despite preferred crystalline orientation, it is not possible to precisely 

control the layer number of grown 2DPs due to the homogeneous solution environment, which is 

the limitation for all solution-based synthesis methods. To achieve precise layer number control 

and move towards the real 2D regime, it is necessary to develop other methods that are 

fundamentally different from a homogeneous reaction mixture of reactants.      

2.4 Interfacial Synthesis 

Many heterogeneous interfaces inherently exhibit a 2D nature, and the fabrication and study of 

these interfaces even predates those of 2D materials33–36. Therefore, it is natural to use an 

interface for the synthesis of 2DPs as the two have matching dimensionality. Many different 

forms of heterogeneous interfaces have been utilized for 2DP synthesis37–41 (Fig. 2.6). In this 

Figure 2.5 Synthesis of oriented 2DPs on monolayer graphene. Reproduced from Ref. 32. 
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chapter, we will focus our discussion on recent 

developments regarding gas/vacuum-solid, air-

liquid and liquid-liquid interfacial 2DP synthesis, 

as they have accounted for a significant portion 

of relevant research and are likely to continue 

developing in the future.  

Gas/Vacuum-Solid interfacial synthesis 

The gas/vacuum-solid interfacial synthesis is the most popular method for inorganic 2D 

materials synthesis and is prevalent in almost all modern thin film deposition techniques (ALD, 

CVD, MBE, PVD, etc.). It is considered to be the most stable interface against mechanical and 

thermal disturbance. In fact, various 2DP structures have been deposited on different substrates 

in ultrahigh vacuum (UHV) chambers8,42,43. For instance, in the work by Ditchtel and Crommie 

group43, monolayers of COF-366 was deposited on Au(111) surface in UHV, and the electronic 

structure of the 2DP was studied by scanning tunneling microscopy (STM). Moreover, the metal 

substrate can facilitate certain linkage chemistries that are hard to access in a solution-based 

synthesis, allowing the formation of stable chemical bonds under non-destructive conditions44–46. 

However, the lateral size of the 2DP in this method is limited by the underlying substrate 

terraces, which is typically a few hundred nanometers. Additionally, it is constrained by the 

availability of UHV equipment and limited range of substrates that can be used.  

In recent years, many researchers investigated the possibility of utilizing a gas-solid interface in 

chemical vapor deposition (CVD) for precise monolayer 2DP synthesis. However, although sub-

2nm and even monolayer films have been synthesized47, the high reaction temperature often 

Figure 2.6 Different interfacial methods for 
2DP synthesis. 
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leads to decomposition of the monomer and 2DP, resulting in amorphous products. Nonetheless, 

the use of a gas-solid interface in CVD for 2DP synthesis shows promise for large scale, high 

crystallinity, and precise layer control47,48. Further research is required to overcome the 

limitations of high-temperature decomposition and to expand the range of suitable substrates. 

Liquid-Liquid Interfacial Synthesis 

Compared to the gas/vacuum-solid interface, the liquid-liquid interface is a simpler and more 

accessible method for synthesizing 2DPs, as it does not require complex apparatus. In a typical 

liquid-liquid interfacial synthesis, reactants, catalysts and other reagents are dissolved separately 

in two immiscible solvents (e.g. water and chloroform) so that the reaction confined at the 

interface where all the participating reagents converge (Fig. 2.6)49,50. Thanks to the all-liquid 

environment, many well-established reactions and techniques in solution-based synthesis can be 

Figure 2.7 Examples of 2DPs synthesized at a liquid-liquid interface. (A) 
Synthesis of an imine-2DP at a water-chloroform interface. Reproduced 
from Ref. 49. (B) Schematic of interfacial synthesis of a conjugated 2DP 
using Suzuki coupling. (C) Structural illustration of the conjugated 2DP. 
(D) TEM image of the 2DP and a picture of the 2DP at the chloroform-
water interface (inset). Reproduced from Ref. 50.   
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directly applied in liquid-liquid interfacial synthesis. For instance, Li and coworkers 

demonstrated that Suzuki coupling can be applied to a water-chloroform interfacial synthesis, 

which produced stable C-C connected 2DPs with intense PXRD peaks50.  Dichtel’s group also 

showed that a Lewis acid catyalyst, Sc(OTf)3,  improved the crystallinity and reduced reaction 

time in solution-based synthesis for 2DPs. The same catalyst also demonstrated similar effect for 

an interfacial synthesis, and 2DPs as thin as 3nm was synthesized51,52. Moreover, in many cases, 

2DPs synthesized through liquid-liquid interfacial synthesis demonstrate better morphologies 

and properties. For instance, Zhu and coworkers showed that CuBHT, a Cu benzoate 2DP, 

showed increased electrical conductivity when synthesized using interfacial methods53, and with 

improved procedures, the same group later observed superconductivity from the same 2DP54,55 

(Fig. 2.8).   

However, the interface formed between two liquids is usually not as well-defined as that formed 

between gas-solid or gas-liquid, and many reagents may have a finite solubility in both liquid 

phases that can further degrade the confinement. Consequently, the film is usually composed of 

randomly oriented nanocrystalline particulates, with large thickness and non-uniform surfaces. 

Figure 2.8 Synthesis and structure characterization of the CuBHT 2DP. (A) Photograph of 
the CuBHT synthesis setup. (B) Reaction scheme for the CuBHT. (C) SEM images of the 
synthesized CuBHT film. Scale bar: 200 nm (main) and 100 nm (inset). (D) HRTEM image 
of the CuBHT film. (E) Relative resistance of the CuBHT film at various temperatures. 
Reproduced from Ref. 54 and 55.  
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Nonetheless, the simplicity and generality of liquid-liquid interfacial synthesis makes it an 

attractive method for production of 2DP thin films and membranes, as well as exploration of 

novel structures and reactions.  

Gas-Liquid Interfacial Synthesis 

Currently, the most common method to prepare monolayer/few-layer 2DPs is the gas-liquid 

interfacial synthesis, particularly using the Langmuir-Blodgett (LB) deposition. The LB 

deposition forms a monolayer by compressing free or sub-monolayer monomers at an air-water 

interface. By monitoring the surface tension and optical contrast of the film, LB deposition can 

work with a variety of monomers and produce 2DPs with large lateral sizes56–58. The LB 

deposition can be further improved by pre-organization of monomers at the interface before 

polymerization, as the pre-organized monomers can accommodate the mechanical stress through 

their fluidity and provide a template for crystallization. For instance, Makiura and coworkers 

showed that polymerization of pre-assembled porphyrin monomers shows a better crystallinity 

compared to directly reacted ones59. In a series of works by Schlüter’s group, they showed that 

Figure 2.9 Topochemically polymerized 2DP using tri-anthracene monomers. 
(A) Schemes for the tri-anthracene monomer and their photopolymerization. (B)
Reflectance image of the synthesized 2DP on Cu grids. (C) AFM image of the 
2DP film. (D) STM topology of the synthesized 2DP. Reproduced from Ref. 62.
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topochemically polymerized (i.e. polymerization of monomers aligned in the crystal state) 

tris(anthracene) monomers demonstrated great mechanical strength and the crystalline domains 

can be imaged with STM at molecular resolution38,60–62 (Fig. 2.9). However, the mechanical 

stress can never be completely removed as long as macroscopic compression is applied, and the 

low thermal budget for an open air-water interface would always limit the crystallinity this 

method can achieve.  

The monomer pre-organization has also been utilized in other gas-liquid interfacial synthesis 

methods. For example, Feng’s group has demonstrated that by using a monolayer of charged 

surfactants as template, oppositely charged monomers can be pre-organized under the surfactants 

and form a highly crystalline 2DP film with tunable thickness from a couple of nanometers to a 

hundred nanometers9,63 (Fig. 2.10). With this method, the researchers were able to get several-

Figure 2.10 Surfactant-assisted synthesis of crystalline 2DPs. (A) Schematic illustration 
of the synthesis procedures. (B)-(D) HRTEM of various crystalline 2DPs synthesized 
using the method, with SAED patterns and structures of each 2DP shown in insets. 
Reproduced from Ref. 63.  
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micrometer crystalline domains and do so with strong chemical bonds at room temperature that 

usually require much higher temperature in solution-based synthesis8,61. While this surfactant-

assisted approach significantly increases the crystallinity of the film, the charge-induced 

monomer pre-organization forfeit the strict confinement of the air-water interface, and therefore 

monolayer thickness control was not achieved.    

2.5 Summary 

In this chapter, we discussed the major factors to consider for 2DP synthesis and presented 

several different synthetic approaches for chemical and morphological control of the products. 

The focus of 2DP synthesis gradually shifted from the structural aspects to functions and 

morphology control. Multiple interfacial synthesis methods have enabled production of 

monolayer/few-layer 2DPs but reliable large-scale production and the ultimate combination of 

precise layer control and high crystallinity is still missing. In the next chapter, we will introduce 

our approach for wafer-scale synthesis of monolayer 2DPs and compare it with other interfacial 

methods discussed in this chapter.  
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Chapter 3: Wafer-Scale Synthesis of Monolayer 2DPs 

3.1 Introduction 

With decades of development in 2DP synthesis, hundreds of different 2DP structures are now 

available through various synthetic techniques1. However, little progress has been made in the 

production of large-scale monolayer 2DPs, which in some restrictive opinions are the only form 

that satisfies the definition of 2D materials. Although this constraint is no longer widely 

accepted, monolayers are still the ideal form to deploy the interesting properties of 2DPs, which 

can be largely attributed to the anisotropic structure and the accessible molecular units2.  

Moreover, access to monolayer 2DPs would also enable layer-by-layer integration of distinct 

2DPs as well as other inorganic 2D materials free of lattice-matching constraint, a method often 

referred to as van der Waals (vdW) integration. Such integration strategy has been widely used 

with inorganic 2D materials and has produced many interesting properties not available in 

individual component such as superconductivity and Wigner crystals3. The chemical tunability 

and structural diversity of 2DPs would allow for molecular-level engineering of the properties 

and functionalities in vdW heterostructures, and provide a versatile platform for the design and 

tuning of interlayer interaction when combined with recent development in moiré physics. With 

improved materials quality and processing techniques, it is also possible to investigate the moiré 

physics of heterostructures made of 2DPs alone, as that in bilayer graphene, which has so far 

remained completely unexplored mainly due to the materials limitation.  

For a very long time, LB deposition has been the only method that can produce large-scale 

monolayers of 2DPs, but the quality of the materials is usually compromised by the mechanical 

compression process. As a result, it is extremely challenging to scalably synthesize monolayer 
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2DP films and subsequently integrate them with other materials with monolayer precision2,4. The 

challenges of large-scale 2DP synthesis have been discussed in detail in Chapter 1 &2. The 

fragility of the monolayer further impede its processing and integration. Previous experiments 

have reported progress toward large-scale synthesis of 2DPs5–13, but with limited success 

regarding wafer-scale homogeneity, microscopic characterization of crystalline structures, and 

scalable thin-film integration14. 

In this chapter, we present a 

novel interfacial synthesis 

method, which is the main 

experimental advance in this 

thesis. It enables wafer-scale 

synthesis of monolayer 2DPs 

from various monomers and linkage chemistries (Fig. 3.1). The method utilizes the self-assembly 

of amphiphilic monomers at a water-pentane interface to pre-organize the monomers while using 

laminar flow formed by controlled monomer delivery to achieve wafer-scale monolayer film 

without mechanical compression. This approach, named as laminar assembly polymerization 

(LAP), incorporated key features necessary for scalable and facile processing, including large-

area synthesis, ambient growth conditions, and compatibility with established patterning and 

integration methods. We will describe the experimental setup of the method, detail our 

mechanistic understanding of the process, and present experimental results of several wafer-scale 

2DPs synthesized using LAP.   

Figure 3.1 Schematic of LAP synthesis 
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3.2 Laminar Assembly Polymerization 

The laminar assembly 

polymerization (LAP) method is a 

special liquid-liquid interfacial 

synthesis method that polymerizes 

amphiphilic monomers at a well-

defined, stable pentane-water 

interface. Fig. 3.2A shows a 

schematic illustration of the LAP 

setup. The setup has two major 

components: a) the reactor where 

pentane-water interface is formed 

and polymerization happens, and b) 

the microsyringe pump system that 

precisely controls the amount and rate of monomer being introduced.  

In order to form a stable pentane-water interface and be compatible with as many chemical 

reagents as possible, the reactor is custom-made with a Teflon block. For different purposes, the 

size and shape of the reactors can be varied (Fig. 3.2B). For all reactors, the injection ports are 

located at short edge wall allowing a side-injection. The side-injection is critical for the 

formation of stable laminar flows and will be discussed more in detail in the next section. For 

precise control of the monomer injection, the microsyringe pump system is connected to the 

injection port on the reactor through a very thin fluorinated plastic tubing (inner diameter of 150 

Figure 3.2 Experimental setup of LAP. (A) Schematic of 
LAP setup. (B) PTFE LAP reactors of various sizes.  
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��). The amphiphilic monomers are dissolved in a mixture solvent at a very low concentration 

(~0.1mM) to ensure controllable and slow injection.  

Fig. 3.3 illustrates a typical synthesis procedure of LAP. First, a stable pentane-water interface is 

formed in the reactor with the surface below the injection port, with linking reagent dissolved in 

water. Next, solutions carrying the amphiphilic monomers are slowly injected onto the interface 

(~10 �L/min) until full coverage is reached. Finally, the pentane is allowed to vaporize 

completely at room temperature and the 2DP film is accessible for transfer at the air-water 

interface. The linking reagent are sometimes introduced by a second microsyringe pump system 

to the water phase after the amphiphilic monomers spread. This double-injection strategy can 

afford better 2DP quality and is necessary for certain reactions.    

There are three major characteristics that sets LAP apart from previous liquid-liquid interfacial 

methods. First, the pentane phase in LAP acts as an inert buffer layer which does not dissolve 

any reactants. The pentane-mediated monomer delivery allows for a continuous mass flow of the 

precursor, which contrasts with dropwise delivery through the air. This allows the surface to 

remain steady during the entire monomer delivery process, preventing wrinkles and cracks from 

ripples.  

Second, the pentane-water interface facilitates the self-assembly of amphiphilic monomers. The 

self-assembly behavior ensures a monolayer distribution and an increased local concentration of 

Figure 3.3 Schematic illustration of LAP procedures.  
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the monomers, which facilitates the polymerization process. In addition, the self-assembly also 

provides a template for polymerization, which could help the formation of crystalline domains.  

Third, the side-injection arrangement and the monomer self-assembly give rise to laminar flow 

of the monomer. Because the assembly and spreading of the monomer are restricted by the 

reactor sidewalls, a constant supply of monomers leads to laminar flow away from the injection 

region and results in a continuous monolayer assembly and transport at the interface. The 

laminar transport characteristics limits the oversupply of precursors to the upstream of the 

monolayer and accommodates potential stress/strain caused by reaction/transport through the 

fluidity of the assembly.  

As discussed above, the successful implementation of LAP requires amphiphilic molecules as 

monomers, and from the discussion of previous chapters, it is also required the monomer is 

topologically flat (e.g., a surfactant molecule with long alkyl chains cannot be used as LAP 

monomers). These two requirements may seem to significantly limit the applicable monomers 

for LAP. However, as most conjugated planar molecules are hydrophobic and many linkage 

substituents (e.g. carboxylic acid, amines, aldehydes, etc) are hydrophilic, the combination of 

them naturally give rise to amphiphilic monomers with hydrophobic cores and hydrophilic 

peripherals. As a result, potential candidates for LAP are plentiful. For this dissertation, we focus 

Figure 3.4 Schematic of monolayer 2DP structures and corresponding 
chemical structures of the molecular precursors.  
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on amphiphilic monomers with porphyrin cores and various linkage substituents as 

representative examples. In the next two sections, we will discuss in detail the mechanics of LAP 

and experimental results of LAP using porphyrin-based monomers (Fig. 3.4). These molecules 

have two variation sites: one at the center of the porphyrin ring [M = 2H, Fe(III), or Pt(II)] that 

tunes the optical properties and the other on the phenyl groups (R = -COOH or -NH2) that 

controlled the monomer-monomer bonds.  

3.3 Mechanics of Self-Assembly Guided 2DP growth 

We used a home-made in situ optical characterization apparatus to investigate the monomer self-

assembly at the interface (Fig. 3.5). To monitor the monomer delivery, assembly, and transport at 

the interface, we use a monochromic light (bandwidth ~20nm) at the peak absorption of the 

monomer to for illumination, a long working distance zoom lens for magnification, and an 

electrically cooled CCD camera for imaging. Figure. 3.6 shows the images taken at the injection 

area at different injection time in a 1 x 2 inch2 reactor with 10 �L/min injection rate of 0.1mM 

2H-TCPP (M = 2H, R = -COOH) monomer. At the beginning, the delivered monomers are 

Figure 3.5 In situ optical characterization of the LAP process. (A) Schematic of 
a LAP reactor with in-situ optical characterization apparatus. (B) Schematic of 
in situ optical measurement setup.  
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preferentially transported towards 

the sidewall, forming a void wedge 

at the center. After a short time, 

the wedge closes, and entire 

injection area is covered uniformly 

with the monomer. Eventually, 

when excess monomers are 

injected, particulate aggregates and 

ripple-like inhomogeneities form, but they are limited only close to the injection area. For the 

entire injection process, the interface remained stable thanks to the continuous delivery of 

monomer solutions buffered by the pentane phase.  

The uniform contrast of the monomer (dark), which remain the same throughout the entire 

injection, indicates the self-assembly of the monomer at the interface. We believe that formation 

of the void wedge and its closure directly resulted from the side-injection geometry. As 

monomers start to be delivered to the interface, they tend to move randomly towards all 

directions. However, due to the proximity of the injection wall, most monomer flows are 

diverted towards the sidewalls, where they are further diverted to the downstream and middle of 

the reactor. As a result, the flux of monomers is larger at the side than at the middle, leading to 

the formation of the edge. As the injection continues, more area under the injection port is 

covered by assembled monomers, leaving no free space for the diverted monomer and the wedge 

closes.  

Figure 3.6 Delivery 
and transport of 
monolayer film at the 
injection point. (A)-(F) 
Transmission optical 
images taken at the 
injection end of a 1x2 
inch2 reactor with 
425nm illumination for 
2DP I. t1 to t6 indicate 
the progression in 
time. The entire 
injection takes ~1min. 
Scale bar: 2 mm.     
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At positions further away from 

the injection area (Fig. 3.7), a 

steady frontline is observed to 

pass through the region, 

indicating laminar flow. The 

laminar flow allows the 

monomer assembly to cover a 

large interface continuously and uniformly, with ideally infinite length and finite width, without 

mechanical compression. Figure 3.7 also shows that even after excess monomers are injected, no 

particles or ripples are observed in this region, suggesting the self-limiting feature of LAP. Using 

2DP I as an example, the synthesized area of 2DP was measured as a function of the injected 

volume of the monomer solution (Fig. 3.8). The linear relationship is consistent with a near-unity 

monomer-to-monolayer growth model, further supporting the formation of self-assembled 

monolayer and the 

self-limiting feature 

of LAP.  

By comparison, the 

inj ection from the 

middle of the reactor 

is significantly 

different from the 

side-injection as 

shown in Fig. 3.9. 

Figure 3.7 Laminar flow of monolayer film transport. (A)-(C)
Transmission optical images taken at the center end of a 1x5 
inch2 reactor with 425nm illumination for 2DP I. t1’ to t3’ 
indicate the progression in time. The entire injection takes 
~1min A steady frontline is indicated by the white dashed line. 
Scale bar: 2 mm.     

Figure 3.8 Linear growth mode of LAP. (A) False-color images of 2DP I 
film at four different stages during growth. The view size is 6x24 mm2. 
(B) Left: Schematic of a linear growth model based on LAP. The film area 
increase linearly with rate constant k = CN·A0·v·η/Neff, where CN is 
number concentration (i.e., the number of molecules per microliter) of the 
molecular precursor, A0 is the unit cell area of the 2DP I lattice, v is the 
volumetric injection rate, η is the monomer-to-monolayer yield, 
and Neff is the effective layer number. Right: Relation between film area 
and volume of the injected precursor, measured for 2DP I. The dashed 
line indicates the theoretical curve for 100% monomer-to-monolayer 
conversion based on the lattice structure of 2DP I (η = 100%, Neff = 1). 
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During the injection, strips and islands are randomly formed at the interface and transported 

away in all directions. As more monomers are introduced, islands and strips start to crash and 

merge with each other, leaving cracks, voids, and wrinkles that cannot be reversed.  

In summary, the mechanics of LAP is a combination of injection geometry and the self-assembly 

of amphiphilic monomers at the interface. While self-assembly process of the monomer is a 

thermodynamically driven process regardless of the injection condition, proper side-injection 

geometry and continuous monomer delivery are critical to form a uniform and homogeneous 

2DP film at large scale, as they are necessary for a unidirectional laminar flow. In the next 

section, we are going to present LAP’s capabilities of synthesizing wafer-scale monolayer 2DPs 

and lateral heterostructures with detailed characterizations on the quality of the synthesized 

materials.   

Figure 3.9 Delivery and 
transport of monomers 
with center injection. 
(A)-(E) Transmission 
optical images taken at 
center of a 2x2 inch2 
reactor with 425nm 
illumination for 2DP I. 
The bright horizontal 
line is the injection 
tubing. t1’’ to t5’’ 
indicate the progression 
in time. The entire 
injection takes ~1min 
Scale bar: 2 mm.    
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3.4 Well-Controlled Synthesis of Diverse 2DP Structures at Wafer-Scale 

Fig. 3.10 shows the false-color images of four 2DPs transferred onto 2-inch fused silica 

substrate. 2DP I-III are synthesized from 5,10,15,20-tetrakis(4-carboxyphenyl)-porphyrin 

precursors with different metal centers (M-TCPP) and Cu2+ ions in the water phase through 

coordination bonds, while 2DP IV is synthesized from 5,10,15,20-tetrakis(4-aminophenyl)-

porphyrin (TAPP) and terephthalaldehyde (TPA) in the water phase through imine bonds (Fig. 

3.4). The linkage chemistry for 2DP I-IV were confirmed by Fourier-transform infrared 

spectroscopy (FTIR) as shown in Fig. 3.11.  

Figure 3.11 FTIR spectra 
of 2DP I-IV and their 
corresponding monomers. 
FTIR spectra of (A) 2DP I 
and H2-TCPP, (B) 2DP II 
and Pt-TCPP, (C) 2DP III 
and Fe-TCPP, and (D) 2DP 
IV, TPA, and TAPP. 

Figure 3.10 False-color images of monolayer 2DPs covering entire 2-inch fused silica 
wafers. Transmission images taken at the wavelengths of 405, 420, and 440 nm were 
assigned red, green, and blue channels, respectively, to generate the false-color image. A 
linear transmission scale of 50 to 95% was applied to all the channels.   
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All 2DPs displayed uniform 

contrast over entire wafers, 

suggesting macroscopic 

continuity and homogeneity, 

which are further confirmed 

by absorption analysis at 

higher magnification (Fig. 

3.12). By varying the metal 

centers in coordination-based 

2DP I-III, their absorption 

spectra can be significantly modulated (Fig. 3.13), resulting in markedly different colors shown 

in Fig. 3.10. In addition, the direct correlation be tween the spectra of the 2DPs and their 

corresponding porphyrin monomers (Fig. 3.13) indicate that the optical properties of the 2DP 

films could be directly tuned at the molecular level. 

Due to the unique self-assembly and laminar flow of monomers, LAP can be easily scaled up by 

proper geometry arrangements. As discussed in the previous section, the laminar flow allows 

almost infinite growth in the flow 

direction, and the perpendicular 

dimension can be increased by adding 

more injection nozzles in parallel. For 

instance, the 2-inch films shown in Fig. 

3.10 were synthesized with three 

injection nozzles in a 2 (W) x 5 (L) inch2 

Figure 3.12 Hyperspectral characterization of 2DP I. (A) 
Hyperspectral absorptance image of 2DP I monolayer at the 
pentane/water interface. (B) Absorptance spectra taken for the 
entire film in view (global) and those of small squares indicated 
by the white outlines (local). (C) Histogram of peak absorptance 
from all pixels in (A). The dashed line indicates the noise level. 

Figure 3.13 UV-Vis spectra of (A) 2DP I-IV and (B) 
their corresponding porphyrin-based monomers.  
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reactor. In addition, with the 

unidirectional laminar flow, 

lateral heterojunctions of 

monolayer 2DPs can be 

grown with tunable 

compositions and widths by 

introducing different 

monomers from each 

injection nozzle and by controlling the relative injection rates (Fig. 3.14). Sharp interfaces 

between adjacent monolayer stripes were observed without voids or interdiffusion, which is a 

direct result of the laminar flow.  

All four 2DP films show a homogeneous thickness of ~1 nm, which is consistent with the 

expected thickness of a monolayer15, with a uniform and smooth surface as measured by atomic 

force microscopy (AFM) (Fig. 3.15). Despite the monolayer thinness, the 2DP films synthesized 

by LAP exhibit considerable mechanical strength and can be transferred onto various substrates 

as continuous films without cracking as shown in Fig. 3.10. As an additional example, a 

Figure 3.14 Lateral junctions of various 2DPs. (A)  False-color 
image of 2DP I/2DP III/2DP II lateral junctions. (Inset) 
Schematic of generating lateral heterostructures of 2DP I/2DP 
III/2DP II generated using three nozzles in LAP. (B) False-color 
images of 2DP I/2DP II lateral junctions with tunable stripe 
widths.  

Figure 3.15 AFM characterizations of 2DP I – IV. (A) 2DP I (inset: AFM height 
profile; scale bar: 500 nm), (B) 2DP II, (C) 2DP III, and (D) 2DP IV. (E) – (G) AFM 
height profiles for 2DP II – IV.   
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scanning electron microscopy (SEM) image of a 2DP I film transferred and suspended over a 

holey transmission electron microscope (TEM) grid (2 �m diameter holes; Fig. 3.16) displays an 

array of freestanding 2DP membranes. These membranes were suspended with a near perfect 

yield (> 99%; one broken membrane denoted by an arrow) and appeared uniform and continuous 

over the entire area without crack s or voids. Such mechanical strength is the foundation for 

membrane-related applications for 2DPs, which will be discussed in detail later in Chapter 5 with 

osmotic power generation as 

an example.  

Despite the room 

temperature synthesis and 

short reaction time 

(~30min), the coordination-

based 2DP I-III are 

polycrystalline and show 

clear diffraction peaks in the 

Figure 3.16 SEM image of monolayer 2DP I on a holey silicon nitride TEM 
grid. The white arrow indicates a hole not covered by monolayer 2DP I. Scale 
bar, 5 μm. (Bottom left inset) Schematic of monolayer 2DP I suspended over a 
hole on a silicon nitride TEM grid. (Top right inset) Magnified SEM image of 
monolayer 2DP I suspended over a 2-μm hole. 

Figure 3.17 GIXRD pattern of LAP synthesized 2DPs. (A) 
Experimental and calculated in-plane XRD profiles for 2DP II. The 
experiment was conducted on a stacked 2DP II of 147 layers on 
sapphire. (Inset) Crystal structure of 2DP II. (B) Unprocessed in-
plane GIXRD intensity profiles of 2DPs. Measurements were done 
on stacked samples (2DP I: 40 layers; 2DP II: 147 layers; 2DP III: 
37 layers) to increase signal intensity. 
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synchrotron grazing incidence X-ray diffraction (GIXRD) spectra after repeated stacking to 

enhance scattering (Fig. 3.17). Using 2DP II as an example, the in-plane XRD pattern showed all 

the main peaks predicted based on the structure model (inset in Fig. 3.17), with an average lateral 

domain size estimated to be ~20 nm according to Scherrer equation. The observed crystallinity 

likely results from the combination of the reversibility of the copper-carboxylate coordination 

bonds and the templation of monomer self-assembly, which has been observed in other 

systems5,16.  

Moreover, the crystalline structure of 2DP II monolayers was confirmed with scanning tunneling 

microscopy (STM) performed under ultra-high vacuum after transferred onto Au(111) on mica 

substrate. The STM topography image in Fig. 3.18A showed a square lattice with a single-

crystalline domain that fully covered the 30 nm by 30 nm area (2D fast Fourier transform (FFT) 

image shown in Fig. 3.18A inset). Another STM image (Fig. 18B; 60 nm by 60 nm) displayed 

three primary crystalline orientations with a lattice constant a = 1.66 ± 0.03 nm (measured from 

Figure 3.18 STM topography images of monolayer 2DP II. (A) Constant-
current STM topography image of a single-crystalline domain of 
monolayer 2DP II on a thin film of Au(111) on mica. (Inset) 2D FFT of the 
image. (B) Constant-current STM topography image of multiple-crystalline 
domains of monolayer 2DP II. Boundaries between different domains are 
manually identified by the white dashed line. (C) 2D FFT of (B) showing 
square lattices of three major orientations. (D) Color-coded inverse 2D FFT 
image generated using the three sets of square lattice spots in (C). One spot 
from each set is circled with the corresponding color in (C). 
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Fig. 3.18C). The lattice constant extracted from these microscopic STM analyses is close to that 

from GIXRD measurements (1.64 nm) performed on the macroscopic scale (0.1 mm by 10 mm) 

with a mismatch less than 2%. Fig. 3.18D shows a composite inverse 2D FFT image where each 

colored region corresponds to one lattice orientation. The domain size estimated from Fig. 3.18D 

(between 10 and 40 nm) is consistent with that from the Scherrer equation with domain 

boundaries marked by dashed lines. For the imine-based 2DP IV, no evidence for long-range 

order could be collected (through GIXRD or selected area electron diffraction), similar to other 

monolayer covalent 2DPs reported previously17. 

3.5 Summary 

In this chapter, we introduced a novel interfacial synthesis method, namely laminar assembly 

polymerization (LAP), that can generate wafer-scale continuous and homogeneous 2DP films 

using different monomers and linkage chemistries. The LAP differs from previous liquid-liquid 

interfacial methods by utilizing a pentane phase that does not dissolve any reactants but only 

facilitate continuous monomer distribution and interfacial self-assembly. With amphiphilic 

monomers and side-injection arrangement, it eliminates the requirement for mechanical 

compression in LB deposition and achieves precise monolayer control and large-scale film 

synthesis by self-assembly of monomers and unidirectional laminar flow. The synthesized 2DP 

films are mechanically robust and polycrystalline, which likely benefits from the templation of 

monomer self-assembly.  
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Chapter 4: Van der Waals Heterostructures from 2DPs and 

inorganic 2D materials  

4.1 Introduction 

One of the most intriguing properties of 2D materials is the dangling-bond free surface that 

enables arbitrary assembly of dissimilar materials without the constraint of lattice matching. The 

layer-by-layer integration of 2D materials is commonly referred to as van der Waals (vdW) 

integration, as different layers only interact through weak vdW forces, allowing easy 

manipulation of individual layers through transfer-based techniques1–3. By tunning the 

permutation and composition of individual layers, thousands of distinct vdW heterostructures can 

be made from just a few monolayers, allowing for materials design/engineering with atomic 

precision. In addition, the rotational alignment between layers can also significantly influence the 

characteristics of vdW heterostructures, leading to exotic phenomena and properties in homo- 

and hetero- vdW heterostructures with precisely controlled interlayer rotation angles4. 

Until recently, vdW integration has 

been exclusive to inorganic 2D 

materials, mainly due to the lack of 

precise monolayer synthesis for 

2DPs and their fragility for 

integration. In addition, most vdW 

heterostructures are demonstrated 

with micron-sized exfoliated 2D crystals, which significantly limits their practical applications. 

In 2015, our group developed a method for growing wafer-scale transition metal dichalcogenides 

Figure 4.1 Large-scale monolayer TMD synthesis using 
MOCVD. (A) Schematic of the MOCVD setup. (B) 
Optical image of homogeneous monolayer MoS2 (right 
half) grown on 4-inch fused silica substrate (left half for 
comparison). Inset: the structure of monolayer MoS2.  
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(TMDs) by metal-organic chemical vapor deposition (MOCVD)5 (Fig. 4.1). Based on the high-

quality and large-scale TMD materials, our group further demonstrated wafer-scale layer-by-

layer integration of TMD monolayers with pristine interfaces by using a vacuum environment in 

20176 (Fig. 4.2). These two advances mark a critical step towards the practical applications of 2D 

materials and vdW heterostructure, and build the foundation for many later works on large-scale 

2D materials growth and vdW integration. 

With LAP, the capability of large-scale vdW 

integration, for the first time, were extended to 

organic 2D materials. With precise monolayer 

control and large area synthesis, LAP is 

compatible with the previous developed inorganic 

materials and their layer-by-layer integration 

technique in our group. Compared to inorganic 

2D materials, organic 2D materials, or 2DPs, have 

greater structural varieties and chemical 

functionalities through rational molecular design, 

which can potentially enhance the performance of 

2D electronics, optoelectronics, and sensors7,8. 

Moreover, in the context of rising moiré physics with 2D material, 2DPs, with their wide range 

of lattice topologies and large lattice constants (~10X that of inorganic ones), are likely to host 

interesting physics when combined with inorganic 2D materials.  

Figure 4.2 Layer-by-layer vacuum stacking 
of monolayer TMD materials. (A) Schematic 
of the vacuum stacking procedures. (B) 
Cross-sectional ADF STEM image of a 
MoS2/WS2 superlattice fabricated using the 
vacuum stacking method.   
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In this chapter, we will discuss in detail how LAP is combined with the toolboxes originally 

developed for inorganic 2D materials to generate large-scale hybrid vdW heterostructures. 

Specifically, water-based transfer technique is combined with vacuum-based dry peeling 

approaches to accommodate the distinct mechanical properties of 2DPs and TMDs. 

Programmable 2DP/MoS2 superlattices are fabricated using the combined approaches with 

micro-, meso-, and macro-scale characterizations confirming the high quality of the interfaces. 

Moreover, as a proof-of-concept demonstration, capacitor arrays made from 2DP/MoS2 

superlattices are demonstrated using a non-perturbative device fabrication process that are 

general to fragile and sensitive organic 2D materials.   

4.2 Transfer-Based Integration of 2DPs and Inorganic 2D Materials 

With lower in-plane bond density and strong out-of-plane � − � stacking, it is challenging to 

isolate intact monolayer 2DPs from their bulk crystals9,10. Using LAP, large-scale monolayer 

2DPs are directly synthesized at a pentane-water interface. In addition, as no monomers are 

dissolved in the pentane phase, the volatile pentane can be easily removed by evaporation 

leaving the monolayer 2DP at an air-water interface with almost no residue or contamination. 

The monolayer 2DP can be easily accessed at the air-water interface for patterning and transfer, 

making LAP an ideal platform for the integration of 2DPs.  

Figure 4.3 Schematic of 2DP transfer by water draining.  
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Due to the monolayer and fragile nature of the 

2DPs, we designed a water-based transfer 

process that allows reliable large-scale transfer 

of 2DPs to arbitrary substrates (Fig. 4.3). 

Before the LAP process, a substrate is placed in 

the subphase at a small tilt angle (~15°). After 

polymerization of the 2DP film, the pentane is 

allowed to evaporate at room temperature leaving the 2DP film at the air-water interface. The 

subphase is then drained at a controlled rate to slowly transfer the 2DP film onto the substrate by 

lowering the water level. The slow draining process allows for a steady transfer of the film and 

the small tilt angle prevents any water from being trapped between the film and the substrate.  

While on the water surface, the 2DP film can be easily patterned using lasers (Fig. 4.4). For 

instance, Fig. 4.4B shows a reflection image of 2DP I film (taken at its peak absorption 

wavelength of 420nm) patterned by a pulsed 532nm laser at the air-water interface right after the 

polymerization, where the dark contrast indicates the film has been removed. Thanks to the 

large-scale and mechanical robustness, the film shows no distortion of the pattern or collapsing 

after the laser patterning. This is further demonstrated by the patterning and transfer of the stripy 

Figure 4.4 Laser patterning of 2DPs. (A) 
Schematic of patterning 2DP monolayers on 
the water surface. (B) Optical reflection of 
laser-patterned 2DP I at the wavelength of 420 
nm. Scale bar: 1mm.  

Figure 4.5 Transfer of patterned 2DPs. (A) False-color image of 
overlapped 2DP I and 2DP II stripes. Scale bar, 500 μm. Transmission 
optical images of the heterostructure at (B) 400 nm and (C) 425 nm. 
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feature on the 2DP films shown in Fig. 4.5. First, the 2DP film transferred onto a transparent 

fused silica substrate from the air-water interface after parallel stripes were created by the 532 

laser. Second, the transferred 2DP film was submerged in the subphase and used as a new 

substrate for the transfer of a newly grown 2DP film. Last, new 2DP film was patterned with 

parallel stripes of a different orientation and transferred onto the underlying substrate. As shown 

in Fig. 4.5 the stripes in 2DP films remained parallel after the transfer and their orientation was 

unchanged before and after the transfer.  

In addition to in situ patterning on the water surface, the 2DP films 

can also be patterned after transferred to a target substrate. Shown 

in Fig. 4.6 is a set of concentric circles made of 3 layers of 2DPs, 

which were laser-patterned after transfer. It demonstrates the 

homogeneity of the 2DP films and the reliability of our water-based 

transfer technique.  

However, our water-based transfer-technique is not as versatile as 

the dry peeling/stacking method that is commonly used for 

inorganic 2D materials6,11. Due to the abundant oxyphilic groups 

and weak bonding capping ligand (e.g. H2O and pyridine), 2DPs tends to adhere to the 

underlying substrate more strongly than inorganic 2D materials with perfectly saturated in-plane 

bonding. Moreover, 2DPs usually have weaker in-plane mechanical strength due to weaker 

bonds and lower bond density. As a result, the dry peeling/stacking method can’t be directly 

applied to 2DPs, which limits their application in vdW heterostructure fabrication.  

Figure 4.6 Transmission 
optical images of 3 layers 
of 2DP I with laser-
patterned concentric 
circles. Inset: schematic 
of the layer and pattern 
arrangement.  
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To overcome this limitation, we combine 2DP with 

MOCVD-grown TMD materials, which can be easily 

delaminated from the growth substrate due to the weak vdW 

interaction. For instance, if a 2DP/MoS2 bilayer 

heterostructure is formed, the bilayer can be easily 

separated from the substrate either through water 

delamination or PMMA dry peeling. With the large-scale MoS2 

synthesis previously developed in our group5, such 

bilayer should be easily made by using MoS2 on its 

growth substrate as the transfer target for the water-based 2DP transfer (Fig. 4.3). However, the 

interaction between the MoS2 and the substrate is so weak that it is delaminated by surface 

tension of water upon dipping into the water phase, preventing it to be used to as the transfer 

target in the water subphase. In order to place the MoS2 into the subphase, we first cover the 

MoS2 surface with methanol, which is water-miscible and has lower surface tension than water. 

Upon submerging into the water phase, the methanol provides a buffer and prevent the MoS2 

from being delaminated by the water surface tension. For all our experiments, the small amount 

of methanol didn’t alternate the spreading and assembly of the porphyrin-based monomers.  

With the methanol protection, we were able to generate large scale 2DP/MoS2 bilayer 

heterostructures as shown in Fig. 4.7. Those bilayer heterostructures can be easily delaminated 

from the substrate as designed, and their application as building blocks for programmable vdW 

heterostructure fabrication is discussed in detail in the next section.     

Figure 4.7 Optical 
transmission image of 
a 2DP 
II/MoS2 heterostructure on 
fused silica taken at the 
wavelength of 405 nm. 
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4.3 Fabrication of Programmable 2DP/MoS2 Superlattices 

The 2DP/MoS2 bilayer is compatible with 

most vdW integration techniques, and 

hence, can be considered a new 

component for vdW integration. With 

slight modification to a previously 

developed vacuum stacking method6, we 

can generate various 2DP/MoS2 

superlattices using 2DP/MoS2 bilayers and MoS2 monolayers (Fig. 4.8). The fabrication starts 

from an initial monolayer MoS2 (L0). Poly-methyl methacrylate (PMMA) is first spin-coated 

onto L0 to provide mechanical support and facilitate the delamination. After baking the sample at 

180°C, a piece of thermal release tape (TRT) is applied onto the sample and mechanically peeled 

off the growth substrate with PMMA and L0 on it. The 

fabricated TRT/PMMA/ L0 is mounted onto the top pressor 

of a vacuum stacking apparatus and another as-grown 

monolayer MoS2 film or 2DP/MoS2 heterostructure film is 

placed on the bottom stage of the vacuum chamber which is 

maintained at 100 ℃. The vacuum chamber was then 

evacuated to less than 100 mTorr, and the pressor was 

lowered through a linear motion vacuum feed-through to 

bring TRT/PMMA/ L0 into contact with the film on the 

bottom stage. The resulting stack was taken out from the 

vacuum chamber and heated at 120 ℃ under ambient 

Figure 4.8 Schematic of fabricating programmable 
2DP/MoS2 superlattices.    

Figure 4.9 STEM images of a 
2DP/(MoS2)2 superlattice. Left: 
Cross-sectional ADF STEM image 
of a 2DP III/(MoS2)2 superlattice 
film transferred onto a SiO2/Si 
substrate. Each bright layer 
consists of two layers of 
MoS2 stacked, and each dark layer 
is a 2DP III monolayer. Right: 
EELS profiles of carbon and sulfur 
taken from a different area on the 
sample. Scale bar, 5 nm.  
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condition to release the TRT. A new TRT was then used to mechanically detach the whole stack 

from the growth substrate. The whole process can then be repeated with either as-grown 

monolayer MoS2 or 2DP/MoS2 bilayers to generate stacked films of arbitrary layer number, 

composition, and permutation. Finally, the top PMMA layer can be removed using solvents like 

chloroform,  leaving a clean top surface. In addition, the 2DP/MoS2 bilayer building block can be 

extended to any heterostructures of (2DP)n/(MoS2)m through a combination of water-based 2DP 

transfer and vacuum stacking, making the approach highly programmable. Due to the weak 

interaction between 2DPs and MoS2, the stacked film sometimes tends to cleave at the 2DP-

MoS2 interface rather than detaching from the substrate. To avoid this problem, water is dropped 

around the sample to utilize the surface 

tension for peeling when a 2DP-MoS2 

interface is present.  

Fig. 4.9 shows a cross-sectional annular dark 

field (ADF) scanning transmission electron 

microscopy (STEM) image of a 2DP 

III/(MoS2)2 superlattice and the corresponding 

electron energy loss spectroscopy (EELS) 

profiles of carbon and sulfur. The five bright 

Figure 4.10 (A) Schematic and (B) STEM image of a 2DP/(MoS2)3 superlattice. Left: 
Cross-sectional ADF STEM image of a 2DP II/(MoS2)3 superlattice film transferred 
onto a SiO2/Si substrate. Each bright band consists of three MoS2 monolayers, and each 
dark layer between the bands is a monolayer 2DP II. Right: Composite image of carbon 
(yellow) and oxygen (blue) EELS mapping and ADF STEM signal (green) taken from 
a different area on the sample.   

Figure 4.11 Programmable 2DP/(MoS2)m

superlattices. Left: Structures of 2DP 
II/(MoS2)m vertical superlattices. Middle: 
Normalized diffraction peaks corresponding 
to 2DP II /(MoS2)m superlattices measured by 
GIWAXS. Right: 2D GIWAXS scattering 
patterns of 2DP II/(MoS2)m superlattices. Scale 
bar, 0.2 Å−1.  



58 
 

bands correspond to the MoS2 

bilayers while the dark bands 

in between are the 2DP III 

monolayers, with EELS 

confirming the composition of 

each constituent layers. In 

addition, the programmability 

of the 2DP/MoS2 superlattice 

is demonstrated in Fig. 4.10 

with a hybrid superlattice 

made of repeating 

2DP/(MoS2)3 building units. Each bright band shown in the image consists of three layers of 

MoS2, and the dark layer in between corresponds to a 2DP II monolayer, with the EELS mapping 

shown next to the image. The films are parallel to each other with sharp interfaces and uniform 

layer thickness over the entire 100 nm view of the ADF STEM image, indicating a high level of 

uniformity.  

The programmability of the 2DP/MoS2 superlattices with different 2DP/(MoS2)m building units 

are demonstrated with a series of superlattices with m = 1, 2, or 3. Fig. 4.11 (left) shows a series 

of vdW superlattices with varied 

superlattice periodicity d made of 2DP 

II/(MoS2)m. The grazing incidence wide-

angle x-ray scattering (GIWAXS) data 

presented in Fig. 4.11 (middle and right) 

Figure 4.12 GIWAXS spectra of different 2DP/(MoS2)m

superlattices. (A) Integrated 1D line profile from the dash line 
box area in (B) Polar transformation of 2D GIWAXS pattern of 
(MP)9. (C) GIWAXS spectra of different 2DP II/(MoS2)m

superlattices. The arrows indicate the peaks corresponding to the 
superlattices used for Gaussian fitting in Fig. 4.11. 

Table 4.1 Lattice constants of different 2DP 
II/(MoS2)m superlattices obtained from GIWAXS. 
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show the distinctive diffraction peak for each superlattice. For all the superlattices, the 

diffraction peaks appeared only along the out-of-plane direction indicating films within the 

superlattices are all parallel to each other. By radially integrating the 2D GIWAXS images along 

the out-of-plane direction, 1D spectra were obtained in reciprocal space and used to measure d 

(Fig. 4.12). For example, the superlattice with n = 3 showed d = 3.5 nm and a vdW thickness of 

1.5 nm for 2DP II, consistent with the value measured from Fig. 4.10. The results from other 

superlattices agreed very well with the predicted values as well (Fig. 4.12C and Table 4.1).  

 In addition, the large footprint of GIWAXS measurement (0.5 X 10 mm) indicates large-scale 

uniformity of the vacuum stacked superlattice. The uniformity and alternating structure of 

2DP/(MoS2)m (m = 1, 2, or 3) superlattices are further characterized by X-ray reflectivity (XRR) 

measurements. In all measurements, the direct reflection beam shows oscillations of intensity 

Figure 4.13 X-ray reflectivity (XRR) spectra 
of different (MoS2)n/2DP II/(MoS2)n/2DP 
II/(MoS2)n superlattice on sapphire 
substrates. (A) XRR spectrum of n=1. (B) 
XRR spectrum of n=2. (C) XRR spectrum of 
n=3.   

 

Figure 4.14 Scattering length 
density profiles of different 
(MoS2)n/2DP II/(MoS2)n/2DP 
II/(MoS2)n superlattice on sapphire 
substrates. Line profile of scattering 
length density along the vertical 
direction for (A) n=1, (B) n=2, and 
(C) n=3. 
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when incident angle is scanned. These oscillations directly 

confirm that the superlattices have layered vertical 

structures. The features of these oscillations also change 

with m, which indicates that the periodicity and other 

superlattice structures are directly tuned by the 

2DP/(MoS2)m building blocks. The simulations based on 

our proposed superlattice structures proved excellent fits to 

the XRR spectra (Fig. 4.13), suggesting the successful 

fabrication of the designed superlattice structures. 

Moreover, the scattering length density profiles generated 

from fitting the XRR spectra clearly reveal the oscillations 

of electron density consistent with the alternating 

structures of (MoS2)m and 2DP II (Fig. 4.14). The thickness of the repeating units extracted from 

the XRR analysis matches those obtained from GIWAXS and cross-sectional STEM within 2Å 

mismatch (Table 4.2). Both the GIWAXS and the XRR data were taken from a macroscopic area 

randomly chosen from 1 cm by 1 cm superlattice films, illustrating the homogeneity of the vdW 

superlattices on a large scale.  

4.4 Non-Perturbative Device Fabrication with 2DP/MoS2 Superlattices 

The programmable vdW superlattices and heterostructures provide a powerful platform for 

fabricating electronic/optoelectronic devices whose properties are engineered layer by layer. 

Specifically, the semiconducting monolayer MoS2 can serve as electron channels while the 

chemical versatile 2DPs can introduce functionalities for sensing, catalysis, and/or 

photochemical gating.  

Table 4.2 Summary of the thickness 
of the individual layers in 
(MoS2)n/2DP II/(MoS2)n/2DP 
II/(MoS2)n (n = 1, 2, or 3) from the 
XRR fitting. Errors presented in the 
parentheses are calculated as a 5% 
increase in the optimal Figure of 
Merit from the simulation. 
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However, it has been shown that conventional device fabrication processes, such as metal 

evaporation and sputtering, can deteriorate the structural integrity of 2D materials, introducing 

defects and amorphousness12. This problem becomes even more severe when 2DPs are involved 

in the process. Due to the weaker chemical bonds and intrinsic porosity, 2DPs are susceptible to 

various degradations during the conventional photolithography and deposition processes. For 

instance, the basic pH of many common developer solutions can break most coordination bonds 

and hydrolyze many covalent linkages for 2DPs. Not to mention that the energetic metal atoms 

from deposition processes can easily break the 2DP film, and cause pinhole or short-circuit due 

to the intrinsic porosity.  

In order to utilize the chemical versatility of 2DPs for electronic/optoelectronic devices, we 

developed a non-perturbative device fabrication process, which uses transfer-based vdW 

integration techniques and is compatible with our 2DP/MoS2 superlattice fabrication. Fig. 4.15 

illustrates the procedure of this method.  

Figure 4.15 Procedures of the non-perturbative device fabrication for 
2DP/MoS2 superlattices.   
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Step 1. Top electrodes were fabricated using standard photolithography process followed by e-

beam evaporation of 50 nm Au on a SiO2/Si wafer.  

Step 2. After removing the photoresist and cleaning, we treated the top electrode substrate with 

heptane solution of trichloro(1H,1H,2H,2H-perfluorooctyl)silane (TCFS) (1 �L/mL), which can 

selectively bond to the substrate through Si-O bonds.  

Step 3. After the treatment, PMMA is spin-coated onto the substrate. Due to the fluorine-

saturated alkyl chain in TCFS, the substrate becomes omniphobic while the Au surface remains 

unchanged. As a result, the adhesion between PMMA and the SiO2 surface is significantly 

reduced without influencing that between the PMMA and the Au electrodes, which facilitate the 

detachment of Au electrodes from the substrate in the next step. 

Step 4. The PMMA is peeled off from the substrate with the Au electrode, resulting a 

TRT/PMMA/electrode stack.  

Step 5. The TRT/PMMA/electrode stack is used to generate various 2DP/MoS2 superlattices 

using the vacuum stacking method described in previous section. Once the superlattice reaches 

designed structure (i.e. layer number and composition), we release the TRT and kept the stack 

(PMMA/electrode/superlattice film) 

on the substrate before we proceeded 

to the next step.  

Step 6. A transparent PDMS film 

with rigid backside support was 

attached onto the stack in Step 5. The 

PMMA/electrode/superlattice film 

Figure 4.16 Capacitor arrays fabricated on 2DP/MoS2 
superlattice films. (A) Schematic of vertical capacitor 
device arrays and individual device geometry. (B) 
Optical image of a 3-by-5 capacitor device array. Scale 
bar, 500 ��.  
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stack was then detached from the substrate onto the supported PDMS film with the presence of 

water. The resulting PDMS/ PMMA/electrode/superlattice film is carefully aligned with the 

bottom electrodes (fabricated using conventional photolithography and deposition) using a 

home-made transfer stage and slowly brought into contact. The base stage is then gradually 

heated to 120 ℃ to release the PMMA/electrode/superlattice film from the PDMS support.  

Step 7. The resulting device arrays are baked at 180 ℃ to improve adhesion and uniformity, and 

PMMA is removed in solvents (acetone or chloroform).  

To demonstrate the capability of this method, we fabricated arrays of electrical capacitors (Fig. 

4.16) from vdW heterostructures of 2DP II and MoS2 (Fig. 4.17 inset), as it involves integration 

and alignment of both top and bottom electrodes, and the capacitance can be directly tuned by 

the thickness of the superlattices. Each device in an array consists of two gold electrodes 

sandwiching the vdW heterostructure film.  

Fig. 4.17 shows the results measured from a series of heterostructures, (MoS2/2DP II)N(MoS2)6-N, 

where N monolayers of 2DP II films were inserted in between MoS2 layers of a 6-layer MoS2 

stack (Fig. 4.17 inset). Thus, the dielectric thickness and the capacitance are directly tuned by 

varying the layer number of monolayer 2DP II. The measured inverse capacitance 1/C’, where 

C’ is the area-normalized capacitance, linearly increases as N increases from 1 to 5. Using the 

Figure 4.17 Capacitance of the 2DP/MoS2 
superlattice capacitors. The reciprocal of area-
normalized capacitance, 1/C′, is plotted as a 
function of N, the number of 2DP II layers in 
stacked (MoS2/2DP II)N(MoS2)6-N films. Each data 
point is averaged from 10 devices with 
corresponding stacked film structures shown above. 
Green, MoS2; yellow, 2DP II. The inset shows a 
capacitance histogram of 25 devices of N = 2. 



64 
 

classical capacitor model, we extracted the dielectric constants of 2DP II (4.1) and MoS2 (2.7), in 

agreement with reported values13,14. The measured capacitance from an array of devices 

exhibited a narrow distribution (Fig. 4.17 bottom inset), suggesting the spatial uniformity of the 

hybrid heterostructures. In short, this method offers a general platform to incorporate diverse 

molecular functionalities into vdW hybrid thin films for functional devices without 

compromising their structural integrity.  

4.5 Summary 

In Chapter 4, we discussed in detail the fabrication of hybrid vdW heterostructures and 

superlattices using 2DPs and monolayer MoS2. With the large-scale synthesis capability of LAP 

and the easy access to the air-water interface, monolayer 2DP films can be patterned and 

transferred reliably at large scale, opening many opportunities for vdW integration of monolayer 

2DPs. For the first time, we demonstrated programmable vdW superlattices of monolayer 2DPs 

and MoS2, with arbitrary control over layer number, composition, and permutation. Both 

microscopic and macroscopic characterizations suggest high quality of the interface and 

homogeneity of the superlattice. Moreover, we developed a non-perturbative device fabrication 

process that uses transfer-based processes compatible with vdW integration. Using this method, 

we fabricated capacitor arrays using 2DP/MoS2 heterostructure films, which showed expected 

behavior and demonstrated the potential of incorporating 2DPs for functional electronic devices.  
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Chapter 5: Osmotic Power Generation with Nanoporous 2DPs 

5.1 Introduction 

In this chapter, we will shift our focus to applications of 2DPs as advanced membranes. 

Membrane-based processes have attracted great attention due to their low energy cost and small 

environmental footprint compared to traditional energy-intensive processes such as distillation. 

For almost all membrane-based processes, permselectivity and permeability are the two most 

important characteristics of a membrane. In general, there is a significant trade-off between the 

permselectivity and permeability which is materials dependent. Therefore, great efforts have 

been put into finding new membrane materials that can mitigate the trade-off. With their 

nanoscale thickness and intrinsic porosity, 2DPs are regarded as a promising platform for future 

membrane-based technologies that enables ultra-high permeability. Meanwhile, the chemical 

tunability and ordered pore structure, through precise molecular design, can lead to high 

permselectivity for specific applications, and therefore, significantly improve the 

permselectivity-permeability trade-off.  

With the chemical and structural tunability, 2DPs can be used for various membrane applications 

that require different membrane characteristics. For instance, 2DPs with sub-nanometer pore size 

and hydrophobic surfaces can be used for water desalination as they allow fast and selective 

water transport over ions. Meanwhile, 2DPs with slightly larger pores (1-2nm) and 

electronegative surface decorations can selectively pass certain ions over others, leading to 

permselective membranes for fuel cell membrane and osmotic power generation. In addition, by 

designing the pore size and geometry, it is also possible to utilize 2DPs for the separation of 
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compounds with very similar physical properties, such as propane and propene, which are 

difficult to separate using traditional distillation. 

In this chapter, we will focus on the application of ultrathin 2DPs as membrane for osmotic 

power generation. Osmotic power or “blue energy”, is the energy available from a salinity 

gradient, and is emerging as a new form of renewable energy suitable for a wide range of 

applications including megawatt power plants at estuaries, medical implant devices, and 

microscopic iontronics1–4. A permselective membrane that enables selective transport of cations 

over anions (or vice versa) is the key component for osmotic power generation. The requirement 

for high osmotic power generation is straightforward in principle: the membrane needs to 

maximize the product of net ionic current and the voltage (Vo; determined by permselectivity of 

the membrane) for a given concentration gradient (∆ = CH/CL, where CH and CL are the ionic 

concentrations in either side of the membrane) across the membrane. Therefore, an ideal 

permselective membrane should have both large ionic conductivity and high selectivity. 

As ionic conductivity scales inversely with the membrane thickness, 2D materials offer an 

unparalleled opportunity for high ionic conductivity. This was first demonstrated in inorganic 2D 

materials with single nanopores fabricated using top-down techniques (i.e., electron beam 

irradiation). For instance, Radenovic and coworkers5 showed that a ~6nm diameter nanopore in a 

monolayer MoS2 can generate an osmotic power density of 1 MW/m2, while in comparison, the 

commercial target is only ~5 W/m2. However, inorganic 2D materials are nonporous and 

impermeable to ions, and therefore, the scalability of their application is significantly limited by 

the top-down fabrication technique.  
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In contrast, the intrinsic porous structure of 2DPs allows them to be easily used for large-scale 

membrane applications. In addition, the structural and chemical tunability of 2DPs allows the 

membrane to be precisely designed at molecular level, which greatly reduces the membrane-to-

membrane variation caused by fabrication and enables consistent high performance.  

However, despite the outstanding potential, examples of 2DPs used for osmotic power 

generation with performance comparable to single pore extrapolation has never been seen5,6. The 

major reason is due to the breakdown of long-range permselectivity which is based on Coulomb 

screening. For most porous membranes, the selective ion transport is realized through surface 

charges on the membrane. For instance, if the membrane is negatively charged, it will attract 

cations and facilitate their trans-membrane diffusion, while it will repel anions and reduce their 

permeation, leading to cation-selectivity. However, this Coulomb effect is volumetric and relies 

on enough membrane surface and volume to accommodate surface charges. As the membrane 

becomes thinner, lighter, and more porous, as is the case in 2DPs, the screening effect drastically 

weakens resulting in a significant drop in permselectivity. Therefore, a fundamentally different 

permselective mechanism must be exploited to maintain high selectivity in 2DPs, which has long 

been missing.  

In addition, the large-scale production methods for 2DPs with high mechanical strength and 

uniform morphology for membrane application are still limited7. Even though a couple of 

methods are used to generate large-scale 2DPs with satisfying quality, the intrinsic fragility of 

these materials presents a great challenge for their large-scale processing and integration. As a 

result, utilization of 2DPs for osmotic power generation is still preliminary and their practical 

application remains elusive.  
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In this chapter, we introduce a -OH functionalized 2D nanoporous polymer (2DNP) membrane 

synthesized using LAP, which utilizes short-range interactions to simultaneously realize high 

permselectivity and permeability. The ionic transport and the osmotic power generation of the 

2DNP are measured using home-made microfluidic devices with record-high osmotic power 

density.  

5.2 Design and Synthesis of Functionalized 2D Nanoporous Membranes 

The design of our 2DNP membrane is 

illustrated in Fig. 5.1. The 2DNP membrane 

was synthesized using LAP that has been 

discussed in detail in previous chapters. Here, 

the amphiphilic monomer is 5,10,15,20-

tetrakis(4-aminophenyl)-21H,23H-porphine 

(TAPP), which reacts with the 2,5-

dihydroxyterephthalaldehyde (TPA-OH) in 

the bottom phase to form an imine-linked 2D network through Schiff-base reaction. The reaction 

can happen at room temperature in a relatively short time (~1 day) without any catalysts, and the 

imine linkage is chemically stable in aqueous environment, making the 2DNP suitable for 

osmotic power generation applications. 

As discussed in section 5.1, the Coulomb interaction-based permselectivity is not effective in 

2DNPs with high porosity and extreme thinness. Inspired by biological ion channels, which 

utilizes short-range interactions between polar functional groups (e.g., carbonyls and hydroxyls) 

and ions for selective ion diffusion, we integrated hydroxyl groups in the 2DNP by using OH-

Figure 5.1 Reaction scheme and structural 
backbone of the 2DNP membrane.  
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substituted linkers (TPA-OH). Thanks to the versatile reticular chemistry of 2DPs, we can 

change the TPA, which was used in previous synthesis of 2DP IV as described in Chapter 3, to 

TPA-OH without significantly modifying the synthetic conditions, and still produce materials 

with similar quality and morphology.  

While many polar functional groups can be 

incorporated into the 2DNP through molecular design, 

we choose hydroxyl groups for two reasons: (i) at 

moderate pH conditions (5~8), -OH is virtually free of 

deprotonation due to its large pKa (~10) and leaves 

the 2DNP charge-neutral. This charge-neutrality allows us to investigate the effectiveness of the 

short-range interaction for selective ion transport and better understand the mechanism of this 

new approach without interference of surface charges; (ii) due to the large polarity and hydrogen 

bonding capability, it can bind strongly to various ions, with ���, the ion-OH binding energy, 

comparable to ����, the ion-water binding energy8–12 (Table 5.1). As an important example, 

previous studies showed that Cl– binds more strongly to -OH (i.e., ��� > ����)10,11, while Na+ 

prefers binding to a water molecule (��� < ����)8,9. Such binding preferences give -OH groups 

the potential to selectively passing Na+ over Cl–, which are the major ions in seawater and river 

water for practical osmotic power generation; (iii) it has been shown that -OH groups at the ortho 

position of the imine bond can form intramolecular hydrogen bonds between the hydroxyl 

hydrogen and the imine nitrogen, which increase the chemical stability of the 2DP and increase 

the crystallinity13.  

Table 5.1 Literature binding energies 
for ions with H2O and phenol. 
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Based on the molecular design, TAPP and TPA-OH forms 

an imine-linked network with high density of ~2 nm 

nanopores (~2.5 nm center-to-center distance between 

neighboring pores) that are decorated by phenolic -OH 

groups (Fig. 5.1). The pore size should allow for sufficient 

short-range interaction while most hydrated ions can pass 

through it. The formation of the imine-linked network was 

characterized using UV-Vis spectroscopy and Fourier-transform infrared (FTIR) spectroscopy. 

Figure 5.2 shows the UV-Vis absorption spectrum of the 2DNP membrane. The prominent 

absorption peak at ~440 nm was identified as the porphyrin Soret band, indicating the 

incorporation of the TAPP molecule in the 2DNP. In the FTIR spectra shown in Fig. 5.3, the two 

monomers and the 2DNP show distinct features, indicating the occurrence of the reaction. 

Particularly, the new peak at 1635 cm-1 for 2DNP is a signature for imine bond stretching, and 

the absence of the doublet N-H stretching also indicates a relatively complete polymerization. 

The FTIR also suggests the integration of -

OH groups in the 2DNP as indicated by the 

broad peak at ~3400 cm-1 that is typical for 

O-H stretching.  

Using the LAP method, the 2DNP can be 

synthesized at large-scale with homogeneous 

sub-2 nm thickness and substantial 

mechanical strength. As a result, the 

membrane can be transferred to various 

Figure 5.2 UV-Vis spectrum of the 
2DNP membrane. 

Figure 5.3 FTIR spectra of the 2DNP membrane 
and its molecular precursors. 
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substrates either through water-based transfer 

technique (Fig. 5.4A, detailed discussion in 

Chapter 4) or directly using the Langmuir-

Schaefer method (Fig. 5.5A). Fig. 5.4B shows an 

optical image of the transferred 2DNP of more 

than 1x1 mm2 on SiO2/Si substrate with a laser-

created pattern. The uniform and strong optical 

contrast indicate the high quality of the 

synthesized 2DNP. The mechanical strength of 

the 2DNP allows it to be transferred to holey 

carbon films and suspend over micron-sized holes (Fig. 5.5B), creating freestanding 2DNP 

membranes that are essential for any ionic transport. The ultra-thinness of the 2DNP and the 

surface morphology have been characterized using atomic force microscopy (AFM). As shown 

in Fig. 5.6, the 2DNP has a uniform thickness of 

~2nm, corresponding to 3-4 monolayers. In 

addition, the surface is extremely smooth with a 

roughness of ~0.1 nm, which is comparable to 

the underlying SiO2/Si substrate (Fig. 5.6 and 

Fig. 5.7).  

5.3 Microfluidic Membrane Devices for 

Ion Transport 

The 2D thinness (< 2 nm) makes it difficult to 

suspend 2DNP membranes beyond microscale, 

Figure 5.4 Water-draining transfer of 
the 2DNP membrane. (A) Schematic 
illustration of transferring 2DNP 
membrane by draining the subphase. 
(B) Optical image of 2DNP membrane 
on SiO2/Si substrate transferred by 
draining. The patterns are created by a 
532nm laser. 

Figure 5.5 Modified Langmuir-Schaefer 
transfer of the 2DNP membrane. (A) 
Schematic illustration of transferring 2DNP 
membrane by contacting from the top. (B) 
SEM image of 2DNP membrane suspended 
over a porous carbon support using the top 
contact method. The arrow indicates a hole 
with broken membrane. The diameter of the 
holes is 2 ��. 
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and therefore, prohibits 2DNPs from direct large-scale 

membrane application. However, it is possible to leverage 

2DNPs for membrane applications in combination with 

microporous support14. As a proof-of-concept 

demonstration and for the purpose of mechanistic study, 

we fabricated customized microfluidic devices (illustrated 

in Fig. 5.8) of 2DNP membrane supported by a micropore 

(diameter between 200 ~ 500 nm) to conduct various ion 

transport measurements and osmotic power generation 

experiments. To fabricate the microfluidic device, a submicron hole was first created in a SiNx 

membrane (thickness of 50 nm) using focused ion-beam milling. Then, the 2DNP membrane was 

transferred to the SiNx membrane using a modified Langmuir-Schaefer method by dropping the 

SiNx membrane onto the 2DNP (Fig. 5.5). Finally, the 2DNP membrane on the SiNx support was 

mounted between two customized acrylic compartments using silicone O-rings (Fig. 5.8).  

For the electrical measurements, a pair of Ag/AgCl electrode were used to apply voltage and 

collect current from the microfluidic device. The voltage was supplied using a NI-6341 I/O 

device while the current was first amplified by a SR-570 

preamplifier and then analyzed by the same I/O device that 

supplied the voltage. To eliminate the capacitance effect 

from the SiNx in all current-voltage (I-V) measurements, the 

DC current was obtained by applying a constant voltage for 

at least 5s and using an exponential fit to get the steady state 

current. The redox potentials of the Ag/AgCl electrodes in 

Figure 5.6 AFM characterization of 
transferred 2DNP. Left: AFM image 
of 2DNP transferred onto a SiO2/Si 
substrate. A line profile across the 
2DNP edge is overlayed. Right: 
Height histograms for the 
corresponding areas in the AFM on 
the left (purple: SiO2/Si substrate, 
green: 2DNP).  

Figure 5.7 AFM image of 
continuous 2DNP on SiO2/Si
substrate.  
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different salt solutions were measured against a saturated 

Ag/AgCl reference electrode, and the contribution from their 

potential difference was subtracted when a concentration 

gradient is present across the membrane. The ionic 

concentrations of the solutions on either side of the membrane 

were controlled independently (CH and CL, respectively), 

generating a concentration gradient ∆ = CH/CL, ranging between 1 to 1000.  

Fig. 5.9 shows I-V curves measured from a representative 

device using KCl solutions of three different concentrations 

(C; ∆ = 1). The ionic conductance (G) of the membrane, 

measured from the slope of these linear I-V curves, is plotted 

at different C in Fig. 5.10. It shows that G monotonically 

decreases with C but shows different characteristics at high 

concentrations and low concentrations: at higher C (> 10 

mM), G decreases linearly with C, whereas the dependence 

is sublinear at lower C. Such behavior is significantly 

different from that of an electrically charged membrane, 

where G remains constant at low salt concentrations as the 

ionic conductance is dominated by surface charges15–17. For 

comparison, G vs C curves expected for three different 

surface charges (1, 0.1, 0 mC/m2, dashed lines) are shown 

in Fig. 5. 10. In contrast, our data agree well with a variable 

Figure 5.9 I−V responses of a 
representative 2DNP membrane 
with different salt concentrations
(CH = CL). 

Figure 5.8 Schematic of the 
2DNP microfluidic device.  

Figure 5.10 Conductance of the 
2DNP membrane at different KCl 
concentrations. The dashed lines 
are calculated for different constant 
surface charge densities, and the 
solid line is the best fit of the data 
to a variable surface charge model. 
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surface charge model where G scales with C1/3 at low concentrations (solid line) without a 

constant minimum18. This behavior has been related to the adsorption of charged species onto a 

neutral surface, consistent with the charge-neutral structure of our 2DNP membrane. Our data 

also confirm that the 2DNP membrane is highly permeable to ions, with one of the highest areal 

ionic conductance G/A, where A is the membrane area defined by the aperture of the SiNx 

support (Fig. 5.11), for osmotic power membranes reaching ~ 500 S/cm2 at 1M KCl (Table 5.2).  

Table 5.2 Comparison between the 2DNP membrane and previously reported 
membranes. 
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In addition, the ion transport 

across the 2DNP membrane 

allows us to estimate its effective 

pore size. This is achieved by 

measuring the transmembrane 

conductance of a series of 

tetraalkylammonium chlorides 

[(CnH2n+1)4N]Cl with increasing alkyl chain lengths (n = 1 ~ 5). Thanks to their small sizes (~1 

nm in diameter) and the rigidity of alkyl chains, the interaction between these ions and the 2DNP 

membrane is dominated by their ionic nature. Therefore, these ions allowed us to only increase 

the size of the cation without significantly affecting the ion-membrane interactions. As n 

increases, the cross-membrane mobility of the cation (��) will decrease relative to the bulk 

value (�����) because of the small pore size and steric hindrance, and a simple hydrodynamic 

model predicts19:   

��
�����

= � �1 − �
�

�
�

                                 (5.1)  

where �� and ����� are each normalized using the mobilities of Cl– as a reference, d is the 

diameter of the hydrated cations, D is the diameter of the pores, and c is a constant coefficient19. 

Here, the relative ion mobility ratio �� was extracted through a series of diffusion experiments 

with ∆ = 10 across the membrane using the Henderson equation20: 

�� =
��

���
= −

��

��
∙

ln(∆) − �����
��

ln(∆) − �����
��

                                (5.2) 

Figure 5.11 SEM images of (A) a SiNx aperture covered by 
2DNP membrane and (B) a SiNx aperture not covered by 
2DNP membrane 
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where �� and ��� are the ionic mobilities of various cations and Cl–; �� and �� are the charge 

valences of cations and anions (Cl–); F is the Faraday constant; �� is the open-circuit potential; R 

is the universal gas constant, and T=296 ± 3K is the 

experimental temperature. 

Fig. 5.12 plots the raw I-V curves measured from 

[(CnH2n+1)4N]Cl solutions (n = 1-5) and the extracted 

��/��� and ��/����� against ion radius are plotted in 

Fig. 5.13. Our results show that the relative mobility 

(��/���) for [(CnH2n+1)4N]+ across the 2DNP membrane is 

monotonically decreasing as the cation size increases. The relative decrease from the bulk value 

becomes more significant as the cation becomes larger, leading to a result consistent with the 

hydrodynamic model. The best fit to the data using Equation 5.1 (dashed curve in Fig. 5.13B) 

results in a D value close to 1.9 nm, which is consistent with the designed pore size of our 

Figure 5.12 I-V characteristics of 
different tetraalkylammonium 
chlorides at ∆=10. 

Figure 5.13 2DNP nanopore steric effects on different tetraalkylammonium 
cations. (A) The relative mobility of tetraalkylammonium cations to Cl– (�+/���) 
across the membrane and in bulk (literature) as a function of the 
tetraalkylammonium cation radius. (B) Relative mobility ratios of different 
tetraalkylammonium cations to Cl− (normalized by their mobilities in bulk 
solutions). The dashed line is the best fit to the data using a hydrodynamic 
model. The extracted pore size from the fit is ∼1.9 nm. 
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membrane (see Fig. 5.1). Through various ion transport measurements using our 2DNP 

microfluidic devices, we confirm that our 2DNP membranes are highly permeable to ions with 

effective pore size close to our molecular design.   

5.4 Giant Osmotic Power Generation from 

Functionalized Nanoporous 2DPs 

The osmotic power generation from the 2DNP is also tested 

using the microfluidic devices with a salinity gradient ∆ (>1) 

across the membrane. As ions move through a permselective 

membrane, preferential transport of cations or anions causes 

accumulation of charges on opposite sides of the membranes, 

creating a potential across the membrane. This membrane 

potential can then be harnessed using external circuits, and the whole process is called reverse 

electrodialysis, which is one of the two major methods for osmotic power generation.  

Therefore, having high permselectivity is critical for 2DNPs to be used for osmotic power 

generation. Fig. 5.14 shows the equivalent circuit 

diagram of the osmotic power generation measurement. 

The 2DNP can be viewed as a voltage source (from 

osmotic power generation) and a resistor (from finite ion 

permeabilities) connected together, while the Ag/AgCl 

electrodes can be treated as an additional voltage source 

due to their redox potential difference in salt solutions of 

different concentrations. For the measurement, an 

Figure 5.14 The circuit 
diagram for the osmotic power 
generation measurements with 
2DNP. 

Figure 5.15 I-V characteristics of the 
2DNP membrane before and after 
subtraction of the contribution of 
Ag/AgCl electrodes.  



79 
 

external voltage Vapplied is applied and the current 

flowing through the circuit is recorded as Imeasured. At 

zero current, the applied external voltage equals the 

sum of osmotic potential generated by the 2DNP and 

the redox contribution from the Ag/AgCl electrodes. 

After subtracting the Ag/AgCl contribution, we can get 

the osmotic potential Vosm from the 2DNP. Assuming 

the resistance of the system is dominated by that of the 

2DNP and remains constant for all applied voltages, the osmotic current Iosm, defined as the 

current when the membrane is short-circuited, satisfy the relationship Iosm / Imeasured = -Vosm / 

Vapplied (the minus sign account for the opposite polarity of Vosm and Vapplied). Therefore, Vosm and 

Iosm can both be obtained by translating the raw I-V curves by the amount of the Ag/AgCl redox 

contribution as shown in Fig. 5.15. In addition, the polarity of Iosm also indicates the polarity of 

the permselectivity: the membrane is cation-selective if Iosm is positive (same direction as the 

concentration gradient) and vice versa. For the rest of this dissertation, all I-V curves have been 

translated to account for the 

Ag/AgCl redox contribution unless 

otherwise specified.    

Fig. 5.16 shows I-V curves 

measured using our 2DNP 

membrane under ∆ = 10 and 1000 

with KCl solutions. KCl solutions 

are used to develop a mechanistic 

Figure 5.17 Transport of different metal chloride salts 
across the 2DNP membrane. (A) I-V characteristics of 
various metal chloride salts across the 2DNP membrane at 
∆=10. (B) the relative mobility of cations with different 
charge valences to Cl– (�+/���) as a function of their 
hydrated radius. 

Figure 5.16 I−V characteristics of a 
2DNP membrane at Δ = 10 and Δ = 
1000. 
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understanding of permselective process because of the 

close resemblance of K+ and Cl– in their sizes and ionic 

mobilities. Both curves show positive current Iosm at a 

zero bias, confirming net osmotic current and cation-

selectivity. Vosm was measured to be ~ 120 mV for ∆ = 

1000, which is higher than most membranes of similar 

thickness5,15,21. These observations are the results of permselective ion transport and other 

monovalent ionic solutions (i.e., NaCl, LiCl) show similar characteristics (Fig. 5.17). Both Vosm 

and Iosm increase with increasing ∆ (Fig. 5.18) and the cation selectivity S of the membrane can 

be calculated using the equation22: 

 ���� = � ∙ ��
��

∙ �� �����
����

�                              (5.3) 

where R is the universal gas constant, T is the ambient temperature (296 ± 3K), z is the charge 

valence of ions, F is the Faraday constant,  �� and �� are the activity coefficient23 of the KCl at 

concentration CH and CL respectively. S here is defined as � = �� − ��, where �� and �� are the 

transference number of cations and anions across the membrane. From our data, we extract S ~ 

0.6, which is higher than the values from previously 

reported ultrathin 2D nanoporous membranes and single 

pores in 2D materials5,6,14,15.  

Because the I-V response is linear within the range of 

interest, the maximum power density (Pmax) of the 

membrane can be estimated as Pmax = |Iosm ∙Vosm|/4A. For 

the device shown in Fig. 5.16, Pmax is higher than 2 

Figure 5.18 Vosm and Iosm of 2DNP 
measured at different Δ. 

Figure 5.19 Osmotic power 
generation using NaCl solutions. The 
membrane diameter is ~350 nm.  
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kW/m2 at ∆ = 1000 (KCl solutions), setting a record for 

any reported porous membranes. To better represent the 

practical scenario, the osmotic power generation of 

2DNP was measured with NaCl solutions, which is the 

predominant salt in natural seawater and river water. At a 

concentration arrangement of 0.5M||0.01M NaCl, which mimics that of natural seawater and 

river water, the 2DNP retained its high performance and achieved a power density of 350 W/m2 

(Fig. 5.19).  

Remarkably, our 2DNP membrane can generate high osmotic power under a large range of pH 

(Fig. 5.20). This is drastically different from previously reported charge-based membranes: their 

power performance is sensitive to pH, which modulates the membrane surface charge densities. 

Achieving high performance usually requires harsh pH conditions to increase the surface charge 

density, which is not feasible in a practical situation. The pH-tolerance of our charge-neutral 

2DNP membranes is a direct result of our molecular design, which leverage the pairwise short-

Figure 5.20 Pmax of 2DNP 
membrane at different pH. 

Figure 5.21 Comparison of power 
densities (P) for our 2DNP 
membrane (stars) and previously 
reported materials (squares for sub-
10 nm nanoporous membranes, 
triangles for composite membranes, 
and rhombuses for polymeric 
membranes). All power densities are 
taken from ambient pH conditions. 
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range interactions between -OH and ions for permselectivity. As it has been shown in previous 

reports24,25, the pairwise short-range interaction between polar groups and charged ions is less 

sensitive to pH conditions.  

Fig. 5.21 compares osmotic power density reported from previous studies with our results (red 

stars). It clearly shows that our 2DNP produces the highest power density at various ∆14,17,20,21,26–

34. This high performance is a direct result of the combination of high ionic conductance and 

high permselectivity, without a strong trade-off between the two that limits the performance of 

many ultrathin membranes14,15,29,30.   

5.5 Summary 

In this chapter, we investigated the application of 2DPs as advanced membranes for osmotic 

power generation. Specifically, the 2D thinness, high porosity, and precisely tunable structures 

make them ideal candidate for this application. To circumvent the ineffectiveness of Coulomb 

screening in 2D porous membranes, we design and synthesized a -OH functionalized 2D 

nanoporous polymer with imine linkage using LAP, which utilize the short-range interaction 

between -OH and ions to achieve permselective ion transport. The ion transport and osmotic 

power generation of the 2DNP is characterized using a customized microfluidic device, and our 

results demonstrate that high permselectivity and high ionic conductance can be achieved 

simultaneously as short-range interactions are effective even in a porous and ultrathin membrane. 

As a result, a record-high power density exceeding 2 kW/m2 was achieved. The effectiveness of 

this mechanism should change sensitively depending on the nature and strength of each 

interacting pair and the precise geometry of the membrane system. For systematic optimization 

and advanced application developments, it is essential to understand the role of short-range 
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interactions and the nanopore dimensions during the ion transport. In next chapter, coarse-

grained molecular dynamics simulation will be utilized to study the short-range interaction based 

permselectivity and to understand the interplay between these interactions and microscopic 

membrane structures.  
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Chapter 6: Short-Range Interaction-Dominated Ion Selectivity 

6.1 Introduction 

Permselectivity is one of the most important characteristics of a membrane as the core function 

of a membrane is separate/differentiate different constituents1,2. In the simplest case, 

permselectivity can be achieved via size-exclusion based on the different size of the constituents 

in a mixture. This approach has mostly been applied in water desalination and water 

contamination removal, as the small size of water molecules allows them to pass through 

precisely engineered channels while other ions/organic contaminants cannot.  

However, the size-exclusion strategy has two major limitations. First, if the target permeate is 

not the largest or smallest in size, multiple separation processes must be used to isolate the target, 

leading to ineffective separation with increased processing time and cost. Second, the capability 

of a membrane to differentiate different sizes is limited by the precision of the membrane 

fabrication. As the size of the target permeate becomes closer to the rest of the mixture on the 

atomic/molecular scale, it becomes extremely difficult to design and fabricate a membrane to 

separate the target based on size-exclusion alone.   

Therefore, various interactions between the permeates and the membrane have been exploited to 

supplement the size-exclusion strategy, leading to various permselective mechanisms. Based on 

the effective distance of the interaction, those interaction-based permselective mechanisms can 

be categorized into long-range interaction-based permselectivity and short-range interaction-

based permselectivity. It is worth noting that the long- and short-range is relative, and therefore, 

the categorization depends on the choice of definition. For our discussion in this chapter, we 

adopt the widely accepted definition for long/short-range interaction in physics: long-range 



87 
 

interactions are those where the two-body potential decays algebraically at large distances with a 

power equal to or smaller than the spatial dimension, while short-range interactions are those 

where the two-body potential decays algebraically at higher powers than the spatial dimension.  

Based on this definition, a typical long-range interaction is Coulomb interaction, which decays as 

the inverse of the distance. As will be discussed in the next section, Coulomb interaction has 

been widely used for permselective ion transport in porous membranes especially for osmotic 

power generation, and is probably the only long-range interaction used for permselective ion 

transport3–7. The ionic nature of the permeates and the variety of ionizable functional groups 

makes Coulomb interaction a general permselective mechanism readily available in many 

materials, and the long-range nature allows for some flexibility in the membrane design without 

the constraint of precise molecular design.     

Various types of short-range interactions, including chemical bonding, dipolar interactions, and 

van der Waals interactions, have been used in permselective ion transport for different 

applications8–15. In contrast to Coulomb-based permselectivity, short-range interaction-based 

permselectivity usually requires precise molecular design due to their short effective distance. 

However, it can differentiate many other features of the permeates in addition to their charge 

polarity and lead to very high permselectivity.   

In practice, most membranes would use a combination of size-exclusion, long-range interaction, 

and short-range interaction to achieve desired permselectivity. This usually requires precise 

structural design and functionalization of the membrane, as well as a comprehensive 

understanding of how each mechanism contributes to the permselectivity. In this chapter, we will 
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focus on the short-range interaction-based permselectivity observed in our 2DNP, and use both 

computation and experiments to investigate the exact mechanism of the permselectivity.  

6.2 Comparison between Long-Range and Short-Range Ion Selectivity 

In the context of osmotic power generation, the task of the permselective membrane is to create a 

preferential transport of cations over anions (or vice versa), which creates a net ionic current and 

a potential across the membrane. While permselectivity is essential to osmotic power generation, 

high power density can be achieved without high permselectivity as long as the permeability of 

ions is large enough. For instance, the power density of a micrometer-thick polymeric membrane 

with near-unity permselectivity can be orders of magnitude lower than that of a 2D porous 

membrane with only 40% of the permselectivity, as permeability scales inversely with the 

membrane thickness16,17. Therefore, reducing the membrane thickness and increasing its porosity 

have attracted great interests and promise unprecedented osmotic power density.  

Both long-range and short-range interactions can be used to create preferential transport of ions 

across a membrane, and each has their own advantages and disadvantages. The osmotic power 

generation using 2D materials has been proposed for very long time, with probably the most 

successful demonstration being a series of single-pore experiments with monolayer MoS26. For 

example, a nanopore with the size of a few nanometers was created in monolayer MoS2 (Fig. 

6.1), and an astounding osmotic power density of 106 W/m2 was achieved assuming a 10% 

Figure 6.1 Osmotic power 
generation using a single 
MoS2 nanopore. (A) 
Schematic of MoS2

nanopore osmotic power 
generation. (B) TEM image 
of a MoS2 nanopore. 
Reproduced from Ref. 6. 
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porosity. Since the pore size is relatively large, long-range Coulomb interaction is used to 

achieve cation selectivity. Despite the relatively low selectivity of 0.4, the sub-nanometer 

thickness of the membrane allows for a very high ionic conductance, and hence, the high power 

density.      

With more sophisticated synthetic methods, many porous 2D membranes have been synthesized 

using bottom-up approaches and applied to osmotic power generation16–18. Compared to the 

single pore demonstration, those porous membranes show high porosity and sometimes precisely 

engineered pore size. While the same Coulomb-based permselectivity is used in those 

membranes, none of them reaches the high power density extrapolated from the single pore 

experiments.  

Such discrepancy between the porous membrane and the single pore experiment is due to the 

ineffectiveness of Coulomb screening for reduced membrane thickness and increased porosity 

Figure 6.2 Effect of membrane surface area on Coulomb-based 
permselectivity. (A) Schematic of the simulation setup. (B) Cation 
transfer number as a function of the charged area radius. The pore 
length is 2 nm and diameter is 4 nm. (C) Calculated power density 
of a nanoporous membrane as a function of its porosity. The 
membrane is 2 nm thick, and the pore size is 4nm. Reproduced 
from Ref. 20.  
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(Fig. 6.2). First, theoretical model has shown that as the porosity increases, the ionic conductance 

of the membrane does not increase linearly with the porosity. Instead, the conductance scales 

with √�, where N is the number of pores19. Second, as the membrane becomes thinner and more 

porous, there is less space to accommodate charges to achieve sufficient Coulomb screening 

(reduced d in Fig. 6.2A). Simulations have shown that sufficient membrane surface around the 

pore is necessary to maintain high permselectivity in a short nanopore, while increased porosity-

therefore reduced d-leads to rapid degradation of the power generation (Fig. 6.2)20. As a result, 

while Coulomb screening is easy to implement and offers flexibility in membrane design, it 

cannot sustain a high osmotic power density alone in 2D porous membranes.  

Short-range interactions, however, can be extremely effective even when the pore is ultra-short 

(<2nm) without surrounding membrane surface. For instance, in biological potassium channels 

KcsA, a Na+/K+ selectivity of more than 1000 can be achieved through a ~2nm selective filter 

composed of five sets of residual carbonyl groups (Fig. 6.3)21,22. In contrast to long-range 

Figure 6.3 The KcsA K+ channel. (A) A ribbon representation of the KcsA 
K+ channel with its four subunits colored differently. The channel is 
oriented with the extracellular solution on top. (B) Detailed structure of the 
K+-selectivity filter (two subunits). Oxygen atoms (red) coordinate K+ ions 
(green spheres) at positions 1 to 4 from the extracellular side. Single letter 
amino acid code identifies select amino acids of the signature sequence 
(yellow: carbon, blue: nitrogen, and red: oxygen). Green and gray dashed 
lines show O ⋅ ⋅ ⋅K+ and hydrogen-bonding interactions, respectively. 
Reproduced from Ref. 22. 
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interaction/Coulomb-based permselectivity, packing such selective filters into a 2D porous 

membrane would not influence its permselectivity as the mechanism is completely short-range 

and pairwise. However, to utilize short-range interactions, the membrane pore needs to be 

precisely designed and fabricated to ensure effective pairwise short-range interaction. In addition 

to size, the geometry of the pore can be equally important for certain short-range interactions 

such as hydrogen-bonding and coordination11,14. Moreover, while Coulomb screening directly 

sort different ions based on their polarity as needed in osmotic power generation, such selection 

is not always guaranteed in short-range interaction-based permselectivity. As a result, the 

interactions need to be carefully chosen to ensure desired selection for a given application.   

With the recent advances in bottom-up synthesis of 2D polymers, it is possible to design and 

synthesize 2D porous membranes with atomic precision at large-scale that are relevant to 

practical applications. Using LAP, we made a 2DNP that for the first time utilizes short-range 

interactions for osmotic power generation in a 2D porous membrane (detailed discussion in 

Chapter 5). For the rest of this chapter, we will use molecular dynamics simulations to 

investigate the mechanism of short-range interaction-based permselectivity and experimentally 

demonstrate unique applications of our 2DNP that arise from the short-range interaction-based 

permselectivity. The molecular dynamics simulations were conducted by Prof. Suriyanarayanan 

Vaikuntanathan and Dr. Yuqing Qiu at the University of Chicago.     
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6.3 Mechanism Study of Short-Range Ion Selectivity 

Using Molecular Dynamics Simulations 

In order to understand the mechanism of the short-range ion 

selectivity in our 2DNP, we developed a coarse-grained 

molecular dynamics (CG-MD) model incorporating realistic 

elements23,24. The essential structural features of the 2DNP are 

represented by porous carbon networks with -OH groups placed 

at all edges of each pore (Fig. 6.4). MD simulations of 2DNP membranes are performed with 

LAMMPS program25, where water molecule is modeled using the monatomic water (mW) 

model24 and NaCl is modeled with a coarse-grained ion model23 that is parameterized to 

reproduce the water’s solvation of ions. The backbone of the two-dimensional polymer is 

represented by a chain of CH2 groups with the Lennard-Jones interactions of the UA-

OPLS26 force field. The hydroxyl groups are modeled with mW. The interactions between the 

OPLS carbon and mW water/Na+/Cl– ions are described by the same Lennard-Jones potential 

parameterized in a previous study to reproduce the surface tension of the nonane–water 

interface27. The interaction between OH and mW water is the same as that between mW water 

molecules. We scale the interactions between OH and Na+(Cl–) from the interactions between 

Figure 6.4 Visualization of 
the 2DNP membrane 
simulated by CG-MD.  

Figure 6.5 Snapshot of a representative simulation box used in CG-MD 
simulations. Inset: permeation of Na+ and Cl− across the 2DNP membrane 
from the simulation. 
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water and Na+(Cl–). We fix the positions of the two-dimensional membrane so that there are no 

effective interactions between OPLS carbon and OH groups in the membrane.  

A wide spectrum of membranes with different pore-to-pore distance Dpore (which is about 0.4 nm 

larger than the actual pore size due to the van der Waals volume of carbon atoms), 2DNP layer 

number n, and ��� were investigated using CG-MD simulations. A key parameter for the short-

range interaction in our simulations is ����, the ratio between specific ion’s binding energies to -

OH vs H2O (���/����), making the ion more likely to bind to -OH if ���� > 1. Previous studies 

indicate that ��� = 1.2 ~ 1.4, whereas ��� ~ 128,29. 

In each simulation, a box containing a 32 nm water 

slab and a membrane of 4×4 pores are used, with a 

16-nm water slab on each side (Fig. 6.5). Periodic 

boundary conditions are applied in the two 

directions parallel to the membrane (x & y) and 

fixed walls are placed at the ends of the simulation 

box along the z direction to confine the ions in the 

box. Before the actual ion diffusion simulation, 

each simulation box is equilibrated for 50 ns at 300 

K in the NVT (fixed number of atoms, N, fixed 

volume V, and fixed temperature, T) ensemble. 

After ions diffuse across the membrane, we move the ions on the low-concentration side of the 

membrane back to the high-concentration side of the box, while keeping the ions within the 

membrane in place. This is to simulate the ion adsorption within the membrane and to rule out its 

Figure 6.6 Cl− (red) and Na+ (blue) 
distribution within a single 2DNP (4-layer) 
nanopore calculated using CG-MD 
simulations. Center-to-center distance of 
edge carbon atoms is 2.25 nm, resulting in 
an open pore size of ∼1.9 nm. The dashed 
circles indicate the positions of −OH 
groups, and each pixel is 1 × 1 Å2. 
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contribution when counting the permeated ions. We then equilibrate the high-concentration side 

of the simulation box for 5 ns at 300 K in the NVT ensemble before we finally perform the actual 

ion transport simulations. To compute the number of permeated ions N’(t), we run five 

independent repetitions of each simulation condition and count the numbers of Na+ and Cl– ions, 

N’(t), that transport across the membrane every 1 ns for the first 25 ns. To avoid overcounting 

ions that are stabilized by the membrane, we exclude ions within 0.5 nm of the membrane. We 

normalized the number of permeated ions N’(t) by the corresponding membrane area A.  

Fig. 6.5 is a snapshot taken from a simulation run (at t = 25 ns) with parameters that closely 

represent our experiments (Dpore = 2.25 nm, n = 4, ��� = 1.3). High concentration of NaCl (CH = 

3 M) was introduced from one side to diffuse across the membrane to pure water, and the total 

number of permeated ions N’ (normalized by the membrane area) was recorded as a function of 

time t. Fig. 6.5 (inset) plots N’(t) for Na+ and Cl– up to t = 25 ns. N’Na is larger than N’Cl 

Figure 6.7 Simulated NaCl transport as a function of θCl. (A) 
S, (B) Q, (C) permeated Na+, and (D) permeated Cl– as a 
function of θCl with different Dpore.  
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throughout the simulation with the Na+/Cl– flux ratio ~ 5 (the individual flux for Na+ and Cl– is 

obtained by linear fitting of the N’(t) – t data points). This ratio corresponds to a S ~ 0.7, a value 

similar to our experimental values (Fig. 5.18). In addition, the preferential binding of Cl– to -OH 

is clearly shown in our CG-MD simulations. Fig. 6.6 plots the density distribution of Na+ (blue 

color) and Cl– (red) during the diffusion process across a membrane with the same parameters as 

in Fig. 6.5, where the position of -OH is indicated by the dotted circles. The ion density is 

averaged from all the pores in the membrane. Clear patterns emerge: while Cl– is strongly 

localized near the -OH groups, Na+ stays away from the -OH. This indicates a preferential 

binding of Cl– to the -OH groups, which is a key to enable selective transport of Na+ over Cl–.  

While the actual permselective process may involve complicated effects such as the 

rearrangement of the hydration structure, our results suggest that the relative binding strength 

���� was the dominant factor in our tested conditions with both the polarity (i.e., cation-

selectivity) and the magnitude of the permselectivity from the 2DNP experiments reproduced by 

our simulations. However, as the pore sizes enter the sub-nanometer regime, we expect the 

hydration structure become much more important and must be considered for an accurate 

description.  

Figure 6.8 The influence of Dpore on permselective ion transport and osmotic 
power generation. (A) S and Q as a function of Dpore (θCl = 1.3 and θNa = 0.8). 
(B) Power output of the membrane (S × Q) as a function of Dpore (θCl = 1.3 
and θNa = 0.8).  
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In addition to S (which is proportional to the generated osmotic potential), the simulated N’ is 

used to calculate Q, the net number of permeated charges (representing osmotic current). 

Studying how they change with Dpore or ��� will quantify these parameters’ effects on the 

osmotic power performance (proportional to S×Q). First, our simulations show that, as ��� is 

gradually reduced from 1.4 to 1.2, both S and Q decrease rapidly leading to vanishing osmotic 

power generation (Fig. 6.7). This demonstrates the dominant role of the short-range -OH-Cl– 

interaction for high power generation. Second, as Dpore, increases from 1.5nm to 2.5nm, S 

continuously decreases (red points, Fig. 6.8A). Q, on the other hand, initially increases but 

saturates at larger Dpore (blue points, Fig. 6.8A), even though individual fluxes of Na+ and Cl– 

continue to go up (see more data in Fig. 6.9 simulated with different theta values). This shows 

that there exists a narrow range for Dpore where both S and Q remain high for osmotic power 

generation, as confirmed by the plot of S×Q in Fig. 6.8B. Below this range, Dpore is too small and 

Figure 6.9 Simulated NaCl transport as a function of Dpore. (A) 
S, (B) Q, (C) permeated Na+, and (D) permeated Cl– as a 
function of Dpore with different θCl.  
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the steric hindrance of the pore significantly blocks ionic transport leading to a small Q (Fig. 

6.10B, bottom); above this range, the short-range effect of -OH-Cl– binding is too much diluted 

leading to a small S (Fig. 6.10B, top).  

To maximize the osmotic power output from a membrane, it is essential to find a molecular 

design by employing an approach that systematically balances the steric hindrance and the short-

range interactions. Our CG-MD simulations provide a powerful tool for identifying such designs. 

Fig. 6.10A shows a 2D map of S×Q simulated as a function of ��� (x-axis) and Dpore (y-axis), 

where we find the maximum Dpore = 2.25 nm, ��� = 1.4. In addition, it identifies a region of 

parameters (dashed boundary) with high expected power (> 70% of maximum), which can be 

considered a “Goldilocks zone”. The power generation is efficient only for a very narrow range 

(~ 0.5 nm) of Dpore and for  ��� larger than 1.2. While larger ��� is preferred in general (Fig. 6.7), 

the optimal value of Dpore slightly changes for each ���. Our simulations are consistent with 

several recent experimental results on membranes of similar structures17,30,31, and confirm that 

the parameters for our 2DNP membranes are found within the Goldilocks zone, which explains 

the giant osmotic power shown in Fig. 5.21. Significant permselectivity and osmotic power 

Figure 6.10 Goldilocks membrane parameters. (A) Heatmap of 
S × Q for various combinations of θCl and Dpore. (B) Schematics 
for ion transport at different pore sizes. 
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generation were also observed in 

our simulations from a membrane 

with randomly positioned -OH 

groups (producing less long-

range order), which indicates the 

generality of the short-range 

permselectivity (Fig. 6.11). 

Although our MD simulation and 

experimental realization are based on specific -OH-ion (K+, Na+, and Cl–) interactions, the same 

paradigm can be applied to different functional groups (such as -NH2 and >C=O) and ionic 

species to realize desired permselective ion transport in a wide range of systems (e.g., halogen 

salts, nitrate salts, and sulfate salts). This signifies the critical role of precise molecular design for 

high performance osmotic power generation as well as other membrane applications based on 

effective short-range interactions.  

6.4 Ion-Specific Selectivity and Gated Osmotic Power Generation 

A fundamental difference between short-range interaction-based permselectivity and Coulomb 

screening is that the pairwise short-range interaction selects ions (as well as other permeates) 

through the relative binding strength instead of charge polarity. While this may not necessarily 

beneficial to osmotic power generation, it opens opportunities to realize on-demand permeate 

selection through materials engineering. Furthermore, it allows the same membrane to achieve 

distinct functions in different application scenarios. For example, if we replace the monovalent 

cations (Li+, Na+, K+) with other ions that interact with -OH more strongly than (or as equally as) 

Cl–, the same 2DNP membrane could become anion-selective (or non-selective).  

Figure 6.11 Simulated NaCl transport across a membrane 
with randomized -OH groups. (A) Top view of the simulated 
4-layer membrane. Dpore of the membrane is 2 nm. (B) 
Permeation of Na+ and Cl– across the membrane from 
simulation.  
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Such ion-specific selectivity is demonstrated in Fig. 6.12 

using different metal chloride salts with cations of different 

elements, sizes, and charge states. First, the I-V curve taken 

from our 2DNP membrane with AlCl3 (upper inset, Fig. 

6.12; red curve) shows high osmotic power generation, but 

the polarity of the current and potential is reversed 

compared to that seen with KCl (blue), confirming the 

anion-selectivity when AlCl3 is the permeate. This opposite 

permselectivity indicates stronger interaction between Al3+ 

and -OH than Cl– and -OH. Figure 6.12 plots the ratio of 

ionic mobilities for the faster ions (�����) and slower ions 

(�����) in different metal chloride salts. The high cation-

selectivity observed for monovalent cations (K+, Na+ and 

Li+) flips to high anion (Cl–) selectivity for multivalent cations (Mg2+, Fe3+, Al3+), with Ca2+ 

producing nearly no selectivity. The polarity switching and the ambipolar operation are 

consistent with the increased binding energy expected between polar -OH and multivalent ions. 

This makes Mg2+, Fe3+, or Al3+ (not Cl–) bind more strongly to -OH, freeing Cl– to move faster 

for anion-selectivity (see schematics, Fig. 6.12).  

Moreover, preferential binding to certain cations enables gated switching of osmotic current, 

where a small number of ions that strongly bind to -OH drastically alters the transport of other 

Figure 6.12 Mobility ratio 
μfast/μslow for different metal 
chloride salt solutions with 
monovalent and multivalent 
cations. Inset: schematic diagrams 
for cation- (left) and anion- (right) 
selective transport and 
representative I−V characteristics 
(top) for KCl and AlCl3. 
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ionic species, through the combination of steric and 

electrostatic interactions (see schematic in Fig. 6.13). For 

example, adding Al3+ at a low concentration to KCl 

solution can saturate the binding sites of the nanopores. 

While this enables both K+ and Cl– move freely without 

binding to -OH, the transport of Cl– is preferred thanks to 

the Coulomb attraction between Cl– and Al3+. As a result, 

addition of 0.1 mM Al3+ to KCl solutions (1M || 0.1M) 

across a 2DNP membrane completely reverses the 

osmotic current and potential (I → II) even though KCl 

remains the predominant permeate. Moreover, the original 

I-V curve can be recovered if Al3+ is removed from the membrane. This is achieved by 

regenerating the membrane with EDTA, a strong multi-dentate binding agent that removes Al3+ 

from the membrane (II → III). As shown in Fig. 6.13, after soaking the membrane in EDTA 

solution for 30min, the I-V curve was almost recovered to that before the Al3+ exposure. This 

series of experiments demonstrate that our 2DNP membranes operating with short-range 

interactions can generate giant gateable osmotic power, which can be used for ionic logic devices 

and sensitive ion detection.  

One major obstacle to studying and utilizing short-range interaction for permselective ion 

transport is that it is hard to isolate a specific short-range interaction from others. In our 2DNP, 

the porphyrin ring could also interact with metal ions in addition to the -OH group, which may 

influence the ion transport behavior. However, both previous reports and our experimental 

results suggest that the observed ion transport phenomena with multivalent cations in our 2DNP 

Figure 6.13 Al3+-gated osmotic 
power generation. Schematics (top) 
and I−V characteristics (bottom) of 
Al3+-gated transport for KCl across 
the 2DNP membrane. 
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is from the -OH – ion interaction rather than the porphyrin 

– ion interaction. According to previous reports, the 

metalation and demetallation of porphyrins usually occur 

at much harsher conditions (e.g., heat, strong acid/base, 

microwave, mechanical milling, etc.)32–34 than our 

experimental conditions which were done at ambient 

temperature for relatively short time scale (~hrs). For 

instance, for porphyrin metalation with Al3+ ions, 

organoaluminium (III) reagents, water-free environment, and prolonged reaction time (hours to 

days) is usually required32. In contrast, the gating experiments in our Fig. 6.13 show that very 

small amount of Al3+ ions can have a significant effect on the ion transport in a relatively short 

time frame (~10 min). Moreover, the effect of Al3+ can be reversed by using EDTA. If the Al3+ 

were inserted into the porphyrin, the effect should be irreversible unless much harsher conditions 

were applied.  

In addition, to investigate the effect of porphyrin 

metalation on the ion transport across our 2DNP 

membrane, we conduct two sets of experiments with 

2DNPs based on Ni(II)-TAPP monomer and Co(III)-

TAPP monomer, respectively. Figure 6.14 shows that the 

membrane synthesized with Ni(II)-TAPP displays similar 

gating behavior upon the addition of Al3+  despite the 

occupied porphyrin center. This suggests that the origin 

of the gating effect is independent of the presence of an 

Figure 6.15 Osmotic power 
generation using KCl (∆=1000) from 
a Co(III)-TAPP-based 2DNP 
membrane. The membrane diameter 
is ~370nm. 

Figure 6.14 Al3+-gated ion transport 
of KCl across the Ni(II)-TAPP-based 
2DNP. The KCl concentration is 1M 
|| 1mM.  
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open porphyrin center. Fig. 6.15 shows that Co(III)-TAPP membrane, where Co(III) has the 

same valency as Al3+, displays a cation-selectivity – the same as that of the 2H-TAPP membrane. 

This indicates that insertion of multivalent ions into porphyrin rings does not induce the 

selectivity reversal observed with Al3+ gating experiment in Fig. 6.13.  

Therefore, our experimental results strongly suggest that the observed ion-specific selectivity and 

gated osmotic power generation in the 2DNP are direct results of the -OH – ion interaction as 

intended by the molecular design. The successful isolation of the dominant interaction in our 

system allows us to systematically investigate the mechanism of short-range interaction-based 

permselectivity and form a systematic understanding that provides guidance for future membrane 

design.    

 

6.5 Summary 

In this chapter, we used CG-MD simulations to investigate the mechanism of the short-range 

interaction-based permselective ion transport, and experimentally demonstrated its unique 

applications in ion-specific selection and gated osmotic power generation. Using CG-MD 

simulation, we were able to capture the structural and chemical characteristics of our 2DNP with 

relatively small amount of computation power. We investigated a large range of parameters that 

interplay with each other to influence the ion transport. In our simulation, ���� was identified as 

an important parameter that determines the permselectivity of the membrane. In addition to ����, 

the structural features of the membrane, such as pore size and thickness, also influence the 

transport behavior. The interplay between ���� and the structural parameters of the membrane 

defines a “Goldilocks zone” for optimal membrane performance, which should provide guidance 
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for future membrane design. Thanks to the short-range interaction-based permselectivity, the 

2DNP demonstrated ion-specific selectivity, whereas Coulomb screening only shows charge-

specific selectivity. The chemical specificity allows the 2DNP membrane to achieve different 

polarities of permselectivity with different permeate, which is determined by the relative binding 

strength of the ionic species to -OH. Moreover, the strong binding between multivalent cations 

and the membrane also leads to gated osmotic power generation, where the extra charges 

introduced by the multivalent cations reverse the permselectivity and osmotic current. Such 

behavior is unique to short-range interaction-based permselective membranes and can be 

potentially applied to ionic logic devices and ion detections.  
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Chapter 7: Ongoing Experiments and Future Directions    

7.1 Introduction 

So far in this dissertation, we have demonstrated the wafer-scale synthesis of monolayer 2DPs 

using a novel interfacial method – LAP, the layer-by-layer integration of 2DP/MoS2 superlattices 

and their device application, and finally the design and application of 2DNP for osmotic power 

generation through short-range interactions. While all those are exciting progresses in the field of 

2DP synthesis and application, our methods still have some limitations raised in the beginning of 

this dissertation. Specifically, the chemical stability and crystallinity of 2DPs synthesized using 

LAP are limited by the room-temperature condition, and the full potential of chemical tunability 

of 2DP has not been demonstrate in our osmotic power generation experiments.   

In this chapter, we will present our preliminary data on our attempts to solve the aforementioned 

problems and share our vision for the future development of 2DP synthesis and application.   

7.2 Room temperature synthesis of chemically stable 2DPs 

In 2DP synthesis, the linkage bonds usually follow the rule of “easy to form, easy to break”, and 

formation of stable chemical bonds usually requires harsh synthetic conditions. While certain 

stable bonds can be formed at relatively mild conditions, such reactions usually lead to 

amorphous products due to the irreversibility of the bond formation. In 2017, Farha and 

coworkers developed a method to synthesize Zr-based MOFs at room temperature1. In this 

method, Zr acetate cluster is first synthesized at elevated temperature of 130°C, and then the Zr 
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MOF is synthesized at room temperature using the as-synthesized Zr acetate clusters and 

carboxylic organic linkers. Due to the defined coordination geometry of the Zr acetate cluster, 

the synthesized Zr-MOF demonstrates decent crystallinity despite the room temperature reaction 

condition.  

Inspired by this method, we modified our LAP method and used it for the synthesis of 

chemically stable Zr-based 2DP. First, we use the reported method to synthesize the Zr acetate 

cluster using zirconium n-propoxide, Zr(n-OPr)4 (70 wt% in n-propanol), in a DMF/acetic 

mixture (7:4 v/v). After heating at the 130°C for 2hrs, the solution changes from colorless to 

light yellow. For a typical LAP process, the amphiphilic monomer is spread at the pentane water 

interface, and the water-soluble linker is either pre-dissolved in the bottom phase or introduced 

to the water after the amphiphilic monomer assembly. However, Zr-based 2DP obtained with 

pre-dissolved Zr acetate cluster shows microscopic holes/cracks in the film, leading to 

inhomogeneity in the film (Fig. 7.1). This is likely due to the fast reaction kinetics between the 

Zr acetate cluster and the carboxylic monomer, as flakes/islands of Zr-based 2DP forming 

rapidly at the pentane-water interface would prevent the self-assembly of the fluidic amphiphilic 

carboxylic monomers.  

Figure 7.1 Inhomogeneity in LAP synthesized Zr-2DPs. (A) Optical 
image and (B) AFM image of transferred Zr-2DP on SiO2/Si substrate.  
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To solve this problem, we lower the temperature by introducing ice in the bottom phase, and 

introduce the Zr acetate cluster after the monomer assembly. Since the Zr acetate is dissolved in 

DMF/acetic mixture, direct injection of the solution into the water phase would disturb the 

pentane interface as DMF and acetic acid have lower density than water and tend to float 

upwards. To prevent the disturbance of the interface, an inert barrier is placed above the bottom 

injection port and very slow injection of Zr acetate cluster solution is adopted (Fig. 7.2A). As 

shown in Fig. 7.2B, the quality of the Zr-based 2DP is greatly improved with the modifications.    

The synthesis of chemically stable 2DP is necessary to take a full advantage of the chemical 

versatility of 2DPs. For instance, many catalysis and sensing processes need to take place in a 

relatively harsh chemical environment such as acidic/basic or high temperature. Therefore, 

making chemically stable 2DPs with LAP is a significant step towards the practical application 

of 2DPs in chemically complex/harsh environments.   

Figure 7.2 Modified LAP for Zr-2DP synthesis. (A) Schematic of the 
modified LAP process. (B) AFM image of Zr-2DP on SiO2/Si substrate from 
the modified method.  
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7.3 Chemical vapor deposition of crystalline 2DPs 

While various techniques can be used to form chemically stable 2DPs with nanoscale or 

microscale crystallinity1–3, so far, no methods can produce 2DPs with the same high quality as 

inorganic 2D materials synthesized using CVD techniques. Various research groups have 

attempted to use CVD or other gas phase deposition techniques to synthesize 2DPs4–6. However, 

due to the low thermal stability of the monomer and the products, the results from those methods 

are not satisfying.  

We recently developed a method to synthesize monolayer 2DPs using a combination of a surface 

assembly and CVD, in the hopes for achieving better crystallinity for chemically stable 2DPs. 

Figure 7.3 Morphology of Zr methacrylate cluster films. (A) SEM 
image and (B) AFM image of the Zr methacrylate cluster film on 
SiO2/Si substrate.  

Figure 7.4 Morphology of CVD-synthesized Zr-2DPs. (A) SEM image 
and (B) AFM image of the Zr-2DP film on SiO2/Si substrate.  
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The stable 2DP we choose to work on is 

Zr-based coordination 2DP as bulk Zr-

based MOFs are among the most 

chemically stable organic framework 

materials. First, 

Zr6O4(OH)4(methacrylate)12 cluster is 

synthesized using Zr propoxide and 

methacrylic acid in n-propanol. Second, 

the hydrophobic cluster is then spread onto a water surface to form a densely packed monolayer. 

Finally, the cluster monolayer is transferred onto a substrate and placed in a CVD chamber with 

carboxylic monomer under vacuum.  

The cluster film is uniform and shows a thickness of <2nm (Fig. 7.3), which provides a template 

for the CVD of the final 2DP. This method can be used to grow ultrathin 2DPs on various 

substrates including inorganic 2D materials such as graphene (Fig. 7.4 and Fig. 7.5), and various 

carboxylic monomers with different symmetries and wide range of molecular weight can be used 

for the growth. FTIR spectra of the cluster films and 

the product 2DP films clearly show signs of chemical 

reaction (Fig. 7.6). One major advantage of CVD 

compared to LAP and various solution-based 

techniques is that it allows a much higher reaction 

temperature which can potentially improve the 

crystallinity of the products. Fig. 7.5 shows a TEM 

Figure 7.5 Zr-2DP grown on monolayer graphene 
through CVD. (A) Optical image of a Zr-
2DP/graphene bilayer on SiO2/Si substrate. (B) TEM 
image of suspended Zr-2DP/graphene bilayer.  

Figure 7.6 FTIR spectra of Zr-
methacrylate cluster films and CVD-
synthesized Zr-2DPs. The data were 
collected from samples on Au films using 
a grazing-incidence reflection geometry.  
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image of a Zr-2DP/graphene 

bilayer and its SAED pattern is 

shown in Fig. 7.7. The discrete 

dots are attributed to graphene, 

while the polycrystalline rings 

are consistent with the 

prediction for the Zr-2DP7. 

While the Zr-2DP synthesized 

using our current CVD approach only shows nanoscale crystallinity, we expect the combination 

of pre-assembly and high temperature gas phase synthesis can provide a great opportunity for 

high quality 2DPs, as it can operate at the thermal limit of all components in the reaction with 

controlled morphology through the templation.  

7.4 Fluorescent 2DPs for sensing and sensitizations 

The all-surface 2D structure and the nearly infinite chemical and structural tunability make 2DPs 

an ideal candidate for on-demand sensing of various chemicals and stimuli. Among all sensing 

methods, fluorescence sensing is 

arguably the most 

straightforward and effective one 

as it generally requires no 

complex device structure or 

readout instruments. Using the 

modified LAP discussed in 

Figure 7.7 SAED patterns of a Zr-2DP/graphene bilayer. 
(A) Low magnification and (B) high magnification of the 
SAED pattern. The circled spots are attributed to the first 
order diffraction spots of monolayer graphene and are used 
to calibrate the measurement.  

Figure 7.8 Zr-2DP with AIE molecular precursor synthesized 
through modified LAP. (A) Optical image and (B) AFM image 
of the AIE-Zr-2DP film. Inset: AFM line profile across the 
film edge.  
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section 7.2, we are able to synthesize Zr-based 2DP with aggregation-induced emission (AIE) 

monomers. The synthesized 2DP exhibits large-scale homogeneity and monolayer thickness 

(Fig. 7.8) just as in other 2DPs synthesized using LAP, while it shows a high photoluminescence 

quantum yield of ~37% (Fig. 7.9). Note that the AIE monomer used here is 4',4''',4''''',4'''''''-

(Ethene-1,1,2,2-tetrayl)tetrakis(([1,1'-biphenyl]-4-carboxylic acid)) (TBPE), which does not self-

assemble well at the pentane water interface by itself, likely due to the reduced hydrophobicity of 

the core. However, by increasing the acidity of the water phase, which inhibits the protonation of 

the carboxylic acid, the TBPE can be successfully spread at the pentane water interface. This 

produces a large-scale homogeneous film without comprising its quality.  

The synthesized film shows a broad photoluminescence peak centered at ~525 nm with 350 nm 

excitation (Fig. 7.9), which is similar to that of the monomer TBPE. Fig. 7.10 shows that the 

fluorescence of the 2DP film decreases with increased water content in DMF. After the water is 

fully removed by vacuum annealing, the fluorescence of the 2DP film completely recovers, 

indicating its stability.  

While it is not clear why and how the 2DP 

fluorescence responds to the water content at this 

point, it suggests that the fluorescence response of 

the 2DP can be tuned by its chemical composition 

and structure. With systematic investigation of the 

parameters contributing to the fluorescence response 

in 2DP, we should eventually develop a detailed 

understanding of the response mechanism and realize 

Figure 7.9 Absorption and emission of 
the AIE-Zr-2DP. Green: UV-Vis 
absorbance (%) of the AIE-Zr-2DP film 
on fused silica. Blue: Photoluminescence 
spectrum of the AIE-Zr-2DP film on 
fused silica. The film was excited at 350 
nm.  
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on-demand sensing for target stimuli through rational molecular design. In addition to 

fluorescence sensing, the charge separation and exitonic process in fluorescent 2DPs can be 

utilized to sensitize otherwise inert electronic channels, such as MoS2 and graphene, leading to 

responsive smart circuits.     

7.5 Summary 

This is the last chapter of this dissertation, and we 

shift our discussion from achieved results to ongoing 

and future endeavors. Despite many progresses, both 

from us and others in the 2DP field, the quality of 

synthesized 2DPs still have great room for 

improvement and most of their applications are still 

at the proof-of-concept stage. In this chapter, we 

first introduced our ongoing efforts towards the synthesis of chemically stable 2DP with mild 

conditions using LAP. This greatly broadens the accessible applications with 2DPs, with one 

important example being fluorescence sensing with AIE Zr-2DPs. We also proposed a novel 

growth method for highly crystalline 2DPs, which combines surface pre-assembly and 

conventional CVD. Although current results are not to our satisfaction yet, they may introduce a 

new strategy to everyone in the field. The field of 2DP has been rapidly growing for almost 20 

years, and we believe it still has much to grow in the future with the collective efforts from many 

brilliant minds.     
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