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Abstract 
Hydrodynamics at the nanoscale involves both fundamental study and application of fluid and mass 

transport phenomena in nanometer-sized confinements. Nanopores in single-layer graphene can be highly 

attractive for exploring the molecular transport of gas and water molecules and hydrated ions at the 

ultimate scales of pore size and pore length. However, the experimental data is limited, and the state-of-

the-art artificial nanopores still underperform compared to biological channels in cellular membranes.  

This dissertation focuses on developing ultimate graphene nanopore devices to study mass transport 

phenomena under controlled spatial confinement. We first investigated the kinetics of liquid–vapor 

transport from nanoscale confinements which is attractive for novel evaporation and separation 

applications; however, it is not explored at the ultimate confinement limit, i.e., at the atomic-thick and Å-

scale nanopore placed at the liquid–vapor interface. We show that the evaporation flux from such 

nanopores increases with decreasing pore size by up to one order of magnitude relative to the bare liquid–

vapor interface. Molecular dynamics simulations reveal that oxygen-functionalized nanopores render 

rapid rotational and translational dynamics to water molecules by reducing and shortening the lifetime of 

water–water hydrogen bonds.   

Graphene nanopores also enable the study of ion transport across sub-nanometer-scale 2D 

confinements. We produce tailor-made nanopores approaching the size of hydrated ions by decoupling the 

pore nucleation and expansion. Monovalent metal ions are efficiently sieved from divalent ions, with 

K+/Mg2+ selectivity up to 70 and Li+/Mg2+ selectivity up to 50, corresponding to a sieving resolution of 1 

Å. Mitigating the non-selective pore formation further enhance the ion-sieving performance, reaching 

K+/Mg2+ selectivity up to 350 and Li+/Mg2+ selectivity up to 260. The pore size and structure allow 

adjusting the diffusion of ions across the nanopores, suggesting that the sterically induced partial 

dehydration process may play an important role in the observed cation selectivities. These selectivities 

were realized from centimeter-scale suspended graphene membranes, prepared in crack-free fashion by 

using dual layer reinforcement strategy where the first layer is 200-nm-thick nanoporous carbon (NPC) 

film hosting 20 nm pores which ensures a conformal contact and reinforcement of the graphene film and 

the second (top) layer is Nafion. 

Finally, a dual layer reinforcement is also demonstrated for preparing crack-free centimeter-scale gas 

separation membranes to utilize the full potential of graphene nanopores for energy-efficient applications. 
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The bottom layer of the composite film is NPC film while the top layer is made of a 500-nm thick multi-

walled carbon nanotube (MWNT) film with a pore size ranging from 200 to 300 nm. The obtained 

selectivities from crack-free centimeter-scale graphene membranes for H2/CH4 and H2/CO2 are 11–23 and 

5–8, respectively, which is significantly higher than the corresponding Knudsen selectivities.  

Overall, this dissertation presents a graphene nanopore toolkit for studying fluid mechanics at the 

ultimate scales. The findings of enhanced water evaporation rate and ion selectivity using the nanopore 

platform could enrich our understanding of mass transport under extreme confinement and open new 

opportunities for a range of separation applications. 

 

Keywords: graphene nanopores, water evaporation, evaporation kinetics, ion transport, membrane,  
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Résumé 
L'hydrodynamique à l'échelle nanométrique implique à la fois l'étude fondamentale et l'application 

des phénomènes de transport de fluides et de masse dans des confinements de taille nanométrique. Les 

nanopores dans le graphène monocouche peuvent être très attractifs pour explorer le transport moléculaire 

des molécules de gaz et d'eau et des ions hydratés à des échelles nanométrique. Cependant, l'apport 

expérimental est limité, et les nanopores artificiels sont toujours moins performantes que les canaux 

biologiques des membranes cellulaires.  

Cette thèse porte sur le développement de dispositifs nanométrique de nanopores de graphène pour 

étudier les phénomènes de transport de masse sous confinement spatial contrôlé. Nous avons d'abord 

étudié la cinétique du transport liquide–vapeur à partir de confinements à l'échelle nanométrique, un 

phénomène fondamentalement moins exploré mais attrayant pour de nouvelles applications d'évaporation 

et de séparation. Le flux d'évaporation à partir de nanopores à l'échelle de l'angström augmente avec la 

diminution de la taille des pores d'un ordre de grandeur par rapport à l'interface liquide–vapeur. Les 

simulations de dynamique moléculaire révèlent que les nanopores fonctionnalisés à l'oxygène confèrent 

une dynamique de rotation et de translation rapide aux molécules d'eau en réduisant et en raccourcissant 

la durée de vie des liaisons hydrogène eau–eau.   

Les nanopores de graphène permettent également d'étudier le transport des ions à travers des 

confinements 2D à l'échelle sub-nanométrique. Nous produisons des nanopores sur mesure dont la taille 

est proche de celle des ions hydratés en découplant la nucléation et l'expansion des pores. Les ions 

métalliques monovalents sont efficacement tamisés par rapport aux ions divalents, avec une sélectivité 

K+/Mg2+ allant jusqu'à 70 et une sélectivité Li+/Mg2+ allant jusqu'à 50, correspondant à une résolution de 

tamisage moléculaire d'un an. L'atténuation de la formation de pores non sélectifs améliore encore les 

performances de tamisage des ions, atteignant une sélectivité K+/Mg2+ jusqu'à 350 et une sélectivité 

Li+/Mg2+ jusqu'à 260. La taille et la structure des pores permettent d'ajuster la diffusion des ions à travers 

les nanopores, ce qui suggère que le processus de déshydratation partielle induit stériquement peut jouer 

un rôle important dans les sélectivités de cations observées. 

Enfin, nous proposons un procédé de fabrication de membranes de grande surface sans fissures afin 

d'utiliser tout le potentiel des nanopores de graphène pour des applications à haut rendement énergétique. 

Nous présentons une méthode pour renforcer mécaniquement le graphène nanoporeux à l'échelle 
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centimétrique en utilisant un film de carbone composite à deux couches. La couche inférieure du film 

composite est composée d'un film de carbone nanoporeux (NPC) de 100 nm d'épaisseur, tandis que la 

couche supérieure était constituée d'un film de nanotubes de carbone multiparois (MWNT) de 500 nm 

d'épaisseur avec une taille de pores allant de 200 à 300 nm. Les sélectivités obtenues à partir de membranes 

de graphène à l'échelle centimétrique sans fissures pour H2/CH4 et H2/CO2 sont respectivement de 11–23 

et 5–8, ce qui est nettement supérieur aux sélectivités de Knudsen correspondantes.  

Dans l'ensemble, cette thèse présente une boîte à outils de nanopores de graphène pour étudier la 

mécanique des fluides à l'échelle nanométrique. Les résultats de l'amélioration du taux d'évaporation de 

l'eau et de la sélectivité des ions en utilisant la plateforme de nanopores pourraient enrichir notre 

compréhension du transport de masse sous confinement extrême et ouvrir de nouvelles opportunités pour 

une gamme d'applications de séparation. 

 

Mots clés: graphène nanoporeux, évaporation de l'eau, cinétique d'évaporation, transport d'ions, 

membrane 
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Chapter 1 Introduction  

1.1 Hydrodynamics at the nanoscale: challenges and opportunities 
Hydrodynamics at the nanoscale involves both fundamental study and application of fluid and mass 

transport phenomena in nanometer-sized confinement, where they behave differently compared to their 

counterparts in the bulk phase. It is a powerful tool in a wide range of fields, such as thermodynamics, 

quantum physics [1], nanofluidics [2–4], and biophysics [5]. Hydrodynamics at the nanoscale has revived 

in the past few years, and recent experimental studies revealed that the classical continuum model fails to 

describe the behavior of water molecules and ionic fluids under extreme confinements [6,7]. These 

findings also suggest knowledge gaps of nanoscale hydrodynamics, which are classified into several 

subgroups [8], as shown in Figure 1.1. These knowledge gaps have raised a need for next-generation 

approaches to address and soundly understand those topics while providing opportunities for new 

technologies. Nowadays, the goal is to fabricate artificial nanochannels/nanopores that would reproduce 

the complexity of biological channels for understanding the fluid mechanics at the ultimate scales. 

Examples of such platforms include carbon nanotubes (CNTs) [9–11], graphene oxide (GO) laminates 

[12–14], solid-state nanopores [15,16], and nanochannels made from polymeric [17] or inorganic building 

blocks [18]. In a nutshell, CNTs, with their well-defined diameter and atomical smoothness, are used as 

model systems to study slip flow enhancement in hydrophobic confinements [10]. They are also used to 

study fluid phase transition under extreme confinements below 2 nm [11], which was also demonstrated 

in nanoporous silica [19]. GO laminates, on the other hand, were explored to investigate the correlated 

transport and the desolvation process between water/ions and the functional groups inside the 

nanochannels [20,21]. Further efforts are made to reveal the geometry-dependent kinetic evaporation 

under confinement using solid-state nanoconduits and nanopores [15,16]. In addition, nanopores in two-

dimensional materials, such as molybdenum disulfide (MoS2) [22,23], graphene, or hexagonal boron 

nitride (hBN) [2,24], were developed to understand the confinement-induced transport behavior of water, 

solvent molecules, or ions.  
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Figure 1.1. Critical knowledge gaps in hydrodynamics at the nanoscale. Note: Seven topics in the study of fluid mechanics 

under confinement (< 10 nm) are not well-understood. They include 1) the slip length in nanopore diameter, 2) the phase 

behavior of fluids under confinement, 3) enhanced phase separation by nanoconfinement, 4) impact of defects at the nanoscale, 

5) transport of ions and their interaction with confining cavity, 6) enhanced molecular and ionic selectivities, and 7) the 

solvation and desolvation in confinement. Adapted with permission from [8]. Copyright © 2019, American Chemical Society. 

 

Nanoscale fluids have been intensively examined using atomic simulations; however, the experimental 

input is little due to the inherent difficulty of the nanoconfinement fabrication and analytical techniques 

to probe the ultrasmall systems. Indeed, it is challenging to precisely create a confining geometry with 

controlled sub-nanometer dimensions. The state-of-art micro- and nanofabrication enable solid-state 

nanopores and nanosteps down to a few nanometers but may result in a rough-etched morphology [25]. 

In addition, current experiment efforts using such techniques focus on nanostructures 20–100 nm in size, 

which cannot reveal the actual behavior of fluid to its limit, i.e., under confinement approaching the size 

of molecules. A prominent strategy to address these issues is to exploit novel two-dimensional materials, 
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such as single-layer graphene, which provides atomic flatness and enhances nanopore characterization 

while avoiding structural complexity seen in other materials [26–28]. This thesis pursues employing 

graphene nanopores for investigating the water vaporization and ion transport under confinements 

approaching the size of a water molecule or a hydrated ion. The nanopore platform also enables probing 

a novel transport regime that allows separation and sensing applications.   

 

1.2 Nanopores in single-layer graphene  

1.2.1 Single-layer graphene 

Since the first experimental discovery by Novoselov et al. [29], who were later awarded Nobel Prize in 

physics in 2010, graphene has attracted considerable attention as a “super material.” Graphene comprises 

a single layer of carbon atoms arranged in a honeycomb lattice connected with sp2 hybridization (Figure 

1.2a and b). It is one-atom-thick (~3.4 Å), highly flexible, and shows extraordinary mechanical [30] and 

thermal stability[31,32]. The Young’s modulus for single-layer graphene reaches 1 TPa [33], and single-

layer graphene also shows a high thermal conductivity of 5000 W mK-1 t and can withstand temperatures 

up to 2600 K [34]. Furthermore, graphene is known as “semi-metal,” neither semiconductor nor metal, 

and can have electron mobility as high as 2 x105 cm2/Vs [35]. 

 Different approaches to producing graphene were investigated after the demonstration of mechanical 

graphene exfoliation from graphite flakes using “scotch tape” [29]. Various routes for graphene production 

fall into two groups: the top-down approach and the bottom-up approach. Exfoliation is a typical top-

down approach with several derivatives depending on the force/energy involved in the process, e.g., 

exfoliation by liquid-phase sonication [36,37], sticky tape, or electrochemistry (Figure 1.2c) [38]. The 

most significant advantage of top-down approaches is the synthesis of transfer-free graphene which 

facilitates the placement of target substrates. However, the resolution of configurational structures is often 

sacrificed in this case. On the other hand, growing single-layer graphene on catalytic metal substrates by 

chemical vapor deposition (CVD), a bottom-up approach, has attracted great attention because of its 

versatile potential to integrate into the well-established semiconductor industry. The first demonstration 

of CVD-grown single-layer polycrystalline graphene film which could be successfully transferred to 

another substrate was reported in 2009 by Ruoff’s group [39] with CH4 as the carbon source and copper 

(Cu) as the catalyst (Figure 1.2d). Nowadays, this method allows the synthesis of exclusive single-layer 

coverage (> 98%) of graphene due to the low carbon solubility of Cu [40]. High-throughput production 
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of single-layer graphene can also be achieved via CVD-integrated roll-to-roll processes (Figure 1.2e) [41–

43]. In this thesis, CVD-based single-layer graphene was employed as a base for the nanopore platform 

owing to its versatility, scalability, and accessibility. 

 
Figure 1.2. Atomic structure of graphene and its synthesis methods. (a) Schematic of graphene honeycomb lattice connected 

through sp2 hybridization. (b) Aberration-corrected high-resolution transmission electron microscopy (AC-HRTEM) image of 

the hexagon structure of single-layer graphene. The scale bar is 5 nm. (c) Graphene prepared by mechanical exfoliation in the 

liquid phase. Adapted with permission from [36], Copyright © 2014, American Chemical Society. (d) A centimeter-scale single 

layer produced by chemical vapor deposition (CVD). Reprinted with permission from [39], Copyright © 2009, The American 

Association for the Advancement of Science (AAAS). (e) Schematic and a photograph of the roll-to-roll graphene CVD reactor. 

Adapted with permission from [41], Copyright © 2018, American Chemical Society.  

1.2.2 Graphene nanopores 
Along with its exceptional properties, graphene is also considered to be a promising material for making 

the shortest solid-state nanopores that enable molecular transport [44–47] and DNA translocation [26]. 

Generally, pristine graphene lattice does not allow even the smallest gas molecule, helium [12], to 

permeate due to the close-packed electron density of the carbon atoms. Therefore, nanopores in graphene 

are formed as intrinsic defects, or can be created by focused electron and ion irradiation [48,49], energetic 

plasma [50–52], or chemical etching [44,53,54], which are the top-down routes of the pore creation. On 

the other hand, the direct bottom-up synthesis of graphene hosting sub-nanometer-sized apertures is 

desirable as it avoids post-synthetic lattice etching, which may complicate pore formation. 
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1.2.2.1 Bottom-up methods 
Bottom-up synthesis of nanoporous graphene can be achieved by engineering the catalytic substrates or 

self-assembling the graphitic building blocks. Perforated graphene can be obtained by assembling an 

ordered array of graphene nanoribbons (Figure 1.3a) [55]. Also, nanoparticle-assisted CVD has been 

reported to render the synthesis of perforated graphene [56,57]. Since graphene is only absent in the region 

where the nanoparticles are on the catalytic substrate, the generated pore size is largely limited by the size 

of the nanoparticles, and they are generally 20–200 nm in size (Figure 1.3b). Another promising method 

is the direct incorporation of intrinsic vacancy defects into the graphene lattice by manipulating the 

precipitation and crystallization of carbon atoms during the synthesis. For instance, nanocrystalline 

graphene hosting molecular-sieving apertures was achieved by promoting the growth of small, 

misoriented grains, which eventually constituted the porous lattice structure (Figure 1.3c) [58]. The 

formation of intrinsic defects in graphene lattice can also be modulated by tuning the growth temperature, 

which affects the dissociation and precipitation of carbon precursors on the catalytic substrate (Figure 

1.3d) [59]. The one-step synthesis of nanoporous graphene seems to be efficient; however, these methods 

require high-end pretreatments and can only result in nanometer-scale pores. 

 

1.2.2.2 Top-down methods 
Engineering nanopores in graphene using an ion beam reveals that a high-energy electron beam facilitates 

the knockout of the carbon atoms on the basal plane and thus the vacancy defect formation. Pores 2–40 

nm in diameter were observed on graphene lattice via electron beam bombardment with an accelerating 

voltage of 200–300 kV [26,60]. Apart from the high-energy electron beam, focused ion beam (FIB) using 

He+, and Ga+ as the ion source was reported to be efficient in drilling nanopores in graphene lattice (Figure 

1.4a) [48,49]. The principle behind ion bombardment is very similar to that behind the electron beam: the 

energy is transferred by the collision between charged particles and carbon atoms, resulting in breaking 

carbon–carbon bonds. Despite the advantages of simultaneous nanopore formation and imaging, both 

methods require sophisticated instrumentation. In addition, the size of resulting nanopores is limited by 

the beam size, making it hard to fabricate nanopores with a resolution comparable to small molecules like 

water and metal ions.   
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Figure 1.3. Graphene nanopores created using bottom-up methods. (a) Nanometer-size nanoporous graphene synthesized 

by cross-linking an ordered array of pores separated by ribbons. Reprinted with permission from [55]. Copyright © 2018, 

AAAS. (b) Schematic of single-layer porous graphene grown on tungsten nanoparticle / polymeric nanoparticles-patterned 

catalytic substrates. Reprinted with permission from [56]. Copyright © 2018 under a Creative Commons Attribution 

NonCommercial License 4.0 (CC BY-NC). (c) Quantitative orientation maps of the nanoporous graphene formed by 

misoriented grains at the edge of a pore. Reprinted with permission from [58]. Copyright © 2021 under CC BY-NC. Proceedings 

of the National Academy of Sciences of the United States of America (PNAS). (d) Atomic-resolution scanning tunneling 

microscope (STM) images of intrinsic defects in graphene on Cu foil synthesized via CVD at 900 °C. Reprinted with permission 

from [59]. Copyright © 2018 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

Energetic plasma created from gaseous species also serves as an efficient tool to etch nanopores in 

graphene lattice. This technique allows pore formation via direct knockout of the carbon atoms from the 

lattice using energetic radicals and enables tailoring the size of graphene nanopores. Such gases as Ar [61], 

H2 [62], and O2 [51,63] are often involved in the plasma etching process of graphene lattices. Among them, 

O2 plasma provides the fastest etching and is proven sufficient to create sub-nanometer-sized pores 

showing the transport of water and small gas molecules (Figure 1.4b). The etching mechanism of O2 

plasma in graphene lattice is complex and still not well-understood, but generally, it is believed that the 

charged oxygen ions (O2+) may coexist with the atomic oxygen (O) once the plasma is generated [63]. 

They perform both physical bombardment (caused by O2+) and chemical etching (caused by O) depending 
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on the pressure and plasma sources. In this thesis, we use O2 plasma to create angstrom-scale graphene 

nanopores to study water evaporation under confinement. 

On the other hand, the lattice of graphene can be also engineered using reactive etchants including 

O3 (Figure 1.4c), UV/O3 [53], O2 [44,64,65], NO [65,66], or CO2 [54]. NO, CO2, and O2 are most likely 

to expand the pre-existing defects (e.g., ~ 127 kJ/mol for O2 and ~ 266 kJ/mol for CO2) instead of making 

new nucleation sites in the graphene lattice due to the high energy barrier (167 kJ/mol, 200 kJ/mol, and 

433 kJ/mol for NO, O2, and CO2, respectively) [54,65]. For instance, by exposing graphene hosting pre-

etched pores created by ion irradiation to O2 at 300 °C, one can tune the size of graphene nanopores and 

obtain H2 sieving nanopores. Furthermore, nanometer-sized vacancy defects in graphene lattice have been 

achieved by the post-synthetic etching of graphene with Å-scale pores using CO2 at high temperatures. In 

contrast, highly reactive O3 or UV/O3 can initiate pore nucleation in a pristine graphene lattice. In the case 

of UV/O3, the presence of UV facilitates the dissociation of O2 into atomic oxygen, O, and the generation 

of O3. Both of them have lower energy barriers for pore nucleation in graphene lattice than ozone (~10 

kJ/mol for O and ~80 kJ/mol for O3) [67,68]. The combination of O and O3 is proven effective in fast 

nanopore etching in graphene. O3 etching at high temperatures in the absence of O is also promising for 

creating nanopores with angstrom precision that enable CO2/N2 separation [44,53]. According to the 

literature, chemisorbed epoxy groups are formed in the first stage of O3 etching, followed by the diffusion 

of the species and then ether cluster formation. This ends up with the C–C bond breaking because of the 

buckling strain acting on the lattice. Overall, chemical etching methods enable tailor-made nanopores in 

graphene lattice and can be combined with other pore etching techniques because of their versatility and 

flexibility. In this thesis, we employ O3 (for pore nucleation) and CO2 (for pore expansion) as etchants to 

achieve nanopores with sizes approaching those of hydrated ions. 
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Figure 1.4. Graphene nanopores created using top-down methods. (a) Scanning electron microscope (SEM) images of 

nanometer-sized graphene pores made via focused ion beam (FIB) milling. Reproduced from [48] with permission from the 

Royal Society of Chemistry. (b) Schematic of the fabrication of a graphene nanomesh using a SiO2 template and O2 plasma. 

Reproduced with permission from [52]. Copyright © 2010, Nature Publishing Group. (c) SEM images of ozone etching on 

graphite. Reprinted with permission from [68]. Copyright © 2003, American Chemical Society. 

 
 

1.3 Graphene nanopores for fluidic transport 
The stability, atomic thickness, and electrical tunability of graphene nanopores enable molecular transport 

in a new regime. The transport of confined gas, liquid, and ionic species in graphene nanopores has been 

intensively studied from both theoretical and experimental perspectives in the literature.  

  

1.3.1 Gas molecules 
Theoretically, the gas transport through a single graphene nanopore comprises direct gas diffusion, surface 
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adsorption, and pore translocation (Figure 1.5a) [45,69,70]. It was suggested that the direct gas diffusion 

from the bulk phase to the vicinity of nanopores could be described by the classical kinetic theory of gas, 

while the surface adsorption on graphene lattice and the pore translocation steps are reaction kinetics 

models derived from the transition-state approach. In this regard, density functional theory (DFT) is used 

to calculate the energy barrier for pore translocation [71,72]. Gas permeation can also be simply modeled 

by considering only the steric effect in molecule−pore interactions. In this context, gas molecules are 

assumed to behave like hard spheres with known sizes, and only those having negligible adsorption (e.g., 

He and H2) onto graphene lattice are considered [73]. On the other hand, molecular dynamics (MD) enable 

the direct calculation of gas permeation from graphene nanopores with more insights into the interaction 

between the molecules and the surface, pore edge, or functional groups (Figure 1.5b) [71,74,75]. 

Experimentally, Koenig et al. reported selective transport of small gas molecules (i.e., H2 and CO2) 

over other larger N2 and CH4 molecules in extremely small pores (~3.4 Å pores) in a bi-layer graphene 

balloon, showing that the size-exclusion effect governed the permeation (Figure 1.5c). Permeance 

decreased with the increasing kinetic diameter of gas molecules in the single-layer graphene nanopores 

with an exception for such gases as CO2 and N2O, which have a strong interaction with graphene 

lattice/pore edges (functional groups) resulting in enhanced transport [76]. He et al. also showed selective 

CO2 permeation by engineering the properties of the surface and pore edge with a CO2-philic polymer 

layer. In contrast, the gas transport in larger graphene pores ( > 5 nm) follows the effusion theory [49], 

where the transport rate is inversely proportional to the mass of a species; however, the gas permeances 

from those pores are much higher than from the existing polymeric membranes (Figure 1.5d). This could 

be attributed to the atomic thinness of graphene that enables almost resistance-free transport [12]. 
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Figure 1.5. Gas transport across graphene nanopores. (a) Schematic of the gas molecule transport mechanism through 

nanoporous graphene. (b) Snapshots of H2 diffusing through the nitrogen-functionalized graphene nanopore from first 

principles molecular dynamics simulations. Reprinted with permission from [75]. Copyright © 2009, American Chemical 

Society. (c) Schematic of a microscopic graphene membrane on a 5-μm SiO2 substrate and the transport rates of different gases 

through a UV-ozone etched nanoporous graphene. Reprinted with permission from [53]. Copyright © 2012, Nature Publishing 

Group. (d) Scanning electron microscope (SEM) image of graphene nanopores drilled using Ga focused ion beam (FIB) and 

N2 permeances per pore through different-diameter apertures (red circles) compared with predictions of the effusion theory 

(horizontal dashed line) and modified Sampson’s model (dashed curve). Reprinted with permission from [49]. Copyright © 

2014, AAAS. 

 

1.3.2 Water and organic solvents 
Water transport across graphene nanopores has been intensively studied using simulations due to the 

emerging demands for energy-efficient water purification technologies. In previous studies, water (~ 2.65 

Å) [77] showed a strong geometry- and functional-group-dependent ultrafast permeation when the pore 

size was below 2 nm [78–81]. The water network structure and the hydrogen dynamics near the pore 

mouth dominate the water permeability. It was shown that water could permeate through pores larger than 

3 Å with a small energy barrier [79]. However, in the presence of hydrogen-terminated pores, water 

molecules tend to form an ordered arrangement in the vicinity of the pore mouth, and this ordering slows 
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down the hydrogen bond dynamics between the water and the pore, resulting in less probability of water 

permeation across the nanopores (Figure 1.6a) [82]. In contrast, pores with hydrophilic functional groups 

allow water transport with a low entropic barrier and thus faster water permeation across the nanopores. 

Another study suggested that the enhanced hydrogen-bond dynamics between pore edges and water 

molecules would boost the water evaporation across the liquid–vapor interface of graphene nanopores 

[83]. Similar to CNT, single-file water configuration has been observed when permeating  across the 

smallest nanopore only accommodating one water molecule (Figure 1.6b) [84]. Besides, the movement 

of water molecules passing through the nanopores becomes discrete rather than continuous with 

decreasing pore sizes [85], indicating the need for a new theory or correction to the classical theory to 

explain hydrodynamics at the nanometer scale [86]. Experimental evidence of ultrafast water flow rate 

from O2-plasma-etched graphene nanopores (pore diameter < 1 nm) showed tremendously high values 

(three water molecules per pore per second) exceeding those through biological channels (Figure 1.6c) 

[51]. This finding was attributed to a unique low-friction flow of water permeating through a one-atom-

thick nanoporous graphene sheet, similarly to the ultrahigh water flow rate observed in graphene oxide 

laminates. On the other hand, water transport in larger graphene pores can be captured by the modified 

Sampson’s model, but the permeation rate is still high compared to commercial membranes due to the 

ultrathinness of the material (Figure 1.6d) [49]. For instance, the water vapor transmission rate for a bi-

layer graphene with 400-nm pores has demonstrated values two orders of magnitude higher than 

waterproof yet breathable textile membranes in the market.  

Although being much less explored, non-aqueous liquids, such as common organic solvents, passing 

through nanopores and nanochannels have shown a great potential for energy-efficient separation 

technologies beneficial to chemical and pharmaceutical industries. Owing to its chemical and thermal 

stability, single-layer graphene enables a nanopore platform for this kind of study. Similar to water, the 

permeation of organic solvents is largely determined by pore size, pore structure, and functional groups. 

Recent studies uncovered that some common organic solvents exhibit subcontinuum geometry-dependent 

flow through sub-nanometer pores [86]. A combination of Sampson’s model with pore size distribution 

modeled by Monte Carlo simulations well describes the permeance of the solvents [87]. It was also found 

that the solvent molecules pass through the pores with certain preferential configurations, potentially 

allowing selective isomer separations. The high permeance of organic molecules through nanoporous 

graphene membranes [88,89] may open opportunities for industrial applications, but the transport 

mechanism details require further investigation.  
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Figure 1.6. Water transport across graphene nanopores. (a) Distribution of oxygen-water inside a hydrogenated (left) and 

a hydroxylated nanopore (right). Reprinted with permission from [82]. Copyright © 2012, American Chemical Society. (b) 

Single-file water configuration across a graphene nanopore from molecular dynamics simulations. Reprinted with permission 

from [84]. Copyright © 2010, American Chemical Society. (c) Water transport rate from O2-plasma-etched nanoporous 

graphene membrane suspended on a 5-μm SiNx substrate as a function of ID/IG ratio (i.e. plasma exposure time). C1 and C2 

are controls with tears or broken graphene membranes, respectively. Reprinted with permission from [51]. Copyright © 2015, 

Nature Publishing Group. (d) Water vapor transmission rate from 400-nm porous graphene membranes compared with 

commercial textile membranes. Reprinted with permission from [49]. Copyright © 2014, AAAS. 

 

1.3.3 Ionic species  
Ion channels are extremely complex, and many questions remain unanswered. Molecular dynamics has 

been intensively utilized in understanding the principle behind ionic channels in proteins that show high 

ion-selective permeability [90–92]. The mechanism of ion transport under nanoconfinement includes 

steric hindrance, electrostatic attraction/repulsion, dielectric effects (i.e., partial dehydration), and van der 

Waals (vdW) interaction [93]. In the case of diffusion in a long pore channel, the frictional effect and the 
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liquid’s viscosity also play important roles in ion transport. The first hydration shell diameters of alkali 

metal ions span within 6.6–7.6 Å, whereas those of Mg2+ and Ca2+ are 8.56 and 8.24 Å, respectively. Thus, 

the effective pore size shall exceed ~8 Å for those ions’ transport without losing the hydration shell (Figure 

1.7a) [79]. In this regard, the smallest hydrated ion (i.e., K+) permeates through a neutral nanopore faster 

than other ions. However, when the pore is smaller than the size of the hydrated ions, partial dehydration 

occurs, and extra energy is required for ions to pass through the pore [92,94]. The energy barriers not only 

depend on the pore size but also the dehydration energy of ions, making the mechanism behind ion 

transport in nanopores less straightforward compared to gas transport [95,96]. For instance, Li et al. [95] 

reported that the selectivities of K+/Li+ were higher through neutral pores with diameters of 4.1 Å, whereas 

an opposite trend was observed in pores with a larger diameter (5 Å) under a certain applied voltage. They 

concluded that the behavior of ions in pores smaller than their hydrated diameter is determined by both 

size exclusion and hydration water exchange. They explained that Li+ tends to pass through 5 Å pores 

with an intact hydration shell due to its higher dehydration energy, whereas K+ loses one associated water 

molecule, resulting in a higher energy barrier of K+ across the pore compared to Li+ (Figure 1.7b). On the 

other hand, things become much more complicated in charged nanopores. The charges at the pore edges 

normally come from the functional groups or oxidation during the pore formation [47,97]. The charges 

influence the water molecule shedding from the hydration shell and electrostatics between the nanopore 

and the target ions [90]. For instance, negatively charged pores facilitated the transport of K+ while 

repelling Cl- in a graphene pore > 2 nm, giving rise to K+/Cl- selectivity over 100 [47].  

Functional groups that show coordinative interactions with ions also play an important role in the 

selective permeation of ion species with the same valence electron. A reported example with 

iminodiacetate-functionalized polymeric nanochannels showed that ion-functional groups’ binding 

energies affect membrane permeabilities of Cu2+, Ni2+, Zn2+, Co2+, and Mg2+ [98]. Weaker binding species 

had higher entrance resistance compared to stronger binding species, so their partitioning into the channel 

was hindered. Despite many efforts and conjectures made using simulations about artificial ion-selective 

nanopores/nanochannels mimicking their biological counterparts, there is no comprehensive 

understanding of the transport mechanism under nanoconfinement, especially from the experimental 

perspective. For example, Esfandiar et al. [24] suggested that ion mobility measured from angstrom-sized 

slits is dominated by the dehydration of each ion species (Figure 1.7c). In contrast, Rollings et al. observed 

that the pore conductance among monovalent cations follows the trend of K+ > Na+ > Cs+ >Li+ in graphene 

nanopores with sizes spanning over 2–23 nm (Figure 1.7d) [47]. The latter finding cannot be simply 
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explained by steric effect or dehydration energy as Cs+ has the smallest hydrated diameter while K+ has 

the lowest dehydration energy. The experimental data for ion transport in sub-nanometer-scale graphene 

nanopores is limited, and a detailed investigation is needed urgently. 

 
Figure 1.7. Ion transport across graphene nanopores. (a) The one-dimensional potential of mean force (PMF) profiles of 

Na+ and Cl- passing through nanopores of different sizes. Adapted with permission from [79]. Copyright © 2013, American 

Chemical Society. (b) PMF profiles of K+ and Li+ of D4 (diameter: 4.1 Å) and D5 (diameter: 5.0 Å) pores. K+ experiences a 

lower energy barrier compared to Li+ across D4 while the trend is opposite for D5. Adapted with permission from [95]. 

Copyright © 2021 Elsevier B.V. All rights reserved. (c) A schematic of ion transport through angstrom-scale graphene slits and 

the measured ion mobility. It shows hydration-energy-dependent ion transport behaviors. Adapted with permission from [24]. 

Copyright © 2017, AAAS. (d) K+/Cl- selectivity measured from graphene nanopores of different sizes and relative pore 

conductance for several cations as functions of pore size. Reprinted with permission from [47]. Distributed under the terms of 

CC BY license, Nature Publishing Group. 

 

1.3.4 Protons 
Proton shows a different transport behavior compared to ions and water. The early studies done by Hu et 

al. reported that mechanically exfoliated graphene allows the transport of protons while rejecting He 

[99,100]. The pristine graphene also showed a high selectivity of protons over deuterons [99,101], 

promising for difficult isotope separations. Interestingly, monolayer h-BN demonstrated similar properties 

while it was not observed in MoS2 [100]. Pristine graphene can be further engineered by post-treatments 

(e.g. pore etching, doping etc.) to enhance the proton permeance. For instance, N-doped porous graphene 
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via N2 plasma provided high proton permeance along with high H+/Cl–. The fast proton transport was 

assisted by the presence of N atoms in the graphene lattice inspired by the design of biological protein 

channels [102]. Although the experimental data only provide limited insights to date, efforts are 

increasingly made to study proton transport through graphene nanopores due to the high demand for 

hydrogen-based energy applications, particularly fuel cells.  

 

1.4 Challenges and opportunities for graphene nanopores in 

studying mass transport at the nanoscale 
As discussed above, graphene nanopores demonstrate great potential as a platform for studying fluidic 

dynamics at the nanoscale; however, the experimental input is limited, and conflicting conclusions are 

often made by those few research groups who succeed. Furthermore, artificial nanopores are designed to 

mimic the high permeance and selectivity of their biological counterparts, but they are still far from the 

expectation. Graphene nanopores for both fundamental study and high-performance applications are yet 

to be achieved, and reaching the pore size close to the target species size remains challenging. For instance, 

the kinetic diameter of a water molecule and a K+ ion are 2.65 Å and 6.62 Å [77], respectively, and only 

very few studies are focused on the scale close to these values. In addition, a system that shows stability 

and integrity (i.e., crack-free) in harsh conditions (e.g., pressurization, high salinity, high temperature, etc.) 

is important to succeed in such a study and wide range of applications. 

 

1.5 Thesis outline 
The introduction, Chapter 1, reviews the background of hydrodynamics at the nanoscale, properties, 

current state of affairs, and challenges with graphene nanopores. 

Chapter 2 presents the study of enhanced water evaporation from angstrom-scale graphene 

nanopores, which is the first experimental report focusing on water evaporation under the ultimate 

confinement. This chapter describes the design, fabrication of the nanoporous graphene devices, and the 

water evaporation enhancement from those nanopores. The mechanism behind the phenomena is 

explained based on molecular dynamics simulation which is performed by collaborators (Anshaj Ronghe 

and Prof. K. Ganapathy Ayappa at IISC Bangalore, India). 

Chapter 3 reveals the monovalent and divalent ion transport across graphene nanopores in the sub-
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nanometer regime. Nanopores tailor-made using a decouple pore nucleation/expansion method show 

efficient metal ion sieving of K+ and Li+ over Mg2+. The pore size and structure can adjust the diffusion 

of ions across the nanopores, suggesting that the sterically induced partial dehydration may play an 

important role in the observed monovalent/divalent cation selectivity. 

The interesting transport properties of water and ions discussed in Chapters 2 and 3 are promising 

for energy-efficient water purification or metal ion extraction applications. Therefore, to utilize the 

potential of graphene nanopores, Chapter 4 demonstrates the fabrication of large-area nanoporous 

graphene membranes, a step further toward industrial application. It reports a centimeter-scale gas-sieving 

nanoporous graphene film on a commercial low-cost stainless-steel nonwoven mesh where the mechanical 

reinforcement is provided from a two-layer composite carbon film. 

Finally, Chapter 5 gives an overview of all achievements covered in this thesis, perspectives on 

developing graphene nanopore platforms, new opportunities for graphene nanopores in fluidics dynamics, 

and more.
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Chapter 2 Enhanced Water Evaporation 
From Å-scale Graphene Nanopores 
Adapted with permission from Wan-Chi Lee, Anshaj Ronghe, Luis Francisco Villalobos, Shiqi Huang, 

Mostapha Dakhchoune, Mounir Mensi, Kuang-Jung Hsu1, K. Ganapathy Ayappa* and Kumar Varoon 

Agrawal1*, Enhanced Water Evaporation from Å-scale Graphene Nanopores, a manuscript in 

submission.  

 
 

Wan-Chi Lee designed and performed the membrane fabrication, the permeation tests, and the 

characterization, analyzed the data, and wrote the paper with other authors. The simulation work was 

performed by Anshaj Ronghe and K. Ganapathy Ayappa from Indian Institute of Science, Bangalore.  

 

Abstract 
Enhancing the kinetics of liquid-vapor transition from nanoscale confinements is an attractive strategy for 

developing novel evaporation and separation applications. The ultimate limit of confinement for 

evaporation is an atomic-thick interface hosting angstrom-scale nanopores; however, this has not been 

studied so far. Herein, we report highly enhanced water evaporation rates when angstrom-sized oxygen-

functionalized graphene nanopores are placed at the liquid-vapor interface. Evaporation flux increase for 

the smaller nanopores with enhancement up to 35-fold with respect to the bare liquid-vapor interface. 

Molecular dynamics simulations reveal that oxygen-functionalized nanopores render rapid rotational and 

translational dynamics to the water molecules due to a reduced and short-lived water-water hydrogen 

bonding. Potential of mean forces (PMF) analysis demonstrates that the free energy barrier for water 

crossover decreases in the presence of nanopores at the atomically thin interface, which further explains 

the enhancement in evaporation flux. These findings can enable the development of energy-efficient 

technologies relying on water evaporation. 
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2.1 Introduction 
The unusual effect of nanoscale confinement of water on its properties, including phase transition behavior, 

is of fundamental scientific interest [103–106]. Classical explanations such as those based on Hertz-

Knudsen (HK) relationship [107,108] describing the evaporation of water from bulk surfaces break down 

for water confined in nanoscale pores and channels, and enhanced evaporation fluxes have been predicted 

[15,109]. An enhancement in the evaporation flux is attractive for applications such as energy-efficient 

steam generation [110], cooling [111], and desalination technologies [112] for potable water. An 

enhancement in the evaporation flux with the decreasing dimensions in nanochannels or a single nanopore 

has been attributed to several effects. These include the formation of an extended meniscus outside the 

pore entrance [113], gap-dependent line tension between water and confining container [109], surface 

roughness [106], and surface charge induced concentration change of hydronium ions [114]. The validity 

of the HK relationship has been questioned while studying liquids in nanoscale confinement where 

additional complications due to density inhomogeneities and disjoining pressure effects must be 

considered [115]. 

Molecular dynamics (MD) simulations have been widely used to provide molecular insights into 

evaporation from a bare liquid-vapor interface (BLVI) [116–118]. Due to reduced hydrogen bonds (HBs) 

at the liquid-vapor interface, water molecules exhibit faster translational [119] and rotational dynamics 

[120] than the water molecules present in the bulk phase. Yet, only a few studies have focused on the 

evaporation from nanoscale pores [83] and channels [109,121,122], which are two distinct pore topologies. 

Enhanced evaporation of water through nanoporous graphene [83] has been attributed to the lowering of 

the local interfacial free energy and reduced HB networks, while in contrast, modulated capillary and 

interfacial wetting effects play a role in nanochannels [121,123]. The ultimate limit of a nanoscale 

evaporation conduit is a two-dimensional (2D) nanopore with a size commensurate to the water molecule 

[124]. In this topology, water molecules exiting the nanopore are in contact with only an atomically thick 

layer of edge atoms. At this limit, HB network of water molecules is disrupted [125–127], affecting their 

translational dynamics [104] which in the past has led to interesting phenomena when water is confined 

at this length-scale, e.g., rapid transport of liquid water inside carbon nanotubes [104,128,129]. The 

interplay of entropic- and enthalpic-stabilized states of confined water, depending on the extent of 

hydrogen bonding, has led to the observation of diameter-dependent depression and the elevation in the 

freezing transition of water leading to the formation of ice nanotubes at unexpectedly high temperatures 
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[11]. The 2D nanopore, the subject of this communication, is in sharp contrast to other pore topologies 

realized in recent experiments where exiting water molecules are in contact with extended surfaces 

depending on the pore geometry [16]. 

Currently, there is no available experimental data on water evaporation from 2D nanopores 

commensurate with the size of the water molecule. A challenging factor in such a study is to ensure that 

the evaporation flux is neither controlled by the external mass transfer of the water vapor nor by the rate 

of supply of the liquid water to the evaporation front [16,56]. Herein, we address these issues by placing 

liquid water on a 2D evaporation front composed of single-layer graphene hosting angstrom-sized pores. 

Evaporation was carried out in vacuum in order to diminish the external mass transfer resistance. We 

observed rapid evaporation from the nanoporous graphene interface with fluxes that were significantly 

larger than that from the BLVI. The enhancement in the evaporation rate, defined as the ratio of 

evaporation flux from graphene nanopores to that from BLVI, increased for the ensemble of nanopores 

with a smaller pore size with enhancement up to 35-fold for the smallest pores. Molecular insights into 

the enhanced evaporation are obtained with extensive atomistic MD simulations with edge-functionalized 

nanopores. The presence of nanopores at the liquid-vapor interface increases the translational and 

rotational dynamics of water molecules in the liquid phase, reduces the number of HBs per molecule next 

to the interface, and reduces the free energy barrier for water molecules to cross the liquid-vapor interface.  

 

2.2 Methods and materials 
2.2.1 Synthesis of single-layer graphene by low-pressure chemical vapor deposition (LPCVD) 

Single-layer graphene was synthesized by the LPCVD process using a pre-annealed copper foil (50 µm 

thick, 99.9% purity, Stream). Briefly, the foil was subjected to CO2 and H2 atmosphere at 1000 °C for 30 

minutes, respectively. Subsequently, 24 sccm of CH4 and 8 sccm of H2 were introduced into the reactor at 

a total pressure of 460 mTorr for 30 minutes. The reactor was then rapidly cooled down to room 

temperature once the synthesis was done. 

 

2.2.2 Generation of pores in graphene using O2 plasma 

Incorporating nanopores in the graphene lattice was done by radiofrequency powered O2 plasma. Briefly, 

the as-synthesized graphene on a copper foil was placed in the chamber of a plasma generator (MTI, EQ-

PCE-3, 13.56 MHz, 18 W). Afterward, the chamber was first evacuated and then maintained at a total 
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pressure of 80 mTorr under a continuous O2 flow. Following this, plasma was initiated for 1–3 s to generate 

nanopores. 

 

2.2.3 Fabrication of porous support film on graphene 

The fabrication of porous support film on graphene was carried out by following a method reported before 

[130]. Briefly, the precursor of NPC was prepared by dissolving 0.1g poly(styrene-b-4-vinyl pyridine) and 

0.2 g turanose in 2 g N,N-dimethylformamide. Subsequently, the solution was heated at 180 °C for 3 h. 

The NPC film was obtained by spin coating the solution on porous graphene resting on a Cu foil followed 

by pyrolysis at 500 °C in a H2/Ar atmosphere for 1 hour. The resulting graphene film, now supported by 

NPC film, was then placed in a Na2S2O8 bath to remove the Cu foil. After that, the floating graphene/NPC 

film was rinsed in deionized water several times and then was transferred onto a macroporous tungsten 

foil hosting an array of 5 µm pores. 

 

2.2.4 Aberration corrected high resolution transmission microscopy (AC-HRTEM) imaging  

The samples for AC-HRTEM were prepared by transferring porous graphene to 400 mesh Au TEM grids 

using a porous polymer-assisted transfer method reported elsewhere [131]. Briefly, a thin porous 

polybenzimidazole copolymer (fumion® AM provided by FUMATECH BWT GmbH, Germany) film was 

first prepared on top of a Cu foil by the nonsolvent-induced phase separation. This film acts as a lacey 

support for the transfer of graphene from Cu to the TEM grid. The polymer film was then wet-transferred 

on the porous graphene sample and pyrolyzed at 500 °C in the flow of H2/Ar leading to reinforcement of 

porous graphene with lacey carbon film. The Cu foil below the graphene film was then etched in an etchant 

bath, and the resulting reinforced graphene film floating on water was transferred to the TEM grid. Before 

imaging, the reinforced nanoporous graphene samples were cleaned inside activated carbon at 900 °C for 

one hour in the presence of H2 to remove contaminations covering the nanopores. 

AC-HRTEM was performed using a double-corrected Titan Themis 60–300 (FEI) equipped with a 

Wein-type monochromator. An 80 keV incident electron beam was used for all experiments to reduce the 

electron radiation damage. The incident electron beam was monochromated (“rainbow” mode illumination) 

to reduce the effects of chromatic aberration, and a negative Cs of ∼ 17–21 µm with slight over-focus 

were used to give a “bright atom” contrast in the images. In addition, a slit was used to expose only the 

area of the sample being imaged to the electron beam. The images were processed using average and 

bandpass filters. 
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2.2.5 Other characterization 

Scanning electron microscope (SEM) images were obtained by using FEI Teneo scanning electron 

microscope at 1.0–5.0 kV and working distances of 2.5–5.0 mm. No conductive coating was applied to 

the substrates before SEM. TEM imaging and selected area electron diffraction (SAED) of the composite 

graphene film were conducted by FEI Tecnai G2 Spirit Twin transmission electron microscope with a 120 

kV incident electron beam. Raman measurement was carried on graphene on a Cu foil right after the 

synthesis and pore etching using 457 nm excitation and Renishaw micro-Raman spectroscope with 100× 

objective. The obtained Raman data was analyzed using a MATLAB script. For the calculation of the D 

and the G peak heights, the background was subtracted from the Raman data using the least-squares curve 

fitting tool (lsqnonlin). X-ray photoelectron spectroscopy (XPS) measurements on O2 plasma-treated 

nanoporous graphene (NSLG) resting on a Cu foil were carried out on Axis Supra (Kratos Analytical) 

using the monochromated Kα X-ray line of an aluminum anode. The pass energy was set to 20 eV, and 

the step size was set to 0.1 eV. The peak fitting was performed using CasaXPS, and Shirley method was 

used for background subtraction. 

 

2.2.6 Hydrogen transport 

The measurement of hydrogen transport through porous graphene was carried out in a homemade 

permeation cell. The mass flow controllers (MKS) were pre-calibrated using a bubble flow meter, 

delivering a pre-determined amount of H2 to the feed side. The permeate side was swept with Ar at 1 bar. 

The permeate was connected to a pre-calibrated mass spectrometer allowing real-time analysis of the 

permeation rate. The absolute pressure difference between the feed and the permeate sides was kept at 1–

1.5 bar. The nanoporous graphene on a tungsten support was sealed in a VCR-based module using two 

metal gaskets. The gas flux was calculated once the steady state was reached. The permeance, Ji, of the 

gas was calculated according to Equation 2.1: 

2H
XJ

A P
=

∆
                          (Equation 2.1)                                                                             

where X is the flow rate of H2, A is the area of the nanoporous graphene film, and ∆P is the pressure 

difference between the feed and the permeate sides for H2. 

 

2.2.7 Water evaporation measurements 

Water evaporation experiments were performed using a constant volume/variable pressure test method 
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similar to the literature [132]. Briefly, nanoporous graphene on tungsten supports was sealed in a stainless-

steel VCR-based module using two metal gaskets. The feed side (support film side) was filled with liquid 

water (Mili-Q water). The permeate side had a constant volume chamber which was evacuated to 500–

600 mTorr using a scroll pump. The measurement was initiated once the valve connected to the pump was 

closed, isolating the permeate side from the vacuum pump, and the valve connected to VCR module 

hosting nanoporous graphene was opened, allowing the collection of water vapor in the constant volume 

chamber. The corresponding pressure rise in the constant volume chamber was then measured using a 

pressure transducer (Omega engineering, PX409-USBH). The entire setup was carefully sealed to ensure 

a leak-free operation. The water evaporation flux was calculated using the ideal gas equation. The volume 

of the chamber was 5.9 mL in the measurement of graphene film and the support films . 

The evaporation flux from the BLVI was measured using the same setup and evaporation conditions 

with one modification. In this case, a perforated W foil without membrane on top was placed in the VCR 

module filled with Mili-Q water. The volume of the chamber was 184 mL in the measurement of BLVI. 

 

2.2.8 Density functional theory (DFT) calculations 

Quantum ESPRESSO [133] was used to carry out DFT calculations [134,135] to investigate the optimal 

structure of functionalized graphene nanopore. The plane-wave basis sets were used. Cutoffs of 50 and 

500 Rydbergs were employed for the wave function and charge density, respectively, for the electronic 

wave function expansion. Perdew–Bruke–Ernzerhof functional [136] was used to describe the exchange-

correlation. Ultrasoft pseudopotentials [137] were employed for the interactions between the ionic core 

and valence electrons. A vacuum of 2 nm was used to avoid interactions between the periodic images 

along the direction normal to the functionalized nanoporous graphenes’ (FNPGs) surface. Due to the large 

supercell, the Brillouin zone sampling was restricted to the Γ point. Broyden–Fletcher–Goldfar–Shanno 

scheme was employed to perform structural relaxation until the Hellmann–Feynman forces were less than 

0.001 Ry/bohr. London dispersion corrections were described using DFT-D2 functional [138]. The relaxed 

unit cells were replicated in x-y plane to generate FNPGs with four functionalized nanopores. 

 

2.2.9 Charge calculations 

Partial atomic charges of the relaxed FNPGs were obtained by doing charge calculations based on 

CHELPG scheme [139] on the level of the Hartree–Fock/6-31G* basis set using Gaussian09 software 

[140]. The charges on the complete unit cell of the FNPGs are available upon request. 
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2.2.10 Molecular dynamics (MD) simulations 

All MD simulations were performed using GROMACS 5.1.4 simulation package [141,142]. For all cases, 

the attractive wall, the FNPG, and the piston were located perpendicular to the z-axis. Owing to the 

hexagonal lattice of graphene, a parallelepiped simulation box was used. 

For water evaporation simulations through FNPGs, a water box with 8290 water molecules was 

equilibrated at 25 °C (298 K) and pressure of 1 bar. The dimensions of the water box after equilibration 

were a = 6.4064 nm, b = 6.4064 nm and c = 7 nm. This water box was subsequently enclosed along the z 

axis with the FNPG and a piston to create the water reservoir for evaporation studies. An attractive wall 

was placed at a distance of 8 nm from the FNPG in the vapor space. A vacuum region was then extended 

beyond the attractive wall and the piston to ensure sufficient space between periodic images of the system 

along the z-direction. Periodic boundary conditions were applied in all three directions. The final 

dimensions of the simulation box were a = 6.4064 nm, b = 6.4064 nm, and c = 150 nm.  

For studying the evaporation of water molecules from a BLVI, initially, a box with 42650 water 

molecules was equilibrated to a temperature of 25 °C (298 K) and pressure of 1 bar. The dimensions of 

this water box after equilibration were a = 6.4064 nm, b = 6.4064 nm and c = 36 nm. The longest dimension 

of this water box was then extended by 10 nm on both sides of the water film and attractive walls were 

placed at the two ends of this box. A vacuum region was then extended beyond the attractive walls and the 

dimensions of the simulation box periodically repeated in three directions are a = 6.4064 nm, b = 6.4064 

nm and c = 500 nm. 

All atoms of the FNPGs except the functional groups terminating the nanopores were fixed in their 

respective atomic positions throughout the simulation. All our simulations were carried out with the 

TIP4P-Ew [143] water model since it captures a broad range of properties of water, significant to our study. 

SHAKE [144] algorithm was used to fix the bond angle and bond lengths of the water molecules. All-

atom optimized potentials for liquid simulation [145] parameters were used for the FNPGs along with the 

computed charges. Nonbonded interactions were modeled by using dispersive and electrostatic forces. Van 

der Waals interactions were modeled using Lennard–Jones potential with a cutoff of 1.2 nm. Interaction 

parameters between the carbon atoms of the FNPGs and water molecules were adopted by Werder et al. 

[146] to reproduce the macroscopic contact angle of a water droplet on a graphite sheet. Lorentz–Berthelot 

mixing rules were applied for the cross-interaction parameters for the Lennard–Jones potential between 

other unlike pairs. Particle-particle particle-mesh (PPPM) algorithm [147] was used to compute the long-

range electrostatic interactions with a cutoff of 1.0 nm for real space force calculations. Leap frog 
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algorithm was employed to integrate the equations of motion with a timestep of 1 fs. The temperature was 

maintained at 298 K (25 °C) using the Nose–Hoover thermostat with the time constant of 0.1 ps. First, the 

system was equilibrated for 10 ns, and then the production run was done for 500 ns. The trajectories of 

water molecules were stored at every 2 fs to analyze various structural and dynamical properties. 

2.3 Results and discussion 

2.3.1 Fabrication and characterization of graphene nanopores 
Graphene was synthesized by chemical vapor deposition (CVD) of methane on an annealed Cu foil [39]. 

Raman spectroscopy on the as-synthesized graphene confirmed that it was a single-layer film (I2D/IG ratio 

of 2.7±0.1; Figure 2.1). The density of intrinsic defects in graphene was low (I2D/IG ratio of 0.08±0.03) 

[148]. Since the defect-free graphene is not permeable to water [149], we incorporated vacancy defects by 

exposing as-synthesized films to radiofrequency (RF) O2  plasma for exposure periods of 1, 2, and 3 s. O2 

plasma generates energetic radicals that graft the graphene lattice with oxygen functional groups 

eventually leading to pore formation. In some cases, pore formation is also accelerated by directly 

knocking out the carbon atoms from the lattice [150]. Exposure to O2 plasma at room temperature for a 

short time (1 s) is sufficient to incorporate Å-scale vacancy defects (or nanopores) allowing the transport 

of water molecules as well as light gas molecules [45,50,51]. Increasing the exposure time to plasma 

enlarges the pore size [45,50]. Therefore, nanopores created by plasma are interesting for studying water 

evaporation as a function of the nanopore size. 

 
Figure 2.1. Raman characterization of O2 plasma-treated nanoporous single-layer graphene (NSLG). (a) Raman spectra 
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of as-synthesized single-layer graphene and nanoporous single-layer graphene. (b) A plot of ID/IG AND I2D/IG as a function of 

plasma time. 

 

Raman spectroscopy of plasma-treated graphene reveals the presence of significant D (at 1360 cm-1) 

and D′ (at 1620 cm-1) peaks, known to be activated in the presence of defects in the graphene lattice (Figure 

2.1). In particular, a low D/D′ intensity ratio observed here (< 7) is associated with the incorporation of 

vacancy defects in the graphene lattice [151], which is further confirmed by the direct visualization of the 

porous lattice by aberration-corrected high-resolution transmission electron microscopy (AC-HRTEM, see 

discussion later). Since nanopores created by oxidative treatment involve oxygen functionalization 

[44,97,152], the pore edges are expected to be decorated with oxygen-functional groups. However, 

determining the exact nature of these functional groups has proven challenging. Given the importance of 

the pore edge functional groups in potentially influencing the water transport, we used X-ray photoelectron 

spectroscopy (XPS) to probe the functional groups in nanoporous graphene. The measurement was carried 

out after thermally annealing the plasma-treated graphene inside the XPS chamber to desorb the 

physisorbed ions and contaminants such as hydrocarbons and water. As a control, we also measured XPS 

data from the as-synthesized graphene without the plasma treatment. As expected, the as-synthesized 

graphene did not have any oxygen-functional group (Figure 2.2). In contrast, we could deconvolute the 

C1s peak in the plasma-treated sample (3s plasma, Figure 2.3a) where the positions of the deconvoluted 

peaks are consistent with the presence of ether/epoxy (C–O, 286 eV) and semiquinone (C=O, 288.3 eV) 

groups [153]. Based on the peak intensity, the overall concentration of functional groups was 6.7%. The 

relative composition of these functional groups can be analyzed by the O1s peak. However, it was 

challenging to deconvolute O1s because of the contribution from copper oxide from the catalytic Cu 

substrate for CVD, formed by the oxidation of Cu during the plasma treatment. To resolve this, we carried 

out the plasma treatment on freshly cleaved highly oriented pyrolytic graphite (HOPG) where the 

atmospheric contaminants were removed by annealing the samples inside the XPS chamber. 

Deconvolution of the resulting spectra indicates 31% ether, 62% epoxy, and 7% semiquinone (Figure 

2.3b), which renders the overall composition of ether, epoxy, and semiquinone groups on the graphene 

lattice as 2.1%, 4.2%, and 0.5%, respectively. 
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Figure 2.2. XPS spectra of graphene samples. (a) C1s spectrum of as-synthesized single-layer graphene. (b) O1s spectrum 

of as-synthesized single-layer graphene. (c) O1s spectrum of 3 s-oxygen-plasma-treated single-layer graphene. 

 

Mechanistic studies on the evolution of defects in graphene indicate that semiquinone groups are 

generated as a result of C–C bond cleavage [154,155]. These groups are exclusively present at the pore 

edge. Based on the density of vacancy defects estimated by AC-HRTEM imaging (ρvacancies) and the 

concentration of semiquinone groups calculated by XPS (θSQ), one can estimate the number of 

semiquinone groups per pore, nSQ, as follows:  

C
SQ SQ

vacancies

n ρθ
ρ

= ×                      (Equation 2.2)                                                            

where ρC is the density of carbon atoms in the graphene lattice. Using Equation 2.2, for the 3 s plasma 

sample, nSQ equals 7, confirming our previous assertion that a pair of semiquinone groups are created on 

the pore edge by the oxidative cleavage of C–C bond. 
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Figure 2.3. Characterization of graphene nanopores used to probe water transport. (a) C1s XPS spectra from graphene 

treated with 3 s O2 plasma. (b) O1s XPS spectra of HOPG treated with 3 s O2 plasma. (c) AC-HRTEM images of nanopores 

categorized as water-impermeable and -permeable pores. Scale bar: 1 nm. (d) Median deff of 1, 2, and 3 s plasma-treated 

graphene. 

 
Aberration corrected high resolution transmission microscopy (AC-HRTEM) of graphene films treated 

with plasma was carried out to understand the density and size distribution of the carbon vacancies. It is 

extremely challenging to determine the precise structure of functionalized vacancy defects because (i) 
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atmospheric, and graphene transfer-related contaminants tend to cover the defects, and (ii) electron beam 

tends to gasify oxygen functional groups. We recently showed that transferring graphene using a lacey 

carbon film followed by annealing at 900 °C in a reducing atmosphere inside an activated carbon bed is 

effective in removing the contaminants for imaging vacancy defects in HRTEM [131]. However, the high-

temperature annealing treatment gasifies the oxygen functional groups. As a result, only bare nanopores 

devoid of functional groups could be visualized (Figure 2.3c). The removal of the functional groups also 

tends to coalesce nearby pores. Therefore, we note that pore size and porosity estimated by AC-HRTEM 

are an overestimate. Therefore, water vapor flux (vapor flow rate normalized to open area in graphene for 

evaporation where the open area is estimated by AC-HRTEM study), and corresponding enhancement 

reported in this study are underestimated.  

Using AC-HRTEM, we analyzed the gap in the vacancy defects large enough for water transport by 

an effective pore diameter, deff, and the pore density of the plasma-treated samples (Figure 2.4a). The pore 

size was calculated by fitting the graphene lattice into the HRTEM images to count the number of missing 

carbon atoms as well as the largest possible circle inside the nanopores (Figure 2.4b and Figure 2.5a). 

The effective pore size available for the transport of water and small gas molecules (Figure 2.4c) was 

calculated by subtracting the effective van der Waals diameter of a carbon atom and the bond length of the 

semiquinone group at the pore edge using Equation 2.3 and 2.4,  

,2
2

C vdw
eff HRTEM C O

r
d d bl == − −                 (Equation 2.3)                                                        

44 C
HRTEM

C

NAd
π πρ

= =                    (Equation 2.4)                                                            

where NC is the number of missing carbon atoms as determined by AC-HRTEM images, blC=O is the bond 

length of the semiquinone group (1.2 Å), and rc,vdw is the van der Waals radius of carbon (~2.4 Å) [77].  

We observe nanopores that are both smaller and larger than the size of the water molecule which has 

a kinetic diameter of 2.65 Å (Figure 2.5b) [156]. In this study, we only consider pores that are bigger than 

water molecules as smaller nanopores are impermeable to water. The distribution of deff is skewed to the 

right, which is expected when one generates nanopores by oxidative treatment where nucleation and pore 

expansion are concomitant [157]. However, a clear trend in deff can be observed; the median deff increases 

for the longer plasma time (6.0, 6.5, and 6.9 Å for 1, 2, and 3 s, plasma, respectively), consistent with the 

extended pore expansion with the longer plasma time (Figure 2.3d).  
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Figure 2.4. Pore analysis by AC-HRTEM. An example of (a) AC-HRTEM image showing nanopores and its counterpart after 

(b) counting the number of missing carbon atoms (green dots), fitting the biggest possible circle in the nanopores, and (c) a 

schematic explaining the difference between the measured pore size from HRTEM images and the effective gap for water 

transport. 
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Figure 2.5. Pore size distribution analysis. (a) Pore size distribution (PSD) in terms of missing carbon atoms for different 

plasma treatments. (b) PSD of deff for different plasma treatments. 

 

2.3.2 Water vapor transport  
Next, to probe the evaporation of water, the porous graphene film was transferred on a porous W foil 

hosting an array of 5-µm-sized holes over a mm2 area. To prevent cracks and tears in graphene during the 

transfer and during the transport study, graphene was mechanically reinforced with a 200-nm-thick 

nanoporous carbon (NPC) film hosting much larger pore opening of 20–30 nm [130]. We refer to this film 

as the support film. The W foil-supported graphene/support film was subsequently annealed at 500 °C to 

improve the adhesion of the film with the foil (Figure 2.6), without which the film had the tendency to 

peel off in the presence of water. The hydrophilic nature of the support film (contact angle ~59 degree) 
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allowed wetting of the film with liquid water enabling us to successfully conduct the evaporation 

experiments. For measuring the evaporation flux, the film was sealed inside a stainless-steel module, and 

liquid water was loaded on the side of the support film (Figure 2.7a). The other side (vapor-side) of the 

film was connected to a vapor collection chamber with volume V, maintained at a low pressure (0.5–0.6 

Torr) with a vacuum pump. To initiate the measurement of water vapor evaporation rate, the collection 

chamber was isolated from the vacuum pump at a set time which allowed the accumulation of water vapor 

in the collection chamber, witnessed by a rise in the chamber pressure. The time-dependent and linear rise 

in the chamber pressure, P, from the accumulation of water vapor in the chamber was used to calculate 

the evaporation rate, dN/dt (unit: mol/s, Equation 2.5). 

( / )dN V dP dt
dt RT

=                         (Equation 2.5)                                                             

where R is the universal gas constant, and T is the temperature.  

Equation 2.5 can be used to calculate the accumulation of water vapor in the collection chamber since P 

in the chamber increases linearly to 2 Torr and water vapor can be treated as an ideal gas at pressure below 

~ 78 Torr with an error less than 0.3% [158].  

 
Figure 2.6. Characterization of nanoporous graphene/support film. (a) SEM image of graphene/support film suspended on 

a macroporous tungsten support, (b) Top-view SEM image, (c) cross-section SEM image, and (d) SAED of the film. 
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Figure 2.7. Water evaporation data from graphene nanopore compared to that from BLVI and the support film. (a) 

Schematic of the water permeation setup and water permeation through the support film, nanoporous graphene, and eventually 

in a vacuum. (b) The raw data of water permeation tests from nanoporous graphene devices. The R2 values of each linear 

regression are 0.998, 0.99, and 0.992, for median deff of 6.0, 6.5, and 6.9 Å, respectively. (c) Five measurements on the same 

graphene film, PG-1. (d) Water flux from nanopores of each film, and their comparison with BLVI and the support film, NPC 
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(20–30-nm-sized pore opening) at 22 °C. From left to right, the columns denote PG-1 to PG-8. (e) Comparison of evaporation 

enhancement between each nanoporous graphene device at 22 °C. The enhancement factor is defined as the ratio of water flux 

from nanopores of a graphene device to the water flux from the BLVI. Error bars in (c) and (d) represent the standard deviation 

of three (BLVI) or five measurements (graphene films and support film). 

 

The measurement of the water evaporation rate by the above protocol allowed us to study evaporation 

in a regime where the external mass transfer of water vapor is not the rate-limiting step. On the liquid 

water side, the supply of water to the graphene interface was orders of magnitude higher than the 

evaporation rate in these conditions (Appendix 2.5.1), thanks to the capillary-pressure-driven flow of 

liquid water in 20–30-nm-sized pores in the support film, and much higher porosity of the support film 

(50–60 %) compared to that in graphene (0.4–1.3 %, estimated from AC-HRTEM images). Therefore, the 

supply of liquid water to the evaporation front was also not the rate-limiting step [16,56]. It is reported 

that the heat-transfer limitation in evaporation becomes negligible compared to the interfacial evaporation 

kinetics when using a material with a thermal conductivity, k, much larger than that of the working liquid 

[159]. Therefore, the use of a stainless-steel module in this study ensures that the evaporation is not limited 

by heat transfer from the surroundings because of an order of magnitude higher thermal conductivity of 

stainless steel compared to water. [160–163]. Thus, the transport of energy to the interface was also not 

the rate-limiting step in our study. We used the same stainless-steel module for BLVI, support film and the 

graphene film with only one exception that graphene and support film had area of 1 mm2 whereas the area 

of BLVI was 133 mm2 to ensure a reliable measurement (Figure 2.7a and Figure 2.8a; see details in 

section 2.2.7). 

We prepared 2–3 porous graphene films for each plasma condition (total 8 films, referred to as PG-1 

to PG-8). Before water evaporation tests, we ensured the integrity of the films by pressurizing them with 

H2 and measuring the gas transport. Only devices which showed no signs of tears or cracks, marked by 

orders of magnitude lower gas flow rate from porous graphene compared to the support film, were used 

for the water evaporation study. A comparison of the gas transport data on a specimen before and after the 

water evaporation test revealed that there were no significant differences in the gas transport properties 

(Figure 2.9b), confirming that the nanopores did not expand during the evaporation study. This was also 

supported by O1s XPS spectrum showing that the composition of oxygen-functional groups did not change 

after exposure to water in a typical water evaporation condition (Figure 2.9a). 

Before each water evaporation experiment, a leak test was performed by isolating the collection 

chamber from the vacuum pump and the module containing nanoporous graphene. We did not witness any 
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significant rise in the pressure of the collection chamber during this test, indicating a negligible leak into 

the chamber from the atmosphere (Figure 2.7b). In contrast, when the graphene module was not isolated 

while the vacuum pump was isolated, the pressure in the chamber rose sharply with a near-constant rate 

with respect to time. The near-constant rate in these measurements is driven by the fact that the driving 

force for evaporation, the difference between the saturation vapor pressure of water (24 Torr) and the vapor 

pressure in the chamber (0.5–2 Torr), does not change significantly.  

 

 
 

Figure 2.8. The setup and raw data of water permeation tests. (a) The water cell used in the measurement of the BLVI. 

Pressure versus time measured from the (b) the support film and (c) the BLVI.  
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Figure 2.9. Characterization of HOPG/nanoporous graphene after evaporation. (a) O1s spectrum of HOPG after water 

evaporation. Oxygen-plasma-treated HOPG was first immersed in a water bath and subsequently, the water evaporation on the 

HOPG surface was carried out under vacuum. We then dried the HOPG and thermally annealed the plasma-treated HOPG 

inside the XPS chamber to desorb the physisorbed water and contaminants. (b) Gas permeance of PG-2 measured at 100 °C 

before and after the water evaporation measurement. 

 

We obtained an effective evaporation flux from BLVI of 0.69±0.04 mol m-2 s-1 at bulk liquid 

temperature of 22 oC (Figure 2.8c). This flux is consistent with BLVI flux reported in literature using 

reservoir made up of stainless-steel container and using evacuation to induce evaporation (Table 2.1). 

Additionally, the flux from the bare support film (0.59±0.14 mol m-2 s-1) was close to that of BLVI 

indicating that 20 nm pores of support film do not yield enhancement. This contradicts the literature on 

enhancement from a similar sized nanopore [16]. This is attributed to the lack of an extended meniscus in 

our millimeter-scale liquid-vapor interface created by the support film in contrast to the literature where a 

single nanopore with finite depths creates the presence of an extended meniscus (also see discussion in 

the MD simulation section).  
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Table 2.1. BLVI reported in the literature and in this study. 
 

Reservoir 

Material 

Pressure in the vapor 

phase (Pa) 

Evaporation flux 

(mol m-2 s-1) 

Reference 

Stainless steel 247.5 0.19 [164] 

Stainless steel 258.6 0.23 [163] 

Stainless steel 256 0.19 [162] 

Stainless steel 228.1 0.36 [161] 

Stainless steel 80.2 0.70 This study 

 

To understand the effective evaporation enhancement contributed by graphene nanopores at the liquid-

vapor interface, we used Equation 2.6 to estimate water flux and compared it to the corresponding value 

from the BLVI (Figure 2.7c). 

2 2

Evaporation rate( / )Water flux from nanopores( )
Pore area( )

mol mol s
m s m

=      (Equation 2.6)                       

Here the pore area, Atot, was estimated by the size distribution of deff (Figure 2.5b) and could be calculated 

using Equation 2.7: 

,
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i eff
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d d

d
A f

π
ρ

>

= ∑                       (Equation 2.7) 

where f is the relative frequency of each observed pore, ρ is the pore density estimated by the AC-HRTEM 

study. We only consider pores whose deff is larger than the kinetic diameter of water, dwater (0.26 nm). The 

calculated porosities were 0.42 %, 0.44 %, and 1.3% for samples having median deff of 6.0 Å, 6.5 Å, and 

6.9 Å, respectively. 

Compared to the measurement of evaporation flux from the BLVI, we found that the evaporation fluxes 

from graphene nanopores were remarkably enhanced (Figure 2.7c). The water evaporation fluxes from 

two separate nanoporous graphene samples (PG-1 and PG-2) with median deff of 6.0 Å were 24±3 and 

12±2 mol m-2 s-1 (Figure 2.7c), corresponding to enhancements of 35±4 and 17±3, respectively (Figure 

2.7d). The fluxes of the other set of nanoporous graphene samples (PG-3, PG-4, PG-5) with a slightly 

larger median deff of 6.5 Å were comparatively lower (8.9±0.4, 8±0.5, and 6±0.9 mol m-2 s-1, Figure 2.7c), 

corresponding to enhancements of 13±0.6, 12±0.7 and 9.1±1.4, respectively (Figure 2.7d). The fluxes 

from the samples (PG-6, PG-7, PG-8) with the largest median deff (6.9 Å) were the lowest (2.4±0.4, 2±0.4, 
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and 0.94±0.18 mol m-2 s-1, Figure 2.7c), corresponding to enhancements of 3.5±0.6, 2.8±0.6, and 1.3±0.25, 

respectively (Figure 2.7d). Overall, we observed enhanced water evaporation fluxes for all nanoporous 

graphene samples considered in this study, with enhancement increasing for smaller nanopores. We finally 

point out that although it is customary to use the Hertz-Knudsen and its variants to characterize evaporation, 

we refrain from using this formulation due to the underlying equilibrium framework used while deriving 

the Hertz-Knudsen relation [108,165]. 

While the water evaporation rate decreased for increasing pore size, the H2 transport rate showed a 

reverse trend, i.e., it increased for the larger pores (Figure 2.10). The latter is consistent with the gas 

transport mechanism, i.e., hydrogen flow is proportional to the pore area (Equation 2.8) [69,77].  

2 2H P
B

Pj A
mk Tπ
∆

=                     (Equation 2.8)                                                                     

where P is the feed pressure, m is the mass of H2, Ap is the area of the pore, kB is the Boltzmann constant 

and T is the temperature.  

The increased water evaporation fluxes from the ensemble of nanopores with the smallest median deff 

indicate a strong role of nanopore edge-driven confinement effects on interfacial water that controls the 

evaporation flux. Next, to understand the observed enhancement, we carried out MD simulations on water 

evaporating from graphene nanopores. 
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Figure 2.10. Analysis of water evaporation rate per pore, and H2 flow rate per pore of different graphene films. Mass 

flow per pore of water vapor (22 °C) and H2 from each nanoporous graphene device (25 °C) as a function median deff. From 

left to right, the columns denote PG-1 to PG-8.  

 
 

* The simulation work was performed by Anshaj Ronghe and K. Ganapathy Ayappa from Indian Institute 

of Science, Bangalore. 

2.3.3 System details for molecular dynamics simulations 
We simulated four different sized nanopores by removing 16, 22, 52, and 94 carbon atoms from the pristine 

graphene [69], which are referred to as type-0, 1, 2, and 3 nanopores, respectively. The carbon atoms on 

the nanopore edges were terminated with hydrogen atoms (H), ether (ET), and hydroxyl (OH) (Figure 

2.11a) to study the effect of pore-edge functional groups on the water evaporation flux. Density functional 

theory (DFT) calculations revealed that the nanopore edges alternately terminated with H atoms, and the 

oxygen-functional groups had the lowest formation energies (Appendix 2.5.2). deff, based on the diameter 

of the largest van der Waal sphere that can be accommodated in the functionalized nanopore [166], are 
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listed in Table 2.2. All-atom MD simulations to study the evaporation through the functionalized 

nanoporous graphene (FNPGs) were carried out with a TIP4P-Ew [143] water bath and an attractive 

pristine graphene surface (attractive wall) placed 8 nm away from the FNPG (Appendix 2.5.3) is used to 

capture evaporated water molecules (Figure 2.11d). 

2.3.4 Evaporation flux of water molecules 
The water evaporation flux, j (molecules nm-2 ns-1), at 25 °C (Figure 2.11e) was evaluated from the slopes 

of the net number of water molecules exiting the nanopores (Appendix 2.5.3). In the absence of FNPG, 

the evaporation flux from a BLVI interface was 0.081 molecules nm-2 ns-1, in good agreement with the 

value of ∼ 0.085 molecules nm-2 ns-1 predicted by Julin et al. [167] for the TIP4P-Ew water model at 27 

°C. In the presence of FNPG, the water evaporation flux increased monotonically with decreasing deff  

(Figure 2.11e), irrespective of the nanopore functionality, consistent with our experimental findings. 

Interestingly, the presence of oxygen functional groups enhanced the evaporation flux. The greatest 

enhancement with respect to BLVI was ∼13.3-fold, observed for the smallest OH-terminated nanopores 

(OH–0) with a flux of 1.081±0.002 molecules nm-2 ns-1 (Table 2.3). For the largest nanopores, the flux 

approaches the BLVI flux. The observed enhancement factors in the simulations are in the same order of 

magnitude as those observed in the experiments (Figure 2.7e). In experiments, while ether and 

semiquinone functional groups (C=O) are present substantially at the pore edge, epoxy functional groups 

are found to be barely present at the pore edge [97,153]. Therefore, in addition to the functionalized 

nanopore flux data reported here, we also carried out simulations with edges functionalized with 

semiquinone functional groups for deff =0.345 nm (j=0.844±0.003 molecules nm-2 ns-1) and 0.461 nm 

(j=0.701±0.002 molecules nm-2 ns-1) and found that the fluxes were between the values obtained for the 

OH and ether groups. 

In order to explain this increase in the water evaporation flux, we focused our attention on properties 

of water molecules present in the cylindrical volume adjacent to the nanopore, as shown in Figure 2.11f 

and g. The length, l, of this cylindrical volume is equal to the thickness of the first hydration layer of 

FNPG (Figure 2.11h), and its diameter is equal to deff. We refer to these cylindrical regions as the region 

of interest (ROI) in the forthcoming sections. For BLVI, we focused our attention on properties of water 

molecules present in the “10-90” interface (Appendix 2.5.3) which describes the density change from 

90% to 10% of the bulk water density. 
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Figure 2.11. System details for MD simulations and evaporation flux from different FNPGs. Nanopores with 16 carbon 

atoms removed (type-0 nanopores) and nanopore edge terminated with H atoms (H–0) (a), ET and H (ET–0) (b) and OH and 

H (OH–0) (c). Each FNPG consists of four nanopores. (d) System configuration used to study water evaporation through 

FNPGs. (e) Evaporation flux of water molecules through different FNPGs. The standard error in mean of the reported flux 

values is very small (within 0.005 molecules nm-2 ns-1) and hence are not seen easily. (f) and (g) are the side and top views of 

the cylindrical volume considered for analyzing water properties. (h) Density profile of water molecules in contact with the 

FNPG located at z = 0 (black dashed line). z > 0 and z < 0 represent liquid and vapor regions, respectively. The location of the 

first hydration layer of thickness ∼ 0.5 nm is also illustrated (black dotted line). 
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2.3.5 Hydrogen bond analysis, rotational dynamics, and translational dynamics 

For the water molecules present in the ROI, HBs formed with the edge functional groups [168], and HBs 

formed between water molecules [169] were analyzed using a geometric criterion. Since OH functional 

groups can act as both HB donors and acceptors, their propensity to form HBs with water is greater when 

compared with the ET functional groups that can act only as HB acceptors (Figure 2.12b–d). For the H-

terminated nanopores, the carbon atoms to which these H atoms are bonded are not sufficiently 

electronegative to form HBs with water, and we did not observe any HBs in this situation (Figure 2.12a). 

Nevertheless, the H-terminated FNPGs assist in breaking water-water HBs, albeit to a lesser extent via the 

asymmetry imposed upon the water molecules by the FNPG surface [170]. 

This enhancement of HBs with functional groups resulted in the greatest reduction in water–water HBs 

in the ROI of FNPGs terminated with OH functional groups (Figure 2.12e). We point out that the water 

molecules in the ROI for all FNPGs displayed a reduced number of HBs when compared with water 

molecules present in “10-90” interface (2.75±0.002). The presence of functional groups disrupts 

interactions between water molecules present in the ROI by breaking HBs between them (Figure 2.12e), 

allowing for a greater escape tendency through the nanopores. This trend correlates with the highest 

evaporation flux observed for OH-functionalized nanopores (Figure 2.11e), consistent with the increased 

disruption of HBs with decreasing nanopore size. For the smallest nanopore (type-0), water molecules in 

ROI interact mainly with the functional groups (Figure 2.13). A qualitatively similar increase in the 

evaporation flux has been observed by adding charges to the edge carbon atoms to mimic the presence of 

functional groups [83]. 
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Figure 2.12. HB analysis for the functional group (pore)–water (P–W) pair and water–water (W–W) pair along with 

rotational dynamics and translational dynamics of water molecules present in the ROI of different FNPGs. (a), (b) and 

(c) show type-1 nanopores terminated with H atoms, ET and H, and OH and H, respectively. Water molecules (green) in the 

vicinity of the nanopores are shown along with the HBs (black dotted lines) between different pairs. (d) Average number of 

HBs per water molecule formed between functional groups terminating the nanopores and water molecules present in the ROI. 

(e) Average number of HBs per water molecule formed between the water molecules present in the ROI. The same for the water 

molecules present in the “10-90” interface of BLVI is shown for comparison. (f) Lifetime of HBs formed between functional 

groups terminating the nanopores and water molecules present in the ROI. (g) Lifetime of HBs formed between the water 

molecules present in the ROI. Lifetime of HBs formed between water molecules present in the “10-90” interface of BLVI is 

shown for comparison. (h) Dipole relaxation times of water molecules present in the ROI for l = 1. Dipole relaxation times of 

water molecules present in the “10-90” interface of BLVI is shown for comparison.  
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Figure 2.13. Interaction of water molecules with the functional groups and with other water molecules in the vicinity 

of the nanopore via HBs. (a), (b), (c), and (d) show type-0, 1, 2, and 3, OH and H terminated nanopores, respectively. 

Water molecules (green) in the vicinity of the nanopores are shown along with the HBs (black dotted lines) between different 

pairs. 

 

In addition to the number of HBs, the HB dynamics of water molecules in the ROI provides additional 

insight into the enhanced evaporation flux with decreasing nanopore size. From the intermittent HB 

correlation function, CHB (t) [171,172], we obtained HB lifetime, 𝜏𝜏𝐻𝐻𝐻𝐻, using a single exponential fit [172]:  

( ) exp( )HB
HB

tC t A
τ
−

=                      (Equation 2.9) 

where A is a pre-exponential factor and t is time. 

As compared to the water molecules present in the “10-90” interface of BLVI, water molecules present in 

the ROI of FNPGs show reduced number and reduced lifetime of HBs (Figure 2.12f and g). Lower 𝜏𝜏𝐻𝐻𝐻𝐻  

values revealed faster dynamics for HBs for the OH-terminated FNPGs when compared with the ET-

terminated FNPGs. This trend was observed for functional group–water (Figure 2.12f) as well as water-

water HBs (Figure 2.12g). The reduced 𝜏𝜏𝐻𝐻𝐻𝐻  for the OH groups is partly due to the increased steric effects 

at the pore edge when compared with the ET groups (Figure 2.12b and c). Additionally, the lower 𝜏𝜏𝐻𝐻𝐻𝐻  
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for the water–water HBs (Figure 2.12g) correlates directly with the decreased water-water HBs in the ROI 

(Figure 2.12e). For a given pore functionality, the 𝜏𝜏𝐻𝐻𝐻𝐻  values between water present in the ROI and the 

functional groups are relatively invariant with deff (Figure 2.12f). The observed 𝜏𝜏𝐻𝐻𝐻𝐻  values are unique to 

the given functional group and water pair. The reduction in 𝜏𝜏𝐻𝐻𝐻𝐻  is the greatest for FNPGs terminated with 

OH functional groups which effectively reduces the HB lifetimes. We point out that both the number of 

HBs and 𝜏𝜏𝐻𝐻𝐻𝐻   play an important role in the escape probability of the water molecule. Smaller 𝜏𝜏𝐻𝐻𝐻𝐻 , 

indicates shorter-lived HBs, resulting in faster HB dynamics to render enhanced evaporation fluxes 

(Figure 2.11e). 

As another measure of the altered water dynamics and relaxation, we evaluated the dipole-dipole re-

orientational dynamics by computing the first (l = 1) and second rank (l = 2) Legendre polynomials of the 

water dipole moment in the ROI as well as the corresponding dipole relaxation times, 𝜏𝜏𝑙𝑙
𝜇𝜇  (Appendix 

2.5.4). 𝜏𝜏𝑙𝑙
𝜇𝜇   values for water molecules present in the ROI of different FNPGs are smaller than the 𝜏𝜏𝑙𝑙

𝜇𝜇  

values of water molecules present in the “10-90” interface of BLVI ( 𝜏𝜏1
𝜇𝜇 = 4.67 ps and 𝜏𝜏2

𝜇𝜇  = 1.70 ps) 

(Figure 2.12h). For a given pore diameter, the dipole relaxation times were lowest for the OH-

functionalized pores and highest for the H-terminated pores (Figure 2.12h), reflecting the trends in the 

HB lifetimes (Figure 2.12g). Additionally, faster HB and dipole-dipole re-orientational dynamics were 

observed at the smaller nanopore sizes because of their tendency to effectively disrupt the interaction 

between water molecules in the ROI (Figure 2.13). The local water dynamics are dependent on the ability 

of the water molecule to both form and break HBs at a given instant [173,174]. Our results clearly reveal 

the presence of faster HB and dipole-dipole re-orientational dynamics for water in the ROI of the 

nanopores accentuated by edge functionalization with the greatest reduction in relaxation times observed 

for the OH-functionalized nanopores. The trends in these dynamic quantities are consistent with the 

enhanced evaporation flux with decreasing deff observed in experiments, where the increased presence of 

oxygen as either ET or epoxy and semiquinone at the nanopore edge was found to correlate positively 

with enhanced evaporation. 

A direct dynamic measure of the propensity of a water molecule to exit the liquid-vapor interface can 

also be obtained from the variation of the mean square displacement (MSD) of water molecules along the 

z-axis of the ROI, illustrated for the FNPGs with type-1 nanopores in Figure 2.12i. Due to the limited 

spatial extent sampled in the z-direction, we did not attempt to extract a diffusion coefficient. However, 

the data clearly revealed the increased MSDz for all nanopores relative to the MSDz of water molecules 

present in the “10-90” interface of BLVI (Figure 2.12i and Appendix 2.5.4). Despite the limited extent of 
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the distance sampled in the z-direction, the MSDz plots for the water molecules present in the ROI for 

different FNPGs showed a distinct transition from the ballistic regime (where MSD scales as t2) at short 

times to the diffusive regime (where MSD scales as t) at longer times. The relative increase in the MSDz 

with respect to water molecules present in the “10-90” interface of BLVI diminishes with increasing deff 

as expected (Figure 2.13). 

2.3.6 Potential of mean force and surface tension analysis 
The variation of the potential of mean force (PMF) for a water molecule along the z-axis of the ROI for 

different FNPGs are illustrated in Figure 2.14a and b for smallest (type-0) and largest (type-3) nanopores, 

respectively. A clear decrease in the free energy barrier for moving a water molecule from the bulk liquid 

(denoted as ‘l’ in Figure 2.14a) to the vapor phase (denoted as ‘v’ in Figure 2.14a) in the immediate 

vicinity (-1.5 nm < z < 0) of the FNPG when compared with the PMF for BLVI is observed (Figure 2.14a 

and b). The PMF values in the bulk vapor phase (denoted as ‘bv’ in Figure 2.14a) are similar for the 

different systems reflecting the constant free energy difference for transferring a water molecule between 

the bulk liquid and the bulk vapor phases. From the PMF variations, we obtained the change in Gibbs free 

energy (∆G = Gv −Gl) for transferring a water molecule from the liquid phase (‘l’) to the vapor region (‘v’). 

In all the FNPG systems we observed a reduction in ∆G when compared with the value of ∆G = 29.9 

kJ/mol obtained for evaporation from a BLVI (Figure 2.14c). We saw the lowest ∆G values for type-0 

nanopores with the smallest ∆G = 22.1 kJ/mol for OH–0 nanopores (Table 2.4). The free energy difference 

decreases with increasing deff, primarily due to the ineffectiveness of larger pores in disrupting water-water 

HBs (Figure 2.13). However, even for the largest nanopore studied, ∆G values were slightly smaller than 

the BLVI values, approaching the BLVI values for the largest H-terminated pores (Figure 2.14c). The 

variations in ∆G (Figure 2.14c) are consistent with the enhanced evaporation observed for the OH-, ET- 

and H-terminated nanopores (Figure 2.11e).  
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Figure 2.14. Free energy calculations for evaporation of water molecules and surface tension at water-vapor interface 

for different FNPGs. (a) PMF profiles for evaporation of water molecules through the FNPGs with type-0 nanopores, with 

different regions depicted. (b) PMF profiles for evaporation of water molecules through the FNPGs with type-3 nanopores. The 

same for the BLVI is also shown for comparison. Black dashed lines denote the position of FNPG (or vapor edge of “10–90” 

interface for BLVI), (z = 0). The fluctuations in the PMF values are denoted by the shaded regions around the PMF plots. (c) 

Free energy barrier (∆G) for taking a water molecule from bulk liquid (l) to vapor phase (v), with ∆G for BLVI shown for 

comparison. (d) Surface tension at the water-vapor interface for different FNPGs. Surface tension at the water-vapor interface 

of BLVI is shown for comparison. Due to insufficient sampling in the ROI of type-0 nanopores, we report the values for type-

1,2 and 3 nanopores only. 
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Due to the enhanced density in the contact water layer formed adjacent to the FNPG, a distinct global 

minimum (denoted as ‘m’ in Figure 2.14a) in the free energy profile was observed at z = 0.35 nm 

coinciding with the maxima in the density distribution (Figure 2.11h) where the water molecule resides 

prior to escaping into the vapor phase. Since an evaporating water molecule located at the minimum has 

to overcome a free energy barrier across the FNPG to enter the vapor phase, we also evaluated the free 

energy barrier for a water molecule to translocate (∆Gt = Gi − Gm) from this minimum to the interface 

(denoted as ‘i’ in Figure 2.14a). In all cases, ∆Gt values were smaller than the corresponding ∆Gt = 13.47 

kJ/mol obtained for the BLVI, indicating the lowered barrier for evaporation due to the presence of the 

nanopores (Table 2.4). For the OH–0 nanopores, a significant reduction was observed, with ∆Gt = 6.57 

kJ/mol. Interestingly, only a marginal increase was observed for the free energy change (∆Ge = Gv −Gi) 

between the vapor region (‘v’) and the interface (‘i’) across the different pore types lying between 17.28 

kJ/mol for OH–0 nanopores and 18.87 kJ/mol for H–3 nanopores. Further, this free energy change was 

slightly higher than 16.40 kJ/mol obtained for the BLVI (Table 2.4). These differences are, however, less 

than 1 𝑘𝑘𝐵𝐵𝑇𝑇  (2.49 kJ/mol) at 298 K (25 °C), indicating that the enhancement in evaporation flux is 

governed mainly by the larger differences in ∆Gt driven primarily by the interaction between functional 

groups and water molecules in the ROI (Figure 2.13). 

Since we observed an increased evaporation flux from both experiments and MD simulations for the 

nanopores, we computed interfacial tension (γ) at the water-vapor interface using the Kirkwood pressure 

tensor formulation [118,175]. Unlike the BLVI, in the case of the nanopores, the pressure tensor 

computation was carried out in the ROI. Figure 2.14d illustrates the surface tension at the water-vapor 

interface for different FNPG systems. The greatest decrease in γ was observed for the type-1 nanopores, 

and the smallest value of 59.0±0.02 mN/m was observed for the OH–1 nanopores correlating with the 

highest flux observed in the MD simulations (Figure 2.11e). Additionally, for a given pore type, the 

greatest reduction in γ occurred for the OH-functionalization followed by the ET-functionalization with 

the least reduction observed for the H-terminated nanopores (Figure 2.14d and Table 2.5).  

We note that previous studies attributed the enhanced evaporation to the extended meniscus or 

evaporation area [6,16] outside the hydrophilic pore mouth. In our case, the support film hosting 20-nm-

sized pore opening was a film with macroscopic length-scale (1 mm2); therefore, it did not have any 

significantly extended meniscus. Hence, no enhancement was observed from the support film. For 

nanoporous graphene, one can rule out the existence of an extended liquid film on the back side of the 

graphene film as the basal plane of graphene away from the pore is hydrophobic. This is also evidenced 
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by the imaging of nanopores obtained by oxidative treatment where oxygen-containing functional groups 

are clustered around the pores leaving a pristine hydrophobic basal plane between the pores [97]. In 

addition, this has also been recently borne out in molecular simulations of water adsorption on graphene 

oxide surfaces [176]. Therefore, the observed enhancement could be explained by the hydrogen bonding 

dynamics in a confined geometry of graphene nanopores, as shown by the MD simulation. 

2.4 Conclusion 
We report a significant enhancement in water evaporation flux, up to 35-fold compared to BLVI, when 

millimeter-scale 2D graphene film hosting billions of oxygen-functionalized Å-scale pores is positioned 

at the liquid-vapor interface, with enhancement exhibiting a strong dependence on the pore size. We 

discuss that enhancement from millimeter-sized porous graphene in our study is obtained without any 

extended liquid meniscus and is linked to the rapid hydrogen bonding and orientational dynamics of water 

in the vicinity of the nanopore rendered by the strong interaction between the water molecule and the pore 

edge oxygen-functional groups. This results in a decreased free energy barrier for water crossover to the 

vapor phase, leading to an enhanced evaporation flux. Enhancement increases for the smaller pores 

because water molecules have a higher probability to interact with the edge function groups in smaller 

pores.  

Before this study, the state-of-the-art studies on evaporation of water confined in nanopores were 

limited to the solid-state pores that were several nanometers in size and length. Therefore, this study 

constitutes the ultimate limit for the confinement of the liquid/vapor interface where the interface is only 

atom thick, and pores are commensurate to the size of water molecules. This was possible by carefully 

placing crack-free nanoporous graphene film on the water-vapor interface while ensuring that the liquid 

supply to the interface as well as the mass transfer of vapor away from the interface were not the rate-

limiting step. Opposite flux trends observed for water evaporation rate and gas transport as a function of 

pore size from the same film adds robustness to our conclusion.  

Overall, this study provides the first experimental demonstration of significantly enhanced water 

evaporation flux from a 2D nanoporous interface hosting Å-scale pores. The enhancements observed here 

can be extremely attractive for applications dependent on the phase change of liquid water. The findings 

in this study are expected to aid the development of novel strategies for evaporation-based separations, 

e.g., membrane distillation. 
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2.5 Appendix I 
2.5.1 Water supply and vapor removal limit in the evaporation process 

In general, the event of water evaporation through graphene comprises three steps: (a) water transport to 

the liquid-vapor interface at the nanopore, (b) liquid vaporization at the nanopore, and (c) water vapor 

leaving the entrance of the nanopore. For the sake of measuring only the kinetic limit of water evaporation 

through the nanoporous graphene, we cautiously examine if the evaporation is limited by step (a) and (c). 

In the case of step (c), given that the permeate side of the set-up is at 500 mTorr (∼ 66 Pa) vacuum and 

low absolute water evaporation flux, the diffusion of water vapor leaving the nanopore is greatly 

accelerated, and therefore, it is not the limiting factor. On the other hand, the capillary pressure and the 

transport impedance of each layer determine the liquid water supply in nanoporous graphene/support films. 

Assuming that water flow through the support film (NPC film) behaves as a classical liquid in a cylindrical 

tube while that through the nanoporous graphene/support film behaves as a Sampson’s flow, we can 

employ the Hagen-Poiseuille equation, Sampson’s formula and Young-Laplace equation [56,177]: 

~ ( )
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where Q is the mass flow per unit area per unit time in the case when the meniscus starts to recede, which 

is also regarded as the lower limit of water supply. σ is the pore density per unit area of nanoporous 

graphene, ρ is the density of water, ∆P is the difference of capillary pressure, and γ is the surface tension 

of water. DGr and DNPC, as well as θ and θ*, are the pore diameter and water contact angle of graphene and 

the support film, respectively. RNPC and RGr represent the impedance of the support and graphene layer. µ 

is the viscosity of water, and L refers to the thickness of the film. In the case of a standalone support film, 

we do not consider the contribution from graphene. Figure 2.15 shows the comparison between the 

calculated liquid supply limits and the experimental data at 22 °C. It is clearly seen that the limits are few 

order-of-magnitude higher than the measured evaporation fluxes, suggesting that water supply is not a 
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limiting factor for all our measurements. 

 
Figure 2.15. Comparison of calculated water supply limit and the measured evaporation flux of all tested nanoporous 

graphene films at 22 °C. 
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2.5.2 System details of MD 
 

 
Figure 2.16. Different arrangements of H atoms and OH functional groups on the edge of type-1 nanopore to determine 

the FNPG with the lowest formation energy and the formation energies of optimized FNPGs with the arrangements of 

H atoms and OH functional groups on the edge of nanopore corresponding to the different configurations (A–J). 
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Table 2.2. Effective pore diameter, deff and effective pore area, Aeff of each functionalized nanopore of the FNPGs 
shown in Figure 2.11a. 
 

Pore deff (nm) Aeff (nm2) 
 

 
H–0 0.448 0.158 
ET–0 0.434 0.148 
OH–0 0.338 0.090 

H–1 0.549 0.237 
ET–1 0.528 0.219 
OH–1 0.454 0.162 

H–2 0.996 0.779 
ET–2 1.015 0.809 
OH–2 0.901 0.638 

H–3 1.397 1.533 
ET–3 1.454 1.660 
OH–3 1.303 1.333 
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Figure 2.17. Interaction potential between the carbon atom of the attractive wall and the oxygen atom of water 

molecule (shown in orange). The carbon-water interaction parameters are adjusted to yield a ten times greater interaction 

potential between the carbon atom of the attractive wall and the oxygen atom of water molecule (σCO=3.19 A˚, ϵCO=3.92 

kJ/mol). The cutoff for the van der Waals interactions was set as 1.2 nm and hence the water molecules beyond this 

distance are unaffected by the influence of the attractive wall. This also ensures a vapor region of 6.8 nm for the 

evaporating water molecules. For comparison, the same for the single pristine graphene sheet (brown) is also shown. The 

attractive wall is placed at z= 8 nm (shown in dotted cyan line) and its influence is limited to a cut-off of 1.2 nm (shown in 

dotted violet line).  FNPG is present at z = 0 (shown in black dotted line). Different regions are also depicted. 
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2.5.3 Cumulative number of evaporated water molecules and evaporation flux calculation 

For the production run of 500 ns, we track the net number of water molecules leaving the FNPG in 

increments of 1 ns (Figure 2.18).  

 
Figure 2.18. System details and dimensions for simulation with FNPGs. (a) Side view of the simulation box with the 

dimensions depicted. The dimensions that are invariable with time are only shown. (b) Top view (from the attractive wall 

side) with the dimensions depicted. Red: Attractive wall, Cyan: FNPG, Green: Water molecules, and Blue: Piston. 

 

System details and dimensions for the bare liquid-vapor interface (BLVI) simulations are given in 

Figure 2.19. Since water molecules can now evaporate from two opposing surfaces, we have used 

two attractive walls. We have used 42650 water molecules for simulating a BLVI. Figure 2.19b 

illustrates the water density profile for a BLVI. This density profile was fit with a hyperbolic tangent 

function of the following form: 

 02.1972( )(z)= ( ) tanh( )
2 2

l v l v z z
h

ρ ρ ρ ρρ + − −
−           (Equation 2.14) 

where ρl and ρv are the liquid and vapor phase densities, respectively. z0 is the position of Gibbs 

dividing surface, where (z)=
2

l vρ ρρ + . h is the thickness of “10–90” interface which describes 

the density change from 90% to 10% of the bulk water density. 
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Figure 2.19. Density profile of water molecules in the BLVI simulations. (a) System details and dimensions for the bare 

liquid-vapor interface (BLVI) simulations. Side view of the simulation box with the dimensions depicted. The dimensions that are 

invariable with time are only shown. Top view (from the attractive wall side) with the dimensions depicted. Red: Attractive wall 

and Green: Water molecules. (b) Density  profile of water molecules along with the hyperbolic tangent function fit. (c) and 

(d) Density profiles along with the hyperbolic tangent function fit for left and right interfaces, respectively. Black dotted 

line: Gibbs dividing surface. Magenta dashed line: Vapor side of ‘h.’ Brown dashed line: Liquid side of ‘h.’ 

 

Since we have two liquid–vapor interfaces, Figure 2.19c and d illustrates the position of the Gibbs 

dividing surface and the “10–90” thickness for the left and right interfaces, respectively.  For the left 

interface we have z0 = −17.92 nm and h = 0.354 nm whereas for the right interface we have z0 = 

17.68 nm and h = 0.355 nm. For the flux computations, we evaluate the net num- ber of water 

molecules leaving the vapor edge of “10–90” thickness (magenta dashed lines in Figure 2.19c 

and d). The cumulative number of water molecules evaporating through different FNPGs and 

BLVI are shown in Figure 2.20. Using the above procedure to determine the net number of water 

molecules leaving the interface, we observe that the cumulative increase follows a linear trend over 

the 500 ns of sampling time for all the different FNPGs as well as the BLVI (Figure 2.20). Linear 

fits to the N versus t data are used to determine the flux for the different FNPGs using  

1

eff

dNj
A dt

=                              quation 2.15) 

where Aeff is the effective area for evaporation. 

The calculated evaporation flux is summarized in Table 2.3. 
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Figure 2.20. Cumulative number of evaporated water molecules. Each panel represents the cumulative number of water 

molecules evaporating through FNPGs with type-0, 1, 2, and 3 nanopores, and BLVI. 
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Table 2.3. Details for evaluation of evaporation flux, j. The data of BLVI includes both interfaces. 

Pore dN/dt 
(molecules/ns) 

Aeff j 
(molecules/ns/nm2) 

H–0 0.228 0.632 0.360 

ET–0 0.336 0.592 0.567 

OH–0 0.389 0.360 1.081 

    

H–1 0.291 0.948 0.307 

ET–1 0.429 0.876 0.490 

OH–1 0.570 0.648 0.880 

    

H–2 0.535 3.116 0.172 

ET–2 0.828 3.236 0.256 

OH–2 1.030 2.552 0.404 

    

H–3 0.737 6.132 0.120 

ET–3 1.115 6.640 0.168 

OH–3 1.398 5.332 0.262 

    

BLVI 5.751 71.088 0.081 

 

 
2.5.4 Dipole-dipole re-orientational dynamics and mean square displacement 

Dipole-dipole re-orientational dynamics are analysed by computing the first,(l = 1) and second rank 

(l = 2) Legendre polynomials of the water dipole moment. The orientational correlation functions 

(OCFs), Γlµ, are calculated using: 

1 ,

( ) [ ( ) (0)]
N

l l
i N

t P tµ

τ

µ µ
=

Γ = ⋅∑                  (Equation 2.16) 

where the ⟨· · · ⟩τ,N represents an ensemble average over τ shifted time origins and encompasses the 

subset of water molecules continuously surviving in the ROI during the time interval t. Pl are the 
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Legendre polynomials of rank l. µ denotes the unit vector in the direction of the water dipole. To 

capture the relaxation times we use a biexponential function: 

( ) exp( ) exp( )l f s
f s

t tt A Aµ µ µ

τ τ
− −

Γ = +                 (Equation 2.17) 

where τf represents the time constant for faster timescale relaxation and τs represents the time 

constant for slower timescale relaxation. fAµ  and sAµ  represent the parameters for components 

of the faster and slower timescale relaxations, respectively. 

The dipole relaxation times of the water molecules are then calculated using: 

f f s s
l

f s

A A
A A

µ µ

µ µ

τ τ
τ

+
=

+
                         (Equation 2.18) 

Computation of fAµ , sAµ , sτ , and lτ for l = 1 and l = 2 is organized in 5000 blocks, each having a 

length of 0.1 ns. 

 Mean square displacement (MSD) of water molecules present in the ROI of different FNPGs is 

calculated in the z-direction (perpendicular to the surface of FNPG) using: 

2

1 ,

( ) (t) (0)
N

z i i
i N

MSD t z z
τ=

= −∑                (Equation 2.19) 

where zi(t) is the z coordinate of the center of mass of water molecule i and ⟨· · · ⟩τ,N represents an 

ensemble average over τ shifted time origins and encompasses the subset of water molecules 

continuously surviving in the ROI during the time interval t. 
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2.5.5 PMF calculation 
 

Table 2.4. Free energy difference (kJ/mol) between different regions. 

Pore ∆G = Gv − Gl ∆Gt = Gi − Gm ∆Gvi = Gv − Gi 

H–0 26.57 10.29 18.33 

ET–0 24.77 9.25 17.49 

OH–0 22.13 6.57 17.28 

    

H–1 27.28 10.71 18.74 

ET–1 26.07 9.41 18.70 

OH–1 23.77 7.11 18.58 

    

H–2 28.16 11.63 18.79 

ET–2 27.28 10.75 18.74 

OH–2 26.23 9.71 18.66 

    

H–3 28.74 12.18 18.87 

ET–3 27.95 11.46 18.70 

OH–3 27.15 10.63 18.70 

    

BLVI 29.87 13.47 16.40 
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Table 2.5. Surface tension values at water-vapor interface for different FNPG systems and BLVI. 
Pore γ (mN/m) 

 
H–1 

 
63.1 

ET–1 61.1 
OH–1 59.0 

H–2 64.1 
ET–2 62.9 
OH–2 61.8 

H–3 64.7 
ET–3 63.8 
OH–3 62.8 

BLVI 65.62 



CHAPTER 3 

61 
 

Chapter 3 Size-dependent Subcontinuum Ion 

Permeation Across Nanoporous Graphene 

Membranes 

Abstract 
Atomically thin graphene nanopores are promising for mimicking the functionality of biological 

channels which demonstrate a remarkable ion-ion selectivity. However, the performance of the state-

of-the-art nanopores/nanochannels is far from that from biological channels due to difficulty in 

achieving a precise control over the pore size. Here, we report nanoporous graphene membranes 

hosting pores approaching the size of hydrated ions to enable effective monovalent cation sieving. The 

controlled pore size at the sub-nanometer scale is realized by top-down etching-based nucleation and 

pore expansion, which results in a sharp molecular cutoff for maximum K+/Mg+ and Li+/Mg2+ 

selectivities up to 350 and 260, respectively. Analysis of the transport resistance model and the energy 

barrier for ion transport suggests that the high selectivity results from a size-exclusion mechanism 

associated with the ion-dependent dehydration process. Our findings demonstrate the potential of 

graphene nanopores for application in metal mining, energy storage, and various separation 

technologies.  

3.1 Introduction 

Understanding the transport of ionic species under nanoscale confinement to mimic the conditions in 

biological channels is desirable because it involves unexplored fluid mechanics in a new regime, which 

enables the novel development of energy storage [23,178,179], nanofluidic applications [180,181], and 

high-efficiency separation [82,182,183]. In particular, ion–ion separation using 

nanopores/nanochannels is attractive for the extraction of highly demanded lithium from brine [184–

186], in which the recovery process separates Li+ from Mg2+ in a highly concentrated salt mixture 

[185,187]. Conventional methods relying on reactive extraction of Li are energy-intensive and lead to 

large consumption of scarce fresh water resources near Li-rich mines [188,189]. In this respect, high-

performance membranes yielding a large Li+ flux and high Li+/Mg2+ selectivity are highly attractive 

to meet the growing demand for lithium in applications involving renewable energy and next-

generation vehicles [190]. 
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Biological channels have shown an exceptional transport rate of K+ or Na+ [191,192] while 

simultaneously rejecting divalent cations. The ultrahigh ion selectivity of protein-ion channels results 

from a sub-nanometer-sized pore channel [193] and the presence of a selectivity filter [194,195]. In 

contrast, artificial nanochannels/nanopores perform poorly compared to their biological counterparts. 

This is mainly because of the difficulty in controlling the pore size distribution of nanopores in artificial 

channels. Improving the control over the pore size, down to the resolution of 1 Å, is expected to 

significantly improve the ion–ion selectivity [196,197]. For instance, graphene oxide laminates with 

an interlayer spacing below 8 Å [13,198] demonstrated a K+/Mg2+ selectivity up to 650 and a Li+/Mg2+ 

selectivity up to 500. Polymeric membranes [17,199] and metal-organic frameworks [18,200,201] with 

channel sizes in the sub-1-nm regime also achieved ion sieving of monovalent cations from divalent 

cations. On the other hand, atomically thin nanopores [22,23,47] have shown potential for studying 

ion transport under nanoconfinement along with mimicking the high performance of biological 

channels due to the atomic thinness. However, no remarkable metal-ion selectivity from two-

dimensional nanopores has been reported. The key challenge in achieving high ion selectivity is the 

controllable tuning of the nanopore diameter approaching the size of hydrated ions. Several attempts 

have been made to investigate the cation selectivity of graphene nanopores. Pioneer work done by 

Rollings et al. [47] involved ionic transport across 2–23-nm-sized graphene nanopores, in which a high 

K+/Cl- selectivity over 100 was obtained due to the electrostatic interaction between the ions and the 

negatively charged pore rim. Nevertheless, the K+/Mg2+ and Li+/Mg2+ selectivities were low, 

approximately 4 and 3, respectively. Cation selectivities in current studies on nanoporous graphene 

membranes [28,183,202,203] are also far from those expected due to the large pore size and cracks 

and tears on the membrane. Furthermore, a clear understanding of the factors affecting the ion 

selectivity of graphene nanopores remains limited, and a detailed investigation is urgently needed.  

Herein, we design a robust graphene nanopore platform to study ion transport under sub-

nanometer confinement. Taking advantage of the etching kinetics of two different chemical etchants, 

O3 and CO2, decoupled pore nucleation and expansion in a graphene lattice were achieved, thereby 

creating nanopores at the sub-nanometer scale for ion transport. We demonstrate that tailored pore size 

and pore structure can modulate the diffusion of ions across the nanopores and enable a K+/Mg2+ 

selectivity up to 70 and a Li+/Mg2+ up to 50. The ion selectivity can be further improved by reducing 

the number of non-selective pores in the nucleation step using a graphene regrowth method. The size-

dependent metal ion selectivity suggests the steric effect associated with ion dehydration as the main 

factor governing ion transport. In addition, the nanopores exhibit stable fluxes across a range of 

electrolytes with high concentration (1 M), and high M+/Mg2+ (M: K, Na, or Li) selectivities are 



CHAPTER 3 

63 
 

preserved in a solution mixture of all the tested ions. This work shows a significant improvement in 

the ion selectivity of 2D nanopores, which is promising for a wide range of separation applications.  

 

3.2 Methods and materials 
3.2.1 Synthesis of single-layer graphene by low-pressure chemical vapor deposition (LPCVD) 

Single-layer graphene was synthesized by the LPCVD process using a pre-annealed copper foil (50 

µm thick, 99.9 % purity, Stream). Briefly, the foil was subjected to a CO2 and H2 atmosphere at 1000 

°C for 30 min, respectively. Subsequently, 24 sccm of CH4 and 8 sccm of H2 were introduced into the 

reactor at a total pressure of 460 mTorr for 30 min. The reactor was then rapidly cooled down to room 

temperature after the completion of the synthesis. 

 

3.2.2 Defects generation in graphene lattice using ozone 

A homemade setup was used for incorporating defects into the graphene lattice. The setup was 

composed of a reactor chamber with a thermocouple placed inside the heating zone. The reactor was 

carefully wrapped with a heating tape, which was connected to a controller. Briefly, as-synthesized 

graphene on Cu was placed inside the reactor under a continuous Ar flow (100 sccm) in 1 bar at 43 °C. 

After the whole system reached thermal equilibrium, the Ar flow was cut off, followed by the injection 

of an O3/O2 mixture (9 % O3 on a molar basis, Atlas 30, Absolute Ozone) into the chamber. The as-

synthesized graphene was exposed to the O3/O2 mixture for 1 h. Thereafter, the O3/O2 mixture was cut 

off, the heater was turned off, and an Ar flow was injected to flush away the remaining O3.  

 

3.2.3 Expansion of graphene nanopores using CO2 as the etchant and regrowth of graphene in 

large pores 

First, O3-treated graphene on Cu was placed in a tubular furnace. The furnace was filled with H2 (100 

sccm) and evacuated three times, and then refilled to a pressure of 800 torrs. After that, the furnace 

was heated to 800 °C in 50 min and kept at 800 °C for 2 minutes. Subsequently, a mixture of H2 (23 

sccm) and CO2 (50 sccm) was introduced into the furnace and flowed through the reactor for 5 to 8 

minutes. Once the expansion was done, the reactor was then rapidly cooled down to room temperature 

to stop the reaction. For the regrowth of graphene in larger pores, prior to CO2 etching, the sample was 

exposed to a mixture of CH4 and CO2 (molar ratio 2:1) with H2 as a protective gas at 800 °C for 10 

min. 
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3.2.4 Membrane fabrication 

Nanoporous graphene was reinforced by a two-layer composite film composed of a NPC film [130] 

and a Nafion film. First, the fabrication of the porous carbon film on graphene was performed using a 

method reported elsewhere with modification. Briefly, the precursor of NPC was prepared by 

dissolving 0.1g poly(styrene-b-4-vinyl pyridine) and 0.2 g turanose in 1 g N,N-dimethylformamide. 

Subsequently, the solution was heated at 180 °C for 3 h. The NPC film was obtained by spin coating 

the solution on the nanoporous graphene resting on a Cu foil, followed by pyrolysis at 500 °C in a 

H2/Ar atmosphere for 1 h. Thereafter, a Nafion (Nafion D-520 dispersion, 5 % w/w in water and 1-

propanol) layer was spin-coated onto the NPC/Gr/Cu film, followed by maintaining the resultant film 

at 120 °C for 1 h to induce cross-linking in the Nafion film. Then, the nanoporous graphene on Cu 

supported by the two-layer composite film was placed in a FeCl3 bath to remove the Cu foil. After Cu 

etching, the floating graphene composite film was rinsed in HCl and deionized (DI) water to remove 

the residues. Finally, the floating graphene film was scooped on a polytetrafluoroethylene (PTFE) 

washer (outer diameter: 20 mm, inner diameter: 8 mm) for other use. 

 

3.2.5 Ion diffusion tests 

A homemade diffusion cell with two 50 mL chambers was used for membrane performance testing. A 

membrane (area of 50.3 mm2) was sandwiched between two PTFE washers and mounted between two 

chambers, with the graphene side toward a feed solution. The feed solution contained 1 or 0.1 M of 

one or mixed salts (KCl, NaCl, LiCl, MgCl2, >98%, Sigma-Aldrich), and the receiving solution 

contained Milli-Q water. Over the measurement period, the concentration change in the receiving side 

was negligible compared to the feed concentration; therefore, the driving force for ion diffusion 

remained constant. For single-ion tests, a pre-calibrated conductivity probe (Mettler-Toledo GmbH, 

SevenCompact Cond. Meter S230) was placed in the receiving chamber to record the conductivity 

increase due to ion diffusion for 5 h. The conductivity (μs/cm) was converted to concentration (mol/L) 

by obtaining a calibration curve of conductivity as a function of concentration, which was measured 

by inductively coupled plasma-optical emission spectrometry (ICP-OES, 5110, Agilent). For mixed-

ion tests, the concentration of each cation was measured by ICP-MS. The membrane cation flux, J, 

was then calculated as: 

rC VJ
A t

=
∆

                        (Equation 3.1) 

where Cr is the concentration in the receiving chamber, V is the volume of the chamber, A is the area 

of the membrane, andΔt is the time. 

The selectivity, Sij, of one cation, i, over another one, j, was calculated as: 
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J J
S

C C
=                      (Equation 3.2) 

where Ji is the flux of cation i and Cf,i is the feed concentration of cation i. 

 

3.2.6 Scanning tunneling microscope (STM) imaging 

STM imaging was performed using a low-temperature STM (CreaTec Fischer & Co. GmbH). To 

remove contamination from the graphene surface, the graphene/Cu samples were annealed/reduced 

under H2 flow (50 sccm) at 800 torr and 900 °C for 3 hours in a quartz tube furnace to reduce the 

oxidized copper surface. Right after the 900 °C annealing, the sample was transferred to the UHV 

chamber of the STM. The samples were again heated inside the UHV chamber at 700°C for 3 hours to 

remove the surface contamination. STM imaging was performed at 77 K and a pressure of 2 × 10-10 

mbar. The STM probe was prepared by cutting a commercial Pt/Ir wire (Pt: 90 wt % and diameter of 

0.25 mm; Alfa Aesar). The tilt in the acquired STM images was reduced by flattening in the WSxM 

software [204]. 

 

3.2.7 Other characterizations 

Scanning electron microscope (SEM) images were obtained by using an FEI Teneo scanning electron 

microscope at 1.0–5.0 kV and working distances of 2.5–5.0 mm. No conductive coating was applied 

to the substrates before SEM imaging. The thickness of the film was measured by optical profilometry. 

Raman measurement was performed on the nanoporous graphene on the Cu foil right after the 

synthesis using 457 nm excitation and the Renishaw micro-Raman spectroscope with a 100× objective. 

The obtained Raman data were analyzed using a MATLAB script. To calculate the D and G peak 

heights, the background was subtracted from the Raman data using the least-squares curve fitting tool 

(lsqnonlin). X-ray photoelectron spectroscopy (XPS) measurements on highly oriented pyrolytic 

graphite (HOPG) and graphene resting on the Cu foil were carried out on Axis Supra (Kratos Analytical) 

using the monochromated Kα X-ray line of an aluminum anode. The pass energy was set to 20 eV, and 

the step size was set to 0.1 eV. The peak fitting was performed using CasaXPS, and the Shirley method 

was used for background subtraction. 
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3.3 Results and discussion3.3.1 Tailored graphene nanopores for selective ion 

transport  
To understand the transport behavior of cations (K+, Na+, Li+, and Mg2+) under nanoconfinement, the 

nanopores in graphene were tailored via decoupling the pore nucleation and expansion using two 

different chemical etchants. High-quality single-layer graphene (I2D/IG = 2.3±0.5, ID/IG = 0.09 ± 0.03) 

was synthesized by LPCVD on a catalytic substrate, Cu. Prior to the synthesis, the substrate was 

thermally annealed in the H2/Ar atmosphere to reduce the roughness of Cu as well as the density of 

the intrinsic defects. O3 was used as an etchant to generate new vacancy defects in the graphene lattice, 

which has been proven effective to create angstrom-scale pores for molecular sieving [44,205,206]. 

Our protocol for O3-etching yields small nanopores (~3–4 Å) which are too small to permit transport 

of hydrated cations because of the involved high energy barrier to enter the pore (~40–240 kJ/mol) 

[207,208], as suggested by previous simulation studies. To resolve this issue, we employed CO2 as a 

post etchant to expand the pores. Based on the recent studies [54,209] on the reaction kinetics of CO2 

with graphene lattice, CO2 could provide slow expansion of the pre-existing nanopores (few atoms per 

second) without new nucleation events in graphene because of the high energy barrier for CO2 to 

nucleate defects (~5.0 eV) [210] and relatively lower energy barrier for expansion (~ 2.7 eV) [54,211]. 

To initiate the pore expansion, the graphene/Cu substrate hosting the pre-existing O3-etched pores was 

exposed to CO2 at 800 °C in H2 atmosphere (Figure 3.1a). The pore etching rate of graphene by CO2 

is pore-size dependent and decreases with the decreasing size of the defects [54,209]. Therefore, 

considering our small starting pores (3–4 Å), the etching rate was presumably slower than 0.25 nm/min 

at 800 °C [54]. Based on the above discussion, we chose to carry out pore expansion with 5 min and 8 

min of CO2 etching, which were expected to result in nanopores approaching the size of hydrated ions. 

Chemically etched graphene using O3 usually leaves behind oxygen-containing functional groups 

on the graphene basal plane and pore edges after etching [44,97]. To understand the surface chemistry 

behind the two-step pore etching, XPS measurement was performed to analyze the chemical states of 

the resulting graphene nanopores after thermally annealing the CO2-treated graphene inside the XPS 

chamber to desorb contaminants such as hydrocarbons and water. As a control, as-synthesized 

graphene without postsynthetic etching was considered, which showed negligible oxygen 

concentration in the C1s spectrum (Figure 3.1b). In contrast, graphene after CO2 treatment exhibited 

the presence of 3.0% C–O (~ 286 eV) in the C1s spectrum. A low concentration of oxygen on graphene 

was expected because of the thermal decomposition of those functional groups at 800 °C in a reducing 

environment [212,213]. In general, the C–O peak found on previously reported O3-treated graphene 

could be assigned to epoxy/hydroxyl bonded carbons on the graphene lattice and ether groups at lattice 
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and edge sites [153]. It has been reported that epoxy groups start decomposing around 150–200°C 

[152,213], while the decomposition of hydroxyl and ether groups are activated from approximately 

800 °C [213] and 735 °C [214], respectively. Therefore, it is reasonable to postulate that the C–O peak 

has a contribution from both the hydroxyl and the ether groups. The relative composition of these 

functional groups can be analyzed by the O1s peak. However, it was challenging to deconvolute O1s 

in the graphene/Cu sample because of the contribution from copper oxide from the catalytic Cu 

substrate, formed by the oxidation of Cu during O3 and CO2 treatment. To resolve this, we carried out 

the CO2 etching on freshly cleaved highly-oriented pyrolytic graphite (HOPG). Deconvolution of the 

resulting spectrum (Figure 3.1d) indicates two distinct peaks at 533.4 eV and 532 eV. These two peaks 

in the O1s spectrum corresponded to the presence of the C–O bonding, consistent with the observation 

in C1s spectrum of CO2-etched graphene (Figure 3.1c). The former was assigned to the ether-boned 

aromatic carbon, while the latter was attributed to the hydroxyl groups. The origin of hydroxyl groups 

may come from the generation of reactive defects during CO2 exposure and their subsequent oxidation 

by oxygen or water in the air [215,216].  
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Figure 3.1. Creation and characterization of graphene nanopores using a decoupled nucleation/expansion method. 

(a) Schematic of the decoupling method. (b) C1s spectra of as-synthesized graphene and (c) C1s spectra of graphene after 

O3 treatment followed by 5 min of CO2 etching. (d) O1s spectra of HOPG after O3 treatment followed by 5 min of CO2 

etching. Prior to each XPS measurement, the samples were heated in-situ up to 400 °C in the XPS chamber to remove 

contamination. 
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Next, STM was performed directly on the CO2-etched graphene nanopores on Cu to understand 

the density and size distribution of the carbon vacancies. To obtain a smooth surface for STM imaging, 

the samples were annealed at 900 °C in a H2 atmosphere. The resulting images (Figure 3.2a–d) 

revealed a high surface roughness of copper that limited the observation of the atomic structure. 

However, nanopores with sub-nanometer sizes were present on graphene/Cu with a dark contrast in 

the topography images. We estimated the pore size by analyzing the cross-section profile of the 

observed nanopores (Figure 3.2e). The pore size was determined using a straight line segment that 

passes through the center of the pore and whose endpoints lie on the dark contrast (red crosses in 

Figure 3.2c and e). Since STM imaged the electron density of the atoms, the measured pore size 

reflected the effective electron density gap that allows the transport of the molecules. We found that 

the mean pore size for the sample prepared by 5 min of CO2 etching was 8.0 Å (standard deviation: 

1.5 Å) with a pore density of ~ 1012 cm-2 (Figure 3.2f).  

 
Figure 3.2. STM analysis of graphene nanopores etched by CO2. (a–c) STM images of nanoporous graphene on Cu foil 

prepared by 5 min of CO2 etching. (d) 3D landscape of nanoporous graphene/Cu shown in (c). (e) Cross-section profiles 

along lines A–A’, B–B’, and C–C’. (f) Pore size distribution of graphene nanopores etched by 5 min of CO2 etching. 
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3.3.2 Ion permeation across graphene nanopores 
The nanoporous graphene membranes were prepared by reinforcing graphene with a two-layer 

composite film (Figure 3.3a). We refer to this composite film as the support film in the following 

discussion. The support film was composed of a NPC layer hosting 20–30 nm apertures and a thin 

Nafion layer. Compared to nanoporous graphene, the support film provides a much lower transport 

resistance, and it is non-selective to ions due to the large pore size in the carbon layer and the intrinsic 

property of Nafion layer [17,130]. It was used as a mechanical reinforcement for graphene to assist 

crack-free transfer. The resulting membrane was mechanically robust and could be suspended on a 

PTFE washer without any visible tears (Figure 3.3b). SEM images showed that the support had a 

smooth surface and a distinguishable layer-by-layer structure, where the upper Nafion layer was dense, 

and the lower carbon layer was porous (Figure 3.3e and f). Furthermore, optical profilometry revealed 

that the graphene/support film was 748±39 nm thick (Figure 3.3c).  

 
Figure 3.3. Characterization of nanoporous graphene membranes used to study ion transport. (a) Schematic of the 

fabrication of nanoporous graphene reinforced by a nanoporous carbon (NPC) and a Nafion layer. (b) Photograph of the 

membrane suspended on a PTFE washer. (c) Optical image of the membrane under profilometry measurement. The red 
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line denotes where line scan profiles are taken. (d) SEM image of the top view of the membrane. (e) Cross-section of the 

membrane. 

 
Figure 3.4. Setup for diffusion tests. (a) Schematic of the diffusion cell used in this study. (b) Photograph of the diffusion 

cell used to study ion transport across nanoporous graphene membrane. (c) Calibration of the conductivity probe versus 

concentration determined by ICP-OES. The R2 values of K, Na, Li, Mg are 0.998, 0.999, 0.999, and 0.997, respectively. 

 
The behavior of the cations passing through the graphene nanopores was studied using the 

forward osmosis of ions. The graphene/support film was sandwiched between two 50 mL chambers, 

and two washers were used to ensure a liquid-tight seal between the feed and the receiving chambers 

(Figure 3.4a and b). The feed side was filled with 1 M of salt solution (KCl, NaCl, LiCl, or MgCl2, 

pH ~ 5.3), while the receiving side contained Milli-Q water (Figure 3.5a). Magnetic stirrers were used 

to mitigate the effect of concentration polarization. A conductivity probe was placed in the receiving 

chamber to monitor the ionic concentration as a function of time. The conductivity probe was 
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calibrated with inductively coupled plasma-optical emission spectrometry (ICP-OES) to correlate the 

conductivity and the concentration (Figure 3.4c). 

First, a control experiment was conducted by measuring the ionic diffusion through the support 

film (Figure 3.5b). As expected, the support films showed high cation diffusive fluxes but poor 

selectivities (K+/Mg2+ and Li+/Mg2+~1–2), consistent with those reported in the literature [17]. 

Subsequently, we studied the ion transport through as-synthesized graphene hosting only intrinsic 

defects. It showed very small diffusive fluxes of four different cations (close to the detection limit of 

the conductivity probe), and no cation selectivity was observed. This could be attributed to the low 

density of the intrinsic defects (porosity of 0.025%) and uncontrolled pore sizes [7,26]. In contrast, the 

nanoporous graphene hosting O3-etched defects showed almost ten times higher fluxes for all the 

studied ions than those of the as-synthesized graphene, but still exhibited a poor K+/Mg2+ selectivity 

of 4. Previous studies [44,206] have reported that the size of the vacancy defects etched by O3 from a 

pristine graphene lattice spans from 3–4 Å. Therefore, it is unlikely for ions to pass through these new 

vacancy defects due to a considerably high energy penalty [79,207,217]. Thus, we assigned the 

increase in the observed flux to the contribution from the expanded intrinsic defects or pore coalesce 

due to O3 etching rather than from the new pores. The small population and the uncontrollable property 

of these intrinsic defects lead to again a poor ion selectivity. To resolve this issue, we employed CO2 

to create nanopores with controllable sizes for ion separation. Figure 3.5b shows that, after 5 min of 

CO2 etching, the graphene membrane exhibited a much higher K+ diffusive flux, which was 100-fold 

compared to the sample hosting intrinsic defects, and ten times higher than that of O3-etched graphene. 

On the other hand, Mg2+ permeated much slower, with a diffusive flux close to that of graphene treated 

only with O3, resulting in a significant improvement in the K+/Mg2+ selectivity (maximum K+/Mg2+ 

selectivity reached 70). In addition, the increase in the flux of other monovalent cations (Na+, Li+) was 

also rapid, and the transport rate of each ion was positively correlated to their hydrated diameters. We 

note that the observed trend could be linked to the pore size distribution estimated by STM, which 

showed that the majority of the pores etched by 5 min of CO2 etching spanned 0.6–0.8 Å (Figure 3.2f), 

larger than the hydrated diameter of K+ (6.6 Å) but smaller than the that of Mg2+ (8.6 Å).  
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Figure 3.5. Measurement of ion diffusion across graphene nanopores. (a) Schematic of ion diffusion across the 

graphene nanopores. (b) Ion diffusive flux of samples with different postsynthetic etching as a function of the studied ions. 



CHAPTER 3 

74 
 

The red dashed lines indicate the detection limit of each ion using the conductivity probe. The error bars denote the standard 

deviation of two to five membranes prepared under the same etching condition. (c) K+ ion diffusive flux versus K+/Mg2+ 

for all the tested graphene membranes. (d) Li+ ion diffusive flux versus Li+/Mg2+ for all the tested graphene membranes. 

(e) Mixed-ion diffusive flux versus measurement time for a graphene membrane prepared by 5 min of CO2 etching. 

 

To further understand the correlation between the pore size and the cation diffusive flux, the CO2 

etching time was increased to 8 min to enlarge the nanopores. As expected, all the ions showed an 

increase in the diffusive flux (Figure 3.5b) due to the increased porosity in graphene. It is noteworthy 

that the improvement in the Mg2+ flux was more significant compared to those of other cations: a 20-

fold increase was noted compared to that observed in the membrane treated with 5 min of CO2 etching. 

In contrast, the K+, Na+, and Li+ diffusive fluxes increased less than 10-fold, thereby yielding a lower 

cation selectivity (maximum K+/Mg2+ selectivity reached 13). Notably, Li+ permeated faster than Na+, 

although the hydrated diameter of Li+ was slightly larger (Li+: 7.6 Å versus Na+: 7.2 Å). A higher Li+ 

transport rate was also observed in other materials hosting sub-nanometer pores, which could be 

attributed to the pronounced ion dehydration effects or ion–pore interactions at the nanoscale 

[94,220,221]. Nevertheless, the increased fluxes and decreased selectivities after 8 min of CO2 etching 

indicates that a small increase in pore size deteriorated the selectivity significantly. In addition, the 

cation diffusion rate with respect to the pore size suggests that the size-exclusion mechanism may be 

a critical factor for the observed high monovalent/divalent cation selectivities [17,199,207], which we 

further discussed in the following sections. 

Figure 3.5c and d summarize the cation flux and M+/Mg2+ (M: K, Li) selectivity of all the tested 

membranes. These results confirm that the observed high monovalent/divalent cation selectivity was 

contributed by the graphene layer. In addition, it is clearly seen that once the new pores were created 

in graphene through step-by-step etching of O3 and CO2, the ion permeance increased rapidly, while 

the selectivity first increased and then decreased. The best cation selectivity was achieved after 5 min 

of CO2 etching, which showed a K+/Mg2+ selectivity of 35–70 with the K+ flux ranging from 1 × 10-

2–7 × 10-2 mol m-2 h-1 and a Li+/Mg2+ selectivity of 18–50 with the Li+ flux ranging from 6 × 10-3–2 × 

10-2 mol m-2 h-1. Our results demonstrate that tuning the pore size in graphene would effectively adjust 

the ion transport behavior and thus the selectivity. A high cation selectivity was also observed in a 

solution mixture containing 0.1 M of KCl, NaCl, LiCl, and MgCl2 (Figure 3.5e), indicating the 

potential of nanoporous graphene in ion–ion separation applications. The membrane showed stable 

fluxes for each ion over a testing period of 450 h. High K+/Mg2+ (~70) and Li+/Mg2+ selectivities (~25) 

were preserved at the end of the measurement.  
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3.3.3 Adjustment of the molecular cutoff 

To support the proposed size-limited ion transport across the graphene nanopores, we further reduced 

the pore size (molecular cutoff) in graphene and studied the ion diffusion behavior. While we 

demonstrated that using CO2 for the pore expansion in graphene, a reverse pore shrinking process is 

possible by introducing a carbon precursor during etching [218,219]. This concept was showcased by 

mixing CH4 with CO2 in the etching process to regrow graphene in large vacancy defects that are not 

ion-selective, whose presence is reflected by the low ion selectivity in the O3-treated graphene. In 

principle, the regrowth rate in a larger defect is faster than that in a smaller one due to the lower 

resistance for CH4 to enter the pore [219]. Thus, the regrowth method enables the reduction in the 

number of non-selective pores before the pore expansion, leading to a narrower pore size distribution 

for a sharper size-exclusion cutoff for ion separation. Two samples subjected to the regrowth method 

showed a remarkable improvement in the selectivity, exhibiting K+/Mg2+ selectivities of 255 and 345 

and Li+/Mg2+ selectivities of 220 and 264 (Figure 3.6a and b). The regrowth method once again 

indicates that the size-exclusion mechanism presumably dominates the high monovalent/divalent 

cation selectivity. It is noted that the cation fluxes were slightly lower than those of samples without 

regrown graphene in the large pores, which could be explained by the decreased porosity due to the 

pore shrinkage in graphene.  

We compared our graphene nanopores with other ion-sieving materials based on the 

concentration-driven diffusion tests and found that our high selectivity exceeded those of commercial 

polymeric membranes and layered materials such as MXene. Furthermore, the performance of our ion-

sieving graphene nanopores surpassed those reported in the previous studies (Figure 3.6c), being 

attributed to a sharp molecular cutoff (≤ 8.0 Å) in the ensemble of the graphene nanopore subjected to 

5 min of CO2 etching (Figure 3.2f). This allows the transport of smaller hydrated monovalent cations 

while rejecting larger ions such as Mg2+.  
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Figure 3.6. Ionic sieving in graphene nanopores and other materials. (a) Comparison of K+ ion flux and K+/Mg2+ 

selectivity and (b) Li+ ion flux and Li+/Mg2+ selectivity based on typical ion separation data of commercial polymeric 

membrane, other materials, and our study. (c) Comparison between typical ion separation data of graphene/MoS2 nanopores 

reported in ref. 1 [47], ref. 2 [96], ref. 3 [220], ref. 4 [7], ref. 5 [221], ref. 6 [22], ref. 7 [24], ref. 8 [222], ref. 9 [28], ref. 10 

[202], and our study. (d) Modeling cation flux using continuum theory in comparison with the nanoporous graphene 

membranes prepared by 5 min of CO2 etching. 

 

3.3.4 Modeling the ion flux across the nanopore  
We further used a continuum analysis to understand the ion transport behavior from the graphene 

nanopores. Given the high ion flux and low selectivity of the support film, we can assume that the 

graphene layer dominates the overall ion transport. Here the graphene nanopore is assumed to be 

neutral at the pH range in this study (see the discussion in section 3.3.5), and the change in the 

concentration in the receiving chamber is considered negligible compared to the feed concentration. 

Under these assumptions, the cation flux, J+, and the anion flux, J-, across the nanopore are described 
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by Nernst-Planck equation: 

( )FJ D C C Z
RT
ψ

± ± ± ± ±

∇
= − ∇ +                   (Equation 3.3) 

where D+ and D- are the diffusion coefficients of the cation and anion in the bulk solution, C+ and C- 

are the cation and anion concentration near the pore mouth, Z+ and Z- are the magnitude of the cation  

and anion charge, F is the Faraday constant, ψ∇ is the electric potential gradient across the nanopore, 

R is the gas constant , and T is the temperature. 

Thus, the net current, I, generated due to the ion diffusion, can be written as: 

I Z J Z J+ + − −= −                      (Equation 3.4) 

Given the neutral nanopore and the electroneutrality of the system in this model, the net current flow 

of cation and anion, I, is zero. This fact allows ψ∇ in the cation flux expression in Equation 3.3 to be 

rewritten using Equation 3.4: 

2( ) ( )D DJ C D C
D D

+ −
+ + +

+ −

= − ∇ = − ∇
+

            (Equation 3.5) 

where 
2D DD
D D

+ −

+ −

=
+

 . Here we use the fact that C+= C- and Z+  = Z−  for 1:1 electrolyte to obtain 

Equation 3.5. 

On the other hand, for 1:2 electrolyte (i.e., MgCl2), the cation flux is written as: 
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          (Equation 3.6) 

where 
3'

2
D DD

D D
+ −

+ −

=
+

. Here we use the fact that 2C+= C- and Z+ =2 Z− to obtain Equation 3.6. 

Equation 3.5 and Equation 3.6 show that, without the presence of an external electric field and 

charges, the ion transport across the nano pore is governed by the concentration gradient of the ions. 

In this case, the theoretical transport resistance of a cation across a graphene nanopore, R, can be 

written as [91]: 

 2

1 1 4( )tot access pore
LR R R

D d dπ
= + = +               (Equation 3.7) 

where Rtot is the total transport resistance of a nanopore, Raccess is the access resistance, Rpore is the pore 

channel resistance, d is the pore diameter, and L is the length of the graphene nanopore. D is replaced 

by D′ when Mg2+ is considered. 

It is clearly seen that the transport resistance is geometry-dependent. By determining Rtot, one can 

estimate the cation permeation rate, n, from the nanopore using a circuit analogy as: 
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tot tot

driving force Cn
R R

∆
= =                   (Equation 3.8) 

where ΔC is the concentration difference across the graphene nanopore. 

Equation 3.8 calculates the contribution of a single graphene nanopore. To estimate the cation flux of 

a membrane, Jth, we use the pore size distribution and pore density estimated via STM study (Figure 

3.2f) and combine them in Equation 3.9:  

i ion

th i i
d d

J p n
>

= ∑                       (Equation 3.9) 

where pi is the areal density of pores with diameter di, ni is the cation permeation rate of pores with 

diameter di. Here we only consider the contribution of those pores whose sizes are larger than the 

hydrated diameter of the studied ion, dion. In addition, because the porosity of the graphene is very low 

(~ 1%), we assume that the fluxes through neighboring pores do not interfere.  

The predicted cation fluxes are compared to experimental data in Figure 3.6d. We note that the 

continuum theory considering only size effect yielded ion fluxes that are 6–8 orders magnitude higher 

than those membranes prepared by 5 min CO2 etching. On one hand, the fact that the pore size 

distribution estimated by STM analysis may not reflect the actual situation cannot be ruled out as the 

explanation of results in Figure 3.6d. On the other hand, the overestimation in the continuum model 

indicates that ion permeation across nanopores may not purely be a geometric effect. Indeed, it is well 

known that ions are hydrated in water [230], and thus the dynamics of the hydration shell should play 

an important role in ion transport under nanoscale confinement [217,231]. We showed that the majority 

of the pores in 5 min CO2-etched graphene (Figure 3.2f) indeed are smaller than the hydrated diameter 

of Mg2+. Hence, Mg2+ is likely to be partially dehydrated [13,207] while passing through the pore in a 

subcontinuum flow regime [91]. We speculate that the large discrepancy in Mg2+ flux between the 

theoretical prediction and the experiment is associated with the fact that Mg2+ has considerably higher 

dehydration energy compared to other monovalent cations (Table 3.1), as many studies revealed that 

ion dehydration at the pore entry is the main contribution to the apparent energy barrier to permeation 

[13,223,224].  
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Table 3.1. Experimental hydration free energy and hydrated diameter of different ions [225]. 

Ion Hydrated diameter 

(Å) 

Absolute hydration energy 

(kJ/mol) 

K+ 6.6 321 

Na+ 7.2 405 

Li+ 7.6 515 

Mg2+ 8.6 1592 

 

3.3.5 Mechanism of ion transport through graphene nanopores 

To gain insight into the distinct transport behavior of monovalent and divalent cations in our graphene 

membrane, we carried out ion diffusion tests at different temperatures and used an Arrhenius-type 

equation to extract the apparent activation energy, Ea,app: 

,exp( )a appE
J A

RT
−

=                       (Equation 3.10) 

where J is the measured cation diffusive flux, A is the pre-exponential factor, R is the universal gas 

constant, and T is the temperature.  

All studied ions (K+, Na+, Li+, and Mg2+) showed temperature-activated diffusive fluxes from a 

membrane prepared by 5 min of CO2 etching (Figure 3.7a). This is consistent with recent theoretical 

studies that ions should have high energy barriers to permeate nanopores with diameters <10 Å s 

because of the required partial dehydration for the entry [224,229,230]. Notably, the calculated Ea,app 

positively correlated to both the hydration energies and the hydrated ion diameters (Figure 3.7b and 

Table 3.1). Specifically, Ea,app for the monovalent ions, K+, Na+, and Li+ were 36, 33, and 50 kJ/mol, 

respectively (Figure 3.7b). Ea,app of K+ was slightly higher than that of Na+, resulting in discrepancy 

between hydration energies and Ea,app within monovalent cations. This may be attributed to the fact K+ 

and Na+ have relatively similar hydration energy compared to other cations, and the complex dynamics 

of hydration shell and pore–ion interaction would lead to the observed discrepancy, as reported by 

previous simulation works [13,95]. Nevertheless, it is clearly seen that compared to monovalent 

cations, Mg2+ required a much larger Ea,app of 87 kJ/mol.  
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Figure 3.7. Experimental energy barriers for K+, Na+, Li+, and Mg2+. (a) Cation diffusive flux of graphene nanopores 

subjected to 5 min of CO2 etching as a function of temperature. (b) Apparent activation energy of different ions passing 

through the graphene nanopores subjected to 5 min of CO2 etching. 
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According to Sahu et al. [226], the ion-dependent free energy barrier results from both the 

dehydration process and the pore geometry. The mechanism of partial dehydration on ion transport can 

be elaborated as follows. Ions with higher valence (e.g., Mg2+) have stronger electrostatic interaction 

between the surrounding waters and the ion itself compared to ions with lower valence and thereby, 

have higher dehydration energy. For those ions with higher hydration energy, it is more difficult for 

them to remove water from the hydration shell for size adjustment while permeating through the 

nanopore comparable to the size of hydrated ions because of the high energy cost of dehydration. In 

contrast, ions with lower valence (e.g., K+) could easily transport across the nanopore at the expense 

of lower energy required to remove water from the hydration shell. This explains the fact that Ea,app is 

considerably larger for Mg2+ compared to other monovalent ions (Figure 3.7b). The overall partial 

dehydration effect in a microscopic picture leads to a size exclusion effect seen macroscopically in 

geometry-dependent cation selectivity (Figure 3.5b) [13,207,217]. In addition, Abraham et al. [13] 

reported that the dehydration effect in the free energy barriers is sensitive to the geometry, and this 

impact is significantly diminished once the hydrated ions are smaller compared to the confinement 

size. Their observation may explain what we saw after enlarging the nanopores with a longer CO2 

etching time: the improvement in Mg2+ flux was more pronounced than in other monovalent cations 

(Figure 3.5b). Overall, the agreement between our experimental findings and previous studies 

suggests that the monovalent/divalent cation selectivity of the nanopores could be explained by the 

size-exclusion effect associated with the ion-dependent dehydration process. 

We note that electrostatic interaction between the nanopore rim and the ions is reported to be one 

of the mechanisms that govern ion transport [94]. In principle, graphene nanopore could be negatively 

charged due to the deprotonation of functional groups and surface contamination in the aqueous 

solution [28,47,96]. However, it has been reported that ether and hydroxyl groups bonded to graphene 

lattice are weak acid (pKa > 10) [227–229], and thus it is likely that those functional groups remained 

neutral during the ion diffusion test (solution pH ~ 5.3) rather than being deprotonated. In addition, the 

surface containments are often hydrocarbons which have very high pKa [229], unlikely to be the source 

of charges. On the other hand, the presence of oxygen-containing groups can indeed form permeant 

dipole moments which may interact with the ions [230]. Nevertheless, XPS measurement (Figure 3.1c) 

showed that the oxygen concentration was very low (~ 3.0%) on CO2-etched graphene, and this would 

make the overall dipole–ion interaction small in magnitude. Therefore, we postulate that it may be 

negligible in our case. However, the details of charges/dipole on graphene nanopores require further 

investigation using other characterization approaches such as measuring the ionic conductance of 

graphene nanopores. Interestingly, Rollings et al. [47] reported K+/Mg2+ selectivity of 1–4 from a 
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single, negatively charged (-0.6 C m2) graphene nanopore with the diameter spanning from 3–50 nm. 

Their results indicate that the presence of charges may not govern the cation selectivity, and it is less 

sensitive to the pore size [226], which is opposite to our case. Thus, the discussion above suggests that 

electrostatics may not be the primary factor of the high monovalent/divalent cation selectivity seen in 

our graphene membranes. 

 

3.4 Conclusion 

Size adjustment of 2D confinement in graphene to achieve a specific molecular cutoff for 

desirable ion separation was realized using a decoupled pore nucleation/expansion approach. We 

successfully demonstrated that by precisely tuning the pore size in graphene, unprecedentedly high 

K+/Mg2+ and Li+/Mg2+ selectivities could be achieved, which is believed to result from the size-

exclusion mechanism associated with an ion-dependent dehydration process. Moreover, our membrane 

was able to withstand long-term forward osmosis for over 400 h, thereby demonstrating its potential 

for practical ion separation applications. However, the cation fluxes are relatively low compared to 

materials such as polymeric membranes because of the inherent low porosity of nanoporous graphene 

(~ 1 %). This could be improved by engineering the number of nuclei in the defect nucleation step in 

the pore etching process. Overall, our work opens a new pathway for developing atomically thin 2D 

nanopore platforms for fundamental hydrodynamics study as well as energy-efficient ion–ion 

separation applications such as redox-flow batteries and membrane-based lithium extraction. 
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Chapter 4 Centimeter-Scale Gas-Sieving 
Nanoporous Single-Layer Graphene Membrane 

Adapted with permission from Wan-Chi Lee, Luc Bondaz, Shiqi Huang, Guangwei He, Mostapha 
Dakhchoune and Kumar Varoon Agrawal, Centimeter-scale gas-sieving nanoporous single-layer 
graphene membrane. Journal of Membrane Science, 618, 118745, 2021. Copyright © 2021 
Elsevier 

Wan-Chi Lee designed and performed the membrane fabrication, the gas permeation tests and the 
characterization, analyzed the data and wrote the paper with other authors. 

Abstract 
High-permeance, molecular-sieving, nanoporous single-layer graphene (NSLG) membranes are highly 

promising for gas separation. However, the formation of cracks during the transfer of NSLG to a low-

cost porous support is difficult to avoid. These cracks are detrimental to gas selectivity, and therefore, 

make the scale-up of the gas-sieving NSLG membranes challenging. To mitigate the crack formation 

on low-cost macroporous supports, herein, we demonstrate mechanical reinforcement of the graphene 

film with a two-layer composite carbon film. The bottom layer of the composite film is a 100-nm-thick 

block-copolymer film derived nanoporous carbon (NPC) film with a pore size of 20–30 nm. This layer 

makes an intimate contact with NSLG and prevents generation of crack. However, the NPC film by 

itself is not robust enough to cover the rough surface of low-cost macroporous supports and tends to 

generate occasional cracks. This is prevented by spin-coating a 500-nm-thick multi-walled carbon 

nanotube (MWNT) film, hosting pore size of 200–300 nm, on top of the NPC film. This imparts 

enough mechanical strength of NSLG/NPC film to be successfully suspended on a low-cost, 

macroporous, nonwoven metal wire mesh on a centimeter-scale while completely avoiding cracks. As 

a result, H2/CH4 and H2/CO2 selectivities of 11–23 and 5–8, respectively, higher than the corresponding 

Knudsen selectivities of 2.8 and 4.7, respectively, are obtained from the centimeter-scale NSLG 

membranes. The reinforced membranes are mechanically robust and can successfully withstand 

transmembrane pressure difference of 4 bar. When the MWNT film is directly coated on NSLG without 

using the intermediate NPC layer, the gas sieving behavior is not observed, perhaps due to the 

development of nanoscale cracks. This underlines the crucial role of the hierarchical pore structure in 

the composite carbon film in realizing the gas-sieving graphene membranes. 
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4.1 Introduction 
Atom-thick single-layer graphene (SLG) film incorporated with sub-nanometer pores enables high-

flux yet selective molecular transport, and is promising for improving the energy-efficiency of water 

desalination [41,51,82,203,231] and gas separation [53,75,232–238]. However, a key bottleneck in the 

scale-up of nanoporous SLG (NSLG) membranes, especially for the gas separation, is the fabrication 

of large-area NSLG films without cracks and tears on low-cost porous supports. This is because the 

gas transport from a nanoscale crack in NSLG is several orders of magnitude faster than that from a 

molecular-sieving nanopore [239]. For example, the permeation coefficients of H2 and CH4 from a 

large non-selective defect (e.g. 2–50 nm in size) are within the same order of magnitude, ca. 10-18–10-

19 mol s-1 Pa-1 [70,240]. In comparison, the permeation coefficient of H2 from a H2-selective nanopore 

is much smaller, in the range of 10-21 to 10-22 mol s-1 Pa-1 [53]. The permeation coefficient of CH4 from 

a H2-selective nanopore, assuming H2/CH4 selectivity of 100 to 1000, is even smaller, lower than 10-

24 [53]. As such, even a few ppm of nanoscale cracks in NSLG will significantly increase the CH4 

transport, deteriorating the gas selectivity. 

The cracks and tears in the suspended graphene film originate during the transfer of graphene onto 

a porous support. The fabrication of NSLG-based membranes involves three key steps, (i) synthesis of 

SLG, (ii) incorporation of gas-selective nanopores in SLG and (iii) transfer of NSLG to a porous 

support. High-quality SLG with a low density of intrinsic defects is synthesized by chemical vapor 

deposition (CVD) of a hydrocarbon precursor on a Cu foil, a process that has been demonstrated on a 

scalable roll-to-roll basis [41,42]. Since the pristine graphene lattice is theoretically impermeable to 

molecules, molecular-selective nanopores with a narrow pore-size-distribution (PSD) in SLG are 

introduced by chemical or physical etching techniques [241,242]. Finally, NSLG is transferred from 

the Cu foil to the target porous support. It is this transfer step that leads to mechanical-stress-induced 

cracks and tears in the NSLG film [56,243,244]. Therefore, it is essential to provide mechanical 

reinforcement to the NSLG membrane, which at the same time helps to fulfill the requirement of 

membrane-based gas separation involving pressurization [245]. A strategy to achieve this is to integrate 

NSLG with a mechanically-reinforcing porous film that does not restrict the molecular transport across 

graphene. Naturally, the conventional and most popular poly(methyl methacrylate) (PMMA) [246] 

reinforcement of graphene is ruled out because PMMA has a small gas permeability and, therefore, 

would control the overall gas transport. In this regard, one can use a porous polymer film as the 

reinforcement. For example, a porous polymer film can be directly cast on top of graphene by the non-

solvent induced phase separation (NIPS) process [236,244]. However, in this method, graphene 

contacts the bottom layer of the polymer film, and the presence of macrovoids or micron-sized pores 
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in the bottom layer of the polymer film does not provide sufficient mechanical reinforcement, and 

cracks in the suspended graphene film develops during the NIPS process. We recently reported 

hydrogen-sieving NSLG membranes with 1 mm2 area, using a block-copolymer-templated nanoporous 

carbon (NPC) film to reinforce graphene, with the resolution of molecular differentiation approaching 

1 Å [234]. However, these membranes were fabricated on laser-drilled smooth tungsten foils which 

are difficult to scale up [247]. As we show here, the standalone NPC film tends to develop cracks when 

transferred onto low-cost macroporous supports which generally have a relatively higher surface 

roughness compared to the tungsten foil. Recently, Yuan and co-workers demonstrated a centimeter-

sized single-walled carbon nanotube (SWNT) reinforced, crack-free NSLG membranes for 

nanofiltration, achieving Na+ and Rhodamine B rejections of 85 and 97%, respectively [203]. Such 

reinforcement also allowed the construction of tubular water-desalination modules, yielding salt 

rejection up to 95.3%. Nevertheless, it is unclear that this method would lead to gas-sieving membranes 

because molecular diffusivity in the gas phase is four to five orders of magnitude larger than that in 

the liquid phase. Further, the size differences between the gas molecules are much smaller than those 

between water and hydrated ions. As we show later, we could not obtain a gas-sieving performance 

from graphene supported by a carbon nanotube mesh.  

Herein, we report a method to fabricate centimeter-scale gas-sieving NSLG membranes on a 

commercial low-cost stainless-steel nonwoven mesh (pore size of 20 µm) where the mechanical 

reinforcement is provided from a two-layer composite carbon film. The bottom layer of the 

reinforcement is composed of a 100-nm-thick NPC film while the top layer is made up of a 500-nm-

thick multi-walled carbon nanotubes (MWNT) film with a pore size ranging from 200 to 300 nm. The 

NPC film has a high affinity with graphene lattice while MWNT film is mechanically robust, 

improving the overall mechanical robustness of the composite film. As a result, centimeter-scale film 

could be prepared on low-cost macroporous support. The resulting films could withstand 

pressurization, and yielded attractive H2/CH4 and H2/CO2 selectivities of 11–23 and 5–8, respectively, 

significantly higher than the corresponding Knudsen selectivities.  

 

4.2. Methods and materials 
4.2.1 Synthesis of SLG by low-pressure chemical vapor deposition (LPCVD) 

SLG was synthesized by the LPCVD process using a Cu foil (25 µm thick, 99.98% purity, Alfa-Aesar 

or 50 µm thick, 99.9% purity, Strem) as a catalytic substrate. Briefly, the Cu foil was subjected to CO2 

and H2 annealing at 1000 °C for 30 minutes, respectively. Afterward, CH4 (24 sccm) and H2 (8 sccm) 
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were introduced into the reactor at a total pressure of 460 mtorr for 30 minutes for the nucleation and 

growth of the polycrystalline SLG film. The quartz tube used as the LPCVD reactor was subsequently 

pulled out from the hot furnace at the end of the synthesis to rapidly quench the crystallization. The 

as-synthesized graphene was either directly used to fabricate membranes or was further treated by 

ozone to incorporate the gas-selective nanopores. 

4.2.2 Fabrication of graphene/NPC/MWNT membranes  

Nanopores in single-layer graphene were introduced by exposing as-synthesized graphene on 

Cu to a short ozone (9% in O2) pulse at 250 °C (pulse FWHM < 0.3 s). The reinforcing layer of 

the graphene membrane was made by the deposition of an NPC film followed by the deposition of an 

MWNT film on top of the NPC film. The fabrication of the NPC film was similar to the procedure 

reported elsewhere [234]. Briefly, the precursor of NPC was prepared by dissolving 0.1 g block-

copolymer (poly (styrene-b-4-vinyl pyridine), Polymer Source) and 0.2 g turanose (Sigma Aldrich) in 

dimethylformamide (Sigma Aldrich) followed by heat treatment of the solution at 180 °C. The solution 

was spin-coated on the graphene film and pyrolyzed at 500 ºC in a H2 (15 sccm) /Ar (200 sccm) 

atmosphere, with a total pressure of 1 bar for 1 hour to yield the NPC film. It has a mix of somewhat 

interconnected as well as straight pore channels where the proportional is determined by the annealing 

of the block copolymer film. It hosts a pore size of 20–30 nm, which corresponds to a density of 10-3 

nm-2 for the pores opening to the top surface. The MWNT coating suspension was prepared by 

dispersing MWNT powders (multi-walled, carboxylic acid functionalized, average diameter and 

length of 9.5 and 1500 nm, respectively, Sigma Aldrich) with surfactant (modified polyvinyl alcohol, 

XFNano, China) in dimethylformamide (Sigma Aldrich) at a weight ratio of 2:1 (20 mg/mL: 10 

mg/mL). Following this, the suspension was sonicated for 3 hours to obtain a uniform dispersion 

(average length of 690 nm after the sonication). Subsequently, centrifugation was carried out to settle 

down the nondispersed MWNT and only the supernatant was collected. The MWNT film was 

deposited by spin-coating 0.5 mL of pre-dispersed suspension on top of the NPC reinforced graphene 

film at a spin speed of 1500 rpm for 1 minute. After the deposition, the sample was pyrolyzed at 500 

°C in a H2/Ar atmosphere for 1 hour. The resulting composite film was floated on a Na2S2O8 bath (0.2 

M in water) to etch the Cu foil. After Cu etching, the floating film was transferred to a deionized water 

bath to rinse the backside of the film. Finally, the rinsed film floating on water was scooped by a 

polished stainless-steel mesh (pore size 20 µm, TWP Inc., SKU #325X2300TL0014). 
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4.2.3 Characterization  

Scanning electron microscope (SEM) images were obtained by using FEI Teneo scanning 

electron microscope at 1.0–5.0 kV and working distances of 2.5–5.0 mm. No conductive 

coating was applied to the substrates before SEM. Transmission electron microscope (TEM) 

imaging and selected area electron diffraction (SAED) of the composite graphene film were 

conducted by FEI Tecnai G2 Spirit Twin transmission electron microscope with a 120 kV 

incident electron beam. Raman measurement was carried on graphene on a Cu foil right after 

the synthesis and pore etching using 457 nm excitation or on graphene transferred to a Si/SiO2 

wafer using 532 nm excitation using Renishaw micro-Raman spectroscope with 100×objective. 

The obtained Raman data was analyzed using a MATLAB script. For the calculation of the D 

and the G peak height, the background was subtracted from the Raman data using the least-

squares curve fitting tool (lsqnonlin). 

4.2.4 Gas permeation test 

The single-component and mixture gas permeation tests were carried out in a homemade 

permeation cell reported elsewhere [248]. The mass flow controllers (MKS and Brooks 

Instruments) were pre-calibrated using a bubble flow meter, delivering a pre-determined 

amount of gas to the feed side. The transmembrane pressure difference was varied between 1–

4 bar with the permeate side maintained at 1 bar using an Ar sweep. The permeate was 

connected to a pre-calibrated mass spectrometer allowing real-time analysis of the permeate 

gas. The graphene membranes were sealed on to an annular metal disk using an epoxy-based 

sealant. Viton rings were used to ensure a gas-tight seal between the annular disk and the 

membrane module. The feed and sweep gas lines were preheated and the entire membrane 

module was heated inside an oven with high-temperature uniformity. The gas flux was 

calculated once the steady-state was reached. The permeance Ji of the gas was calculated 

according to Equation 4.1: 

i
i

i

XJ
A P

=
∆

                       (Equation 4.1)                                                                                                                                                      

where Xi is the flow rate of gas i, A is the membrane area, and ΔPi is the transmembrane pressure 

difference for the gas i. The selectivity (αij) of two gases, gas i and gas j, was calculated 

according to Equation 4.2: 
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where Ci is the concentration of gas i in a given stream. 

4.3. Results and discussion 

4.3.1 Fabrication of large-area graphene membrane 
The procedure for preparing the reinforced NSLG membrane is shown in Figure 4.1. Briefly, the NPC 

film, hosting 20–30-nm-sized pores (Figure 4.2), was fabricated directly on top of the NSLG film 

using a block-copolymer based templating strategy [234]. An MWNT film was subsequently solution-

cast on top of the NPC film, and the resulting composite film was annealed at 500 ºC to create a good 

adhesion. Following this, the Cu foil beneath NSLG was removed by etching in a Na2S2O8 bath. The 

resulting floating NSLG/NPC/MWNT film was rinsed with water, and finally scooped by a 

macroporous, nonwoven metal wire mesh leading to the suspended NSLG membrane.  

 
Figure 4.1. Schematic of the fabrication of large-area NSLG membranes using the composite NPC/MWNT 

film as a reinforcing layer. Briefly, a block-copolymer/turanose solution was coated on the NSLG film resting 

on a Cu foil. Pyrolysis was conducted to transform the coated film into NPC. Subsequently, an MWNT film was 

deposited on top of the NPC film. To fabricate membranes, Cu foil was etched out, leaving NSLG/NPC/MWNT 

film floating on a water bath. The floating film was finally transferred to the polished nonwoven wire mesh. 
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Figure 4.2. SEM images of the NPC film. 

 

The standalone NPC film without the MWNT layer works well as the reinforcing support for NSLG, 

however, it requires a porous support with an extremely smooth surface such as a drilled metal foil 

which is difficult to produce with a large area and is not economically viable for the eventual scale-up. 

On the other hand, when using the metal wire mesh or a conventional inorganic porous support (Figure 

4.3), we observed occasional cracks, occurring every few millimeters, in the NSLG/NPC film (Figure 

4.4a). This is because these supports have, difficult to avoid, occasional 1 to 10 µm-sized surface 

protrusions, where the 100-nm-thick NPC film cracks. In this study, we overcome this obstacle by 

further reinforcing the graphene/NPC film with a thin MWNT layer. We chose the MWNT-based 

porous film as the reinforcing layer because the mesh-like carbon nanotube films have a high porosity 

allowing fast gas transport, as well as excellent mechanical properties [249–253]. The reinforced 

NSLG film could be transferred to a polished nonwoven stainless-steel mesh with a pore opening of 

20 µm (Figure 4.4b). The suspended film was smooth and appeared to maintain its structural integrity 

(Figure 4.4c and d). No obvious cracks or tears were observed. A few-centimeter-long coupon of 

NSLG/NPC/MWNT film could be prepared on the stainless-steel mesh support (Figure 4.4e). A 

centimeter-wide film could be rolled up on a cylindrical quartz tube (2.5 cm in outer diameter) without 

inducing any visible cracks (Figure 4.4f). This indicated that the fabrication of spiral-wound NSLG-

membrane modules by this method is promising. 
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Figure 4.3. SEM image of sintered tungsten support. 
 

 
Figure 4.4. Characterization of the centimeter-scale graphene membrane. (a) NSLG/NPC film having cracks on the 

conventional metal support. (b) SEM image of the commercial nonwoven stainless-steel wire mesh after manual polishing 

of the top surface. (c) SEM image of the transferred NSLG/NPC/MWNT film on the metal mesh. (d) Photograph of a 

typical all-carbon NSLG membrane suspended on the stainless-steel wire mesh. (e) Photograph of a large-area all-carbon 

NSLG membrane lying flat and (f) rolled up on a cylindrical tube with an outer diameter of 2.5 cm. The units of the ruler 

in panels (d) and (e) are in centimeter. 
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The morphology of the NSLG/NPC/MWNT film was analyzed by scanning electron microscopy 

(SEM) which confirmed that the film was free from microscale cracks (Figure 4.5a). The top MWNT 

layer had a mesh-like structure with an interlocked array of nanotubes (Figure 4.5b), similar to the 

carbon nanotube mesh reported in the literature [254]. This relatively open mesh-like arrangement of 

the nanotubes is advantageous for gas transport, enabling gas molecules to diffuse across the film with 

low resistance. Selected area electron diffraction (SAED) from NSLG/NPC/MWNT film transferred 

on a transmission electron microscope (TEM) grid with 30 µm holes revealed a characteristic 

diffraction pattern of SLG, representing periodicities of 0.213 and 0.123 nm, on top of the diffraction 

rings from nanotubes (Figure 4.5c) [255]. We did not find an area in TEM grid where this characteristic 

diffraction pattern was not present, indicating that NSLG thoroughly adhered to the NPC/MWNT film. 

Flipping the composite film, we could observe the flat/smooth morphology of the NSLG film above 

the mesh-like structure of MWNT (Figure 4.5d). The thickness of the composite film was 500 nm. 

We did not observe any incidence of MWNT film peeling off from the NPC film during the transfer 

processes, indicating a strong affinity between the MWNT and the NPC films. This is likely due to (i) 

strong van der Waals and π-π interaction between NPC and MWNT[234] and, (ii) potential partial 

penetration of MWNT tips with a diameter of ca. 10 nm inside the 20–30 nm pores of the NPC film. 

Raman spectroscopy data, obtained from the flipped NSLG/NPC/MWNT film with graphene facing 

up, was dominated by the D and G peaks of the amorphous NPC film, and D, G, and 2D peaks of the 

MWNT film (Figure 4.6) [148]. Therefore, to extract information on the defect density of NSLG, 

Raman spectroscopy was carried out prior to the deposition step of NPC and MWNT films (discussed 

later).  
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Figure 4.5. Morphology of the NSLG/NPC/MWNT film. (a) Top-view SEM image of the film revealing the uniform 

coating of the MWNT film on top of the NPC film. (b) TEM image revealing the mesh-like structure of the MWNT film. 

(c) A SAED pattern from the composite NSLG/NPC/MWNT film revealing the typical diffraction pattern of graphene. (d) 

Cross-sectional SEM image of the flipped NSLG/NPC/MWNT film with NSLG on top. 
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Figure 4.6. Raman spectra of CVD graphene, NPC, MWNT, and graphene/NPC/MWNT films transferred on a 

Si/SiO2 wafer using a 532 nm excitation source. 

 

4.3.2 Crack-free centimeter-scale membranes 
The gas transport and separation properties of the fabricated membrane were investigated to 

understand the efficacy of NPC/MWNT reinforcing layer in suppressing difficult-to-observe nanoscale 

cracks in the centimeter-scale membranes. For this, we first investigated the membranes prepared using 

the as-synthesized SLG without any further incorporation of nanopores in the graphene lattice. SLG 

derived from low-pressure chemical vapor deposition (LPCVD) hosts a low density of intrinsic 

vacancy defects, which could be large enough to allow gas transport. For example, SLG synthesized 

by LPCVD at 1000 ºC using CH4 as the carbon precursor could sieve H2 from CH4 with selectivity in 

the range of 5–13 and H2 permeance of 5–80 × 10−9 mol m−2 s−1 Pa−1 at room temperature [234]. In 

this study, the as-synthesized SLG had ID/IG ratio of 0.08 ± 0.03, confirming that it hosted a low density 

of intrinsic defects (Figure 4.7a and Figure 4.8) [148,256].  
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Figure 4.7. Characterization of the centimeter-scale reinforced membranes prepared using the as-synthesized SLG 

hosting intrinsic vacancy defects. (a) The Raman spectrum of SLG on Cu using a 457 nm excitation source. (b) H2 

permeance and ideal selectivities of H2 with respect to CH4 and SF6 across three centimeter-scale graphene membranes 

(M1–M3) using a single-component feed. The horizontal dashed lines correspond to the expected Knudsen selectivity 

between the gas pairs when the effusive transport dominates the overall gas transport. (c) Pressure stability test of the 

graphene membrane (M7). H2 permeance and H2/SF6 selectivity as a function of transmembrane pressure difference using 

a mixture feed at 25 °C. 
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Figure 4.8. Raman analysis of graphene membrane. (a) Histogram of I2D/IG and (b) Histogram of ID/IG of as-synthesized 

graphene. 

 

Figure 4.9. Schematic of the setup for gas permeation tests. 

 

To confirm whether the large-area membranes in this study fabricated using the as-synthesized 

SLG were prepared in a crack-free manner, we sealed the membranes (Figure 4.4d) in a homemade 

module and subsequently loaded them in a gas permeation setup (Figure 4.9). The feed side was 

pressurized to 2–5 bar while the permeate side was swept with Ar at 1 bar. We observed gas separation 

performance that is characteristic of a crack-free SLG membranes hosting only intrinsic vacancy 

defects as gas transport apertures. Three separate membranes (M1, M2, M3, M stands for membrane) 

were tested which yielded H2 permeance in the range of 9–58 × 10−9 mol m−2 s−1 Pa−1 at 25 ºC, similar 

to that reported previously from mm2-sized membranes [234]. The low gas permeance of such 
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membranes supported on the ultrahigh-permeance macroporous metal mesh (ca. 10-3 mol m−2 s−1 Pa−1) 

support confirmed that cracks were mitigated to a large extent. The variance in the gas permeance was 

attributed to the batch to batch variation in the density of intrinsic defects which is difficult to control 

[234]. The H2/CH4 ideal selectivity spanned from 3.3 to 4.2, higher than that expected from the 

Knudsen transport (~ 2.8). These selectivities are lower than those reported from millimeter-scale 

membranes [234], mainly attributing to the fact that the pore-size-distribution of intrinsic vacancy 

defects is difficult to control. The H2/SF6 selectivity was much higher, 30–44 (Figure 4.7b and Table 

4.1), confirming that the membrane could efficiently sieve SF6 from H2 molecules, whose kinetic 

diameters are 0.55 nm and 0.29 nm, respectively. The high H2/SF6 selectivity established that cracks 

and tears were absent otherwise one would not observe the gas sieving behavior. The membranes were 

mechanically robust to sustain moderate transmembrane pressure of 4 bar. For example, another 

membrane, M7, deliberately tested for the pressure stability, could be pressurized to 5 bar on the feed 

side. We did not observe a change in the gas permeance as a function of pressure although a slight 

variation in the H2/SF6 selectivity (15–21) was observed (Figure 4.7c). Regardless, this proves that 

the reinforcement of SLG with the composite carbon film allows one to prepare membranes for gas 

separation applications where only moderate feed pressure is required, e.g., postcombustion carbon 

capture. The pressure loading capability of these membranes can be further increased, in principle, by 

choosing suitable underlying porous supports with smaller pore opening; e.g. 1–5 µm compared to 20 

µm used in this study because the mechanical stress on a pressurized film scales as D2/3 where D is the 

pore opening of the support [30]. 

4.3.3 Centimeter-scale NSLG membranes for H2/CO2 and H2/CH4 separation 
The intrinsic defects in graphene are introduced during graphene crystallization, either as grain-

boundary defects or vacancy defects resulting from the etching of graphene by the residual O2 in the 

CVD reactor [257]. It is difficult to control the pore-size distribution (PSD) and the density of the 

intrinsic defects for a given separation. Luckily, one can incorporate nanopores into SLG lattice by 

post-synthetic etching technique, i.e., by the ozone-based controlled etching of the graphene lattice 

[50]. Herein, we demonstrate that the reinforcement used in this study allows one to successfully 

prepare centimeter-scale H2/CO2 and H2/CH4 selective membranes. We prepared NSLG by a controlled 

exposure of as-synthesized graphene to O3 [50,234]. The etching of graphene resting on the Cu foil 

was confirmed by the Raman spectroscopy where ID/IG ratio of 0.92 could be observed (Figure 4.10 

and Figure 4.11) [258–260]. Three centimeter-scale membranes (M4, M5, M6) were prepared by 

reinforcing NSLG with the composite carbon film and suspending them on top of the metal mesh 

supports. All three membranes were stable up to 130 °C, the maximum working temperature for the 
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epoxy-based sealant used in the membrane module (Figure 4.12), and yielded H2 permeance in the 

range of 22–110 × 10−9 mol m−2 s−1 Pa−1 at 100°C. The H2 permeance and gas selectivities were similar 

in the single-component and gas mixture measurements for both as-synthesized as well as etched 

graphene membranes (Table 4.3–4.5). Attractive H2/CO2 and H2/CH4 selectivities of 5–8 and 11.0–

23.4, respectively, could be realized from these centimeter-scale membranes (Figure 4.10b and Table 

4.2). We note that the observed H2/CO2 is lower than H2/CH4 selectivities. Since the difference between 

the kinetic diameters of H2 and CO2 is only 0.4 Å while that between H2 and CH4 is 0.9 Å, it is more 

challenging to sieve H2 from CO2 unless extremely precise pore-size-distribution is achieved. Despite 

that, H2/CO2 and H2/CH4 selectivities were much higher than the corresponding Knudsen selectivities 

of 4.7 and 2.8, respectively, confirming once again that centimeter-scale NSLG-based gas-sieving 

membranes could be prepared while avoiding cracks and tears. In comparison with other reported 

NSLG membranes, our approach exhibits promise for the further development of the gas separation 

membranes based on nanoporous single-layer graphene-based (Table 4.6). 

 
Figure 4.10. Characterization of the centimeter-scale reinforced graphene membranes prepared using the ozone-

etched graphene. (a) The Raman spectrum of graphene on Cu etched by ozone using a 457 nm excitation source. (b) H2 

permeance and ideal selectivities of H2 with respect to CH4 and CO2 across three graphene membranes (M4–M6) using a 

single-component feed at 100°C. The horizontal dashed lines correspond to the expected Knudsen selectivity between the 

gas pairs when the effusive transport dominates the overall gas transport. 
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Figure 4.11. Raman analysis of ozone-etched graphene membrane. (a) Histogram of I2D/IG and (b) histogram of ID/IG 

of ozone-etched graphene. 

 

 

 

Figure 4.12. H2 and CH4 permeance of M5 as a function of temperature. Each point is taken after gases are stabilized 

at a certain temperature for at least 30 minutes. 
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4.3.4 Analysis of the concentration of non-selective pores 
We analyzed the gas selectivity data to understand the relative concentration of non-selective pores in 

the graphene membranes reported in this study. The transport pathway of gas molecules across a two-

dimensional nanopore can be classified according to the relative size of the nanopore with respect to 

the gas molecules. For nanopores that are slightly smaller or commensurate to the size of gas molecules, 

the molecules require to overcome an energy barrier, and therefore, the rate-limiting step in the overall 

transport is the thermal activation of gas molecules for the pore translocation. This transport regime is 

referred to as activated transport (Figure 4.13b). For relatively bigger nanopores, the energy barrier 

for pore translocation is negligible, and the gas molecules can translocate the nanopores directly from 

the gas phase. Therefore, the permeation rates through these pores are much higher, and gas molecules 

can directly cross the nanopores in the gas phase. This transport regime is referred to as effusive 

transport (Figure 4.13a). The transport rates across the graphene pores can be described by the 

permeation coefficient, N, which is essentially permeance per pore with the units of mol s-1 Pa-1.  

Let’s consider the current case of the transport of H2 and CH4 through the graphene nanopores. 

In our model, we assumed a bimodal pore-size-distribution (PSD) consisting of small H2-selective 

pores operating in the activated transport regime and large pores that are not selective and operate in 

the effusive transport regime. For simplicity, we assigned the large pore to be 2 nm in size. Choosing 

a higher (e.g., 3 nm) or lower size (e.g., 1.5 nm) for the effusive pore in this analysis will simply 

increase/decrease the permeation coefficient and accordingly decrease/increase the density of effusive 

pores. However, it would not change the relative concentration of non-selective pores from one 

membrane to another. In this case, the overall gas permeance can be obtained as follows [50]: 

a a e ePermeance C N C N= +                      (Equation 4.3)                                                                                                                            

where Ca and Ce correspond to the number of pores per unit area operating in the activated and the 

effusive transport regimes, respectively, and Na and Ne are the corresponding permeation coefficients, 

respectively. For the effusive transport, the permeation coefficient can be obtained from the kinetic 

theory of gases [261]: 

2
p

e
B

A
N

mk Tπ
=                          (Equation 4.4)                                                                                                                                                            

where Ap is the pore area, m is the mass of the gas molecule, kB is the Boltzmann constant, and T is the 

temperature. Based on this, the computed permeation coefficients of H2 and CH4 from a 2-nm-sized 

pore are 5.6 × 10-19 and 2.0 × 10-19 mol s-1 Pa-1, respectively. The ratio of the coefficient is 2.8, which 

corresponds to the inverse of the square root of the ratio of corresponding molecular weights, otherwise 

known as the Knudsen selectivity. For the activated transport, the permeation coefficient Na could be 
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estimated from the translocation probability of gas molecules. This, in turn, depends on the distribution 

of molecular kinetic energy (Maxwell-Boltzmann distribution), where the probability of translocation 

is determined by the kinetic energy exceeding the energy barrier for translocation [77]. The permeation 

coefficient can be expressed as follows: 

2
eff

a
B

A
N

mk Tπ
=                        (Equation 4.5)                                                                                                                                                            
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=                     (Equation 4.6)                                                                                                                                      

where Aeff is the effective pore area, and Ea is the activation energy of the gas molecules translocating 

the nanopore. We used permeation coefficients from literature where 𝑁𝑁𝑎𝑎𝐻𝐻2and 𝑁𝑁𝑎𝑎𝐶𝐶𝐶𝐶4 are reported to 

be ca. 10-22 and 10-26 mol s-1 Pa-1, respectively, from a H2-sieving nanopore [77]. 

The ideal selectivity, α, is simply given by 
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α =                       (Equation 4.7)                                                                                                                                                       

Based on this, we could calculate the ratio Ce/Ca which is given by  
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                    (Equation 4.8)                                                                                                                                           

The calculated concentration of nanopores operating in the effusive transport regime as a function 

of H2/CH4 selectivity is plotted in Figure 4.13c. The concentration of effusive nanopores appears to 

be inversely proportional to the gas selectivity for moderate selectivities (<100) mainly because of the 

large difference in 𝑁𝑁𝑎𝑎𝐻𝐻2 and 𝑁𝑁𝑎𝑎𝐶𝐶𝐶𝐶4 which effectively makes equation 4.9 as follows:  
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Overall, the analysis predicted that all membranes in this study, with the centimeter-scale area, 

comprised of only a small density of effusive pores (Figure 4.13c). The populations of effusive pores 

for membranes M1, M2, and M3 were 925, 500, and 356 ppm, respectively. The populations of effusive 

pores for M4, M5, M6, prepared by ozone-etched graphene were much lower (24, 60, and 32 ppm, 

respectively), attributing to the controlled etching of graphene by ozone [50]. This is because the 

introduction of new gas-sieving nanopores by the post-synthetic treatment dilutes the concentration of 

effusive pores with respect to the entire pore population. Nonetheless, a small concentration of effusive 

pores in this study validates the absence of cracks and tears in these membranes. Furthermore, the gas 

sieving performance from scaled-up membranes can be enhanced by diminishing the direct gas 
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transport across graphene nanopores, e.g., using a nanoporous polymer-based masking strategy [45]. 

 

Figure 4.13. Modeling gas transport behavior in a graphene nanopore. (a) Illustration of the effusive transport taking 

place in a graphene nanopore, where the pore size is larger than the gas molecule, and of (b) the activated transport, where 

the pore size is slightly smaller or approximately equal to the gas molecules. (c) A model that predicts the concentration of 

the effusive pores as a function of the measured H2/CH4 selectivity. The data from membranes M1–M6 is overlaid on top of 

the model. The vertical dashed line corresponds to the expected Knudsen selectivity of H2/CH4. 
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4.3.5 Use of NPC-free MWNT layer to transfer graphene 
Taking advantage of the potential π-π interactions between MWNT and graphene [262,263], 

we attempted to directly deposit the MWNT film on top of graphene for the fabrication of the 

reinforced NSLG membrane, avoiding the intermediate NPC layer. To understand the bonding 

between MWNT and NSLG, MWNT supported NSLG film was transferred to a TEM grid. 

Interestingly, we could also observe the characteristic SAED pattern of SLG in this case, 

indicating that the transfer of NSLG with MWNT was somewhat successful (Figure 4.14). 

However, the membranes fabricated from these films did not demonstrate gas sieving and gas 

selectivities were lower than the corresponding Knudsen selectivities (Table 4.7). The H2 

permeance of MWNT-supported NSLG hosting only intrinsic defects was extremely high, 2.0 

× 10-5 mol m2 s-1 Pa-1, close to that from the bare MWNT mesh (4.1 × 10-4 mol m2 s-1 Pa-1). 

This indicated that difficult-to-observe nanoscale cracks were indeed present in the fabricated 

membranes when the intermediate NPC film was not used to transfer NSLG. Using SWNT 

mesh, the suspended NSLG is divided into 200–300-nm-sized domains with nanotube mesh as 

the boundary of these domains. However, the precise control of these domains is not possible 

by the current method, and we speculate that occasional micron-size domains may be present 

in the MWNT film. Micron-size suspended NSLG is highly susceptible to mechanical failure 

in the pressurized environment of membranes. As discussed in the previous section, the 

permeation coefficient in the effusive transport regime is much higher than that in the activated 

transport regime; therefore, even a ppm concentration of nanoscale cracks is sufficient to 

deteriorate the selectivity. This underlines the important role of NPC film in preventing the 

cracks in NSLG membranes where the suspended domains are limited to 20–30 nm.  
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Figure 4.14. Characterization of NSLG/ MWNT film. (a) TEM image of the suspended NSLG film using only the MWNT 

film as the mechanical reinforcement (avoiding the NPC layer). (b) The SAED pattern from the film in (a). 

 

4.4. Conclusion 
We report a facile and scalable fabrication route for crack-free NSLG membranes on a low-cost 

macroporous support with an attractive gas-sieving performance from centimeter-scale membranes. 

We achieved this by mechanically reinforcing graphene with a composite carbon film using a facile 

solution-processing method. The top layer of the composite film (MWNT layer) hosts 200–300-nm-

sized pores while the bottom layer (NPC film), that contacts NSLG, has a pore size of 20–30 nm. We 

show that the composite film is crucial for the successful fabrication of the membrane on a low-cost 

macroporous support at the centimeter-scale, while the use of standalone MWNT film does not lead to 

the realization of gas separation which we attribute to the presence of nanoscale cracks in such films. 

The H2/CH4 and H2/CO2 selectivities, when analyzed by a gas transport model, indicated that the 

population of nanopores operating in the nonselective effusive regime was restricted to only a few ppm. 

Overall, the method reported here could pave the way for the further development and eventual 

implementation of the gas-selective graphene membranes for gas separation.
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4.5. Appendix I 

 

Table 4.1. Gas permeation data of M2 at 25 and 100 °C, single-component measurement. 

M2 
(as-synthesized) 

H2 permeance 
(mol s-1 m-2 Pa-1) 

CH4 permeance 
(mol s-1 m-2 Pa-1) 

H2/CH4 

25 °C 4.2 x10-8 9.4 x10-9 4.47 
100 °C 4.2 x10-8 1.0 x10-8 4.18 

 

Table 4.2. Gas permeation data of M5 at 25 and 100 °C, single-component measurement. 

M5 
(ozone-etched) 

H2 permeance 
(mol s-1 m-2 Pa-1) 

CH4 permeance 
(mol s-1 m-2 Pa-1) 

H2/CH4 

25 °C 1.9 x10-8 3.9 x10-9 5.08 
100 °C 1.1 x10-7 1.0 x10-8 11.1 

 

Table 4.3. Comparison of the single-component versus mixture permeation data from M2. 

M2 
(as-synthesized) 

H2 permeance 
(mol s-1 m-2 Pa-1) 

CH4 permeance 
(mol s-1 m-2 Pa-1) 

H2/CH4 

Single-component 4.2 x10-8 9.4 x10-9 4.47 
mixture 2.6 x10-8 6.1 x10-9 4.18 

 

Table 4.4. Comparison of the single-component versus mixture permeation data from M5. 

M5 
(ozone-etched) 

H2 permeance 
(mol s-1 m-2 Pa-1) 

CH4 permeance 
(mol s-1 m-2 Pa-1) 

H2/CH4 

Single-component 1.1 x10-7 1.0 x10-8 11.1 
mixture 9.9 x10-8 7.9 x10-9 12.5 

 

Table 4.5. Comparison of the single-component versus mixture permeation data from M5. 

M5 
(ozone-etched) 

H2 permeance 
(mol s-1 m-2 Pa-1) 

CO2 permeance 
(mol s-1 m-2 Pa-1) 

H2/CO2 

Single-component 1.1 x10-7 1.6 x10-8 6.9 
mixture 9.2 x10-8 1.5 x10-8 6.4 
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Table 4.6. Comparison of gas separation performance between our work and other CVD graphene-based 

membranes. 

 

 

 

Table 4.7. Permeance and selectivity of MWNT film and graphene membrane prepared by using MWNT 

reinforcement (without NPC film) at a feed pressure 1.5 bar at 25 °C. 

Film 
H2 Permeance 

[mol m2 s-1 Pa-1] 

H2/CO2 

Selectivity 

 H2/CH4 

Selectivity 

MWNT film 4.1×10-4 4.0 2.5 

graphene/MWNT 2.0×10-5 4.0 2.5 

 

Membrane 

description 

Area 

(cm2) 

Pore etching 

method 

Gas permeance 

[mol m-2 s-1 Pa-1] 

Gas separation 

factor 

Single-layer 
graphene [233] 2 ×10-7 Intrinsic defect 

 
0.2–2.0 × 10-4 
(He, 100 °C) 

1.98 – 2.4 
(He/CH4) 

Bilayer graphene 
[49] 6.2 ×10-6 Focus ion beam 1.5 

(H2, 25°C) 
~ 2.7 

(H2/CH4) 

Bilayer graphene 
[64] 8 ×10-6 

Intrinsic defect + 
high temperature O2 

etching 

0.0005 – 7.5 × 10-

4 

(H2, 25 °C) 

3.8 – 9.3 
(H2/CH4) 

Single-layer 
graphene [234] 10-2 Intrinsic defect 0.2–2.0 × 10-7 

(H2, 100 °C) 
4.8 – 13.0 
(H2/CH4) 

Single-layer 
graphene [50] 10-2 O2 plasma 2.0–6.0 × 10-7 

(H2, 100 °C) 
15.6 – 25.1 
(H2/CH4) 

Single-layer/bilayer 
graphene [56] 1 Nano patterning 3.64 × 10-4 

(H2, 25°C) 
~ 2.86 

(H2/CH4) 
Single-layer 

graphene 
(this work) 

1 Intrinsic defect + 
Ozone 

0.05–1.1 × 10-7 
(H2, 100 °C) 

3.3 – 23.4 
(H2/CH4) 
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Chapter 5 Summary and Perspectives 

5.1 Summary 
In this thesis, I have discussed the background, potential applications, current understanding, and 

challenges of nanoscale hydrodynamics, molecular kinetics, and molecular sieving through graphene 

nanopores. Since detailed studies of the mass transport through angstrom-scale nanopores remain 

limited, this thesis aims at providing insights and new approaches for further exploration of graphene 

nanopores and related applications. Achievements covered in this thesis are summarized as follows: 

1. The first experimental study of water evaporation from angstrom-scale graphene nanopores. The 

evaporation flux from nanopores showed an enhancement compared to the bare liquid–vapor 

interface. In addition, the evaporation flux decreased with increasing pore sizes. Molecular 

dynamics revealed that water–water hydrogen bonds at smaller pores are short-lived due to the 

water–pore interaction, which renders enhanced evaporation flux from graphene nanopores. This 

work helps to enrich the understanding of water evaporation at the nanoscale and pave the way to 

energy-efficient evaporation-based technologies. 

2. The study of ion transport through sub-nanometer graphene nanopores showed high 

monovalent/divalent cation selectivity exceeding all other graphene nanopores reported in the 

literature. The high ion selectivity was achieved by tuning the pore size with a decoupled pore 

nucleation/expansion approach. Thus, we achieved a molecular cutoff allowing the permeation of 

small monovalent cations but rejecting larger divalent cations, resulting in an unprecedently high 

K+/Mg2+ selectivity of up to 350 and Li+/Mg2+ selectivity of up to 260. This work suggests a size-

exclusion mechanism associated with ion-dependent dehydration for selective ion transport. This 

work demonstrates the potential of graphene nanopores for high-precision ion–ion separation 

applications. 

3. The demonstration of gas-sieving centimeter-scale nanoporous graphene. The nanoporous 

graphene was reinforced by a two-layer carbon-based composite film. Due to the high affinity 

between the reinforcing layer and graphene, the resulting large-area nanoporous graphene was 

crack-free, showing H2/CH4 and H2/CO2 selectivities of 11–23 and 5–8, respectively. This work 

facilitates the implementation of promising commercial applications of graphene nanopores. 
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5.2 Perspectives 
Graphene nanopores offer a versatile platform for various studies and applications, but there are still 

many properties to be explored. For instance, recent work by Kavokine et al. reported “quantum 

friction” in graphene and graphite that govern the hydrodynamic flows under nanoconfinement [1]. 

Therefore, developing a corresponding theory in the field is critical to obtaining a comprehensive 

picture of mass transport in angstrom-scale nanopores. Meanwhile, applications can benefit from the 

attractive transport efficiencies and selectivities observed in graphene nanopores. Below, I summarize 

some thoughts about the future directions.  

 

Heat management using nanoporous graphene 

Nowadays, chips and processors are made smaller and smaller while accommodating more and more 

components, and thus thermal management is crucial for a device to perform at its full capacity. 

Evaporation is an effective cooling method widely employed in nature and industries. Previous studies 

showed that microfabricated ultrathin nanoporous membrane evaporators [264,265] demonstrated 

potential in high flux thermal management (q > 500 W/cm2) for high-performance electronics. The 

performance of the membrane evaporator can be further boosted by (1) minimizing the thickness of 

the membrane and (2) taking advantage of the new evaporation mechanism that shows enhanced 

evaporation compared to its counterpart in the bulk state. As shown in Chapter 2, single-layer 

graphene hosting angstrom-scale pores fulfills these requirements. Thus it is a promising material in 

the application of membrane evaporator as one of the thermal management solutions. However, the 

porosity of our current graphene membrane is still low (< 1.3%). A crucial step to realizing graphene’s 

potential in realistic applications is engineering the pore density, which I further discuss in the 

following sections. 

 

Improvement in ion selectivity and beyond 

The ultrahigh ion selectivity in biological channels results from not only the sub-nanometer-sized 

channel but also the presence of a selectivity filter, which offers complex electrostatic, dipole, and van 

der Waals interactions between the ions and the pore wall, leading to selective ion permeation. While 

we showed that graphene itself could give ion selectivity using only pore size/geometry, the separation 

performance can presumably be further enhanced by incorporating other selective mechanisms. For 

instance, Tan et al. [17] have demonstrated the use of a chemically modified polymer of intrinsic 

microporosity (PIM) for selective ion separation and flow-battery energy storage. Compared to 

graphene itself, PIM could provide rich surface charges across the heterogeneous pore channels that 
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may further modulate ion transport. It has been shown that PIM has good adhesion with graphene [45], 

and the combination of graphene nanopores with PIMs may result in a synergetic effect for precise ion 

sieving.  

 

Improvement in ion permeance: porosity engineering 

Despite promising transport properties, graphene’s typical porosity is less than 1%, and thus, the ion 

permeance through graphene nanopores is still relatively low compared to other highly porous 

materials. Enhanced porosity can make a step forward in the commercial applications of graphene. As 

shown in Chapter 3, the porosity is determined by the first O3 etching step. O3 indeed serves as a good 

tool to create small vacancy defects in graphene lattice, and the etching kinetic is influenced by 

temperature, exposure time, and concentration. Future studies could focus on revealing the scientific 

understanding of O3 etching at slightly higher temperatures ( > 43 °C) to explore a way to high defect 

density.    

 

Voltage-gated ion transport through graphene nanopores 

It has been reported that Coulomb blockade can be observed in a single sub-nanometer MoS2 pore [22] 

as well as a graphene oxide laminate with angstrom-scale interlayer spacing [181]. Voltage-gated 

Coulomb blockade is ideal for the design of ion transistors. Wyss et al. [202] have demonstrated this 

concept using graphene hosting 20 nm pores; however, they did not observe Coulomb blockade due to 

the large pore size. Therefore, our angstrom-scale graphene nanopores may be an interesting platform 

for observing Coulomb blockade and for building an ion transistor  

 

Studying ion transport using atomic simulation 

Given such a small scale to enable effective ion–ion separation in our graphene nanopores, molecular 

dynamics (MD) may be a useful alternative to investigating molecular-level details of ions and fluids 

[79,81,84,92,96]. In particular, research on the metal cation selectivity using atomic simulation is 

limited, and the studies of the transport property of divalent cations such as Mg2+ and Ca2+ across 

nanopores are few. Insights into the atomic-scale details of ion transport under nanoconfinement are 

urgently needed to enrich our understanding, which will enable us to develop synthetic analogues of 

biological channels for highly efficient separation applications  
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