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ABSTRACT 

 

Environmental sustainability covers a wide range of issues starting from a specific 

location to a global one. Energy and water issues are two essential elements of a 

sustainable society. The research objectives in this dissertation are to reduce the energy 

consumption during water desalination to broader the application of such water treatment 

techniques and also reduce the energy consumption for the cooling and heating system. 

The energy-efficient water desalination can be achieved by tuning the interlayer spacing 

of graphene oxide (GO) laminates and shortening the water pathway through the filtration 

membrane. Compared to the previous research, as-designed reverse osmosis (RO) 

membranes can provide a stable high ion-rejection rate ascribed to the fixed interlayer 

spacing and a high ion-permeation rate because of a short water-flowing pathway. In 

addition, the energy-saving cooling and heating system was achieved by the 

environmentally-adaptive membrane (EAM), consisting of delicately microstructures 

made from the thermal-sensitive polymer. In this dissertation, my research focuses on 

three topics: 

• Fullerene tailored graphene oxide interlayer spacing for water sustainability 

• Scalable gradient graphene oxide nanostructure for water sustainability 

• Environmentally-adaptive self-cooling and heating membrane for energy 

sustainability 

All three topics developed in the dissertation are to realize the energy efficiency 

for social sustainability through nano-/micro-structured membrane enabled technologies. 
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CHAPTER I  

INTRODUCTION  

 

1.1 Motivation 

 

Water and energy are fundamental resources used for economic, social, and 

cultural development. With the increase of population and evolvements brought by the 

industrial revolution, it is undeniable that water and energy demands have increased, and 

the resources are too scarce to realize global sustainability. Increasing renewable energy 

sources and decreasing energy consumption are essential strategies for achieving 

sustainability. Technological innovations can help energy-saving performance and 

support sustainable development pathways. 

Sustainability has various meanings in the context of water acquisition and reuse. 

Water resources are irreplaceable and fundamental elements whose usage is increasing 

worldwide by 1% per year since the 1980s[1]*. But at present, human beings are suffering 

from the severe freshwater crisis, which is compromising food security and public 

health[2]. The rising demands of freshwater make the situation even worse due to the rapid 

population growth of the global population, urbanization, rapid industrialization, global 

climate change, and more stringent health-based water quality standards[3]. Global water 

 

* Reprinted with permission from “Carbon Nanopore-Tailored Reverse Osmotic Water 

Desalination ” by Yuchen Liu, et. al, 2020. ACS ES&T Water, 1, 1, 34-47, Copyright 

2020 by American Chemical Society.  
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demand is expected to increase by 20% to 30% above the current water use level until 

2050. Although 71% of the earth’s surface is water-covered, more than 96% of this water 

is held by the oceans as saline water. The remaining freshwater also includes glaciers, ice 

caps, groundwater, and surface water, which means only less than 1% water resource on 

the earth is readily usable for domestic activities and agriculture[4]. Unfortunately, the 

distribution of freshwater resources on the planet is incredibly uneven. According to the 

satellite-based study, the earth’s dry areas are getting drier while the wet areas are 

increasingly wetter, which intensifies the current severe situation[5].  

Generally, water can be classified into the following levels based on the dissolved-

solids concentration in milligrams per liter (ppm) as seawater (> 10,000 ppm), brackish 

water (1,000 - 10,000 ppm), and freshwater (< 1,000 ppm). Freshwater is the standard 

water resource for daily life and social development. As the freshwater demand crisis 

increased, unconventional water sources such as stormwater, brackish water, industrial 

wastewater, and seawater are considered to be used, especially in some water-stressed 

areas. Seawater is the most inexhaustible water source on the earth, while the high salinity 

constrains the application on domestic activities. Brackish water possesses an extensive 

amount all over the world. It comes from brackish fossil aquifers, human activity 

byproducts, and the salinity gradient power process's waste product. Texas, for example, 

has abundant underground water, including 880 trillion gallons of primarily brackish 

groundwater. In this case, the desalination process is one of the best strategies to acquire 

freshwater from salinity to achieve water sustainability. Desalination is defined as 

removing the salts and other dissolved-solids from either seawater or brackish water to 
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obtain fresh water suitable for human consumption and industrial and domestic 

requirements[6]. Desalination methods can be classified as distillation (including multi-

stage flash distillation and multiple-effect distillation), ion exchange, membrane 

processes, freezing desalination, geothermal desalination, eletrodeionisation (EDI), and 

solar desalination[7]. The membrane processes which are driven by hydraulic pressure can 

be distinguished as reverse osmosis/forward osmosis (RO/FO), nanofiltration (NF), 

ultrafiltration (UF), and microfiltration (MF) based on the feature size (as shown in Fig. 

1.1.1 (a)). The primary function of MF and UF membranes is to retain suspended particles 

and macromolecules. The mass transport in MF and UF membranes is governed by a size 

or sieving exclusion mechanism. On the other hand, NF and RO focus on removing nearly 

all kinds of ions to reduce water salinity. The molecular separation of RO is based on the 

solution-diffusion mechanism. The separation mechanism of NF is a combination of 

sieving exclusion and solution-diffusion.  

Specifically, over 65% of the installed desalination capacity is based on the RO 

desalination process[8]. RO desalination is a water purification technology that uses 

applied pressure overcoming the osmotic pressure to separate the water molecule from the 

salinity with the help of a partially permeable membrane. Compared with thermal 

distillation and other desalination methods, RO technology has significant advantages in 

the continuous process, mild working conditions, energy efficiency, low environmental 

pollution, and ease of operation[9]. However, the conflict between desalination efficiency 

and the vast energy consumption is still the biggest obstacle in developing desalination 

technologies. Fig. 1.1.1 (b)) compares the productivity and electricity consumption in 
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various desalination companies worldwide and the energy consumption of different water 

treatment methods. As shown in the figure, seawater purification's energy consumption is 

ten times larger than surface water treatment. Specifically, the intensive energy 

consumption of the RO unit represents 50%-60% of the total cost of the whole desalination 

process[10]. Herein, reducing the energy consumption during the membrane filtration 

process of water desalination is a promising strategy to broader the applications of RO 

desalination technology. 

 

Figure 1.1. 1 (a) Membrane processes for water purification and the corresponding 

size of waste materials in seawater and brackish water. (b) Energy consumption for 

industrial RO desalination plants and other treatments of water. 
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On the other hand, the current global energy issue comes from limited fossil energy 

supplies and the environmental impacts for its entire energy life cycle, from mining and 

processing to emissions, waste disposal, and recycling. In 2019, the electricity used by the 

residential end sector was about 1,400 billion kW in the United States, which attributes 

50% of the total usage. Space heating and cooling account for 26% of that and 

approximately cost 44 billion USD per year[11]. Considering the rapid population growth 

and the climate change due to the global greenhouse gas emission, the space heating and 

cooling energy consumption for buildings will grow by 79% and 83% throughout 2010-

2050, respectively[12]. Conventional air-conditioning, heating, and ventilation (HVAC) 

systems heavily rely on vapor compression-based cooling technologies, which consume 

massive fossil energy and emit vast amounts of greenhouse gases. Therefore, other 

economic and environmental-friendly cooling and heating systems will arise great 

attention. Radiative cooling and heating technology provides an alternative passive 

cooling and heating solution using the atmospheric window[13]. Since radiative heating 

is originally a passive process, recent research mainly focuses on passive radiative cooling. 

Radiative cooling can be achieved by carefully selecting and designing the materials and 

structures with high emissivity in the spectral wavelength of 8 -13 μm. However, due to 

the climate and temperature changes day and night, summer and winter, the 

monofunctional emitters cannot dynamically control the optical channel for thermal 

management. An energy-saving membrane with a superior cooling and heating effect and 

satisfactory wearability properties provides a novel way of saving the energy used by 

indoor cooling and heating systems and human body-temperature management. As a 
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passive, effective, and renewable form of decreasing cooling energy requirements without 

power input, radiative cooling has attracted considerable attention in the field of energy-

saving applications[14]. However, automatically switching the cooling and heating 

performance through one single membrane based on the environmental stimulus is still 

very challenging.  

 

1.2 Technical challenges 

 

Current RO membranes used in desalination are still limited by intensive energy 

consumption and low energy-efficiency. Emerging selectively permeable membranes with 

sub-nanometer channels attract considerable attention for energy-efficient 

desalination[15-17].  Particularly, graphene has emerged as an attractive material for water 

desalination because of its outstanding antifouling and barrier performance. Single-layer 

graphene oxide (GO) with ~1nm pores have been studied for RO desalination[18, 19]. 

However, it is incredibly challenging to perforate 1nm nanopores in a single-layer defect-

free graphene nanosheet in a scalable way, although numerous methods readily percolate 

large pores. Vertically aligned GO-based membranes have also been attempted for RO 

desalination, but it was also challenging to scale up[20]. Laminated GO nanosheets are 

scalable but demonstrated intensive energy consumption due to the sizeable hydrodynamic 

resistance[21, 22]. Hence, energy consumption and scalability are the key challenges of 

membrane technologies applying to water desalination.  
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On the other hand, due to the high energy consumption of traditional HVAC 

systems, passive radiative cooling and heating systems are essential to solving this 

obstacle. Although plenty of efforts have been made on radiative cooling, most of these 

approaches are monofunctional, which can only address radiative cooling or heating and 

cannot adapt the function according to the ambient temperature. The emissivity of the 

emitter is not tunable according to the ambient temperature. Herein, significant effort is 

needed to investigate the process of chemistry and physics for producing the thermal 

responsive structure for environmentally-adaptive membrane.  

 

1.3 Research objectives 

 

Three research objectives will be proposed and studied in this dissertation to 

achieve nanostructured membrane-enabled water and energy sustainability. 

In the first topic, tuning interlayer spacing of graphene oxide (GO) to achieve high 

water flux during the desalination process is proposed. The proposed method incorporates 

covalent bonds between C60 and GO to fix the interlayer spacing of GO laminates at a 

proper range to achieve low energy consumption and high ion rejection rate. Chemical 

synthesis, membrane characterization, desalination test, and membrane lifetime were 

investigated. An energy-consuming analysis is also proposed.  Chapter 3 will elaborate on 

this topic. 

Secondly, a scalable gradient structure of GO-based membrane will be studied and 

discussed in Chapter 4. Since the water permeance is negatively related to the water-
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transport pathway length and the ion rejection rate depends on interlayer spacing stability, 

reducing the thickness of the filtration membrane with fixed interlayer spacing can 

effectively saving energy consumption. In this case, a scalable gradient structure 

consisting of porous cellulose nanostructure and cross-linked graphene oxide (GO) 

nanosheets were designed and fabricated to achieve an energy-saving ion separation 

process. Chapter 4 will investigate energy-consuming analysis, membrane 

characterization, desalination test, and membrane lifetime.  

Third, environmentally-adaptive self-cooling and heating using membrane 

technology are proposed in Chapter 5. The theoretical simulation was studied by the 

FDTD method. The environmentally-adaptive membrane for both radiative cooling and 

heating based on PNIPAM will be demonstrated. The emissivity of the membrane will be 

tested, and the corresponding cooling and heating power will be calculated. Furthermore, 

the cooling and heating performance of the membrane will be investigated by the IR 

camera. 
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CHAPTER II  

LITERATURE REVIEW  

 

In this chapter, the current state-of-the-art research progresses of graphene-based 

RO membranes and radiative cooling and heating membranes will be reviewed, which 

lead to the generation of the three research topics in the dissertation. 

 

2.1 Graphene-based RO membranes* 

 

The general idea for water desalination is transporting a water molecular from one 

side of a membrane to the other while rejecting the salinity. Herein, the simplest method 

is fabricating lateral pores on the surface of 2D-materials. A single-atomic thick graphene 

layer with a precisely controlled pore size is an ideal separation membrane. Researchers 

grew single-layer graphene via chemical vapor deposition (CVD) on a copper foil with 

the boundary of size at 50 μm[23]. The single-layer non-defect graphene was then 

transferred to a silicon nitride substrate with a 2 μm-hole for desalination test. In order to 

generate sub-nanometer pores on graphene, oxygen plasma etching is applied on the 

single-layer graphene to remove carbon atoms from the 2D lattice. By precisely 

controlling exposure time and power, the pore size of the NPG is confined in the range of 

 

* Reprinted with permission from “Carbon Nanopore-Tailored Reverse Osmotic Water 

Desalination ” by Yuchen Liu, et. al, 2020. ACS ES&T Water, 1, 1, 34-47, Copyright 

2020 by American Chemical Society.  

 



 

10 

 

0.5-1 nm, which is the anticipated optimal pore size for ion sieving and water permeation, 

and the pore-density is on the order of 1/100 nm2. The ion rejection rate of the single-layer 

NPG is nearly 100%, exceeding most of the reported desalination membrane. The 

membrane also exhibited outstanding water flux up to 106 g/ (m2·s) at 40 °C driven by 

pressure difference while the water flux caused by osmotic pressure is less than 70 g/ 

(m2·s·atm). Although NPG shows several higher water flux orders than current RO 

membranes, it is still restricted in the laboratory. Because of the requirements of the high 

density of porosity and the precise control of pore size for water desalination, the 

formation of large-scale single-layer defect-free graphene is very challenging[24]. 

Compared with porous membranes in which water flows directly through the 

membrane, non-porous membranes require water molecules to walk along the channels 

perpendicular to the direction of water flow. Because of the atomically smooth surface 

and thin layer, graphene-based materials become natural candidates for water desalination. 

To achieve an optimal ion selectivity for different feed water concentrations, non-porous 

graphene should comprise a multi-layered stack of finite-sized graphene sheets. Generally, 

graphene-based non-porous membranes were fabricated via vacuum filtration or layer-by-

layer (LBL) assembling of graphene oxide (GO), which is commonly oxidized from 

graphite and exfoliated to single-layer[25-28]. Recalling the advantages of CNT, which 

possesses an atomically smooth channel for water molecules moving without friction, GO 

layer with a number of hydrophilic groups also exhibits the same benefits. Compared to 

previous NPG and hollow nanochannel structures, the lateral one is extensively studied 

due to its simplicity.  
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In 2014, a group of researchers from Manchester University first studied the 

stacked graphene oxide layers for water desalination. In order to increase the selectivity, 

the interlayer spacing of GO laminates needed to be precisely controlled. They proved that 

after vacuum filtration, the formed GO laminates exhibited an interlayer spacing of 0.9 ± 

0.1 nm in the humid air. In comparison, the interlayer spacing of another group was 

significantly increased to 1.3 ± 0.1 nm in water, which could not reject the monovalent, 

divalent cations, and corresponding counterions[29]. In order to improve the selectivity of 

the multi-layer stacked GO membrane, et al. tried to decrease the interlayer spacing via 

the reduction of GO into reduced graphene oxide (rGO) [30]. In this case, researchers 

carried out several strategies to tune the interlayer spacing to accomplish the optimal ion 

selectivity. Since the pristine GO laminates possess natural nanocapillary channels around 

0.7~1.1 nm[31], the interlayer spacing should be dedicated controlled The first strategy 

was inserting solid particles as intercalation to adjust the interlayer spacing. In this 

situation, GO sheets were supported by the intercalation to form a tent-shaped which 

allows water molecules to pass through. In work conducted by Gao et al., GO laminates 

were embedded with carbon nanodots of controllable sizes to tune the interlayer 

spacing[32]. Since the actual size of carbon nanodots is in the range of 1-8 nm, the as-

prepared membrane was not designed to desalinate but to separate dyes from water, which 

showed 99% dye removal efficiency. Similarly, MnO2 nanodots have also been tested as 

intercalation[33]. SWNT is another choice for intercalation [34]. GO/SWNT dispersions 

with different weight ratios were prepared following by diluting and vacuum filtration. 

The interlayer spacing was also too large to achieve water desalination even if the water 
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flux is 10-fold higher than the traditional NF membranes. On the other hand, dissolving 

the intercalations while maintaining the interlayer spacing could significantly increase the 

water flux[35]. By inserting and dissolving as-prepared 3-5 nm-size carbon hydroxide 

nanostrands in GO frameworks, the membrane exhibits 100 times higher water permeance 

than commercial UF membranes. Although the membrane is not proper for NF and RO 

desalination, the intercalation removal strategy is still inspiring.  

An outstanding breakthrough in this method to achieve water desalination was 

presented by Liang Chen et al. in 2017[36]. They enlarged the interlayer spacing of 

graphene oxide sheets by inserting cations such as K+, Na+, Ca2+, Li+, and Mg2+. The 

interlayer spacing was able to be fixed at 1.15 nm using KCl, which could steadily reject 

99% Na+ during the water desalination for an extended period. Although this membrane's 

water permeability was only about 0.36 L/ (m2 h bar), it still provides a new vision for 

GO-based membrane for water desalination, which brings the GO framework membranes 

from UF and NF range to RO membrane. Since the tent-shaped structure inserts 

intercalations into GO sheets, the interlayer spacing is not uniform. The membranes also 

have the risk of swelling in water surroundings. Unfixed and non-uniform interlayer 

spacing will reduce both the ion selectivity and water permeability. 

Compared with tent-shaped lateral nanochannel, tuning and fixing current GO 

interlayer spacing without inserting any intercalation is another bracket of the strategies. 

Quasi-uniform channels, which means the interlayer spacing is nearly even, can 

effectively reject the salty ions. Abraham et al. enlarged the interlayer spacing of GO 

laminates to ~1 nm by varying the humidity of the environment[37]. The ingenious 
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innovation of this research was used in the cross-sectional area for water desalination, 

where the membrane was encapsulated by epoxy so that the water flux could be as high 

as 5 L m–2 h–1. Another bracket, consisting of covalent cross-linking, was used as 

intercalating materials to enlarge the interlayer spacing of GO[38]. The covalent bond, 

which is much stronger than Van der Waals force and hydrogen bond, provides more rigid 

interlayer spacing than solid intercalation to form quasi-uniform channels for water 

desalination. In an approach conducted by Hung et al.[39], the interlayer spacing of GO 

laminates was tuned by cross-linking with diamine monomers. By grafting different 

monomers with various molecular length (such as ethylenediamine (EDA), 

butylenediamine (BDA), and p-phenylenediamine (PPD)), the interlayer spacing between 

0.87 nm to 1.04 nm in the dry state could be achieved. Cross-linked membranes also 

exhibit good rigidity of the d-spacing in the wet form. By the same cross-linking strategy, 

the GO-EDA membrane showed a high water permeability of 5.01 L m–2 h–1 bar–1 and 

around a 40% rejection rate for NaCl[40]. PDI (1, 4-phenylene diisocyanate) is another 

choice as cross-linker[41]. By modifying the Al2O3 tube with PDI, the membrane can be 

fabricated on the surface of the Al2O3 tube by vacuum filtration. In this case, the membrane 

can be worked on a load of the crossflow unit for desalination test while other membranes 

are only tested on the death-end unit. This design indicates that the GO-framework with 

quasi-uniform lateral channels has excellent potential for scaling up. Compared with 

different strategies, cross-linked GO membranes with quasi-uniform lateral channels 

exhibit a higher potential for better water desalination performance due to their fixed 
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interlayer spacing. However, the significant challenges of energy consumption and 

scalability still obstacle broadening the application of these techniques. 

 

2.2 Environmentally-adaptive technologies for passive radiative cooling and heating 

 

The human body, buildings, and vehicles etc. lose and absorb heat mainly in the 

form of IR radiation. The radiative thermal management can be achieved by tuning the 

transmission rate in the range of solar radiation band (i.e., 0.3-4 μm), atmospheric 

transparent window (i.e., 8-13 μm) as well as human body infrared (IR) radiation (7-14 

μm in wavelength). Unlike all other available energy strategies, in which the waste heat is 

polluted into the surrounding environment, passive radiative cooling sends excessive heat 

to outer space at no additional energy cost[42-44]. In the previous research, scientists 

mainly focused on the radiative cooling effect in different materials[45-49].   

In order to achieve radiative cooling, researchers are inspired by the natural 

phenomenon[50], such as frost and dew water formation on leaves[51], native silk[52], 

and silvery appearances of Saharan ants[53]. Based on the nature radiators, the membrane-

based structure is a kind of strategy to achieve radiative cooling[54-62]. Czapla et al. [63] 

fabricated PDMS film on an aluminum substrate. They selectively radiated IR heat in the 

wavelength range of 8-13 μm, achieving as high as 12°C cooling in the ambient 

surroundings. Similarly, Hu et al.[64] inserted a conventional selective solar absorber 

between the polymer (PET) layer and the metal substrate to increase the emissivity in the 

solar spectrum and atmospheric window. In addition to organic materials, inorganic 
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coating, especially silicon-based materials, are also famous for IR absorber[65, 66]. 

Raman et al.[67] designed multilayer film consisting of seven alternating layers of 

hafnium dioxide (HfO2) and SiO2 with different thicknesses on the top of silver/silicon 

substrate.  This structure could obtain radiative cooling to 5C in the ambient surroundings 

and 40.1 W/m2 net cooling power. Such multilayer films have been widely investigated 

for radiative cooling [47, 68-72].  

Besides film-based structure, nanoparticle-filled material is another group of 

strategies for radiative cooling[73]. Bao et al.[74] generated scalable double-layer network 

filled with TiO2 and SiO2 nanoparticles.  The reflectivity of such structure reaches 90.7% 

in the solar spectrum and 90.11% in the atmospheric window, which indicates 17C 

cooling temperature theoretically. In 2017, Zhai et al.[48] embedded glass sphere (~10 

μm) into polymer matrix for radiative cooling. The material of this layer was fully 

transparent for visible light but a strong emission within the atmospheric window, which 

provides ~110 W/m2 cooling power in a continuous 3-day field test.  

Another large group of strategies is patterned surface. Zhu et al. [75-78] designed 

different kinds of patterned structures for radiative cooling, such as α-quartz bars, pyramid 

structures, and square lattice air holes. All the systems showed high emissivity of the 

atmospheric window while remaining transparent for visible light. The reflection of visible 

light was achieved by the substrate coated by silver. Lu et al.[79] generated a universal 

routine for radiative cooling by adding ultra-broadband versatile membrane. Besides the 

experimental results, the simulation also directed the route of research. Wu et al.[80] 

demonstrated that the emissivity of pyramid structure and uniform structure is 
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significantly different, but the emissivity of the pyramid structures with different sizes are 

similar. However, these researchers focused on radiative cooling only, which cannot 

realize cooling or heating, responding to the environmental stimulus.  

Self-adaptive radiative cooling based on phase change materials also attracts much 

attention[81, 82]. In 2017, Yi’s group [83] designed a dual-mode membrane for both 

radiative heating and cooling by flipping between the inside and the outside layer. The 

membrane consisted of a high emissivity layer and a low emissivity layer. When the body 

felt hot, the high emissivity layer was placed inside to increase IR heat emissions. When 

the body felt cold, then the membrane was flipped over to reduce IR heat emissions. This 

technique can achieve both radiative cooling and heating, but it cannot manage the 

radiative heat automatically. Recently, Zhang et al. [84] reported dynamic gating for IR 

radiation, which tuned the emissivity radiative heat by controlling the contraction and 

relaxation of the smart membrane. This technique can achieve radiative heating and 

cooling by adjusting the transmissivity of body heat. But it is still very challenge to 

manage the IR heat from environment for cooling and heating, which is more significant 

for a radiative cooling and heating system.  

Herein, the literature survey indicates no effort to fabricate a thermal-responsive 

pyramid structure for radiative cooling or heating. It is very challenging to achieve tuning 

the radiative cooling or heating automatically. Significant action is needed to investigate 

chemistry and physics for producing the thermal responsive pyramid structure for 

environmentally-adaptive membrane. 
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CHAPTER III  

FULLERENE TAILORED GRAPHENE OXIDE INTERLAYER SPACING FOR 

WATER SUSTAINABILITY*  

 

3.1 Introduction 

 

Water resources are a vital element for a sustainable society[85]. Rapid population 

growth (1% growth rate per year) and industrialization have made freshwater shortage one 

of the most severe crises that threaten human beings[9, 86, 87]. Drinkable freshwater 

resources, mostly in groundwater and surface water, only occupy 1% of the total water 

resources on earth. This freshwater is necessary to maintain human life and be essential 

for social development, such as in agriculture, aquaculture, and power generation. The 

three elements of sustainable development are economic, environmental, and social. 

Global ecological concerns suggest that water resource development should pay more 

attention. Hence, desalination that can transform unconventional water sources (for 

example, seawater, brackish groundwater, and wastewater) into potable freshwater has 

become the most effective method to meet the global water crisis[9]. At present, the 

leading desalination technologies in use are based on membrane separation in terms of 

reverse osmosis (RO) and on thermal distillation, such as multi-stage flash (MSF) and 

 

* Reprinted with permission from “Fullerene-Tailored Graphene Oxide Interlayer Spacing 

for Energy-Efficient Water Desalination” by Yuchen Liu, et. al, 2018. ACS Applied Nano 

Materials, 1, 11, 6168-6175, Copyright 2018 by American Chemical Society.  
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multi-effect distillation (MED). [7] Compared with thermal distillation, RO membranes 

desalination is more advantageous in energy efficiency, low environmental impact, and 

easy operation[9, 87]. However, the polymeric membranes currently used in conventional 

RO technologies suffer from low desalination capacity, fouling and flux decline under 

high pressure, and low tolerance to high temperature, acids/alkaline, chlorine, and organic 

solvents[88, 89].  

Recently, nanostructures such as zeolites, metal-organic frameworks, ceramics, 

and carbon-based materials have attracted considerable attention as alternative membrane 

materials due to good chemical resistance, high flux, and high rejection rate[89-93]. 

Among them, graphene oxide (GO) membranes exhibit outstanding properties in 

molecular permeation and potential applications in water desalination, [19, 87, 91-96] and 

gas and ion separation, [97-101] due to their unique electronic properties, high tensile 

strength and impermeability to small molecules. For nanostructured membrane filtration, 

it requires nanopores or interlayer spacing with a fixed size of around 1 nm to let water 

pass through effectively while rejecting salt ions via size exclusion and electrostatic 

repulsion[37, 102]. Given the difficulty of assembling nanoporous graphene structures, 

controlling the interlayer spacing of GO sheets to be fixed around 1nm has become more 

practical and attractive[88, 92, 102].  

A number of methods and intercalating materials have been developed to tune the 

interlayer spacing of GO sheets. Huang et al. fabricated nanostrand channels among 

graphene oxide layers by positively charged copper hydroxide nanostrands[35].   Another 

bracket, consisting of randomly distributed carbon nanotubes, was used as intercalating 
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materials to enlarge the interlayer spacing by Goh et al. [103].  Crosslinking with large 

organic materials can also tune the interlayer spacing via the different sizes of 

molecules[39]. Recently, Liang Chen et al. reported a novel strategy to crosslink the 

graphene oxide sheets by cations such as K+, Na+, Ca2+, Li+, and Mg2+[36]. The 

interlayer spacing can be fixed at 1.15 nm using KCl, which can steadily reject 99% Na+ 

during the water desalination for an extended period. Abraham et al. also tuned the 

interlayer spacing of the GO membrane to reach the 1 nm level by varying the humidity 

of the environment[37]. Moreover, they ingeniously used the cross-sectional area for 

water desalination where the membrane was encapsulated by epoxy so that the water flux 

can reach 5 L m–2 h–1. However, these two most recent novel strategies have their 

limitations. The former can fix the interlayer spacing, but the water flux is too small, not 

cost-efficient for practical applications. The latter creatively enhanced the water flux by 

using cross-section, while the interlayer spacing is not sufficiently fixed since there is no 

physical bracket between GO layers. What’s more, for brackish water desalination, the 

requirement on salt rejection rate is not as strict as that for seawater, while the water flux 

is more significant. The rejection rate of around 90% is sufficient to purify saline water 

with 10,000 ppm into freshwater.  

In this work, the objective is to design and fabricate GO-based RO membrane to 

achieve higher energy-efficient water desalination, as shown in Fig. 3.1.1. The 

combination of the cross-sectional area filtration and continuous interlayer spacing 

adjustment to achieve water desalination was also introduced to the design. Fullerene 

(C60) is a carbon nanosphere with a diameter of about 0.7-1 nm[104], which is ideal for 
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tuning the interlayer spacing of GO for ion sieving purposes.  It is an excellent strategy to 

fix the interlayer spacing of GO around 1.25 nm by grafting C60 on the surface of GO 

sheets to form the piers between GO sheets. Compared with other intercalations of GO 

layers for ion separation, such as cations and diamine monomers, the C60 molecule 

exhibits desired rigidity, which is essential to the feature of stability.  

 

Figure 3.1. 1 Schematic representation of graphene oxide (GO) and fullerene (C60) 

hybrid for desalination process of (a) cross-sectional membrane and (b) flat 

membrane desalination. C60 was grafted between the laminates of GO. When the 

pressure is applied from the top side of the membrane, water passes through the 

membrane driven by the applied force while the membrane blocks the anion and 

cation. 

 

3.2 Experiments 

 

3.2.1 Preparation of C60-grafted GO 

 

GO powders were prepared from graphite powder following modified Brodie’s 

method according to our previous work[28, 105]. 500 mg of graphite was oxidized with a 
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mixture of 80 ml of nitric acid and 42.5 g of sodium chlorate and stirred at room 

temperature 24 hours. The sample was diluted with water and then neutralized with 

sodium hydroxide. Next, the sample was washed and collected by centrifugation to obtain 

graphite oxide. Graphite oxide was mixed with ammonia hydroxide to tune the pH value 

around 10-11 and was exfoliated into GO by ultrasonication for 2 hours. The exfoliated 

GO was collected by centrifugation at 5000 rpm for 30 minutes to remove the large 

sediment.  Grafting C60 onto GO sheets follows the procedure as reported. [106] Briefly, 

10 mg of dry GO was dispersed into 100 mL anhydrous toluene, which was also degassed 

in a Schlenk tube with the protection of nitrogen atmosphere. After two hours of ultra-

sonication, 8 mL n-butyllithium in hexane (50 mL) was added dropwise and ultra-

sonicated for another 2 h. After that, 10 mg (5 mg or 20 mg for different feed ratios) of 

C60 in 100 mL anhydrous toluene was added and sonication for 3 h. Then the mixture was 

kept under stirring overnight. To terminate the reaction, a droplet of methanol should be 

added to the mixture. In order to remove residual C60, the mixture was washed twice with 

toluene by 4000 rpm centrifuging for 30 min. Then the final powder was washed with 

methanol thoroughly by centrifuging repeatedly. Finally, the as-prepared C60-grafted GO 

was dried in a vacuum oven at 60 °C for 24 h. 

 

3.2.2 Preparation of GO/C60 membrane 

 

The membrane preparing process follows the procedure as reported. [37] Briefly, 

GO/C60 suspension was prepared via dispersing as-prepared C60-grafted GO in toluene 
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with the help of bath sonication for 2 h. Then the freestanding GO/C60 membranes were 

prepared by vacuum filtration of GO/C60 suspension via an Anodisc alumina filter 

membrane (200 nm pore size with 47 mm in diameter) followed by overnight drying in a 

vacuum oven at 60 °C. The membrane was then cut into 3 mm × 10 mm rectangular strips 

and encapsulated by epoxy (Epon 826 and CA 3300). If the GO/C60 layer was covered 

by epoxy, it should be cleaved carefully. Finally, the GO/C60 laminates were glued into a 

trough inside a plastic plate with 47 mm diameter and 2.5 mm thickness.  

 

3.2.3 Characterization 

 

XRD patterns were measured by X-ray diffraction (Bruker D8 ECO 

diffractometer) with a copper target (Kα1 radiation wavelength 1.54056 Å); zeta potential 

was measured by DelsaNano C with accessories; AFM images were collected by atomic 

force microscope (Bruker MultiMode 8); Microstructures were observed by transmission 

electron microscopy (TEM, JOEL JEM-2010); and electrical conductivity was measured 

by a conductivity meter (Horiba B-771 Twin Conductivity/Salinity Tester). The water 

desalination measurement experiment was operated by a homemade setup.[107] 50 mL 

saline water with 0.1 mol/L NaCl was added into the glass jar as the feed side. The 

permeant water was collected by a measuring cylinder covered by tin foil to avoid 

potential evaporation of water.  

  The salt rejection rate was calculated by the following equation: 

 𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) × 100% (3.1) 
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where Cp and Cf are the ion concentrations in permeate and feed side of solutions, 

respectively.  

The water permeation flux J was calculated by the volume of the permeate side, 

passing through the membrane of cross-section area A in the period t. The equation was 

shown below: [107]  

 𝐽 =
𝑉

𝐴𝑡
[𝐿/(𝑚2ℎ)] (3.2) 

In order to take the pressure issue into account, water permeance can also be 

defined as: 

 𝑗 =
𝐽

𝑃
=

𝑉

𝑃𝐴𝑡
[𝐿/(𝑚2 ℎ 𝑏𝑎𝑟)] (3.3) 

 

3.3 Results and Discussion 

 

3.3.1 Water desalination mechanism for C60-grafted GO membrane 

 

Before discussing the experiment results, the desalination mechanism for GO-

based membrane should be clarified. The schematic diagram of the ions with large 

hydration diameter during passing through the membrane tunnel is shown in Fig. 3.3.1. 

Generally, the diameter of cations with larger hydration layers is more extensive than the 

interlayer spacing of GO layers. When the hydrated cations touch the edge of the GO layer, 

several water molecules in the outer hydration shell of the cations can be cut off by steric 

force that comes from GO layers. This process would be continued to the second hydration 



 

24 

 

shell of the ions until the width of the first hydration shell is narrower than the interlayer 

spacing of GO layers. Then the narrowed hydrated ions can pass through the GO layers. 

After the hydrated ion entirely passes through the GO layers, some other water molecules 

would take the defect position on the second hydration shell. Therefore, the critical issue 

is tuning the interlayer spacing of GO to exclude the salt ions in the water. 

 

Figure 3.3. 1 Schematic diagram of the ions with large hydration diameter during 

passing through the membrane tunnel. 

 

In the C60-grafted GO membrane, GO membrane is functionalized with negatively 

charged functional groups such as -COOH and -OH. Thus, anions (Cl-) can be excluded 

at the entrance by electrostatic exclusion and steric effects, as shown in  Fig. 3.3.2 (a) 

[108]. On the other hand, cations (Na+) can only be excluded by the steric effects by the 

layer of GO. Precisely controlling the interlayer spacing of GO can balance the high ion 

rejection rate and the large water permeability.  
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Figure 3.3. 2 Schematic illustration of the separation process of GO/C60 membrane 

at the entrance: (a) electrostatic exclusion for anions (Cl-)[108, 109]; (b) steric 

effects for cations (Na+)[110, 111]. 

 

3.3.2 Grafting C60 to GO and membrane fabrication 

 

Before grafting C60 on the GO layer, the feed ratio of GO/C60 should be 

thoroughly calculated. Considering a monolayer GO as a beam, the relationship for 

bending rigidity and beam bending as shown in the following equations and Fig. 3.3.3 

[112, 113]: 

 𝛿 =
𝐹𝐿3

3𝐷
 (3.4) 

 𝐷 =
𝐸ℎ3

12(1−𝜈2)
 (3.5) 
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where δ is the bending depth, F is the applied force which comes from the gravity of GO 

layers, L is the distance between two pillars, D is the bending rigidity of graphene, E is 

Young’s modulus, h is the thickness of single-layer graphene, and ν is the Poisson’s ratio. 

According to the literature, the bending rigidity of graphene, D, is 2.31 × 10−19 Nm[114]. 

In order to fix the interlayer spacing of GO, the bending depth should be less than 0.1 nm. 

Then the theoretical distance between two C60 pillars can be calculated as ~5.21 nm.  

 

Figure 3.3. 3 Schematic of beam bending theory. 

 

On the other hand, the weight of one C60 molecular is 1.197e-21 g. The weight of 

a single layer GO with a diameter of 5.21 nm is 8.1e-21 g. Hence, the minimum mass ratio 

of C60/GO is ~15%. In order to effectively tune the interlayer spacing of GO layers to 

avoid the mass ratio of grafted C60 less than 15%, the feed ratio of C60/GO is intentionally 

designed as 50% in minimum, i.e., the mass ratio of GO/C60 is 2:1. 

GO was prepared by the modified Brodie’s method[28, 105]. The detailed 

preparation processes are introduced in the Experiment Section. As-prepared single-layer 

GO was observed by AFM, as shown in Fig. 3.3.4. From the AFM image, the thickness 

of the GO layer is about 1 nm, which refers to a single layer GO. 
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Figure 3.3. 4 AFM image of the single layer GO 

 

Grafting C60 onto GO sheets follows the procedure as reported[106]. The detailed 

synthesis processes are stated in the Experiment Section. TEM images were taken to 

observe the C60 particles on the surface of GO layers. Fig. 3.3.5 shows the TEM images 

of pure single-layer GO (a) and C60-grafted GO layer (c), respectively. 
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Figure 3.3. 5 (a) TEM image of pure GO layer (The skinny layer with a little bit 

folding edge represents GO layer. The scale bar is 100 nm.) (b) Schematic illustration 

of grafting C60 onto GO layer through lithiation reaction. (c) TEM image of C60-

grafted GO layer. (The smooth layer with irregular shape represents the GO layer, 

and the dark dots represent C60 nanoparticles. The scale bar for this image is 20 nm. 

The size of this GO layer is around 150 nm while C60 nanoparticles are 1-2 nm.) 

 

The membrane preparing process follows the procedure as reported[37]. GO/C60 

suspension was prepared via dispersing as-prepared C60-grafted GO in toluene with the 

help of bath sonication for 2 h. The zeta potential of resultant solutions was also measured 

to understand the stability and nanomaterial distributions. At pH≈7.3, the zeta potential 

for the solution of pure GO and GO: C60=1:1 are -43.2 mV and -52.4 mV, respectively. 

The detailed fabrication processes have been noted in the Experiment Section. The GO 
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laminates produced by vacuum filtration were observed by SEM on the cross-section, as 

shown in Fig. 3.3.6.  

 

Figure 3.3. 6 SEM image of GO laminates. Scale bar 1 µm. 

 

 

3.3.3 Membrane characterization and desalination test 

 

To characterize the interlayer spacing of C60-grafted GO, X-ray diffraction was 

applied to the as-prepared samples. The interlayer spacing can be derived from the 

scattering angle (θ) by the following equation: 

 𝑑 =
𝜆

2sin (𝜃)
 (3.6) 

where d indicates the interlayer spacing, λ is 1.54056 Å (wavelength of copper target) and 

θ is the scattering angle. As shown in Fig. 3.3.7, the peaks of samples with GO: C60 ratio 

of 2:1, 1:1, and 1:2 are located at 2θ of 7.038°, 6.977°, and 6.935° respectively, which 
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means that the interlayer spacing for corresponding feed ratio is around 12.5 Å, 12.6 Å 

and 12.7 Å respectively. The interlayer spacing was caused by C60 molecules (average 

diameter of 7 Å) and the C-C bonds of N-butyl on both sides of the graphene layer (each 

N-butyl is around 3 Å). From Fig. 3.3.7, the effect of C60 fraction on the interlayer spacing 

is tiny because the C60 fraction was above the threshold (15 wt.%) as calculated in the 

previous section. When the feed ratio of GO/C60 is between 2:1 and 1:2, the GO layer 

could not bend over 0.1 nm, and the C60 molecules could not aggregate, either. On the 

other hand, the tiny deceasing of interlayer spacing as the feed ratio of C60 decreases come 

from the spacing shrinking. The GO layer is bending to increase the distance among C60 

piers. For comparison, the interlayer spacing of pure GO (without C60 grafting) was also 

tested by XRD which is 7.67 Å, as shown in Fig. 3.3.7. The interlayer spacing of pure GO, 

compared with C60-grafted GO, is too small to achieve a high water-permeation rate. 

Furthermore, the interlayer spacing of pure GO can be significantly influenced by water 

flow and be damaged due to swelling and folding, which results in low stability for 

applications.  
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Figure 3.3. 7 XRD characterization: XRD pattern of as-prepared GO/C60 

membrane and pure GO membrane, where the red, blue, and green lines indicate 

the feed ratio of GO: C60 = 1:2, 1:1, and 2:1 respectively, and the orange line 

represents the pure GO; The peak of C60-grafted GO is around 7° which means 12.5 

Å in interlayer spacing. On the other hand, the pristine GO peaks at 11.5°, indicating 

7.7 Å in interlayer spacing.  

 

After tuning the interlayer spacing of GO membranes to the desired value of 

around 12.5 Å by grafting C60 on the surface of GO layers, the membrane can be used for 

water desalination. Fig. 3.3.8 shows the GO/C60 membranes fabrication process and water 

desalination setup. The ion permeation measurement experiment was operated by the 

setup device shown in Fig. 3.3.8 (f). The whole apparatus was using under magnetic 

stirring to avoid the influence of concentration polarization effect on the feed side. 50 mL 

saline water with 2000 ppm NaCl was added into the glass jar as feed side. The permeant 

water was collected by a 5-mL measuring cylinder (accuracy 0.05 mL, from Sigma 
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Aldrich), which is covered by tin foil to avoid potential evaporation of water. All the 

measurement results except the stability test were determined by 2-hour tests. 

 

Figure 3.3. 8 GO/C60 membranes fabrication process and water desalination setup. 

(a) Photograph of pure GO membrane. (b) Photograph of C60-grafted GO 

membrane (c) Optical micrograph of the cross-sectional area, which shows 148-μm-

thick GO laminates (red arrow) embedded in 81-μm thick epoxy (black arrow). 

Epoxy and GO/C60 layers are labeled in the figure. The scale bar is 100 μm. (d) 

Photograph of GO/C60 membrane encapsulated with epoxy and glued into a 

rectangular slot within a plastic disk of 47 mm in diameter. (e) Photograph of 

GO/C60 membrane inside the water desalination setup. (f) Schematic of water 

desalination setup. 

 

Ion permeation results of aqueous 0.1 mol/L NaCl filtrated using different GO: 

C60 membranes are illustrated in Figures 3.3.9 and 3.3.10. As shown in Fig. 3.3.9, the ion 

permeation rate shows a linear relationship as a function of the applied pressure difference 

between the feed and the permeation sides. Compared with Abraham’s work[37],  which 

exhibited the Na+ permeation rate of 0.033 mol h-1 m-2 bar-1, this C60-grafted GO 

membrane shows about five times higher ion permeation rate because of the larger 
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interlayer spacing (12.6 Å) than that of the reported humidity-tuned GO membrane (9.6 

Å). For GO: C60 = 1:1 membrane, the ion permeation rate jumped from 0.106 mol h-1 m-

2 bar-1 to 0.188 mol h-1 m-2 bar-1 as the pressure increased from 1 bar to 5 bar. At the same 

pressure changing range, the salt rejection rate decreased from 89.66% to 82.65% because 

high pressure drives higher forces on the ions to overcome the energy barrier at the 

entrance of membranes.[115] On the other hand, the vertical difference for different lines 

in Fig. 3.3.9 indicates the ion permeation difference among various membranes, which 

comes from the difference in the density of C60 molecules. As the concentration of C60 

increases, the steric effect for salty ions inside GO layers gets larger. At 5 bar pressure, as 

the GO: C60 ratio decreased from 2:1 to 1:2, the rejection rate increased from 79.40% to 

83.16%. For the saline water with 0.1 mol/L NaCl (5,850 ppm), the 83.16% rejection rate 

means that the C60-grafted GO membrane filtrated water can be as low as 985 ppm, which 

can be regarded as freshwater. The difference in ion rejection rate shown in Fig. 3.3.9 (b) 

comes from the amount of C60 piers between GO layers instead of the 0.1 Å difference of 

interlayer spacing. The water permeation flux (J), as expected, increases linearly with the 

applied pressure. If the pressure issue is taken into account, the relationship between the 

water permeance (j) and the applied pressure is shown in Fig. 3.3.9. The water permeance 

of GO: C60 = 1:1 membrane increases from 10.21 L h-1 m-2 bar-1 to 10.85 L h-1 m-2 bar-1 

as pressure changes from 1 bar to 5 bar. The other two membranes also show this trend. 

This pressure-induced enhancement subjects to the increase of water molecule kinetic 

energy to overcome the energy barrier of entry. The slightly vertical difference among 

different membranes in Fig. 3.3.9 comes from the difference of interlayer spacing and 
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C60 piers concentration. For the membrane with a larger concentration of C60, the 

effective cross-sectional area for water molecule passing through gets smaller, which 

results in lower water flux. Besides, compared with the water permeation rates, the ion 

permeation ratio changes among different pressures are much smaller, indicating that salty 

ions are more sensitive to the applied pressure than water molecules. 

 

Figure 3.3. 9 (a) Ion permeation rate and (b) Ion rejection rate through GO/C60 

membrane with different pressure applied. The red, blue, and green lines indicate 

the feed ratio of GO: C60 = 1:2, 1:1, and 2:1, respectively. The dashed line indicates 

the feed ratio of GO: C60=1:1, which uses the flat surface for desalination. 
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Figure 3.3. 10 Water permeation rate through GO/C60 membrane with different 

pressure applied. The red, blue, and green lines indicate the feed ratio of GO: C60 = 

1:2, 1:1, and 2:1, respectively. The dashed line indicates the feed ratio of GO: 

C60=1:1, which uses the flat surface for desalination. 

 

Accordingly, most reported GO membranes could be effectively used for ion 

separation for 5 h to 10 h[36]. The stability of the C60-grafted GO membrane was also 

indicated. As shown in Fig. 3.3.11, the ion concentration of water after passing through 

pure GO membrane increased rapidly from 2 h to 10 h and then became stable. Even at 

the 2-hour-test experiment, the ion rejection rate of pure GO is still more extensive than 

those of C60/GO groups, which indicate the interlayer spacing of pure GO has already 

changed at the 2-hour test. In contrast, after passing through the C60-grafted GO 

membrane, the water remained at a low ion concentration value, which indicated the high 

stability of the C60-grafted GO membrane. Among the C60/GO groups with a different 

feed ratio of C60, the higher C60 feed ratio groups exhibited higher membrane stability. 

Compared with the pure GO membrane, C60-grafted GO membranes demonstrate strong 
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covalent bonds, which is more vital than hydrogen bond and can fix the interlayer spacing 

at around 12 Å without swelling in water. The higher feed ratio of C60 exhibits a larger 

interlayer covalent bond resulting in higher stability and durability.  

 

Figure 3.3. 11 Ion concentration on the permeation side through GO/C60 membrane 

over the period. The red, blue, and green lines indicate the feed ratio of GO: C60 = 

1:2, 1:1, and 2:1, respectively. 

 

Energy efficiency is another critical factor besides water separation performance, 

including water permeance, ion rejection rate, and stability. The operating pressure of 

most separation membranes is comparatively higher, which will significantly increase 

operational costs[91]. The separation performances and energy consumption of some 

membranes recently reported in the literature and the C60 grafted GO membranes 

prepared in this study are summarized in Table 3.1. It can be seen that under low operating 



 

37 

 

pressure (<5 bar) C60 grafted GO membranes exhibit excellent water flux and comparable 

rejection rate compared with most reported works. This phenomenon is because the 

grafted C60 can act as piers to fix the interlayer spacing of GO laminates at 12.5 Å, 

allowing water molecules pass through fluently while hindering cations (Na+) and anions 

(Cl-) at the entrance via electrostatic exclusion and steric effects[108]. Besides, by 

adopting a novel cross-sectional filtration strategy, these GO/C60 membranes can obtain 

a higher effective filtration area to achieve a high water-flux. C60-grafted GO membranes 

show not only outstanding water desalination performance, excellent long-term stability 

as well as low energy consumptions. 

 

Table 3. 1 Comparative Results of Different Nanofiltration Membranes 

Membrane NaCl 

Concen

tration

(mol/L) 

Pressure

(bar) 

Equivalent 

Water 

Permeance 

(L/ m2 h 

bar) 

Energy 

Consumpti

on at 0.1M 

NaCl(kWh

/m3) 

Rejection 

Rate (%) 

Ref. 

GO/C60 

(1:1) 

0.01 2.00 13.76 0.94 88.46 This 

study 

CNT/ 

PMMA 

0.034 10.00 0.04 110.59 40.00 [116] 

CNT-PA 0.034 15.50 3.40 1.20 97.00 [117] 

KCl-

controlled 

GO (280nm)  

0.25 20.00 0.05 104.73 94.67 [118] 

GO-PA 

(0.015wt%) 

0.034 20.50 3.16 1.20 93.80 [119] 

PEI/GO  

(1 bar) 

0.0086

2 

1.00 10.65 2.72 42.00 [120] 

GO-NHS 

/EDC/PA 

0.05 27.60 1.59 2.25 97.80 [121] 

GO-PA 0.034 15.00 2.22 1.85 97.00 [122] 

rGO/TiO2 0.034 15.00 3.85 1.07 99.45 [123] 
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Table 3. 1 Continued 

Membrane NaCl 

Concen

tration

(mol/L) 

Pressure

(bar) 

Equivalent 

Water 

Permeance 

(L/ m2 h 

bar) 

Energy 

Consumpti

on at 0.1M 

NaCl(kWh

/m3) 

Rejection 

Rate (%) 

Ref. 

PA/MPDA/

BTAC 

0.034 15.50 3.02 1.35 99.10 [124] 

PA/DAT/T

MC 

0.5983 35.00 1.71 3.37 98.30 [125] 

PI/MPDA 0.034 15.00 2.41 1.71 98.80 [126] 

PA/MPDA/

PTC/TMC 

0.0256 13.80 4.32 0.97 93.00 [127] 

PA/Silica 0.188 44.00 1.38 2.48 90.00 [128] 

PEI/Silica 0.034 15.00 1.35 3.05 92.00 [129] 

PA/ 

SMWNT 

0.034 16.00 1.65 2.45 90.00 [130] 

CDC/PA 0.034 14.15 1.36 3.07 97.80 [131] 

PA-NGOOD 0.034 15.00 1.92 2.15 95.00 [132] 

PA/TiO2 0.034 20.70 3.42 1.11 96.00 [133] 

AqpZ-

DOPC 

0.01 5.00 4.44 1.42 97.00 [134] 

Aqpz-ABA 0.0034 5.00 4.74 1.28 61.00 [135] 

Zwitterion-

CNT 

0.034 24.10 1.12 3.28 98.00 [136] 

NH2-

MWCNT 

0.034 15.00 4.36 0.95 96.00 [137] 

Oxidized 

MWCNT 

0.034 15.00 2.17 1.90 97.40 [138] 

GO in RH 

84% 

0.1 15.00 0.45 10.00 97.78 [139] 

TFC/EDAD

MBSA 

0.017 15.50 1.79 2.24 96.00 [140] 

PA/MPDA/

TMC 

0.034 15.50 1.78 2.29 99.90 [141] 

MWNT/ 

TNT 

0.034 15.00 0.83 4.94 97.97 [142] 

aPES/ 

aTMA-PA 

0.547 55.00 1.36 2.61 98.80 [143] 
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3.4 Summary 

 

In conclusion, C60-grafted GO membranes can effectively sieve ions from salty 

water due to the electrostatic exclusion and steric effect, holding a high ion rejection rate 

of 89.66% with 10.21 L h-1 m-2 bar-1 water flux at 1 bar applied pressure. By adopting a 

novel cross-sectional filtration strategy, these GO/C60 membranes can obtain a high water 

flux up to 10.85 L h-1 m-2 bar-1 with 0.1883 mol h-1 m-2 bar-1 ion permeation rate at 5 bar 

applied pressure, which is around 10 times better than the flat GO/C60 membranes. 

Furthermore, the as-prepared GO/C60 membranes can work at low pressure (<5 bar) and 

show high stability over a long-time period, indicating a high potential for saline water 

desalination applications. 
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CHAPTER IV  

SCALABLE GRADIENT GRAPHENE OXIDE NANOSTRUCTURE FOR WATER 

SUSTAINABILITY* 

 

4.1 Introduction 

 

As mentioned above, freshwater resource plays a key role for sustainable 

development. Reverse Osmosis (RO) desalination is a water purification process that uses 

a semi-permeable thin membrane to pass pure water while rejecting the salts and other 

impurities[3].  Compared with thermal distillation and other desalination methods 

(including ion-exchange membrane processes, freezing desalination, geothermal 

desalination, eletrodeionisation (EDI), and solar desalination), RO desalination shows 

excellent advantages on the continuous process, mild working condition, low 

environmental pollution, and easy operation[7, 9]. Over 65% of the current installed 

desalination capacity is based on the RO membrane process[8]. However, one of the most 

significant barriers for extending RO desalination technology to broader applications is 

the intensive energy consumption of the RO unit, which represents 50%-60% of the total 

cost of the whole desalination process[10]. In a typical seawater desalination plant that 

purifies Pacific Ocean water with total dissolved solids (TDS) of 33.5 g/L (33,500 ppm), 

 

*  Reprinted with permission from “Water purification performance and energy 

consumption of gradient nanocomposite membranes” by Yuchen Liu, et. al, 2020. 

Composite Part B: Engineering, 202, 1, 108426, Copyright 2020 by Elsevier Ltd..  
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the overall energy consumption is 3.57 kWh/m3, and the RO unit accounts for 71% of this 

total energy consumption[144]. Besides the seawater, brackish water is another source for 

portable water recovery. U.S. Geological Survey indicated that brackish groundwater 

could help stretch limited freshwater supplies[145]. For brackish water RO desalination, 

the salt rejection rate requirement is not as strict as that for seawater due to a lower ion 

concentration. The rejection rate of ~90% is pretty decent in converting brackish water 

into fresh water. Generally, the specific energy consumption (SEC) during the RO 

desalination process can be broke down into filtration resistance energy-consumption 

(SECf), which is related to the performance of the RO membrane, and other energy 

consumptions that are influenced by the system process and the feed water osmotic 

pressure[146]. Under the same RO desalination operating systems and feed salinity, the 

energy consumed by SECf is the central part that can be reduced. This part of energy is 

one of the most important criteria to evaluate the performance of a RO membrane. The 

energy consumption in the membrane filtration process can be ascribed to the steric effect 

and friction losses. Herein, reducing the steric effect and friction losses of water molecules 

from hydrodynamic theory is a very promising strategy. Although the water molecule 

transportation mechanism through nanochannels is not precise[147], the water permeance 

was negatively related to the length of the water-transport pathway, and the salt rejection 

rate depends on the stability of nanochannels[148]. 

Commercial RO membranes are mainly made of polyamide (PA) thin composite 

film (TCF) and its derivatives, which suffer low water permeability, high energy 

consumption, high fouling tendency, and limited lifetime[149]. Even though some efforts 
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have been made, current RO membranes used in desalination are still suffering intensive 

energy consumption and low energy-efficiency. Emerging selectively permeable 

membranes with sub-nanometer channels attract considerable attention for energy-

efficient desalination[15-17].  A lot of nanomaterials, such as zeolites, metal-organic 

frameworks (MOF), ceramics, graphene, carbon nanotubes, and aquaporin (AQP), have 

been attempted to fabricate RO membranes[89-93, 150, 151]. Among all kinds of 

nanomaterials, graphene oxide (GO) has emerged as the most attractive one for water 

desalination because of outstanding antifouling and barrier performance in molecular 

separation due to its unique molecular structure, high tensile strength, and impermeability 

to small molecules. 

In this work, a nanocomposite membrane consisting of ultrathin GO laminates with 

1-nm channels and two porous cellulose layers is presented to achieve both energy 

efficiency and scalability for RO desalination. The GO laminates thickness and GO 

nanosheet lateral size were studied to reduce energy consumption while maintaining the 

water desalination performance. The stability and lifetime of the gradient GO membrane 

were also discussed at such low energy consumption. Finally, the scalability of the 

gradient structure is also presented to examine the potential of commercialization. 

  

4.2 Experiments 

 

4.2.1 Numerical simulation 
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The ‘Transport of Diluted Species in Porous Media’, ‘Thin-Film Flow, Domain’, 

and ‘Fluid-Solid Interaction’ physics models in COMSOL were applied to simulate the 

ion/water separation process and stress distribution in the membrane. The simulation cell 

for the aperture selection of the protective layer was rectangular with a fixed thickness of 

10 nm and a varied width ranging from 25 nm to 200 nm. The fluid domain was also 

rectangular with a height of 30 nm and the same width as the membrane. The input 

pressure, density, and dynamic viscosity of seawater were set to 1 MPa, 1.03×103 kg/m3, 

and 8.9×10−4 Pa·s, respectively. The Young’s moduli of thin membranes were measured 

by DMA 850(TA Instruments) in the tensile mode. The simulation cell for the protective 

layer was rectangular with a height of 20 nm and a width of 200 nm. The porosity domain 

as the protective layer on the GO membrane was also rectangular with a 200 nm width 

and different thicknesses. The porosity of the protective layer was set to 70%, according 

to the commercial data.  

 

4.2.2 Preparation of gradient nanocomposite membrane 

 

According to our previous work, GO powders were prepared from graphite powder 

following modified Brodie’s method[152]. 500 mg of graphite was oxidized with a 

mixture of 80 ml of nitric acid and 42.5 g of sodium chlorate and stirred at room 

temperature 24 hours. The sample was diluted with water and then neutralized with 

sodium hydroxide. Next, the sample was washed and collected by centrifugation to obtain 

graphite oxide. Graphite oxide was mixed with ammonia hydroxide to tune the pH value 
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around 10-11 and was exfoliated into GO by ultrasonication for 2 hours. The exfoliated 

GO was collected by centrifugation at 5000 rpm for 30 minutes to remove the large 

sediment. 5 mg of as-prepared dry GO powder was dispersed into 100 mL DI water, and 

a droplet of ammonia solution was added to the GO dispersion to tune the pH value to 10-

11. After 30min bath sonication, GO dispersion was centrifuged at 4400 rpm for 20 min 

to remove large particles. The amplitude and power density of the tip sonicator were set 

to 25 % and 12.5 W/mL, respectively.  Subsequently, the GO dispersion was treated by 

tip sonication for 0 min, 3 min, 10 min, and 20 min, resulting in GO nanosheets with a 

lateral size of1430 nm, 1009 nm, 473 nm, and 276 nm, respectively. 0.01 M PPD was then 

added to the resultant GO dispersion under stirring. The resultant GO-PPD dispersion (e.g., 

2 mL, 4 mL, 6 mL, or 8 mL) was pumped through an MCE filter membrane (25 nm 

aperture size with 47 mm in diameter) to produce GO/MCE membranes, where the GO 

film thickness was dependent on the GO-PPD dispersion volume.  The resultant 2-layered 

GO-MCE membrane was then covered by another MCE filter membrane and pressed by 

a Heat Presses (Digital Knight, K20 SP) at 80 °C with 20 psi pressure for 1 h.  

 

4.2.3 Characterization 

 

Zeta potential of GO dispersion was characterized by Dynamic Light Scattering 

(Zetasizer Nano ZS). GO nanosheet lateral size was measured by Dynamic Light 

Scattering (Zetasizer Nano ZS) and atomic force microscope (AFM, Bruker MultiMode 

8) in tapping mode. The tensile strengths of GO films were tested by Dynamic Mechanical 
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Analyzer (TA Instruments, Q850 with accessories). The GO sample for the AFM 

characterization was prepared by the following steps. Firstly, the GO dispersion was 

diluted with 10-times DI water. Then a droplet of diluted GO dispersion was dropped on 

a clean silicon wafer followed by blowing dry with nitrogen.  X-ray diffraction (XRD) 

characterization of the MCE/GO membrane was carried out by Bruker D8 ECO 

diffractometer with a copper target (Kα1 radiation wavelength 1.54056 Å).  ATR-FTIR 

characterization was carried out by the ATR-FTIR spectrometer (Bruker Alpha-Platinum). 

The MCE/GO/MCE gradient membrane was dipped into a plastic tube of epoxy resins for 

24 hours, and then the samples were encapsulated by the cured epoxy resin.  The plastic 

cube was then cut by a waterjet cutter, and the cross-section was characterized by scanning 

electron microscopy (SEM, JEOL JSM-7500F).  

 

4.2.4 Desalination Test 

 

The water desalination tests were carried out by an in-house built system, as shown 

in Figure 4.2.1 (a). Specifically, 40 mL saline water with 2000 ppm NaCl was added to 

the feed side. The applied pressure on the feed side was 2.68 bar. The permeant water was 

collected by a measuring cylinder, which is sealed by tin foil to avoid potential evaporation 

of water. Electrical conductivity was measured by a conductivity meter (Horiba B-771 

Twin Conductivity/Salinity Tester). 
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Figure 4.2. 1 Setup for (a) water desalination test and (b) large scale membrane 

fabrication. 

 

Total Dissolved Solids (TDS) and electrical conductivity (EC) of the saline water 

can be calculated using the following equation: 

 𝑇𝐷𝑆(𝑚𝑔/𝐿) = 𝑘 ∙ 𝐸𝐶(𝜇𝑆 𝑐𝑚⁄ ) (4.1) 

where k is the TDS factor for the solutions. 

For NaCl solution, k = 0.48 ± 0.01 when the EC is in the range of 100-2000 μS 

/cm at the temperature of 25 ̊C. Since the solute in the solution is NaCl only, the TDS can 

be converted to the ion concentration of NaCl solution by the following equation: 

 𝑇𝐷𝑆(𝑚𝑔 𝐿⁄ ) = 𝐶(𝑚𝑜𝑙/𝐿) ∙ 𝑀(𝑚𝑔 𝑚𝑜𝑙⁄ ) (4.2) 

 𝐶(𝑚𝑜𝑙 𝐿⁄ ) =
𝑘∙𝐸𝐶(𝜇𝑆 𝑐𝑚⁄ )

𝑀(𝑚𝑔 𝑚𝑜𝑙⁄ )
 (4.3) 
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where C is the ion concentration of the solution, M is the mole mass of the solute, which 

is 58,440 mg/mol for NaCl. 

The salt rejection rate was calculated by the following equation: 

 𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) × 100% (4.4) 

where Cp and Cf are the ion concentrations in permeate and feed side of solutions, 

respectively. 

 

4.2.5 Scale-Up Demonstration 

 

 The large-size membrane was fabricated by a homemade setup, as shown in 

Figure 4.2.1 (b). As-prepared scale-up GO/MCE membrane was also bonded by another 

MCE membrane to form the gradient structure with the same steps mentioned above. The 

resultant large-size membrane was cut to 47 mm disks for desalination tests.  

 

4.2.6 Energy Consumption Calculation 

 

The overall energy consumption for RO desalination is contributed by the RO 

filtration process and other processes (e.g., pretreatment of water, etc.), not related to the 

RO membrane. In this study, the energy consumption related to other processes was 

regarded as the fixed to reveal the energy consumption of gradient nanocomposite 

membranes.  The energy consumption contributed by the sole RO filtration process 
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disclosed the performance of the water desalination process and was defined as the 

filtration resistance energy-consumption of the specific energy consumption (SECf). The 

SEC for seawater desalination is 3.57 kWh/m3, and the SECf accounts for 71% of it. On 

the other hand, although a lot of research has been done to investigate the water 

permeability of various membranes, it was challenging to compare their performance due 

to different test conditions, such as feed salinity, salt composition, or applied pressure. 

Therefore, it is essential to generate a unified criterion to quantify the energy consumption 

for different RO membranes. Here, a unified model was established to quantify the energy 

consumption for a given RO membrane with given water permeability, feed salinity, feed 

flow, and feed pressure. The output for the model focuses on the SECf. This model can be 

used for both seawater (SW) and brackish water (BW). The only difference is the feed 

salinity concentration. 

From the very beginning, according to empirical studies and molecular dynamics 

simulation, the water flux can be expressed as[153]: 

 J = [P − (πfe
J k⁄ − πp)] ⋅ Am (4.5) 

where πf and πp are osmotic pressure of the feed side and the permeate side, respectively, 

Am is the water permeability of the membrane, and k is the mass transfer coefficient. The 

factor exp(J/k) indicates the effect of concentration polarization. Here, we assume the feed 

side can be regarded as pure NaCl salinity without any other salts and particles. The 

osmotic pressure of the permeate side can be ignored due to its low ion concentration 

compared with the feed side. Since the water flux J is related to the position of RO 



 

49 

 

desalination vessels Z, the Eq. 4.5 can be extended to a function related to the position 

variable z: 

 J(z) = (P(z) − πf(z)eJ(z) k⁄ (z)) ⋅ Am (4.6) 

According to van’t Hoff’s Law,  

 π(z) = Cb(z)RT (4.7) 

 J(z) = Am ∙ P(z) − k(z)w(
2𝐶𝑏(𝑧)𝑒

𝐴𝑚𝑃(𝑧)
𝑘(𝑧) 𝐴𝑚𝑇

𝑘(𝑧)
) (4.8) 

where w(x) is the Lambert W function, and its values are readily computed by 

Mathematica 9.  

The water flow rate that has permeated ahead of position z can be expressed as:  

 Φ(z) =
Wc

Qin
∫ J(z)dz

z

0
 (4.9) 

where Wc is the effective width of the membrane and Qin is the feed flow. 

According to the literature, the mass transfer coefficient k can be regarded as a 

constant with a given height of the channel, feed flow, salt diffusivity, fluid viscosity, and 

fluid density[153]. Therefore,  

 Φ′(z) =
Wc

Qin
J(P(z), Q(z), Cb(z)) (4.10) 

 Q(z) = Qin(1 − Φ(z)) (4.11) 

 Cb(z) =
Cb0

1−Φ(z)
⋅

dP

dz
= −P′lost(z) (4.12) 
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where Plost is the pressure losses from the entry position to the exit position. Combining 

the Eq. (4.10) -(4.12), the state function of RO desalination can be described. The output 

value, recovery rate R, outside flow Qout, and the specific energy consumption SEC can 

be defined as: 

 Qout = Wc ∫ J(z)dz
L

0
 (4.13) 

 R ≡
Qout

Qin
= Φ(L) (4.14) 

 SEC𝑓 =
1

η
⋅

Pin−ξ(1−R)(Pin−Plost)

R
 (4.15) 

where ξ is the efficiency of the pressure recovery process and is taken to equal 97%, Plost 

is a numerical function of Pin[153]. 

Here, the SECf is defined as the function of the feed side pressure Pin for a given 

feed salinity πf. The feed side pressure Pin can also be derived from the water permeability 

Am based on Eq. (4.8). Therefore, the SEC is a function of the water permeability Am for 

a given feed salinity πf. For example, the water permeability Am of the gradient 

nanocomposite membrane is 21.34 L h-1 m-2 bar-1, and the feed side salinity is 2,000 ppm 

NaCl solution. According to Eq. (4.8), as k(z) and Am is known, the water flux J(z) is the 

function of P(z) and Cb(z). Combining the results of Eq. (4.8) and Eq. (4.10) -(4.12), Pin 

and Plost can be calculated based on the position of the vessel z as well as the corresponding 

water flux J(z). 

 

4.3 Results and Discussion 
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4.3.1 Gradient structure design 

 

A nanocomposite membrane consisting of an ultrathin GO film and two MCE 

films is illustrated in Figure 4.3.1. The 1-nm channels in the GO membrane were tuned by 

the GO interlayer bonding and two porous layers with a pore size of 2-50 nm serving as 

the support and protective layer for RO desalination.  

 

 

Figure 4.3. 1 Schematic of gradient structure consisting of GO laminates with 1nm 

channels and two symmetric mesoporous (2-50 nm pore size) layers. The ion is sieved 

via the middle layer, 1nm-channels GO laminates. 

 

The gradient nanocomposite shows both gradient aperture size and gradient 

thickness. The mesoporous layer was made of MCE and was used to protect the ultrathin 

GO laminates from damage caused by sizeable hydrodynamic pressure due to water flow. 

The middle GO laminates serve as the essential ion sieving layer through a 1nm-channel 

of inter-GO spacing, and the primary energy consumption occurs at this layer. 1nm 

channels in the middle layer ensure high salt-rejection while the ultrathin thickness of the 
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1nm-channel layer ensures high water-flux and low energy consumption. High water 

permeability requires large pores, while high selectivity requires ultra-small pores, 

typically ~1nm pore size. The gradient structure can entirely solve this conflict by 

implementing ion sieving in the middle layer, which primarily contributes to energy 

consumption. Minimizing the ion sieving paths can minimize ion sieving energy 

consumption and also increase water permeability. A straightforward strategy is to reduce 

the thickness of the GO laminates since vertically aligned GO nanosheets are challenging 

to be scaled-up. Meanwhile, minimizing the GO laminate thickness could significantly 

weaken its mechanical strength, resulting in low robustness and a very short lifetime. 

Therefore, the conflicts between low energy consumption and a long lifetime should be 

solved. During the RO desalination, the tensile stress applied to the RO membrane comes 

from the friction between the fluid and solid membrane and the hydraulic pressure 

difference between the feed-side flow and permeate-side flow. The membrane should be 

robust enough to avoid any rupture to maintain the long-term stability of desalination 

performance. To ensure outstanding performance of ultrathin GO laminate, one of the 

most feasible strategies is to add a protective layer. Since it is difficult to directly measure 

the stress experienced by the membrane during the desalination process, a numerical 

simulation was performed by COMSOL Multiphysics to investigate the role of the 

protective layer on stress reduction and guide the design.  

In order to determine the tensile strength of GO laminates to indicate the 

simulation process, the mechanical properties of GO films were measured by the dynamic 

mechanical analyzer (Q850, TA instruments). The samples were gripped by a film tension 
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clamp under ambient conditions. The tensile test was performed in controlled strain mode 

with a ramp rate of 0.005 mm/min and a preload of 0.01 N. Samples were cut into a 

rectangular shape with a dimension approximately 6 mm (width) ×25 mm (length) 

measured using standard calipers. The span between clamps was obtained directly from 

the DMA instrument, and the sample thickness was measured by AFM scanning of the 

fractured edge. Tensile test results (shown in Figure 4.3.2) revealed that the GO laminates 

have high tensile strength and modulus. The strain-stress curves of the GO laminates 

exhibit similar patterns as reported graphene oxide paper, which has a “straightening 

region” followed by a “linear region”[154]. The Young’s modulus of the GO film was 

determined by fitting the strain-stress curve of the “linear region” (values within 0.1% 

strain before fracture) with a straight line. The highest tensile strength 184.1 MPa was 

obtained from the GO laminates with the GO nanosheet lateral size of 1430 nm. In 

contrast, the highest Young’s modulus of the GO film 57.1 GPa was obtained from the 

GO laminates with GO nanosheet lateral size of 276 nm. 

 

Figure 4.3. 2 Tensile strength and Young’s Modulus. (a) Photograph of GO laminates 

after tensile test. (b) Stress-strain curve of GO laminates with different lateral sizes 

of GO nanosheets (1430 nm, 1009 nm, 473 nm, and 276 nm, respectively). (c) 

calculated tensile strength and Young’s Modulus based on the stress-strain curve 

with different lateral sizes of GO nanosheets (1430 nm, 1009 nm, 473 nm, and 276 

nm, respectively). 
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For the thickness of the protective layer, the geometric model of the GO laminates 

layer was defined as a rectangle with a height of 30 nm and a width of 2000 nm. With the 

same width as the GO laminates, the protective layer was designed with different thickness 

from 0 nm to 100 μm. The porosity of the protective layer was set to 72% according to the 

experimental characterization of such MCE membrane[155]. The input pressure, density, 

and dynamic viscosity of seawater were set to 1 MPa, 1.03×103 kg/m3, and 8.9×10−4 Pa·s, 

respectively. The Young’s modulus was measured by TA Instruments DMA 850 with 

accessories. Fig. 4.3.3 (a) presents the maximum tensile stress acting on GO laminates and 

the corresponding water flux for different MCE membrane thicknesses with the same GO 

laminates. The maximum tensile stress working on GO laminates, which occurs on the 

corner, is exponentially decreasing from 2250 MPa to 0.037 MPa as the protective layer 

thickness increases from 0 nm to 100 μm. 

The simulation cell for the aperture selection of the protective membrane was 

based on a 3D model. The thickness of the GO laminates was also 30 nm. The aperture 

was assumed as a regular circle with different diameters ranged from 10 nm to 200 nm. 

The distance between the apertures was determined by the porosity of the protective layer, 

which was set to 72%. Other parameters were appointed as the same as the previous 

simulation. Fig. 4.3.2 (b) shows the maximum stress acting on the ultrathin GO laminates 

and corresponding water flux with different aperture sizes. The largest stress occurs at the 

edge of the 200 nm aperture which is 268 MPa. The tensile stress in the middle of GO 
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laminates can also achieve 100 MPa. The water flux is also calculated by the Hagen 

Poiseuille (HP) Equation[156]. 

 

Figure 4.3. 3 Numerical illustrating the design of gradient structure. (a) The 

maximum tensile stress acting on the GO laminates and corresponding water flux 

with the different thickness of the protective layer (0, 10 nm, 100 nm, 1 μm, 10 μm, 

and 100 μm). (b) The maximum tensile stress acting on the GO laminates and 

corresponding water flux with different aperture sizes of the protective layer ranged 

from 10 nm to 200 nm. The dashed line indicates the tensile stress tolerance of the 

GO laminates, which determines the aperture size selection of the protective layer. 

 

Generally, increasing the protective layer thickness can reduce the tensile stress 

applied to the GO laminates. To understand the effect of MCE layer thickness on the GO 

laminate robustness, a physical model was built for fixed pore size. Considering a typical 

operating pressure was above 10 bar (=1 MPa), the feed flow of 1 MPa was assumed for 

the simulation. For the MCE membranes with 25 nm pores and 72% porosity (based on 

experimental characterization of such an MCE membrane), the resultant hydrodynamic 

stress loaded on 30nm-thick GO laminates was simulated as shown in Fig. 4.3.4 (a). In 

this figure, the pressure distribution of the cross-sectional view of the membrane was 

shown by different color labels for different MCE thicknesses. The maximum tensile 

stress loaded on the 30-nm-thick GO laminates without the protective layer was 2,250 
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MPa, which could significantly damage the GO laminates. As the thickness of the MCE 

layer increased from h = 0 nm to h = 1000 nm, the maximum tensile stress decreased 

exponentially to 3.92 MPa, a much smaller value than the threshold where the GO 

laminates can be damaged. Therefore, the MCE layer thickness would significantly 

influence the hydrodynamic stress loaded on the GO laminates. This phenomenon could 

be ascribed to the protective layer that can bind the boundary of the GO laminates to 

reduce deformation area. The smaller deformation of GO laminates indicates smaller 

tensile stress. According to the tensile test of ultrathin GO laminates, shown in Fig. 4.3.2, 

the resultant GO laminates showed a tensile strength of ~120 MPa. In this case, the MCE 

thickness should be > 100 nm for long-time stability. On the other hand, the water flux of 

a commercialized MCE membrane with 100-μm thickness was still as high as 72 L/m2 h, 

according to the simulation results in Fig. 4.3.3. The bottleneck for a high-water 

permeability was still the GO laminates instead of the MCE membrane. 

Besides the thickness of the protective layer, the aperture size is another variable 

that affects the hydrodynamic stress, which may lead to the failure of GO laminates. Like 

the thickness issue, a small aperture could reduce the hydrodynamic force and downsize 

the water flow. Fig. 4.3.4 (b) shows the hydrodynamic stress distribution on the 30-nm 

thick GO laminates, which have fixed boundaries on the side with different aperture sizes. 

In order to visually compare the differences in the tensile stress with varying sizes of 

aperture, the color label for Fig. 4.3.4 (b) was set to be the same. The largest stress that 

occurs at the edge for the 200 nm-pore MCE layer was 268 MPa. In this situation, the GO 

laminates will be cracked since the 30-nm GO laminate strength is <180 MPa, resulting 
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in a failure of the RO desalination. When a 25 nm-pore MCE layer was used, the largest 

stress loaded on the GO laminates was calculated to 16 MPa, almost one order of 

magnitude smaller than that in the case of the 200 nm-pore MCE layer. Obviously, the 

hydrodynamic stress loaded on the GO laminates was susceptible to the aperture size of 

the MCE layer. Based on the tensile test of ultrathin GO laminate, the strength depended 

on the GO lateral size. For < 500 nm GO nanosheets, the resultant laminates showed a 

tensile strength of ~120 MPa (Fig. 4.3.2). Thus the aperture size of the protective layer 

should be < 130 nm for robust desalination performance (rupture of the membrane could 

lead to very poor ion rejection). In addition, the effect of the MCE aperture size on water 

flux was also examined. The MCE aperture size was on the order of 10 nm, which was 

large enough to fit the Hagen Poiseuille (HP) Equation[156]. Hence, the water flux for 

different apertures can be calculated through HP Equation. The size of the aperture was 

positively related to the water flow. The water flux for a 25-nm aperture was 86 L/m2 h, 

much larger than that for the GO laminates. Therefore, selecting the aperture size for the 

protective layer should be based on the loaded stress on GO and ensure it is less than the 

maximum strength of GO laminates while the water flow stays as large as possible. Since 

the tensile strength of GO laminates was on the order of 100 MPa according to the tensile 

tests (shown in Fig. 4.3.2) and the data from the reference[157], a 25nm-pore MCE was 

used for this study. 
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Figure 4.3. 4 Numerical simulation effects of the protective layer with different 

thickness and aperture sizes. (a) The cross-sectional tensile stress distribution on the 

GO laminates with the different thicknesses of the protective layer (h=0, 10 nm, 100 

nm, and 1000 nm, respectively). (b) The tensile stress acting on the GO laminates 

with different aperture sizes of the protective layer (25 nm, 50 nm, 100 nm, and 200 

nm, respectively). 

 

4.3.2 Gradient GO membrane fabrication 

 

In this research, the GO-based gradient membrane was designed to reduce the 

energy consumption in the RO desalination process. At the same time, the high water- 

permeability and high ion-rejection were maintained. A single film of GO laminates 

demonstrated channels around 0.7~1.1 nm caused by moistures, but it could swell and 

expand the interlayer spacing to 1.35 nm[36],[31],[158]. Cross-linking GO with desired 

constant interlayer spacing is essential in the RO desalination for stable performance. 

Compared with other cross-linkers, such as cations[36], fullerene (C60)[152], 1,4-

phenylene diisocyanate (PDI)[41], and ethylenediamine (EDA), p-phenylenediamine 

(PPD) shows proper interlayer spacing as well as high robustness in water 
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surroundings[39]. Unlike linear diamine monomer, PPD exhibits higher stiffness because 

of the presence of a benzene ring, which has a fixed molecular length. The detailed route 

of synthesizing GO-PPD composite is shown in Fig. 4.3.5 (a) and Experiment Section. 

 

Figure 4.3. 5 Schematic of gradient GO-PPD membrane fabrication procedure and 

corresponding experimental characterizations. (a) The fabrication procedure of the 

gradient membrane. (b) DLS patterns and AFM images of GO nanosheets with 

different tip sonication periods (0 min, 3 min, 10 min, and 20 min which exhibit GO 

lateral size with 1430 nm, 1009 nm, 473 nm, and 276 nm, respectively). The width of 

each AFM image is 2 μm. (c) SEM image of gradient structure on cross-sectional 

view. The GO laminates were clamped by two MCE membranes. The scale bar for 
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the large image and the insert magnification image are 100 μm and 100 nm, 

respectively.  

 

One feasible strategy for energy-efficient desalination is to reduce the water-

transport pathway in the RO membrane since the energy losses from friction can be 

reduced. The water-transport pathway is determined by the thickness of the membrane and 

the lateral size of each GO nanosheet. To investigate the influence of GO nanosheet lateral 

size on the water desalination performance, GO dispersion was treated by tip sonication 

before further crosslinking. The average lateral dimensions of GO nanosheets with 

different treatment periods (0 min, 3 min, 10 m min, 20 min) were 1430 nm, 1009 nm, 

473 nm, and 276 nm, respectively. DLS and the AFM characterizations are shown in Fig. 

4.3.5 (b). The zeta potential of resultant solutions was also measured to understand the 

stability and nanomaterial distributions. At pH≈10, the zeta potential for the pure GO and 

GO-PDD solution was -45.2 mV and -15.7 mV, respectively. The XRD patterns and ATR-

FTIR spectrums were provided in Fig. 4.3.6 and Fig. 4.3.7, respectively, to address the 

interlayer spacing of GO laminates and the chemical reaction between GO and PPD 

monomer, respectively. The average interlayer spacing of pure GO, un-crosslinked GO-

PPD, and crosslinked GO-PPD was found to 0.77 nm, 1.0 nm, and 1.1 nm, respectively. 

The expansion of interlayer spacing was caused by the collective effect of the molecular 

length of the PPD monomer and the C-N bond on both sides between PPD monomers and 

GO nanosheets. The gradient structure was achieved by covering a filtrated untreated GO-

PPD membrane (Fig. 4.3.5 (a) Step V) with another MCE membrane as the protective 

layer followed by hot-pressing at constant pressure and temperature to crosslink the 
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gradient membrane. The hydroxyl group in the cellulose acetate can react with the epoxy 

group on GO to create a strong chemical bond between GO laminates and the MCE 

membrane[159]. Fig. 4.3.5 (c) shows the cross-sectional SEM image of the gradient 

structure after crosslinking. The inset image indicates the sub-100 nm GO laminates 

encapsulated in the middle of the MCE membrane. The surface morphology and 

corresponding surface roughness are shown in Fig. 4.3.8. 

 

Figure 4.3. 6 XRD pattern of as-prepared pure GO (orange), uncrosslinked GO-PPD 

(red), and crosslinked GO-PPD (purple) membranes.  
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Figure 4.3. 7 ATR-FTIR spectra of pure GO (orange), uncrosslinked GO-PPD (red), 

and crosslinked GO-PPD (purple) membranes. 
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Figure 4.3. 8 GO laminates surface morphology test by AFM. The lateral size of each 

image is 2 μm. 

 

4.3.3 Desalination test and scalability 

 

To examine the effect of GO-PPD laminates thickness and the lateral size of GO 

nanosheets on water permeability and ion rejection rate, the desalination tests were carried 
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out using the nanocomposite membrane made from GO laminates with different 

thicknesses (30 nm, 60 nm, 90 nm, and 150 nm on average), and different GO nanosheet 

sizes (1430 nm, 1009 nm, 473 nm, and 276 nm). The 2000 ppm (0.034 M) NaCl water 

was used as the feed water, and the applied pressure was 2.68 bar, which means 1 bar left 

after overcoming osmotic pressure. The desalination results are shown in Fig. 4.3.9 (a) 

and (b), while the inserted image shows the test setup. The whole device was operating 

under magnetic stirring to avoid the concentration polarization effect on the feed side. The 

thinner GO-PPD laminates exhibited higher water permeability because of the shorter 

water-transport pathway, which reduced the friction during the water molecule. The ion 

rejection rate slightly went up for the increased thickness of the GO laminate because 

thicker GO-PPD laminates induced a larger steric effect to reject the salt ion. On the other 

hand, the enhancement of water permeability using smaller GO nanosheets can also be 

ascribed to reducing the water-transport pathway. As shown in the insert image of Fig. 

4.3.9 (a), the smaller lateral size of GO nanosheets provides a shorter and less tortuous 

water-transport pathway, indicating smaller friction losses during the molecule 

transportation. The effect of GO lateral size on the ion rejection was negligible. 

Consequently, the gradient nanocomposite membrane made from the 30 nm-thick GO-

PPD laminates with 476nm GO nanosheets demonstrated a water permeability of 21.34 L 

h-1 m-2 bar-1 and an ion rejection rate of 96.08%. 

The effect of applied pressure on the water flux is critical for the water desalination 

process. When pure water passes through the RO membrane, the water flux increases 

linearly with the applied pressure. For the salinity filtration, the salt ions, which are 
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retained by the GO laminates, can form a thin layer of concentration polarization or even 

a cake layer[160]. Both these effects could boost the resistance of the membrane to water 

flux and thus cause the pressure to drop across the membrane. As such a layer was getting 

thicker, the driven pressure for the filtration process was becoming smaller due to the 

increasing flow resistance. When the driven pressure became smaller than the local 

osmotic pressure, the water molecules cannot pass through the membrane. The 

experimental results are shown in Fig. 4.3.9 (c) for two different lateral sizes of GO 

nanosheets. The dashed lines show the trends without the polarization issue. The smaller 

lateral size of GO nanosheets (473 nm) was usually related to a smaller polarization effect 

because a smaller water flux only took fewer salt ions to the surface of GO laminates. As 

a result, a more immense applied pressure was needed for a stable water flux. According 

to previous studies, the saved energy was very marginal after the permeability is over 25 

L h-1 m-2 bar-1, where energy consumption was already intensive[161]. Since energy 

consumption is positively related to the applied pressure, it is vital to operate the 

desalination process at the low applied pressure range where the polarization issue does 

not significantly reduce the water permeability. 
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Figure 4.3. 9 Desalination performance of gradient GO membrane. (a) The water 

permeance for different thicknesses of GO membrane and different lateral sizes of 

GO sheets. The inserted image shows the water-transport pathway through the GO 

laminates. (b) The ion rejection rate for different thickness of GO membrane and 

different lateral size of GO sheets. The inserted image shows the test setup. (c) The 

water flux for different applied pressure. The dashed line indicates the linear trend 

line without the concentration polarization issue. (d) The ion concentration on the 

permeation side through gradient membrane for different periods (the red and blue 

lines indicate the uncrosslinked GO laminates and crosslinked GO laminates, 

respectively).  

 

The ion rejection rate stability and membrane lifetime are also essential factors to 

evaluate the potential of commercialization. Resilience relies on two aspects of the 
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membrane, the stability of interlayer spacing and the robustness of the membrane. A stable 

interlayer spacing and a robust membrane can provide a long-term ion sieving effect. Most 

reported GO-based membranes could be effectively used for ion sieving for 5 to 10 

hours[36]. Here, the stability of the gradient nanocomposite membrane was also tested. 

For comparison, the crosslinked GO laminates and uncrosslinked GO laminates were 

integrated into a gradient structure with a protective and supporting layer. As shown in 

Fig. 4.3.9 (d), for the uncrosslinked GO, the ion concentration of the permeate side 

increased rapidly from the beginning to 8 h until the concentration was almost equal to the 

feed side. This issue was caused by the swelling effect of GO laminates in the water 

surroundings, which enlarged the interlayer spacing of GO laminates to allow salt ions to 

pass through. In contrast, the ion concentration of the permeate side for the crosslinked 

gradient GO membrane demonstrates a negligible increase, indicating excellent stability 

and lifetime. In the crosslinked GO laminates, covalent bonds between GO and PPD 

molecule were much stronger than the hydrogen bonds between pure uncrosslinked GO, 

thus providing stable interlayer spacing for long-term stability.  

According to the hydrodynamic theory, the filtration energy consumption SEC can 

be derived, and the details were provided in the Experiment Section: 

 SEC𝑓 =
1

η
⋅

Pin−ξ(1−R)(Pin−Plost)

R
 (4.15) 

where ξ was the efficiency of the pressure recovery process, R was the recovery rate, and 

Plost was a numerical function of Pin[153].  

For a given feed salinity, the feed pressure Pin can also be derived from the water 

permeability. Therefore, assuming the energy consumed by water intake, pretreatment, 
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product water delivery, pump & ERD inefficiency, the energy consumed by membrane 

filtration for RO membranes can be estimated based on the water permeability, the applied 

force, and the salinity concentration[153]. The energy consumption was a function of the 

applied pressure, the pressure loss in the flow resistance, and water flux. For example, the 

water permeability of the gradient nanocomposite membrane was 21.34 L h-1 m-2 bar-1, 

and the feed salinity was 2,000 ppm NaCl solution. According to Eq. (4.8) - (4.15), the 

SEC for the gradient nanocomposite membrane was calculated to 0.169 kWh/m3. 

Following the same procedure, the numerical relationship between the water permeability 

and the corresponding SEC for the given feed salinity was plotted as shown in Fig. 4.3.10 

(a). The blue line and the green line indicated the SEC for 35,000 ppm seawater and 2,000 

ppm brackish water. Considering the constant energy consumption of the RO desalination 

process induced by water intake, pretreatment, product water delivery, and other facilities, 

the overall energy consumption is shown in Fig. 4.3.10 (a). 
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Figure 4.3. 10 (a) Filtration energy consumption and overall energy consumption of 

RO desalination for brackish water and seawater. (b) Comparison of the energy 

consumption between this work and the state-of-the-art RO desalination membranes 

including commercial membranes[144] and PA/DA/TMC[162] for 35,000 ppm 

seawater and commercial membranes[163], CNT-TA membranes[117], NaY Zeolite 

membranes[164], MWNT/TNT membranes[142], KCl-controlled GO 

membranes[36], CNT/PMMA membranes[116], GO/PA membranes[165], and 

technical data from El Paso Water Utilities for 2,000 ppm brackish water. (c) The 

forecast of future brackish water supply and corresponding cumulative cost saving 

by applying the gradient GO membranes. 

 

Besides, Fig. 4.3.10 (b) also shows the comparison of the membrane filtration 

energy consumption between this work and the state-of-the-art RO desalination 

membranes, including commercial membranes[144] and PA/DA/TMC[162] for 35,000 

ppm seawater and commercial membranes[163], CNT-TA membranes[117], NaY Zeolite 

membranes[164], MWNT/TNT membranes[142], KCl-controlled GO membranes[36], 
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CNT/PMMA membranes[116], GO/PA membranes[165], and technical data from El Paso 

Water Utilities for 2,000 ppm brackish water). Only the state-of-the-art RO membranes 

whose ion rejection rate larger than 90% for NaCl salinity was taken into account. The 

membrane filtration energy of the gradient nanocomposite membrane was 0.169 kWh/m3, 

which was 35.8% less than that of commercial membranes for 2,000 ppm brackish water. 

As the forecast by Texas Water Development Board[166], the usage of brackish water 

desalination would be 90 million m3 in 2030 and 140 million m3 in 2070. Assuming the 

energy consumption accounts for 60% of the total cost[10], the cumulated cost saving 

from the gradient nanocomposite membranes until 2030 can reach 7.2 million for Texas. 

The forecast of brackish water supply and corresponding cumulative cost saving by 

applying gradient GO membranes is shown in Fig. 4.3.10 (c). 

The scalability of the nanocomposite membranes was also examined because  

scalability is a crucial factor in evaluating the commercial potential of a scientific and 

engineering design. In contrast, many membranes like aquaporin[150, 167, 168] and 

nanoporous graphene[23, 157, 169] achieved high water permeability desalination 

membranes, but their scalability was very poor[170]. Fig. 4.3.11 (a) shows the as-prepared 

scale-up gradient nanocomposite membrane with a 30-cm diameter. Instead of vacuum 

filtration, the pressure-driven filtration method was applied to the scale-up fabrication of 

gradient nanocomposite membrane. A scale-up membrane was readily demonstrated 

where GO laminates were 432 nm thick on average. The only issue with scale-up lies in 

the lower-bound of GO laminate thickness in the large-scale nanocomposite membranes 

in order to fabricate the uniform and non-defect GO membrane on a large scale. It was a 
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little higher than that in the small-scale nanocomposite membranes. The water desalination 

performance was tested under the same condition as the small-size nanocomposite 

membranes. The water permeability was found to 0.81 L h-1 m-2 bar-1 while the ion 

rejection rate was still as high as 97.36%. Compared with the small-size gradient 

nanocomposite membrane, the scale-up membrane demonstrated a lower water 

permeability because of an increased lower bound of GO laminates thickness. On the other 

hand, as shown in Fig. 4.3.11 (b), the ion concentration of the permeate side for the scale-

up gradient nanocomposite membrane confirmed excellent stability and lifetime. Further 

research is needed to tailor the thinner and uniform GO laminates at a large scale for larger 

water permeability and commercialization. 

 

Figure 4.3. 11 Scale-up demonstrations of gradient nanocomposite membrane. (a) 

As-prepared scale-up gradient nanocomposite membrane. (b) The ion concentration 

on the permeation side through gradient membrane and ion rejection rate at 

different periods for scale-up gradient GO membranes (the red and blue lines 

indicate the permeate ion concentration and the ion rejection rate, respectively). 

 

4.4 Summary 
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In summary, a gradient nanocomposite membrane has been demonstrated through 

simulation-guided design.  The simulation results suggested that the protective layer 

should be >100nm thick with <130nm pores at a porosity of 72%. As-fabricated 

nanocomposites membranes exhibit water permeance as high as 21.34 L h-1 m-2 bar-1 and 

ion rejection rate > 96.08%, indicating a 35.8% energy saving on membrane filtration for 

brackish water, and the cumulative cost savings for Texas was estimated to 7.2 million in 

2030 by applying the gradient nanocomposite membranes for brackish water RO 

desalination. The unique gradient structure supplies optimal protection for the ultrathin 

GO laminates, contributing to the high water-permeability and, consequently, low energy 

consumption and the effective reduction for tensile stress to extend the membrane lifetime. 

These results afford a new direction to design and fabricate scalable RO membrane for 

energy-efficient water desalination. 
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CHAPTER V  

ENVIRONMENTALLY-ADAPTIVE MEMBRANE FOR RADIATIVE COOLING 

AND HEATING 

 

5.1 Introduction 

 

With the increasing concerns of global sustainability, it is vital to harvest clean 

energy and reduce traditional energy consumption. The heating, ventilation, and air 

conditioning (HVAC) systems have been extensively installed and utilized in the 

buildings, vehicles, aircraft, ships, and many other working and living spaces, and thus 

play a significant role in our daily life and work. With the climate changes and increasing 

demands of HVAC systems, tremendous energy is consumed to keep conformable 

conditions. For example, the electricity used by the residential end sector was about 1,400 

billion kW in the United States in 2019. The space heating and cooling account for 26% 

of that and approximately 44 billion USD per year.[11] Considering the rapid population 

growth and the climate change due to the global greenhouse gas emission, the space 

heating and cooling energy consumption for buildings is expected to grow by 79% and 

83% throughout 2010-2050, respectively.[12] Such massive energy consumption could 

lead to a significant greenhouse gas emission since most of the energy was generated by 

traditional fossil fuels. The emerging electric vehicles (EV) also consume electricity 

significantly by the HVAC system, resulting in a substantial reduction in the mileage per 

charge. As Idaho National Lab (INL) reported, the air conditioning and heating system 
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can impact the range of the EV up to 30% and 35%, respectively, depending on the 

ambient temperature and desired cabin temperature[171]. Therefore, HVAC systems 

consume a large amount of electricity and limit the performance of EVs. As a result, 

environmentally-adaptive cooling and heating are promising to substantially reduce the 

energy consumption by the HVAC while still maintaining a comfortable condition for 

human life and work toward energy and environmental sustainability. Passive radiative 

cooling through scattering incoming heat back to outer space becomes a promising 

strategy to reduce the energy consumption of HVAC systems. The emissivity of the 

surfaces of the materials has been delicately designed to suppress parasitic absorption from 

the surrounding thermal radiation in the atmospheric transparency window (8-13 µm) to 

achieve radiative cooling[54]. On the other hand, the minimum emissivity of the material 

surface in the atmospheric transparency window (8-13 µm) has also been designed to 

enhance the absorption from the surrounding thermal radiation to realize radiative 

heating[172]. Such a single function of radiative cooling or heating has demonstrated the 

great potential to reduce the energy consumption in the HVAC while maintaining the same 

level of comfortable conditions. Unfortunately, a single function of radiative cooling or 

heating is challenging to meet the demand due to the rapid change of climate. It is difficult 

to frequently change the installation of a single radiative cooling structure or single 

radiative heating structure in a concise period. For example, the diurnal temperature 

variations typically range from ~ 10oC in humid. The tropical areas, such as Western 

Intermountain Plateau areas in the United States, show even higher diurnal temperature 

variations, as high as ~40 oC. According to the observation of land surface temperature 
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(LST) over the United States, the diurnal temperature range (DTR) can be as high as 25 

℃ or more in summer and 15 ℃ or more in winter over 50% of the area of the US[173]. 

The yearly mean DTR of the US is about 13.5 ℃[174]. The rolling changes between cold 

and hot temperature in a short period require an automatically switchable thermal 

management strategy to provide a comfortable environment in a building in order to 

reduce energy consumption and foster global sustainability. The rapid temperature 

changes between day and night not only cause a massive consumption of energy and 

devastate the greenhouse gas emission but also has a significant impact on human health. 

Extreme weather conditions (heat, cold, storms, and floods) have long been associated 

with increased injury and mortality. During 2006–2010, about 2,000 U.S. residents per 

year died from weather-related causes of death. About 31% of these deaths were attributed 

to exposure to excessive natural heat, heatstroke, sunstroke, and about 63% were attributed 

to exposure to extreme natural cold, hypothermia, or both [175]. In a more recent study, 

an average of 658 deaths in the U.S. is classified as directly attributable to heat-related 

causes annually [176]. High values of DTR are one of the inducements of stroke 

morbidity[177]. The large DTR in a day indicates that the environment can be either too 

hot or too cold for humans.  

Consequently, the environmentally-adaptive sustainable strategy is urgently 

needed to automatically implement radiative cooling functionality in hot weather and 

radiative heating at cold ambient, as well as a quick switch between radiative cooling and 

radiative heating functions to fit different situations. By now, many artificial structures 

have achieved monofunctional radiative cooling, including layered structure-based 
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membrane[64, 67, 72, 178], microparticle filling-based membrane[48, 74], and patterned 

structure-based membrane[55, 77, 79, 80]. However, these technologies cannot respond 

to environmental changes and lack an effective mechanism to regulate heating and cooling 

dual-functionally. The progress for the dual-functional structure is very limited. Zhang et 

al.[84] designed a dynamic gating of IR radiation through the opening and closing bundle 

of yam, but it shows the same IR transmittance on both sides of the membrane, resulting 

in low efficiency of heating and cooling even though it is switchable. Hsu et al.[179] 

demonstrated a dual-mode device with electrostatically controlled thermal contact 

conductance with high cooling and heating power. However, this design is only limited to 

the roof of buildings since it requires a roller system to change the heating and cooling 

film.  

In order to achieve environmentally-adaptive radiative cooling and heating toward 

global sustainability, the surface of materials should be “smart”. It should change its 

function (either radiative cooling or radiative heating) in response to the ambient 

temperature. It is well-known that poly(N-isopropylacrylamide) (PNIPAM) is an 

exceptional thermal responsive polymer and seems a perfect candidate for this 

application[180].  

In this study, a novel responsive structure for environmentally-adaptive cooling 

and warming is designed and fabricated named as an environmentally-adaptive membrane 

(EAM), which could substantially reduce the energy consumption in the HVAC toward 

energy and environmental sustainability. Specifically, numerical simulations were 

performed to understand the influence of the geometry parameters on the cooling and 
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heating power. The two-photon laser lithography technology was used to fabricate the as-

designed structure at the resolution of 1 μm. The radiative cooling and heating capability 

and adaption of as-fabricated systems were characterized. 

 

5.2 Experiments 

 

5.2.1 Materials  

 

N-isopropylacrylamide (Sigma-Aldrich, >97%), N,N′-methylenebis (acrylamide) 

(Sigma-Aldrich, >99%), 2-hydroxy-4 ′ -(2-hydroxyethoxy)-2-methylpropiophenone 

(Irgacure 2959) (Sigma-Aldrich, >98%), Rhodamine B Tetraethylrhodamine (Sigma-

Aldrich, >95%), Methylene Blue 3,7-bis(Dimethylamino)phenazathionium chloride 

(sigma Aldrich,  >82%), 3-(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich, >97%), 

ethylene glycol (Macron Fine Chemicals, >99%), acetone (Macron Fine Chemicals, > 

99.5%), isopropanol (Macron Fine Chemicals, >99.5%), IP-L 780 Resin (Nanoscribe 

GmbH), IP-S Resion (Nanoscribe GmbH). All chemicals and solvents were used as 

received without further purification. 

 

5.2.2 NIPAM resist synthesis 
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10 mg Irgacure 2959 was dissolved in 500 μL ethylene glycol and 500 μL acetone 

mixture. Then 400 mg N-isopropylacrylamide (NIPAM) and 40 mg N, N′-

methylenebis(acrylamide) (Mbis) were added to the solutions and incubated overnight. 

 

5.2.3 Pretreatment of substrates 

 

Since the microstructure can only be printed on the 170-μm-thick coverslips, the 

coverslips were successively immersed into acetone, ethanol, and DI water by sonication, 

each for 15 min. Then the coverslips were treated with UV-ozone for 30 min to make the 

surface hydrophilic. To increase the adhesion of the microstructures to the coverslips, the 

coverslips were treated by 3- (trimethoxysilyl)propyl methacrylate (1 mM in toluene) for 

one hour. After being washed with acetone and DI water, the coverslips were dried under 

nitrogen. 

 

5.2.4 Fabrication of 3D microstructures 

 

A commercial Direct Laser Writing setup (Nanoscribe Photonics GT2 high-

resolution 3D printer, Nanoscribe GmbH) with 25 ×, NA = 0.8 and 63 ×, NA = 1.4 oil 

immersion objective was used for fabrication. To fabricate the thermal responsive 

structure formed by PNIPAM, as prepared NIPAM resist was drop cast onto the pretreated 

coverslips. Then add a drop of IPL-780 on the top of the NIPAM resist. The thermal 

responsive structure was achieved with a laser power at the inner focal plane of 35mW 
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and the outer focal plane with 40 mW, respectively. The scan speed was set constantly at 

10mm/s. After writing, the structures were rinsed with acetone and subsequently 

transferred into tDI water for further development and storage. No post-curing treatment 

was applied. 

 

5.2.5 Characterization 

 

The optical microscope (Nikon Eclipse LV150N) was used to observe the 

morphology of the printed structure. To analyze the thermal response of the samples to 

changes in temperature, the thermoelectric Peltier plate was power by Keithley 2400, and 

the temperature was measured by TC-2000 with thermal couples.  The 3D-structure of the 

samples was measured by Keyence VHX-7000. Absorbance/Emissivity characterization 

was carried out by the ATR-FTIR spectrometer (Bruker Alpha-Platinum), and UV-Vis-

NIR spectrometer (Hitachi U-4100) for the wavelength range at 2 μm - 20 μm and 0.2 μm 

– 2 μm, respectively. The IR images and videos were recorded by the FLIR IR camera 

(48001-1001, -20°C to 350°C) with a 2X lens (T197214, IFOV 50 μm, WD = 33 mm). 

 

5.2.6 Radiative cooling power calculation 

 

The cooling power calculation is followed the method published by Min Gu[55] 

et al. Briefly, the net cooling power of the emitter can be defined as: 

 𝑃𝑛𝑒𝑡 = 𝑃𝑟 − 𝑃𝑎 (5.1) 
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Here, Pr is the power radiated by the emitter, and Pa is the incident atmospheric 

radiation absorbed by the emitter. 

First,  

 𝑃𝑟 = ∫ 𝜋
𝜋

2
0

𝑠𝑖𝑛2𝜃𝑑𝜃 ∫ 𝑈𝐵(𝑇𝑠, 𝜆)𝑒𝑠(𝜆, 𝜃)
∞

0
𝑑𝜆 (5.2) 

where  

 𝑈𝐵(𝑇, 𝜆) =
2ℎ𝑐2

𝜆5

1

𝑒ℎ𝑐 𝜆𝑘𝐵𝑇⁄ −1
 (5.3) 

is the spectral radiance of a blackbody defined by Planck’s law at temperature T where h 

is the Planck constant, kB is the Boltzmann constant, c is the speed of light, 𝜆 is the 

wavelength, and 𝑇𝑠 is the temperature of the emitter.  

The factor 𝑒𝑠(𝜆, 𝜃) in Eq. (5.2) is the emissivity of the EAM, which is measured 

by the UV-Vis-NIR spectrometer and ATR-FTIR spectrometer according to Kirchhoff’s 

Law. 

Similarly, the absorbed incident radiation Pa can be calculated by: 

 𝑃𝑎 = ∫ 𝜋
𝜋

2
0

𝑠𝑖𝑛2𝜃𝑑𝜃 ∫ 𝑈𝐵(𝑇𝑎, 𝜆)𝑒𝑠(𝜆, 𝜃)
∞

0
𝑒𝑎(𝜆, 𝜃)𝑑𝜆  (5.4) 

The angle-dependent emissivity factor 𝑒𝑎(𝜆, 𝜃) is given by:  

 𝑒𝑎(𝜆, 𝜃) = 1 − 𝑡(𝜆)1 𝑐𝑜𝑠𝜃⁄   (5.5) 

where 𝑡(𝜆) is the atmospheric transmittance in the zenith direction. The data of 𝑒𝑎(𝜆, 𝜃) 

can be found from Gemini Observatory[181]. 𝑇𝑎  is the ambient temperature, which is 

considered to be 300 K. The calculation can be finished by Python (Pandas).  
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5.2.7 Numerical simulation 

 

The numerical simulations were carried out using the finite element (FE) method, 

and the finite-difference time domain (FDTD) approaches based on Maxwell’s Equations 

and Heat Transfer Model. Since the closed-flower structure shows the extraordinary 

emissivity in the atmospheric window range, several dimensional factors needed to be 

studied. For a range of 3D designs within the membrane, the overall emissivity of the 

membranes will be calculated with different dimensional factors, including the height, the 

layer thickness, and the gap distance of linear structures. The equations were solved by 

Lumerical FDTD Solutions. 

 

5.3 Results and Discussion 

 

5.3.1 Structure design and numerical simulation 

 

In order to achieve environmentally-adaptive radiative cooling and heating, the 

material structure that responses to the environmental temperature change is critical. A 

pyramid structure, which looks like a closed flower, has a promising selectivity of mid-

infrared absorption to realize high-performance radiative cooling[55, 80]. To achieve 

environmentally radiative cooling and warming in a single emitter material, the emitter 

should be switchable between high absorptivity and low absorptivity. The closed-flower 

structure could effectively reflect the IR radiation and reduce the transmittance, resulting 
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in radiative cooling capability. In contrast, the open-flower structure cannot realize this 

function. The double-layered system can be designed based on this knowledge, as shown 

in Fig. 5.3.1 (a). When the ambient temperature is low, the membrane exhibits the heating 

function. The shape of the outside layer is the open-flower condition, which allows the 

atmospheric radiation to come through for heating the zone covered by the membrane. 

The inside closed-flower structure can effectively prevent the inside heat loss. When the 

ambient temperature is high, the membrane can realize the cooling function. The outside 

structures are automatically transformed to the closed-flower condition to prevent the 

atmospheric radiation from passing through. The inside structures change to the open-

flower state, respectively, allowing the inside heat to get out in the way of IR radiation. 

The detailed mechanism is illustrated in Fig. 5.3.1 (b). 
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Figure 5.3. 1 Schematic of responsive structure for environmentally-adaptive cooling 

and warming. (a) Environmental temperature-induced structure evolution for 

radiative cooling and heating. (b) The mechanism of environmentally-adaptive self-

cooling and heating membrane through IR radiation transmission and reflection. 

 

As shown in Fig. 5.3.1, the closed-flower structure will allow trapping the IR 

radiation while the open-flower structure will let IR radiation pass through. The 

transformation between the closed-flower and open-flower formats will automatically 
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allow self-cooling and heating in response to the environment. The relationship between 

the structure and the corresponding emissivity on the atmospheric window and solar 

spectrum was investigated to guide the structure design and material selection. The critical 

issue for radiative cooling is reducing the absorbance from the ambient and increasing the 

emissivity from inside to outside. Similarly, for radiative heating, the essential factor is 

reducing the emissivity from the inside object. Simulation of the emissivity of different 

structures and resulting cooling or heating function could provide insight into the design 

of the responsive material structure. The numerical simulations were carried out using the 

finite element (FE) method and the finite-difference time-domain (FDTD) approaches 

based on Maxwell’s Equations and Planck’s Law. Since the closed-flower structure looks 

like a pyramid with a platform on the top, we could design a pyramid structure 

representing the closed-flower structure and four triangular prisms to define the open-

flower structure. Since the pyramid structure shows the extraordinary emissivity in the 

range of the atmospheric window[80], several dimensional factors need to be studied. First 

of all, the vertex angle of a pyramid structure is the most significant factor, determining 

the reflection of electromagnetic waves amongst the pyramids. Generally, the reflection 

rate increases as the vertex angle decreases, and the IR radiation, as a kind of 

electromagnetic wave, will be reflected more and absorbed less[182]. On the other hand, 

as the vertex angle decreases, more pyramid structures and higher height are needed to 

cover a given area.  Herein, we position the vertex angle of the pyramid at 15 degrees to 

balance the conflict between size and reflectivity[182]. Ideally, the tip of the pyramid 

structure is a point, but it is extremely difficult to fabricate.  Usually, a platform at the top 
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of the pyramid is created in the fabrication process. Accordingly, the pyramid structure 

with a small platform, including the geometrical parameters, is designed for numerical 

simulation, as shown in Fig. 5.3.2 (a, b). The bottom length, top length, gap distance of 

the structure, and height are denoted as a, b, c, and h, respectively. All the parameters are 

designed for the closed-flower system. The open-flower structures are calculated 

according to the closed-flower structure. In the numerical simulation, the refractive index 

of the designed structure was assumed to 1.50 for PNIPAM based on the literature[183]. 

As shown in Fig. 5.3.2 (c), when the gap distance (denoted as c) is constant, the valley of 

the absorptivity shifts towards the atmospheric window range as the geometric parameters 

(a, b and h) increase. Specifically, when the bottom length of the pyramid structure is 

greater than 30 μm, the valley of the absorptivity will be located in the atmospheric 

window. Therefore, the optimal bottom size of the pyramid structure would be 30 μm. On 

the other hand, as shown in Fig. 5.3.2 (d), when the gap distance is a constant, the 

absorptivity decreases as the geometric parameters (a, b and h) increase. To optimize the 

absorptivity, it is better to reduce the gap distance as small as possible. However, 

considering the feasibility of the printing process, the gap distance should match the 

resolution of the 3D printer. 
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Figure 5.3. 2 Simulation of emissivity of different sizes of EAM structures. (a) Side-

view of the designed system. (b) The developed model in Lumerical FDTD 

simulation. (c) Calculated emissivity spectra for different bottom lengths of the 

closed-flower structure. 

 

5.3.2 Two-photon laser lithography of PNIPAM microstructures 

 

The fabrication of the EAM structures has been demonstrated using the two-

photon laser lithography method. To maintain the stability of the 3D design, the ratio 

between the monomer (here N-isopropylacrylamide (NIPAM)) and the crosslinker (here 

N, N′-methylenebis(acrylamide) (Mbis)) is critical. A high concentration of crosslinkers 

helps to construct the hydrogel but reduces the response capability to the environmental 

stimulus. On the contrary, it is hard to construct hydrogel using a low crosslinker 
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concentration while the response to the stimulus is obvious. Therefore, the balance 

between functionality and feasibility is an initial challenge. According to the 

literature[184, 185], the molar ratio of NIPAM and Mbis at 10:1 was a good trade-off. 

Besides the monomer and crosslinker, the photoresist also contains the photoinitiator (PI). 

Since the laser wavelength of the two-photon laser lithography is 780 nm, the absorption 

peak for the PI should be around 390 nm. Therefore, 2-Hydroxy-4′-(2-hydroxyethoxy)-2-

methylpropiophenone (Irgacure 2959) was selected as the PI in the photoresist. The PI 

was dissolved in the ethylene glycol (EG) and acetone first to provide a sound dispersion 

for polymerization.  

Another challenge for fabricating the PNIPAM microstructures is to adjust the 

printing parameters to increase the printability. Möller et al.[185] indicated that the pure 

NIPAM and Mbis photoresist is hard to be printed by two-photon polymerization due to 

the low energy delivery. Even if the scan speed was as low as 2000 μm/s and the laser 

power was as high as 80 mW, the printing process was still very tough, and the resolution 

was low. Here, one promising strategy to solve this problem is to cover the NIPAM resin 

with a commercialized IP-L 780 resin layer to increase power delivery[186]. These two 

kinds of resin are interpenetrated on a scale smaller than the wavelength of the light. By 

introducing this method, the NIPAM resin can be polymerized under 10,000 μm/s scan 

speed and 30-40 mW power, respectively. The resolution can be at 100 nm level. In the 

design, when the ambient temperature is higher than the critical temperature (Tc) of 

PNIPAM, the polymer shrinks and stiffens because of the hydrophobic property. The 

magnitude of this effect highly depends on the density of crosslinking during the 
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polymerization process. With the higher crosslinking density of the polymer chains, the 

structure is more confined to its designed geometry and is harder to transform. In this case, 

the thermal response for the highly crosslinked area is weak. To achieve shape 

transformation between the open-flower and closed-flower structures, each triangular 

prism can be divided into two layers, as shown in Fig. 5.3.1 (a). The inner layer of the 

triangular prism indicated in yellow (lower crosslinking density) demonstrated a stronger 

shrinking than the outer layer shown in green (higher crosslinking density), which led to 

a pronounced bending toward the closed-flower structure when the temperature is higher 

than the critical temperature of PNIPAM.  

The crosslinking density can be controlled by the exposure dose delivered to the 

curing region. A larger exposure dose results in a higher crosslinking density, while the 

lower exposure dose indicates a lower crosslinking density. To vary the local exposure 

dose during the fabrication process, the gradient of laser power can realize the exposure 

dose slope when the scan speed is constant. This method is called gray-tone lithography, 

which gradually changes the material properties by continuously varying the exposure 

dose during the fabrication process[187]. In this method, a highly localized control of the 

crosslinking density can be achieved, and, consequently, the thermal responsive structure 

was fabricated. The detailed printing parameter is stated in the Experiment Section. 

Specifically, the green layers in Fig. 5.3.1 (a) were printed at 40 mW, and the yellow layers 

were printed at 30 mW, respectively. After that, the printed PNIPAM microstructures were 

transferred to acetone to remove the IP-L 780 resin, followed by DI water immersion. 
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After development, the samples were kept in DI water to avoid drying of the formed 

hydrogel. 

 

 

Figure 5.3. 3 Environmentally-adaptive micro-structure fabrication. (a) 

Temperature-induced transformation between open-flower structure and closed-

flower structure. (b-c) Top view and 3D image of printed open-flower structure. (d-

e) Top view and 3D image of printed closed-flower structure. 
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To investigate the thermal response of as-designed structure, as-printed samples 

were heated or cooled to the desired temperature controlled by a thermoelectric Peltier 

plate powered by Keithley 2400. According to the ambient temperature, the shape 

transformation was evaluated by the optical microscope (Fig. 5.3.3 (a)). When the ambient 

temperature is lower than Tc of PNIPAM (32 ℃), the as-printed structure exhibited the 

original printed shape, i.e., open-flower form. As the ambient temperature went higher 

than Tc, PNIPAM transited from hydrophilic to hydrophobic, which resulted in the 

shrinkage in volume. Since the crosslink density of the outer layer (green layer) is higher 

than that of the inner layer for each prism, the transition of outer layers is not as sharp as 

that of the inner layers. Therefore, the open-flower structure was bent to the closed flower 

structure when the ambient temperature was 40 ℃. After the ambient temperature was 

decreased to room temperature, PNIPAM exhibited hydrophilic property again and tended 

to swell in water. The closed-flower structure was re-open to the open-flower shape. This 

ability to change shape with temperature stimulus provides an excellent opportunity for 

the realization of EAM.  

To experimentally verify the radiative cooling and heating performance of the 

designed responsive structure, we fabricated patterned structures on substrates for further 

measurements. Since it is very time-consuming to print deformable structures with a 63x 

lens (30 min for an open-flower form), we use a 25x lens to print non-deformable systems 

on a 1.5 mm * 1.5 mm scale to measure the emissivity of EAM. According to the 

numerical simulation results, the emissivity highly depends on the geometric parameter of 

the structure. In this case, four groups of samples for both closed-flower structure and 
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open-flower structure were prepared for testing. The parameters of the system are listed 

in Table 5.1. In this design, the bottom lengths of the structure were ranged from 30 μm 

to 120 μm, the thickness of each triangular prism d is 1/3 of the bottom size a, the gap 

distance is a constant at 5 μm, and the height of the structure was calculated based on the 

vertex angle of the pyramid structure. Fig. 5.3.3 (b-e) shows the printed open-flower 

structure and closed-flower structure when a = 90 μm. Other printed samples for both 

open-flower and closed-flower shapes were collected in the Fig. 5.3.4 (a-h). 

 

Table 5. 1 Geometric parameters of the printed structure 

Sample # a (μm) d (μm) c (μm) h (μm) a/c 

1 120 40 5 425 24 

2 90 30 5 311 18 

3 60 20 5 197 12 

4 30 10 5 83 6 
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Figure 5.3. 4 Printed sample for closed-flower structure and open-flower structure 

with the different bottom lengths of the pyramid structure ( a = 30 μm, 60 μm, 90 

μm, and 120 μm, respectively). 

 

The next step is to investigate the radiative cooling and heating function of the 

designed EAM. The experimentally measured emissivity (absorptivity) spectra of the 

EAM were performed by UV-Vis-NIR spectroscopy in the range of 0.4 μm – 3 μm and 

Fourier-transform infrared (FTIR) spectroscopy in the field of 4 μm – 16 μm. The results 

are shown in Fig. 5.3.5 (a). The common radiative cooling emitter requires wide-band 

emissivity from wavelengths 8 to 13 μm with a high emission rate. For a single layer of 

the closed-flower structure (a = 30 μm, 60 μm, 90 μm, and 120 μm), the peak emission 

rate is around 95% in the range of atmospheric window. As the bottom length a increasing, 

the peak emission rate goes higher. But the difference is tiny. On the other hand, for a 

single layer of the open-flower structure (a = 30 μm, 60 μm, 90 μm, and 120 μm), the 

emission rate decreased in the range of atmospheric window as the bottom length a 

increasing. The lowest emission rate occurs on the 30-μm open-flower structure. The 

absorptivity dependence on geometrical parameters can be attributed to the bottom width 

ratio and the gap distance. If the ratio is smaller, which indicates the gap is more 
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significant, it is easier for IR radiation to pass through the EAM, and the absorption rate 

is lower. To achieve both radiative cooling and heating by a double-layer structure, the 

difference of the emissivity between the open-flower and closed-flower structures is the 

most critical issue. The larger the difference will result in the better the radiative cooling 

and heating effect.  

To evaluate the potential radiative cooling and heating effect of the EAM, the 

cooling power should be calculated. (Heating power is the opposite of cooling power. 

Therefore, we can calculate cooling power only.) Generally, the cooling power is 

subjected to the emitted radiative energy by the emitter and the absorbed atmospheric 

radiation by the structure. The detailed calculation steps are stated in the experiment 

section. Fig. 5.3.5 (b) shows the cooling power for a single layer of the emitter, including 

the closed-flower structure and the open-flower structure. A positive value of cooling 

power can cool a chamber below the ambient temperature. When the cooling power is 0, 

the value of the (Ts – Ta) indicates the temperature difference can be achieved between the 

ambient environment and the covered chamber as the EAM was applied. On the other 

hand, when the (Ts – Ta) = 0, the net cooling power for the 30-μm closed-flower structure 

is as high as 185 W/m2.  
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Figure 5.3. 5 Optical properties of the EAM. (a) Measured emissivity (absorptivity) 

of the EAM for different bottom lengths of the pyramid structure. The wavelength 

ranged from 0.4 μm to 3 μm was measured by UV-Vis-NIR and the wavelength 

ranged from 4 μm to 16 μm was measured by FTIR. (b) Calculated cooling power 

without the presence of nonradiative heat exchange for different bottom lengths of 

the pyramid structure. (c) Net cooling (heating) power of the designed EAM for 

different bottom lengths of the pyramid structure. 

 

A dual-function membrane should be considered for both the cooling and heating 

power. For a double-layer structure, the closed-flower form towards the outside, and the 

open-flower form towards the inside to achieve radiative cooling when the ambient 

temperature is high. When the ambient temperature is low, the inside emitter changes to 
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the closed-flower structure and the outside emitter changes to the open-flower structure. 

At this moment, the dual-directional adaptive power can be calculated by the difference 

of the absorptivity for the closed-flower and open-flower structure based on the results in 

Fig. 5.3.5 (a). The dual-directional adaptive powers are shown in Fig. 5.3.5 (c). The EAM 

can exhibit “smart” radiative cooling and heating power at 22 W/m2 when the 30-μm 

structures were applied.  

The traditional evaluation criteria work for radiative cooling power only, which is 

not sufficient for dual-functional membranes. In this case, a novel strategy to evaluate the 

performance of dual-functional membranes should be generated. The dual-functional 

membranes exhibit both radiative cooling and heating functions. For a double-layer 

structure, the closed-flower form towards the outside, and the open-flower form towards 

the inside to achieve radiative cooling when the ambient temperature is high. The cooling 

power should be calculated by the reflected ambient IR radiation minus the conserved heat 

from the inside. When the ambient temperature is low, the inside emitter changes to the 

closed-flower structure, and the outside emitter changes to the open-flower structure. The 

heating power should be considered the difference between the absorbed ambient IR 

radiation and the inside heat emission. Therefore, the absorptivity difference for the inside 

and outside structure should be applied to the Eq. (5.1-5.5), i.e. 

 𝑃𝑑𝑢𝑎𝑙−𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑑𝑎𝑝𝑡𝑖𝑣𝑒 𝑝𝑜𝑤𝑒𝑟 = |𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 − 𝑃𝑖𝑛𝑠𝑖𝑑𝑒| = |𝑓(𝑒𝑠(𝑜𝑢𝑡𝑠𝑖𝑑𝑒) −

𝑒𝑠(𝑖𝑛𝑠𝑖𝑑𝑒))| 

    (5.6) 
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where the 𝑒𝑠(𝑜𝑢𝑡𝑠𝑖𝑑𝑒) and 𝑒𝑠(𝑖𝑛𝑠𝑖𝑑𝑒) refer to the emissivity of the outside layer and the 

inside layer, respectively. At this moment, the dual-directional adaptive power can be 

calculated by the difference of the absorptivity for the closed-flower and open-flower 

structures based on the results in Fig. 5.3.5 (a). The dual-directional adaptive powers are 

shown in Fig. 5.3.5 (c). The EAM can exhibit “smart” radiative cooling and heating power 

at 22 W/m2 when the 30-μm structures were applied.  

To measure the radiative cooling and heating effect of the EAM, a homemade 

thermographic camera system was set up. The testing system consists of an IR camera, 

one sample holder for the double-layer EAM, and the ambient temperature control system 

(Fig. 5.3.6 (a)). A 1-inch length hole was punched on an isothermal chamber to anchor the 

EAM sample. The EAM sample was fabricated by the 25x lens to print non-deformable 

structures on a 1.5 mm * 1.5 mm square. Due to the resolution of the IR camera is 50 μm, 

the structure size for the testing was using the 60-um closed-flower and open-flower 

structures. For the experiment group, the outside layer of the EAM sample is covered by 

the closed-flower structure, and the inside layer is covered by the open-flower structure. 

As the control group, a clean glass substrate was set on the sample position. The hot 

environment was achieved by a 250 W IR heater, and the cold climate was performed by 

a box of ice water mixture.  Fig. 5.3.6 (b-c) shows the temperature distribution captured 

by the IR camera for the same heating duration (10 min) and the same cooling duration 

(30min) for the experiment group and control group, respectively. The average 

temperature of all the pixels in the black square in Fig. 5.3.6 (b-c) was calculated over 

time and plotted in Fig. 5.3.6 (d-e). The movies captured by the IR camera were collected 
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in the Supplementary Materials. As shown in Fig. 5.3.6 (d-e), the heating process and the 

cooling process of the experimental group are gentler than the control group, which 

indicates a feasible cooling and heating performance. The calculated dual-directional 

adaptive of the printed sample was 45 μW on the 1.5 mm * 1.5 mm square. 

 

 

Figure 5.3. 6 Thermal measurement of the EAM. (a) The cooling and warming test 

system. (b, c) The temperature distribution of the experimental group and the control 

group respectively. (d) Cooling effect of the experiment group (EAM on the 

substrate) and the control group (substrate only), respectively. (e) Heating effect of 

the experiment group (EAM on the substrate) and the control group (substrate only), 

respectively. 
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5.4 Conclusion 

 

In summary, the radiative cooling and heating performance of the 

environmentally-adaptive membrane has been experimentally and computationally 

demonstrated. A single-layer closed-flower structure can achieve passive radiative cooling 

power as high as 185 W/m2. The radiative cooling and heating function is performed by a 

double-layered system according to the ambient temperature. Such environmentally-

adaptive membrane will attract more and more attention for energy sustainability. This 

technology has a great potential to reduce the energy consumption of the HVAC systems 

for both buildings and EVs. With the advancement of printing technology, this EAM can 

be produced on flexible film. Then the EAM would be able to use on the textile to achieve 

personal thermal management.  
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CHAPTER VI  

CONCLUSIONS AND FUTURE WORK 

 

6.1 Conclusions 

 

This dissertation describes the fundamental study of micro/nano-structured 

membranes in response to energy consumption which hinders water and energy 

sustainability. Sustainability has various meanings in the context of water acquisition and 

passive radiative energy saving.  

Since pure GO can be significantly influenced by water flow and be damaged due 

to swelling and folding, which results in low stability for applications, C60 was selected 

as the skeleton to support GO layers for tuning the interlayer spacing. The C60 frame can 

also increase the stability of membranes through the covalent bonds between C60 and GO 

laminates which indicates over 10 hours stability. By adjusting the ratio of C60, the 

interlayer spacing can be fixed at 1.25 nm to achieve a high water flux up to 10.85 L h-1 

m-2 bar-1 and a high ion rejection rate of 89.66%. The cross-section membrane filtration 

technique can reduce the steric effect during the water molecule transportation in the GO 

laminates and minimize energy consumption up to 0.94 kWh/m3. By increasing the water 

permeance of GO-based membrane via several strategies, the energy consumption for 

water desalination is reduced to meet water sustainability requirements.  

Although water desalination can be achieved by GO-based membranes, energy 

efficiency and scalability are still the bottlenecks for further commercialization. In this 
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dissertation, gradient membranes were designed and assembled with graphene oxide and 

celluloses laminates and then used for RO desalination. The water flowing path was tuned 

by graphene oxide sizes while salt/water separation was tailored by the graphene oxide 

interlayer crosslinking. By optimizing the GO laminates’ thickness and the GO 

nanosheet’s lateral dimension, the length of the water pathway can be significantly 

reduced, and thereby the energy consumption is reduced, while maintaining the water 

desalination performance. The gradient nanocomposite membranes exhibit water 

permeance as high as 21.34 L h-1 m-2 bar-1 and ion rejection rate > 96.08%, indicating a 

35.8% energy saving on membrane filtration for brackish water. 

Passive radiative cooling and heating is another critical energy problem for global 

sustainability. The cooling and heating systems consume a large amount of electricity. To 

overcome this problem, many promising technologies have been developed. However, 

most of these approaches are monofunctional, which can only solve the problem of 

radiative cooling or heating and cannot adapt the function according to the ambient 

temperature. PNIPAM is a well-established polymer exhibiting a substantial response to 

temperature changes. In this dissertation, an EAM for both radiative cooling and heating 

can be achieved by PNIPAM-based hydrogel. The controlled shape transformation 

between closed-flower structure and open-flower structure can be achieved by varying the 

local exposure dose in two-photon laser lithography. This transformation can be 

completed in 1 min. The cooling power for a single-layer system can achieve up to 185 

W/m2. The radiative cooling and heating function is performed by a double-layered system 

according to the ambient temperature. The dual-directional cooling and heating power for 
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the EAM can achieve 22 W/m2. Such environmentally-adaptive membranes will attract 

more and more attention for energy sustainability. This technology has a great potential to 

reduce the energy consumption of the HVAC systems for both buildings and EVs. With 

the advancement of printing technology, this EAM can be produced on flexible film. Then 

the EAM would be able to use on the textile to achieve personal thermal management.  

 

6.2 Future Work 

 

1) The biofouling issue is one of the most severe problems associated with membrane 

applications for water desalination. The performance and lifetime of a membrane 

are highly dependent on the antifouling properties. The antifouling properties of 

GO-based membrane must be further investigated. A combination of energy-

efficient desalination performance and antifouling performance would 

significantly contribute to the application of GO-based RO membranes. 

2) 3D printing technology is a promising method for nano-/micro-structure 

fabrication. However, it is challenging to scale-up. For passive radiative cooling 

and heating membranes, scalability is a critical issue. More efforts ought to 

develop scalable fabrication methods or substitute materials to achieve large-scale 

membranes for environmentally-adaptive self-cooling and heating functions. 

3) Solar energy is a key part of the heat source. Radiative warming has been widely 

used for thousands of years. On the other hand, due to the higher requirements of 
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comfortable temperature, it is essential to introduce other technologies to address 

solar power for not only radiative heating but also passive radiative cooling. 
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