
A computational study: The role of surface 

charge and topology to the hydration-induced 

swelling of graphene oxide (GO) membranes 
 

 

 

 

A thesis submitted to The University of Manchester for the degree of Doctor of 

Philosophy in the Faculty of Science and Engineering, School of Engineering and 

Department of Chemical Engineering 

 

 

 

 

2023 

 

 

 

Mohd Rafie bin Shaharudin 
 

 

 

 

Department of Chemical Engineering 

  



 - 2 - 

Contents 

Contents ...................................................................................................................... - 2 - 

List of Figures ............................................................................................................. - 6 - 

List of tables ............................................................................................................. - 15 - 

Abstract ..................................................................................................................... - 17 - 

Declaration ............................................................................................................... - 18 - 

Copyright Statement ................................................................................................ - 19 - 

Acknowledgements .................................................................................................. - 20 - 

Publications .............................................................................................................. - 22 - 

Chapter 1: Introduction  .......................................................................................... - 23 - 

Abstract .................................................................................................................. - 23 - 

1.1 From Graphene to Graphene Oxide ................................................................ - 24 - 

1.2 Swelling of GO membranes ............................................................................. - 26 - 

1.2.1 Experimental observations ........................................................................ - 26 - 

1.2.2 Approach to limit swelling ....................................................................... - 30 - 

1.2.3 Computational approach to the characterisation of GO membranes ........ - 31 - 

1.3 Overview .......................................................................................................... - 36 - 

Chapter 2: Theoretical background ....................................................................... - 37 - 

Abstract .................................................................................................................. - 37 - 

2.1 Statistical mechanics ........................................................................................ - 38 - 

2.2 Molecular Dynamics ........................................................................................ - 43 - 

2.3 Monte Carlo ..................................................................................................... - 52 - 

2.4 Radial distribution functions ........................................................................... - 58 - 

2.5 Potential of mean force .................................................................................... - 59 - 



 - 3 - 

Chapter 3: The role of surface ionisation in the hydration-induced swelling of 

graphene oxide membranes. ................................................................................... - 60 - 

Abstract .................................................................................................................. - 61 - 

3.1 Introduction ..................................................................................................... - 62 - 

3.2 Methodology .................................................................................................... - 65 - 

3.3 Results and discussion ..................................................................................... - 71 - 

3.4 Conclusions ...................................................................................................... - 87 - 

3.5 Acknowledgements ........................................................................................... - 88 - 

3.6 Supporting information .................................................................................... - 89 - 

Chapter 4: Decoding the interplay between topology and surface charge of 

Graphene Oxide membrane during humidity induced swelling. ........................ - 93 - 

Abstract .................................................................................................................. - 94 - 

4.1 Introduction ..................................................................................................... - 95 - 

4.2 Methodology .................................................................................................... - 99 - 

4.2.1 Calibration curve of chemical potential and relative humidity ................. - 99 - 

4.2.2 Graphene oxide membrane preparation (disordered/idealised) .............. - 103 - 

4.2.3 Water adsorption in graphene oxide membrane simulation ................... - 106 - 

4.2.4 Calculation of PMFs ............................................................................... - 108 - 

4.2.5 Experimental determination of water adsorption isotherm in graphene oxide 

membranes ....................................................................................................... - 109 - 

4.3 Results and discussion ................................................................................... - 110 - 

4.3.1 Thermodynamics of adsorption .............................................................. - 110 - 

4.3.2 Amount of water adsorbed and its relation with the membrane topology and 

surface charge .................................................................................................. - 113 - 

4.3.3 Water adsorption mechanism .................................................................. - 120 - 

4.3.4 Thermodynamics stability of GO membrane .......................................... - 123 - 

4.4 Conclusions .................................................................................................... - 125 - 

4.5 Acknowledgements ......................................................................................... - 127 - 

4.6 Supporting information .................................................................................. - 128 - 



 - 4 - 

Chapter 5: Surface Charged Induced Swelling of GO Membrane at High 

Humidity: A Hybrid Simulation Approach.  ........................................................ - 134 - 

Abstract ................................................................................................................ - 135 - 

5.1 Introduction ................................................................................................... - 136 - 

5.2 Methodology .................................................................................................. - 138 - 

5.2.1 Preparation of GO membrane ................................................................. - 138 - 

5.2.2 SRC Framework ..................................................................................... - 140 - 

5.2.3 Swelling/Shrinking in Molecular Dynamics ........................................... - 145 - 

5.2.4 Adsorption/Desorption in Monte Carlo .................................................. - 146 - 

5.3 Discussion ...................................................................................................... - 148 - 

5.4 Conclusions .................................................................................................... - 152 - 

Chapter 6: A molecular simulation study into the stability of hydrated graphene 

nanochannels used in nanofluidics devices. ......................................................... - 153 - 

Abstract ................................................................................................................ - 154 - 

6.1 Introduction ................................................................................................... - 155 - 

6.2 Results and discussion ................................................................................... - 159 - 

6.3 Conclusions .................................................................................................... - 175 - 

6.4 Acknowledgements ......................................................................................... - 176 - 

6.5 Supporting information .................................................................................. - 177 - 

6.5.1 Additional simulation details .................................................................. - 177 - 

6.5.2 Channel filling simulation ...................................................................... - 179 - 

6.5.3 Cut-off sensitivity ................................................................................... - 182 - 

6.5.4 Calculation of Graphite-Water potential ................................................. - 183 - 

6.5.5 Comparison of properties obtained with flexible and rigid graphene sheets ... - 

184 - 

6.5.6 Effect of graphite slab thickness ............................................................. - 186 - 

6.5.7 Properties of bulk water .......................................................................... - 187 - 

6.5.8 Angle distributions .................................................................................. - 189 - 

6.5.9 Dependence of confined water properties on nanochannel height ......... - 191 - 

6.5.10 Sensitivity of water properties to intermolecular potential ................... - 193 - 



 - 5 - 

Chapter 7: Summary and outlook ........................................................................ - 198 - 

Bibliography ........................................................................................................... - 201 - 

 

  



 - 6 - 

List of Figures 

Figure 1. 1: a) VMD-generated representation of graphene and graphene oxide (GO) 

flakes. b) A schematic representation of GO membranes that shows the interlayer spacing 

and the offset which has recently been incorporated in computational studies to represent 

the complexity of the real materials. Black is the graphene backbone, red is oxygen atom, 

and white is hydrogen atom. ----------------------------------------------------------------- - 25 - 

Figure 1. 2: XRD scan of GO membrane from experiment. [26] This figure is obtained 

from: https://doi.org/10.1038/nnano.2017.21 and has been licensed to be used in this 

thesis under the license number: 501847219. --------------------------------------------- - 28 - 

Figure 1. 3: a) and b) show that GO membrane linked with potassium, K+, have a good 

rejection towards other cations. Snapshots from Ab Initio Molecular Dynamics showing 

two GO flakes linked by c) sodium (Na+), d) potassium (K+), and e) lithium (Li+). This 

figure is obtained from: https://doi.org/10.1038/nature24044 [39] and has been licensed 

to be used in this thesis under the license number: 5633760923444. ------------------ - 31 - 

Figure 1. 4: Computational method for producing GO membrane with a higher degree of 

morphology complexity proposed by a) Williams et al., [19] b) Reddy et al., [25] and d) 

Chen et al. [24] that results in a sophisticated model of GO membranes. c) Ab Initio MD 

simulation snapshot that shows the deprotonation reaction between hydroxyl functional 

groups and water molecules that resulted in a net negative surface charge on GO the flake 

surface demonstrated by Mouhat et al. [48] This figure is obtained from: a) 

https://doi.org/10.1039/C7NR07612F, b) 

https://doi.org/10.1080/08927022.2021.2000978, c) https://doi.org/10.1038/s41467-

020-15381-y, d) https://doi.org/10.1016/j.memsci.2022.120863 and has been licensed to 

be used for this thesis under the license number: a) 13992121 and d) 5633781275028. - - 

34 - 

 

Figure 2. 1: Model of harmonic potential of bond stretching. -------------------------- - 44 - 

Figure 2. 2: Model of the harmonic potential of angle bending, —. -------------------- - 45 - 

Figure 2. 3: Model of the torsional potential in four bonded atoms. ------------------ - 46 - 

Figure 2. 4: Lennard-Jones (LJ) potential. ------------------------------------------------ - 47 - 



 - 7 - 

Figure 2. 5: Molecular Dynamics (MD) flow chart. ------------------------------------- - 49 - 

Figure 2. 6: Leap-frog algorithm to solve the equation of motion in Gromacs. ----- - 49 - 

Figure 2. 7: The application of periodic boundary conditions in a simulation box. Grey 

box is the simulated box and the other square boxes around it are the periodic images of 

the box. Dashed circle shows the limit of interaction set by the cut-off distance to prevent 

self-interaction and speed up computational time. ---------------------------------------- - 50 - 

Figure 2. 8: Monte Carlo (MC) flowchart. ------------------------------------------------ - 53 - 

Figure 2. 9: Probability of accepting proposed MC moves. If the change in energy is 

downhill ЎὟὲά π, the move is always accepted. If the change in energy is uphill 

ЎὟὲά π, a random number ‒ is generated. In the case of ‒ρ, where the random number 

is higher than Boltzmannôs factor, the move is rejected, otherwise (‒ς), the move is 

accepted. ---------------------------------------------------------------------------------------- - 55 - 

Figure 2. 10: Schematic representation of a grand canonical Monte Carlo (GCMC) 

simulation e.g., adsorption of water in GO membrane. The simulation box (left) is put in 

contact with a hypothetical reservoir (right). Additional MC move in the GCMC 

simulation is the insertion and deletion move of particles where particles could be inserted 

into the simulation box from the hypothetical reservoir or particles could be deleted from 

the simulation box to the hypothetical reservoir. Carbon atoms are presented by grey 

sphere, water molecules are represented by blue and white spheres and functional groups 

are represented by red and white spheres. ------------------------------------------------- - 57 - 

 

Figure 3. 1: Initial configuration of a dry GO membrane model used in this study shown 

for interlayer spacing of 1.0 nm. a) Uncharged membrane (NGO) without any counter 

ions, b) charged (3QGO) membrane with counter ions. Blue: sodium ion, purple: oxygen 

atom of epoxide group, green: oxygen atom of hydroxyl group, white: hydrogen atom of 

hydroxyl group, black: graphene backbone (carbon atom). ----------------------------- - 66 - 

Figure 3. 2: Representative snapshots of the 1QGO membrane model with interlayer 

spacing of 1.0 nm for chemical potentials of a) -113.49 kJ/mol, b) -75.66 kJ/mol, c) -

56.75 kJ/mol, d) -45.40 kJ/mol. In blue: sodium ion, purple: oxygen atom of epoxide 

group, green: oxygen atom of hydroxyl group, white: hydrogen atom of hydroxyl group, 

black: carbon atom, iceblue: water molecules. -------------------------------------------- - 72 - 



 - 8 - 

Figure 3. 3: Amount of water adsorbed, M, for a) NGO, b) 1QGO, c) 2QGO, d) 3QGO 

membrane as a function of chemical potential, ɛ. The dashed vertical line shows the 

chemical potential of bulk liquid water for the TIP3P-EW water model at 300 K and 1 

bar, ɛl = -45.40 kJ/mol, and the onset of adsorption: i) -65 kJ/mol for the uncharged 

membrane and ii)  -113 kJ/mol for the charged membranes. The error bar is smaller than 

the size of marker and is calculated using standard error of the mean (SEM). ------- - 74 - 

Figure 3. 4: Radial distribution function, g(r), between hydrogen atoms of water 

molecule (HW) and oxygen atom of functional groups on the surface of GO membrane 

and between oxygen atoms of water molecules (OW) and the counterions (NA+) 

calculated for a) 1QGO, b) 2QGO, c) 3QGO and d) NGO at onset of adsorption (‘

φυ kJ/mol for uncharged membrane and ‘ ρρσ kJ/mol for charged membrane). 

Deprotonated hydroxyl group, O- (blue square), hydroxyl group, OH (red circle), epoxide 

group, OE (green triangle), sodium ion, Na+, (purple triangle). ----------------------- - 75 - 

Figure 3. 5: Radial distribution function, g(r), calculated between the sodium ions (Na+) 

and the deprotonated hydroxyl groups (O-) for interlayer spacings of d = 0.7 nm: a) 1QGO 

b) 2QGO c) 3QGO and d = 1.3nm: d) 3QGO. -------------------------------------------- - 76 - 

Figure 3. 6: Isosteric heat of adsorption (qst) of water in GO membranes at low load at 

onset of adsorption (‘ φυ kJ/mol for uncharged membrane and ‘ ρρσ kJ/mol 

for charged membrane). Black diamond: NGO, blue square: 1GQO, red circle: 2QGO, 

green triangle: 3QGO.The error bar is calculated with standard error of the mean (SEM).

 --------------------------------------------------------------------------------------------------- - 78 - 

Figure 3. 7: Linear scaling of the amount of water adsorbed with the deprotonation of 

functional groups between ωρ ‘ υχ kJ/mol. Error bar is smaller than the marker 

size and evaluated with standard error of the mean (SEM). ----------------------------- - 79 - 

Figure 3. 8: Amount of water adsorbed, M (wt%) in all GO membrane models at bulk 

liquid chemical potential (ɛl). Black diamond: NGO, blue square: 1QGO, red circle: 

2QGO, green triangle: 3QGO. Error bars are smaller than the size of the symbol and is 

evaluated using standard error of the mean (SEM). -------------------------------------- - 80 - 

Figure 3. 9: Total potential energy for water-water (blue circles) and GO-water (red 

square), normalised by the number of adsorbed water molecules at increasing chemical 

potential for a) NGO, b) 1QGO, c) 2QGO, d) 3QGO. The black arrows indicates where 

the potential energy crossover occurs (i.e., the water-water energy dominates over the 



 - 9 - 

GO-water energy). Error bar only visible in some points as others are smaller than the 

marker size. The error bar is evaluated with standard error of the mean (SEM). ---- - 81 - 

Figure 3. 10: Internal pressure within membrane on z-direction (PZZ) at bulk liquid 

chemical potential (‘ὰ) for a) NGO, b) 1QGO, c) 2QGO, d) 3QGO. Blue squares: with 

counter ions, red open squares: without counter ions. Error bar is evaluated with standard 

error of the mean (SEM). --------------------------------------------------------------------- - 83 - 

 

Figure S3. 1: Density profile of water in the GO membrane channels at ɛ=ɛ_l. a) d = 0.7 

nm b) d = 0.8 nm c) d = 0.9 nm d) d = 1.0 nm e) d = 1.1 nm f) d = 1.2 nm g) d = 1.3 nm. 

Red: NGO, Purple: 1QGO, Light blue: 2QGO, Grey: 3QGO. -------------------------- - 91 - 

Figure S3. 2: Formation of water clusters within the GO membrane channels for 1QGO 

with d = 1.0 nm for increasing chemical potential (a to f). ------------------------------ - 91 - 

Figure S3. 3: Density profile of the sodium ions (Na+) within 3QGO with interlayer 

spacing of 0.7 nm at bulk liquid chemical potential, ‘ὰ, in Z direction. --------------- - 92 - 

 

Figure 4. 1: Calibration curve between relative humidity (RH) and chemical potential of 

water (m).  Black line is the best fit line of ‘ calculated from simulation while the red line 

is the correlation between ‘ and RH derived thermodynamically from ‘ ‘ίὥὸ

ὙὝÌÎὙὌ, where Ὑ is the gas constant. Equation of the best fit line (Equation 4.3) is 

shown on the top centre of the graph. The error bar (calculated from standard error of the 

mean) is too small to be visible on the graph and therefore not included. ---------- - 102 - 

Figure 4. 2: Initial configuration of a) idealized and b) disordered (right) GO membrane 

used in this study. Both models shown are for H=1.0 nm and 10% deprotonation 

(10QGO) with water molecules omitted for clarity. Blue: sodium ion, red: oxygen atom, 

white: hydrogen atom, and cyan: graphene backbone (carbon atom). --------------- - 104 - 

Figure 4. 3: a) Isosteric heat of adsorption (qst) in GO membrane at low loading for the 

disordered (blue) and idealized (red) model. b) Pore size distribution (PSD) of the 

idealized (Â) and disordered model 1(), model 2 ( ) and model 3 (z) GO membrane. 

Three models of disordered membrane are fabricated to get the average. PSD shown here 

is for the i0QGO and d0QGO at H = 1.0 nm. PSD of the 10QGO, 20QGO and 30QGO 



 - 10 - 

are provided in the SI in Figure S4.3. Error bar in a) is evaluated using standard error of 

the mean (SEM). ----------------------------------------------------------------------------- - 111 - 

Figure 4. 4: a) Amount of water adsorbed for all GO model in this study compared to 

experimental data [14] and b) PSD for GO membranes that best predict experimental 

results at each RH condition (10%, 80% and 98%). The PSD for disordered membrane is 

averaged over 3 models. Symbols definition:  (Liu et al. experiment),  (this work 

experiment), Ã (d0QGO) Â (i0QGO), ¹ (d10QGO), ̧  (i10QGO), r (d20QGO), p 

(i20QGO), s (d30QGO), q (i30QGO). Error bar is smaller than the size of marker and 

is evaluated with standard error of the mean (SEM). ---------------------------------- - 114 - 

Figure 4. 5: Density profile of water and GO flakes in Z direction for a) i0QGO and b) 

d0QGO for one of the fabricated models, at RH = 10% and H = 0.8 nm (the results of the 

other two models of d0QGOare provided in the SI in Figure S4.4). Blue line indicates 

water, black line indicates GO flake, blue shades indicate water adsorbed in the lamellar 

channels while the red shades indicate water adsorbed in small irregular pores. Water 

cluster distribution in c) d0QGO model 1 (the results of model 2 and model 3 is provided 

in the SI in Figure S4.4), with water clusters below the mean cluster size (red dashed 

line) is attributed to water adsorbed in isolated pores while water cluster above the mean 

cluster size is attributed to water adsorbed in the lamellar region. d) The fw of d0QGO up 

to the maximum water adsorbed at RH = 10%. ----------------------------------------- - 117 - 

Figure 4. 6: The geometric pore volume of idealized and disordered GO model at H size 

of 0.8 (red), 0.9 (blue) and 1.0 (green) nm calculated without the counter ions. Filled 

markers are for idealized models while open markers are for disordered models. Dashed 

lines are guide for eyes. Error bar of the disordered GO membrane is evaluated with 

standard deviation over three models. ---------------------------------------------------- - 119 - 

Figure 4. 7: Idealized model: a) Number of water clusters (NSOL) and b) fraction of 

largest water cluster size (fw) found in the membrane with H = 1.0 nm. Disordered model: 

c) Number of water clusters (NSOL) and d) fraction of largest water cluster size (fw) found 

in the membrane with H = 1.0 nm. The fw approaching 1 indicates a high pore 

interconnectivity within the membrane. Symbols definition: Â (i0QGO), Ã (d0QGO), 

Â (i10QGO), Ã (d10QGO), Â (i20QGO), Ã (d20QGO), Â (i30QGO), Ã (d30QGO). 

Error bar is evaluated with standard error of the mean (SEM). ----------------------- - 122 - 



 - 11 - 

Figure 4. 8: a) Potential mean force (PMF) of charged GO flakes with (blue) and without 

(red) counter ions. b) The PMF profile with counter ions zoomed in between Z = 0.1 nm 

and Z = 1.2 nm with minima found at 0.26 nm, 0.54 nm and 0.73 nm. Inset of b) shows 

the snapshots of GO flakes with counterions at the corresponding minimum location. c) 

The PMF profile with counter ions zoomed in for Z > 1.5 nm that shows an energy barrier 

of 0.8 kJ/mol/nm2. The histogram sampling is provided in Figure S4.6 (SI). Error bar is 

evaluated with standard error of the mean (SEM). ------------------------------------- - 124 - 

 

Figure S4. 1: The simulation set up for PMF calculation. The smaller GO flakes with 

pulling force of 1 104 kJ/mol/nm2 in Z direction towards the frozen larger GO flake 

have different starting point ranging from 0.8 nm to 4.4 nm to sample the force between 

two GO flakes at various distances for PMF calculation using WHAM. Cyan: GO flakes, 

blue: Sodium ions, and red: water molecules. ------------------------------------------- - 129 - 

Figure S4. 2: Radial distribution function (RDF) between qOH-HW (black), OH-HW 

(blue) and OE-HW (red) of a) idealised model) and b) disordered model at low RH. ---- - 

129 - 

Figure S4. 3: Pore size distribution of the idealised (Â) and disordered model 1 (), 

model 2 ( ), and model 3 (z) GO membranes of a) 10QGO, b) 20QGO, and c) 30QGO 

at H = 1.0 nm. -------------------------------------------------------------------------------- - 130 - 

Figure S4. 4: Density profile in Z direction for water and GO flakes of a) d0QGO model 

2 and c) d0QGO model 3 and the water cluster distribution of b) d0QGO model 2 and d) 

d0QGO model at H = 0.8 nm. ------------------------------------------------------------- - 131 - 

Figure S4. 5: The snapshot from PMF simulation shows that the counter ions prefer to 

stay in between the channel between two GO flakes. Cyan: Carbon atom, white: 

Hydrogen atom, red: Oxygen atom, and blue: Sodium ion. --------------------------- - 132 - 

Figure S4. 6: Sampling histogram of PMF calculation using WHAM between two GO 

flakes with 20% deprotonation hydroxyl functional groups. Sample is taken in Z direction 

from 0.5 nm to 4.4 nm. --------------------------------------------------------------------- - 133 - 

 

Figure 5. 1: Schematic representation of the initial structure of solvated GO membranes 

used in this study for SRC cycles. a) 0.8,0Q-GO, b) 0.8,10Q-GO, 0.8,20Q-GO, 0.8,30Q-



 - 12 - 

GO and c) 1.0,0Q-GO. GO flakes are represented by carbon atom (cyan), oxygen atom 

(red) and hydrogen atom (white). Water (transparent grey) and the Na+ ions (blue) 

sphere. ----------------------------------------------------------------------------------------- - 139 - 

Figure 5. 2: Framework of the sorption relaxation cycle (SRC) technique. In the blue 

rectangle are the iterative cycles of alternating MD and MC. ------------------------ - 140 - 

Figure 5. 3: The evolution of a) H and b) M of 20Q-GO model with increasing number 

of SRC cycles. The red and blue line is the linear best fit line to calculate ὨὌȾὨὔ and 

ὨὓȾὨὔ respectively. Error bar on a) is calculated using standard deviation. ------ - 147 - 

Figure 5. 4: The ὨὌὨὔ and ὨὓὨὔ of each GO membrane model. Filled markers are for 

GO membranes with initial H = 0.8 nm while open symbols are for GO membranes with 

initial H = 1.0 nm. Square is for 0Q-GO, circle is for 10Q-GO, triangle is for 20Q-GO, 

and inverted triangle is for 30Q-GO. ----------------------------------------------------- - 148 - 

 

Figure 6. 1: Graphite nanochannel models constructed in this study. Carbon atoms in the 

graphite slabs and graphene spacers are shown with black and red spheres, respectively. 

Water molecules are shown in blue and white. For the model shown, n = 1 and H = 0.68 

nm. Water was added to the channel with a pre-defined density, determined from separate 

nanochannel filling simulations described in detail in the ESI. À -------------------- - 160 - 

Figure 6. 2: a) Nanochannel height probability distribution. P(H), for the dry graphene 

nanochannel models with n = 1 (black), 2 (red), 3 (green), 4 (blue), 5 (orange), and 6 

(purple) graphene spacers. Dashed lines show the initial nanochannel height, Hinit. b) 

Representative snapshots of the left-hand end of each nanochannel model from n = 1 

(top) ï 6 (bottom) with graphite slabs shown in black and graphene spacers in red.- 163 

- 

Figure 6. 3: a) Nanochannel height distributions, P(H), for the hydrated graphene 

nanochannel models. Dashed lines show the initial nanochannel height, Hinit. b) 

Representative simulation snapshots of the nanochannels with carbon atoms in the 

graphite slabs shown with black spheres and carbon atoms in the n = 1 ï 6 (top-bottom) 

graphene spacers shown with red spheres. Water molecules are shown in blue. -- - 165 - 



 - 13 - 

Figure 6. 4: Total graphite-water potential energy (solid lines), Vgw(z), and oxygen atom 

density (dashed lines), rO(z), across the nanochannel height using Hfinal for n = 1 (a) ï 6 

(f). ---------------------------------------------------------------------------------------------- - 167 - 

Figure 6. 5: a) Hydration pressures, phyd(H), and b) water diffusion coefficients for n = 

1 ï 6 nanochannels calculated using initial (Hinit) and relaxed (Hfinal) nanochannel heights. 

Blue dashed line in b) is the bulk water diffusion coefficient. Error bar is evaluated with 

standard error of the mean (SEM). -------------------------------------------------------- - 168 - 

Figure 6. 6: Properties of nanoconfined monolayer water obtained from the flexible n = 

1 model. a) Two-dimensional O-O radial distribution function (solid line) and two-

dimensional O-O coordination number (dashed line), b) two-dimensional O-O-O angle 

distribution, c) mean squared displacement of O atoms in the y-direction and d) 

representative snapshot of the xy-plane. -------------------------------------------------- - 171 - 

 

Figure S6. 1: a) MD and b) GCMC simulation setups employed to obtain initial water 

densities. Carbon atoms are represented by black spheres or lines and water molecules 

are represented by blue and white spheres. The blue dashed line in b) represents a 

hypothetical liquid water reservoir that is not explicitly simulated. ----------------- - 180 - 

Figure S6. 2: Comparison of dry n = 4 nanochannel collapse using a) rcut = 1.2 nm and 

b) rcut = 2.0 nm. ----------------------------------------------------------------------------- - 182 - 

Figure S6. 3: Oxygen density profiles, ”ὕᾀ, across the nanochannel height for n = 1 (a) 

ï 6 (f) for flexible model (solid lines) and rigid models using Hinit (dashed lines). - 185 - 

Figure S6. 4: Properties of bulk TIP4P/2005 at 298 K and 1 bar. a) radial distribution 

function, ὫσὈὶ, and coordination number, ὲσὈὶ, for oxygen-oxygen pairs shown with 

solid and dotted line, respectively. b) mean squared displacement of water molecules up 

to t = 100 ps. c) water diffusion coefficients, D, plotted against the reciprocal of 

simulation cell side length, L. The dashed line is a linear fit. ------------------------- - 188 - 

Figure S6. 5: Dependence of two-dimensional O-O-O angle distributions, ὖ—, on the 

nearest neighbour cut-off using cut-offs of 0.28, 0.32, 0.36, 0.46, 0.50 and 0.56 nm for 

the flexible n =1 nanochannel model. ---------------------------------------------------- - 190 - 

Figure S6. 6: a) three-dimensional radial distribution function, ὫσὈὶ, for oxygen-oxygen 

atom pairs and b) mean-squared displacement (MSD) of water in the y-direction between 



 - 14 - 

t = 0 and 100 ps for n = 1 (black), n = 2 (red), n = 3 (green), n = 4 (blue), n = 5 (orange), 

n = 6 (purple) flexible nanochannel models. -------------------------------------------- - 191 - 

Figure S6. 7: Comparison of monolayer water properties in flexible n = 1 nanochannels 

between the Amber / TIP4P/2005 potential (black lines) and the Werder28 / SPC/E 

potential (red, dashed lines) including a) density profile, ”ὕᾀ, b) two-dimensional O-O 

radial distribution function, ὫςὈὶ, and its integral, ὲςὈὶ (dotted lines), c) in-plane O-O-

O angle distributions, ὖ—, using a neighbour cut-off of 0.28 nm, d) MSD of water in the 

y-dimension, e) total graphite-water potential energy across the nanochannel height and 

f) representative simulation snapshots of the monolayer obtained using the i) Amber / 

TIP4P2005 potential and ii) Werder28 / SPCE potential. ----------------------------- - 196 - 

Figure S6. 8: a) interlayer distance distribution, P(H), and b) representative simulation 

snapshot of the central region of the flexible n = 1 nanochannel using the Werder28 / 

TIP4P/2005 potential. ----------------------------------------------------------------------- - 197 - 

 

  



 - 15 - 

List of tables 

Table 3. 1: Value of surface charge for each GO membrane model and the number of 

counter ions required to neutralise the simulation box. ---------------------------------- - 68 - 

Table 3. 2: List of chemical potentials value used in this study. ----------------------- - 69 - 

 

Table S3. 1: Molar mass of each GO layer in GO membrane models used in Equation 

3.2 to calculate the amount of water adsorbed, M, in the GO membrane. ------------ - 89 - 

 

Table 4. 1: List of GO models used in this study and the value of surface charge from 

deprotonation of OH functional groups. Each charged model is fabricated for four H 

values of 0.8, 0.9, 1.0 and 1.3 nm while the neutral model is fabricated in three H values 

of 0.8, 0.9, and 1.0 nm. --------------------------------------------------------------------- - 106 - 

Table 4. 2: Mass of water adsorbed, M (wt%), in GO membrane with interlayer distance, 

H, respective to the relative humidity (RH). Experimental data are from Liu et al. [14] 

and our own adsorption experiments. The M of GO model at RH = 100% is provided in 

Table S4.1 in the SI. The error is determined by calculating the standard error of the 

mean (SEM). --------------------------------------------------------------------------------- - 115 - 

 

Table S4. 1: The amount of water adsorbed, M, in GO membrane model at RH = 100% 

and H = 1.3 nm for 10QGO, 20QGO and 30QGO. ------------------------------------ - 128 - 

Table S4. 2: The amount of water adsorbed, M, in isolated pores of d0QGO at RH = 10% 

across all three models and their average with different limit of cluster size. ------ - 128 - 

 

Table 5. 1: The ὨὌὨὔ and ὨὓὨὔ of each GO membrane model and the amount of water 

adsorbed, the interlayer spacing at the final cycle ὌὪὲά and the amount of water 

uptake in the final cycle ὓὪύὸϷ. -------------------------------------------------------- - 149 - 

 

Table 6. 1: Summary of properties of hydrated nanochannels including the number of 

graphene spacers (n), the initial nanochannel height Hinit, the area water density, r2D, the 



 - 16 - 

final height, Hfinal, the hydration pressure for nanochannels with initial, phyd(Hinit), and 

final nanochannel heights, phyd(Hfinal), diffusion coefficient in the flow direction, Dy, and 

the number of hydrogen bonds per water molecule, nHB. ------------------------------ - 164 - 

 

Table S6. 1: Final area densities, ”ςὈ, obtained from two the separate simulation setups 

based on MD and MC simulations that are shown in Figure S6.1. ------------------ - 181 - 

Table S6. 2: Diffusion coefficients (  10-5 cm2 s-1) for flexible and rigid nanochannel 

models. The rigid data was calculated using the initial nanochannel height, Hinit. Errors 

are less than 0.3  10-5 cm2 s-1. Although calculated using Equation S6.4, diffusion 

coefficients in the z-direction are in the sub-diffusive regime. ----------------------- - 192 - 

 

  



 - 17 - 

Abstract 

Graphene Oxide (GO) has attracted significant attention from researchers since the 

1850s, but it experienced a resurgence of interest in 2004 with the pioneering work of 

Geim and Novoselov. GO, a derivative of graphene, in a multi-layered membrane 

structure, possesses unique properties such as fast water permeation and high selectivity 

making it an interesting candidate for the purification process. One of the intriguing 

characteristics of the GO membrane is the swelling phenomena in the presence of water 

or a humid environment. The ability of the membrane to swell allows for the tuning of 

the interlayer spacing to be used for various applications such as desalination and 

adsorption. 

This thesis explores the swelling phenomena of GO membrane, with a focus on the 

molecular level interactions that govern this process. The study incorporates both Monte 

Carlo (MC) and Molecular Dynamics (MD) simulations to gain a deeper understanding 

of the membrane behaviour under different humidity conditions besides providing insight 

into the development of a better GO membrane model to be employed in computational 

studies. Chapter 3 investigates the effect of surface charge on the water uptake in GO 

membranes at various humidity levels and how the presence of surface charges modifies 

the adsorption isotherm of GO membranes. Chapter 4 takes the complexity of GO 

membranes to another level by integrating both complex morphology and surface charges 

to study water adsorption at various humidity levels, providing insight into the dynamic 

morphology and surface chemistry of GO membranes at various humidity levels and the 

interplay between these factors. Chapter 5 demonstrates the combination of MC and MD 

simulation techniques to explore the effect of surface charges on the swelling dynamics 

of GO membranes at high humidity and demonstrate that surface charges have a high 

influence on swelling. Chapter 6 delves into the stability of graphene nanochannel at 

various channel heights. 
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Chapter 1: Introduction 

Abstract 

This chapter provides a brief introduction to graphene and its derivative, graphene oxide 

by looking back at the history of graphitic material being oxidised and how the simple 

method of isolating graphene layer has revolutionised the field. The hydrophilicity of 

graphene oxide and its multilayer counterparts give them interesting properties that 

attract the interest of many researchers. One of the key aspects is the ion sieving 

properties and how it is influenced by the swelling of the interlayer spacings. The aim of 

making the membrane useful for desalination and purification process leads to the study 

of the swelling of the membrane that includes a method of tuning the size of the interlayer 

spacings and investigating the factors that affect the swelling. The interest in the topic of 

graphene oxide membranes extends to computational studies that help characterise the 

membrane from the microscopic level and the development of a sophisticated model of 

GO membranes to mimic the real materials. The final part of this chapter provides an 

overview of the thesis. 
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1.1 From Graphene to Graphene Oxide 

Graphene oxide is a material that has been of interest to many researchers with thousands 

of studies in the past few decades. The interest in this material, however, dates further 

back to the 1850s when B. C. Brodie [1] first reported the method of oxidising graphite, 

the precursor of graphene oxide. Back then, the material was known as graphite oxide, as 

the process of oxidation was done over the multi-layered graphite structure. The interest 

in this material was relatively dormant until 2004 when Andre Geim and Konstantin 

Novoselov revolutionised the field by introducing a simple and practical method of 

isolating a single layer of graphene from the multi-layered graphite structure. Their 

ground-breaking work, which involved a surprisingly simple technique using a piece of 

sticky tape to yield graphene flakes, ultimately earned them the prestigious Nobel Prize 

[2]. The novel method presented by Geim and Novoselov reignited the interest of 

researchers from all over the world in this material. The popularity of graphene has 

increased dramatically among researchers due to the multiple interesting properties that 

this material possesses such as high mechanical stability, and good thermal and electric 

conductance among others. [3ï5] The one-atom layer thick graphene is very versatile as 

it could be used in many applications of 2D materials either on its own or for making 

other new materials and composites. [6,7]  

 

One of the most sought-after derivatives of graphene is graphene oxide (GO). GOs are 

fabricated by oxidising the one-atom-thick graphene with oxygenated functional groups. 

Oxidation of graphene into GO is the process of adding oxygenated functional groups on 

the plane and edges of the graphene flake. The planar surface of GO is usually occupied 

by epoxy and hydroxyl groups while the edges are terminated by hydrogen, carboxyl and 

carbonyl groups. [8,9] The two most recognised methods were those presented by B. C. 

Brodie [1] and by W. C. Hummers. [10] These two techniques of adding functional 

groups to graphene are known as the Brodie method and the Hummers method. The two 

techniques differ in terms of the oxidising agent used during the process and the number 

of oxidation cycles. With the Brodie technique that was invented in the 1850s, GOs are 

produced by multiple cycles of oxidation with fuming nitric acid and sodium chlorate. 

The process was then modified by L. Staudenmaier in 1898 by using a mixture of 

concentrated sulfuric acid and nitric acid as the oxidising agent so that the oxidation 

process can be done in only one oxidation cycle. [11] The Hummers method uses a more 
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aggressive approach to oxidise graphene by using potassium permanganate and 

concentrated sulphuric acid as oxidising agents in just one oxidation step and this method 

was patented in 1958. [10] Although both techniques have their advantages and 

disadvantages besides resulting in a different degree of oxidation on the product, the 

Hummers method has gained widespread popularity over the past decades. [12ï14] 

Regardless of the oxidation method employed, the resulting product is still commonly 

referred to as graphene oxide. [8,15] 

 

Among the many studies on GOs, there is a substantial interest in the multi-layered GO 

flakes which are also known as GO membranes. GO membranes are made up of stacks 

of GO flakes that can be fabricated in many ways such as layer-by-layer assembly and 

vacuum filtration method. Figure 1.1 shows the structure of graphene functionalised into 

GO and the schematic of multi-layered GO membranes. The fabrication process of GO 

membranes leads to a disordered structure characterized by imperfect stacking of the 

flakes. Additionally, the oxygenation process may introduce defects in the flakes, further 

contributing to the overall complexity of the GO membrane structure. [16ï19] 

 

 

Figure 1. 1: a) VMD-generated representation of graphene and graphene oxide (GO) 

flakes. b) A schematic representation of GO membranes that shows the interlayer spacing 

and the offset which has recently been incorporated in computational studies to represent 

the complexity of the real materials. Black is the graphene backbone, red is oxygen atom, 

and white is hydrogen atom. 
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Quite a few studies have been performed on GO membranes for various applications. 

[20ï29] One of the interests in GO membranes is the swelling phenomenon that can be 

observed even at low humidity. [14,26,30,31] This unique characteristic of GO 

membranes sets them apart from their graphitic materials family which has strong 

restrictions on water permeation. The addition of oxygenated functional groups changes 

the surface chemistry of the GO membrane making it hydrophilic. The swelling of the 

GO membrane makes it a great adsorbent as it could uptake a high load of water by 

expanding its interlayer spacing to accommodate more water layers. Besides, in 

purification processes such as desalination, the swelling of the interlayer spacing creates 

permeation channels for water to permeate through. However, too much swelling 

degrades the performance of the membrane as it reduces the membrane selectivity and its 

mechanical stability. [9,32,33] Research into the swelling behaviour of GO membranes 

has been pursued through experimental and computational approaches, aimed at gaining 

a deeper understanding of this phenomenon and the variables that may influence it. 

Additionally, efforts have also been made to explore methods of controlling and tuning 

the interlayer spacings for specific applications. [26,34ï39] 

 

1.2 Swelling of GO membranes  

1.2.1 Experimental observations 

The swelling of the GO membrane is defined as the increase in the size of the interlayer 

spacing. The shift in interlayer spacing is observed when GO membranes are in contact 

with polar solvents. Swelling is not observed in non-polar solvents such as benzene. [40] 

Due to the hydrophilic nature of the membranes, swelling is also observed when GO 

membranes are exposed to a humid environment. [14,26,30] The size of interlayer 

spacing of GO membrane in a ñdryò state is approximately ~0.7  0.1 nm. [14,26,30] 

There is a debate among researchers on whether the membrane is completely dry with 

zero water content since there is a high variability of reports on the size of interlayer 

spacing in a ñdryò state. [41] Water adsorbed in GO membranes can be characterised into 

two categories: the first is tightly bound to the GO flakes and has low mobility while the 

second is more mobile and exhibits bulk liquid properties. [42] The water that is strongly 

bonded to the flakes is adsorbed during the initial stage of the sorption process and is 



 - 27 - 

harder to remove. The tightly bound water might stay within the channel, even after a 

thorough oven drying process, contributing to the observed variability in reported 

interlayer spacing size for dry membranes. This confusion is further clarified by Williams 

et al. with a computational approach showing that at an interlayer spacing of 0.7 nm, 

there is about 15 wt% (wt% is weight by weight percentage) of water trapped within GO 

membranes. [18] 

 

In the presence of water intercalating between the GO membrane channels, the swelling 

of the interlayer spacings could go up to ~1.3  0.1 nm when fully hydrated. [14,26] In 

the case of swelling of GO membranes in a humid environment, the increment of 

interlayer spacing occurs gradually up to 1.0 nm near the saturation point. [14,30] The 

size of interlayer spacing is measured experimentally with the x-ray diffraction (XRD) 

method by looking at the shift of the d(001) diffraction peak as shown in Figure 1.2. 

[14,26,30] The gradual shift is observed with interlayer spacing increments less than the 

size of a water molecule. [41] This small and gradual change is hypothesized to arise 

from the random interstratification effect, where the sorption of water does not occur 

simultaneously in every channel within the membrane and the resulting d(001) peak shift 

is the average over dry and hydrated channels. [42,43] However, not every research group 

concurs with this hypothesis. Considering that each channel of GO membranes possesses 

a similar density of oxygenated functional groups, the affinity towards water molecules 

is equally probable. 
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Figure 1. 2: XRD scan of GO membrane from experiment. [26] This figure is obtained 

from: https://doi.org/10.1038/nnano.2017.21 and has been licensed to be used in this 

thesis under the license number: 501847219. 

 

The concept of interstratification is further expanded in terms of the favourable location 

for adsorption within a GO membrane channel. At low humidity, the adsorption process 

is highly driven by the oxygenated functional groups. [14] On each GO flake, the position 

of the functional groups is randomly distributed and results in two different regions within 

the membrane channel, known as the pristine and the oxidised region. During adsorption 

at low humidity, water is adsorbed in the oxidised region where the functional groups are 

present, while the pristine region remains dry, and this is known as the effect of 

ñintrastratificationò. [31] This effect is demonstrated experimentally with a bilayer of GO 

flakes by observing the protrusions on the GO flakes where water is being adsorbed. The 

overall shift in the XRD diffraction peak is lower than the size of a water molecule as the 

size of interlayer spacing calculated is the average over the dry and the wetted channel. 

https://doi.org/10.1038/nnano.2017.21
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[31] Additionally, intrastratification contributes to the broadening of the XRD peak, as it 

results from averaging over the dry and wetted (protrusion) region within each channel. 

With increasing humidity, more water is adsorbed around the favourable sites, leading to 

the formation of protrusions of various sizes.  

 

The swelling and adsorption of water in the GO membrane are influenced by many factors 

such as the density of functional groups, aging, and pH of the solution to name a few. 

[14,44ï46] The density of functional groups within a GO membrane is typically 

expressed in terms of carbon to oxygen ratio, C/O. A highly oxidised GO membrane with 

low a C/O ratio is commonly linked to a faster loading and a larger size of interlayer 

spacing at a dry state. [9,14] The ageing effect of GO membranes, as demonstrated by 

Iakunkov et al., [46] does not show a strong influence on water. The study revealed that 

even after 5 years of storage, a GO membrane still exhibited substantial swelling, 

expanding up to 1.3 nm when immersed in liquid water. The effect of ageing is more 

pronounced in another polar solvent such as alcohol where the expansion of the lattice is 

nearly negligible after long-term storage. [46] The pH of solutions governs the surface 

chemistry of the GO membrane where the functional groups can exist in either a 

protonated or deprotonated state depending on the pKa of the functional groups and the 

pH of the solution. [44,45,47] At low pH, most of the functional groups are in protonated 

states and provide stability to the membrane and provide resistance to swelling. At high 

pH, the ionisation of functional groups leads to a significant electrostatic repulsion, which 

in turn diminishes the mechanical stability of the GO membrane. [44,45,47,48] 

 

The swelling of the GO membrane is directly linked to the solvation pressure exerted by 

confined water within the membrane channel and the negative surface charge from the 

deprotonation of functional groups. [45,47,49,50] Adsorption of water within the 

membrane channel occupies the free pores and this confined water exerts a solvation 

pressure against the GO channels. The solvation pressure of confined water within the 

GO channel is recorded to be more than 200 bar. [49] The surface charges on GO flakes 

resulted from the deprotonation of functional groups, where they donate their proton to 

water molecules forming hydronium ions. [48] The surface charge of GO membranes is 

reported to be within -120 mC/m2 to -10 mC/m2. [45,47,50] This wide range is due to the 
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difference in C/O ratio on the GO membranes and the various densities of functional 

group type as each GO membrane produced is unique. The surface charges result in 

electrostatic repulsion between the GO flakes and have a strong influence on the dynamic 

of swelling.  

 

Now that we understand how the adsorption of water within the GO membrane can lead 

to the expansion of the membrane lattice and that the process occurs gradually in a humid 

environment, let us look at research that has been done to control the swelling and tune 

the interlayer spacing.  

 

1.2.2 Approach to limit swelling 

Multiple approaches have been explored to limit and tune the swelling of GO membranes 

for various applications. Physically confined GO membranes sandwiched between epoxy 

encapsulation show a good limitation to swelling and the ability to tune the size of 

interlayer spacing to a certain desired size. [26] The size of interlayer spacing of the 

physically confined GO membranes could be tuned between 0.7 to 1.0 nm in the presence 

of water. At this size of interlayer spacing, the membrane retains its sieving properties 

and is effective in excluding ions from permeating through. Besides physical 

confinement, cross-linking the GO flakes with polymers is another method proposed to 

control the swelling of the GO membrane. [34ï37,51] Polymers are attached to opposing 

GO flakes to hold them together in the presence of intercalating water. The strength of 

the polymer linker to resist swelling depends on the type of polymer used. Studies on GO 

membranes cross-linked with polymers such as poly(acrylic acid), PAA, hyper-branched 

polyethylenimine, HPEI, and ethylenediamine, EDA, show a good performance indicated 

by fast water permeation and high rejection towards salt ions. [34ï37] Another proposed 

method of linking two GO flakes together is by using cations such as potassium and 

sodium. [39] The cations cross-link the opposing GO flakes via the surface functional 

groups where the size of interlayer spacing is dictated by the type of cations used. 

[38,39,52] The presence of cations within the channel retains the physical sieving of large 

ions by controlling the size of the interlayer spacing below 1 nm and at the same time 

provides an additional ion rejection mechanism by repelling ions of the same charge. [39] 

A study by Chen et al. shows a massive reduction in ion permeation rate in GO membrane 
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linked by cations (Figure 1.3). A more direct way of tuning the size of GO membranes 

is by changing the chemical composition of the flakes. The GO flakes are reduced by 

heating them to partially remove the oxygenated functional groups. [53,54] Reduced GO 

(rGO) shows a smaller size of the interlayer spacing due to a higher C/O ratio and 

therefore, is less hydrophilic. As a result, the rGO have a slower water uptake and smaller 

hydrated interlayer spacing as compared to GO membranes. [14,54] 

 

 

Figure 1. 3: a) and b) show that GO membrane linked with potassium, K+, have a good 

rejection towards other cations. Snapshots from Ab Initio Molecular Dynamics showing 

two GO flakes linked by c) sodium (Na+), d) potassium (K+), and e) lithium (Li+). This 

figure is obtained from: https://doi.org/10.1038/nature24044 [39] and has been licensed 

to be used in this thesis under the license number: 5633760923444. 

 

1.2.3 Computational approach to the characterisation of GO membranes 

The interest in GO membranes has also extended to research groups that employ a 

computational approach. Experimental results have shown so much advancement and 

have enlightened us with the properties of GO membrane such as fast water permeation 

https://doi.org/10.1038/nature24044
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and its high selectivity. However, there are limitations to it that require the intervention 

of computational studies. The computational approach provides a way to understand the 

properties of GO membranes by looking at the microscopic details that are impossible to 

obtain from the experimental procedure such as the direct interactions between each 

functional group with water and the effect of topological defects at a small scale to name 

a few. Computational studies on the properties of GO membranes have evolved starting 

from a simple slit pore structure with few adsorption sites to a complex and more realistic 

model of GO membranes. 

 

A simple model of GO and the functional group as adsorption sites provide the initial 

insight into characterising a GO model. A work by Jorge et al. uses a slit-like model of 

GO with oxygenated groups such as carboxyl and hydroxyl. [55] The study investigates 

the effect of having the functional groups in various configurations and its influence on 

water uptake. The outcome of this study has opened the door to the development of a 

more realistic structure for GO membranes that could replicate experimental data while 

simultaneously offering a microscopic level of details and explanations. The general 

interest in GO membranes has been due to their possibility to be employed as a membrane 

for purification processes such as desalination. Studies on the dynamic properties of GO 

membranes as a function of various factors have been investigated. Besides, various 

approaches have been employed to enhance the complexity of GO membranes to closely 

mimic the real-life structure. This effort is essential to achieve results that are accurate 

and able to precisely describe the properties of the actual material. The complex structure 

of GO membranes that have been incorporated from computational perspective elements 

are the offsets with different types of functional groups (see Figure 1.1), defects on the 

GO flake plane and the non-uniform layers of GO flakes. In a study conducted by Qiu et 

al., it was demonstrated that the permeation of water through the offsets is influenced by 

the type of functional groups present at the edges. [56] The study shows that the ion 

sieving property of GO membranes is stronger near the edges and the type of functional 

groups present on the edges determines the selectivity of the membranes due to the steric 

effect. [29] Another study by Chen et al., revealed that the mechanism of ion sieving in 

GO membranes is due to the strong energy barrier of dehydrating water shells around 

solvated ions. [23] The small interlayer spacing of GO membranes and the small gap 

around the offsets are impenetrable by ions with large hydration shells due to the high 
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energy penalty of removing the water shells. The energy required for breaking the 

hydrogen bonds between the ion and its water shell is stronger in higher valent ions and 

ions with larger hydration shells. Numerous other studies have also examined the 

permeation rate of water, as well as the rejection of various salt solutions, to demonstrate 

the versatility of the membrane. [20,21,23ï27,51] In a study by Konatham et al., the 

effect of defects and different types of functional groups around the defects is 

investigated. [22] The study revealed that the factors affecting the rejection of salt ions 

are a combination of steric and electrostatic effects. The study is then expanded by Fang 

et al. which includes the deprotonated state of the functional groups to further 

demonstrate the electrostatic effect of GO on ion rejections. [57]  

 

The effort to add more complexity to GO membranes by mimicking the vacuum-filtration 

method of fabricating GO membranes was carried out by Williams et al. [19] This 

approach to modelling GO membranes results in a complex topological structure with a 

non-uniform layer of GO laminates (see Figure 1.4a). This structure is a better 

representation of multi-layered GO membranes where the layering is a result of 

interaction between the GO flakes mediated in water and not a pre-determined structure. 

GO flakes are well known to have a wavy flake where the ripples and wrinkles are a result 

of adding functional groups that change the surface tension of the graphene backbone. 

The model developed by Williams et al. demonstrates the complexity by having a planar 

layer and irregular pores that are not typically found in a more simplified GO membrane 

model. The method has then been extended further by Reddy et al. which carries out the 

process with a higher number of GO flakes (see Figure 1.4b). [25] Almost a similar 

approach has also been carried out by Chen et al., but instead of applying a pulling force 

on the individual GO flakes, the approach uses a piston to apply pressure on the 

suspended GO flakes to compress them and remove the excess water (see Figure 1.4d). 

[24] Currently, these models represent the sophisticated morphology of the GO 

membranes showcasing a high degree of complexity to represent the real materials.  
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Figure 1. 4: Computational method for producing GO membrane with a higher degree of 

morphology complexity proposed by a) Williams et al., [19] b) Reddy et al., [25] and d) 

Chen et al. [24] that results in a sophisticated model of GO membranes. c) Ab Initio MD 

simulation snapshot that shows the deprotonation reaction between hydroxyl functional 

groups and water molecules that resulted in a net negative surface charge on GO the flake 

surface demonstrated by Mouhat et al. [48] This figure is obtained from: a) 

https://doi.org/10.1039/C7NR07612F, b) 

https://doi.org/10.1080/08927022.2021.2000978, c) https://doi.org/10.1038/s41467-

020-15381-y, d) https://doi.org/10.1016/j.memsci.2022.120863 and has been licensed to 

be used for this thesis under the license number: a) 13992121 and d) 5633781275028. 

 

While complexity does not always equate to realism, it is an approach in the right 

direction if the complex model is able to validate experimental data. Simplicity is always 

sought after in computational studies to minimize computational costs; however, it is 

crucial to exercise caution to ensure the simplifications does not lead to deviations from 

the reality. In this thesis, we introduce an additional layer of complexity to the GO 

membrane model, highlighting its critical importance in addressing the swelling of GO 

membrane depending on the environmental factors which is humidity. This additional 

https://doi.org/10.1039/C7NR07612F
https://doi.org/10.1080/08927022.2021.2000978
https://doi.org/10.1038/s41467-020-15381-y
https://doi.org/10.1038/s41467-020-15381-y
https://doi.org/10.1016/j.memsci.2022.120863















































































































































































































































































































































