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Abstract 
 

Graphene oxide (GO), a promising membrane material consisting of oxygenated 

graphene sheets, hosts a wealth of physicochemical properties such as  exceptional 

chemical stability, flexibility, hygro-responsivity, ultrafast water permeation and 

exceptional molecular sieving properties, to list a few. However their use in desalination 

applications requires a stable sub nanometre channels, which are difficult to achieve in 

GO due to hydration mediated swelling of graphene capillaries. The work presented in 

this thesis mainly describes how to achieve tunable and swelling controlled sub 

nanometre capillaries in GO membranes by physical confinement, ion/water transport 

through such capillaries and the governing transport mechanism. GO membrane with 

interlayer spacing in the range of  ̴ 6-10 Å was obtained by utilizing its hygro-responsive 

property and the subsequent physical confinement by epoxy resin limits the swelling. The 

epoxy resin acts as physical wall on both sides of the GO laminates, restricting the 

capillaries from hydration when exposed to water. Regardless of the steric effects, ions 

still pass through these channels even though the channel size is smaller than the hydrated 

ion diameter size. This unique observation of violation of steric effects in sub nanometre 

channel cases is explained by a phenomenon called dehydration. Beyond the sake of 

fundamental understanding of the transport mechanism in sub nanometre capillaries, our 

results open the door for developing GO membranes with dehydration mediated ion 

selectivity for water desalination and separation applications. 
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Preface 
Graphene is a single atomic plane of graphite which exhibits many unusual properties. It 

is the thinnest material ever known to science, and, hosts a high quality and unique 

electron system, good conductor of heat and electricity, nearly 100% transparent; the list 

is endless. The unique electronic band structure resulted from the confinement of 

electrons in two-dimensional (2D) honeycomb carbon lattice has led to new exciting 

quantum phenomena, even today. Similar to electron transport, graphene and its 

derivatives have special fingerprints in the field of research in molecular transport. 

However for observing such exotic behaviour, ions/molecules must be confined to an 

extremely small space, analogous to the electron confinement in 2D plane of graphene. 

The successful exfoliation of graphene derivatives, graphene oxide (GO) in particular has 

started the quest for molecular self-assembling approach to construct membranes by 

restacking of the exfoliated sheets. Moreover, while restacking individual GO sheets into 

a membrane structure, a new space is formed in between two mutually facing GO sheets, 

known as  interlayer space, where water, ions/molecules can be confined and move under 

the constraint of GO sheets. The little fraction of this atomically thin volume in the 

membrane is well connected across its thickness, providing networks of tiny capillaries, 

through which mass transport occurs. As indicated, the interlayer space in the membrane 

provides a new room to confine ions/molecules by restricting the mass transport in two 

dimensions. Particularly, the ion transport in GO membranes strongly depends on the 

level of confinement that one can achieve in GO. Owing to the notable hygroscopic 

property of GO, the interlayer space varies reversibly between 6-10 Å with the humidity. 

Moreover, it further expands to  ̴ 13-14 Å when GO is exposed to liquid water. If we 

remove the graphene thickness from interlayer spacing, the available effective free space 

is close to 10 Å which is larger than the hydrated diameters of any common salts, limiting 

the observation of ion size effects. Here, we have developed a new strategy to fabricate 

GO membrane with an interlayer space in the range of sub nanometre by physical 

confinement and studied the ion transport under such extreme confined regions. We have 

achieved an interlayer spacing even down to ̴ 6 Å using this method. In addition, when the 

interlayer spacing is decreased to sub-nanometres, a new transport regime has emerged, 

where the capillary size is smaller than the hydrated ion diameter size. The work 

presented in this thesis mainly focuses on the ion transport through this new regime, 

which hasn’t been demonstrated experimentally in GO so far. The thesis entitled “Ion 

Permeation through Graphene Oxide Membranes” is organized into 5 chapters
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Chapter 1: General Overview of Two Dimensional Materials is an updated survey on 

what has been achieved so far in the two-dimensional materials world. General overviews 

of all currently existing 2D materials are provided, with more emphasis on two families 

of materials, graphene and 2D transition metal dichalcogenides (TMDCs). Three 

members are chosen from graphene family, including, graphene, GO, hexagonal boron 

nitride (hBN) and the other contain all the 2D TMDCs that have been discovered so far. 

The status and prospects of these two families of materials is presented in the first 

chapter. 

Chapter 2: Introduction to Graphene-based Membranes examines the current 

graphene-based membrane research, the progress achieved and the current status. 

Depending on the pathway for the mass transport of water, ions or molecules, chapter is 

divided into three different sections: molecular transport through (1) artificially created 

pores/ inherent pores in CVD grown/mechanically exfoliated graphene; (2) artificial 

angstrom scale graphene channels by van der Waals assembly of graphene crystals; (3) 

assembled GO laminate. Fabrication procedure of corresponding transport pathway, 

governing transport mechanisms and the applications in desalination, gas/ion separation 

and other properties are summarized. 

Chapter 3: Characterization Techniques and Methodology presents a brief overview 

of the main characterization techniques and the methodology adopted in the entire study. 

The chapter is divided into two parts. The first part describes the research methodology 

and the material synthesis and the second one presents the physical characterization 

techniques used in this study. A brief outline of the working principle of the 

experimental tools used is also mentioned. 

Chapter 4: Tunable sieving of ions using graphene oxide membranes presents the 

first experimental evidence for the ion dehydration in sub nanometre pores published 

last year. The dehydration mediated selectivity in sub-nanometre graphene capillaries is 

the main theme of the finding. 

Chapter 5: Conclusions and Future Outlook briefs the main conclusions of the work 

presented in this thesis with an outlook to future possible directions/ avenues to be 

explored. 
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1.1 Introduction 
Since the isolation of graphene in 2004, there is a growing interest in the synthesis, 

characterization and application exploration of 2D materials as evident from the 

exponential increase in the number of articles and reviews related to 2D materials 

appearing in the areas of physics, chemistry and materials science. Research on 2D 

materials is now in the forefront of research attention; new members are continuallybeing 

added into the 2D library and this research direction is likely to remain one of the most 

intense topics for upcoming years. Some remarkable changes in the properties of the 

material occur when charge and heat transport is confined to a single plane and the 

emergence of such unusual phenomena may lead to many scientific breakthroughs. In 

short, two-dimensional materials are single layer materials in which atomic arrangement 

and bond strength in two dimensions are similar but larger than along the third 

dimension1. By far the best known material is graphene, but there is a large and growing 

family of other 2D materials with unique functionalities that promise to revolutionize the 

materials world. With the development of new synthesis methods, many novel materials, 

which only existed theoretically,  have been realized and started manifesting its unique 

properties, for example silicene2-4 and germanane5, 6. The most common class of 

crystalline materials that can be exfoliated into layered sheets down to single atom or 

few-atom polyhedral thick layers are layered van der Waals (vdW) solids. Their crystal 

structure consists of single-atom-thick or polyhedral-thick layers of atoms that are 

covalently or ionically bonded along their plane and the layers are held together by weak 

van der Waals bonding along the third axis. The weak out of plane van der Waals 

interaction facilitate the exfoliation of the 3D material into 2D sheets. A few decades 

back Frindt et al. showed the possibility to exfoliate layered van der Waals materials, 

such as TMDCs into single/few layers by mechanical/chemical exfoliation7-10. A huge 

surge of interest in the synthesis and exfoliation of 2D materials has risen with the 

exfoliation of graphene and the past 12 years of graphene research has offered many 

protocols for the synthesis, characterization, detection, transfer, and manipulation of the 

properties of layered van der Waals materials. Among the 2D family, graphene is 

apparently the most versatile and intriguing member owing to its wealth of electronic, 

mechanical and optical properties, the second place goes to 2D hexagonal boron nitride 

(hBN) or white graphene11 and 2D TMDCs probably in the next place with more 
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emphasis on MoS2.The current members in the family of 2D materials is given in table 

1.1. 

Another interesting class of 2D materials are oxides including monolayers of TiO2, 

MoO3, WO3, mica and perovskite-like crystals such as BSCCO and Sr2Nb3O10 to name a 

few12-16 (Table 1.1). 

 
 

Table 1.1 Current members of the 2D family. Stable and unstable monolayers in ambient 

condition are given in shaded blue and green; shaded grey region indicates 3D 

compounds exfoliatable into single layer sheets. ‘Others’ include borides, carbides, 

nitrides. BCN, boron carbon nitride. Adapted from ref11.Copyright 2013, Springer 

Nature. 

 

The chapter briefly outlines the different 2D materials, their status and prospects. Based 

on the fundamental aspects and technological applications; two families of 2D materials 

are chosen for the detailed discussion, which includes graphene, hBN and graphene oxide 

from the graphene family and the other include all the 2D-TMDCs discovered so far. The 

fundamental properties, material synthesis and applications of the 2D materials are 

included in each section.  
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1.2 Graphene  

1.2.1 Graphene: a general outlook 

Carbon is the most intriguing and versatile element in the periodic table as it is able to 

form many allotropes. Diamond and graphite 17-23 are widely known three dimensional 

(3D) allotropes of carbon and studied for centuries. The (0D) fullerene, 1D carbon 

nanotube (CNT)24-30 and the relatively new 2D form of carbon allotrope  i.e. graphene are 

other notable discoveries in the past three decades. Specifically, graphene or 2D graphite, 

obtained recently in 2004, has already shown potential for a wide variety of applications 

and attracted attention among material scientist, physicist and chemist alike to unveil all 

its exotic fundamental properties. Graphene is the most studied carbon allotrope 

theoretically and its electronic properties have been a subject of intense theoretical 

interest for sixty years31, 32 and the experimental realization occurred only forty years 

later33.Graphene is the first stable monolayer thick material where carbon atoms in two 

dimensions are tightly-packed into a 2D honeycomb lattice. Graphene: also described as 

the mother of all graphitic structures because it is the primitive building block for all 

graphitic materials34 (Figure 1.1a). Graphite is a layered material consisting of individual 

graphene sheets stacked on top of each other. The weak coupling between individual 

graphene layers helped Manchester scientists; Sir Andre Geim and Sir Kostya Novoselov 

to isolate single graphene sheet from graphite using a technique called micromechanical 

cleavage 33, 35. The idea is seemingly simple, elegant and remarkably easier to obtain 

clean graphene sheets. The method involves a scotch tape to peel off flakes of graphite 

from a chunk of highly ordered pyrolytic graphite (HOPG) and which were subsequently 

transferred onto an oxidised silicon wafer. Peeling and sticking the flakes several times 

will bring down the graphite flake to its single atomic thickness. Following the isolation 

of graphene, majority of the scientific community has focused on graphene for studying 

its optical, mechanical and electronic properties and graphene suddenly became a star in 

the material science. For the pioneering work regarding two-dimensional atomic crystals 

and for revealing its 2-dimensional properties, Sir Andre Geim and Sir Kostya Novoselov 

shared the 2010 Nobel Prize in Physics. In graphene, the carbon atoms are sp2 hybridized 

with a carbon-to-carbon inter-atomic length of 1.42 Å 36, 37. The atoms are located at the 

corners of the hexagons and the lattice can be visualized consisting of two 

interpenetrating triangular sub-lattices A and B, containing two carbon atoms per unit cell 
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(Figure 1.1b) with a lattice constant a ≈ 2.45 Å38, 39. The atoms at the lattice site of one 

sub-lattice (i.e. A) are at the centre of the triangles defined by the neighbouring sub-lattice 

(i.e. B) which are interpenetrated to the former. Each carbon atoms forms σ bonds with 

each other by the superposition of the s, px and py orbitals of the carbon atoms, leaving the 

pz orbital unhybridized (Figure 1.1c). The sp2 hybridized orbital is trigonal planar by 

geometry and the spare pz orbital overlaps with the next closest carbon atom to form the 

π* (conduction) and π (valence) bands. 

 
Figure 1.1 Atomic and electronic structure of graphene. (a) Also known as the mother of 

graphitic structures, can be wrapped into 0D fullerenes, rolled into tiny 1D carbon 

nanotube or stacked into 3D graphite. Adapted from ref40.Copyright 2007, Springer 

Nature. (b) Crystal structure of graphene, honeycomb graphene lattice consists of two 

interpenetrating triangular sub-lattices. The atoms at the lattice site of one sub-lattice are 

at the centre of the triangles defined by the neighbouring sub-lattice. The lattice has two 

carbon atoms per unit cell and is invariant under 120° rotation around any lattice site. 

(c) sp2 hybridized carbon atoms in graphene. Adapted from ref41. (d) Band structure of 

graphene. The six Dirac cones are positioned on a hexagonal lattice where valence band 

meets the conduction band. Reproduced from ref42.Copyright 2009, American Physical 

Society. 
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Notably, it is these π electrons that are responsible for the extraordinary electronic 

properties of graphene. The sp2 hybridized carbon atom in graphene is responsible for its 

high mechanical strength. The stacking in graphite is either ABAB (Bernal type) or 

ABCABC (rhombohedral type) with an interplanar distance of 3.45 Å. 

1.2.2 Properties 

Graphene is a zero band gap semiconductor (Figure 1.1d) and the electrons in graphene 

are considered as massless Dirac fermions with speed, 1/300 the speed of light, showing 

micrometre-scale ballistic transport even at room temperature43, 44. The carrier mobility 

value varies from 500 to 50 0000 cm2 V–1 s–1 for the substrate supported and 105 to 106 

cm2V-1 s-1 for the suspended and annealed samples, the largest reported value for a 

semiconductor or a semimetal33, 35, 45-48. Graphite crystals become optically transparent 

when exfoliated down to monolayers with an opacity of only 2.3%49, depending only on 

the fine structure constant α= 2πe2/hc = 1/137 (c, the speed of light). Such characteristic 

has possible advantages as transparent electrodes for solar cell applications and flexible 

displays50. The transmittance for a 2 nm thick graphene films is as high as above 95% and 

decreases with increasing thickness51, 52. The optical spectrum of graphene is flat and 

featureless in the range of 500 to 3000 nm and the absorption becomes dominant only 

below 400 nm53. All the carbon allotropes, graphite, diamond and carbon nanotubes are 

well known for its high mechanical strength and graphene is also not an exception to the 

list. It is the strongest material ever measured54, stiffness of the order of 300–400 N/m 

with a breaking strength of 42 N/m. The material yield an intrinsic tensile strength of 

130.5 GPa and its Young's modulus is approximately 0.5–1.0 TPa, close to the value for 

bulk graphite55. All these demonstrate its high mechanical strength which could find 

application in nano electromechanical systems as pressure sensors and resonators56. In 

addition to its atomic thinness and extraordinary mechanical properties, the material also 

exhibits an extremely high thermal conductivity of the order of 5000 W m-1 K-157 and an 

exceptionally great surface area of2630 m2 g-1.The reported value for graphene’s thermal 

conductivity is superior to the value reported for any conventional material and 

outperforms individual suspended CNTs even58, 59. 
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1.2.3 Production 

Mechanical exfoliations using scotch tape method and epitaxial growth by chemical 

vapour deposition (CVD) are the two notable techniques for the production of graphene 

sheets. Graphene crystals could be easily exfoliated from bulk graphite by simple scotch 

tape method via repeated stick and peal process. This process eventually brings the 

graphite to monolayer thickness and exfoliated graphene sheet can be visualised by 

transferring to Si/SiO2 substrate (oxide layer thickness of either 300 or 90 nm60-62). 

Mechanical exfoliation by scotch tape technique is a top-down; low cost and simple 

method for the production of high quality graphene. It requires neither sophisticated 

equipment nor complex synthesis route for the production. The uneven flake distribution 

and limited industrial scalability are the practical limitations of this technique. 

Single/few-layer graphene can also be produced by bottom-up epitaxial growth technique 
63-65. Here the films are grown epitaxially by chemical vapour deposition of hydrocarbons 

on metal substrates or by decomposition of hydrocarbons 66-68. Although the CVD growth 

technique is scalable enough to produce centimetre-sized continuous graphene films69, the 

formation of different single crystal domains or grain boundaries within the same 

graphene layer would have a dominant effect on the mobility of the charge carriers. The 

reported mobility is lower compared to mechanically exfoliated graphene.    

1.2.4 Applications 

Due to the exceptional mechanical, electronic and thermal properties, graphene is 

believed to find application in diverse fields. Electronic industry: companies like Intel and 

IBM are investing in graphene research because of its rich electronics; mainly the high 

mobility of the charge carriers. By inducing band gap in graphene, it can be used in 

graphene based field-effect transistor (FET) devices 70, 71. Graphene can also be employed 

in wearable electronic gadgets such as e-textiles and watches/cell phones due to its high 

flexibility and good optical transmittance 72, 73. In addition to the use of graphene in 

electronic/ wearable electronics, the good chemical response of the graphene makes it 

interesting for gas sensing applications. The molecules adsorption onto the graphene will 

lead to the charge transfer from the graphene sheet and this phenomenon is used to detect 

a variety of species from gases to biomolecules74-79.The high electrical conductivity, 

optical transparency, and carrier mobility of graphene show great promise to use as 
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transparent conductive films (TCFs) in mobiles and tablets. Films can be spray coated 

onto any substrates either directly from aqueous reduced graphene oxide (rGO) 

suspensions or from the GO suspensions followed by chemical reduction. TCFs can be 

deposited on glass, quartz, or poly methyl methacrylate (PMMA) substrates80.Layer-by-

layer assembly of GO sheets followed by reduction yield a transmittance of 95.4%  at 650 

nm wavelength81. High surface area of graphene and the potential to make the charge 

transfer easier along its two-dimensional surface make graphene an interesting candidate 

as electrode material in clean energy devices82. Graphene-based electrodes are started 

using in rechargeable lithium ion batteries (RLBs) and electrochemical double layer 

capacitors (EDLCs)83-87.Graphene-polymer nanocomposites is another interesting field 

where graphene could be widely employed88-91. 

1.3 Graphene Oxide 

1.3.1 Graphene Oxide: a chemical derivative of graphene 
Graphene oxide is an atomically thin, two dimensional layered material consists of 

hydrophilic oxygenated graphene sheets, containing hydroxyl and epoxy groups on the 

basal plane; smaller amounts of hydroxyl, carboxyl, ketone, and ester groups on the 

edges92-94which together gives GO excellent dispersibility in water. The research interest 

on GO  has witnessed an exponential increase for the last 10 years, covering all its 

fundamental and technological aspects, which includes the possibility to create membrane 

for desalination95, utilizing its ability to modify the surface functionalization for 

biomedical96-98 and energy storage applications99.  The oxygen enriched functional groups 

on the GO sheets influence the electronic, mechanical, and electrochemical properties 

differentiating GO from pristine graphene sheets, despite their similar backbone carbon 

structure and monolayer thickness. The oxygen containing functional groups act as active 

sites for the modification of the physicochemical properties of GO  nanosheets via 

covalent or non-covalent attachment to design GO for a specific application100, 101.Unlike 

graphene, GO is a poor conductor of electricity due to the presence of adsorbates which 

induce an energy gap in the electron density of states 102-104. Single layer GO crystallites 

have three types of regions: holes, oxidized and pristine graphene regions. Their relative 

sizes depend very much on details of GO preparation (different degree of oxidation). In 

GO, 40-60% of the carbon atoms in the basal plane are sp2 hybridized, without affected 
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by oxidation with O/C ratio of 1:594, 105. GO sheets consist of sp2 and sp3-hybridized 

carbons, both arranged in a hexagonal manner. As the presence of both sp2 and sp3 

clusters in GO make it an electronically hybrid material consists of both conducting and 

non-conducting path originating from π-states and σ-states of sp2 and sp3 hybridized 

carbon atoms. Reduction is versatile protocol to tune the band gap of GO with a 

possibility to convert GO from its insulating nature to a semiconducting and graphene 

like semi-metal by controlling the amount of sp2 and sp3 clusters 94, 106. More specifically, 

the electrical conductivity of the graphene oxide sheet can be recovered by rebuilding the 

π –network by controlled reduction using reducing agents which will remove the C-O 

bonds within the GO sheets, ending up with a product known as reduced graphene oxide 

with a distorted lattice structure. As expected, rGO shows significantly small carrier 

mobility compared to pristine graphene sheet107, 108. The precise atomic structure of GO is 

still unclear because of the non-stoichiometric atomic composition of the parent graphite 

oxide. The primary reasons include variations in sample to sample due to different 

synthesis routes, difference in the extend of oxidation and hygro-responsive nature of 

graphite oxide. The oxygen functionalities attached to the graphene sheets will adsorb the 

water molecules into the inter layer galleries and the water adsorption will increase with 

increasing humidity, which result in the swelling of GO film.  

 

Figure 1.2 Graphene Oxide: an oxygenated graphene sheet (a) Photograph of a 

graphene oxide suspension; GO sheets dispersed in water, concentration=1mg/mL). (b) 

Optical micrograph of GO sheets deposited on 150nm SiO2/Si. (c) Photograph of a 5µm 

thick GO paper showing its semi transparency and flexibility in handling. Image is 

adapted from ref109.Copyright 2007, Springer Nature.  

10µm
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Interlayer distance in a multilayer GO stack varies from ̴ 6-14 Å, depending on the water 

content inside 95, 110, 111. GO is usually prepared by mild sonication of the graphite oxide 

slurry. The suspension has a mostly monolayer GO crystallites with lateral dimension 

ranges few nm to several micrometres112 and an average roughness of 0.6 nm105. The size 

of GO sheets depends on the flake size of starting graphite, the oxidation time and the 

type of oxidation procedure113, 114. Although graphite oxide has been known to the 

research community since 1855, the research interest in GO has propelled with the 

isolation of graphene in 200482, 100. GO paper was prepared by Ruoff’s group109 for the 

first time in 2007 (Figure 1.2c)by the self-assembly of individual GO sheets, exhibiting 

extraordinary flexibility and excellent mechanical properties. A typical GO suspension 

has a brownish colour depending on its concentration. When assembled into paper form; 

appears as dark brown under transmitted white light and nearly black in reflection when 

the thickness is higher than 5 micrometres109. 

1.3.2 Methods of preparation 

GO is synthesized from the parent graphite material through oxidation in a strongly acidic 

environment and the first attempt was reported in 1859 by Brodie et.al115.So far different 

GO synthesis procedures have been reported which includes Staudenmaier116, 

Brodie115,Hofmann117, Hummers118, and Tour methods119 (Table 1.2). The atomic 

composition of the GO sheets differs from one method to the other because of different 

choices of oxidizing agents and the quality of the starting graphite material 

 

Method Oxidizing agent Reaction media Carbon-to oxygen 
ratio 

Brodie
115

 KClO3 HNO3 + H2SO4 - 

Staudenmaier
116

 KClO3 Fuming HNO3 1.17 

Hofmann
117

 KClO3 Non-fuming 

HNO3 

1.15 

Hummers
118

 KMnO4 + NaNO3 Conc. H2SO4 0.84 

Tour
119

 KMnO4 H2SO4 + H3PO4 0.74 

Table 1.2 Different synthesis route for the production of GO. Reproduced from 

ref120.Copyright 2014, Royal Society of Chemistry.  
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1.3.3 Structural models 

The chemical and atomic structure of GO is quite complex and has been a subject of 

debate in the graphene research field. To date, the chemical structure of GO is not clear 

and fully understood due to the non-stoichiometric and amorphous nature of the material. 

In spite of all the difficulties and challenges in understanding the atomic composition and 

stoichiometry of the compound, a significant and substantial effort has been made in 

understanding the structural properties of GO (Figure 1.3&Figure 1.4). Hofmann and 

Holst made the first attempt to understand the chemical structure of GO117. According to 

their model, epoxy groups are decorated at the sp2 hybridized basal planes of graphite as a 

repeating unit with a net molecular formula of C2O. A slight change to this model was put 

forward by Ruess in 1946 with the addition of hydroxyl groups onto the basal planes, 

accounting for the hydrogen content in the structure. However, Ruess model altered the 

hybridization of carbon atoms in the basal plane from sp2 to sp3 to include the hydroxyl 

groups in its basal structure. In 1969, Scholz and Boehm suggested a structure omitting 

the epoxide and ether groups; instead regular quinoidal species are added in place of the 

removed species which make the carbon network corrugated.        

 

Figure 1.3 Several older structural models of GO. Reproduced from121, Copyright 

2010,Royal Society of Chemistry and ref92.Copyright 2006, American Chemical Society. 

The most widely accepted and well-known model was the one proposed by Lerf and 

Klinowski122 which discarded the earlier lattice based models and concentrated on an 

amorphous non-stoichiometric substitutes. Both Lerf and Klinowski conducted several 

studies on the hydration dynamics of GO and their structural model is the most heavily 

cited one in the graphene research field. Based on the current understanding of 

experimental observations on functional modifications and hydration behaviour, GO 

sheets consists of hexagonal carbon networks with sp2 (40-60%) and sp3 hybridization 

differentiating it from pristine graphene sheets. The carbon atoms are covalently bonded 

to oxygen functional groups especially hydroxyl, epoxy, and carboxyl group. The 

a cb

Hofmann- Holst Scholz-BoehmRuess
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covalent binding will generate sp3 clusters particularly known as oxidised region and the 

rest free from functionalization known as pristine region which are sp2 in nature, 

constitute the major portion of the GO. Among the oxygen functional groups, which are 

above or below the graphene sheet, epoxide and hydroxyl groups are attached to the 

aromatic rings, while carboxyl groups are most likely attached to the edges of the GO 

sheets. 

 

 

 

 

 

 

Figure 1.4 Widely acknowledged structural model of GO. (a) Chemical structure of GO 

in the proposed Lerf-Klinowski model. Reproduced from ref 122, Copyright 1998 Elsevier 

Science  (b) Schematic representation of the Lerf-Klinowski model. Reproduced from 

ref123.Copyright 2017, Royal Society of Chemistry 

1.3.4Applications 

Although the presence of oxygen containing functional groups limits the usability of GO 

in electronic devices, it provides enhanced chemical activity compared to graphene which 

could be exploited in optical, thermal, mechanical, and electrochemical applications. 

Despite the insulating nature of GO, it can be made useful in electronic devices via 

chemical/thermal reduction of GO. Such converted graphene sheets still exhibit excellent 

conductivity despite defects and disorder 124-126present after reduction. GO can be used as 

humidity sensor because of its affinity with water molecules 127-129. As GO can be mass 

produced by simple, low cost synthesis method, it emerges as a good precursor for the 

fabrication of graphene-based TCFs. Another area where GO is employed is for the gas 

sensing applications. The functional groups attached on the graphene sheets facilitate the 

interactions with the gaseous molecules which make GO to sense various gaseous species 
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130, 131. Because of the intrinsic reactivity of the GO sheets, GO can be used for catalytic 

applications 132-134. GO can also be employed as a filler to enhance the mechanical 

stability of polymer nanocomposites.135. GO for biomedical application is also getting 

wide-spread interest and was shown in the recent works such as; bio sensing 96, 97, 130, 136, 

137, drug delivery 138-141 and therapeutic uses142, 143. Most of the research attention in the 

GO material has now focused on utilizing its self-assembling ability to form membrane 

which consists of tiny angstrom sized channels. Such membrane can act as selective 

channel for the transport of water and salt molecules which could be exploited in 

desalination and water filtration applications 95, 144-146. 

1.4 Hexagonal Boron Nitride (hBN) 
Boron nitride is a compound made up of boron (B) and nitrogen (N) atoms with the 

chemical formula BN. It is not a naturally occurring material but can be synthesized from 

a chemical reaction involving (H3BO3) or boron trioxide (B2O3) and KCN 147-149. Due to 

the specific bonding involved in BN, it forms  many polymorphs150,  such as cubic BN (c-

BN), wurtzite BN (w-BN), hexagonal BN (h-BN)151, rhombohedral BN (r-BN)152 

,amorphous BN153, 154, BN nanotubes155, and BN nanomesh156. The most common 

crystalline structure of BN is h-BN and r-BN. Stacking order of h-BN is AB whereas it is 

ABC for r-BN. Among the list of all the polymorphs of boron nitride, h-BN has been 

widely studied due to the structural similarities with graphene (white graphene) 157. With 

the isolation of graphene in 2004, many groups started examining the feasibility of the 

existence of 2D BN sheets, which resulted in the successful exfoliation of BN crystals a 

few years later. It has a high thermal conductivity (κ  ̴ 484 W m-1 K-1), is mechanically 

strong 158, 159(elastic constant of 220–510 N m-1 and Young’s modulus of  ̴1TPa) and can 

be used as a lubricant due to the week out–of-plane van der Waals bonding. The 

heteroatom B-N bonds are slightly ionic due to the difference in electronegativity of B 

and N atoms in comparison with the C-C bonds in graphitic structures. 2D h-BN sheet is 

a 2D insulator (bandgap of 5–6 eV) and structural analogous to graphene, as the sp2 

bonding and honeycomb lattice structure is shared in both materials. The sub lattices are 

occupied by an equal number of boron and nitrogen atoms with lattice parameters of a = 

0.250 nm and c = 0.666 nm. The layers (002) are arranged with an interlayer spacing of 

0.33-0.34 nm, close to graphite. The small lattice mismatch (1.5%160) between graphene 

and 2D-hBN makes the interaction with graphene sheets stronger which would further 
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benefit 2D-hBN to be used in graphene-based electronic devices161. Several processing 

techniques have been reported recently for the fabrication of 2D-h-BN, including 

mechanical exfoliation162, 163, liquid exfoliation164-168, chemical vapor deposition169-171 

(CVD), physical vapor deposition (PVD)172, 173, vapor phase epitaxy174, pulse laser 

deposition (PLD)175 and still more to follow. 2D h-BN is widely used as substrates for 

high quality graphene electronic devices161, 176. Taking advantage from its high thermal 

conductivity, BN nanomaterials can be employed as fillers in thermally conducting 

polymers to increase its thermal conductivity177, 178. Recent theoretical calculations show 

that BN sheets can also be employed as substrates for catalytic and sensing applications 
179, 180 which were thought may be impossible before. Experimental and theoretical 

studies performed recently on BN nanotubes reveal its potential in osmotic power 

generation181 and water treatment applications182, 183.  

1.5 2D transition metal dichalcogenides 
 The absence of band gap in graphene has stimulated the research in other two 

dimensional alternatives which exhibits semiconducting behaviour and transition metal 

dichalcogenides (TMDCs) is a promising substitute owing to its inherent semiconducting 

character. TMDCs are well-studied materials in the family of van der Waals solid 

displaying layered structure having strong in-plane bonds but weak out of plane van der 

Waals bonds, allowing exfoliation into 2D layers with single unit cell thickness. With the 

discovery of new exfoliation/synthesis routes, new materials are constantly being added 

into the 2D material family and TMDCs in particular.1, 184, 185.TMDCs are semiconductors 

with a stoichiometric formula MX2, where M is a transition metal atom from group IV 

(Ti, Zr ,Hf,), group V( like V, Nb, Ta, Re) or group VI (Mo,W etc.) and X is a chalcogen 

atom (S, Se , Te)1, 186, 187.These materials show a layered structure in the form  X–M–X, 

with metal atoms sandwiched between two hexagonal planes of chalcogen atoms (Figure 

1.5). The current list of 2D TMDCs includes molybdenum disulfide (MoS2), 

molybdenum diselenide (MoSe2), molybdenum ditelluride (MoTe2), tungsten disulfide 

(WS2), and tungsten diselenide (WSe2) and so on. TMDCs exist in two structural phases: 

trigonal prismatic (2H) and octahedral (1T) phase, showing more structural stability in the 

2H phase. The different stacking order of the three atomic planes resulted in several 

structural phases; 2H phases with ABA stacking and 1T phases with ABC stacking. 

Various methods have been reported for the production of 2D TMDCs which involves 
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both top-down and bottom-up approaches. Top- down route involves adhesive tapes 35, 188-

190 to exfoliate a bulk crystal by a method known as micromechanical cleavage just like 

the case in graphene exfoliation. Liquid phase exfoliation is another top-down method for 

the production of large quantities of 2D TMDCs191. The unique feature of this technique 

is that composites and hybrid materials can be synthesized192 by combing dispersions 

from two different exfoliated materials which is not possible with any other technique. 

The previously developed growth techniques for graphene production such as CVD on 

metal substrates193-195 and epitaxial growth on SiC196can also be employed for the 

production of 2D TMDCs. Single crystals of MoS2197 and MoSe2 can also be prepared by 

a hydrothermal method in an autoclave at high temperature and pressure198.  MoX2 and 

WX2 compounds are generally semiconducting, but NbX2and TaX2 199-204are metallic. 

The carrier mobility for the monolayer TMDC sheets varies from 100–1000 cm2 V−1 

s−1205, according to the carrier mobility chart. The majority of 2D TMDCs have a direct 

band gap when exfoliated into monolayers, whereas the band gap is indirect in the bulk 

phase; GaSe and ReS2 are exceptions from this behaviour206, 207. The band gap covers the 

full visible and infrared range208, 209 with tunablility up to ≈ 2 eV210. 

 
Figure 1.5 Family of 2D TMDCs crystals. (a) Three dimensional structural 

representation of TMDC crystals with typical formula MX2, chalcogen atoms (X) and 

metal atoms (M) are represented in yellow and in grey colours. Reproduced from 

ref187.Copyright 2012, Springer Nature.(b) Atomic structure of single layers of transition 

metal dichalcogenides (TMDCs) in their trigonal prismatic (2H), distorted octahedral 

(1T) and dimerized (1Tʹ) phases and corresponding stacking of atomic planes. 

Reproduced from ref186.Copyright 2017, Springer Nature. (c) Photograph of a bulk MoS2 

crystal. (d) Suspensions of layered materials from liquid-phase exfoliation in solvents. 

Adapted from ref211.Copyright 2015, American Chemical Society.  
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TMDCs also show excellent mechanical properties, similar to graphene, with a Young’s 

modulus (E) and stiffness of  ̴0.33 TPa and 180 N m-1 for single layer MoS2 sheets212, 213, 

respectively. The metallic 1T phase of chemically exfoliated MoS2 is 107moreconductive 

than the semiconducting 2H phase214. Two dimensional TMDCS are considered as 

promising materials for many applications. The large surface area of the TMDCs enables 

them to be applied in energy storage devices such as supercapacitors and Li-ion batteries. 

Among the TMDCs family, MoS2 is the most studied material due to its high mechanical 

strength, promise for exfoliation down to monolayer thickness, colossal spin–orbit 

coupling, which opened up new possible applications in diverse fields from 

electronic/optoelectronics to energy harvesting and from DNA sequencing to molecular 

medicine186, 187, 215-219. MoS2 is widely used as an electrode material in supercapacitors 

owing to its large electrical double layer capacitance (EDLC)220-223. Chemical and bio 

sensing is also another major area where MoS2 sheets are employed and several reports 

have been published describing its chemical and bio-sensing behaviour224-228. MoS2 

nanopores can be used for DNA base detection229, 230 and osmotic power generation231.  

Besides the usage of MoS2nanosheets for electronics and energy harvesting applications, 

new discoveries reveal that MoS2nanopores or assembled MoS2 membrane are promising 

candidate for water desalination and separation applications232-234.  
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2.1 Graphene-based membranes: an overlook 
Ever since the isolation of graphene in 2004, the interest on 2D materials leaped suddenly 

with frequent additions to the 2D material library. The large aspect ratio of 2D materials 

makes the mutual interaction between 2D layers stronger, facilitating the formation of 

membranes by self-assembly of 2D sheets. The idea of molecular self-assembly has 

offered a new research direction to explore, providing an excellent platform for 

developing 2D membranes with unique functionalities. A membrane is a selective barrier 

allowing some species to pass through while blocking others. Species to be separated may 

be ions, molecules, micro pollutants and other natural organic matters. The atomically 

thin nature and the frictionless carbon surface enables graphene sheet to form membranes; 

the large aspect ratio, mechanical and chemical stability of the exfoliated 2D graphene 

sheets further facilitates the development of other graphene based membranes e.g. GO 

and graphene-based composites. Once the provision for van der Waal assembly of 2D 

sheets and atomic smoothness of graphene sheet are fully utilized, it is even feasible to 

create synthetic graphene based artificial channels with a height of several angstroms and 

above. Furthermore, angstrom sized pores can be introduced into the graphene lattice by 

ion bombardment and etching processes which would transform impermeable graphene 

sheet into a permeable one to be used in water desalination and separation applications. 

The exceptional molecular sieving properties and promising water permeability 

demonstrated by graphene based membranes is due to the versatile physicochemical 

properties shown by graphene, the nano-building block of all the graphene based 

membranes and is expected to have a huge impact in the current membrane technology. 

This chapter aims to present all the developments and progresses witnessed in graphene 

based membrane research, both from a theoretical and experimental perspective. Based 

on the main transport pathway in graphene based membranes, the chapter is divided into 

three sections: molecular transport through (1) artificially created pores/ inherent pores in 

CVD grown/mechanically exfoliated graphene; (2) artificial angstrom scale graphene 

channel by van der Waal assembly of graphene crystals; (3) assembled GO laminate. In 

each section, the fabrication route to construct the respective molecular transport 

pathway, the protocol for water/ion transport measurements, the fundamental transport 

mechanism and its impact on water desalination, gas/ion separation and other applications 

are summarized. 
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2.2 Nanoporous graphene membranes 

2.2.1 Introduction to nanoporous graphene membranes 

Despite being the thinnest membrane, a defect free monolayer of graphene is 

impermeable to all atoms and molecules1, 2 except for thermal protons, which are highly 

permeable at room temperature3. The impermeability to all ions and gaseous molecules is 

due to the fact that graphene’s  p-orbitals form a highly dense delocalised electronic cloud 

that blocks the gap within its aromatic rings. Theoretical calculations performed by Berry 

and his colleagues2 in 2013 showed that there is no vacant space in the electron-density 

around the aromatic rings to allow the permeation of molecules (Figure 2.1c). If the vdW 

radius of carbon atom of 0.11 nm is added, the geometric pore size of  graphene would 

decrease from 0.246 to 0.064 nm, which is smaller than the diameter helium (0.28 nm) 

and hydrogen (0.314 nm), making it the thinnest barrier ever known to science. The 

impermeability and robustness of graphene membrane motivated the theoretical and 

experimental research alike to focus on porous graphene membranes as a selective barrier 

for water filtration and gas separation applications. Graphene’s impermeablity to gas 

molecules was first demonstrated experimentally by Bunch et al.1 in 2008.   

 

 

 

 

 

 

 

 

Figure 2.1 Impermeability of Graphene membranes. (a) Schematic of a graphene 

capped micro chamber. (Inset) optical image of a single atomic layer graphene drumhead 

on 440 nm of SiO2. The dimensions of the microchamber are 4.75 µm× 4.75 µm× 380 

nm. (b) The side view schematic of the graphene sealed microchamber. Reprinted from 

ref1.Copyright 2008, American Chemical Society. (c) Geometric pores of graphene. 

Reproduced from ref 4.Copyright 2015, Royal Society of Chemistry 

Permeance of several standard gases was tested through a graphene sealed micro-cavity 

(Figure 2.1 a, b). The leak rate values were calculated by measuring the pressure change 
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across the membrane. The leak rate didn’t change with the membrane thickness which 

indicates the leak is neither through the graphene sheets, nor through the intrinsic defects 

in the sheet. The thickness independent nature of the leak rate confirmed the 

impermeability of graphene membrane. Followed by this, Sint et al.5 employed molecular 

dynamics (MD) simulations to investigate the ion diffusion through functionalised 

graphene nanopores with a pore diameter of ∼5 Å. 

 
Figure 2.2 Functionalized graphene nanopores. (Left) The N-terminated nanopore. 

(Right) The H-terminated nanopore. Reproduced from ref5.Copyright 2008, American 

Chemical Society. 

They observed that nanopores terminated by negatively charged atoms, such as nitrogen 

and fluorines (F-N-pore), will favour the passage of cations (Figure 2.2). Whereas, (H-

pore), the pore terminated by positively charged hydrogens, facilitate the passage of 

anions. The nanopores could be introduced into the graphene lattice in several ways such 

as ion etching and the chemical modifications by local oxidation. This is the first 

demonstration highlighting the scope of graphene nanopores as ion selective membrane 

for desalination and water filtration applications. In another simulation work, Aluru’s 

group investigated the water transport through ultrathin (less than 10 nm) porous 

graphene membranes (in both cases pore size varies from 0.75nm to 2.75nm) and 

compared its performance with the CNT of same pore size6. For smaller pore diameters, 

the CNT’s water flux was higher compared to a porous graphene membrane with a 

correlated single file movement of water molecules. However for larger diameters, the 

water flux of graphene membranes was higher than of CNTs, deviating from the single 

file structure to bulk. Pioneering simulation work of Grossman etal.7 on nanoporous 

graphene membrane showed that nanometer sized pores in single-layer freestanding 

graphene can filter out NaCl effectively from water. Their work represents the first 

attempt of using graphene nanopores for desalination applications. The computational 
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study mainly examined how the desalination dynamics of single layer graphene 

membranes vary with pore size, pore chemistry, and applied hydrostatic pressure. It was 

found that the pores must have a threshold diameter to allow the permeation of water 

molecules and the diameter should not exceed 5.5 Å; the critical diameter, above which 

all ions entering the pore can easily cross the membrane without experiencing the 

presence of any barrier. To understand the influence of pore chemistry on the 

permeability-selectivity trade off, pores were passivated with hydrophilic and 

hydrophobic functionalities: hydrogen atoms and hydroxyl groups (Figure 2.3). The pores 

terminated with hydroxyl (-OH) groups shows an enhancement in the water permeability 

compared to the H terminated pore. This could be due to the larger amount of hydrogen 

bonding networks inside the hydroxyl terminated pore. In contrast, the salt rejection for 

the H-functionalised pore is significantly higher than that of OH-functionalized pore 

which could be attributed to the hydrophilic nature of the OH- terminated pore. The 

hydrophilic OH groups would facilitate hydrogen bond formation with salt ions as in the 

case of water molecules, hence a lower free energy barrier for ions entry into the 

nanopore. In the case of hydrogenated pores, the pore passivation with hydrogen atoms 

makes it hydrophobic, restricting the hydrogen bond formation with the salt ions, 

resulting in ion selectivity enhancement. 

 
Figure 2.3 Nanoporous graphene membrane cleans up water. (a) Hydrogenated and (b) 

hydroxylated nanoporous graphene membranes (c) Side view of the simulation system 

used in the work.Reproduced from ref7.Copyright 2012, American Chemical Society. 

Overall, their computational results show that the water can flow through graphene 

nanopores at a rate of 10−100 L/cm2/day/MPa with good salt rejection and the flow rate is 
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2 to 3 orders of magnitude higher than that of commercially available reverse osmosis 

(RO) membranes, projecting nanoporous graphene membranes an excellent candidate in 

filtration and desalination applications. 

                  Gas permeability and selectivity of graphene membrane with well defined sub 

nanometere pores were first proposed theoritically by Jiang et al.8. The theoretical 

calculations gave an estimation of the diffusion barrier for gas molecules through nitrogen 

terminated pores (3 Å) and hydrogenated pores (2.5 Å). The H2/CH4 selectivity was as 

high as 108 and 1023 for the nitrogen and hydrogen functionalised pores and the 

performance is superior to the state-of-the-art polymer and silica membranes.  

 

 

 

 

 

 

 

Figure 2.4 Proton transport through 2D crystals. (a) I–V characteristics for monolayers 

of hBN, graphite and MoS2. Inset shows a sketch of the experimental set-up. SEM image 

of graphene membrane (scale bar: 1µm). (b) Proton conductivity of different 2D crystals 

and the statistics showing the measurement reproducibility. Inset show the charge 

densities of graphene (left) and hBN (right).(c) Proton conductivity of 2D crystals 

decorated with catalytic nanoparticles and the Inset shows the Arrhenius-type behaviour 

observed for proton permeation. Reprinted with permission from ref3.Copyright, 2014, 

Springer Nature. 

The breakthrough discovery regarding graphene’s permeability to protons was reported 

by Hu et al.3. They measured the electric current across micrometre-sized flakes of 

graphene, hBN or MoS2 sandwiched between hydrated nafion membranes. Regardless of 

all the existing theories explaining its barrier behaviour 1, 2, the study found that protons 

pass through the ultra-thin crystals easily and the conductivity can be increased further by 

decorating them with catalytic nanoparticles such as platinum. Except for MoS2 

membranes, a significant proton current was observed across the other two membranes, 

graphene and hBN and the current was higher for hBN (Figure 2.4).The proton 

conductivity of both monolayer graphene and hBN showed Arrhenius-type behaviour. 

The unexpected passage of protons through these crystals is originating from the porosity 

c 
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of atomically thin electron clouds. The high proton conductivity through 2D membranes 

of graphene and hBN demonstrates its realistic possibilities as proton exchange 

membranes in fuel cells. In addition, the zero point energy difference between protons 

and deuterons in 2D crystals of graphene and hBN could be used for hydrogen isotope 

separation, showing a separation factor of 10 between protons and deutrons9. 

The simulation studies on single layer graphene membranes for ion sieving, desalination 

and gas separation applications show the great potential of nanoporous graphene 

membranes. To realize nanoporous single/ multilayer graphene membranes for 

desalination, pores of similar or smaller size than the hydrated ions need to be drilled on 

the graphene lattice. The pores can be introduced into the CVD grown or mechanically 

exfoliated graphene sheets using oxidative etching or electron/ion bombardment. Inherent 

pore generation may occur in the CVD grown graphene sheets due to the formation of 

grain-boundary and point defects, resulting in leakage pathways in the system. This will 

make the system more complex and hard to disentangle the contribution of the intrinsic 

defects and drilled holes. Extra care is needed for the optimization of the growth 

conditions of CVD synthesis for a high quality graphene sheet. 

2.2.1.1 Nanopore generation in graphene membrane 
 

A nanopore is a nanometre sized gap within a membrane, formed by either pore-forming 

proteins (biological pore) or as a hole in synthetic materials (solid-state pore) such as 

silicon or graphene10-12. Biological pores are formed through specific transmembrane 

proteins that are found naturally in cell membrane, acting as transporters for ions and 

molecules in and out of the cell membrane. In typical customized biological 

measurements a single protein nanopore is perforated into a lipid bilayer membrane and 

single channel measurements are performed. In solid-state nanopores the artificial gaps 

within a solid state membrane are fabricated using state- of -the art- engineering 

techniques. The pores are fabricated either by a focussed ion or electron beam with a 

tunable size, having precision down to sub nanometre.  

                              Potential application of graphene membrane for molecular sieving and 

filtration applications depends on the ability to introduce high density and chemical stable 

sub-nanometre pores. Irradiating graphene with focussed electron beams above the 

carbon knockout potential (∼80 kV) will create pores smaller than 2 nm 13-15 and the 

oxidative processes can be applied to create pores of desired sizes in larger macroscopic 
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areas16-18. The exposure of graphene to high-temperature atmospheric oxygen, ozone, 

ultraviolet light 16, 19 and hydrogen plasma17 has been reported (Figure 2.5) as effective 

methods for the creation of pores in larger areas. However, extra defects can be 

introduced during the etching process due to the vigorous reactivity of the carbon atoms 

with the etching species 20-22. Moreover, these oxidation techniques generally lead to the 

pores of variable size17, as the grain boundaries in graphene are more reactive than the 

basal planes. Russo et al.23 used diffusive electron beam on defective graphene for the 

pore enlargement instead of oxidative etching.  

 
Figure 2.5 Different ways to create pores in graphene membrane. (a), (b) TEM image of 

a suspended graphene membrane before and after the pore creation by electron beam 

ablation. Scale bar, 50 nm and 2 nm. Reproduced from ref24.Copyright 2008, AIP 

Publishing.(c) Sub nanometre pores in graphene membrane made by ion bombardment 

and oxidative etching. Reproduced with permission from ref25Copyright 2014, American 

Chemical Society. (d) Schematic and SEM image of single-layer graphene sheet 

suspended on a 5-µm-diameter hole covered with nanometre pores produced by oxygen 

plasma treatment. (e) Aberration-corrected STEM images of graphene after 1.5 s 

exposure to oxygen plasma. Pore size is ∼1 nm. Reproduced from ref26, Copyright 2015, 

Springer Nature. 

  

ca b

d e



  
 

Chapter 2: Introduction to Graphene-based Membranes 
 

70 
 

2.2.1.2 Molecular transport through nanoporous graphene membranes 
The first attempt, demonstrating the formation of isolated and selective synthetic pores on 

mechanically exfoliated graphene membrane was shown by Bunch et al.19. The same 

experimental protocol was used as in the pressurized blister test of graphene membranes1 

and angstrom scale pores were introduced through ultraviolet-induced oxidative etching 

technique. Mechanical signals were used to measure the transport of gas molecules 

through the porous graphene membrane, which later could be converted into the leak rate 

and separation factor. According to them, the etching technique is the only method able to 

successfully generate controllable pores in the graphene lattice with angstrom resolution. 

The result match quite well with the theoretical prediction and was a landmark in 

realizing the potential aspects of graphene for gas separation. 

First approach of using CVD graphene membrane as selective molecular sieve was 

reported by Karnik’s group27. Using pressure driven filtration experiments they observed 

size selective transport of ions and molecules through single layer CVD graphene. The 

selective molecular/ion transport is attributed to the commonly occurring intrinsic pores 

with diameters of 1-15 nm, formed during the CVD growth process. Inspired by the 

selectivity offered from the intrinsic defects in CVD graphene membrane, the same group 

tested the gas transport in CVD graphene membrane28. The micrometre scale tears and 

nanometre scale defects present in the CVD grown graphene membrane were 

characterized by measuring the permeance of standard gases. A theoretical model 

encompassing the contribution of intrinsic defects and tears has been developed and 

matched quite well with the experimentally measured flow rates. Their results indicate 

that the gas transport is defect mediated, as the transport through the interlayer galleries 

formed by the graphene layer stacking is negligible. To employ graphene membranes for 

separation and filtration purposes at a pilot scale, it is necessary to have high-density, 

controllable and chemically stable sub nanometre pores. In this line, it is possible to 

create isolated and reactive defects in macroscopic single layer graphene membranes by 

ion bombardment and such defects can be enlarged later into permeable pores with 

diameters of 0.40 ± 0.24 nm using acidic potassium permanganate etchant25. The onset of 

the defect creation by gallium ion bombardment is evident from the appearance of defect 

related raman peaks28. The measured membrane potential, using a KCl solution, shows 

selectivity in the transport of K+ ions over Cl- ions. The observed selectivity originates 

from the combined effect of the pore size and the charge interaction between the 

negatively charged groups terminating at the pore edges and the ions. A significant 
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progress was achieved by Surwade et al.26; the possibility of using single layer graphene 

sheet for water desalination. Effort has been made to examine experimentally, the 

transport of ions and water molecules through stable sub nanometre pores on a suspended 

single-layer graphene membrane. Pores are created on the CVD grown single layer 

graphene membrane by exposing it to oxygen plasma for a short period of time and is 

evident from the increase in the ID/IG ratio. Weight loss, ionic conductivity and forward 

osmosis experiments across nanoporous single layer CVD graphene membranes (Figure 

2.6) demonstrate its great potential for water treatment applications with a notable flux of 

∼106 g m−2 s−1 combined with excellent water-ion selectivity. 

 

Figure 2.6 Water desalination using nanoporous single layer graphene membrane. 

(a)  Water loss after 24 h through nanoporous single layer grapheme and the second y 

axis shows ionic conductivity through the same membrane .Both measurements were done 

by varying the ID/IG ratio (different exposure time to oxygen plasma). (b) Water/salt 

selectivity as a function of ID/IG ratio. Reprinted from ref26, Copyright 2015, Springer 

Nature. 

During the CVD growth process on copper substrates and the graphene transfer, there is a 

high chance of defect formation and tears (∼100−200 nm) 27 in the membrane. Intrinsic 

defects and tears in the CVD grown graphene will degrade the potential aspect of 

graphene membrane for desalination applications. The occurrence of such inherent 

defects can be sealed by coating graphene with metal oxides. 29 The defects on graphene 

were sealed by selectively coating the graphene with HfO2 using atomic layer deposition 

(ALD) followed by interfacial polymerization. A hafnia deposition on graphene 

decreased the flux of potassium chloride to ∼40%, and the successive interfacial 

polymerization further decreased it to ∼8% of that across a PCTE membrane without 

graphene. The KCl flux decrease is a proof for the defect sealing in CVD graphene 

membrane. 
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2.3 Artificial graphene nanochannels 

2.3.1 Atomic scale graphene nanocapillaries 

Membranes with pore dimensions approaching nanometre scale have long been studied 

because of exotic fluid phenomena arising at the molecular scale. The recent development 

of nanofabrication techniques has enabled the researchers to fabricate such permselective 

synthetic membranes, which opens new avenues to be explored in the field of 

nanofluidics30-32. In fact, studies related to fluidic behaviour have long been demonstrated 

in membrane and colloidal sciences,  the exact usage of the term nanofluidics has started 

with the emergence of state–of-the-art nanofabrication techniques, thus allowing the 

fabrication of nanofluidic channels and devices 33. A nanochannel or nanocapillary is a 

hollow structure with at least one dimension of its cross section in the range of 1–100 

nm34, 35. Based on the cross-sectional configuration, nanochannels can be classified into 

“two dimensional (2D)” nanochannel i.e. nanoslit with width/length in the nanometre 

regime or a “one-dimensional (1D)” nanochannel or a nanotube with its diameter in the 

nanometre regime. There are two possible ways to fabricate nanochannels, top down 

approach and bottom-up approach36. Top down approach often uses microfabrication 

techniques to create nanoscale structures by milling/ shaping of the material. The 

technique has realized nanochannels with diameter as small as to 2 nm, but further 

reduction in the size is limited by the surface roughness of the channel37. The other way, 

bottom up approach, generally employs molecular self-assembly to produce nanoscale 

designs by assembling nanomaterials atom-by-atom or molecule by molecule. 

Due to the limitations of the surface roughness of conventional materials and the limited 

flexibility in both top down and bottom up approaches, it has been found extremely 

difficult to fabricate nanochannels/capillaries of tunable angstrom scale dimensions. Boya 

et al.37developed a novel approach by utilizing the atomic flatness of van der Waals 

layered materials for the fabrication of sub-nm channels, beating the surface roughness 

limit traditionally encountered in lithographically fabricated systems. This technique 

utilizes a combination of van der Waals assembly of layered materials and lithography to 

create fluidic channels with predetermined physical and chemical characteristics. 
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Figure 2.7 Atomic scale graphene capillary devices. (a) Schematic of the fabricated 

graphene capillary devices. The arrow indicates the flow direction. (b) SEM image of the 

fabricated device containing trilayer graphene channels. The three spacers used in the 

trilayer devices were shown by dotted lines. (c) SEM micrograph of one of the fabricated 

device showing a bench of capillaries with height h ≈ 15 nm. (d) STEM bright field cross 

sectional image of a bilayer capillary (h ≈ 7 Å). (e) High-angle annular dark field 

(HAADF) image of the edge of the channel. Reproduced from ref37.Copyright 2016, 

Springer Nature. 

The structure of graphene capillary devices consists of atomically flat top and bottom 

graphite crystals that are separated by a bunch of spacers made from graphene with a 

precisely controlled number of layers (Figure 2.7) and the assembly is held together by 

vdW forces. While the capillary structure is constructed, the individual atomic planes 

have been removed from a bulk crystal, which results in flat voids or cavities of desired 

height with precision in the atomic scale. The highlight of the structure is the vast variety 

of options to study the ion/water transport behaviour in different conditions. The 

provision to examine the fluid behaviour not only at different capillary heights but also 

with different spacer materials to account their exciting surface properties is uniquely 

achieved by this method.  

 

 



  
 

Chapter 2: Introduction to Graphene-based Membranes 
 

74 
 

2.3.2 Water flow through graphene nanocapillaries 

To understand the behaviour of nanoconfined water and its dynamics in atomically 

smooth graphene capillaries, Boya et al.37 performed gravimetric measurements. For the  

Figure 2.8 Water transport through graphene nanoslit. (a) weight loss by water 

evaporation through a graphene trilayer device, capillary height Na=10.2 Å. Bottom 

inset, optical image the trilayer device containing 200 parallel channels with L ranging 

from 3.6 µ m to 10.1 µm. Top inset, schematic of the gravimetric measurements (b) 

Functional dependence of water flux Q on capillary height. Inset, flow rates found 

molecular dynamics simulations. Reproduced from ref37, Copyright 2016. Springer 

Nature 

weight loss measurements a Si nitride chip containing graphene capillary device was used 

to seal the small water filled container. The observed water flux Q was found to vary with 

1/L, which explains that the evaporation rate was limited by permeation through the 

capillary. As the height of the capillary h decreases from ̴ 10 nm, Q also decreases, as 

expected. When the capillary height is decreased down to 2 nm, a sudden jump in the Q 

value can be observed with an order of magnitude difference compared to bulk 30 layer 

channels with a sharp peak at N = 4–5 (Figure 2.8). MD simulations show that the slip 

length is high ( ̴60nm), but didn’t vary much with the capillary height h. The large slip 

length inside the capillary could be due to the higher hydrophobicity of the spacers and 

the confining graphitic wall which makes the water flow faster, due to the frictionless 

interaction with the graphitic surface. To match the experimental Q with the theoretical 

value given by the classical Hagen-Poiseuille (HP) equation, the capillary pressure should 

be in the order of 1000 bar. The water flow in 4-5 layers showed some unprecedented 

behaviour quite different from the rest and is explained by the coupled effect of two kinds 
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of pressure; pressure due to a curved meniscus and disjoining pressure 38-40. Inspired from 

the demonstrated graphene channel assembly, Xie et al.41, 42also fabricated a graphene 

nanofluidic channel on Si substrate and studied the interplay between slippage effect and 

fast water transport. 
 

 

 

 

 

 

 

 

 

 

Figure 2.9 Hybrid Si-graphene nanochannel design and water transport 

measurements.(a), (b) schematic of the water filling in in graphene and silicon 

nanochannel from graphene and silica side. (c) Optical image of fabricated hybrid 

nanochannel. (d) Extracted slip length from for different channel height which entails the 

graphene coverage/quality. The histogram on the right side shows the slip length 

distribution with statistical median of 16 nm. Reproduced from ref41. Copyright 2018, 

Springer Nature. 

The hybrid nanochannel structure consists of a graphene nanochannel connected with a 

silicon nanochannel (Figure 2.9). In the capillary filling measurements, water is 

introduced into the hybrid channel. The mass flow resistance ratio in the 2 channels was 

determined from tracking the water meniscus. The flow resistance ratio was examined for 

a range of nanochannel heights ranging from 24 nm up to124 nm and extracted the slip 

length accordingly. The extracted slip length varies largely from 0-200 nm and no 

functional dependence on the channel height with a statistical median of 16 nm. The 

observed large variations in the value for slip length were due to the functional groups 

charges bearing at the graphene surfaces. 

c 

d 
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2.3.3 Ion transport through graphene nanocapillaries 

Ion drift measurements on artificial graphene nanochannels were done for the first time 

by Xie et al.42. The ionic conductance of silica channels coated with graphene films was 

higher than the bare silica channels, leading to an enhanced electro-osmotic flow, which 

is attributed to the presence of surface charge on graphene surface. Following the water 

transport measurements on the angstrom scale graphene capillaries, the ion conductance 

through angstrom scale slits (Figure 2.10) with different confining wall materials such as 

graphite, MoS2 and hBN43 were performed. For the spacer layer, two layer (L) graphene 

and 1L MoS2 were used. The nanoslit device had a height of 6.6 and 6.7 Å defined by the 

vdW thicknesses 2L graphene 1L MoS2 crystals. The ions flow through the slit when 

voltage was applied and the channel conductivity was observed to be dependent on the 

cation types. More interestingly, a cut-off was not observed even with cations with 

hydrated diameter larger than the channel height. This anomaly is easily understood if we  

Figure 2.10 Ion transport and mobility under angstrom scale confinement. 

(a) Conductance of slit device with Graphite, hBN and MoS2 as confining wall and 2L 

graphene as spacer. (b) Effect of ion’s size in channel conductivity. (c) Mobility ratio 

µ+/µ- as a function of cations hydrated diameter for slits made from graphite, hBN, and 

MoS2 using 2L graphene as spacer. Open squares represent the ions’ hydration energy. 

Reproduced with permission from ref43. Copyright 2017, American Association for the 

Advancement of Science 

consider the fact that, when flowing through the angstrom scale capillaries, ions are not 

like hard balls, but instead behave like soft balls, but instead they can squeeze and 

rearrange their solvation shell to get inside the capillary The ease of such reconfigurations 

of the hydration layer depends on the hydration energy of the ions. Ion mobility 

measurements using electro diffusion showed that the chloride ion mobility was different 

for different salt as evident from the membrane potential measurements. 
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2.4 Assembled GO laminates 

2.4.1 GO Membrane: the ultimate membrane material 

It has been found that creating high-density and controllable sub-nm pores in graphene 

membrane by ion bombardment and etching processes is extremely difficult and 

challenging, because of the stochastic nature of the involved processes. Even though the 

water permeability value of porous single layer graphene membrane is a benchmark 

against the existing commercial desalination membranes7, the deterioration of its 

mechanical properties with high density pore generation and lack of industrial scalability 

limits its practical application. To address these challenges the idea of self-assembly has 

come up, where 2D materials can be restacked via vacuum filtration or evaporation 

assisted self-assembly of exfoliated 2D sheets (Figure 2.11) into a macroscopic well-

ordered membrane form. The 2D sheet assembly is held together by van der Waals 

interactions, which is proportional to the overlapping surface area and the fourth power of 

the inverse inter-sheet distance. For instance, each individual GO sheets can be piled on 

top of each other to form a tightly packed interlocked laminate, having a structure similar 

to nacre with exceptional sieving properties, which makes GO an interesting candidate in 

filtration and separation applications. Briefly, graphene oxide is an oxygenated graphene 

sheet, which is randomly decorated with oxygen rich functionalities, such as epoxy, 

hydroxyl, carbonyl and carboxyl groups, in the basal planes and edges 44-46. Furthermore, 

this oxygen containing functional groups act as specific sites for covalent or non-covalent 

modifications47. The carbon atoms bonded to the oxygen atoms in the form of 

functionalities will distort the lattice, forming nanoscale wrinkles and structural defects 

creating amorphous region due to the formation of sp3C-O bonds45, 48. Due to the enriched 

oxygen containing molecules on the GO, the material can easily be dispersed in water by 

sonication without the aid of any additional surfactants49, 50, which helps to assemble the 

individual GO sheet into multilayer laminar membrane with desired thickness. In 

addition, the presence of oxygen rich functional groups gives a wide range of 

opportunities to tailor the mechanical, electrical, chemical and thermal properties of GO 

membranes, highlighting GO as an interesting platform to develop new nanostructures 

with novel multifunctionalities. GO sheet become negatively charged when dispersed in 

water due to the ionization of the carboxyl groups on the edges  of GO sheets51 and this 

was demonstrated through zeta potential measurements52. The GO suspension is highly 
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stable in water even for months due to the strong electrostatic repulsion between the 

negatively charged GO layers preventing GO from agglomeration. The layered structure 

of GO can be considered as a cascading array of parallel individual nanosheets which are 

locked together by hydrogen bonding and span the complete thickness of the membrane, 

leaving behind a network of pristine graphene nanocapillaries 53. The individual layers of 

GO are heterogeneous in their composition, consisting of holes, oxidized regions and 

graphitic region. The distribution of these three domains depends on the degree of 

oxidation. On membrane assembly, the various sp2 clusters are interconnected across the 

stacking layers to form a capillary network, which creates a highway for the transport of 

water and ions53, 54. The ease of the self- assembly of GO sheets is benefiting from the 

size L of the GO flakes, typically around 0.5-30 micrometres. The sheets are separated by 

a distance d; the interlayer spacing is highly dependent on the water content inside the 

membrane53. The resistance free permeation of water, precise size cut-off and ultrafast 

molecular sieving of ions53, 54through GO membranes opens a new horizon in the 

membrane field, where graphene oxide could be widely used for filtration and separation 

applications.  

2.4.2 Preparation of GO membranes 

The large aspect ratio of 2D materials will increase the mutual interaction between the 2D 

sheets, which promotes individual sheets to form laminar membranes. The one important 

merit of graphene oxide nanosheets over nanoporous graphene membranes is the cost 

effective way of its mass production via simple chemical oxidation of the parent material 

graphite and the ultrasonic exfoliation, which significantly reduces the manufacturing 

cost of GO laminates.  

2.4.2.1 Vacuum Filtration 
Vacuum filtration is known to be the most commonly used method for the preparation of 

GO membranes. Here, the graphene oxide suspension with a known concentration is 

filtered through a support membrane (alumina anodisc, porosity  ̴ 20nm-200 and other 

polymeric support) in a vacuum filtration assembly. The applied differential pressure 

pushes water through the anodisc (or any substrate) leaving behind the GO crystallites on 

the substrate. The thickness of the membrane depends on the volume and concentration of 

the GO suspension used and ranges from few nanometres 55 to tens of micrometres 56. It is 

worth noting that the vacuum filtration method didn’t alter the physicochemical 
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properties of the GO membrane .This is because; the interactions between the GO sheets; 

electrostatic, hydrogen bonding and van der Walls interactions are purely non-covalent in 

nature. As the size of the film, prepared by this method, is limited by the size of the 

filtration apparatus, this method is not practically viable for the mass production of large 

area GO membranes.	

2.4.2.2 Drop-casting 
Drop casting is a coating technique where GO membrane assembly is formed by drop 

casting few ml’s of GO solution onto a smooth surface such as silica or paper and drying 

at room temperature 57. After proper drying, free standing GO membrane can be peeled 

off from the underlying substrate.  

 
Figure 2.11 Schematic of GO membrane preparation by different techniques. 

(a) Pressure assisted self-assembly, vacuum filtration, evaporation induced self-assembly. 

Adapted  from ref58. Copyright 2015, Elsevier (b) Spin coating methods, method 1 is 

similar to the Langmuir-Schaefer (LS) method. Reproduced from ref59.Copyright 2013, 

American Association for the Advancement of Science. (c) layer-by-layer method. 

Reproduced from ref.60.Copyright 2013, American Chemical Society.(d) Fabrication of 

shear-aligned membrane from nematic GO; Scale bar, 1 cm and the schematic of the 

shear alignment process using a doctor blade and the film obtained in the shear aligned 

process. Reproduced from ref61, Copyright 2016, Springer Nature. 

a
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2.4.2.3 Spin-coating 
Spin coating is a type of coating technique used to deposit uniform films onto flat 

substrates53, 62. The substrate with minimum roughness is preferred, usually Cu foil or a 

polymeric support. In order to increase the deposition rate, the substrate is normally 

heated to ̴ 50 °C prior to the coating procedure. Normally, a small amount of coating 

material is applied on the middle of the substrate. The substrate is then rotated at a higher 

speed by centrifugal force so that the suspension will uniformly spread onto the substrate 

forming a continuous film. Free standing membrane can be obtained by etching away the 

underlying substrate through acid treatments. Finally, the membrane was cleaned in 

distilled water and dried on a hot plate ( ̴<50°C). By carefully controlling the rotation 

speed of the substrate and the concentration of the GO suspension, membranes with broad 

ranges of thickness can be fabricated. In spin coating, dense packing of the GO layers is 

obtained because, face to face attractive capillary force created by the spin coating will 

easily overcome the repulsive edge-to-edge GO sheet interactions59.  

2.4.2.4 Spray coating 
The spray coating method involves using a spray coating unit to spray the suspension 

onto a target and the solvent is evaporated subsequently to get a film of desired 

thickness63. An airbrush is used to nebulize the GO suspension, forming small droplets. 

Some carrier gases, for example N2 can be used to spray the suspension. The advantage of 

this spray method over other technique is the remarkably high production efficiency and 

scalability. A large area membrane can be prepared on any substrate with relatively 

simple fabrication procedures. However, the homogeneity of the membrane prepared by 

this method needs to be improved. 

2.4.2.5 Langmuir–Blodgett (LB) method 
The Langmuir–Blodgett (LB) method is a technique for the fabrication of single layer 

thick films with great control over the packing density. When a monolayer is fabricated 

on a gas-liquid interface or a liquid –liquid interface, the film is called Langmuir film and 

the Langmuir film deposited on any solid substrate is called a Langmuir-Blodgett film. In 

this method, insoluble monolayers are formed on top of a clean liquid with high surface 

tension (e.g. water) by spreading the non-volatile material over the Langmuir trough with 

a controlled speed. Spreading happens when the molecules of the material to be filmed 

consists of a hydrophilic head and a hydrophobic tail. The molecules interaction with 

water molecules should be greater than the internal interactions64. As GO is an 



  
 

Chapter 2: Introduction to Graphene-based Membranes 
 

81 
 

amphiphilic material65 (contain both hydrophobic and hydrophilic regions), the method is 

suitable for preparing GO monolayers50, 66. In LB technique, Langmuir trough was first 

cleaned with chloroform and filled with distilled water. The GO suspension was then 

carefully dispensed on the surface of water at a particular speed and the surface pressure 

of GO film was monitored using a tensiometer. By bringing the substrate slowly onto the 

trough and then pulling it up, GO monolayers present on the water surface were 

transferred onto the substrate. After drying the GO membrane in an oven followed by 

repeating the same protocol, bi-layer, tri-layer GO can be prepared.  

2.4.2.6 Layer by layer (LbL) assembly 
GO membranes can also be synthesized by the layer-by-layer assembly of GO 

nanosheets. The deposited sheets were stabilized internally from the combined effect of 

covalent and electrostatic interaction between the GO and the cross linking agents. 

Thickness of the membrane can be adjusted by varying the number of layer-by-layer 

deposition cycles67. B Mi et al.60 demonstrated the LbL assembly of GO membrane and 

studied the impact on water desalination applications. Porous polysulfone membrane is 

used as the support which was dip coated it in dopamine solution. The support is dried in 

oven and immersed in 1, 3, 5-benzenetricarbonyl trichloride (TMC) solution. Soaking the 

support membrane in GO solution will attach the first GO layer to the support membrane. 

The subsequent soaking in TMC and GO creates additional numbers of TMC and GO 

layers and adjusting the number of deposition cycle will create GO-composite membranes 

with a desired thickness. 

2.4.2.7 Shear alignment 
An industrially adaptable, scalable method for graphene oxide membrane fabrication was 

achieved recently by Akbari et al.61. As the conventional methods like vacuum filtration 

and evaporation are time consuming and limited by the size of the filtration apparatus, it 

has become necessary to develop a technique, by which, GO membrane can be mass 

produced. The discotic nematic phase of GO can be shear aligned to form a homogeneous 

continuous films of multi-layered GO membrane using a commercially viable doctor 

blade technique. A nematically ordered liquid crystal phase of GO is obtained by using 

strong hydrophilic super absorbent hydrogel beads, which absorb water from GO, making 

it more concentrated, resulting in the phase transition from isotropic to nematic liquid 

crystalline phase. The non- Newtonian flow characteristics of the nematic liquid crystal 

phase of GO further facilitates the large scale production of GO membranes by blade 
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coating and the shear thinning behaviour facilitate the formation of highly ordered 

laminated films. The doctor blade has a rectangular outlet through which a movable blade 

spreads the GO suspension over a porous substrate. The prepared large area (13 × 14 cm2) 

membranes exhibit highly ordered laminar structures superior to GO laminates obtained 

by vacuum filtration.  

2.4.3 Interlayer graphene capillaries in GO membranes 
In monolayer graphene, the only transport pathway for the movement of ions is through 

the in-plane pores. Once the individual nanoporous graphene layers are stacked on top of 

each other into a laminar form, another transport pathway is introduced in the membrane 

structure known as inter-layered pores or interlayer channels. By controlling the size of 

the spacer layer, membranes with extremely narrow pore distribution can be obtained. It 

has been found extremely difficult to synthesize such laminar graphene membranes with 

narrow and controlled inter-layered pore distribution using vacuum filtration method 

because of the following two reasons:(1) pore size can’t be tunable (2) difficult to 

produce a narrow pore distribution in every stacking layer. However, in GO membranes, 

the presence of oxygen rich functional groups restricts the structure from collapsing into 

graphitic spacing while assembling GO nanosheets into a membrane. If the water content 

and the functional groups are properly modulated; it is possible to achieve extremely 

narrow channels of sizes in the range of ̴ 6-10 Å56. Unlike the pores in nanoporous 

graphene membrane, the pores in GO membrane are the interlayer channels formed 

between every two stacked GO sheets, these channels are well connected across the 

membrane thickness to form a tortuous capillary network, through which ions and water 

molecules can realize transport from one side of the membrane to the other. The 

interlayer pores or channels are nanometer in size, if well controlled; provide even sub 

nanometre channels, which are pivotal for desalination and water filtration applications. 

The water and ion transport across the 2D layered GO membrane is confined in the 

interlayer space and the ion/ water migration can occur possibly through two pathways, 

along/across the plane of the laminate53, 5456, 68. Regardless of the transport route, the mass 

transport is governed by the surface properties of the reassembled GO nanosheets. Precise 

tuning of the inter layer spacing is inevitable to achieve the sieving of common salt in GO 

membrane. Different approaches have been proposed recently to achieve size controlled 

channels in GO membranes such as physical approaches (stacking GO sheets with 
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nanoscale wrinkles69 and epoxy confinement56), chemical approaches (covalent cross 

linking with molecules) and thermal treatment to name a few.  

2.4.3.1 Structure of graphene capillaries 
The ions and water molecules enter into the interlayer gallery of GO membranes through 

the edge of the GO sheet. As oxygen rich functional groups are known for clustering, they 

induce puckering leading to the corrugation of the nanosheets70. This phenomenon gives 

rise to the formation of large percolating regions of non-oxidized (sp2) graphene domains 

with empty spaces in between, forming an interconnected network of graphene capillaries 

(Figure 2.12) across the thickness of the membrane.53. In GO membranes, water 

molecules and ions permeate through these nanocapillaries following a tortuous path 

primarily over the hydrophobic (non-oxidized) region rather than the hydrophilic 

(oxidized) part of GO, which leads to a slip enhanced water flow. Due to the narrow size 

distribution of sp2 nanocapillaries together with the existence of oxygen containing 

functional groups, GO membranes are getting tremendous attention in the membrane 

technology field. 

 
Figure 2.12 Structure of graphene oxide membrane.(a) Optical image of a 1-µm-thick 

GO membrane. (b) SEM micrograph of the film’s cross section showing the layered 

structure (c) and (d) Schematic showing the permeation pathway in graphene oxide 

laminate and the model of graphene capillaries. Reproduced from ref53.Copyright 2012, 

American Association for the Advancement of Science. 
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2.4.3.2 Water permeability of GO membranes 
One of the game-changing breakthroughs in graphene based materials is the discovery of 

graphene oxide membrane which exhibits unimpeded permeation of water 53. To study 

the permeation rate for water and other organic solvents through GO membrane, Nair et 

al. used a metal container filled with corresponding solutions and the aperture was sealed  

with a 0.5 µm thick GO membrane. 

 
Figure 2.13 Molecular permeation through GO membrane. (a) Weight loss for a 

container sealed with a GO film No loss was detected for ethanol, hexane, etc. But water 

evaporated from the container as freely as through an open aperture (blue curves). The 

measurements were carried out room temperature in zero humidity. (b) Permeability of 

GO membrane with respect to water and other organic solvents (arrows indicate the 

upper limits set by our experiments). (Inset) Schematic of the structure of monolayer 

water inside a graphene capillary with d = 7 Å, as found in MD simulations. Reproduced 

with permission from ref53. Copyright 2012, American Association for the Advancement 

of Science. 

                Organic solvents used were ethanol, hexane, acetone, decane and propanol. The 

weight loss due to evaporation was precisely measured using a computer controlled 

precision balance. No weight loss could be detected with an accuracy of <1 mg when the 

container was filled with organic solvents during the measurements lasting a couple of 

days. Surprisingly, a huge weight loss (Figure 2.13) was observed when the container was 

filled with water. More interestingly evaporation rate was same as through an open 

aperture (no GO film sealing), which shows nanocapillaries provide negligible resistance 

towards water permeation. Furthermore, no leakage was observed through the GO 

a b
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membrane when the container was filled with gases such as He, H2, N2. The helium gas is 

very hard to stop in normal conditions. For instance, a 12µm thick PET sheet shows a 

significant helium leakage which is 1000 times higher than the leakage observed in GO 

membranes (thickness of 0.5µm).  

             The ultrafast and unimpeded permeation of water was attributed to the formation 

2D graphene nanocapillaries formed by the joining of sp2 clusters in GO membrane. 

Graphene oxide membrane is hygro-responsive i.e. the interlayer spacing varies with 

humidity. In dry state, the d spacing of GO varies from 6-10 Å depending on the water 

content and amount of oxidation. For a membrane with d  ̴8-9 Å, the available free space 

δ can be estimated as d-a, (where a is the thickness of the graphene sheet) resulting with a 

free space of »5 Å, which is adequate to accommodate a monolayer of water71, 72. 

Diffusion of organic solvents vapours were blocked by the collapsing of the 2D 

capillaries in low humidity or the partial clogging with water.   

2.4.3.3 Mechanism of water transport and slippage effect 
The anomalous water permeation rate through helium leak tight graphene-based 

membranes was result from the combined effect of capillary-like driving force inside the 

membrane and frictionless nature of carbon walls of the 2D graphene capillaries. These 

two effects make the water molecules inside the channel move as a single file system as 

in the case of carbon nanotubes and other hydrophobic pores73-76. If the water inside 

graphene nanocapillaries behaves as a classical liquid, the mass flow through the 

capillaries should follow the HP equation. The measured water flux shows a flow 

enhancement, by a factor of 107 with respect to the classical laminar regime. The basic 

assumption of the HP equation are laminar flow and no slip boundary condition 

(boundary layer velocity is zero). The significant deviation of the experimentally 

measured water flux value from the classical HP equation questions the validity of the no 

slip boundary condition. MD simulation predicted that velocity of the water layer near to 

the graphitic surface is non-zero, reaching 20m/s resulting from the water slippage at 

graphitic surface53.  

                                             The measured fluid slippage at the solid wall is denoted in 

terms of the slip length, defined as the extrapolated distance λ relative to the wall, where 

the tangential component the of fluid velocity vanishes (Figure 2.14). The slip length is 

introduced to connect the interaction between the solid wall and the fluid. It is 
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straightforward to interpret the slip length in terms of liquid–solid friction at the interface 

and large slip lengths are associated with reduced friction 

 

Figure 2.14 Slippage effects (a) Interpretation of the slip. Reproduced with permission 

from ref77.Copyright 2007, Springer Nature. (b) Schematic representation of the 

definition of the slip length λ. Reproduced from ref78. Copyright 2007, Royal Society of 

Chemistry 

The slip length of water at the solid surface depends on the wettability of the surface. Slip 

lengths in the range of tens of nanometres are usually seen at hydrophobic surfaces; 

whereas, it is in the sub-nanometres scale for hydrophilic surfaces40, 78. In GO 

membranes, water flows through the interconnected graphene capillaries. As the capillary 

walls are purely hydrophobic by nature, water molecules experience reduced friction with 

the wall, which results in the correlated single file movement as evident from the 

enhanced water flow. When the effect of water slippage at hydrophobic graphene 

capillaries are taken into account in the HP equation, the measured water flux matches 

quite well with the theory and the estimated slip length λ are » 10-100 nm, in conjunction 

with the behaviour observed for the correlated water flow in carbon nanotubes 

2.4.3.4 Precise ionic sieving 
Due to the presence of oxygen containing functional groups on the GO sheets, the 

interlayer space of GO membrane is ∼6−10 Å under dry conditions, which is larger than 

interlayer space of graphite (3.4 Å). When GO membranes are immersed in water or any 

ionic solutions, hydrophilic oxygen-containing groups, including hydroxyl, carboxyl and 

epoxy absorb water molecules into the inter-layer gallery, which leads to an expansion of 

the GO’s interlayer spacing to ̴ 13-14 Å54. The hydration of GO capillaries by the 

absorption of water molecules is known as swelling. The effective free space in the 

a b

λ
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interlayer galleries increases to 9 Å for the permeation of ions and molecules when the 

space occupied by the carbon atoms in the swelled state is accounted. 

 

 
 

Figure 2.15 Graphene oxide membrane as molecular sieve. (a) Permeation rates of 

various molecules and ions of different size through a 5 µm thick GO membrane showing 

a sharp sieving cut-off at 4.5 Å, demonstrating GO as a physical sieve. (b) Snapshot of 

NaCl diffusion through a 9 Å graphene capillary allowing two layers of water. 

Reproduced with permission from ref54. Copyright 2014, the American Association for 

the Advancement of Science 54 . (c) Conductivity of the permeated salt solution with time  

through GO membranes showing the difference in the ion interaction. Reproduced from 

ref 57. Copyright 2014, American Chemical Society. 

Any ions or molecules having a hydrated radius of 4.5 Å or less can enter and permeate 

through the channel and bigger ions are fully blocked (Figure 2.15), thus behaving like a 

physical sieve54, 79. Furthermore, the ion permeation rates were found to be around 1000 

times faster than predicted by the simple diffusion model, which could be related to the 

capillary-like pressures acting on ions inside GO nanocapillaries. The sharp size cut-off 

and precise sieving of ions demonstrated by GO membranes is very much appealing as it 

has enormous potentials in size based separation applications such as desalination and 

water filtration.  

a

c

b
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2.4.3.5 Ion exclusion mechanism 
The potential application of graphene oxide membranes for ion separation and filtration 

applications were demonstrated first by Sun et al.57. A series of ion- permeation 

experiments of metallic salt solution using a conductivity meter has shown that the 

permeation rate of ions follows the order Na+> Mn2+> Cd2+, but variation of ion size 

shows a different trend Mn2+> Cd2+> Cu2+> Na+  which clearly demonstrates that the ion 

sieving is not a geometric effect, ruling out the size exclusion theory. The degree of ion 

interaction with sp3 and sp2 sites of GO membrane is different for alkali, alkaline-earth 

and transition metal cations. In the case of transition metal cations, the ions prefer to 

interact with the sp3 C–O matrix through coordination interactions. In contrast, alkali and 

alkaline-earth cations prefer to interact with the sp2 domains within the GO sheets 

facilitated through “cation-π” interactions. The difference in the degree of electrostatic 

interaction between the ion and GO surface results in the selective permeation of 

alkali/alkaline earth cations over transition metal cations. 

                     Another mechanism for the selective passage of ions is physical size sieving 

as discussed in precise ionic sieving session (section 2.4.3.4).  

                         Dehydration defined ion selectivity in sub-nm pores is a recently proposed 

mechanism for the ion exclusion in GO membranes56, 80. Angstrom scale channels in GO 

membranes were fabricated by physical confinement. Where, although the channel size is 

smaller than the typical ion size, ions still pass through the membrane, albeit with reduced 

speed, violating the size exclusion theory. This can be explained by a simple mechanism 

called dehydration. When a salt is dissolved in water, the water molecules will stabilize 

the ion by forming a water baggage containing concentric shells of water molecules. 

When the channel size is less than the ion size, for the ions to get into the capillary, it 

needs to remove some of its excess baggage, which requires a substantial amount of 

energy81. The extent of ion dehydration is different for different ions which depend on a 

parameter called hydration energy of ions. As the charge of the ion increases, electrostatic 

attraction between the ion and water molecules also increases and is reflected in the 

magnitude of their hydration free energies, which increases in the order 

K+< Na+< Li+< Ca2+< Mg2+. Due to the higher hydration energy, Mg2+ ions are expected 

to have a strongly bound water shell which results largest barriers for permeation and 

slowest permeation rates. On the other hand, ions with less strongly bound shells (K+ and 

Na+) can enter into the channel by reconfiguring their water shells. 
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2.4.3.6 Tunable interlayer spacing 
Controlling the inter-layer spacing of GO below 10 Å has proved to be challenging 

because of the swelling of GO capillaries. Various chemical/physical approaches have 

been reported to restrict the swelling of GO capillaries. The physical approaches  reported 

so far include, assembling GO sheets with nanoscale wrinkles 4, 82, focussed laser beams83, 

84, thermal reduction59, controlling the lateral size of GO sheets85, 86, varying the thickness 

of GO56, 87 and constructing epoxy walls between GO membranes for physical 

confinement56 etc. The various chemical approaches attempted include, inserting certain 

linker molecules between the GO sheets 52, 88-92 and chemical reduction93, 94. In spite of all 

the efforts, controlling the inter-layer spacing of GO membrane below 10 Å has proved to 

be challenging because of the swelling of graphene capillaries when contacted with water. 

2.4.4 Applications of GO membranes 

Utilizing the potential of GO membranes for desalination and water filtration applications 

has been a major area of research. The filtration performance and desalination efficiency 

of graphene oxide membranes can be examined by conducting forward osmosis (FO), and 

pressure assisted reverse osmosis (RO) experiments. The excellent sieving behaviour and 

resistance free permeation of water molecules is utilized in many areas from liquid/gas 

separation to salinity gradient power generation4, 95, 96. The GO membranes when soaked 

in water, behave like a tiny molecular sieve, filtering out ions and molecules with sizes 

greater than 9 Å. Sieving characteristics of GO membranes can be improved by different 

means such as layer by layer assembly and thermal treatment. The resulting membrane 

may find application in water treatment. M.Hu et al. fabricated a water separation 

membrane by layer-by-layer deposition of GO nanosheets on a polydopamine-coated 

polysulfone support and the sheets were cross linked by 1,3,5-benzenetricarbonyl 

trichloride60. This is the first report demonstrating the potential of GO for water treatment 

applications. Water flux and organic molecules/salt rejection performance was evaluated 

in a dead end filtration system. Despite low rejection of (6−46%) monovalent and 

divalent salts, the membrane exhibited 46-66 and 95% rejection for methylene blue 

Rhodamine-WT molecules. The water permeability of the membrane was reasonably high 

(between 80 and 276 LMH/ MPa), 4−10 times higher than that of most commercial 

nanofiltration membranes. Ultrafiltration nano-strand graphene oxide channels with a size 

distribution of 3-5nm showed a water flux, which is around 100 times higher than that of 

commercial membranes with a reasonably good rejection performances52. Very recently 
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graphene- graphene oxide- composite membranes, prepared by vacuum filtration showed 

NaCl salt rejection of ̴ 95% in the FO experiments with a water flux, of  ̴  3 Lm-2 h-1 

which is  comparable to commercial desalination membranes56. Another area, where 

graphene oxide membranes are greatly explored is for the gas separation applications. 

The micrometre thick graphene oxide membrane is impermeable to all the gases. But 

when the thickness is reduced to around few nanometres, selective separation of gaseous 

molecules occur through the structural defects originating from the imperfect coverage or 

interlocking of GO sheets, giving rise to selectivities as high as 3400 and 900 59, 97 for 

H2/CO2 and H2/N2 mixtures, respectively. Apart from the liquid and gas separation, 

graphene oxide membranes are also used in electrochemical energy storage, such as 

batteries98, fuel cells99 and supercapacitors100. The voltage generation by making use of 

the ion selectivity of the GO membrane is also an attractive area of research, which is 

getting tremendous attention due to its potential in the renewable and environmentally 

friendly way to generate electric power, typically known as blue energy95, 101, 102.  

2.4.5 Current Challenges 

Good water permeability, water-ion selectivity, mechanical stability of the membrane 

under prolonged use and good fouling resistance are the ideal characteristics of a 

commercially viable membrane. The ultimate goal of graphene oxide membrane research 

is to develop a filtration unit which can produce potable water from waste water and 

seawater at a minimal energy cost. For making full use of the ultrafast permeation and 

precise sieving properties in desalination and water filtration applications, size of the 

graphene capillaries in GO membrane should not exceed 6-7 Å. A number of efforts have 

been made recently to control the interlayer spacing below sub nanometre by 

incorporating foreign molecules in the interlayer gallery of GO membranes and thermal 

annealing. But precise control of interlayer spacing in wet state has proved to be a major 

challenge. Another big challenge facing now is the industrial scalability of the 

membranes. Durability and stability of the membrane under prolonged contact with salty 

water and the fouling through bacteria or any other organic matter is another major 

concern when GO membranes are employed in desalination and water filtration81. 

Overall, the research on desalination membranes is mostly focussed on enhancing the 

water flux rather than improving the ion selectivity of the membranes. The modelling 

results shows that enhanced water permeability above the currently achievable rates (2–3 
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lm−2h−1bar−1103, 104) would not ensure a reduction in energy requirements. Instead of 

focussing more on improving the water permeability of the membrane, an effective 

strategy is to improve the water-ion selectivity of the membrane which will further 

increase the efficiency of desalination56, 103. 
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3.1 Introduction 
The scope of this chapter is to provide a brief overview of the main characterization 

techniques and the methodology adopted in this entire study. The first section provides a 

brief description of the research methodology and the material synthesis including 

graphene oxide synthesis, membrane fabrication, and water/ion permeation through 

physically confined GO (PCGO) membranes. The second phase of this chapter describes 

the physical characterization techniques used in the study. A brief outline of the working 

principle of the experimental tools such as X-ray diffraction (XRD), scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) for the imaging and 

structure determination purposes are also summarized. The ion permeation behaviour was 

analysed using spectroscopic and chromatographic techniques such as ICP-AES 

(Inductively coupled plasma-atomic emission spectrometry) and IC (Ion 

chromatography).  
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3.2 GO membrane synthesis and PCGO membrane fabrication 

3.2.1 Material Synthesis 

The graphene oxide suspension was prepared by a modified Hummers method1-3. In a 

typical procedure, millimetre sized flakes of graphite (1 g) and sodium nitrate (0.5 g) 

were dispersed in concentrated sulphuric acid (24 ml). The dispersion was cooled down  

Figure 3.1 Preparation of Graphene Oxide membranes 

using an ice bath and potassium permanganate (3 g) was added over period of 3 hours 

keeping the temperature below 10 °C. The mixture was stirred for an additional 16 h and 

the reaction temperature was kept in the same temperature range. Diluted sulphuric acid 

(20ml, 10%) was added drop wise over a period of 2 h keeping the temperature below 10 

°C. Followed by this; 60ml water was added and stirred continuously. Hydrogen peroxide 

(20ml, 3%) was added and kept under stirring for more time. The graphite oxide slurry 

was then washed several times until the pH of the supernatant became neutral .The 

obtained graphite oxide was dispersed in water by sonication to make graphene oxide 

crystallites. The thicker flakes were removed by centrifugation at 8000 rpm for several 

times. The GO membrane was prepared by vacuum filtration of the resulting supernatant 

GO suspension through an alumina anodisc membrane (AAO, 200 nm pore size and a 

diameter of 47 mm purchased from Merck Millipore). GO membranes with a wide range 

of thicknesses can be prepared by varying the volume and concentration of the GO 
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suspension in the filtration assembly and the typical thickness of the membrane prepared 

in the present study is  ̴80-100 µm. The as prepared membrane was dried inside a vacuum 

oven for 10 h at 45 degree to remove the excess water inside the membrane. 

3.2.2 Tuning interlayer spacing of GO membranes 

The GO membrane is very hygro-responsive 4-6; the interlayer spacing of GO varies with 

humidity and we used this property to tune the interlayer spacing of GO membranes. For 

tuning the interlayer spacing, GO membranes prepared by vacuum filtration were cut into 

rectangular strips of dimension 4 mm× 10 mm. It is well known that saturated salt 

solution provides a stable spectrum of relative humidity (RH) values as the vapor-liquid 

and solid phases gives an independent water vapour pressure and can’t alter the moisture 

content present in the system with time7, 8. GO membranes with correspoding interlayer 

spacing were prepared by storing the rectangular strips inside a closed container with 

differrent relative humidities inside. The salt solutions used and the corresponding 

humidities is gven in table 3.1 

 

 

 

 

 

Table 3.1 Saturated salt solutions used and the corresponding humidity’s 

Saturated salt solutions were prepared by wetting excess amounts of salt with distilled 

water and poured into the bottom of a plastic container. The freshly cut rectangular strips 

of GO membranes were kept inside a small mesh made of PTFE, without any contact 

with the bottom salt solution. A humidity meter was also used to verify that the salt is 

fully saturated and gave the reported values of RH7. The zero humidity condition was 

created by keeping the rectangular GO strips inside a glove box filled with Ar. RH-100% 

was achieved by keeping the GO membrane inside plastic container filled with water 

vapour.  

Salt Used Humidity (a.u) 

LiCl 12% 

MgCl2 33% 

Mg(NO3)2 55% 

NaCl 75% 

KCl 84% 
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3.2.3 Fabrication procedure of PCGO membrane 

After adjusting the interlayer spacing of GO membranes, each rectangular strip was glued 

together and stacked vertically using two component 1266 stycast epoxy resin, mixed by 

a weight percentage ratio of 3.5:1. 

 
Figure 3.2 Fabrication procedure of PCGO membrane 

For curing of the epoxy resin, the glued stack was transferred into the same humidity 

environment where the laminates were initially kept for adjusting the interlayer spacing. 

The resulting vertical stack of GO membrane was finally glued onto a slot made of either 

plastic/ copper disc with a rectangular slot in the middle. The possible coverage of the 

epoxy resin at the top and bottom cross sectional surface was carefully trimmed off so 

that all the nanochannels are completely open for the permeation experiments. The same 

is verified using an optical microscope as well and the cleaved cross sectional surface was 

free from any epoxy residues. 
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3.3 Diffusion and water permeability test through PCGO    
membrane 

3.3.1 Experimental set up for permeation experiments 

All the diffusion experiments were performed using a custom designed set up made from 

Teflon, which consist of two compartments, feed and permeate (Figure 3.3). The PCGO 

membrane contained plastic disc was clamped between two O-rings between feed and 

permeate side to provide a leak tight environment for the permeation tests. In the 

permeation experiments, each compartment was filled with an equal volume (10 ml) of 

salt solution (feed side) and deionized water (permeate side) respectively to avoid a 

hydrostatic pressure difference due to the asymmetry in the liquid column height.  

 

Figure 3.3 Experimental set for permeation experiments and its cross sectional view 

The salt solutions we used in our permeation experiments were KCl, NaCl, LiCl, CaCl2 

and MgCl2 respectively. Salt permeation across the PCGO membranes is mainly driven 

by the concentration gradient across the membrane and the quantitative estimation of the 

permeated salt was analysed using different analytical techniques such as inductively 

coupled plasma-atomic emission spectrometry (ICP-AES) and ion chromatography (IC) 

respectively. 

3.3.2 Ion permeation studies through PCGO membranes 

Ion diffusion through PCGO membranes with different interlayer spacing was performed 

using the Teflon made set up following the experimental procedure as described in 

section3.3.1. In a typical experiment, the feed side was filled with 1M salt solution and 

the permeate side with deionized water. Stirring was done on both sides to avoid 

concentration polarization effects. The ion permeation through epoxy encapsulated PCGO 
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membranes was monitored as a function of concentration gradient and time; normally for 

20-25 hour. After 25 hour, the permeated salt solution was collected from the permeate 

side and the quantitative estimation of the permeated ions was done using chemical 

analysis (ICP/IC analysis). The slope of the permeation vs time graph provides the 

permeation rates. Diffusion experiments were done for all the capillary sizes ranging from 

6.4 to 9.8 Å for 5 different salts such as KCl, NaCl, LiCl, CaCl2 and MgCl2. Using the 

known volume of the permeate the number of ions permeated though the membrane was 

calculated and normalization with respect to time and area, giving the ion permeation 

rate.  

The classical diffusion equation was used to compare the theoretically expected value of 

the ion permeation to the experimentally observed value. For the classical diffusion 

equation, permeation rate J is given by  

                                                          J = Diff × ΔC × Aeff /L                                            (1)                                                                                           

 where ΔC is the concentration gradient across the membrane (1 M for for the diffusion 

experiments), Aeff is the total cross-sectional area of nanocapillaries (≈3–8 mm2), L is the 

diffusion length through the PCGO membrane (≈3 mm). Diff is the diffusion coefficient 

for ions in water (typically, Diff ∼10−5 cm2 s–1).  

3.3.3 Tested solutes and their hydrated diameters 

The hydration shell, in a more generic way the solvation shell represents a shell of solvent 

molecules that adhere or bind to the central charged ions when, salts are dissolved in 

polar solvents. On  solvation, the solvent molecules stabilizes the central ions by forming 

concentric shell of water molecules (Figure 3.4), by which the salt is dissociated into free 

ionic species. If water is the solvent, it is known as a hydration shell. The ion-water 

interactions in the aqueous environment can be represented in terms of hydration shell 

with a formula Mz+(H2O)n, where n corresponds to the hydration number  that is 

associated or adhered to the ion Mz+. Hence, the apparent ion size in aqueous phase is the 

hydrated radius (i.e., Mz+(H2O)n) instead of bare ionic radius(i.e., Mz+). On the basis of 

the experimental investigation of the cation-oxygen distance and electrostatic phenomena, 

the relative positioning of the water molecules around small cations such as K+ or Ca2+ 

remains at a stable thickness,  with the individual water molecules being exchanged 
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continuously with those in the bulk solution. The ion interaction with the water molecules 

depends on the charge and crystallographic radius of the central ion.  

. 

 

Figure 3.4 Hydration shell and hydrated radius of ions. Schematic representation of  the 

hydration shell of monovalent and divalent cations demonstrating their ordering and 

stability of hydration shell. Table on the right side shows the hydrated diameters of ions 

chosen in the study. 

In the case of  monovalent cations, for example, K+, Na+ and Li+, the ionic radius varies in 

the order K+> Na+ >Li+ (Figure 3.4). As the size of K+ ion is greater than both Na+ and Li+ 

ions, more number of water molecules will be adhered to its first hydration shell 

compared to other ions leading to increased water density in the first hydration shell with 

respect to successive water shells. Whereas, for Na+ and Li+ ions, due their reduced ion-

size, the enhanced electrostatic interaction will bind more and more water molecules to 

the ions. The extent of water adherence to the primary hydration shell is limited by the 

size of the ions which leads to the formation of secondary and tertiary water shells where 

it was not that dominant in K+ ion case. As a consequence of this, ion-volume in aqueous 

phase will be more for Li+ ions compared to both Na+ and Li+ ions and is reflected in the 

magnitude of their hydrated radius which varies in the fashion Li+> Na+ > K+ . 

     There is significant variation in the value of the hydrated diameter in the literature due 

to the difference in the value of the modelling parameters. The hydrated diameters 

considered here are chosen from the most cited values and were taken from reference9, 10. 

  

Tested 

ions 

Ionic 

Radius 

(Å) 

Hydrated 

Radius 

(Å) 

K+ 1.52 3.3 

Na+ 1.16 3.55 

Li+ 0.9 3.8 

Ca2+ 1.1 4.1 

Mg2+ 0.72 4.25 
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3.3.4 Temperature dependent ion permeation and activation energy. 

Temperature dependent ion permeation experiments were carried out for a temperature 

range of 2-43 °C in a temperature controlled environmental chamber. The measurement 

set-up, KCl solution and deionized water were equilibrated at each temperature prior to 

the experiment. Magnetic stirring was used in both compartments to avoid concentration 

polarization effects. The same experimental protocol used in the permeation experiments 

was followed in the temperature studies as well. The ion permeation rate (P) in 4 different 

temperature ranges was measured using ICP. The temperature dependence of ion 

permeation is given by the Arrhenius equation 11-13 

																																																																						𝑃 = 𝑃%𝑒𝑥𝑝 )−
+,
-.
/                                                (2)                               

where	𝑃%is the pre-exponential factor, 𝐸1 is the activation energy,𝑇 is the temperature and 

𝑅 is the universal gas constant. To determine the activation energy 𝐸1, the natural 

logarithm of permeation rate was plotted against	5%%%
.

. From the slope of the curve, i.e. +,
-

, 

the activation energy for the entry of ions to the 2D capillaries is calculated.  

3.3.5 Water flow through epoxy encapsulated GO membranes 

Gravimetric measurements and pressure assisted water permeation experiments were 

carried out to understand the flow of water molecules through the constrained PCGO 

membranes. Stainless steel made container were used for the water permeation 

experiments. To provide a leak tight environment for the measurements, PCGO 

incorporated metal/plastic disc was sealed with two O-rings that clamp the disc from both 

sides. The schematic of the experimental set-up is shown in fig 3.5 (a). During the typical 

gravimetric measurements, weight loss of the stainless steel container filled with liquid 

water was monitored over time using a computer-controlled precision balance (Denver 

Instrument SI-203 with a sensitivity of 1 mg). All gravimetric measurements were 

conducted under an Ar atmosphere inside a glove box with a negligible water pressure 

(<10-3 mbar). To measure the water permeation rate as a function of interlayer spacing; 

GO membranes with a channel size of 6.4, 7.4, 7.9, 8.6, 9.0 and 9.8 Å were fabricated 

following the physical confinement recipe. 
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Figure 3.5 Water flow through PCGO membranes. (a) Schematic of water permeation 

measurement through PCGO membranes using gravimetric method inside a glove box 

environment. (b) Photograph of PCGO membrane with multiple stacks glued onto a 

stainless steel for the pressure filtration measurement 

The classical Hagen-Poiseuille equation was used to compare the experimentally 

observed water evaporation rate to the theoretically predicted value. For a classical 

incompressible Newtonian fluid, the mass flow through a slit geometry follows the HP 

equation,  

 

																																																																			𝑄 = 5
578

∆:
;
𝛿=	𝑊𝜌                                              (3) 

where η is the viscosity of water (1 mPa.s), ΔP is driving pressure, l is the permeation 

length (3 mm), δ is the effective pore size, W is the lateral width of nanochannels (9 mm) 

and ρ is the density of water. The water flux through the PCGO membranes can be 

calculated as Q×S, where S is the area density of nano channels defined as A/W×d, where 

A is the area and d is the interlayer distance. In addition to the gravimetric measurements, 

we also estimated the liquid water permeation through the PCGO membranes using dead 

end filtration experiments in a Sterlitech HP4750 stirred cell. The cross sectional area of 

the membrane is increased by gluing multiple stacks of GO membrane onto a stainless 

steel plate (Figure 3.5b) by which the effective water flow through the membrane could 

be increased. 

  

 

(a) (b) 
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3.4 Characterization Techniques 

3.4.1 X-ray diffraction 
3.4.1.1 Basics 
X-ray diffraction is a non-destructive technique used for the identification of the 

crystalline nature of the sample and its unit cell parameters 14-16. When a beam of 

monochromatic X-rays interacts with a target material, the atoms in the sample act as 

scattering centres and the electrons will diffract the incident x-ray in different directions. 

The diffracted X –rays from the sample interfere constructively at some specific 

directions when Bragg’s law17, 18,  

	𝑛𝜆 = 2𝑑𝑠𝑖𝑛 𝜃	                                                 (4)       

 

is satisfied, where n is an integer known as the order of diffraction, 𝜆	is the wavelength of 

the incident x-rays, d is the distance between the diffracting planes, 𝜃 is the scattering 

angle also known as the glancing angle. When the diffracted x-rays are in phase with each 

other, the wave trains superimpose each other constructively and appear as intense spots 

in the diffraction pattern called Bragg reflections. The diffraction pattern is obtained by 

scanning the sample through all possible 2θ angles.  The intensity of the diffracted waves 

depends on the particular arrangement of atoms in the crystal structure. The conversion of 

the diffraction peaks into the corresponding d-spacing values allows finding the lattice 

spacing of the material.19 

 
Figure 3.6 Bragg’s Diffraction. Two identical X rays with same phase and wavelength is 

scattered by two different atoms in 2 parallel planes. Source URL: 

https://my.bruker.com/acton/attachment/2655/f-0814/1/-/-/-/-/X-

Ray%20Powder%20Diffraction%20Bragg-Brentano%20Poster%20XRD%20XRS.pdf   
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The x-ray diffractometer basically consist of three different units: the X-ray tube, a 

sample holder, and a X-ray detector.  X-rays are generated in a cathode ray tube in the 

following manner. The filament heating will produce electrons and the application of 

voltage will direct them to copper target. The sudden deceleration of the fast moving 

electrons when hitting the copper target will produce a characteristic X-ray spectrum. The 

characteristic spectra consist of several components such as Kα and Kβ. The wavelength of 

the CuKα radiation is around 1.5418 Å. In a typical X-ray diffraction measurement, the Kα 

line is collimated and directed onto the sample. The x-ray tube and the detector rotate and 

scan the sample at all possible 2θ values and the detector records the intensity of the 

reflected rays. 

3.4.1.2 Analysis of the interlayer spacing of GO membrane using x-ray diffraction 
X ray diffraction (XRD) was employed to evaluate the interlayer spacing d between the 

(001) plane of graphene oxide membranes. The layer spacing (d001) was measured at 

different humidity conditions ranging from RH-0%-100%. The measurement was done  in 

the 2θ range of 5° to 15° (with a step size of 0.02° and scanning rate of 0.1 s) using a 

Bruker D8 diffractometer operated at 40 kV and 20 mA with Cu Kα radiation (λ = 1.5406 

Å). Before collecting the XRD spectrum of the GO membranes stored at specific RHs, we 

have created the same humidity environment inside the XRD specimen holder (Bruker, 

C79298A3244D83/85) and sealed it with the corresponding GO membrane. For the zero 

humidity environments, an airtight sample holder (Bruker, A100B36/B37) was used. All 

the X-ray diffraction measurements were done in a short scanning time to avoid heating 

effect of X-rays and the moisture build up inside the membrane. The d spacing of the 

membranes was calculated using the Bragg’s equation 

3.4.2 Scanning electron microscopy 

The scanning electron microscope (SEM) is a type of electron microscope that produces 

images by focussing a beam of high-energy electrons on a surface. The high energy 

electron beam will interact with a surface of solid specimens, producing several signals 

that can be used to obtain information about the surface topography, chemical 

composition, crystalline structure and crystal orientations of the sample. In most imaging 

applications, the two dimensional image is constructed by collecting the electron-sample 

interaction signals. The maximum spatial resolution and magnification achievable using 

the SEM technique is 1 nanometre and a magnification of 30,000X respectively20, 21. 
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Figure 3.7 Schematic diagram of scanning electron microscope. 

Image courtesy: http://www.nanoimages.com/sem-technology-overview/ 

The kinetic energy, possessed by t high energy electrons is dissipated as various signals 

due to electron sample interactions. The signals generated by these interactions include 

secondary electrons, backscattered electrons (BSE), characteristic X-rays , visible light 

(cathodoluminescence–CL) and absorbed current (specimen current). Backscattered 

electrons and secondary electrons are used for the imaging of the specimen. The most 

commonly used SEM mode is the detection of the secondary electrons emitted by the 

atoms excited by electron beams that are close to the specimen surface. 

 The secondary electron detection provides valuable information regarding morphology 

and topography. Back-scattered electrons (BSE) are produced by elastic scattering from 

deep within the sample. BSE images are useful for the determination of different elements 

in the sample. 

 

a  
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3.4.3 Transmission electron microscopy 

A Transmission Electron Microscope (TEM) utilizes energetic electrons to provide 

morphologic, compositional and crystallographic information on samples in which a 

stream of high energy electrons is transmitted through a specimen to form an image. A 

high energy beam of electrons is exposed through a very thin sample, and the interactions 

between the electrons and the specimen can be used to observe many features such as the 

crystal structure and chemical information22-25. The TEM operates on the same principle 

as the light microscope but uses electrons instead of light as the wavelength of electrons 

is much smaller than that of light providing the optimal resolution far better than the light 

microscope. The TEMs can reveal the finest details of internal structure -in some cases as 

small as individual atoms.  

                                    TEM consist of various components such as an electron source, 

thermionic gun, electron beam, electromagnetic lenses, vacuum chamber, 2 condensers, 

sample stage and phosphor or fluorescent screen, and is shown in figure 3.8. A TEM 

functions under the same basic principles as an optical microscope. In a TEM, electrons 

replace photons, electromagnetic lenses replace glass lenses and images are viewed on a 

screen rather than through an eyepiece. There are essentially three types of lenses used to 

form the final image in the TEM. These are the condenser, objective, and projector lenses. 

The main function of the condenser lens is to concentrate and focus the beam of electrons 

coming off of the filament onto the sample to give a uniformly illuminated sample. The 

objective lens and its associated pole pieces are the heart of the TEM and the most critical 

of all the lenses. It forms the initial enlarged image of the illuminated portion of the 

specimen in a plane that is suitable for further enlargement by the projector lens. When an 

electron beam passes through a thin-section specimen of a material, electrons are 

scattered. The sophisticated system of electromagnetic lenses focuses the scattered 

electrons into an image or a diffraction pattern, or a nano analytical spectrum, depending 

on the mode of operation. Each of these modes offers a different insight about the 

specimen. 
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Figure 3.8 Schematic view of the transmission electron microscope. Image courtesy 

Reproduced with permission from ref26, copyright 2005, The McGraw-Hill Companies 

The imaging mode provides a highly magnified view of the micro- and nanostructure, 

while in the high resolution imaging mode a direct map of atomic arrangements can be 

obtained (high resolution TEM or HRTEM). The diffraction mode (selected area electron 

diffraction, SAED) displays accurate information about the local crystal structure. The 

nano analytical modes (x-ray and electron spectrometry) give an idea about the elements 

that are present in the tiny volume of material. 

TEM builds an image through differential contrast. The electrons that pass through the 

sample go on to form the image, while those that are stopped or deflected by dense atoms 

in the specimen are subtracted from the image. In this way a black and white image is 

formed. Some electrons pass close to heavy atom and are thus only slightly deflected. 

Thus many of these scattered electrons eventually make their way down the column and 

contribute to the image. In order to eliminate these scattered electrons from the image an 
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aperture is placed in the objective lens that will stop all those electrons that have deviated 

from the optical path. The smaller the aperture used, the more of these scattered electrons 

will be stopped and the greater will be the image contrast. The projector lens is to project 

the final magnified image onto the phosphor screen or a photographic emulsion. It is in 

the projector lens that the majority of the magnification occurs. Thus total magnification 

is a product of the objective and projector magnifications. For higher magnifications an 

intermediate lens is often added between the objective and this lens serves to further 

magnify the image.  

3.4.4 Inductively coupled plasma-atomic emission spectrometry 
Inductively coupled plasma atomic emission spectroscopy (ICP-AES); also known as 

inductively coupled plasma optical emission spectrometry (ICP-OES) is an element 

specific, sensitive trace analytical technique used for the detection of trace levels of 

metals in the sample27-30. 

 

Figure 3.9 Perkin-Elmer optima 5300 dual view ICP-AES 

Source URL: http://www.ecs.umass.edu/eve/facilities/inorganics.html 

The term atomic spectrometry generally implies, electromagnetic radiation being 

absorbed or emitted from atoms or ions. As the name indicates, the spectra is measured 

and characterized by an atomic emission spectrometer (AES) using concentration-

intensity correlation31-33. Quantitative and qualitative information of the sample can be 

obtained from this spectroscopic technique. The intensity of the electromagnetic radiation 

emitted by the charged ions is proportional to the concentration of the ions (quantitative 

information). An element present in the sample (qualitative information) is related to the 
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wavelengths of the emission lines34, 35. The ICP-AES generally composes of two parts: 

the ICP torch and the optical spectrometer33 (Figure 3.10) 

 

Figure 3.10 ICP-AES Instrument. (a) Typical layout of an ICP-AES instrument. (b) 

plasma torch, Source URL:  

 (a) https://www.azom.com/article.aspx?ArticleID=12874.(b) http://www.analytica-

world.com/en/whitepapers/1126584/selecting-your-icp-oes-analyzer-s-plasma-interface-

axial-view-radial-view-dual-view-or-new-multiview.html 

The ICP torch consists of three concentric quartz glass tubes surrounded by a copper coil, 

which is connected to a radio frequency (RF) generator36, 37. Argon gas is used to create 

the plasma and is purged through the ICP torch. 

When the ICP torch is switched on, an alternating current will be generated within the 

coil, oscillating at a rate proportional to the frequency of the RF generator. This RF 

oscillation of the current in the coil will generate RF electric and magnetic fields which 

will build up at the top end of the torch36. As the argon gas flows through the torch, a 

spark is applied to the gas by a tesla unit to initiate the ionization of the argon gas. With 

this spark, some of the electrons will be stripped off and argon atoms become ionized. 

The free electrons are then attracted by magnetic fields generated by the RF coil which 

provides additional acceleration. The extra energy gained by the electrons in this way is 

known as inductive coupling. The high energy electrons again collide with other argon 

atoms causing further ionization leading to the stripping off more electrons and this 

collisional ionization continues in a chain reaction. This process causes the splitting up 

off argon gas into plasma; composed of free electrons, argon ions and argon atoms. The 

plasma generation by the inductive coupling is known as the inductively coupled plasma 

(ICP) discharge. In inductive coupling, the RF energy transferred to the free electrons will 
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make them energetic and will lead to the collision with argon atoms and ions causing a 

rapid increase in the temperature of the plasma to as high as 10,000K38. 

The sample either in aqueous or non-aqueous form is delivered into the analytical 

nebulizer using a peristatic pump, where it is transformed into mist and introduced 

directly into the plasma flame by a stream of argon gas. In the extreme temperature of the 

plasma, the various molecules will break down into their respective atoms, which again 

collide with argon ion and free electrons causing the breakdown of various atoms present 

in the analyte to its corresponding ionic form.  The excited electrons will emit energy at a 

characteristic wavelength as they return to ground state by a process called 

recombination39. The emitted light is focussed into the optical chamber using a pair 

transfer lenses and directed onto a diffraction grating, where it is split into the constituent 

wavelengths. The intensity of the separated light components is measured by a 

photomultiplier tube or using a charge coupled device (CCD) and compared with 

previously measured known concentration of the elements. This allows to find the 

concentration of the sample by interpolation along the calibration lines. Detection limits 

typically range from parts per million (ppm) to parts per billion (ppb), depending on the 

elements present. 

3.4.5 Ion Chromatography 

Ion chromatography (IC) or ion exchange chromatography is a kind of liquid 

chromatography used to separate ions and polar molecules based on their affinity to the 

ion exchange resins. IC works for almost all kinds of charged molecules including large 

proteins, small nucleotides and amino acids40. Ion exchange resins are loaded into 

columns and are used as the stationary phase. The liquid or analyte pumped through this 

resin is known as the mobile phase. The stationary phase consists of an immobile resin 

that is composed of charged ionisable functional groups or ligands. The functional groups 

that are attached to the stationary phase will interact with the analyte ions of opposite 

polarity through columbic interaction. A pump is used to deliver the mobile phase to the 

ion exchange resins. The sample ions contained in the mobile phase will interact with the 

ion exchange sites in the resin. If the column is an anion column, the resin will consist of 

several positively-charged sites41. 
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Figure 3.11 Dionex ICS Series 3000 Ion Chromatography System 

Source URL: http://www.rollabiotech.com/dionex-ics-series-3000-ion-chromatography-

system-with-computer-w-software-and-dongle 

The stream of ions is passes into a suppressor, where the background conductivity of the 

mobile phase is reduced by a neutralisation reaction. The conductivity of the ions is thus 

increased, relative to the background. As the ions pass through the conductivity detector, 

a peak is formed and the area under the measured peak is compared with the peaks from 

calibration standards. The peak area is proportional to the concentration of ions. 
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Introduction 
 

The results presented in this section were published in the article: “ Tunable sieving of 

ions using graphene oxide membranes”  Nature Nanotechnology 12, 546-550 (2017). 

Selectively permeable membranes with sub-nanometre sieve size are getting tremendous 

attraction due to their similarities with biological ion channels, unique mechanism of ion 

selectivity and potential applications in water filtration, molecular separation and 

desalination1-8. Sub-nm pores with pore size comparable or smaller than the size of 

hydrated ions are predicted to show enhanced ion selectivity8-11 due to the difference in 

ion dehydration behaviour defined by the electrostatic interactions between ions and 

water. Despite many theoretical predictions related to dehydration8-11 and its relevance in 

important applications such as desalination, its application for ion sieving or water 

filtration has not been achieved experimentally due to the difficulty in fabricating uniform 

and exclusive sub-nm pores. Considering these facts, realisation of new generation 

membranes with dehydration defined ion selectivity might be very important due to the 

several drawbacks like low water permeation, poor ion selectivity, low chemical stability 

and high cost of the conventional membrane materials such as zeolites, silica, metal-

organic frameworks and polymeric membranes12-15. Recently, carbon nanomaterials 

particularly carbon nanotubes (CNT) and graphene have emerged as an efficient alternate 

membrane materials to overcome the above-mentioned difficulties but the former is found 

to be difficult to manufacture in large scale4-6, 12, 16. Graphene-based membranes with sub-

nm pores are predicted to show ion selectivity, high salt rejection and enhanced water 

flux, therefore, are suitable for water filtration and desalination applications6, 8. Several 

approaches have been employed recently to use single layer graphene as a membrane for 

ionic separation by intentionally creating sub-nm sized pores by ion bombardment and 

etching process1-4. However, stochastic pore distribution and lack of industrial scalability 

limit its practical application. In contrast, GO, a chemical derivative of graphene with 

oxygen functionalities17 has attracted enormous attention in the membrane technology 

due to its exceptional water permeation properties18 and ease in scaling up for large scale 

production19, 20.Wide range of permeation properties such as, unimpeded permeation of 

water18, precise and ultrafast molecular sieving21-23 and complete impermeability24 made 

GO as a suitable candidate in the membrane technology for filtration, separation and 

coating applications20. Molecular permeation through GO membranes involves the 
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tortuous inter-layer graphene channels and its sieving properties are defined by the IL-

spacing which is susceptible to the water content in the environment18, 21. Despite the 

remarkable properties shown by GO membranes, hydration of graphene capillaries 

expands the interlayer spacing to ̴ 13-14, typical for GO that exposed to water. If the 

graphene sheet thickness is removed from this value, the effective free space in the 

swollen state for ion permeation is close to 10 Å, which is larger than the hydrated 

diameters of any common salts, limiting the use in desalination technologies. Here we 

have developed a new strategy to fabricate swelling controlled and tunable sub nanometre 

capillaries in GO membranes by physical confinement and studied the ion behaviour 

through such capillaries.   

My contribution to this work: Fabricated all PCGO membrane samples, performed all the 

experiments such as ion permeation, XRD measurements, forward osmosis and water flux 

measurements. Participated in the data analysis and contributed towards drafting of the 

manuscript. Introduction and materials and methods section of the main text in particular 

and forward osmosis measurements/water flux measurements and ion permeation through 

PCGO membranes part of the supplementary text. 

Full author list: Jijo Abraham, Kalangi S. Vasu, Christopher D. Williams, 

KalonGopinadhan, Yang Su, Christie T. Cherian, James Dix, Eric Prestat, Sarah J. Haigh, 

Irina V. Grigorieva, 1  Paola Carbone, Andre K. Geim and Rahul R. Nair. 

Full author contributions: R.R.N. designed and supervised the project with the help from 

J.A. K.S.V.; J.A. and K.S.V. prepared the samples, performed the measurements and 

carried out the analysis with help from R.R.N.; J.D., C.D.W. and P.C. carried out MD 

simulations and data analysis. K.G., Y.S. and C.T.C. helped in sample preparation, 

characterization and data analysis. E.P. and S.J.H. contributed to sample characterization. 

A.K.G. participated in discussions and project design. R.R.N., K.S.V., J.A., C.D.W., 

I.V.G. and A.K.G. wrote the manuscript. All authors contributed to discussions. 

 

 

                                                             
1 K.S Vasu developed a scalable method to prepare swelling controlled GO membrane by incorporating 
graphene flakes into GO. He participated in the discussion and manuscript preparation. We both are joint 
first authors for this work.   



Tunable sieving of ions using graphene oxide
membranes
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Christie T. Cherian1,2, James Dix2, Eric Prestat4, Sarah J. Haigh4, Irina V. Grigorieva1, Paola Carbone2,
Andre K. Geim3 and Rahul R. Nair1,2*

Graphene oxide membranes show exceptional molecular per-
meation properties, with promise for many applications1–5.
However, their use in ion sieving and desalination technologies
is limited by a permeation cutoff of ∼9 Å (ref. 4), which is
larger than the diameters of hydrated ions of common
salts4,6. The cutoff is determined by the interlayer spacing
(d) of ∼13.5 Å, typical for graphene oxide laminates that
swell in water2,4. Achieving smaller d for the laminates
immersed in water has proved to be a challenge. Here, we
describe how to control d by physical confinement and
achieve accurate and tunable ion sieving. Membranes with d
from ∼9.8 Å to 6.4 Å are demonstrated, providing a sieve
size smaller than the diameters of hydrated ions. In this
regime, ion permeation is found to be thermally activated with
energy barriers of ∼10–100 kJ mol–1 depending on d.
Importantly, permeation rates decrease exponentially with
decreasing sieve size but water transport is weakly affected
(by a factor of <2). The latter is attributed to a low barrier
for the entry of water molecules and large slip lengths inside
graphene capillaries. Building on these findings, we demon-
strate a simple scalable method to obtain graphene-based
membranes with limited swelling, which exhibit 97% rejection
for NaCl.

Selectively permeable membranes with subnanometre pores
attract strong interest due to their analogous behaviour with biologi-
cal membranes and potential applications in water filtration, mol-
ecular separation and desalination7–14. Nanopores with sizes
comparable to, or smaller than, the diameter D of hydrated ions
are predicted to show enhanced ion selectivity14–18 because of
dehydration required for the permeation of ions through such
atomic-scale sieves. Despite extensive research on ion dehydration
effects9,14–19, experimental investigation of the ion sieving controlled
by dehydration has been limited because of difficulties in fabricating
uniform membranes with well-defined subnanometre pores. The
realization of membranes with dehydration-assisted selectivity
would be a significant step forward. So far, research into novel mem-
branes has mostly focused on improving the water flux rather than
on ion selectivity. On the other hand, modelling of practically rel-
evant filtration processes shows that an increase in water permeation
rates above the rates currently achieved (2–3 l m–2 h–1 bar–1) would
not contribute greatly to the overall efficiency of desalination13,20,21.
Alternative approaches based on higher water-ion selectivity may
open new possibilities for improving filtration technologies, as the
performance of state-of-the-art membranes is currently limited
by the solution-diffusion mechanism, in which water molecules
dissolve in the membrane material and then diffuse across the

membrane13. Recently, carbon nanomaterials including carbon
nanotubes and graphene have emerged as promising membrane
materials. Unfortunately, such membranes are difficult to manufac-
ture on an industrial scale10,11,13,22. In particular, monolayer gra-
phene was suggested as a membrane for ion exclusion by creating
subnanometre pores using ion bombardment and selective
etching7–10. However, it is difficult to achieve the high density and
uniformity of such pores, which is required for industrial appli-
cations, because of the stochastic nature of the involved processes.
In contrast, graphene oxide (GO), a chemical derivative of graphene
with oxygen functionalities23, has attracted widespread interest due
to its exceptional water permeation and molecular sieving proper-
ties1,2,4 as well as realistic prospects for industrial-scale pro-
duction3,5. Molecular permeation through GO membranes is
believed to occur along a network of pristine graphene channels
that develop between functionalized areas of GO sheets1 (typically,
an area of 40–60% remains free from functionalization24,25), and
their sieving properties are defined by the interlayer spacing, d,
which depends on the humidity of the surroundings1,4. Immersing
GO membranes in liquid water leads to intercalation of 2–3 layers
of water molecules between individual GO sheets, which results in
swelling and d ≈ 13.5 Å. A number of strategies have been tried
to inhibit the swelling effect, including partial reduction of GO
(ref. 26), ultraviolet reduction of GO–titania hybrid membranes27

and covalent crosslinking28–30. In this Letter, we investigate ion
permeation through GO laminates with d controlled from ≈9.8 to
≈6.4 Å, which is achieved by physical confinement (Fig. 1a).

Thick (≈100 µm) GO laminates prepared as reported previously1

were cut into rectangular strips (4 mm × 10 mm) and stored for 1 to
2 weeks at different relative humidities (RH), achieved using satu-
rated salt solutions1,31. The resulting interlayer spacing (Fig. 1e)
was varied from ≈6.4 to 9.8 Å with RH changing from 0 to 100%.
GO laminates soaked in liquid water showed d ≈ 13.7 ± 0.3 Å. All
these values agree with previous reports, where the changes in d
were attributed to successive incorporation of water molecules
into various sites between GO sheets32. Individual GO strips with
desirable d were then encapsulated and stacked together using
Stycast epoxy as shown in Fig. 1b,c to increase the available cross-
section for filtration to ∼1 mm (see Methods and Supplementary
Fig. 1). The stacked GO laminates, embedded in the epoxy
(Fig. 1c), are referred to as physically confined GO (PCGO) mem-
branes because the epoxy mechanically restricts the swelling of
the laminate on exposure to RH or liquid water (see Methods).
The stacks were glued into a slot made in either a metal or plastic
plate (Fig. 1b). Two sides of these stacked PCGO membranes
were then trimmed off to make sure that all the nanochannels

1National Graphene Institute, University of Manchester, Manchester M13 9PL, UK. 2School of Chemical Engineering and Analytical Science, University of
Manchester, Manchester M13 9PL, UK. 3School of Physics and Astronomy, University of Manchester, Manchester M13 9PL, UK. 4School of Materials,
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were open (Fig. 1d) before carrying out permeation experiments, in
which ions and water molecules permeate along the lamination
direction as shown in Fig. 1a.

Our measurement set-up was similar to the one previously
reported4 and consisted of two Teflon compartments (feed and
permeate) separated by a PCGO membrane (Supplementary
Fig. 2). The feed and permeate compartments were filled with 10
ml of a salt solution and deionized water, respectively. As expected,
the ion concentration in the permeate compartment increases with
time and with increasing concentration of the feed solution
(Supplementary Section 3 and Supplementary Fig. 3). Figure 2a
summarizes our results obtained for various ions permeating

through PCGO membranes with different interlayer spacing.
One can see that the permeation rates and the cutoff diameter
for salt permeation decrease monotonically with decreasing d.
Membranes with d ≈ 6.4 Å showed no detectable ion concentration
in the permeate even after 5 days. This further confirms that our
PCGO membranes do not swell in water over time, despite a
finite mechanical rigidity of the epoxy confinement. When plotted
as a function of d, the observed ion permeation rates for Na+ and
K+ showed an exponential dependence, decreasing by two orders
of magnitude as d decreased from 9.8 to 7.4 Å (Fig. 2b). In contrast,
the same PCGO membranes (Supplementary Section 5) showed
only a little variation in permeation rates for water (Fig. 2b),
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decreasing by a factor of ≈2 for the same range of d. We note
that this observation rules out that the exponential changes in
ion permeation could be related to partial clogging of
graphene capillaries.

Both the observed relatively high permeation rates for Li+, K+

and Na+ for d > 9 Å and their exponential decay for smaller d are
surprising. Indeed, when considering steric (size-exclusion)
effects, it is often assumed that ions in water occupy a rigid
volume given by their hydrated diameters D. If this simplification
was accurate, our PCGO membranes should not allow permeation
of any common salt. Indeed, the effective pore size δ can be esti-
mated as d – a, where a ≈ 3.4 Å is the thickness of graphene1,33.
This yields δ ≈ 6.4 Å for our largest capillaries (d ≈ 9.8 Å), which
is smaller than D for all the ions in Fig. 2a. This clearly indicates
that ion sieving is not purely a geometric effect. On the other
hand, if we assume that hydrated ions do fit into the nanochannels
and their permeation is only limited by diffusion through water, the
expected permeation rates should be significantly higher than those
observed experimentally. For classical diffusion the permeation rate
J is given by

J = Diff × ΔC × Aeff /L (1)

where ΔC is the concentration gradient across the membrane (1 M
for the experiments in Fig. 2), Aeff is the total cross-sectional area of
nanocapillaries (≈3–8 mm2), L is the diffusion length through the
PCGO membrane (≈3 mm) and Diff is the diffusion coefficient
for ions in water (typically, Diff ∼10−5 cm2 s–1; see Supplementary
Section 6). Equation (1) yields rates that are 2–4 orders magnitude
higher than those shown in Fig. 2. This is in stark contrast to the
sieving properties of GO laminates with d ≈ 13.5 Å that showed
an enhancement rather than suppression of ion diffusion4.
Clearly, the fact that the available space δ in PCGO laminates
becomes smaller than D pushes the permeating hydrated ions into
a new regime, distinct both from ions moving through wider nano-
capillaries and from permeation behaviour of pure water. In the
latter case, as shown in Fig. 2b, permeation rates for water molecules
(whose size is smaller than δ) are three orders of magnitude higher
than those estimated from the standard Hagen–Poiseuille equation
using non-slip boundary conditions and the given dimensions of
nanocapillaries (Supplementary Section 5). Similar flow

enhancement (by three orders of magnitude) was recently reported
for artificial graphene capillaries and attributed to a large slip length
of ∼60 nm for water on graphene33.

To gain an insight into the mechanism of ion permeation
through our membranes, we carried out permeation experiments
at different temperatures, T (Fig. 2c). For both channel sizes,
d = 9.8 Å and d = 7.9 Å, the permeation rates follow the Arrhenius
equation, exp(–E/kBT), that is, show activation behaviour. Here, E
is the energy barrier and kB is the Boltzmann constant. The data
yield E = 72 ± 7 kJ mol–1 and 20 ± 2 kJ mol–1 for K+ ion permeation
through PCGO membranes with d ≈ 7.9 and 9.8 Å, respectively.
The exponential dependence explains the fact that the observed
ion diffusion rates are orders of magnitude smaller than those
given by equation (1), as at room temperature E≫ kBT for both
channel sizes. The activation behaviour is also in agreement with
recent theoretical predictions that nanopores with diameters <10 Å
should exhibit significant energy barriers because of the required
partial dehydration for the entry of ions9,14–18. Qualitatively, this
mechanism can be explained as follows. In a bulk solution, water
molecules stabilize ions by forming concentric hydration shells.
For an ion to enter a channel with δ < D, some water molecules
must be removed from the hydration shell. The higher the ion
charge, the stronger it attracts water molecules. Accordingly, ions
with larger hydration free energies34 and, therefore, ‘tougher’
water shells are expected to experience larger barriers for entry
into atomic-scale capillaries and exponentially smaller permeation
rates. Ions with weakly bound shells are easier to strip from their
water molecules to allow their entry into nanochannels. Similar
arguments can be used to understand why water does not exhibit
any exponential dependence on d: water–water interactions are
weak, so it costs relatively little energy to remove surrounding
water from water molecules entering the capillaries16.

To support the proposed mechanism of dehydration-limited ion
permeation for our PCGO membranes, we employed the previously
suggested model of a network of graphene capillaries, which was
developed to account for the fast permeation of water through
GO membranes1,4,18. Within this model, we performed molecular
dynamics simulations to find energy barriers for various ions enter-
ing graphene capillaries of different widths (Supplementary Section 6).
As seen in Fig. 2c the energy barrier E exhibits a sharp increase for d
< 9 Å and is considerably larger for divalent ions compared with
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Figure 3 | Graphene oxide membrane with limited swelling. a, X-ray diffraction showing shifts of the (001) peak due to swelling in liquid water for the
standard GO laminate and a composite made from graphene and graphene oxide (GO–Gr). b, Ion permeation rates (same salts as in Fig. 2) through such
GO (d ≈ 14 Å) and GO–Gr (d ≈ 10.2 Å) membranes with a thickness of 5 µm. Top inset: schematic of the GO–Gr structure (brown blocks, GO; black,
graphene). Bottom inset: photographs of GO and GO–Gr membranes (left, and right, respectively). Scale bars, 1 cm.
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monovalent ions, in agreement with our experiments and the above
discussion (Fig. 2a). Quantitatively, the obtained E are of the same
order of magnitude as those found experimentally; the discrepancy
in exact values can be expected because realistic GO channels
contain non-stoichiometric functionalities, rough edges and so on,
which are difficult to model accurately. We also performed simu-
lations to evaluate a possible contribution of diffusion rates
through capillaries themselves to the overall permeation rates. Our
results show that the diffusion coefficient for K+ changes with d
but the effect is small compared with the exponential decrease in
permeation rates, which was observed experimentally
(Supplementary Section 6). This suggests that the energy barrier
associated with dehydration is the dominant effect in our case of
subnanometre capillaries.

Finally, the exponential suppression of ion permeation combined
with fast water transport in PCGOmembranes make them an inter-
esting candidate for water filtration applications. Even though scal-
able production of such membranes is difficult, one can envisage
using alternative fabrication techniques to control d in GO laminates.
To this end, we show that it is possible to restrict the swelling of GO
membranes in liquid water, for example, simply by incorporating
graphene (Gr) flakes into GO laminates (Supplementary Section
7). The resulting composites referred to as GO–Gr membranes
exhibit notably less swelling (difference in d of ≈4 Å) with respect
to the standard GO laminates (Fig. 3a). The observed large difference
in d can be due to graphene’s hydrophobicity that limits the water
intake. The ion permeation rate through GO–Gr membranes was
found to be suppressed by more than two orders of magnitude com-
pared with GO (Fig. 3b), in agreement with the projected rates for the
given extent of swelling if the exponential dependence of Fig. 2 is
extrapolated. At the same time, water permeation rates are essentially
unaffected by the incorporation of graphene into GO laminates
(decrease only by 20%; Supplementary Section 7). The salt rejection
properties of our GO–Grmembranes were further investigated using
forward osmosis, where we employed concentrated sugar (3 M) and
NaCl (0.1 M) solutions as the draw and feed solutions, respectively
(Supplementary Section 7). Salt rejection was calculated as 1 – Cd/
Cf , where Cd and Cf are the concentration of NaCl at the draw and
feed sides, respectively. Our analysis yielded ≈97% salt rejection
for the GO–Gr membranes with a water flux of ≈0.5 l m–2 h–1.
Even though the flux is lower than 5–10 l m–2 h–1 typical for
forward osmosis35, we believe this characteristic can be significantly
improved by decreasing the membrane thickness to 1 µm or less
(Supplementary Section 7). Such thicknesses are readily achievable
for GO laminates2 and can result in fluxes >5 l m–2 h–1.

In conclusion, we have demonstrated the possibility to control the
interlayer spacing in GOmembranes in the range below 10 Å. In this
regime, the capillary size is smaller than the hydrated diameters of
ions and their permeation is exponentially suppressed with decreas-
ing d. The suppression mechanism can be described in terms of
additional energy barriers that arise because of the necessity to par-
tially strip ions from their hydrated shells so that they can fit inside
the capillaries. Water transport is much less affected by d. Our
work shows a possible route to the production of GO membranes
with controllable interlayer spacing for desalination applications.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Preparation of GO membranes. The aqueous suspension of graphene oxide (GO)
was prepared by dispersing millimetre-sized graphite oxide flakes (purchased from
BGT Materials Limited) in distilled water using bath sonication for 15 h. The
resulting dispersion was centrifuged 6 times at 8,000 r.p.m. to remove the multilayer
GO flakes. Subsequently, freestanding GO membranes of thickness ≈100 µm were
prepared by vacuum filtration of supernatant GO suspension4 through an Anodisc
alumina membrane filter (0.2 µm pore size and a diameter of 47 mm, purchased
fromMillipore). As-prepared GOmembranes were dried in an oven for 10 h at 45 °C
and cut into rectangular strips of dimension of 4 mm× 10 mm (Supplementary Fig. 1).

Tuning interlayer spacing in GO laminates. GO membranes with different
interlayer spacing were prepared by storing them in a sealed container with different
RH of 0, 12, 33, 75, 84 and 100%. To this end, we used saturated solutions of LiCl
(12% RH), MgCl2 (33% RH), NaCl (75% RH) and KCl (84% RH), which were
prepared by dissolving excess amounts of salts in deionized water31,36. A humidity
meter was used inside the container to check that the salts provided the literature
values of RH. As a zero humidity environment, we used a glove box filled with Ar
and H2O content below 0.5 p.p.m. 100% RH was achieved inside a sealed plastic
container filled with a saturated water vapour at room temperature.

Analysis of the interlayer spacing. X-ray diffraction (XRD) measurements in the
2θ range 5° to 15° (with a step size of 0.02° and recording rate of 0.1 s) were
performed using a Bruker D8 diffractometer with Cu Kα radiation (λ = 1.5406 Å).
To collect an XRD spectrum from a GO membrane stored at a specific RH, we
created the same humid environment inside a specimen holder (Bruker,
C79298A3244D83/85) and sealed it with the GO membrane. For the case of zero
humidity, an airtight sample holder (Bruker, A100B36/B37) was used. All spectra
were taken with a short scanning time to avoid possible hydration/dehydration of
the GOmembranes. From XRD analysis of the (001) reflection, d for 0, 12, 33, 75, 84
and 100% RH are found to be 6.4, 7.4, 7.9, 8.6, 9 and 9.8 Å, respectively.

Fabrication of PCGO membranes. After achieving the desired d by using different
humidities, each rectangular strip was immediately glued and stacked with Stycast
1266. This stack was then immediately transferred to the same humid environment
(where the GO laminates were initially stored) for curing the epoxy overnight.
Finally, the resulting stacks were glued into a slot in a plastic or copper plate as
shown in Fig. 1. An epoxy layer present at the top and bottom cross-sections of the
glued stacks was carefully cleaved to produce a clean surface for permeation
experiments. The cleaved cross-section was also checked under an optical

microscope to remove any possible epoxy residues. The entire fabrication procedure
is illustrated in Supplementary Fig. 1. Swelling of the PCGOmembranes on exposure
to liquid water was monitored by measuring the cross-sectional thickness of the
membranes in an optical microscope immediately after and before performing the
ion permeation experiments. The increase in thickness after the permeation
experiments was found to be <1%, indicating negligible swelling of PCGO
membranes. Similarly, the effect of epoxy encapsulation on d was monitored by
measuring the thickness of GO laminates before and after encapsulation. No
changes were found. We also carried out an additional check in which the epoxy
encapsulation was removed around one of the GOmembranes (d ≈ 7.9 Å) and X-ray
measurements were immediately performed. No change in d (with accuracy of 1–2%)
was observed, which confirms the stability of d after the encapsulation procedure.

Permeation experiments. All permeation measurements were carried out using the
set-up shown in Supplementary Fig. 2, which consists of feed and permeate
compartments made from Teflon. PCGO membranes incorporated plastic or metal
plates (Supplementary Fig. 1) were clamped between two O-rings and then
fixed between the feed and permeate compartments to provide a leak tight
environment for the permeation experiments. We filled the compartments with
equal volumes (10 ml) of a salt solution (feed) and deionized water (permeate) to
avoid any hydrostatic pressure due to different heights of the liquids. Permeation
experiments at different temperatures (2–43 °C) were performed in a temperature-
controlled environmental chamber. The measurement set-up, feed and permeate
solutions were equilibrated at each temperature before performing the experiment.
Magnetic stirring was used in both compartments to avoid concentration
polarization effects. Anion and cation concentrations in the permeate compartment
caused by diffusion through PCGO membranes were accurately measured using ion
chromatography (IC) and inductively coupled plasma atomic emission spectrometry
(ICP-AES) techniques4. Using the known volume of the permeate compartment, the
concentrations allowed us to calculate the amount of ions that diffused into it.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon reasonable
request. Data related to molecular dynamics simulations are available from P.C.
(Paola.Carbone@manchester.ac.uk).
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Tunable Sieving of Ions Using Graphene Oxide Membranes  
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1. Fabrication of physically confined GO (PCGO) membranes 

 

Supplementary Fig. 1. PCGO membrane fabrication. Figure illustrating step-by-step 
procedure in the fabrication of PCGO membrane. 

2. Experimental set-up for permeation experiments 

 

Supplementary Fig. 2. Permeation set-up. (a) Experimental set-up showing Teflon made 
feed and permeate compartments used for the ion permeation experiments. Membranes were 
clamped between two O-rings and then fixed between feed and permeate compartments to 
provide a leak tight environment for the permeation experiments. (b) Cross-sectional view of 
the feed/permeate compartment showing O-ring arrangement for sealing the membranes.   
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3. Ion permeation through PCGO membranes  

Ion permeation through PCGO membranes was monitored as a function of concentration 
gradients and duration of the experiment. As an example, supplementary Fig. 3 shows the 
results for permeation of K+ and Cl- ions through PCGO membranes with an interlayer 
spacing of 9.8 Å. This increases with time in a stoichiometric manner (within our 
experimental accuracy, as indicated in the figure), to preserve the charge neutrality in both 
compartments. The slope of such permeation vs time curves gives the permeation rate. As 
shown in the inset of supplementary Fig. 3, the permeation rate increases linearly with feed 
concentration, indicating a concentration driven diffusion process1.       

 

Supplementary Fig. 3. Ion permeation through PCGO membrane. Permeation through a 
PCGO membrane with an interlayer spacing of 9.8 Å from the feed compartment with 1 M 
aqueous solution of KCl. The error bars indicate our experimental accuracy (~30%) for this 
particular type of measurements. The inset shows K+ ion permeation rate as a function of 
concentration of the feed solution. Error bars indicate the standard deviation.      

4. Tested ions and their hydrated diameters 

The hydrated diameters considered for all the ions in Fig. 2 of the main text are obtained from 
Ref. (2). There are large variations in exact values of hydrated diameters reported in 
literature3, due to disparities in the definition and differences in modelling parameters. For 
example, the reported hydrated diameter of K+ varies from 4 to 6.6 Å and for Mg2+ it varies 
from 6 to 9.4 Å. The chosen values in the main Fig. 2 are 6.6, 7.1, 7.6, 8.2 and 8.5 Å for K+, 
Na+, Li+, Ca2+ and Mg2+ respectively. However, irrespective of the chosen hydrated diameter, 
the absence of a pure size exclusion mechanism in the ion permeation through PCGO 
membrane is clear. For example, the smallest reported hydrated diameter for Na+ ion is 5.4 Å, 
so it is not expected to permeate through PCGO membranes with an interlayer spacing 
smaller than 8.8 Å if the permeation cut-off is dictated by the size exclusion. The observed 
permeation of Na+ through this membrane confirms that ion permeation through PCGO 
membranes is not exclusively limited by their hydrated diameter.  

5. Water permeation experiments 

To understand the permeation of water molecules through PCGO membranes we have 
performed gravimetric measurements4 and pressure assisted water permeation experiments. 
Gravimetric measurements were carried out as reported previously4 inside a glove box 
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environment (< 0.5 ppm of H2O) using a stainless steel container sealed with a PCGO 
membrane. Air-tight sealing was achieved by fixing the PCGO membrane glued plastic plate 
to a steel container using two rubber O-rings. In a typical experiment, the weight loss of a 
water filled container sealed with a PCGO membrane was monitored using computer-
controlled balance (Denver Instrument SI-203 with a sensitivity of 1 mg). We have 
performed the weight loss experiments for the PCGO membranes with interlayer spacing, d, 
of 6.4, 7.4, 7.9, 8.6, 9.0 and 9.8 Å to measure the water permeation rate as a function of 
interlayer spacing. No noticeable weight loss with an accuracy of 0.2 mg/h×cm2 was observed 
for the PCGO membranes with 6.4 Å interlayer spacing, indicating that the available free 
space of ≈ 3 Å is not sufficient for the permeation of water through graphene channels. 
However, the weight loss rates through PCGO membranes with interlayer spacings of 7.4, 
7.9, 8.6, 9.0 and 9.8 Å were measurable and significant: 7.4, 8.8, 10.4, 12.3 and 15.4 
mg/h×cm2, giving a water permeance of 3.2, 3.8, 4.5, 5.3 and 6.6 L/h×m2×bar, respectively.    

 

Supplementary Fig. 4. Water permeation through PCGO membrnaes. Weight loss for a 
container sealed with PCGO membrnaes with different interlayer spacing. Inset shows the 
PCGO membrane sample used for the pressure filtration experiment (diameter of the disc is 
51 mm).    

In addition to the gravimetric measurements, we have also estimated the rate of liquid water 
permeation through PCGO membranes with an interlayer spacing of 7.9 Å using a Sterlitech 
HP4750 stirred cell. As shown in the inset of supplementary Fig. 4, the area of the membrane 
available for water permeation was increased by gluing multiple stacks of PCGO samples 
onto a stainless steel plate to collect a measurable amount of permeated water though PCGO 
membrane. The typical cross-sectional area and permeation length of the PCGO samples in 
this experiment was 0.3 cm2 and 3 mm, respectively. The PCGO membranes assembly was 
then fixed inside the stirred cell using a rubber gasket to avoid any possible leakage in the 
experiment. We have used pure water as a feed solution and collected the water on other side 
by applying a pressure of 15 bar using a compressed nitrogen gas cylinder. Water permeance 
was found to be ≈ 0.5-1.0 L/h×m2×bar, which is roughly in agreement with the value 
obtained from the gravimetric measurements (≈ 4 times smaller). Due to the difficulties of 
fabricating samples with such large areas for pressure filtration, systematic filtration 
experiments with salt water were not performed.  
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Comparison with Hagen-Poiseuille flow equation 

Using the standard Hagen-Poiseuille equation with non-slip boundary conditions, we have 
estimated the water permeation rate through PCGO membranes with different interlayer 
spacings. Water flow through slit geometry can be described as 

                                    (S1)                 

where η is the viscosity of water (1 mPa.s), ΔP is driving pressure, L is the permeation length 
(3 mm), δ is the effective pore size, W is the lateral width of nanochannels (9 mm) and ρ is 
the density of water. The water flux through the PCGO membrane can be obtained as Q×S, 
where S is the area density of nano channels defined as A/W×d, where A is the area and d is 
the interlayer distance.   

For PCGO membranes with an interlayer spacing of 7.4 and 9.8 Å, the estimated water flow 
rate per cm2 is ≈ 2×10-3 mg/h and 6×10-3 mg/h respectively, which is three orders of 
magnitude lower than the experimentally observed water flow of 7.4 and 15.4 mg/h 
respectively. That is, water flow through PCGO membranes with interlayer spacings of 7.4 
and 9.8 Å exhibits a flow enhancement, compared to the prediction from the Hagen-
Poiseuille equation, by a factor of 4000 and 2000, respectively.  

6. Molecular Dynamic Simulations  

Molecular dynamics simulations (MD simulations) were used to calculate the free energy 
barriers for ions permeating into modelled graphene channels and the diffusion coefficients of 
the ions inside the channels. All simulations were performed using GROMACS5, version 
5.0.4, in the NVT ensemble at a temperature of 298.15 K, maintained using the Nose-Hoover 
thermostat6,7. The equations of motion were integrated using the leap-frog algorithm8 with a 
time-step of 2 fs. The intermolecular potential between particles i and j, Vij, was evaluated as 
the sum of a Lennard-Jones 12-6 term and a coulombic term, 

        (S2) 

for which the coulombic term was evaluated using the particle-mesh Ewald9,10 summation. In 
Equation S2, rij is the distance between the two particles with charges qi and qj and ε0 is the 
vacuum permittivity. In the 12-6 potential, the cross parameters for unlike atoms, σij and εij, 
were obtained using the Lorentz-Berthelot combining rules, 

 and       (S3) 

where σi and εi are the parameters corresponding to an individual atom. Individual carbon 
atoms in the graphene sheets were modelled as rigid and with zero charge. The parameters for 
the carbon atoms were obtained from a study in which the water contact angle and adsorption 
energy were reproduced11. The ion parameters were taken from studies in which the 
hydration free energy and hydrated radius of each ion were calculated and fitted to 
experimental quantities in bulk solution12,13. The original parameterizations of both the 
carbon and ions were conducted using the SPC/E water model14 so we have used this model 
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in our simulations. Non-bonded interactions were cutoff for rij < 1.0 nm. The full set of non-
bonded interaction parameters used in the simulations is given in Table S1.  

Supplementary Table 1. Non-bonded interaction parameters used in this work. 

i σi (nm) εi (kJ mol−1) qi (e) 
C 0.3214 0.48990 0.000 
K+ 0.4530 0.00061 1.000 
Na+ 0.3810 0.00061 1.000 
Li+ 0.2870 0.00061 1.000 

Ca2+ 0.2410 0.94000 2.000 
Mg2+ 0.1630 0.59000 2.000 

 

Free Energy Barriers 

The free energy barrier simulations were set up in a similar manner as described in much 
greater detail in our previous simulations15. Briefly, this consists of five layers of graphene 
sheets, centered in the x-direction and stacked parallel in the z-direction, with an interlayer 
spacing of 7, 8, 9, 10 and 11 Å. The interlayer space and adjoining reservoirs were filled with 
water molecules. A single ion (either Li+, Na+, K+, Mg2+ or Ca2+) was then swapped for one 
of the water molecules in the left-hand reservoir to generate the initial configuration 
(Supplementary Fig. 5). 
 

 
 
Supplementary Fig. 5. Free energy barrier simulations. A snapshot of the simulation cell 
used in the free energy barrier simulations. The red sphere, blue spheres, and grey lines 
represent the ion, carbon atoms and water molecules, respectively. 
 
In order to obtain the energy barriers, a potential of mean force (PMF) describing the process 
of the ion entering the model membrane was generated for every ion and interlayer spacing. 
This was calculated using an umbrella sampling procedure16,17 involving 50 separate 
simulations, spanning the distance from the center of the reservoir (x = 0.1 nm) to the center 
of the channel (x = 2.5 nm), at 0.05 nm intervals. In each simulation, the position of the ion in 
the x direction was restrained using a harmonic potential with a force constant of 5000 kJ 
mol−1 nm−2. After an initial equilibration period of 1 ns, the PMF was generated from the 
force data obtained in a further 4 ns of simulation time, using the weighted histogram analysis 
method18,19. The maximum energy along the PMF profile is equal to the barrier to 
permeation. In all cases, the observed barriers are positive, indicating that this process is 
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energetically unfavorable. In general, the barrier height increases as the interlayer spacing 
decreases and, in the narrowest capillaries, the barriers are considerably larger for divalent 
ions than monovalent ions. Fig. 3c inset in the main text and supplementary Table 2 show the 
free energy barriers for every ion obtained for different interlayer spacing. 
 
 Supplementary Table 2. Free energy barriers to ion permeation into graphene capillaries 
(kJ mol−1). The number in brackets is the uncertainty in the size of the barrier. 
 

Ion Interlayer Spacing (Å) 
7 8 9 10 11 

K+ 27.5(0.6) 17.4(0.3) 10.8(0.3) 5.6(0.2) 5.6(0.3) 
Na+ 22.0(1.1) 15.9(0.3) 5.3(0.4) 5.0(0.3) 5.3(0.3) 
Li+ 24.7(1.3) 8.5(0.3) 4.5(0.4) 3.2(0.3) 1.8(0.2) 

Ca2+ 163.5(1.0) 60.3(0.4) 3.9(0.3) 5.5(0.4) 6.7(0.4) 
Mg2+ 197.8(2.2) 44.3(0.5) 4.6(0.3) 3.9(0.4) 5.4(0.4) 

The observed trends in barrier energy suggest that the size of the barrier is related to the 
hydration free energy. The higher charge on divalent ions results in stronger electrostatic 
attraction between the ion and the surrounding water, and the strength of these interactions is 
reflected in the magnitude of their experimental hydration free energies (see Supplementary 
Table 3)20,21. Hence, ions with the most negative hydration free energies have the largest 
barriers to permeation, consistent with permeation data obtained experimentally.  

Supplementary Table 3. Experimental hydration free energy of different ions taken from 
Ref. 2. 

Ion Hydration free 
energy (kJ/mol) 

K+

Na+ 

Li+ 

Ca2+ 

-321 
-405 
-515 

-1592 
Mg2+ -1922 

 
This ion dehydration effect was further investigated by analyzing the ion hydration numbers 
in each simulation window along the PMF profile (Supplementary Fig.6 and 7). The 
hydration numbers for the first, n1, and second, n2, hydration shells, were calculated by taking 
the integral at the first and second minima in the ion-water radial distribution function. The 
Supplementary Fig. 6a. shows that both n1 and n2 decrease as the ions move into a 7 Å 
channel. Supplementary Fig. 6b. shows that, for K+, n1 decreases to the greatest extent in the 
narrowest channel. There is a small increase in n1 in the 11 Å channel, relative to bulk 
solution, and this appears to be because the K-O distance is commensurate with the peaks in 
the water density profile when K+ is in the center of the channel. We have discussed this 
observation in our previous work focusing on anion permeation15. Typically, n1 and n2 are not 
integers, because they are averaged over the duration of the simulation and exchange of water 
molecules between the hydration shells and bulk solution is relatively frequent. However, for 
the most strongly hydrating ion, Mg2+, n1 is always an integer. Supplementary Fig. 7 shows 
the changes in the first hydration number of Mg2+ as the ion enters the channel with interlayer 
spacing of 7 Å,  n1 = 6.0 in bulk solution, n1 = 5.0 at the entrance to the channel, and n1 = 4.0 
once in the center of the channel.  
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Supplementary Fig. 6. Ion permeation and ion hydration number (a) The decrease in n1 
(solid line) and n2 (dashed line) as the ions enter a channel with an interlayer spacing of 7 Å. 
(b) n1 for K+ entering channels with interlayer spacing ranging from 7 to 11 Å.  
 

 

Supplementary Fig. 7. Dehydration of Mg2+. Mg2+ (blue) with the first hydration shell 
entering the 7 Å graphene channel (green) at x = 1.6, 1.8 and 2.0 nm in the simulation box 
(left to right).  

The primary hydration numbers of ions inside the channel were obtained from the last five 
simulation windows along the PMF profiles. Supplementary Table 4 shows that n1 decreases 
with interlayer spacing for all ions. Since the first hydration shell of the Li+ ion is very small, 
n1 is only reduced slightly from 1.1 nm to 0.7 nm. However, for ions with larger ionic radii 
the decrease in n1 is more significant. For example, for K+, n1 decreases from 7.7 in a 11 Å 
channel to 4.7 in a 7 Å channel. Combined with the barriers in Supplementary Table 2, this 
shows that ions with larger electrostatic interaction with the surrounding water molecules 
hold more water molecules to the primary hydration shell and shows larger energy barrier for 
permeation. It is interesting to note that for all of the cations there is a maximum in n1 at 
some intermediate interlayer spacing. This appears to be the case when the effective 
interlayer spacing is commensurate with the distance from the ion to the first hydration shell 
with the ion in the center of the channel. We have also investigated even narrower interlayer 
spacing (< 0.6 nm) but the channel does not retain any water molecules at this separation so 
the ions are required to completely dehydrate in order to enter into the membrane in our 
simulations. 

Supplementary Table 4. The number of water molecules in the first hydration shell, n1. 
 

Ion Interlayer Spacing (Å) 
7 8 9 10 11 

K+ 4.7 5.0 6.6 7.4 7.7 
Na+ 4.0 4.4 5.6 5.7 5.7 
Li+ 4.0 4.0 4.4 4.2 4.2 

Ca2+ 5.0 7.5 7.9 7.3 7.2 
Mg2+ 4.0 6.0 6.0 6.0 6.0 
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All the above calculations have been performed on pristine graphene capillary. Therefore to 
clarify the role of oxidized regions on the permeation mechanism we have carried out free 
energy calculations with a deprotonated OH group (the parameters for the oxygen atom, q = -
0.6400 C, = 0.307 nm,  = 0.65 kJ/mol were taken from Ref. 22) attached to the carbon 
atom at the center of the nanochannel with an interlayer spacing of 8 Å. The resulting free 
energy barrier for K+ ions turns out to be ~15 kJ/mol similar to that of the pristine channel 
(17.4 kJ/mol), confirming the dominant importance of the interlayer spacing rather than the 
chemical functionality for the proposed dehydration mechanism. 
 
Diffusion coefficient of ions inside the sub-nm channels  

To calculate the ion’s diffusion coefficient, D, within the capillary, two graphene sheets with 
dimensions 6.14 nm x 6.14 nm and interlayer spacing ranging from 7 to 11 Å were used. In 
this case, unlike the free energy barrier calculations, only one periodic channel was set up, 
providing an effectively infinitely long 2D capillary for ion diffusion. The density of the 
water inside the capillary was set up equal to the value obtained from the free energy barrier 
calculations where the water filled the channel and reached different equilibrium densities as 
a function of interlayer spacing. After a short equilibration simulation, a single water 
molecule was exchanged for the ion of interest. Extended simulation runs of 100 ns were 
used to calculate the mean squared displacement of the ion, and this was used to obtain D the 
from the Einstein relation 
 

Dttrttr ii 6)()( 2
00                                                             (S4) 

 
where ri is the position of the particle at time t0 + t or t0 and the angled brackets denote 
ensemble averaging. As well as these simulations, we also calculated the diffusion coefficient 
of K+ in an unconfined box of water molecules (bulk), in order to validate the employed 
parameters. In this case, the simulation box was cubic, with a side length of 7.5 nm and the 
simulation was run for 10 ns, using only the final 9 ns in the calculation of D. In the 
unconfined system, we obtained D  = 1.60 × 10−5 cm2 s−1, which agrees reasonably well with 
the experimental bulk diffusion coefficient of 1.96 × 10−5 cm2 s−1 23. This shows that our 
choice of interaction parameters for both the water and K+ ions produce diffusion coefficient 
in reasonable agreement with experiment, despite dynamic properties not featuring in the 
original parameterization of the ion – water intermolecular potential. 

In the channel, D is reduced relative to the bulk simulation (see supplementary Fig. 8). The 
difference in diffusion coefficient between bulk and the 8 to 11 Å channel is due to the 
limited diffusion perpendicular to the graphene sheets. Once the interlayer spacing is reduced 
below 8 Å, diffusion of K+ is further reduced relative to the bulk; K+ is only able to move 
within the plane of the single water monolayer at these interlayer spacings. The decrease in D 
is however modest compared to the decrease in permeation rates observed experimentally. 
Thus the exponential decrease in the experimental permeation rate with interlayer spacing 
cannot be explained by the diffusion-limited permeation.  This further suggests that the free 
energy barrier associated with dehydration is the dominant parameter for the ion permeation 
in our sub-nm capillaries. 
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Supplementary Fig. 8. Ion diffusion through sub-nm channels. Diffusion coefficient of K+ 
ion in water for interlayer spacing ranging from 7 Å to 11 Å. 
 
Finally, to completely rule out the diffusion contribution on the experimentally observed ion 
permeation, we have calculated the capillary diffusion activation energies (Ea) of the K+ ion 
for interlayer distances of 10, 8 and 7 Å by measuring the ion diffusion coefficient at 
different temperatures (T). Supplementary Fig. 9 shows that the diffusion process can be 
described by an Arrhenius relationship from which we can extract Ea. The extracted values of 
Ea are 15.3 ± 0.4, 12.9 ± 0.3 and 17.7 ± 0.9 kJ mol-1 for the interlayer distance 10, 8, and 7 Å, 
respectively. These values show that Ea is relatively unchanged with interlayer spacing (while 
the measured barrier increased significantly with decreasing d), hence diffusion cannot 
explain the experimentally observed ion selectivity in sub-nm channels in PCGO membranes.  
 

 
Supplementary Fig. 9. Diffusion activation energy estimation. Temperature dependence of 
D calculated for K+ inside a channel of 10, 8, and 7 Å interlayer spacing (Y-axis - natural log 
scale). The dashed lines are the best fit to calculate the activation energy. 

 
Permeation rate calculations 
 
To further demonstrate the effect of dehydration on ion permeation rates we have calculated 
the permeation rate of K+ and Mg2+ through a channel with an interlayer spacing of 8 Å. The 
simulations followed a similar set-up of that used to calculate the energy barrier for ion entry 
into the channel (Fig S5), except the reservoir of water was larger to allow a concentration of 
0.61 mol dm-3 of KCl and MgCl2. As at such interlayer spacings there is a large energy 
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barrier associated with the entering of the ions into the channel (Table S2), we do not observe 
ion permeation over the typical timescale of a simulation. Therefore to calculate the ion 
permeation rates, a pressure difference of 10 MPa was applied across the simulation cell by 
adding a constant force on all of the atoms in the simulation box along the direction of the 
channel, except on those belonging to the graphene sheets24-27. During the simulations the 
temperature was maintained constant at 298.15 K. The interaction parameters for ion, water 
and graphene atoms were taken the same as the previous simulations. The ion permeation rate 
was determined by counting the net number of ions that pass from the left to the right 
reservoir. These simulations were performed for 20 ns, using only the last 15 ns for analysis. 
The number of K+ and Mg2+ ions permeating through the channel has been plotted against 
time in Fig. 10. This plot clearly shows that the number of K+ ions that permeate through the 
channel is more than that of Mg2+ ions and from this, we have calculated a permeation rate 
for K+ and Mg2+ ions of 1.802(± 0.006) x 109 ions s-1 and 0.286(± 0.002) x 109 ions s-1. 
 
Not surprisingly, these calculated rates are much higher than the experimental values due to 
the pressure difference applied. However, they clearly show that permeation into the channel 
is easier for ions with smaller free energy barrier.  
 

 
Supplementary Fig. 10. Estimation of Ion permeation rate.  Number of ions permeating 
through a 8 Å channel during the simulation for Mg2+ and K+ with a 10 MPa driving pressure 
along the channel. 
 
7. Swelling-controlled graphene oxide-graphene (GO-Gr)membranes 

On its own, water is a poor solvent for the exfoliation of graphite, whereas surfactant-water 
solutions can exfoliate graphite to produce stable aqueous dispersions of graphene28. 
Graphene oxide (GO) has previously been suggested as a 2D-surfactant to prepare stable 
dispersions of graphite and carbon nanotubes (CNTs) in water29,30. Here, graphene oxide-
graphene (GO-Gr) aqueous dispersions were prepared by exfoliating graphite in water using 
GO as a surfactant. We have prepared four different concentrations of GO-Gr aqueous 
dispersions by varying the initial weight of bulk graphite with respect to that of graphite 
oxide. The graphite oxide to graphite weight ratio was maintained as 1:1, 1:2, 1:5 and 1:9, 
i.e., four different amounts of graphite (0.175 g, 0.35 g, 0.875 g and 1.575 g) were sonicated 
for 50 hrs in 120 ml of DI water in the presence of 0.175 g graphite oxide. Resulting GO-Gr 
dispersion was centrifuged twice for 25 mins at 2500 rpm to remove the unexfoliated graphite 
and unstable aggregates. 
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Supplementary Fig. 11 shows the optical photograph of GO and GO-Gr aqueous colloidal 
suspensions of concentration ≈ 0.1 mg/mL, with increasing amounts of exfoliated graphene 
(from left to right). The pale brown coloured GO suspension gradually turns into black colour 
as the amount of exfoliated graphene flakes in GO-Gr dispersions increases. AFM images of 
the GO-Gr dispersion deposited on oxidised silicon wafer show that most of the exfoliated 
graphene is a few-layers thick (< 5 nm, see supplementary Fig. 11c). GO-Gr membranes were 
prepared by vacuum filtering each dispersion through an Anodisc alumina membrane filter 
(25 mm diameter, 0.02 µm pore size) and drying in ambient condition prior to the permeation 
and X-ray diffraction experiments. 

 

Supplementary Fig. 11. GO-Gr dispersions (a) Photograph of GO and GO-Gr aqueous 
colloidal suspensions (concentration ≈ 0.1 mg/mL) with increasing amount of exfoliated 
graphene (from left to right). (b) Wt% of exfoliated graphene with respect to GO in different 
GO-Gr membranes. (c) AFM image of GO-Gr thin film deposited on oxidised silicon wafer 
showing the presence of exfoliated graphene in GO-Gr film. White curve: height profile 
along the solid rectangle.Scale bar 0.5 µm.  

To estimate the concentrations of exfoliated graphene and GO in the GO-Gr dispersions, we 
measured the weight of the membranes prepared from the known volume of dispersions. 
Before weighing, the membranes were completely dried in vacuum and the measurements 
were performed in a glove box to avoid the influence of absorbed water content in the 
membranes. Supplementary Fig. 11b shows the weight percentage (wt%) of exfoliated 
graphene flakes calculated from the weighing measurements for different GO-Gr samples. 
We found that approximately 18 wt%, 15 wt%, 9 wt% and 4.5wt % of exfoliated graphene 
(with respect to the weight of GO) in the GO-Gr membranes made from the 1:9, 1:5, 1:2 and 
1:1 GO-Gr dispersions, respectively. We note that the estimated wt% of exfoliated graphene 
flakes in GO-Gr membranes represent the lower bound because we assumed that the 
concentration GO is the same in pristine GO and GO-Gr dispersions. We have also tried to 
increase the initial GO-graphite ratio above 1:9 but no appreciable change in the 
concentration of exfoliated graphene was observed in comparison to 1:9 samples.  

Characterization of GO-Gr membranes 

Supplementary Fig. 12a shows the cross-sectional SEM image of GO-Gr membrane that 
confirms the laminar structure similar to the pristine GO membranes. In-plane SEM imaging 
(Supplementary Fig. 12b) suggests a uniform distribution of exfoliated graphene flakes in 
GO-Gr membrane. Swelling of GO-Gr membranes in liquid water was probed by X-ray 
diffraction (see main Fig. 3) that revealed significant changes for GO-Gr membranes 
compared to pristine GO membranes. For example, interlayer spacing of pristine GO, GO-Gr 
with 4.5, 9, 15 and 18 wt% graphene are 14, 11.9, 11.5, 10.9 and 10.2 Å respectively in liquid 
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water. GO-Gr membranes with 18 wt% graphene exhibited maximum reductions in swelling 
(≈ 4 Å) and therefore, we have carried out all the ion permeation and forward osmosis 
experiments with these samples.  

 

Supplementary Fig. 12. Electron microscopy on GO-Gr membrnae (a) Crosssectional 
and (b) in-plane scanning electron micrograph from the membrane prepared from the 1:9 
GO-Gr dispersion. Scale bars are 1 µm.  

Pemeation experiments  

 

Supplementary Fig. 13. Water permeation through GO-Gr. Weight loss for a container 
filled water sealed with a GO-Gr and a reference GO membrane with a thickness of 5 µm 
(Area ≈ 0.5 cm2).The weight loss rate for GO and GO-Gr membrane is 10.5 and 8.1 mg/h, 
respectively.  

For all ion permeation experiments we used the same set-up (see Supplementary Fig. 2) as 
that employed for the PCGO membranes. Ion permeation through GO-Gr membranes was 
studied by separating the feed and permeate compartment by a 5 µm thick GO-Gr membrane 
on porous Anodisc alumina support glued onto a plastic disc. The feed and permeate 
compartments were filled with 1 M aqueous solution of various salts (KCl, NaCl, LiCl and 
MgCl2) and DI water, respectively. Typically, permeation experiments were carried out for 
24 hours and the ion permeation was monitored by ion chromatography (IC) and the 
inductively coupled plasma optical emission spectrometry (ICP-AES). Similar to the PCGO 
membranes, ion permeation from feed to permeate compartment through GO-Gr membrane is 
observed to increase with the duration of experiment and feed concentration. Permeation data 
for GO-Gr membrane with 18 wt% graphene are shown in Fig. 3 of the main text. Compared 
to pristine GO membranes, the ion permeation rate for GO-Gr membranes is decreased by 
two to three orders of magnitude. However, when measured by the gravimetric method, water 
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permeation (see supplementary section 5) only showed an approximately 20% reduction with 
respect to that of pristine GO (supplementary Fig. 13). The relatively small decrease in water 
permeation and the large decrease in ion permeation through GO-Gr compared to pristine GO 
membrane confirm that the permeation mechanism for both PCGO and GO-Gr membranes 
are similar.  

To further understand the liquid water flux and salt rejection properties of GO-Gr 
membranes, we have performed forward osmosis (FO)31,32 experiments. FO is relatively a 
new alternative technology to the conventional pressure-driven reverse osmosis (RO) 
membrane process, where hydraulic pressure is not required for its operation31,32. In FO, a 
concentrated solution of a salt or other molecules (draw solution) is used to generate high 
osmotic pressure, which pulls the water molecules across a semi-permeable membrane from 
the low-concentration salt solution (feed solution), effectively filtering the feed water. The 
draw solute can then be separated from the diluted draw solution to produce clean water. FO 
has many advantages over conventional RO such as high energy efficiency and low fouling 
and is considered to be an attractive emerging technology for desalination. The absence of 
hydraulic pressure in FO makes it highly suitable to evaluate GO-Gr membranes as they have 
relatively weak mechanical strength. Here, we have performed FO by filling equal volumes 
(25 mL) of 0.1 M NaCl feed solution and 3 M sucrose draw solution in the feed and permeate 
compartments, respectively, separated by a GO-Gr membrane (5 µm thick and 0.5 cm2 area). 
Nearly 3 M differential concentration leads to a ≈ 75 bar osmotic pressure gradient, which 
draws water molecules from the NaCl compartment to the sucrose compartment. The amount 
of water permeation was reflected in the height of sucrose column in the permeate 
compartment.  The observed 0.8 mL increase in the column height over 30 hours corresponds 
to a water flux of around 0.5 L/m2×h. Salt rejection for GO-Gr membrane was estimated by 
measuring the amount of NaCl in the draw solution. The salt rejection rate was estimated as 
1-Cd/Cf, where Cd and Cf are the concentrations of NaCl in the draw solution and the feed 
side, respectively. This yielded a rejection rate of ≈ 97%. For comparison, we have also 
performed similar FO experiments with pristine GO membranes and the obtained water flux 
and salt rejection are found to be 0.6 L/m2×h and 60%, respectively. We note that the water 
flux through GO-Gr membranes is lower than typical FO membranes however it can be 
improved effectively by decreasing the thickness of GO-Gr membranes. For example, 
decreasing the GO-Gr membrane thickness from 5 µm to 1 µm yielded the water flux of 2.5 
L/m2×h with 94% salt rejection.   
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5.1 Conclusions 
The work presented in this thesis focuses on the water/ion transport through GO 

membrane with an emphasis on the mechanism of ion permeation in channels of size 

smaller or comparable to the hydrated ion diameter. 

                                GO membranes show some exceptional molecular permeation 

properties with a promise for desalination technologies. But, the swelling of GO 

capillaries when exposed to water increases the free space available for permeation to 10 

Å, which is larger than the diameter of hydrated ions of common salts, limiting its usage 

for water treatment applications. A number of approaches have been tried recently to 

restrict the swelling in GO, for example, thermal treatment and chemical approaches. 

However, controlled tuning of the interlayer spacing and precise ionic sieving has not yet 

been achieved. Here by physical confinement, we demonstrated the possibility to control 

the interlayer spacing in GO membranes below 10 Å. This is a new regime, where the 

capillary size is smaller than the hydrated ion diameter size. Regardless of steric effects, 

some ions pass through the membranes even though the capillary size is smaller than the 

hydrated ion diameter size. Membranes with an interlayer spacing of 9.8 and 7.4 Å 

completely block the passage of Mg2+, but permitting the passage of K+ ions. Unlike the 

size exclusion mechanism, ion permeation rates through graphene oxide membranes with 

sub-nanometre channels are governed by the energy barrier for ions entry to the capillary 

as evident from the Arrhenius behaviour of ion permeation rates. The slower permeation 

rate of ions is described in terms of this activation barrier that originates because of the 

required reconfiguration of the water shell or partial dehydration of the ions so that they 

can fit inside the sub nanometre capillaries of the GO membrane. The ease of shredding 

the water molecules from the hydration shell of the ions depends on the hydration free 

energy which scales with ion charge, accounting for the permeation differences between 

monovalent and divalent cations. The relatively small impedance for water permeation is 

explained by the smaller energy barrier for water molecules entering the channels due to 

the weaker water-water interaction and enhanced water transport through graphene 

nanochannels. 

Another interesting observation of this work is the very high water-ion selectivity 

demonstrated by the sub nanometre graphene capillaries. The current research direction in 

membrane technology has mostly focussed on improving the water flux through the 

membrane, which occurs at the expense of reduced salt rejection. Without sacrificing the 

water flux through it, an alternative strategy is to develop
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membranes exhibiting good water-ion selectivity. Coming to this point, the results we 

demonstrated for the PCGO membrane appeal promising. For instance, the membrane 

showed an increase in the water-ion selectivity by more than an order of magnitude when 

inter-layer spacing is decreased from 9.8 Å to 7.4 Å.  Realization of a scalable membrane 

with excellent water-ion selectivity combined with atomic scale pore tunability (down to 

sub angstrom precision) is believed to be a promising finding, providing new 

opportunities to fabricate membranes with on-demand filtration capabilities in the quest 

for the production of safe drinking water.        

5.2 Future Outlook 
Controlling ion behaviour in external electric field under extreme confinement has been a 

major research area in naofluidics. From a fundamental point of view, novel transport 

properties and phenomena are expected to emerge from the coupled effect of surface 

chemistry and extreme confinement in the nanoscale regime, and such novel aspects of 

fluid phenomena may lead to technological breakthroughs. In this regard, PCGO 

membrane is an ideal system to probe the ions behaviour to external electrical stimulus 

under such ultra-narrow confinement. Another interesting area is called osmotic blue 

energy conversion. Creating a salinity gradient between the interfaces of an ion selective 

membrane has been identified as a promising, clean and renewable source of energy-so-

called osmotic blue energy. Intrinsic ion selectivity of PCGO membrane shows a great 

potential for osmotic blue energy conversion.   
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