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Filtration behavior of graphene oxide membrane with 

size-differentiated nanoflake and desalination performance 

enhancement by atomic layer deposition

Tae-Nam Kim

Department of Civil & Environmental Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Multi-layered GO membrane (GOM) that is composed of atomic thick 

(0.34nm) graphene oxide (GO) flakes are mostly studied by researchers 

due to its unique water transport system, high chemical and mechanical 

stability. However, their low salt rejection efficiency and significant 

decrease of water permeability limit their wide application in water 

desalination. This research aims to understand the water transport 

mechanism and enhancing GOM performance. To investigate GOM 

behavior during filtration, GOMs composed with different sized GO flakes 

were applied. Moreover, on the purpose of enhancing water purification 

performance, a novel surface nano-functionalization method, atomic layer 

deposition (ALD) was applied. It was observed that water molecule 

transportation through GOM is limited by enveloped region where edge 
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and basal plane of each GO meets. Interlayer space of wet state GOMs 

by X-ray diffractometer revealed that smaller GO stacked membrane 

possesses more enveloped region. Due to the narrowed nanochannel of 

GOM, water filtration with larger GO stacked GOM showed two folds 

higher permeability than GOM containing smaller GO nanoflakes. This 

study suggests that any modification of GOM that could affect the 

microstructure of membrane should consider such invariance of structural 

defects of GOM. ALD allowed for the formation of an ultra-thin Al2O3

layer (1.44nm) on the surface of GOM, due to the strong chemisorption 

of Al2O3 precursor, trimethylaluminum to GO. Atomically thin coating of 

Al2O3 layer enhanced water permeability (from 40LMH/bar to 75LMH/bar) 

and NaCl rejection up to 67.4%, overcoming the trade-off between 

permeability and selectivity. This enhanced filtration performance is 

mainly attributed to the changes of surface electrochemical properties 

without affecting the GOM microstructure. X-ray diffraction, X-ray 

photoelectron spectroscopy, Fourier-transform infrared spectroscopy and 

water contact angle were performed to investigate the effect of ALD on 

the physico-chemical properties of GOM. The distinctive features of ALD 

to the GO membrane may contribute towards enhancing its wider 

application in water desalination.

Key words: Graphene Oxide, Graphene Oxide Size, Atomic Layer Deposition, 

Salt Rejection, Membrane Technology, Water Desalination
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산화그래핀 여과막의 물여과 특성 평가 및 여과성능 향상

을 위한 원자층증착법의 적용

김 태 남

한국해양대학교 대학원

토목환경공학과

초록

최근 2차원 탄소계 물질인 그래핀옥사이드(graphene oxide, GO)가 차세대 

여과막 소재로 각광받고 있다. GO는 두께가 탄소분자 1개 원자층(0.34nm) 

정도로 매우 얇고, 탄소원자간 sp2 결합으로 인해 화학적으로 매우 안정하

며 산소계 작용기(-OH, COOH 등)의 작용으로 매우 친수성을 가진다. 하지

만 GO 나노입자의 높은 친수성으로 인해 물 여과 시 내부 구조가 수화하

여 염 제거율이 ~50%정도로 매우 낮아진다. 더불어,  수화된 GO 여과막은 

물 여과 시 구조가 압밀화(compaction)되어 수 시간동안 초기 물 투과율 

대비 10%수준으로 감소하는 현상이 최근 발견되었다. 본 연구에서는, 1. 

물 여과시 GO 나노여과막의 내부 구조 특성 파악을 위해 서로 다른 입자

의 GO 나노입자를 적층한 나노여과막을 제작하여, 여과막 내부 구조 특성 

및 여과성능을 평가하였고 2. 여과막 표면을 나노수준으로 개질할 수 있는 

원자층증착법(Atomic layer deposition, ALD)을 적용하여 담수화 성능을 평
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가하였다. GO 나노입자의 크기가 작을수록 GO 여과막의 내부층 나노채널

의 크기가 감소하고 균일도가 높게 관찰됨을 XRD를 통해 확인하였다. 여

과막의 압밀화현상에 의한 여과율 감소는 나노입자가 가장 큰 여과막이 

제일 적게 나타났으며, 투과율이 안정화 된 상태에서 측정한 물 투과율은 

큰 입자로 이루어진 여과막이 16.6kg/m2hr/bar, 작은 입자로 이루어진 여과

막은 8.4kg/m2hr/bar로 약 2배의 차이를 보였다. 표면을 나노단위 수준으로 

코팅하는 원자층증착기술을 통해 GO 여과막에 Al2O3가 증착두께 

0.16nm/ALD cycle로 증착됨을 확인하였으며, ALD에 의해 GO 여과막의 표

면이 산소계 작용기로 개질됨을 XPS와 FT-IR을 통해 확인하였다. 물 투과

율과 염 제거율이 동시에 증가함을 관찰하였다. ALD를 9번까지 증가시킨 

GO 여과막은 NaCl 제거율이 기존 40% 대비 67%로 약 2배 증가하였으며 

물 투과율 또한 40LMH/bar에서 75LMH/bar로 증가하였다. 이와 동시에 

ALD 에 따른 GO 여과막의 내부구조 변화와 여과막의 손상은 발생하지 않

음을 XRD와 Raman을 통해 확인하였다. 

주제어: 그래핀옥사이드, 그래핀옥사이드 여과막, 원자층증착법, 염 제거, 여과막

기술, 담수화
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Chapter 1. Introduction

Membrane filtration technology is one of the most effective solution 

for clean water production. As demand of clean water increased, various 

membrane technology has been developed based on membrane pore size 

tuning (from microfiltration to reverse osmosis), osmotic pressure 

application (forward osmosis and pressure retarded osmosis) over past 

centuries. The most important compartment of membrane filtration 

technology is semipermeable membrane where pollutants (ion, suspended 

solids, heavy metal, etc.) are separated from water. The most widely 

used membrane is composed of polymers due to their relatively cheap 

price and feasibility to meet required pollutants removal efficiency from 

water. The dominant factor affecting pollutant removal efficiency and 

total operational considerations is pore size of semipermeable membrane. 

For this reason, membranes are classified into four types, microfiltration 

(MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). 

As illustrated in Fig. 1.1, each type of membranes are used to meet 

required water quality.

Up to date, polymeric membrane is world-widely selected for all 

classification of membranes due to their relatively cheap price and 

feasibility to fabricate and modify to meet their needs. However, 

polymeric membranes possess limitations on chemical and mechanical 

stability. Especially, when it comes to desalinate seawater, chemical 

degradation of NF and RO membranes by chlorinated compounds from 

pre-treatments of filtration limits its sustainability (Avlonitis et al., 1992). 

Such chlorination of polymeric membranes (i. e., polyamide, cellulose 

acetate) accelerates the hydrolysis, consequently, unwanted defects 
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occurs where salts and solids penetrate the membrane.

Fig. 1.1. Classification of semipermeable membranes by pore size

To overcome the existing membrane challenges, new class of carbonic 

nano-material, graphene oxide (GO), which is single layer of highly 

oxidized graphite is recently studied for water filtration membrane 

(Anand, A. et al, 2018; Zheng, S. et al, 2017, MI, B. et al., 2018). Due to 

the various oxygen containing functional groups on the two-dimensional 

(2D) structure with the thickness of around 1nm, the GO laminate 

becomes hydrophilic that is advantageous in water filtration. Moreover, 

carbonic sp2 bonds of single GO nanoflake exhibits extremely strong 

chemical stability. Most popular form of GO membrane (GOM) used for 

water filtration is laminarly stacked GO laminates where 2D laminar 

interlayer space between adjacent GO nanosheets act as major water 
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pathway.

To successfully desalinate water, the size of interlayer space of GOM 

for ion sieving from water should reach less than 7Å to reject hydrated 

sodium (Na+, with a hydrated radius of 3.6Å) from water (Dayer, D. R. 

et al., 2010). However, due to the elastic and hydrophilic nature of GO 

nanoflake, nanochannel size dramatically increase to 15Å. Such swelling 

behavior of GOM under wet state exhibits around 50% of NaCl rejection 

during filtration (Mohammad, A. W. et al., 2015). 

Various efforts have been attempted to overcome such issues of 

ion-sieving GOMs. Researchers have applied polymers to cross-link 

agents between adjacent GO nanoflakes via covalent bonding polymers 

(Kim, S. et al., 2018). As a result, polymer loading inhibited the swelling 

of the GOM hence showing improved salt rejection. However, narrowed 

interlayer space resulted in a significant decline in water permeability, 

71.2% and 74.8% for deionized (DI) water and salt water, respectively. 

Another modification of GOM aimed to reduce the interlayer space by 

the chemical reduction of oxygen-functional groups of GO (Yang, E. et 

al., 2017). To complement the reduced permeability, additional 

polydopamine (pDA) coating was performed on the surface of GOM by 

PDA solution. This PDA coating layer improved the efficiency of 

rejecting pollutants, but decreased water permeability due to the 

increased membrane thickness. 

Very recently, dramatic and continuous flux decrease during 

pressurized GOM filtration process is reported by (Chong, J. Y. et al., 

2018). The authors state that flux declined to 10% of its initial flux after 

12 hours of filtration due to the compaction of interlayer space of 

adjacent GO. To our best knowledge, there has been no researches fully 
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discuss about this issue yet. 

In conclusion, aforementioned issues of low salt rejection and 

continuous water flux decline rely on the understanding of 

microstructure of GOM. (Klechikov, A. et al., 2015; Talyzin, A. V. et al., 

2014) declared that unlike parallelled 2D nanochannel of GOM, actual 

GOM microstructure consists of disorders due to the elasticity of GO so 

that careful considerations on modification of GOMs should be 

performed.

In this study, microstructural behavior during water filtration by GOM 

is investigated by differentiating GO nanoflake size to find a 

microstructural factor that influences the filtration performance of GOM. 

It is reported in (Klechikov, A. et al., 2015) that current GOM structure 

is over simplified that hinders the actual dynamics of water fluids within 

GO nanoflakes. Our hypothesis is that GOM with smaller GO stacked 

membrane may form such denser structure when pressurized than that 

of larger GO stacked one. Then, GOM is modified to develop salt 

rejection and water filtration performance via unique coating method 

that functionalizes the surface of substrate by sub-nanometer level, 

atomic layer deposition (ALD). As mentioned above, such coating 

methods decrease the membrane filtration performance because of 

increased membrane thickness and structural disorders occurrence during 

the modification. There are a few cases of applying ALD to membrane 

functionalization. However, Via ALD is a process that coating is 

processed under dry condition with relatively low temperature (50~150℃). 
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Fig. 2.1. Water transport and ion (salt) sieving mechanisms of 

multi-layered GO membrane

Chapter 2. Literature review

2.1 GO membranes behavior during water filtration

There are three major mechanisms of ion-sieving by GOM as 

illustrated in Fig. 2.1, size exclusion via interlayer space, defect on GO 

nanoflake and electrostatic repulsion between ions and oxygen containing 

functional groups on GOM. As mentioned in chapter 1, interlayer space 

is governing factor that influences both water permeability and ion 

rejection efficiency. In case of multi-layered GOM, interlayer space 

between laminarly stacked GO nanosheets is regarded as one of the 

most important factor on filtration performance (Yang, E. et al., 2018; 

Nair, R. R. et al., 2012; Zheng, S. et al., 2017; Zhao, Y. et al., 2016; 
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Kim, S. et al., 2018; Huang, L. et al., 2015; Mi, B. et al., 2018). 

Up to now, as proposed by (Nair, R. R. et al., 2012), length of GO 

nanoflake hinders the water permeability as larger GO nanosheet 

provides longer pathway through GO stacked layers. Currently applied 

GOM permeability calculation model is classic Hagen-Poiseuille (H-P) 

equation, considering the size of GO flakes as tortuosity, as well as 

interlayer space as pore size and membrane thickness. However, H-P 

and other related calculation models over-simplify the GOM 

microstructure that such perfect laminar structure is impossible to be 

made especially during the mostly used solution-based GO stacking 

process. In (Chong, J. Y. et al., 2018), water flux was calculated with 

various membrane thickness and size of GO conditions. It was revealed 

that even by reducing the GOM thickness by 20nm, calculated flux was 

hundreds of magnitude lower than experimental results.

To fully understand the aforementioned significant decrease of flux 

during filtration, it is noteworthy to address that the microstructure of 

GOM is imperfect laminar structure thus may exhibit changes during the 

filtration.  

2.2 Atomic layer deposition on GO membrane

Unlike conventional coating methods, such as layer-by-layer, chemical 

vapor deposition (CVD) and vapor-based coating, ALD is a fascinating 

dry-state coating that enables precise atomic level thickness control 

(George, S. M. et al., 2010). While, the CVD process forms a thin film 

through a chemical reaction at temperature level of several hundreds, 

ALD forms a atomic thin layer through self-limiting reaction between 

surface of substrate and injected precursor. The unit ALD cycle consists 
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of four steps, [precursor injection] - [precursor purge] - [reactant pulse] 

- [reactant purge] as depicted in Fig. 2.2. Since the precursor and 

reactant are injected separately in few seconds and space through the 

purge step in the ALD process, only the chemi-sorbed precursors to the 

substrate can be converted into a thin film. If the injection times of 

each step are sufficient for saturation, the deposited layer thickness per 

one cycle is constant and is called a self-limiting growth characteristic. 

Therefore, a thin film deposited using ALD can be deposited with 

sub-nanometer thickness by controlling its unit cycle. In this regard, ALD 

can be a novel method for surface modification of membranes and in 

various membrane technologies. 

Fig 2.2. Schematic illustration of ALD process

Recently, plasma-enhanced ALD (PEALD) that uses oxygen radicals as 

a reactant, can deposit a metal oxide layer at lower temperatures than 

thermal ALD (George, S. M. et al., 2010). Leveraged by it, PEALD 

method have been used to functionalize membrane surfaces in order to 

engineer physico-chemical properties of the membranes (Li, F. et al., 

2011). It is reported that after the range of 10-600 PEALD cycles, 

uniformly deposited metal oxides tuned the pore size and thickness 

precisely, hence increased hydrophilicity, and decreased surface 
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roughness, which significantly contributed to favorable pollutant rejection 

efficiency and inhibition of biofouling on the surface of membranes 

(Nikkola, J. et al., 2014; Li, N. et al., 2018). 

Up to date, ALD method are only focused on the increasing separation 

efficiency by tuning size exclusion and hydrophilicity for flux 

enhancement. Moreover, in order to facilitate the advantageous 

properties of ALD, a few ALD cycles has to be performed to minimize 

the ALD modification time and to prevent flux decline due to the 

increased membrane thickness. 

ALD has been applied as a method for healing defects on 2D carbon 

nanomaterials (Van Lam, D. et al., 2014; Wang, X. et al., 2008; Kim, K. 

et al., 2014). As such, the application of ALD to multi-layered GOM 

could result in defect-free membranes without losing its hydrophilic 

surface. Zhou (2018) implied that only a few cycles of ALD on a 

polymeric NF membrane is desired because ALD blocks the water 

entrance pores (Zhou, X. et al., 2018). Aluminum oxide (Al2O3) is the 

representative metal oxide for the ALD process. Due to its high 

exothermicity and excellent affinity to oxygen-functionalized region of 

GO, Al2O3 has advantageous features of conformal deposition with 

minimal surface roughness over the entire temperature range of ALD 

with minimal change in the growth per cycle (Groner, M. D. et al., 2004; 

Nourbakhsh, A. et al., 2015).
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Chapter 3. Materials and methods

3.1 Size-differentiated GOM fabrication

The fabrication procedure of the GO membrane with different GO 

sheet size is summarized in Fig. 3.1. First, to obtain the GO layered 

(stacked) structure, a high concentration of GO solution (10 mg/mL, 

Tokyo Chemical Industry, Japan) was diluted to 0.005 mg/mL with DI 

water. To differentiate the size of GO nanosheets, we used physical 

destruction method, probe-type sonication for 1 hour with different 

sonication energy, 55, 165 and 275W, respectively. During the sonication, 

as-prepared GO solution were stored in a beaker which is soaked in 

sonication bath filled with water to prevent thermal reduction during 

sonication procedure. After sonication, GO laminate was deposited on the 

commercial mixed cellulose ester membrane with a pore size of 0.2 μm 

(47mm area, ADVANTEC, Japan) by vacuum filtration. After GO 

deposition, all membrane samples were dried in a desiccator overnight 

prior to filtration test and characterization.

Fig. 3.1 Fabrication process of GO size-controlled membrane
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3.2 Surface modification of GOMs by ALD

The fabrication procedure of the ALD-Al2O3@GO membrane is 

described in Fig. 3.2. First, 165W sonicated GOM was kept in desiccator 

for one day before ALD process. The ultra-thin Al2O3 layer was 

obtained on the prepared GO membrane using a 6-inch PEALD reactor 

(iOV d150, iSAC Research, Korea). For the Al2O3 layer deposition, TMA 

was used as the aluminum source and the entire process was conducted 

at a temperature of 140℃ under 1 Torr of pressure. A PEALD cycle for 

Al2O3 layer deposition proceeded with the following four steps: TMA 

precursor feeding (0.5sec), argon (Ar) purging (5sec), oxygen (O2) plasma 

(3sec), and Ar purging (10sec), which was the saturation condition. The 

Ar purging step was conducted to avoid unwanted reactions between 

products/by-products (Al(CH3)2/CH4) of the feeding step and O2 plasma 

step. Then, the O2 plasma step, which is used as a reactant to 

transform adsorbed trimethylaluminum (Al(CH3)2) into Al2O3 on the GO 

membrane, was conducted with a power of 200 W. Another purging step 

was undertaken to remove water (H2O), carbon dioxide (CO2), and 

carbon monoxide (CO), which are by-products of the combustion-like 

reaction between Al(CH3)2 and O2 plasma. 

3.3 Membrane characterization

3.2.1 Phyiso-chemical properties of GO nanoflake and GOMs

Size of GOM nanoflakes was evaluated by particle size analyzer (PSA) 

and UV-Vis, (Mastersizer 3000E, Malvern, UK). By PSA, both mean size 

and size distribution of as-prepared GO solutions and untreated GO 

solution were compared. Furthermore, intensity of UV-Vis peak at 230nm 

was compared between each sonicated GO samples to support the size 
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variation. Raman spectroscopy (NRS-5100, Jasco, Japan) was utilized to 

evaluate the structural defects during probe-type sonication process to 

GO nanoflakes. Defect on each GO membrane surface was calculated as 

follows (1): 

ID⁄IG =(Intensity of D peak)/(Intensity of G peak), (1)

3.2.2 Water intercalation behavior inside the GOMs

To obtain microstructural properties of each membranes under both 

dry-state and wet-state, X-ray diffraction (XRD, Smartlab, Rigaku, 

Japan) was conducted by 2-theta mode ranging from 5°-20° with Cu 

Kα radiation. Full-width half maximum (FWHM) was obtained for each 

XRD spectra to investigate nanochannel size distribution. Size of 2D 

nanochannels between GO flakes were calculated using the following 

Bragg’s equation (2): 

λ=2d×sinθ, (2)

where λ is the X-ray beam wavelength of Cu Kα radiation (1.5406 Å), 

d is the interlayer space between stacked GO flakes, and θ is the 

diffraction angle.

3.2.3 Confirmation of ALD-Al2O3 deposition on the surface of GOM

Confirmation of ALD-Al2O3 deposition on the GO membrane surface 

was observed by combining Field Emission Scanning Electron Microscopy 

(FESEM, MIRA3 LMH, Tescan, Czech Republic) and Energy Dispersive 

Spectroscopy (EDS). The chemical structure of the membrane surface 

was examined by Fourier-transform infrared spectroscopy (FTIR, 

Spectrum GX, Perkin Elmer, USA) and X-ray photoelectron spectroscopy 

(XPS, Multi2000, Thermo VG Scientific, UK). The FTIR spectra were 
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measured.

Fig. 3.2. Schematic illustration of ALD coating process on GOM

in attenuated total reflection mode, wavelength range from 700cm-1 to 

4000cm-1. XPS analysis was conducted for both survey scan and 

high-resolution C1s and O1s scan with step size of 1.00eV and 0.025 eV, 

respectively. Carbon oxygen ratio (C/O) was calculated as atomic 

concentration of carbon (Cat.%) divided by that of oxygen (Oat.%) as 

described in (3),

C/O=(Cat.%)/(Oat.%), (3)

where Cat.% and Oat.% are the atomic concentration of carbon and 

oxygen, respectively. 

3.2.4 Physico-chemical properties of ALD coated GOM
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Contact angle measurements were carried out using a 6 uL sessile 

droplet of Milli-Q water with a Krüss Easy Drop goniometer. Each point 

at different locations on the same as-prepared membrane samples was 

measured and averaged. X-ray diffractometer (XRD) measurements in 

the 2-theta mode ranging from 5°-20° were performed using 

copper-potassium-alpha (Cu Kα) radiation to measure the nanochannel 

size of the GO membrane and ALD-Al2O3@GO membrane samples. 

Raman spectroscopy was aquired to investigate the effect of ALD on 

GO structural defects behavior. The thickness of Al2O3 layers for 3, 6, 

and 9 cycles were evaluated by the growth rate of the deposited layer 

with increasing ALD cycles. First, the thicknesses of Al2O3 layers were 

measured by an Ellipsometer (Elli-SE, Ellipso Technology) using deposited 

samples on a silicon (Si) substrate. The growth rate under saturated 

conditions was extracted from the slope of the linear extrapolation of 

the graph. Subsequently, the thickness of the ultra-thin Al2O3 layers 

under 3, 6, and 9 cycles was calculated as follows (4): 

Thickness = Number of cycles×Growth rate, (4)

3.3 Membrane filtration performance evaluation

Pure water and salt water permeability were evaluated in a 

high-pressure dead-end filtration cell (HP4750, Sterlitech, USA) under 5 

bar at room temperature. For both DI water and salt water permeability, 

the amount of permeates was weighed using a nimbus precision balance 

equipped with ADAM DU software (Adam Equipment, USA). First, 100 

mL of DI water was filtered through the inserted membranes to obtain 

DI water permeability. Subsequently, 100 mL of salt water (2000 mg/L of 

NaCl) was filtered to measure the NaCl solution permeability and NaCl 

rejection. The permeability (LMH/bar), was calculated by the following 
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equation:

Permeability = V/(A×t×P), (5)

where V is the volume of the permeate (L), t is permeation time (h), 

A is the effective membrane area of the membrane (14.6 cm2) and P is 

applied pressure to membranes. 

NaCl rejection efficiency R was obtained by the following (6):

R(%) = (Cf-Cp)/Cf  × 100, (6)

where Cp and Cf are permeate and feed concentrations, respectively. 

The salt concentration of the permeates was measured with inductively 

coupled plasma (ICP, Optima 300DV, PerkinElmer, USA) to evaluate salt 

rejection of the membrane samples.
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Chapter 4. Results and discussion

4.1 Physico-chemical properties of controlled size GO flakes

Prior to investigate the effect of GO nanoflakes on microstructural 

behavior of GOM, we first evaluated the size differentiation of sonicated 

GO. Fig. 1 illustrates the decrease of GO mean size obtained by PSA. As 

can be seen, all GO solution with probe-type sonication treated showed 

mean size of less than 1㎛ while average size of untreated GO sample 

was 5.75㎛. It is in good accordance with (Chen, J. et al., 2015; Le, G. 

T. T. et al., 2019; Xia, M.-Y. et al., 2019) that the use of probe-type 

sonication is an effective tool to breakdown GO flakes with. As depicted 

in Fig. 4.1 inset graph, continuous decrease of GO nanosheet size was 

observed when sonication energy got increased showing 0.835, 0.558 and 

0.478㎛ for L-GOM, M-GOM and S-GOM. Compared to the degree of 

size decline between sonication treated and untreated GO sample, 

increase of sonication energy by 5 times (55W and 275W) exhibited size 

changes for sub-micrometer (L-GOM and S-GOM). According to 

(Gonçalves, G. et al., 2014), higher sonication energy is required to 

obtain smaller GO sheets, especially when the GO size is nanolevel. 

We performed UV-Vis to support the size distribution from PSA 

analysis (Fig. 2). UV-Vis is a promising tool to investigate structural 

properties (i.e., sp2 and/or sp3 bond) of carbonic materials. Recently,

(Zhang et al., 2019) reported that UV-Vis intensity showed proportional 

relationship with size of GO flakes. As can be seen from Fig. 4, higher 

absorbance peak at 230nm was observed for higher sonication energy 
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applied that is in good agreement with (Zhang, T. et al., 2019; Xia, 

M.-Y. et al., 2019). Regarding the decreased mean GO size and higher 

absorbance peak by PSA and UV-Vis, destruction of GO sheets was 

confirmed as a function of probe sonication energy. 

Fig. 4.1. Changes of GO mean sizes with untreated GO and 

probe-type sonication treated GO samples (inset graph)

Fig. 4.3 shows the size distribution of each GO samples. The untreated 

GO exhibited a broad size distribution, varying from less than 1㎛ to 

maximum 100㎛. The use of probe-type sonication effectively narrowed 

the size distribution of GO sizes, showing less size variance than 10㎛ 

which is in good accordance early studies (Huang, D. et al., 2019; Shen, 

B. et al., 2012). However, no significant distribution homogeneity change 

was found for sonication energy. 
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Fig. 4.2. UV-vis spectra of sonicated GO solution with 

different sonication power

Fig. 4.3. PSA spectra for untreated and probe-type sonicated 

GO samples

We then acquired Raman spectra to investigate the sonication induced 

structural defects on basal-plane of GO nanosheets (Fig. 4.4). As is 
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known, defects on a graphene and its derivatives provide water molecule 

pathway through basal-plane (Boretti, A. et al., 2018; Qi, H. et al., 2018). 

Structural defect of GO nanosheet is usually studied by calculating ratio 

between intensity of D (sp3) and G peak (sp2) expressed as ID/IG ratio 

(Shen, B. et al., 2012). As illustrated in Fig. 4, ID/IG ratio of all GOMs 

remained almost unchanged. Our Raman data confirms that molecules 

penetration through GOM will not be affected by carbonic structured 

defect for all GO samples.

Fig. 4.4. GO defect analysis by Raman with 

different sonication power 

It is of great interest to investigate how the inner microstructure (e.g., 

mean pore size, porosity and tortuosity) of the fabricated membrane 

shapes because it significantly influences the filtration performance of 

membranes. In case of multi-layered GOM, interlayer space between 
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laminarly stacked GO nanosheets is regarded as one of the most 

important factor on filtration performance (Yang, E. et al., 2018b; Nair, 

R. R. et al., 2012; Zheng, S. et al., 2017; An, D. et al., 2016; Huang, L.  

et al., 2015; Mi, B. et al., 2018; Moon, I. K. et al., 2010; Yang, E. et al., 

2018a). As illustrated in Fig. 4.5b, enlargement of interlayer space was 

observed when the membranes are immersed in water. Increase of 

interlayer space of GOMs is due to the intercalation of water molecules 

between GOMs. Interlayer space under wet state was seemed to be 

proportional to the size of GO nanosheets, showing 18.4, 14.5, 13.8 and 

13.6Å for pristine GOM, L-GOM, M-GOM and S-GOM, respectively. It 

should be noted that the dry state of all GOMs showed almost same 

nanochannel size (8.7Å), which is due to the oxygen containing groups 

of GO flakes resists adhering to each other (Stobinski, L. et al., 2014). 

Some reports investigated the change of interlayer space by controlling 

oxygen-containing functional groups on the GO via thermal reduction 

(Zhao, Y. et al., 2016; Dolbin, A. V. et al., 2016) and hydroiodic acid 

vapor (Yang, E. et al., 2018b) showed apparently different d(001) peak 

position. 

To verify more detailed microstructural condition of each membrane, we 

further investigated structural disorders of GO microstructure via calculating 

width of d(001) peak. As can be seen in Fig. 4.5a and 4.5c, broad d(001) 

peak of wet state XRD spectra was shown for larger GO stacked 

membranes. The highest FWHM value of pristine GOM showed ~2.8θ while 

sonication-fabricated membranes exhibited only 1.18, 0.91 and 0.87θ. 

Regarding that each theta of XRD spectra indicates the size of GO 

nanochannel, it can be discussed that the structural disorders occur more 

for larger GO stacked membranes. 
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Fig. 4.5. Interlayer space measurement by XRD for fabricated membranes 

(a) XRD spectra for dry and wet state (b) interlayer space and (c) 

full-width half maximum (FWHM) comparison between each membranes

As mentioned above, it is discussed in early reports that the actual GOM 

microstructure is not a complete paralleled structure but the complex of 

disordered nanochannels due to different functionalities of GO edge and 

basal-plane (Chong, J. Y. et al., 2018, Talyzin, A. V. et al., 2014). During 

solution-based GO stacking process such as vacuum assisted filtration, 

repulsion of –OH that is dominantly decorated at the edge of GO flake 

between adjacent GO induces incomplete parallel stacking where edge and 

basal-plane encounters. (Klechikov, A. et al., 2015) reported that 
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aforementioned overlapping produces a kind of dead-end pore (the authors 

stated the term “enveloped” in the article) where molecules are 

suppressed to enter. In this regard, our XRD analysis results meets the 

Klechikov’s results that larger GO stacking becomes more disordered 

structure than smaller GOM. There should be more basal-to-basal GO 

region where each GO nanoflakes faces each other laminarly for L-GOM 

than M-GOM and S-GOM, as the same amount of GO was loaded to 

membranes. This implies that water permeation through multi-layered GOM 

may be strongly hindered when water molecules pass through enveloped 

region. 

4.2 Water transport through GOMs during water filtration

Membrane filtration performance was evaluated for as-prepared GOMs 

(Fig. 4.6). As expected, significant flux decrease was occurred for all GOMs 

during 6 hours of filtration. (Chong, J. Y., 2018) reported that such 

declination is due to the loosely packed microstructure in the early stage of 

filtration. Under the same filtration condition, L-GOM exhibited relatively 

smooth flux decline (Fig. 4.6a) than smaller GO stacked membranes. When 

GOM was first exposed to water before filtration, water transport driving 

force within nanochannels is governed by diffusion of water molecules that 

in the end induces complete delamination of GOM. In case of pressurized 

condition, water molecules rapidly penetrate through both edge-to-basal 

region and basal-to-basal region. In contrast to delamination of GOM, 

significant GO nanoflakes compaction occurs during water penetration 

through GOM. It can be explained by high adsorption interaction between 

GO and water molecules. As GO nanoflakes stacks to each other more 

closely, enveloped region is formed more under pressurized system. 
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Not just the compaction rate, but also the water permeability is declined 

when smaller GO flakes are stacked than the larger GO flakes. DI water 

permeability of last 1 hour of total period of filtration for L-GOM was 

16.6kg/m2hr/bar while S-GOM only achieved 8.4kg/m2hr/bar (Fig. 4.6b). This 

low permeability can be also explained by high ratio of edge-to-basal 

S-GOM. 

Fig. 4.6. GOMs filtration performance tests (a) normalized DI water flux 

ratio of initial flux to measured flux every 10 mins (b) permeability of 

last 1 hour of filtration (green box) 

We then compared water flux of L-GOM and S-GOM under different 

pressure in Fig. 4.7. As expected, higher pressures exhibited high rate of 

flux decline for both membranes. It reflects that GOM compaction of 

basal-to-basal ratio is faster as water flows and drags GO nanoflakes to be 

more compacted. It is interesting to note that very small pressure (less than 

1bar) will keep the microstructure almost unchanged. Regarding the energy 

consumption to obtain S-GOM that requires 5 times more energy than 

L-GOM, larger GO will be favorable to obtain more pure water. However, 

pollutants with different sizes such as humic acids, sugars and divalents 

should be carefully considered as L-GOM may contain high ratio of 

basal-to-basal/edge-to-basal regions. 
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Fig. 4.7. Pure water flux of L-GOM and S-GOM at 1~10bar of pressure

4.3 Deposition of Al2O3 on the GOM by PEALD

An ultra-thin Al2O3 layer was deposited via ALD based on the TMA 

reaction with O2 plasma. The formation of the hydroxyl (OH) functional 

group on the GO membrane via PEALD is explained as follows: (Potts, S 

E. et al., 2012) and (Langeris, E. et al., 2008) identified the reaction 

mechanism of ALD-Al2O3 with Eq. (7) and Eq. (8), respectively:

s(-OH)ads +(Al(CH3)3) → s-OAl(CH3)2 + CH4(g), (7)

s-OAl(CH3)2 + 4O
*(g) → s-OAl(OH)ads + H2O(g) + CO2(g), (8) 

where O* stands for all the O2 plasma induced oxygen species that 

react with TMA, including O2, O, O2
+, O+, and so on (Langereis, E. et al., 

2008). S stands for the substrate and methane (CH4), H2O, and CO2 are 

by-products of the reaction. In the precursor dosing step, the 

chemisorption of Al(CH3)3 occurs at 140℃ at the surface of the GO 

membrane through a reaction with OH functional groups on the GO (eq. 

7). Throughout O2 plasma exposure, oxidation of Al atoms and 

combustion of the methyl (CH3) functional group occurs by the oxygen 
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radicals in the plasma. Combustion of CH3 then produces CO, CO, and 

H2O (eq. 8). Here, OH surface groups of s-Al(OH) are created by the 

combustion-like reaction and a reaction with H2O molecules after CH3

combustion (Heil, S B S., 2008). Thus, the hydroxyl group appears as a 

consequence of the reaction between the methyl group of TMA and 

oxygen plasma.

4.3.1 Confirmation of ALD-Al2O3 on the surface of GO membrane

The thickness of the deposited Al2O3 layer on the GO membrane was 

estimated using the growth rate of the Al2O3 layer as a function of high 

numbers of ALD cycles. Fig. 4.8 shows the thickness of the deposited 

Al2O3 layer as a function of ALD cycles. Based on the saturation 

condition of the PEALD cycle, the growth rate of the layer was 

extracted from the slope of the linear extrapolation of the graph, which 

was 0.16nm/cycle. Therefore, the thickness of the ultra-thin Al2O3 layer 

can be calculated by [number of ALD cycles] × [growth rate: 

0.16nm/cycle], and each Al2O3 layer thickness for 3, 6, and 9 cycles was 

determined to be approximately 0.48 nm, 0.96 nm, and 1.44 nm, 

respectively.
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Fig. 4.8. The variation of Al2O3 thickness as a function of ALD 

cycles.

ALD-Al2O3 deposition on the GO membrane surface was confirmed by 

investigating the FESEM (Fig. 4.9a) and EDS analysis (Figs. 4.9b and 

4.9c). As can be seen from Fig. 4.9a, the edge of the membrane was 

selected as an image spot to ensure the alumina deposition on the GO 

membrane. Figs. 4.9b and 4.9c show the EDS Alk analysis of surface 

mapping (Fig. 4.9b) and line mapping (Fig. 4.9c), corresponding to the 

red lined area in Fig. 4.9a. Both figures show that Al was successfully 

deposited on the GO membrane by PEALD. 
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Fig. 4.9. (a) FESEM image of the ALD-Al2O3@GO membrane surface, 

(b) and (c) EDAX analysis of the ALD-Al2O3@GO membrane surface. 

X-axis of (c) represents the distance from the left side of the red 

colored line in (a) in micrometers

4.3.2 Enhanced membrane performance of the ALD-Al2O3@GOM

In ultra-thin, hydrophilic Al2O3 layer was deposited on the GO 

membrane by PEALD in order to overcome reduced salt removal due to 

the low stability of GO laminar stacked layers on the MCE substrate 

under aqueous solution. We hypothesized that the ultra-thin hydrophilic 

surface functionalization via PEALD would not affect hydraulic 

resistance, but would increase the water affinity of the GO membrane 

and enhance electrostatic interactions as a salt removal mechanism. Fig. 

4.10 represents DI water permeability, NaCl solution permeability, and 

salt rejection of the as-prepared membranes. Overall, the Al2O3

deposited GO membrane exhibited an enhanced water permeability and 

salt rejection. The water permeability of ALD-Al2O3 (3 cycles) @GO 
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membrane increased from 39.1LMH/bar to 56.0LMH/bar. This permeability 

enhancement is consistent with our hypothesis that the functionalization 

of the GO membrane surface by applying a few cycles of ALD 

enhances an affinity to water molecules by covering the surface of the 

membrane. Interestingly, and contrary to the common trade-offs between 

permeability and selectivity (Geise, G M et al., 2011), salt rejection also 

increased by 16.9% without losing water and NaCl solution permeability 

(Fig. 4.10b). One possible explanation for the improvement in both 

rejection and permeability is that the Al2O3 functionalized surface of the 

GO membrane became more hydrophilic than the pristine GO membrane. 

Fig. 4.10. Performance of the pristine GO membrane and ALD 

(monolayer) coated GO membrane (a) pure water permeability and (b) 

NaCl solution permeability and NaCl rejection.

There are two options for effective pores on the GO membrane for 

water passage while rejecting larger molecules via the sieving effect 

(size exclusion): nanopores (defects) on the GO flakes and gaps between 

each GO flake (You, Y. et al., 2016). Nanopores are considered as 

undesired defects on 2D graphene and its derivatives in various 

applications. Karnik et al (2015) noted that these defects on the 

graphene membranes caused unfavorable salt penetration through the 
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membrane (O’Hern, S C., 2015). The size of these nanopores also plays 

a critical role on ion rejection from graphene membranes (O’Hern, S 

C., 2012; O’Hern, S C., 2014; Nguyen, C. et al., 2018). Considering that 

few ALD cycles are a solution for healing defective sites on carbon 

nanomaterials, we may assume that such defects became narrowed with 

few cycle ALD, and resulted in increased salt rejection. Moreover, it has 

been reported that the presence of oxygen containing functional groups 

at the starting point of water pathways in NF and RO membranes 

increased filtration performance, as it provided the feasibility and 

affinity of water molecules (Fornasiero, F., 2018; Venvuurt, R H J., 2017; 

Wenjun, Y. et al., 2018). With ALD-Al2O3 deposition, the effective pore 

entrance of the GO membrane increased water affinity to water 

molecules while being arrowed enough for NaCl rejection. Therefore, in 

this study, low cycles of ALD-Al2O3 deposition made the surface of the 

GO membrane more hydrophilic without pore clogging. This increased 

surface hydrophilicity resulted in a faster water flux whilst causing 

differences in solute transport, which consequently increased NaCl 

retention.

4.4 Characterizations of the few cycle ALD-Al2O3@GO membranes 

The physico-chemical properties of the ALD coated GO membranes 

were investigated to explain the enhanced salt rejection efficiency and 

water permeability. Al2O3 layer deposition altered the surface 

hydrophilicity of the GO membranes. The effect of the ALD on the 

surface chemistry of the GO membrane was studied by XPS and FT-IR. 

Fig. 4.11 describes oxygen functional group deposition on the ALD-Al2O3 

treated GO membrane surface. The binding energies of 285.0, 287.1, 
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288.2 and 288.9eV correspond to C–C, epoxide (C–O), carbonyl (C=O) and 

carboxylic (O=C–OH), respectively (Fig. 4.10a). Compared to the pristine 

GO, epoxide peak was decreased only after 3 ALD-Al2O3 cycles, 

presumably due to the strong chemical adsorption between oxygenated 

carbon species and on the GO and TMA (Venvuurt, R H J., 2017). C–C 

was steadily decreased by increasing ALD cycles up to 9. It indicates 

Al2O3 deposition on the GO membrane by the reaction of the TMA 

precursor with the epoxide group on the GO membrane. Fig. 4.10b 

shows carbon/oxygen ratio on the ALD treated GO membranes. Atomic 

concentration of carbon (Fig. 4.10b) reduced from 72.5 to 68.3, 57.3 and 

48.2at.% for 0, 3, 6 and 9 cycles of ALD, respectively. It indicates that 

oxygen atom on the GO membrane surface increased as the ALD cycle 

increased. Thus, we could conclude that ALD-Al2O3 assisted to coverage 

of oxygen contents on the carbonic region of GO. To relate the 

oxygenation of GO surface and enhanced membrane performance, we 

further examined FT-IR and WCA.

Fig. 4.11. (a) XPS spectra and (b) and C/O ratios of the alumina 

deposited on GO membranes for different ALD cycles

Surface functional group on the surface of the ALD-Al2O3@GO 
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membranes was examined by FT-IR. Fig. 4.12 shows the FT-IR spectra 

of pristine and Al2O3 deposited GO membranes. The characteristic peak 

at 1600cm-1 of the C=C group and 1160cm-1 of the R-O-R group 

(Wenjun, Y. et al., 2018) disappeared in the FTIR spectrum of 3 ALD 

cycles on the GO membrane, and was then maintained for 6 and 9 ALD 

cycles. This is in good accordance with the XPS analysis in Fig. 6a. 

Moreover, the strength of the peak from 3200cm-1 to 3600cm-1 of -OH 

stretching and 1640cm-1 of the -OH group increased with the increase in 

ALD cycles (Marquardt, A E., 2015). It indicates that hydrophilic -OH 

functional group on the GO surface increased with an increase in the 

number of ALD cycles. 

Surface hydrophilicity of the GO membranes was confirmed by 

contact angle measurement. Fig. 4.12 shows the water contact angle 

(WCA) of the ALD treated membranes. It decreased sharply from 84.8° 

to 58.1° after 3 cycles of Al2O3 deposition by ALD. Overall, the contact 

angle displayed a reduced tendency after Al2O3 layer deposition. (Lam, 

D V., 2014). The ALD-Al2O3 (3-cycles)@GO membrane was the most 

hydrophilic, followed by the ALD-Al2O3 (9-cycles)@GO membrane 

(64.0°) and ALD-Al2O3 (6-cycles)@GO membrane (70.7°). We may 

assume that the slight increase of WCA over increased ALD cycle is due 

to the roughened surface (Xie, Q. et al., 2017) by a few cycles of ALD 

(Lam, D V., 2014; Lee, K. 2012). It is noted that an increase in hydroxyl 

functional groups on the GO membrane increases water permeability 

(Yamamoto, K. et al., 2015; Wang, Y. et al., 2017). Therefore, the 

results of the XPS, FT-IR spectra and water contact angle are in good 

accordance with the increased performance of water permeability. 
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Fig. 4.12. FT-IR spectra of the alumina deposited on GO membranes 

for different ALD cycles

Fig. 4.13. Water contact angle measurements for pristine GO 

membrane and ALD-Al2O3@GO membranes at various ALD cycles

The effects of ALD on the pore structure of the GO nanochannels 

were investigated by XRD and Raman measurements. There are two 
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major pathways of water through multi-layered GO membrane: space 

between adjacent GO flakes and structural defects of each GO flake. As 

shown in Fig. 4.15, Overall Al2O3 deposition via ALD did not change the 

interlayer spacing between GO nanochannels in both dry and wet 

conditions. This is because ALD-Al2O3 mainly contributes to the surface 

functionalization of the GO membrane and the PEALD process under 14

0℃ did not affect the GO nanochannels as it was conducted in less than 

a minute. Under wet conditions, the GO membrane swelled by adsorbing 

water molecules into the laminarly stacked GO flakes, resulting in an 

enlarged channel for salt ions to pass through (Zhang, S. 2017; Mi, B S. 

et al., 2018). This lack of change in the wet state interlayer space in 

wet conditions may not affect size exclusion by the nanochannels of GO 

membranes. Moreover, defects on the top GO layer was not changed 

after the ALD process (Fig. 4.14), showing ID/IG ratio of around 1.06 ~ 

1.07. It indicates that PEALD process in this study did not alter the 

structure of GO flake. However, to fully implement ALD process to 

graphene-based membrane for water treatment, effect of various plasma 

(e.g., H2O or HfO) sources and different applied power on the physical 

properties should be further investigated.

Based on the characterization results, enhanced salt rejection and 

water permeability was attributed to the excellent uniformity of the 

Al2O3 layer with atomic layer thickness via ALD. Overall, hydrophilicity 

of the modified membranes was increased by ALD-Al2O3 treatment. This 

increase in hydrophilicity of the membrane surface is likely due to the 

increased attachment of the hydrophilic functional group (-OH) on the 

GO membrane by ALD, as presented by FT-IR results. In addition, the 

increased water contact angle in ALD treated GO membranes verifies 

their enhanced water permeability.
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Fig 4.14. Defect configuration of each membranes (a) Raman spectra and 

(b) ID/IG ratio of GO membranes as function of ALD-Al2O3 cycles

Fig. 4.15. Interlayer space variation of pristine GO membrane 

and ALD-Al2O3@GO membranes

4.5 Effect of ALD cycles on GOM filtration performance

   In order to examine the effect of ALD on enhanced water 
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permeability and salt rejection, membrane performance as a function of 

ALD cycles was systematically evaluated using dead-end filtration. It has 

been reported that applying a different number of ALD cycles to the 

surface modification alters the pore size, thickness, and hydrophilicity of 

the membrane that govern the water permeability and selectivity of the 

membrane (Li, F. et al., 2011; Nikkola, J. et al., 2011; Xu, Q. et al., 

2012). The numbers of ALD cycles increased to 3, 6, and 9, which 

roughly corresponds to the mono layer, bilayer, and tri-layer of Al2O3 on 

the GO membrane, respectively. As shown in Fig. 4.16, NaCl solution 

permeability increased from 54LMH/bar to 72.6LMH/bar with increasing 

ALD cycles from 3 to 9. Such an enhanced water permeability is 

attributed to the increase in surface hydrophilicity of the GO membrane 

with atomic level deposition of the Al2O3 layer. As shown in the d-space 

measurement via XRD (Fig. 4.15), the application of up to 9 cycles of 

ALD did not affect interlayer spacing (d-space) that functions as a water 

transport channel. Further, the ultra-thin Al2O3 layer with a thickness of 

up to 1.44 nm on the GO membrane did not significantly increase the 

thickness of the GO membrane (GO layer: 10 μm-20 μm, MCE: 130 μ

m). In this study, ALD mainly increased surface hydrophilicity of the 

membrane, corresponding to the water contact angle results (Fig. 4.13). 

This enhanced hydrophilicity is due to the increase in the oxygen 

containing group (e.g., hydroxyl) on the surface of the membrane with 

an increase in the number of ALD cycles, as explained in the XPS (Fig. 

6) and FT-IR results (Fig. 4.11). In addition, NaCl rejection improved 

with an increase in the number of ALD cycles. As can be seen in Fig. 

4.16, 9 cycles of ALD achieved a 70 % level of salt rejection. Compared 

to previous studies, the rejection efficiency is comparable to the 

hydrophilic pDA coated reduced GO membrane (63 %) (Yang, E. et al., 
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2018), but is higher than the carbon nanotube (CNT) intercalated GO 

membrane (51.4 %) (Han, Y. 2015), and the pure GO membrane (35 %). 

The salt removal mechanism of the laminar stacked GO membrane is 

based on the combination of size exclusion and electrostatic interaction 

(Donnan exclusion). Interlayer spacing of the GO flake as a water 

transport channel is determined by d-space via XRD measurement. 

Based on MD simulation, optimal interlayer spacing for NaCl size 

exclusion is reported to be than 0.7 nm due to the size of hydrated Na+ 

(with a hydrated radius of 0.36 nm) from water. However, as can be 

seen in XRD analysis (Fig. 4.15), d-space of pristine GO membrane in 

wet state increased to 1.55 nm from 0.78 nm. It corresponds to the 

relatively low salt rejection (40 %) of the pristine GO membranes. It 

indicates that NaCl sieving effect of the GO membrane would be 

weakened in wet state. Same trend in XRD analysis was observed in the 

PEALD treated GO membranes. However, salt rejection efficiency was 

enhanced up to 60 % in the PEALD treated GO membranes. It implies 

that the main mechanism of salt rejection in ALD-Al2O3@GO membrane 

be electrostatic interaction (Donnan exclusion). Rather than improving 

size exclusion, PEALD contributed to enhancing Donnan exclusion effect 

by altering surface chemistry of the GO membranes. By increasing the 

number of ALD cycles up to 9, the hydroxyl group (OH) increased, as 

represented by the XPS (Fig. 4.11) and FT-IR results (Fig. 4.12). This 

increase in the negatively charged functional group would increase the 

surface pore charge of the GO membranes. It is reported that ion 

rejection in a NF membrane is directly related to the membrane pore 

charge due to the co-ion electrostatic exclusion (Childress, A E., 2000). 

Thus, based on the Donnan exclusion model (Pivonka, P. 2007), the more 

negatively charged GO membrane exhibited enhanced salt rejection. 
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Based on the density functional theory simulations in previous studies 

(Vervuurt, R H J. et al., 2017), using TMA as a precursor for Al2O3 via 

ALD exhibited strong chemisorption to the hydroxylated GO as compared 

to the pristine graphene. This is due to the availability of p-orbitals of 

the surface oxygen on GO reacting with those of the TMA. It 

subsequently facilitated uniform nucleation and growth for the Al2O3

layer on the GO substrate (Nourbakhsh, A. et al., 2015)

Fig. 4.16. NaCl solution permeability and NaCl rejection 

performance as a function of different ALD cycles on the GO 

membrane.
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Chapter 5. Conclusion

In this study, microstructural behavior and sub-nanometer surface 

functionalization of multi-layered GO membrane were investigated to 

solve low water permeability and ion rejection. Size-differentiated GO 

membranes were tested to find optimal size for the water filtration. By 

destructing GO nano flakes by probe-type sonicator with small energy, 

mean size and size distribution were greatly declined. However, increase 

of sonication energy by 5 times showed only mild effect on size 

decrease. Through XRD analysis of different size GO stacked 

membranes, S-GOM showed the most disordered and high interlayer 

space size whilst M-GOM and L-GOM showed relatively regular 

microstructure under wet state. Invariance microstructure of GO 

membrane led to dramatic decrease during 6 hours of water filtration 

regardless of size of GO. The flux decrease rate was much faster for 

smaller GO stacked membrane due to the enveloped region of GO 

membranes. 

A novel coating method, ALD was implemented to multi-layered GOM. 

The ALD-Al2O3@GO membranes had greater water permeability and 

NaCl rejection than the pristine GO membrane due to the distinctive 

properties of ALD that functionalizes the surface of the membrane with 

atomic level functionalization. Based on XRD results, ALD-Al2O3

deposition did not affect interlayer spacing between GO nanosheets. 

However, entrance of the GO nanochannel via ALD increased surface 

hydrophilicity of the GO membrane, leading to enhanced water 

permeability. By Al2O3 deposition to the GO membrane surface, -OH 

bond was provided whilst hindering carbonic region of GO, and 
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consequently exhibiting improved hydrophilicity. Water permeability 

increased due to the promoted water affinity to the surface of the GO 

membrane while salt rejection slightly increased due to the Donnan 

effects on the GO flake’s nanopore. All ALD-Al2O3@GO membranes 

exhibited improved performance in NaCl solution permeability. 

Therefore, low cycles of ALD-Al2O3 coating on a GO membrane is 

considered as a promising modification method for desalination with its 

atomically thin and uniform coating features. The unique features of 

ALD enable GO membranes to break the trade-off between permeability 

and selectivity for water desalination. Moreover, low cycles of ALD can 

be applied in novel membrane modification with various materials such 

as titanium (Ti) or silver (Ag). 
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