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ABSTRACT 

 Graphene oxide (GO) was utilized as a novel material for making ultrathin 

membranes for gas separation and for making functional coatings for nano-/ultra-

filtration in oil/water separation. Fundamental separation mechanisms by ultrathin GO 

membranes/coatings and potential applications were explored. This work can be divided 

into three parts. In the first part, ultrathin GO membranes supported on flat and smooth 

anodic aluminum oxide (AAO) substrates, with thickness down to 1.8 nm, were prepared 

by a facile vacuum filtration method. The as-prepared GO membranes were then studied 

for single-gas permeation and hydrogen mixture separation. It was revealed that the 

separation mechanism for the ultrathin GO membranes followed the molecular sieving. 

Ultrathin GO membranes represent a new type of membranes that may realize high 

throughput molecular-sieving separation at low energy cost. 

 In the second part of this work, GO was used as a coating material to modify 

macroporous polyamide (PA) supports, by a similar vacuum filtration approach.  The 

supported GO membranes showed superoleophobicity and low oil-adhesion underwater. 

This could be ascribed to the hierarchically rough membrane surface and excellent water 

“locking” property of GO. The hierarchical roughness was introduced by the combination 

of the intrinsic micro-scaled roughness of the PA support with the nano-scaled 

corrugation of GO flakes. Oil/water separation results showed that by optimizing GO 

coating thickness, antifouling property and 100% pure water flux recovery were achieved.
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 As an extension of the second section, the third section of the thesis work was 

focused on tuning oleophobicity of GO coatings under water by gradually modifying the 

chemistry and structure of GO flakes using ultraviolet (UV) irradiation. The underwater 

oleophobicity of GO coatings was tuned gradually, simply by controlling the UV 

treatment time. Oxidative UV etching was shown to generate more and larger structural 

defects on GO flakes, which increased the nano-scaled roughness on GO flakes. In 

addition, more hydrophilic oxygen-containing groups, such as carboxyl, carbonyl, 

hydroxyl and epoxy, introduced by UV irradiation, improved the ability of GO to attract 

and "lock" water molecules at the coating surface, which effectively lowers oil adhesion. 

The GO flakes with different UV treatment time were fabricated into GO membranes on 

PA supports. A series of oil/water separations were conducted for these GO membranes, 

and membrane recovery capability was greatly improved with the optimized UV etching 

time. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

1.1 Membrane Separation Technology 

 A membrane is a selective physical barrier that allows certain constituents to 

permeate through, while retaining other constituents. The influent of a membrane is 

called the feed, and the flow that passes through the membrane is known as the permeate. 

The retained is the retentate or concentrate. The mass transport across the membrane is 

ascribed to the driving force provided by the chemical potential difference between the 

feed and the permeate
1, 2

. In most situations, the flux is proportional to the driving force, 

as described by a simple equation
1
: 

      
   
  

 

Where Ji is the flux of component i, Ai the proportionality coefficient of component i, 

and dXi/dx chemical potential gradient of component i. 

 The performance of a membrane is typically defined by two parameters, flux and 

selectivity. For economic separations using membranes, both flux and selectivity need to 

be considered simultaneously. Flux is the rate at which the permeate passes through a 

membrane. Higher flux represents higher productivity. Selectivity corresponds to the 

capability of a membrane to separate a component from a mixture. A selective separation 

may result from preferential adsorption, diffusion difference, or both.
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 According to physical and chemical properties, membranes can generally be 

classified as inorganic and organic membranes, porous and nonporous (dense) 

membranes, or symmetrical and asymmetrical membranes. However, these classifications 

are not very strict, since some membranes might belong to more than one category. 

Carbon
3
, silica

4
, zeolites

5
 and metal

6, 7
 membranes are inorganic, while polymeric

8
 

membranes are organic. Inorganic and polymeric membranes can be either porous or 

nonporous. For example, carbon, silica, zeolites and some polymeric membranes are 

porous, while metal and ion exchange membranes
2, 9, 10

 are dense. Most microporous 

membranes and dense membranes are symmetrical membranes, since they have both 

compositional and structural uniformity across the membrane. Thin film composite 

membranes
11

 are asymmetrical because they are either physically or chemically 

heterogeneous; a back porous substrate is usually used to support the top thin layer.  

 The invention of asymmetric polymeric membranes in flat sheet and hollow fiber 

forms represents a big breakthrough in the membrane separation history. They can be 

fabricated at high packing density and with low cost for large scale applications
12, 13

. 

However, certain shortcomings of polymeric membranes severely limit their wide 

industrial applications, including swelling in organic solvent, compressibility at high 

pressures, and instability at high temperatures and under harsh chemical conditions. 

Inorganic membranes may overcome these limitations, but their applications in gas 

separations are limited. This is because of the great challenge of reproducibly preparing 

high quality, defect-free inorganic membranes with thin thickness.  For example, in gas 

separations, carbon membranes usually have high selectivity, but flux is low because they 

are too thick, although carbon nanotube membranes show high permeate flux
14-16

. Zeolite 
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membranes may possess both high flux and selectivity, but synthesis of defect-free 

zeolite membranes reproducibly and at low cost is extremely difficult
17, 18

. Graphene-

based material, such as graphene and graphene oxide (GO), have been considered as  the 

perfect membrane material, because they are only atomically thick and thus may be made 

into membranes that minimize transport resistance and maximize permeate flux
19

. 

Moreover, they are chemically and thermally stable
20, 21

, and mechanically strong
22

. Ease 

of conformation to the substrate and facile fabrication into membranes, also make them 

very promising candidate for preparing high quality membranes for separations. 

1.2 Next Generation Membrane Material: Graphene-based material 

 Graphene is a two-dimensional (2D) sheet composed of sp
2
-hybridized carbon 

atoms
23, 24

. In 2004, Geim and Novoselov firstly produced graphene sheets by 

mechanically exfoliating bulk graphite using Scotch tape
25

. Other than this "Scotch tape" 

or peel-off approach, graphene can also be prepared by chemical vapor deposition 

(CVD)
26-29

, liquid phase exfoliation of graphite
30

, and thermal exfoliation of graphite
31, 32

. 

 Graphite oxide is a compound of carbon, oxygen, and hydrogen (ratio of C and O: 

2.1~2.9)
33

. It has been prepared by Brodie
34

, Staudenmaier
35

, and Hummers methods
33

 or 

modified Hummers methods
36-39

. All these methods involve oxidation of graphite in the 

presence of strong acids and oxidants. The ratio of carbon and oxygen in graphite oxide is 

variable, depending on the method, the reaction conditions and the precursor graphite 

being used
40

. Graphene oxide (GO) is a single layer of graphite oxide. Graphene oxide 

surface is amphiphilic in air
41, 42

. However, it has been shown that only water molecules 

can intercalate into the inter-layer space between two individual GO sheets , while other 

molecules cannot due to the sieving effect
43

. The interlayer spacing of graphite, or the 
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distance between two individual graphene sheets, is 0.34 nm
44

. This value is higher for 

GO sheets, due to the introduced oxygen containing groups from the oxidative 

preparation procedure
31, 45-47

. This distance for GO can further increases reversibly from 

0.6 to 1.2 nm as the relative humidity increases
48

. Notably, graphite oxide can be 

completely exfoliated to produce aqueous colloidal dispersions of GO sheets by simple 

ultrasonication
49

. Several polar solvents, such as ethylene glycol, Dimethylformamide, N-

Methylpyrrolidone and Tetrahydrofuran, can also disperse graphite oxide at about 0.5 

mg/ml
50

. GO sheets, after chemical modification by organic molecules, can also be 

dispersed homogeneously in other organic solvents
51

. 

 GO can be appropriately reduced to generate reduced graphene oxide (rGO), 

which has similar chemical and physical properties as graphene. Currently, the mostly 

used reducing methods include chemical (using reducing agents like hydrazine
52-54

, 

dimethylhydrazine
55

, hydroquinone
56

 and NaBH4
57, 58

), and thermal reductions
31, 59, 60

. 

The reduction of GO dispersion in aqueous media results in agglomerated rGO sheets
52

. 

Elemental analysis of the rGO measured by combustion revealed the existence of a 

significant amount of oxygen, suggesting that the rGO is not the same as pristine 

graphene. The atomic ratio of C to O is approximately 10:1. Thermal treatment of 

graphite oxide is another route to obtain reduced sheets. Rapid heating (>2000 
o
C/min) up 

to 1050 
o
C exfoliates as well as reduces graphite oxide. The atomic ratio of C:O  after 

reduction is 10.3, similar to that of hydrazine-reduced GO. The thermally reduced GO 

sheets can be dispersed in several organic solvents at 0.1 mg/ml. 

 Recently, porous graphene-based material draws a lot of attention. This material 

can be described as a graphene or GO sheet with "missing" carbon atoms, leaving 
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structural defects (holes or pores or vacancies) in the planar structure
61

. Several methods 

have been proved to be effective to generate structural defects on graphene or GO sheets. 

Fischbein et al.
62

 demonstrated the generation of defects by exposing suspended graphene 

sheets to a focused electron beam from a transmission electron microscope (TEM) with 

controlled exposure time. Fox et al.
63

 used a low-energy focused electron beam from a 

scanning electron microscope (SEM) to treat graphene sheets under N2 atmosphere. They 

found that the etching occurred when the electron was focused in the presence of nitrogen 

gas. As a consequence, defects with diameters around 10 nm were successfully created. 

Koinuma et al.
64

 etched GO by UV irradiation in O2 atmosphere. The GO in this study 

was prepared by the Hummers method, and then coated on mica. A mercury lamp was 

applied to provide UV source for the irradiation of GO samples. Koening, et al.
65

 reported 

a similar UV-induced oxidative etching to generate defects on pristine graphene. Other 

methods, such as plasma etching
66, 67

, steam etching
68

, and femtosecond laser irradiation
69, 

70
, etc., have also be demonstrated for defect formation. 

1.3 Graphene-Based Membranes for Separations 

 Graphene, GO and rGO have been fabricated into membranes and shown 

promising performance in both gas and liquid separations due to their unique "size 

sieving" effect. Both nano-scaled interlayer spacing between two individual flakes and 

selective structural defects on the flakes have been claimed to be responsible for the 

observed separation performance. 
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1.3.1 For Gas Separations 

 Nair et al.
43

 prepared free-standing GO membranes by spray- or spin-coating of 

GO dispersion on porous substrates and subsequent transfer to a copper foil with an open 

hole. They found that sub-micrometer thick GO membranes were completely 

impermeable to organic vapors and He gas, but allowed unimpeded permeation of water; 

the proposed water permeation pathway was interlayer spacing between GO flakes. To 

elucidate the underlying mechanism, the authors reduced a GO membrane by annealing at 

250 
o
C in a hydrogen-argon mixed atmosphere. It exhibited 100 times less water flux, 

which was attributed to the narrowed interlayer distance from 1 to 0.4 nm (measured by 

X-ray diffraction (XRD)). Although He gas cannot permeate through dry GO 

membranes, , it permeated through GO membranes with the existence of saturated water 

vapor. XRD results showed that when exposed to water vapor, water molecules can 

intercalate into the interlayer spacing due to the strong affinity between the oxygen 

groups and water and thus swell these capillaries; expanded interlayer spacing, therefore, 

allows He to permeate through. These capillaries also allow low-friction flow of water 

molecules, while blocking organic molecules. GO membranes, therefore, may have great 

potential of selective removal of water from organics. This work, for the first time, 

suggests GO membranes may separate different molecules through interlayer spacing 

between GO sheets.  However, in this preliminary study, very thick GO membranes were 

prepared and studied for transport of molecules. The major advantage of using graphene-

based material for preparing membranes, atomic thickness, therefore, was not realized.   

 Koenig et al.
65

 investigated permeation of different gas molecules through 

individual porous graphene flakes. Graphene flakes, mechanically exfoliated from 
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graphite, were suspended over micrometer-sized wells etched into silicon oxide wafer. 

They used ultraviolet-induced oxidative etching to controllably introduce defects into the 

pristine graphene flakes. A pressurized blister test and mechanical resonance were used to 

measure the transport of a range of gases (H2, CO2, Ar, N2, CH4 and SF6) through the 

defects, and a molecular sieving behavior was found. This proof-of-concept work 

demonstrates great potential of utilizing porous graphene as a promising membrane 

material for gas separation by molecular sieving. However, only graphene flakes, instead 

of membranes, were fabricated and tested in this study. Also, investigation of mixture gas 

separation wasn't performed. 

 In 2013, our group and another group firstly prepared ultrathin, graphene-based 

membranes and demonstrated their gas separation performance. Our group
19

 fabricated 

ultrathin GO membrane with thickness approaching 1.8 nm by a facile vacuum filtration 

process on anodic aluminum oxide (AAO). Single gas permeation was first tested for He, 

H2, CO2, O2, N2, CO, and CH4 molecules through an 18-nm GO membrane, and H2 

permeance was found to be nearly 300 times faster than CO2. Afterwards, mixture gas 

separation was conducted and the selectivities were as high as 3400 and 900 for H2/CO2 

and H2/N2 mixtures, respectively. Moreover, we noticed that the H2 and He permeances 

decreased exponentially as the membrane thickness increased from 1.8 to 180 nm, which 

could be due to the particular molecular transport pathway through the selective structural 

defects on the GO flakes. This conclusion was further strengthened by gas permeation 

through 18-nm rGO membranes (reduced d-spacing). Similar behavior as 18-nm GO 

membranes was observed, indicating that interlayer spacing is not the major transport 

pathway. This study suggests that ultrathin GO membranes may have wide applications 
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in pre-combustion CO2 capture and H2 recovery for ammonia production. This work is 

part of this thesis, as discussed in detail in Chapter 2. 

 Kim et al.
71

 from Hanyang University in South Korea also investigated the gas 

permeation through ultrathin GO membranes. They found GO membranes in the dry state 

were not permeable to gasses. However, water molecules intercalated in the GO 

interlayer spacing, which generated nanometer-sized pores and channels. These opened 

channels allowed permeation of gas molecules. The authors found that the gases can 

permeate through thick GO membranes when sufficient pressure was applied in order to 

overcome the energy barrier for pore entry and diffusion. Also, the gas permeability 

could be tuned by changing the GO flake size. They also demonstrated that a high 

CO2/N2 selectivity could be achieved when they varied the humidity levels in the feed 

streams of the GO membranes. Therefore, GO membranes may potentially be used to 

capture carbon dioxide from flue gas. 

 Celebi et al.
72

 reported a reliable method for creating 2D graphene membranes 

using CVD optimized to grow graphene with minimal defects and cracks to form 

graphene layers thinner than 1 nm. Using a focused ion beam (FIB), they drilled 

nanopores in double layers of graphene to produce porous membranes with aperture 

diameters between less than 10 and 1000 nm. They found that the graphene membranes 

had water permeance five to seven times higher than conventional filtration membranes 

and water vapor flux was several hundred times higher than today's most advanced 

breathable textiles. This finding may lead to the development of highly breathable filters 

that are waterproof and effective to separate dangerous gases from air. 



9 

1.3.2 For Water Purification 

 Hu and Mi
73

 reported a novel procedure to fabricate ultrathin GO membranes that 

allow water to flow through the nanochannels between GO layers while blocking 

unwanted large solutes by size sieving and charge effects. The GO membranes were 

made via layer-by-layer deposition using GO dispersion. GO flakes were cross-linked by 

1,3,5-benzenetricarbonyl trichloride on a polydopamine-coated polysulfone support. 

They found that the cross-linking was essential to provide the GO membranes with 

stability in water, as well as tune the charges, functionality, and spacing of the GO 

nanosheets. GO membranes were used to test the salt and dye rejections. Although the 

GO membranes exhibited a relatively low rejection (6-46%) of monovalent and divalent 

salts, it showed a moderate rejection (46-66%) for Methylene blue and a high rejection 

(93-95%) for Rhodamine-WT. Water flux of the GO membranes was 4 to 10 times higher 

than that of commercially available nanofiltration membranes. 

 In a separate study, Qiu et al.
74

 reported an approach to create corrugation on rGO 

flakes by hydrothermal treatment of the rGO dispersions. The researchers revealed that 

the amplitude of GO corrugation can be simply controlled by hydrothermal treatment 

temperature, and the corrugation could form nanochannels in the rGO membranes. This 

statement was supported by two types of filtration experiments. In the first one, colloids 

of Au and Pt nanoparticles with average diameters of ~13 and ~3 nm, respectively, were 

utilized for a series of filtration tests. As a result, the 90-rGO (rGO hydrothermally 

treated at 90 
o
C) membrane showed no permeation for both Au and Pt, indicating a 

channel size smaller than 3 nm. 100- and 120-rGO membranes allowed only Pt to pass 

through, suggesting the existence of nanochannels with a size of 3 to 13 nm. 150-rGO 
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couldn't reject either two particles. In the second filtration test, direct yellow (DY) 

solution was employed in filtration tests, and again the rejection of DY decreased as the 

hydrothermal temperature increased,. 

 Han et al.
75

 developed a reduction route to convert GO to rGO. GO dispersion and 

NaOH were firstly mixed together with stirring under nitrogen flow and then heated to 

reflux until uniform rGO dispersion resulted. A vacuum filtration was applied to deposit 

ultrathin rGO membranes, with thickness from 22 to 53 nm. The prepared rGO 

membranes showed layered structure. The performance of the rGO membranes for water 

treatment was evaluated on a dead end filtration device, and the pure water flux reached 

up to 21.8 L m
-2

h
-1

bar
-1

. These membrane also exhibited high rejection (>99%) for 

organic dyes and moderate rejection (20 to 60%) for salts. The rejection mechanism of 

the negatively charged membranes, as the authors claimed, was a combination of physical 

sieving and electrostatic interaction. 

 Joshi et al.
76, 77

 prepared GO membranes by vacuum filtration of GO dispersion. 

These GO membranes showed vacuum-tight in the dry state, but if immersed in water, 

they acted as molecular sieves, blocking all solutes with hydrated radii larger than 0.45 

nm. Smaller ions permeated through the GO membranes at rates thousands of times faster 

than what is expected for simple diffusion. The authors believed that this behavior is 

caused by a network of nanocapillaries that open up in the hydrated state and accept only 

species that fit in. The ultrafast permeation is attributed to a capillary-like high pressure 

on ions inside GO capillaries. 
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1.3.3 For Water/Organic Solvent Pervaporation 

 Yeh et al.
78

 fabricated GO membranes with thickness from 90 to 300 nm for 

ethanol dehydration, by either vacuum filtration or spinning coating onto a thin-film 

nanofibrous composite (TFNC). Pervaporation results showed that a 93 nm thick GO 

membrane had a permeate flux of 2.2 kg m
-2

 h
-1

 and a separation factor of 308 for a feed 

of 80 wt% ethanol in water at 70 
o
C. The authors inferred the water transport pathway 

was through the interlayer spacing. 

 Tang et al.
79

 reported free-standing GO membranes assembled by a pressurized 

ultrafiltration method. Experimental results suggested that the interlayer spacing was 

determined by both packing density of GO nanosheets and water content in the feed 

solution. The packing density was sensitively affected by the ultrafiltration pressure 

applied during membrane formation. By tuning the ultrafiltration pressure, a high 

separation performance with water permeability of 13800 Barrer (1 Barrer = 3.348×10
-19

 

kmol m m
-2

 s
-1

 Pa
-1

) and water/ethanol selectivity of 227 was achieved for dehydration of 

an 85 wt% ethanol aqueous solution at 24 
o
C.  

 Huang et al.
80

 demonstrated a GO membrane prepared by vacuum filtration onto a 

ceramic hollow fiber. This GO membrane exhibited excellent water permeation of 

dimethyl carbonate/water mixtures through a pervaporation process. At 25 
o
C, for a feed 

with 2.6 wt% water, the permeate contained 95.2 wt% water and had a flux of 1702 g m
-2

 

h
-1

. 
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1.4 Thesis Scope 

 The main objective of this thesis is to study the fundamental material properties of 

GO and utilize their chemical and structural properties to prepare nanostructured GO 

membranes for separation applications. Chapter 2 introduces the preparation and 

characterization of ultrathin GO membranes, and discusses gas permeation mechanisms 

and separation performance for H2 mixtures. Chapter 3 demonstrates a novel design of 

GO membrane structure that shows underwater superoleophobicity and antifouling 

performance in oil/water emulsion separation. Chapter 4 discusses a facile method, UV 

oxidative etching, for fine tuning the GO chemistry and flake morphology, and then 

demonstrates its potential of improving the surface chemistry and roughness of GO flakes 

for oily wastewater treatment. Chapter 5 gives conclusions for this thesis.
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CHAPTER 2: ULTRATHIN, MOLECULAR-SIEVING GRAPHENE OXIDE 

MEMBRANES FOR HIGHLY SELECTIVE HYDROGEN SEPARATION 

2.1 Abstract 

 Ultrathin, molecular-sieving membranes have great potential to realize high flux, 

high selectivity mixture separation at low energy cost. Current microporous membranes 

(pore size < 1 nm), however, are usually relatively thick. It is difficult to prepare ultrathin 

(< 20 nm) microporous membranes without introducing extra defects using current 

membrane materials and preparation techniques. We report ultrathin graphene oxide (GO) 

membranes prepared by a facile filtration process with thickness approaching 1.8 nm. 

These membranes showed mixture separation selectivities as high as 3400 and 900 for 

H2/CO2 and H2/N2 mixtures, respectively, through the selective structural defects on GO.  

One Sentence Summary: Ultrathin graphene oxide membranes showed much higher 

separation selectivities for H2 mixtures than microporous membranes.  

2.2 Introduction  

 Zeolites (1) (2), silica (3), carbon (4), and polymers (5) have been made into 

microporous membranes that have shown promising gas mixture separation performance. 

These membranes separate mixtures based on selective adsorption, diffusion rate
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 differences, or molecular sieving mechanisms. Current microporous membranes, 

however, are usually thicker than 20 nanometers in order to minimize undesirable flux 

contribution through non-selective membrane defects and maintain reasonably high 

separation selectivity.  

 Graphene-based materials, such as graphene and graphene oxide (GO), have been 

considered as promising membrane materials, because they are only one carbon atom 

thick and thus may form separation membranes that minimize transport resistance and 

maximize flux.  Additionally, they have good stability (6, 7)  and are mechanically strong 

(8). Graphene-based materials have been made into centimeter-sized, thick (~1 μm) 

membranes and micrometer-sized, isolated single sheets for pure component permeation 

studies where they were found to be either impermeable to small gas molecules or not 

practical for separation applications (9-12).    

2.3 Experimental Results and Discussion 

 We used single-layered GO flakes, prepared by the modified Hummer’s method 

(13). Ultrathin GO membranes were prepared by vacuum filtration, as described in detail 

in Figure 2.1. X-ray diffraction (XRD) shows the characteristic peak of GO at 2θ of 11.1
○ 

(Figure 2.2 and discussion in (13)). Centrifugation and dilution of GO dispersions were 

found to be critical for preparing high quality GO membranes (Figure 2.3 and discussion 

in (13)). Figure 2.4A shows a ca. 9-nm thick GO membrane with a permeation area of ~4 

cm
2
 on anodic aluminum oxide (AAO) support. GO flakes are about 500 nm in size and 

single layered, as confirmed by the atomic force microscopy (AFM) image (Figure 2.4B) 

as well as the height profile of a GO flake (Figure 2.4C). Figures 2.4D and E show the 

surface of an 18-nm thick GO membrane on AAO. We deposited a relatively thick GO 
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membrane, approximately 180 nm (Figure 2.4G), to correlate the GO amount with the 

membrane thickness. GO dispersion for this 180-nm membrane preparation was then 

diluted 100, 20, and 10 times to obtain the above 1.8-, 9-, and 18-nm thick GO 

membranes, assuming no GO loss during filtration and constant membrane density. 

Compared with AAO support (Figure 2.4F)), a very thin GO coating can be clearly seen. 

X-ray photoelectron spectroscopy (XPS) was used to detect surface elements for these 

ultrathin GO membranes on AAO (Figures 2.4H and I)). For a 1.8-nm thick membrane, a 

significant amount of aluminum in AAO can still be seen because the mean free path of 

excited electrons is longer than the surface GO membrane thickness. However, for 

thicker membranes (9 and 18 nm), much smaller amounts of underlying aluminum in 

AAO can be seen because GO thickness is larger than the excited electron mean free path. 

This is consistent with surface carbon detection by XPS as well (Figure 2.4I). See 

Supplementary Materials for detailed analysis.  
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Figure 2. 1 Fabrication process of GO membranes 

 

 

 
Figure 2. 2 XRD patterns for (A) GO powder on Al plate and (B) blank Al plate 
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Figure 2. 3 For determination of the GO dispersion concentration after centrifuge, we 

used UV-vis to measure the absorbance of the prepared standard GO dispersion (0, 0.02, 

0.125, 0.25, 0.5, 1 and 2 mg/mL) and found out the concentration of GO dispersion has 

an excellent linear fit with the UV absorbance, as shown in fig. S1A.  Figure S1B shows 

the dependence of GO concentration on the centrifuge time at 10,000 rpm. 
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Figure 2. 4 GO membranes supported on porous AAO. (A) Digital picture of an ultrathin 

GO membrane on AAO (ca. 9 nm); middle open white area is the permeation area (~4 

cm
2
) with supported GO, and yellow Kapton tape is for GO protection and for sealing by 

O-ring during permeation measurements. (B) AFM image of a GO flake on freshly 

cleaved mica. (C) The height profile across the green line in (B).  (D) Field emission 

scanning electron microscopy (FE-SEM) image of the surface of a GO membrane (ca. 

18-nm thick) on porous AAO. (E) FE-SEM image of the GO membrane surface (ca. 18-

nm thick) with higher magnification and (F) AAO surface without GO membrane. (G) 

FE-SEM image of the cross-sectional view of a thick GO membrane (~180 nm); ultrathin 

GO membranes (1.8, 9, and 18 nm) were prepared by diluting GO filtration solution for 

the 180-nm thick membrane in (G) by 100, 20, and 10 times, while maintaining total 

filtration solution volume constant at 25 ml.  (H) Al 2P and (I) C 1S XPS spectra of 

ultrathin GO membranes (ca. 1.8, 9, and 18 nm thick) supported on porous AAO. Scale 

bars in (B), 500 nm; in (D), 5 μm; in (E) and (F), 100 nm; in (G), 1 μm. 
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 We conducted permeation tests with different light gas molecules to probe pore 

sizes using a glass membrane module (Figure 2.5). Hydrogen (kinetic diameter: 0.289 nm) 

permeated approximately 300 times faster than CO2 (0.33 nm) through a ca. 18-nm thick 

GO membrane at 20 
o
C (Figure 2.6A). Their kinetic diameter differences are only 0.04 

nm, suggesting the average size of pores for permeation in the GO membrane may be 

between 0.289 nm and 0.33 nm. O2 and N2 showed similar permeance as CO2. However, 

CO and CH4 had slightly higher permeance, although they are slightly larger. Koenig et 

al’s (12) also found CH4 had slightly higher permeance than N2 through pristine graphene 

flakes. The reason is still unclear. Figure 2.6B shows H2 and He permeances for GO 

membranes with different thickness. Gas permeance is usually inversely proportional to 

the membrane thickness for conventional membranes (14). Surprisingly, we found H2 and 

He permeances decrease exponentially as membrane thickness increases from 1.8 to 180 

nm for our membranes (Figure 2.6B). We speculate that the major transport pathway for 

these molecules is selective structural defects on GO flakes, instead of spacing between 

GO flakes. Reduction has been shown as an effective way to narrow interlayer spacing in 

GO membranes and thus limit  permeation of molecules through spacing (10). We 

reduced ultrathin GO membranes with thickness from 1.8-20 nm and conducted pressure-

driven water permeation. We found water permeance decreased approximately 3 orders 

of magnitude after reduction; for example, water permeance through a 3-nm GO 

membranes was 1370 L/(m
2
∙h∙bar), while it was 0.5-1 L/(m

2
∙h∙bar) through reduced GO 

membrane. This is in agreement with Nair et al.’s finding (10) and suggests interlayer 

spacing has been eliminated or significantly narrowed by reduction. We then measured 

single-gas permeation through 18-nm reduced GO membranes (Figure 2.7); no obvious 
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gas permeance change was found, suggesting interlayer spacing is not be the major 

transport pathway and permeation of molecules is attributed to the selective structural 

defects on GO flakes. Exponential dependence of gas permeances on membrane 

thickness (Figure 2.6B) may result from the particular transport pathway of molecules 

through these selective structural defects in layered GO membranes. Various defects on 

graphene have been found to be able to separate H2 from other small molecules (N2, CH4 

etc.) (15-17). The molecular-sieving behavior of H2 over other molecules may be 

attributed to the intrinsic defects on GO flakes in our membranes. The Raman spectrum 

suggests the existence of defects on GO flakes (Figure 2.8 and analysis in (13)). Koenig 

et al.(12) found H2/N2 ideal selectivity for isolated graphene sheets was higher than 

10,000 after etching graphene by UV-induced oxidation. We noticed that some of their 

graphene sheets before etching showed high ideal selectivities for H2/CH4 (~100) and 

H2/N2 (~100), indicating intrinsic defects on graphene may also have decent molecular-

sieving behavior. Our single-gas permeation results were consistent with their 

observation.  We also extrapolated He permeance for a 1-μm thick GO membrane using 

an exponential fit in Figure 2.6B and found it is appropriately 10
-16

 mol/(m
2
∙s∙Pa).  This 

explains why the 1-μm thick GO membranes prepared by Nair et al. were impermeable to 

He (10). Therefore, for practical separation application of GO membranes, ultrathin 

thickness is essential in order to have reasonably high gas permeances. Separation of H2 

from other small molecules has important applications, such as pre-combustion CO2 

capture and H2 recovery for ammonia production (18-21).  
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Figure 2. 5 Schematic drawing of gas permeation measurement system 

 

 

 
Figure 2. 6 Single-gas permeation through GO membranes supported on porous AAO at 

20 
o
C.  (A) Permeances of seven molecules through a ca. 18-nm thick GO membrane. (B) 

Permeances of H2 and He through GO membranes with different thicknesses. Lines in (B) 

are exponential fits. 
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Figure 2. 7 Permeances of seven molecules at 20 °C through a ca. 18-nm thick (A) 5% 

H2 in Ar reduced GO membrane, and (B) vacuum reduced GO membrane. Both 

membranes were supported on porous AAO. 

 

 

 

Figure 2. 8 Raman spectrum of the GO powder. The ID/IG ratio is 1.09 as shown in the 

figure. 

 Separation selectivity and permeance are two important parameters to evaluate 

membrane separation performance. Before evaluating separation performance of ultrathin 

GO membranes, a control experiment was first conducted for an AAO support; we found 
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that the gas permeances were high (> 10
-6

 mol/(m
2
∙s∙Pa)) and selectivities of H2 over CO2 

and N2 were low (< 5), as expected for Knudsen diffusion through 20-nm pores. Figure 

2.9 shows separation results of 50/50 H2/CO2 and 50/50 H2/N2 mixtures for 1.8-, 9-, and 

18-nm thick GO membranes. All the GO membranes showed high H2/CO2 selectivity (> 

2,000) at 20 
o
C, with a value of 3,400 for the 9-nm thick membrane. This is unusual, 

because microporous membranes reported in the literature showed low H2/CO2 selectivity 

(<10) or were selective to CO2 over H2 at < 100 
o
C due to strong CO2 adsorption and 

blocking of H2 permeation (22-24). Adsorption isotherms on GO powder at 20 
o
C showed 

much stronger CO2 adsorption than H2 (Figure 2.10). These results suggest a molecular-

sieving separation of H2 from CO2, since strongly adsorbed CO2 on GO flakes has 

negligible effects on H2 permeation, meaning CO2 can’t fit into most of the structural 

defects on GO that only allow H2 permeation. CO2 seems to permeate through a very 

small amount of larger structural defects. The observed H2/CO2 separation selectivity was 

higher than ideal selectivity, implying the larger defects are also selective for H2 over 

CO2, likely due to the smaller size of H2. H2/CO2 separation selectivity decreased with 

the increase of temperature, resulting from the faster increase of CO2 permeance than that 

of H2. But, even at 100 
o
C, H2/CO2 selectivity was still 250 for the 18-nm thick 

membrane. This suggests a more activated CO2 diffusion than H2 through GO membranes, 

resulting from the tight fit of CO2 molecules in these defects (13). H2/N2 mixture 

separation showed a similar behavior, and the highest selectivity is approximately 900 for 

the 9-nm GO membrane at 20 
o
C. We have prepared at least 3 GO membranes for each 

thickness and obtained good reproducibility; variation of membrane permeation 

performance is within 15% for all membranes. We also fabricated ultrathin GO 
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membranes on low-cost polycarbonate supports (100-nm pores) and obtained similar 

separation performance. For example, for a ca. 18-nm thick GO membrane on 

polycarbonate support, H2/CO2 and H2/N2 separation selectivities are 1,110 and 300, 

respectively. Figure 2.9G shows a comparison of ultrathin GO membranes with 

polymeric membranes and inorganic membranes for H2/CO2 mixture separation. 

Typically, for membrane separation, as separation selectivity increases, permeance 

decreases. An upper bound can usually be used to compare the separation performance of 

a new membrane with previous membranes. Ultrathin GO membranes are far above the 

upper bounds for both polymeric membranes (black line) and representative inorganic 

membranes (red line). Figure 2.11 also shows the comparison of GO membranes with 

polymeric membranes for H2/N2 mixture separation; superior separation performance of 

GO membranes can again be seen. 
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Figure 2. 9 50/50 H2/CO2 and H2/N2 mixture separation by ultrathin GO membranes and 

comparison with membranes in the literature for H2/CO2 mixture separation. (A) and (B) 

are separation results for 1.8-nm thick GO membrane, (C) and (D) for 9-nm membrane, 

and (E) and (F) for 18-nm membrane. (G) Comparison of ultrathin GO membranes with 

polymeric membranes and inorganic microporous membranes for H2/CO2 mixture 

separation: selectivity versus H2 permeance. Black line is the 2008 upper bound of 
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polymeric membrane for H2/CO2(27), assuming membran

points (1-11) are microporous inorganic membranes from the literature (28), and the red 

line is the upper bound for inorganic membranes, based on blue points. Red points (12) 

are ultrathin GO membranes from this study. The table next to (G) explains points (1-12). 

 

 

 

Figure 2. 10 Gas adsorption isotherms of CO2, CH4, N2, and H2 on GO at 20 
o
C  

 

 

 

Figure 2. 11 Comparison of ultrathin GO membranes with polymeric membranes for 

H2/N2 mixture separation at 20 
o
C: selectivity versus H2 permeance. Black line is the 

2008 upper bound of polymeric membranes for H2/N2(27), assuming membrane thickness 
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is 0.1 μm. Blue solid spheres are representative points for polymeric membranes from the 

literature (27); green solid triangle, solid red star, and solid pink square are for 1.8-, 9-, 

and 18-nm GO membranes. 1 GPU (Gas Permeance Unit) equals to 3.348 × 10
-10

 

mol/(m
2
∙s∙Pa). 

2.4 Supporting Information 

2.4.1 Materials and Methods 

Graphene Oxide (GO) membrane fabrication and reduction 

 We used single-layered graphene oxide (SLGO) powder, prepared by the 

Modified Hummer’s Method, as the raw material for membrane preparation. We 

purchased SLGO from CheapTubes Inc. Firstly, SLGO powder was dissolved in DI water, 

followed by a 25 min sonication (Branson 2510). Then, the dispersed SLGO powder was 

centrifuged at 10,000 rpm for different times (Bio Lion XC-H165) to remove large 

particles/aggregates in the dispersion. The concentration of the resulting SLGO 

dispersion was measured by UV-vis (Shimadzu UV-2010PC) with a pre-calibrated curve 

of GO concentration vs. absorption at 600 nm wavelength, as shown in Figure 2.3A. We 

investigated effects of the centrifuge time on final SLGO concentration and found that 30 

and 40 min gave the same concentration, as shown in Figure 2.3B. So, for membrane 

fabrication, we used SLGO dispersion after 30 min centrifuge.  During fabricating GO 

membranes, we used the SLGO dispersion to do vacuum filtration (Millipore filtration 

system) through anodic aluminum oxide (AAO) filters with 20-nm pores (Whatman) or 

isopore cellulous acetate with 100-nm pores (Millipore). To roughly control the GO 

membrane thickness, we calculated the effective filtration area and added the known 

amount of GO in its 25-ml dispersion for filtration, assuming the membrane density is 

similar to that of graphite (~2.1 g/cm
3
). The actual thickness of a thick GO membrane 
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with known amount of GO was measured by FE-SEM (Figure 2.4G) and used to 

calculate thickness of thinner GO membranes with much smaller amount of GO. The 

resulting GO membranes were stored in a vacuum desiccator (Nalgene) for >15 hours to 

remove the residue water before permeation test. A schematic process of the fabrication 

steps is shown in Figure 2.1. Reduced GO (rGO) membranes were fabricated in both H2 

and vacuum at 220 
o
C. For H2 rGO membranes, reduction was conducted in a tube 

furnace (Across International STF1200) at 220 °C for 3 h; reduction gas was composed 

of 5% H2 and 95% Ar, and temperature ramp rate was set to 5 °C/min. For vacuum rGO 

membranes, GO membranes were treated in a vacuum oven (Across International VO-

16020) for 19 h at 220 °C. 

Permeation/separation experimental setup 

 A glass membrane module was used for gas permeation/separation experiments. 

Silicon O-rings were used to seal the GO membranes on AAO supports or cellulous 

acetate supports. To avoid direct contact between O-rings and the GO membrane and thus 

potential damage on the thin GO membranes, we attached heat resistant Kapton tape with 

a hole on the GO membranes to expose the desired membrane area for gas permeation; a 

coarse filter paper (Fisher Scientific) was placed at the bottom of the AAO or cellulous 

acetate support to protect the support. During permeation test, feed flow was either pure 

gasses or gas mixtures and their composition and total flow rate were controlled by Mass 

Flow Controllers (Brooks 5850); on the permeate side, argon was used as a sweep gas to 

bring permeates into a gas chromatography (GC) for composition analysis. The reason we 

used argon as the sweep gas is because argon was used as the carrier gas in GC for a 

better detection of H2 by thermal conductivity detector (TCD) due to their large thermal 
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conductivity difference. Nitrogen was detected by TCD, CH4 and CO2 were detected by 

both TCD and flame ionization detector (FID) (CO2 as CH4 by a methanizer). Typically, 

total feed flow rates were 45 sccm for single-gas permeation and 90 sccm for mixture 

separation, and permeate argon flow rate was 25-50 sccm. No pressure drop across the 

membranes was applied to avoid breaking or deforming the thin supports.  Before 

evaluating separation performance of ultrathin GO membranes, a control experiment was 

first conducted for an AAO support; we found that permeances of studied gases were 

high (> 10
-6

 mol/(m
2
∙s∙Pa)) and ideal selectivities of H2 over CO2 and N2 were low (< 5), 

as expected for Knudsen diffusion through 20-nm pores. A heating tape was used to heat 

the membrane and a temperature controller was used to control the membrane 

temperature, if needed. The schematic for the permeation setup is shown in Figure 2.5. 

For pressure driven liquid water permeation tests, we used a standard filtration system 

(Millipore). For a typical permeation test, pressure drop across the membrane was 70 kPa. 

Water flux was calculated by measuring feed side water volume change over a period of 

time, from several hours up to 200 hours; at least three points were measured over the 

permeation period to ensure water permeation was at steady state.  All the measurements 

were conducted at room temperature.   

2.4.2 Characterizations 

X-ray diffraction (XRD) study of the GO powder 

 X-ray powder diffraction (XRD) was carried out using a Rigaku MiniFlex II 

diffractometer with Cu Kα radiation (λ = 0.15418 nm). The diffraction data was recorded 

for 2θ angles between 5° and 60°. XRD pattern for the GO powder was shown in Figure 

2.2. The characteristic diffraction peak (002) of GO is ascribed to the introduction of 
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oxygenated functional groups, such as epoxy, hydroxyl (–OH), carboxyl (–COOH) and 

carbonyl (–C=O) groups attached on both sides and edges of carbon sheets (27). 

X-ray photoelectron spectroscopy (XPS) analysis of GO membranes 

 The surface chemical compositions of GO membranes with different thickness 

(1.8, 9 and 18 nm) was analyzed by XPS (Kratos Axis Ultra DLD instrument equipped 

with a monochromated Al Ka x-ray source and hemispherical analyzer capable of an 

energy resolution of 0.5 eV), as shown in Figure 2.4H and I. The Al 2p peak appears near 

74.3. For C 1s, 284.5 eV corresponds to the C-C, C=C and C-H bonds. 286.5 eV and 

288.3 eV are assigned to C-O and C=O, respectively. We calculated the kinetic energy 

for Al 2p electrons with the equation Ekinetic = EX-ray photon - Ebinding - Φ, where EX-ray photon is 

1486.7 eV for Al Ka x-ray source, Ebinding for Al 2p electrons is 74.3 eV as shown in 

Figure 2.4H, and the working function Φ is 4.26 eV. Thus the kinetic energy for Al 2p 

electrons is 1408.14 eV. By applying the dependence of inelastic mean free path (IMFP) 

for electrons on their kinetic energy (28), we get the λIMFP around 3.4 nm, which is larger 

than the thickness of our 1.8 nm GO membrane. Similarly, for C 1s electrons, λIMFP in 

carbon is approximately 3 nm, which is smaller than the thickness of both 9 and 18 nm 

GO membrane. This is why as the membrane thickness increases, C 1s peak intensity 

increases, while Al 2P peak intensity decreases, and for 9 and 18 nm GO membranes on 

AAO, Al 2p and C 1s spectra are similar. 

Atomic force microscopy (AFM) study of GO flakes 

      To prepare samples for AFM imaging, 0.002 mg/mL GO suspensions were first 

diluted 1000 times. A 4 uL drop of diluted suspension was deposited onto freshly cleaved 

muscovite mica disks (9.9 mm diameter, Grade V1, Structure Probe, Inc.) and dried for at 
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least 20 mins at 323K prior to AFM imaging. The deposited GO sheets were imaged 

using a PicoPlus AFM (Agilent) operated in the tapping mode. All images were collected 

using N-type silicon cantilevers (FORTA-50, Nanoscience Instruments, Inc.) with spring 

constants of 1.2-6.4 N/m, resonance frequencies of 47-76 kHz, and nominal tip radius of 

< 10 nm. The height resolution of the AFM scanner is less than 1 A. Thus, with proper 

calibration, the accuracy of the measured height of surface features is approximately ±0.1 

nm. The AFM topography images were analyzed using image analysis software 

(Scanning Probe Image Processor or SPIP, Image Metrology A/S, Denmark), as shown in 

Figure 2.4B. It is seen that the GO sheet is a typical single-layer GO flake with a 

dimension of 300-700 nm. The GO flake showed a smooth planar structure. The height 

profile diagram Figure 2.4C of the AFM image showed that the thickness of the single-

layer GO sheet was 0.7-0.9 nm, which is consistent with the 0.8 nm as the typical 

thickness of the observed single-layer GO (29). 

Field emission scanning electron microscopy (FE-SEM) study of the GO membranes 

 Figure 2.4E and F show the FE-SEM (Zeiss Ultraplus Thermal Field Emission 

Scanning Electron Microscope) images for blank AAO and 18 nm GO membranes coated 

on AAO, respectively. The difference between coated and uncoated AAO can be easily 

noticed that for uncoated AAO, there are 20 nm pores all around the surface dispersed 

uniformly, while for the coated AAO with thin layers of GO on the top, the AAO 

intrinsic 20 nm pores are covered by GO layers. A cross-section image for our 180 nm 

thick GO membrane on AAO support is shown in Figure 2.4G. 
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Gas adsorption isotherms study on GO powder 

 Adsorption isotherms of CO2, CH4, N2 and H2 on GO powder were measured by a 

volumetric method using a home-built adsorption system. GO powder (~0.5 g) was firstly 

outgassed at 80-100 
o
C overnight. Helium was then used to calibrate the volume of 

adsorption cell with GO powder at 20 o
C. After vacuum to remove residue gasses in the 

adsorption system, interested gases were introduced at 20 o
C to measure the adsorption 

isotherms on GO. The operating pressure range is from 0 to 170 kPa.  

High-resolution transmission electron microscopy (HRTEM) study of the GO flakes 

 To find out the defects on the single-layer GO sheets, we conducted HRTEM 

(JEOL JEM 2100F HRTEM). Figure 2.12 shows a HR-TEM of a GO flake. Under the 

current resolution, no conclusive evidence shows obvious defects on GO flakes, although 

Raman spectrum suggests the existence of defects on GO (see analysis below). 

 

 

Figure 2. 12 HR-TEM image of a GO flake 
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Raman spectroscopy analysis of GO powder 

 To further study the structural properties of the GO powder, we conducted Raman 

spectroscopy. A LabRam confocal Raman spectrometer (JY Horiba) is used for the 

measurement. The spectrometer is equipped with a liquid-nitrogen cooled, charge-

coupled device (CCD) detector, and a He-Ne (632.817 nm) laser for excitation. The well-

known Raman characteristics of carbon materials are the G and D bands (1580 and 1350 

cm
−1

) which are usually assigned to the graphitized structure and local defects/disorders 

particularly located at the edges of graphene and graphite platelets, respectively (30) (31). 

Therefore, a smaller ID/IG peak intensity ratio can be assigned to lower defects/disorders 

in the graphitized structure. The Raman spectrum shown in Figure 2.8 displays the G 

band at 1585 cm
−1

 and the D band at 1338 cm
−1

. The values of the ID/IG ratio were also 

obtained and presented in Figure 2.8. Cançado (32) developed a methodology to correlate 

the ID/IG ratio with the distance between pointlike defects (LD) on single layer graphene 

(SLG), focusing on the low-defect density regime (LD ≧ 10 nm), as shown in the 

following equation. 

 

 

 By substitute ID/IG = 1.09 and EL = 1.96 eV for the He-Ne (632.817 nm) laser into 

this equation, we can get the LD between 13.6 to 18.6 nm, assuming this dependence of 

ID/IG on LD can also be applied to SLGO. The detailed derivation of this equation can be 

found in ref (32). 
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Figure 2. 13 Arrhenius temperature dependence of H2 and CO2 permeances in the 50/50 

mixture for the1.8-nm thick GO membrane. Gas permeance through the membrane 

satisfies Arrhenius dependence when adsorption is in Henry’s region (35): 

 

 

 

 

where, Ed is diffusion activation energy (kJ/mol) and ∆Hads is the heat of adsorption 

(kJ/mol). From the above figure, the calculated (Ed - ΔHads) are 6.9 kJ/mol for H2 and 

60.2 kJ/mol for CO2, respectively. Considering much weaker adsorption of H2 on most of 

porous materials than CO2, heat of adsorption of CO2 on GO is also expected to be higher 

than H2. Therefore, diffusion activation energy of CO2 through the GO membrane is at 

least 53.3 kJ/mol higher than that of H2, indicating much more activated diffusion of CO2 

through GO membranes or much tighter fit of CO2 in defects of GO flakes.  
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2.5 Conclusion 

 In summary, gas separation membranes, down to 1.8 nm in thickness, were 

reproducibly fabricated by a scalable method.  These membranes showed H2/CO2 and 

H2/N2 mixture separation selectivities that are 1-2 orders of magnitude higher than the 

state-of-the-art microporous membranes. The fabrication of membranes on a low-cost 

polymer support was also demonstrated, making them attractive for the practical H2 

separation from mixtures.  
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CHAPTER 3: GRAPHENE OXIDE MEMBRANES WITH HIERARCHICAL 

ROUGHNESS FOR HIGH FLUX, ANTI-FOULING OIL/WATER SEPARATION 

3.1 Abstract 

 Fouling of nano/ultrafiltration membranes in oil/water separation is a 

longstanding issue and a major economic barrier for their wide application. Currently 

reported membranes typically show severe fouling, resulting from the strong adhesion of 

oil on membrane surface and/or oil penetration inside the membranes. This greatly 

degrades their performance and shortens service lifetime. Here, we report, for the first 

time,  the use of graphene oxide (GO) for the fabrication of fully-recoverable membranes 

for high flux, antifouling oil/water separation via function and structure mimicking of fish 

scales. The ultrathin, amphiphilic, water-locking GO coating mimics the thin mucus layer 

covering fish scales, while the combination of corrugated GO flakes and intrinsic 

roughness of the porous supports successfully reproduces the hierarchical roughness of 

fish scales. Cyclic membrane performance evaluation tests revealed ~100% membrane 

recovery by facile surface water flushing, establishing their excellent easy-to-recover 

capability. This new generation of functional coatings/membranes may have wide 

applications in oil-polluted environments.
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One Sentence Summary: Graphene oxide membranes/coatings with hierarchical surface 

roughness fully mimic function and structure of fish scales and achieve excellent anti-

fouling performance in oil/water separation. 

3.2 Introduction 

 Underwater superoleophobic surfaces have shown increasing importance in a 

variety of applications among which oil/water separation is of great interest due to the 

increasing amount of oily wastewater from industries, a shortage of clean water, and 

frequent oil spill accidents 
[1-4]

. Despite recent advances in nano/ultrafiltration membranes 

in oil/water separation, fully recoverable oil/water separation performance has rarely been 

demonstrated, especially for stable, difficult-to-separate oil emulsions. A promising 

strategy of designing superoleophobic surfaces for underwater applications is to 

incorporate desirable hierarchical surface roughness
[5]

, as inspired by the natural 

formation of fish scales
[6-8]

. Mimicking the structure of fish scales has been attempted to 

for the preparation of superoleophobic surfaces and has been studied for oil/water 

separation. Compared with conventional antifouling coating agents
[2]

, bio-inspired 

underwater superoleophobic materials have improved oil/water separation performance 

and enhanced fouling resistance
[9-13]

. Most previous studies, however, focused merely on 

replicating the structure of fish scales. The function of the mucus layer on the surface of 

fish scales was usually neglected. In fact, the mucus layer replicates the hierarchical 

roughness of the fish scales underneath, and it preferentially attracts water molecules in 

oil/water mixtures, forming a superoleophobic oil/water/solid interface. To mimic the 

excellent anti-fouling and self-cleaning performance of fish scales, a combination of the 

hierarchical surface roughness and the conformal, underwater superoleophobic coating 
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layer is apparently necessary. However, it is highly challenging to perfectly combine 

these two aspects, and little success has been reported to date. Graphene oxide (GO) is a 

promising two-dimensional (2-D) membrane/coating material, owing to its one carbon 

atom thickness, ease of conformation to substrates, excellent chemical stability
[14]

, and 

mechanical strength
[15]

. GO membranes have shown great potential for gas and liquid 

separations through size-sieving by either interlayer spacing or selective structural 

defects
[16-21]

. Here, we report, for the first time, the utilization of mucus-mimicking GO 

for fabricating ultrafiltration membranes with desirable hierarchical surface roughness 

and their application for high flux, anti-fouling oil/water separation. 

3.3 Experimental Results and Discussion 

 We first used single-layered GO (SLGO) nanoflakes to prepare a free-standing 

GO film by vacuum filtration. The GO film is amphiphilic in air (Figure 3.1A and B) and 

oleophobic under water (Figure 3.1C), owing to the unique chemistry of GO 
[20, 22]

. 

Functional groups, such as carboxyl, hydroxyl, and epoxy, are rich on the edges and 

defects, exhibiting high affinities for water molecules (Figure 3.2). The affinity of the oil 

droplets to smooth GO surface in air is attributed to these more hydrophobic regions in 

the basal GO plane
[22]

. Despite that oil easily spread out on the GO surface in air, we 

found that the interlayer structure of GO is inaccessible to oil molecules. The x-ray 

diffraction (XRD) patterns of GO samples before and after HD soaking showed the same 

characteristic 002 reflection peak at 2θ of 12.35° (Figure 3.1D), suggesting a similar 

interlayer spacing (ca. ~0.72 nm). This result confirmed that HD cannot penetrate into the 

GO interlayers and swell the structure. However, the GO film was easily wetted and 

swelled by water molecules, leading to an increased d002 spacing of ~0.79 nm (calculated 
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based on a 2θ of 11.15°). By varying humidity, different degrees of swelling of GO 

structure were observed (ca. 0.72 nm ≤ d002 ≤ ca. 0.83 nm). We further explored the oil 

accessibility to a water-swollen GO sample by extending HD soaking time to 60 h. As 

expected, no swelling effect from HD was observed, as no further increase in d002 spacing 

was detected (Figure 3.1D). Therefore, GO well mimics the amphiphility of mucus in air 

and its underwater oleophobicity, and water-wetted GO has strong resistance to oil 

penetration.   

 

 

Figure 3. 1 Characterization of a free-standing GO film (thickness: 10 μm) and a 15-nm 

GO membrane supported on polyamide (PA). Optical images of a water droplet (A) and a 

hexadecane (HD) droplet (B) on the free-standing GO film in air. (C) Optical image of a 

HD droplet adhering to the free-standing GO film under water. (D) X-ray-diffraction 

(XRD) patterns of the free-standing GO film: (i) dried; (ii) soaked in HD for 30 h; (iii) 

soaked in water vapor for 50 h (50% humidity); (iv) soaked in HD for 60 h after (iii); and 

(v) soaked in saturated water vapor for 24 h; a.u., arbitrary unit. (E) Optical image of a 

HD droplet contacting with the 15-nm GO membrane in water. Atomic force microscopy 

(AFM) images of the top-view (F) and the cross-sectional view (G) of the 15-nm GO 

membrane. (H) Low magnification field emission scanning electron microscopy (FESEM) 

image of the 15-nm GO membrane surface. High magnification FESEM images of the 
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15-nm GO membrane on PA support (I) and the bare PA support (J). Scale bars in (H), 1 

μm; in (I) and (J), 200 nm.  

 

 

 

Figure 3. 2 C 1S XPS spectrum of a free-standing GO film (10 μm in thickness). a. u., 

arbitrary unit. 

  

 

 

 We followed a similar procedure of our previous study 
[19]

 to prepare ultrathin GO 

membranes/coatings on polyamide (PA) supports with large three-dimensional pores 

(~200 nm) to introduce a relatively large surface roughness and desirable skeleton for GO 

coating. Atomic force microscopy (AFM) confirmed GO flakes are single layered (Figure 

3.3A and B). Figure 3.3C showed a digital image of a representative 15-nm thick 

(nominal thickness based on a flat surface) GO membrane on PA support with a coating 

area of ~9.6 cm
2
. The 15-nm GO membrane exhibited a much larger underwater HD 

contact angle (161.7° ± 2.1°) (Figure 3.1E) than the free-standing GO film with a smooth 
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surface (Figure 3.1C), suggesting its drastically improved oleophobicity or 

superoleophobicity. This can be attributed to the much rougher GO membrane surface, as 

discussed below. AFM image of the GO membrane surface (Figure 3.1F) showed 

submicron-scale roughness with an average root-mean-squared roughness (Rq) of 230.5 

nm. This is comparable to that of the PA support (Rq, 240.9 nm) (Figure 3.7C and D). 

The cross-sectional profile (Figure 3.1G) revealed that the surface was full of 

micrometer-scale bumps and dents. Apparently, with the thin and conformal GO coating, 

the membrane preserved the original roughness of the PA support. Figure 3.1H showed 

the field emission scanning electron microscopy (FESEM) image of the surface of a 15-

nm GO membrane. Compared with the bare PA support (Figure 3.4A), a conformal GO 

coating on PA skeleton can be clearly seen. More importantly, the FESEM image with 

higher magnification (Figure 3.1I) revealed a secondary nano-scale roughness formed by 

the corrugation of the flexible GO flakes, while the skeleton surface of the bare PA 

support was fairly smooth (Figure 3.1J). A novel membrane/coating structure with the 

hierarchical roughness, therefore, has been formed. Combining mucus-mimicking GO 

with the hierarchical roughness, we concluded that the fabricated GO membranes 

precisely mimicked the structure and mucus coating layer of fish scales and might have 

great potential to realize anti-fouling and self-cleaning performance in oil-polluted water.  
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Figure 3. 3 (A) AFM topographical image of a SLGO flake on freshly cleaved mica. (B) 

The height profile across the black line in (A). The height data were calibrated using 

steps formed on freshly cleaved mica. h, height; x, position. AFM results confirmed the 

single-layered structure of GO of ~0.9 nm in thickness. (C) Photograph of 15-nm GO 

membrane (supported by porous PA). The region with light brown color reflected an 

active permeation area of ~9.6 cm
2
. 

 

 

 

 



 

52 

  

 

 

 

Figure 3. 4 (A) and (B) Low-voltage FE-SEM images of bare PA support in low and 

high magnifications, respectively. FE-SEM Image (A) showed rough porous PA surface. 

However, a local view (B) of the support showed PA skeleton with smooth surfaces. (C) 

AFM image of the support surface with an average root-mean-squared roughness (Rq) of 

240.7 nm. (D) AFM image of the cross-sectional view of a 15-nm GO membrane. Scale 

bars, in (A) 1 μm; in (B), 100 nm. 
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 We conducted a series of oil emulsion filtration tests using a dead-end cell 

filtration system (Figure 3.5) to explore the anti-fouling performance of the GO 

membranes. Figure 3.6A showed the performance of a 10-nm GO membrane in three 

cycles (also see Figure 3.7 for its characterization). Pure water flux through the fresh GO 

membrane was 8,100 ± 200 L/(m
2
·h·bar) and can be fully recovered after subsequent oil 

emulsion filtration cycles, exhibiting superior ease-of-recovery and anti-fouling 

capability. In oil emulsion separation tests, the initial flux was approximately 5,400 

L/( m
2
·h·bar), which is 2-3 orders of magnitude higher than those of reported underwater 

(super)oleophobic membranes
[7, 10, 23]

. The initial flux was maintained in the following 

cycles after cleaning, confirming the full recovery of the GO membrane. A fast flux 

decrease was observed in the first hour. This can be attributed to the high-flux induced oil 

agglomeration on the membrane surface 
[23-25]

, considering more than 85 wt% of the feed 

was collected in the first hour. This is a well-known limitation of the dead-end filtration 

system. Oil rejection was as high as 98±0.1% and remained constant (Figure 3.6A). 

Cyclic oil-in-water emulsion separation tests were also performed on a PA support 

(Figure 3.6B) for comparison. Pure water flux through the fresh bare PA support was 

~11,000 L/(m
2
·h·bar) and drastically decreased to ~1,600 L/(m

2
·h·bar) after the first 

cycle of oil emulsion filtration, and then further decreased in the following cycles. The 

pure water flux eventually decreased to ~1050 L/(m
2
·h·bar) after 2 cycles, indicating 

severe oil fouling. In the first oil emulsion filtration, the initial flux was only 46 

L/(m
2
·h·bar), which was 2 orders of magnitude lower than that of the10-nm GO 

membrane. The flux at the end of the first cycle was as low as 15 L/(m
2
·h·bar), and after 

2 cycles it was only 9 L/(m
2
·h·bar). The oil rejection was constant at 95±0.6% in each 
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cycle, resulting from the small pores (cutoff size of ~200 nm) of the PA support. Clearly, 

without GO coating, the PA support itself does not possess the anti-fouling property and 

recovery capability. We further increased GO membrane/coating thickness to 15 nm. 

Similar membrane properties and cyclic oil emulsion permeation behavior were observed 

(Figure 3.8), although the total flux decreased. However, the reduction of GO thickness to 

5-nm led to severe fouling in the cyclic testing, apparently due to the incompletely 

covered PA surface by GO (Figure 3.9). Increasing GO membrane/coating thickness 

beyond 15 nm is expected to gradually cover PA support pores and finally eliminate 

hierarchical surface roughness. Indeed, for thicker GO membranes (30 and 50 nm), they 

lost antifouling performance and membrane fouling was seen (Figure 3.10). Based on the 

above results, we concluded that membrane structure and corresponding separation 

performance can be tailored by simply changing GO thickness. The optimization of GO 

membrane structures can significantly improve oil/water separation performance.    
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Figure 3. 5 (A) The dead-end filtration device used for cyclic membrane performance 

evaluation tests. The highlighted areas in the picture showed four major parts of the 

experimental setup. (1) Dead-end filtration system; (2) filtrate collection system; (3) 

pressure control system including a safety pressure relief valve; and (4) gas tank. The 

pressure can be applied from tens of kPa to ~50 bar. (B) Optical image of HD-in-water 

emulsion. The excellent stability of the emulsion was observed visually over a 24 h 

period, which was much longer than the time needed for the membrane experiments. The 

emulsions had HD particles ranging from 100 nm to 20 μm in diameter. (C) Optical 

image of a filtrate sample which was obtained from tests of 15-nm GO membrane. No 

HD droplet was observed at the same magnification, indicating high HD rejection of the 

membrane. Scale bars, 100 μm. 
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Figure 3. 6 Cyclic oil emulsion filtration tests for a 10-nm GO membrane on PA support 

(A) and bare PA support (B). (●) total flux in oil-in-water emulsion separation. (◆) pure 

water flux. (▲) total organic rejection.    
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Figure 3. 7 Characterizations of a 10-nm GO membrane supported on porous PA. Low-

resolution (A) and high-resolution (B) FE-SEM images of the GO membrane surface. 

AFM images of the top-view (C) and the cross-sectional view (D) of the GO membrane. 

(E) Water wettability of the membrane in air. Scale bars, in (A) 1 μm; in (B), 100 nm. (F) 

Optical image of a HD droplet contacting with the GO membrane surface. 
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Figure 3. 8 Cyclic oil-in-water separation tests of (A) and (C) 15-nm GO membrane and 

(B) and (D) PA porous support. (A) and (B) HD-in-water emulsion; (C) and (D) octane-

in-water emulsion. 
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Figure 3. 9 FE-SEM images of a 5-nm GO membrane on PA support in low (A) and high 

(B) magnifications. (C) Optical image of a HD drop contacting with the GO surface. (D) 

Cyclic HD-in-water emulsion separation tests of a 5-nm GO membrane. Scale bars, in (A) 

1 μm; in (B), 100 nm. 
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Figure 3. 10 Cyclic membrane performance evaluation tests performed on GO 

membranes supported by PA and AAO supports. (A) 30-nm GO on PA; (B) 50-nm GO 

on PA; (C) 10-nm GO on AAO; (D) bare porous AAO support. 

 

 

 To further understand oil separation behaviors of the GO membranes with 

different thicknesses, various surface characterizations were conducted (Figures 3.11 to 

3.15). With the increase of the GO thickness from 30 to 80 nm, GO membranes/coatings 

gradually lost the intrinsic roughness of the PA support and formed continuous GO 

coatings on the surface (Figures 3.11 and 3.12). Also, with the increase of the GO 

thickness, the disappearing time of water droplets in air greatly increased, which was 

likely due to the degraded surface wettability and permeability (Figure 3.13). Notably, 

10-nm GO showed the quickest penetration of water. Drag force tests (Figure 3.14) 

showed that 10-nm GO on PA had the smallest oil adhesion force, while thinner or 

thicker GO membranes/coatings showed much stronger oil adhesion. 10-nm GO on PA 

also had the largest underwater HD contact angle, while thinner or thicker GO coating 

had much smaller angles (Figure 3.15). All these results were consistent with the cyclic 

oil emulsion filtration results, suggesting 10-nm GO on PA may have the optimum 

hierarchical roughness. In another attempt to demonstrate the importance of the 

hierarchical roughness, we deposited 10-nm GO on a flat anodic aluminum oxide (AAO) 

support with 1-dimentional pores (20-nm pores). Again, severe membrane fouling in 
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cyclic oil emulsion filtration was seen (Figure 3.16). These results clearly showed the 

hierarchical roughness is essential for the excellent antifouling performance. We also 

prepared 15-nm GO on another polymeric support, cellulose nitrate (CN), with ~200-nm 

pores. Excellent antifouling performance was clearly seen (Figure 3.17). Figure 3.18 

compared the collected water mass in the first cycle of oil emulsion filtration for GO 

membranes and bare supports. The collected water mass through the 10-nm GO 

membrane on PA support was 31, 11, and 9 times of those through the bare PA, CN, and 

AAO supports, respectively. Figure 3.19 showed the comparison of GO membranes with 

other membranes/materials reported in the literature for oil emulsion separation. Pure 

water flux and water flux recovery after the first oil emulsion filtration were used as two 

indicators of the potential productivity and anti-fouling capability, regarding to which GO 

membranes showed the best performance so far. All of these tests indicated the generality 

of the concept and the great potential of novel GO membranes/coatings with hierarchical 

roughness supported on a wide range of substrates for high flux, anti-fouling oil/water 

separation.   
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Figure 3. 11 AFM images of GO membranes. (A) and (B) 30 nm GO membrane; (C) and 

(D) 50 nm GO membrane; (E) and (F) 80 nm GO membrane. AFM images on the left and 

right hand side are top- and cross-sectional view of GO surface structure, respectively. 

According to AFM characterization, with the increase of GO thickness from 30 to 80 nm, 

the GO membranes displayed gradually decreased surface roughness. 
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Figure 3. 12 FE-SEM images of GO membranes. (A) and (B) 30 nm GO membrane; (C) 

and (D) 50 nm GO membrane; (E) and (F) 80 nm GO membrane. Low and high 

magnification FE-SEM images were displayed on left and right hand sides, respectively. 

Scale bars: (A), (C) and (E), 1 μm; (B), (D) and (F), 100 nm. 
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Figure 3. 13 Still optical images from video contact angle measurements of a water 

droplet applied on support and GO membranes. (A) Bare PA support; (B) 5-nm GO 

membrane; (C) 10-nm GO membrane; (D) 15-nm GO membrane; (E) 30-nm GO 

membrane; (F) 50-nm GO membrane; (G) 80-nm GO membrane. 

 

 

 

Figure 3. 14 Simulated underwater oil drag force tests. The upper images showed the 

largest deformation of the oil droplets before the disruption of oil/water/solid interface. 

The lower image showed the oil droplets can either adhere to the membrane surfaces or 

stay at the needle tip, depending on oil-to-surface adhesive force. The red dashed line 

indicated the same height of the needle tip. 
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Figure 3. 15 Underwater HD contact angle measurements of GO membranes and the 

bare PA support. 

 

 

 

Figure 3. 16 Cyclic membrane performance evaluation tests performed on (A) bare 

porous AAO support; (B) 10-nm GO on AAO. 

 

 

 

Figure 3. 17 Cyclic membrane performance evaluation tests performed on (A) 15-nm GO 

on porous CN and (B) bare CN support. 
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Figure 3. 18 Comparison of GO membranes/coatings with bare supports on their water 

production in HD-in-water emulsion filtration. Filtrate in 2 h was collected and weighed. 

 

 

 

Figure 3. 19 Comparison of GO membranes with reported oil/water separation 

membranes, regarding to the pure water flux of the fresh membrane and the pure water 

recovery after the 1st oil emulsion separation cycle. The recovery capability of the 

membranes is evaluated according to the equation: pure water recovery % = 100% × 

(ν'/ν0); ν0, pure water flux through a fresh membrane; ν', pure water flux after the 1
st
 cycle 

of oil emulsion separation test and subsequent membrane cleaning. Note: GO membranes 

and the reported membranes all showed a high oil rejection >90%. 
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3.4 Supporting Information 

3.4.1 Materials and Methods  

 We followed the similar procedures as described in our previous study for the 

preparation of GO membranes
19

. Single-layered graphene oxide (SLGO) powder was first 

dissolved in DI water, followed by at least 1 hour sonication (Branson 2510). The 

dispersion was then centrifuged (Bio Lion XC-H165) at 10000 rpm for 1 hour to remove 

large aggregates in the dispersion. The concentration of the resulting GO dispersion was 

determined by ultraviolet-visible (UV-Vis) spectroscopy (Shimadzu UV-PC2010) [see 

ref. 19 for the method]. GO membranes were prepared by vacuum filtration (Millipore 

filtration system) on porous polyamide support with 200-nm pore size (Whatman). The 

resulting GO membrane was left on the filtration system for 12 hours with vacuum. After 

that, GO membrane were ready for use. To control the thickness of GO membrane, a 

series of 25-mL suspensions with calculated amount of SLGO were prepared and then 

filtrated through the porous supports with a known effective permeation area. To test the 

generality of our concept of membrane fabrication, GO membranes were also prepared on 

cellulose nitrate (CN) with 200-nm pores (Whatman). Free-standing GO film with a 

thickness ~10 μm was fabricated by applying the same vacuum filtration process, 

however, on porous anodic aluminum oxide (AAO) with 20-nm pores (Whatman). After 

drying overnight, the GO film can be easily peeled off, forming a free-standing GO film. 

Ultrathin GO membranes, such as 10-nm GO membrane on AAO as reported in ref. 19, 

was also fabricated for the comparison of membrane performance. 

 Hexadecane (HD) and octane serving as oil pollutants were purchased from 

Sigma-Aldrich. HD-in-water or octane-in-water emulsion were prepared by dissolving 
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100 mg of sodium dodecyl sulfate (SDS) in 1 L of DI water, and then mixed with 1.5 g of 

HD or octane, followed by 1 hour sonication to form an oil-in-water emulsion. The 

excellent stability of the emulsions was observed visually over at least 24-h period. 

 A self-designed stainless steel dead-end module with an active permeation area of 

5.06 cm
2
 was used for the water/oil separation experiments, as shown in Figure 3.5A. The 

feed side was connected to a high pressure nitrogen tank, which provided a driving force 

of 1 bar for pure water permeation and water/oil separation experiments. An electronic 

scale (Ohaus, CS Series) was used to measure the filtrate mass. Before oil emulsion 

separation test, 1-hour pure water permeation was firstly conducted to get the initial pure 

water flux. The oil-in-water emulsion was then poured into the module with water pre-

wetted membranes. Oil emulsion separation test was conducted for 2 h, during which we 

took 2 samples of the filtrate (1 mL each) at 1 h and 2 h, respectively, for later oil 

rejection measurements. Afterwards, a simple membrane cleaning process was conducted 

by carefully flushing the membrane surface with tap water. The pure water permeation, 

oil emulsion separation, and the cleaning process together were considered as a single 

membrane performance evaluation cycle. The cycle was repeated for 3 to 5 times to 

systematically investigate the membrane fouling behavior and their recovery capability.  

3.4.1 Characterizations 

X-ray diffraction (XRD) study of GO membranes 

 XRD was carried out using a Rigaku MiniFlex II diffractometer with Cu Kα 

radiation (λ = 0.15418 nm) on free-standing GO films (~10 μm in thickness). A 3M 

double-sided tap was used as the substrate which was tested to have minimum 

background as well as few interfering peaks in required 2θ range. The XRD patterns data 
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were collected at 2θ angles in the range of 5° to 35°. Scherrer equations is applied to 

calculate the d-spacing of the characteristic diffraction peak (002) of GO. 

X-ray photoelectron spectroscopy (XPS) analysis of GO membranes 

 The surface chemical compositions of the GO film (~10 μm in thickness) were 

analyzed by XPS (Kratos Axis Ultra DLD instrument equipped with a monochromated 

Al Ka x-ray source and hemispherical analyzer capable of an energy resolution of 0.5 eV). 

The peaks of the XPS binding energies were deconvoluted with Gaussian peak shapes 

using Origin package software. 

Atomic force microscopy (AFM) study of GO flakes and membranes 

 To prepare samples for AFM imaging, 0.001 mg/mL GO suspensions were first 

diluted 500 times. 5 μL diluted suspension was deposited onto freshly cleaved mica 

dishes (Ted Pella, Inc.) and dried overnight at room temperature (about 298K). The 

deposited GO sheets were imaged using tapping-mode AFM of a Multimode Nanoscope 

V system (Veeco (now Bruker), Santa Barbara, CA). The measurements were performed 

using commercial Si cantilevers with a nominal spring constant and resonance frequency 

at 20-80 N/m and 230-410 kHz, respectively (TESP, Bruker AFM Probes, Santa Barbara, 

CA). The height and phase images were acquired simultaneously at the set-point ratio 

A/Ao = 0.9-0.95, where A and Ao refer to the "tapping" and "free" cantilever amplitudes, 

respectively. The AFM topography images were analyzed using image analysis software 

(Nanoscope III, Version 5.30r3.sr3, 2005). It was observed that GO sheet is a typical 

single-layer GO flake with a dimension of about ~ 1 μm. The height profile diagram 

(Figure 3.3B) of the AFM image showed that the thickness of the single-layer GO sheet 

was about 0.9 nm, which is consistent with the typical thickness of the observed SLGO
[19]

. 
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Field emission scanning electron microscopy (FE-SEM) study of GO membranes 

 The FE-SEM (Zeiss Ultraplus Thermal Field Emission Scanning Electron 

Microscope) images in low and high magnifications were captured on the surfaces of 

porous supports and GO membranes. All the samples were uncoated so as to give a 

detailed visualization of local surface architectures. A low voltage between 2~5 kV, a low 

working distance < 4 mm, and a smaller capture size < 20 mm were applied to get 

satisfactory images. 

Contact angle (CA) measurements and drag force tests 

 Videos of water/HD contact angle in air measurements were taken using VCP 

optima system (Model: Optima XE). Water/HD droplets (1~2 μL) were dropped carefully 

onto the surfaces of GO membranes as well as PA supports. Water/HD wetting behaviors 

were recorded from the beginning to the time when a 0° contact angle was observed. Still 

images were obtained by snapshot of videos at the exact time points.  

 Underwater HD contact angle measurements were conducted with a self-designed 

system including a clear quartz cell serving as the water reservoir and a hooked 

microsyringe needle. Before the measurements, all samples were first wetted by water 

and then fixed reversely inside quartz cell which was filled with water. The hooked 

needle was then moved underneath the membrane sample. Similar volume of HD (1~1.5 

μL) was delivered by microsyringe to the hooked needle tip. The base with quartz cell on 

top was then gently lowered to the point where the sample surface was just in contact 

with oil droplet. After that, the base was slowly resumed to a safe position. In the 

meantime, membrane/support started to drag the HD droplet until 'detached'. The whole 

process was videotaped. For surfaces with high oil adhesive force (such as PA), the oil 
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droplet was eventually displaced from the needle top and adhered to the surface. 

However, for surfaces with thin GO coatings, such as 10 nm, very weak oil adhesion was 

observed, as the oil droplet cannot be pulled away by contacting with the GO surface. To 

release the oil droplet from the needle, repeated fiddling of the needle tip were performed 

using lab tweezers. After that, the HD droplet floated upwards and then came in contact 

with the GO membrane surface, forming an oil/water/solid interface. A series of 

underwater HD contact angles were measured on the bare PA support and the GO 

membranes with different thickness (> 5 locations for each membrane or support). 

The simulated drag force tests had the similar operation procedures to that of video 

underwater HD contact angle measuremen. 

Total organic carbon (TOC) analysis for oil rejection measurement 

 Oil rejection was measured using total organic carbon (TOC) analysis method. 

For each tested membrane or support, we took two filtrate samples during 2 hours 

emulsion separation tests of each cycle, at 1 hour and 2 hour, respectively. After 

separation tests, filtrate samples were firstly diluted by 20 times, and then acidified below 

a pH of 2.0 by adding 10 wt% sulfuric acid to prevent the loss of compounds for 

dissolved organic carbon analysis. Analysis of organic compounds in these samples was 

performed using a TOC analyzer (TOC-VCSN, Shimadzu Scientific Instruments, 

Columbia, MD, USA). Since the total organic carbon in the feed emulsion was known, 

the organic rejection ratio could therefore be calculated as Oil Rejection = [1 – 

(TOCfiltrate/TOCfeed)]×100%. 
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3.5 Conclusion 

 In conclusion, we have prepared novel GO membranes/coatings with hierarchical 

roughness to mimic the function and structure of fish scales. Our results clearly showed 

the superior anti-fouling performance of this new class of GO membranes/coatings. We 

anticipate this concept is generic, and can be applied to plenty of other commercially 

available porous supports with rough surfaces, and thus may generate a group of low-

adhesion, underwater superoleophobic membranes/materials for wide applications in oil-

polluted water.  
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CHAPTER 4 TUNING UNDERWATER OLEOPHOBICITY OF GRAPHENE OXIDE 

COATINGS VIA UV IRRADIATION 

4.1 Abstract 

 Ultraviolet (UV) was utilized to gradually modify the chemistry and structure of 

graphene oxide (GO) flakes, as confirmed by XPS and AFM. Ultrathin GO 

coatings/membranes, made from UV-irradiated flakes, showed tunable underwater 

oleophobicity. UV-treated, superoleophobic GO membrane exhibited excellent 

antifouling capability for oil/water separation 

4.2 Introduction 

 Surfaces with controllable underwater oil-adhesion have attracted great attention 

due to their potential applications in oil/water separation, oil-repellent materials, 

microfluidic devices, anti-bioadhesion materials, and robust antifouling materials.
1-4

 Fish 

scales are well known to own the underwater superoleophoic/low oil adhesive properties. 

Studies on fish scales have shown hydrophilic mucus layer and micro/nanoscaled surface 

roughness are essential for their superior performance.
5
 Consistently, underwater oil 

wettability on a solid surface has been found to depend strongly on the surface chemical 

composition and roughness.
6,7

 Graphene oxide (GO) is a well-known hydrophilic material 

due to its unique chemistry.
8
 Oxygen-containing functional groups, such as carboxyl, 
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carbonyl, hydroxyl and epoxy, are distributed at edges and structural defects of GO flakes. 

Therefore, GO flakes with fine-tuned chemistry and roughness are promising material for 

fabricating surfaces with desired underwater oleophobicity.  

 Oxidative etching has been proven as an effective way to create or enlarge 

structural defects on graphene-based materials.
9, 10

 Generated defects increased the nano-

scaled roughness on the single GO flakes.
11

 In addition, oxidative etching  also improved 

the hydrophilicity of GO, probably resulting from the introduced oxygen groups around 

the expanded and/or newly-generated defects.
8, 12

 Oxidative etching, therefore, seems a 

viable way of controlling underwater oleophobicity of GO by modifying GO morphology 

and hydrophilicity. However, precise control of the hydrophilicity/underwater 

oleophobicity of GO via oxidative etching has not been reported. One potential reason 

could be that etching reaction is in oxidative gas phase, which usually proceeds fast and 

is difficult to control.
9, 10

 Also, only single or few-layered graphene-based suspended 

flakes or coatings, instead of powder, have been etched uniformly in gas phase,
9, 11

 which 

may limit their large-scale productivity for potential applications. Here, we report the 

novel use of ultraviolet (UV) light to controllably modify the chemistry and structure of 

GO flakes in aqueous media. We demonstrate that by simply controlling the UV etching 

time for dispersed GO flakes in water, the resulting GO coatings can be converted into 

underwater superoleophobic coatings. In addition, this method is very promising for 

large-scale production. Cyclic oil/water separation tests of the UV-treated, 

superoleophobic GO coatings/membranes exhibited excellent antifouling and ease-of-

cleaning performance. Such an effective and facile methodology to modify the chemistry 
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and morphology of GO flakes may provide great opportunities to generate functional 

coatings/surfaces with drastically improved underwater oil repellence.  

4.3 Experimental Results and Discussion 

 We prepared GO by an improved Hummers' method.
13

 Dry GO powder was then 

well dispersed in deionized (DI) water by ultrasonication. After centrifugation, GO 

agglomerates were removed. The final GO flakes are ~1000 nm in size (Figure 4.1A) and 

single-layered (Figure 4.1B), as confirmed by atomic force microscopy (AFM). We then 

diluted the GO dispersion to a concentration of 0.0625 mg/mL. A UV lamp was applied 

as the light source to conduct etching treatment of the GO dispersion for different times, 

from 0 to 90 min (labelled as 0-GO, 10-GO, 30-GO, 60-GO and 90-GO for convenience). 

UV treatment in water, instead of in air, provides us better control of the GO etching 

process. This is because good dispersion of GO in water and vigorous stir ensure uniform 

UV irradiation for GO flakes. The GO dispersion was then used to fabricate 10-nm 

coatings/membranes onto flat anodic aluminium oxide (AAO) supports (20-nm pore size) 

by a vacuum filtration method, following a similar procedure from our previous work.
14

 

Water contact angle in air and oil contact angle in water measurements were subsequently 

performed for the GO coatings/membranes (see Supporting Information for experimental 

details). As shown in Figure 4.1C, the water contact angle in air decreases gradually with 

the increase of UV treatment time, from 70.0° for 0-GO membrane to 32.4° for 90-GO 

membrane. From the underwater hexadecane (HD) contact angle measurements, slight 

contact angle increase from 0-GO to 30-GO could be noticed. Surprisingly, we found that 

when UV treatment time increased to 60 min, the underwater oil contact angle became 

159.1°, which is considered to be superoleophobic (>150
o
).

15
 The 90-GO membrane 
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shows even higher oil contact angle (167.2°) than the 60-GO membrane. These results 

indicate that the oil-adhesion characteristics in oil-water-solid triple-phase system could 

be tuned by changing UV exposure time (see Supporting Information for details). 
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Figure 4. 1 (A) AFM image of a GO flake on a freshly cleaved mica. (B) The height 

profile across the green line in (A). h, height; x, position. (C) Water contact angle in air 

and hexadecane (HD) contact angle in water for GO membranes with different UV 

treatment times. 
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 To explain the underlying mechanism, we further conducted x-ray photoelectron 

spectroscopy (XPS) and Raman spectroscopy measurements for GO dispersion after 

different UV treatment times. After deconvoluting the overlapping XPS peaks of C_1s 

(see Figure 4.2 for C_1s XPS spectra), percentage of carbon in different chemical 

environments can be obtained, as shown in Figure 4.3A. It is seen that as the UV 

treatment time increased, the percentage of oxidized carbon (including C-O, C=O and 

COOH) increased. This is because percentage of C in C=O and COOH increased, 

whereas that of C-O didn't change much. These groups on GO have been proved to have 

strong affinity to water molecules,
16

 and thus would help form a thin layer of water 

barrier to lower the oil adhesion. Higher percentage of hydrophilic oxygen-containing 

functional groups after longer UV treatment time, therefore, may contribute to the better 

wettability of water in air and lower oil-adhesion underwater. Raman spectra (Figure 

4.3B) show that the ID/IG ratio increased as the UV treatment time increased, suggesting 

higher disorder of the planar structure of the GO flakes. This may be caused by the 

enlarged or newly-generated structural defects.
9
 We then deposited thin coatings onto 

mica using GO dispersions with different UV exposure times and directly conducted 

AFM on them, as shown in Figure 4.4A to D. We can see that for the 0-GO coating, the 

surface is fairly flat and continuous. The 30-GO coating shows a surface decorated with 

defects from ~80 to 120 nm in size, while the 60-GO coating exhibits a very disordered 

surface with large holes from ~300 to 500 nm. The 90-GO coating seems more like 

isolated islands, apparently due to the over-etching.
10, 11

 The generated defects eventually 

increased the nano-scaled surface roughness of the GO coatings, as indicated by the 

height profiles. Therefore, we conclude that both the chemical composition and structure 
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changes after UV oxidative etching lead to the drastically improved underwater 

oleophobicity of GO coatings (see Supporting Information for details). 
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Figure 4. 2 XPS C_1s spectra for (A) 0-GO, (B) 10-GO, (C) 30-GO, (D) 60-GO and (E) 

90-GO. 
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Figure 4. 3 (A) Percentage of differently bonded carbon on GO analyzed by XPS: ● 

Total oxidized carbon; ◆ Total unoxidized carbon; ■ C-O; ▲ C=O; ● COOH; (B) 

Raman spectra of GO after different UV treatment times from 0 to 90 min.  
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Figure 4. 4 AFM images and height profiles across the green lines for (A) 0-GO coating, 

(B) 30-GO coating, (C) 60-GO coating, and (D) 90-GO coating on mica. h, height; x, 

position 
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 As is known, fouling of nano/ultrafiltration membranes in oil/water separation is a 

longstanding issue and a major economic barrier for their wide application.
17

 Membranes 

with underwater superoleophobic surfaces are of great potential to realize antifouling in 

the oily wastewater treatment.
18

 In order to utilize such excellent underwater 

superoleophobicity of our UV-treated GO, we prepared 10-nm GO membranes on 

polyamide (PA) supports using UV-treated GO (0, 30 and 60-GO) and conducted a series 

of oil emulsion filtration in a dead-end system to investigate their antifouling 

performance. 1500 ppm HD-in-water emulsion, stabilized by 100 ppm sodium dodecyl 

sulfate (SDS) after 1 hour sonication, was used as feed. The filtration process contains 

three cycles. In each individual cycle, a pure water filtration was performed, followed by 

an emulsion separation. During the interval between two neighboring cycles, a simple 

water flush cleaning process was applied to clean the membrane surface. Therefore, the 

recovery of pure water flux in each cycle could be an indicator of the membrane fouling 

degree. 60-GO membrane shows ~100% pure water recovery for all cycles (Figure 4.5), 

suggesting superior antifouling performance. In stark contrast, 0-GO membrane (Figure 

4.6A) exhibits severe membrane fouling, since the pure water flux recovery for the 2nd 

cycle is only 51.7% and further decreases for the 3rd cycle. 30-GO membrane (Figure 

4.6B) shows improved antifouling performance with 2nd cycle pure water flux recovery 

of 90.1%.  This again validates our methodology of utilizing UV to tune the chemical 

composition and structure of GO flakes to realize low oil-adhesion, underwater 

superoleophobic surface. The oil rejection for the tested membranes was all around 

98.0%, (see Supporting Information for detailed experimental setup and discussion). 
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Figure 4. 5 Cyclic water/oil separation test for a 10-nm 60-GO membrane on PA support. 

(●) total flux in oil-in-water emulsion separation. (◆) pure water flux. (▲) total organic 

rejection, 

 

 

Figure 4. 6 Cyclic water/oil separation tests for (A) 10-nm 0-GO membrane and (B) 10-

nm 10-GO membrane. (●) total flux in oil-in-water emulsion separation. (◆) pure water 

flux. (▲) total organic rejection. 
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4.4 Supporting Information 

4.4.1 Materials and Methods 

 We synthesized graphene oxide (GO) powder by an improved Hummers’ 

method.
13

 Concentrated H2SO4 (69 mL) was slowly added into the mixture of graphite 

flakes (3.0 g) and NaNO3 (1.5 g). The mixture was cooled down to 0 
o
C in a ice bath. 

KMnO4 (9.0 g) was then added into the mixture slowly. The mixture was kept at 35 
o
C 

and stirred for 30 min. Subsequently, 138 mL water was slowly added into the mixture. 

This produced large amount of heat and raised the reaction temperature up to 98 
o
C. The 

mixture temperature stayed at 98 
o
C for 2 h and then slowly cooled down by water bath. 

Additional 420 mL water and 3 mL of H2O2 (30%) were added into the mixture. After 

cooling down to the room temperature, the product was collected by vacuum filtration. 

The final GO product was washed with 200 mL water, 200 mL 1 mol/L HCl, and 200 mL 

ethanol for two times. The as-prepared GO was dried in vacuum oven at 40 
o
C first and 

then made into 2 mg/mL GO dispersion by sonication in DI water for 1 hour. 

Centrifugation was performed for the GO dispersion at 10,000 rpm for 30 min to remove 

large agglomerations.  

 We used a UV lamp (B-100Y, Mineralogical Research Company) to treat the 

centrifuged GO dispersion with different time, 0, 10, 30, 60 and 90 min. In order to 

achieve the uniformity of the UV treatment, a magnetic stirrer was applied and kept 

rotating in the GO dispersion when UV etching was performed. The treated GO 

dispersions were labeled as 0-GO, 10-GO, 30-GO, 60-GO and 90-GO, where 0-GO 

means GO dispersion with 0 min UV treatment, and so on.  
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 GO membranes were fabricated by a vacuum filtration method, as described in 

our previous study.
14

 For contact angle measurements, we chose anodic aluminum oxide 

(AAO, 20-nm pore size, Whatman) as the filtration support. For water/oil separation tests, 

we selected polyamide (PA, 200-nm cut-off pore size, Whatman) as the filtration support. 

The membranes were dried under vacuum for 12 hours at room temperature. We then 

closed the vacuum and let it release naturally for good membrane quality. 

4.4.2 Characterizations 

Atomic force microscopy (AFM) study of GO flakes and coatings 

 We used atomic force microscope (AFM) to image both individual GO flakes and 

GO coatings. To prepare samples for individual GO flake imaging, 0.001 mg/mL GO 

suspensions (with UV treatment time from 0 to 90 min) were first diluted 500 times. A 4 

uL drop of diluted suspension was deposited onto freshly cleaved muscovite mica disks 

(9.9 mm diameter, Grade V1, Structure Probe, Inc.). For continuous GO coatings imaging, 

0.0625 mg/mL GO dispersions (with UV treatment time from 0 to 90 min) was first 

diluted 30 times and then dropped (1 drop) onto clean mica. Both types of samples were 

dried for 10 min at 40 
o
C prior to AFM imaging. The deposited GO flakes or coatings 

were imaged using a PicoPlus AFM (Agilent) operated in the tapping mode. All images 

were collected using N-type silicon cantilevers (FORTA-50, Nanoscience Instruments, 

Inc.) with spring constants of 1.2-6.4 N/m, resonance frequencies of 47-76 kHz, and 

nominal tip radius of < 10 nm. The height resolution of the AFM scanner is less than 1 A. 

Thus, with proper calibration, the accuracy of the measured height of surface features is 

approximately ±0.1 nm. The AFM topography images were analyzed using image 
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analysis software (Scanning Probe Image Processor or SPIP, Image Metrology A/S, 

Denmark).  

Contact angle (CA) measurements 

 Water contact angle in air measurements were taken using VCP optima system 

(Model: Optima XE). Water droplets (1~2 μL) were dropped carefully onto the surfaces 

of GO membranes on AAO. Underwater HD contact angle measurements were 

conducted with a self-designed system including a clear quartz cell serving as the water 

reservoir and a hooked microsyringe needle. Before the measurements, all samples were 

first wetted by water and then fixed reversely inside quartz cell which was filled with 

water. 

X-ray photoelectron spectroscopy (XPS) analysis 

 The surface chemical compositions of the GO were analyzed by XPS (Kratos 

Axis Ultra DLD instrument equipped with a monochromated Al Ka x-ray source and 

hemispherical analyzer capable of an energy resolution of 0.5 eV). To prepare samples 

for XPS analysis, we deposited 1 drop of 0.0625 mg/mL GO dispersion on to clean 

silicon wafer and dried at 40 
o
C. For C_1s, the signal was fitted by four components: C-

C&C=C (284.5 eV), C-O (286.5 eV), C=O (288.0 eV) and O=C-OH (289.0 eV), as 

shown in Figure 4.2A to E, which are consistent with those have been reported.
19

 By 

integration of each individual peak, the composition for each carbon species could be 

calculated.  

Raman spectroscopy analysis 

 Raman spectroscopy was performed on LabRam HR confocal Raman 

spectrometer (JY Horiba). The spectrometer is equipped with a liquid-nitrogen cooled, 
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charge-coupled device (CCD) detector, and a He-Ne (632.817 nm) laser for excitation. 

For sample preparation, 1 drop of 0.0625 mg/mL GO dispersion was deposited on to a 

glass slide and dried at 40 
o
C for 20 min. The well-known Raman characteristics of 

carbon materials are the G and D bands (1580 and 1350 cm
−1

) which are usually assigned 

to the graphitized structure and local defects/disorders particularly located at the edges of 

graphene and graphite platelets, respectively.
20, 21

 Therefore, a larger ID/IG peak intensity 

ratio can be assigned to higher defects/disorders in the graphitized structure.  

Total organic carbon (TOC) analysis 

 Oil rejection was measured using total organic carbon (TOC) analysis method. 

For each tested membrane or support, we took two filtrate samples during 2 hours 

emulsion separation tests of each cycle, at 1 hour and 2 hour, respectively. After 

separation tests, filtrate samples were firstly diluted by 20 times, and then acidified below 

a pH of 2.0 by adding 10 wt% sulfuric acid to prevent the loss of compounds for 

dissolved organic carbon analysis. Analysis of organic compounds in these samples was 

performed using a TOC analyzer (TOC-VCSN, Shimadzu Scientific Instruments, 

Columbia, MD, USA). Since the total organic carbon in the feed emulsion was known, 

the organic rejection ratio could therefore be calculated as Oil Rejection = [1 – 

(TOCfiltrate/TOCfeed)]×100%. 

4.4.3 Filtration System Setup 

 A self-designed stainless steel dead-end module with an effective permeation area 

of 5.06 cm
2
 was used for the water/oil separation experiments. The feed side was 

connected to a high pressure nitrogen tank, which provided a driving force of 1 bar for 
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pure water permeation and water/oil separation experiments. A magnetic stirring bar was 

used above the membrane (module placed on a stir table), and kept rotating while 

permeation/separation tests were performed. An electronic scale (Ohaus, CS Series) was 

used to measure the filtrate mass. Before oil emulsion separation test, 1-hour pure water 

permeation was firstly conducted to get the initial pure water flux. The oil-in-water 

emulsion was then poured into the module with water pre-wetted membranes. Oil 

emulsion separation test was conducted for 2 h, during which we took 2 samples of the 

filtrate (1 mL each) at 1 h and 2 h, respectively, for later oil rejection measurements. 

Afterwards, a simple membrane cleaning process was conducted by carefully flushing the 

membrane surface with tap water. The pure water permeation, oil emulsion separation, 

and the cleaning process together were considered as a single membrane performance 

evaluation cycle. The cycle was repeated 3 times to systematically investigate the 

membrane fouling behavior and their recovery capability. The filtration process contains 

three cycles. In each individual cycle, a pure water filtration was performed, followed by 

an emulsion separation. During the interval between two neighbouring cycles, a simple 

water flush cleaning process was applied to clean the membrane surface. Figure 4.6A 

shows the performance of a 10-nm 0-GO membrane. For the first cycle, pure water flux 

through the fresh 0-GO membrane was constant at ~5900 L/(m
2
hbar) within 1 hour. The 

initial permeate flux during emulsion separation was 3275 L/(m
2
hbar), and decreased 

down to 250 L/(m
2
hbar) after two hours. For the second cycle, pure water flux could be 

recovered to about 52% of the one in the first cycle. The initial permeate flux in emulsion 

separation was recovered to 1290 L/(m
2
hbar) and further decreased to 180 L/(m

2
hbar). 

Similar trend was observed for the third cycle. The above results indicate that severe 
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membrane fouling occurred during the emulsion separation. We then tested the 

performance of a 10-nm 30-GO membrane, as shown in Figure 4.6B. Compared with 0-

GO membrane, 30-GO membrane shows both higher pure water flux (~7400 

L/(m
2
hbar)) and initial permeate flux (~6360 L/(m

2
hbar)) during the emulsion 

separation in the first cycle. Besides, the pure water recovery (89%) in the second cycle 

was much higher than that of 0-GO. Similar trend was found in the following cycles. 

Better antifouling performance of the 30-GO membrane could be attributed to the 

decreased oil adhesion on the surface, as indicated by the underwater oil contact angle 

results. Figure 4.5 exhibits the separation performance of the 60-GO membrane. It is 

noticed that for the first cycle, both the pure water flux and initial permeate flux during 

emulsion separation which was ~8100 and ~6870 L/(m
2
hbar), respectively, are higher 

than those of 0-GO and 10-GO membranes, Also, these values could be maintained for 

the following two cycles. 

4.5 Conclusions 

 In summary, UV-irradiation was utilized as an effective and facile approach to 

tune underwater oleophobicity of GO coatings/membranes by gradually modifying GO 

flake composition and surface morphology. Superoleophobic GO membranes, made from 

UV-treated GO flakes, showed excellent antifouling capability and greatly improved oil 

emulsion separation performance. We expect this facile strategy to tune underwater 

oleophobicity of GO may help design novel graphene-based materials/coatings for wide 

applications in oil contaminated environments. 
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CHAPTER 5 CONCLUSIONS 

 This study mainly focus on the GO membrane and its application for membrane 

separations. By a variety of characterizations, both the structural and chemical properties 

of GO were systematically investigated. To utilize these unique properties of GO, GO 

membranes were successfully fabricated for both H2 separations, as well as oil/water 

separations. Fundamental separation mechanisms were studied, including molecular 

sieving for H2 separations and underwater oleophobicity/low oil-adhesion for oil/water 

separation. Finally, a facile method to tune the GO chemistry and structure was 

demonstrated, which indicated the potential of graphene-based materials in modification 

for improved membrane separation performance. 

 First, ultrathin GO membranes with thickness down to 1.8 nm, were prepared on 

AAO supports, which represented the thinnest membrane in the world. It is proved that 

due to the strong oxidative environment of GO synthesis, structural defects existed on 

GO flakes. After single and mixture gas separation tests, ultrathin GO membranes 

showed both high H2/CO2 and H2/N2 selectivities, which were 3400 and 700, respectively, 

while maintaining a relatively high H2 permeance. The superior H2 separation 

performance of GO membranes was above Robeson upper bound. This can be attributed 

to the molecular sieving of selective structural defects in GO that act as the H2 transport 

pathway and block larger gas molecules.
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 The application was further extended to oil/water separation of the GO 

membranes. Flat GO membranes showed amphiphilic in air and oleophobic under water. 

However, after introduction of a hierarchical roughness by the combination of GO self-

corrugation and the intrinsic roughness provided by the underneath PA support, the 

underwater oleophobicity of GO membranes could be improved to underwater 

superoleophobicity, indicating both the surface chemistry and morphology contributed to 

the underwater oil adhesion on GO membrane surface. Cyclic oil/water separation tests 

demonstrated that GO membranes with optimized hierarchical surface roughness 

possessed excellent antifouling performance and self-cleaning capability, while kept high 

filtrate flux. Compared with other reported ultrafiltration membranes, GO membranes 

showed superior performance with regarding to the filtrate flux and antifouling behavior. 

 At last, the feasibility of utilizing UV to uniformly etch GO to controllably tune 

the chemistry and morphology of GO flakes in aqueous media was demonstrated. Various 

characterizations, such as XPS and AFM, proved that after UV oxidative treatment, both 

the chemistry and structure of GO flakes were altered, due to the extra-induced 

hydrophilic groups and structural defects. Contact angle measurements revealed that the 

underwater oleophobicity of GO could be tuned by UV treatment time. Cyclic oil/water 

separation tests showed that the antifouling property of GO membranes could be 

improved by the UV oxidative etching method. 
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