
Subscriber access provided by Argonne Research Library

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Crude-Oil-Repellent Membranes by Atomic
Layer Deposition: Oxide Interface Engineering

Hao-Cheng Yang, Yunsong Xie, Henry Chan, Badri Narayanan, Lin Chen, Ruben Z
Waldman, Subramanian K.R.S. Sankaranarayanan, Jeffrey W. Elam, and Seth B Darling

ACS Nano, Just Accepted Manuscript • DOI: 10.1021/acsnano.8b04632 • Publication Date (Web): 14 Aug 2018

Downloaded from http://pubs.acs.org on August 15, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



 1

Crude-Oil-Repellent Membranes by Atomic Layer 

Deposition: Oxide Interface Engineering 

Hao-Cheng Yang
1
, Yunsong Xie

2
, Henry Chan

1
, Badri Narayanan

1
, Lin Chen

2
, Ruben Z. 

Waldman
3
, Subramanian K. R. S. Sankaranarayanan

1,4
, Jeffery W. Elam

2,4
, and Seth B. 

Darling*
1,3,4

 

1 Center for Nanoscale Materials, Argonne National Laboratory, Lemont, IL, 60439, USA 

2 Applied Materials Division, Argonne National Laboratory, Lemont, IL, 60439, USA 

3 Institute for Molecular Engineering, University of Chicago, Chicago, IL, 60637, USA 

4 Institute for Molecular Engineering, Argonne National Laboratory, Lemont, IL, 60439, USA 

KEYWORDS anti-crude-oil, membrane, atomic layer deposition, oxides, hydration layer  

 

ABSTRACT Crude oil fouling on membrane surfaces is a persistent, crippling challenge in oil 

spill remediation and oilfield wastewater treatment. In this research, we present how a nano-

sized oxide coating can profoundly affect the anti-crude-oil property of membrane materials. 

Select oxide coatings with a thickness of ~10 nm are deposited conformally on common polymer 

membrane surfaces by atomic layer deposition to significantly mitigate fouling during filtration 

processes. TiO2- and SnO2-coated membranes exhibited far greater anti-crude-oil performance 
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 2

than ZnO- and Al2O3-coated ones. Tightly bound hydration layers play a crucial role in 

protecting the surface from crude oil adhesion, as revealed by molecular dynamics simulations. 

This work provides a facile strategy to fabricate crude-oil-resistant membranes with negligible 

impact on membrane structure, and also demonstrates that—contrary to common belief—

excellent crude oil resistance can be achieved easily without implementation of sophisticated, 

hierarchical structures. 

 

Oily wastewater originating from oil spill accidents and industrial waste disposal poses a 

significant hazard to the environment and human health. Membrane technology receives 

burgeoning interest in oily wastewater treatment due to its high separation efficiency and low 

energy consumption.1,2 Membranes have been widely implemented in oilfield wastewater 

treatment to meet reinjection or discharge standards. A major challenge, however, lies in 

mitigating severe membrane fouling by crude oil, which causes a dramatic decline of membrane 

performance and lifetime. The high viscosity and complex composition make crude oil 

extremely sticky to most of the membrane materials. Therefore, there is unmet demand for 

crude-oil-repellent membranes in the oil and gas industry, among others, despite some efforts to 

reduce oil fouling by stabilizing crude oil droplets with Pickering emulsion.3 

Oil adhesion on a surface is closely related to the surface properties, and an ideal anti-oil surface 

would be hierarchically structured and fully hydrated. Water trapped in micro- and nano-

structures reduces the contact area between oil and solid, and the hydration layer on the solid 

surface serves as a physical barrier to prevent direct oil adhesion.4 Based on these design 

principles, many superhydrophilic/underwater-superoleophobic polymer membranes have been 
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 3

developed for oil/water separation.5–9 In general, these previously reported membranes are 

satisfactory for nonpolar solvents or light oils such as gasoline and diesel fuel, but unfortunately, 

few if any can resist crude oil. This failure is largely rooted in the lack of a stable, adequate, and 

robust hydration layer, in particular for surfaces composed of flexible polymer chains and the 

concomitant soft surface morphology. Hydrocarbon segments comprising the polymers are 

oleophilic, so they tend to reorient toward oil at the oil/water interface,10 and water that may be 

initially trapped in a soft, rough structure is easily excluded under filtration pressure.11 Therefore, 

non-flexible hydrophilic moieties and rigid roughness are favored in constructing a robust and 

stable anti-oil surface. For example, nanocellulose exhibits superior anti-oil performance relative 

to polyelectrolytes due to its abundant hydroxyl groups secured to a rigid molecular structure.10 

Zwitterionic polymers with high grafting density and tailored orientation can also achieve 

excellent anti-oil property due to the highly hydrated surface and limited flexibility.12  

Inorganic minerals, such as calcium carbonate in clamshell,13 are another category of material 

with rigid rough structure and plenty of hydrophilic moieties on the surface. Such structures can 

stabilize superoleophobicity even under filtration pressure and cross flow. For instance, Liu et al. 

fabricated a hierarchical CuO surface with excellent underwater superoleophobicity by 

mimicking the surface structure of clamshell.13 Another work by Guo et al. presented a nacre-

inspired composite surface composed of montmorillonite and hydroxyethyl cellulose with 

extremely low oil adhesion.14 Similarly, oil/water separators could be fabricated by growing 

inorganics such as copper oxide nanowires,15 cupric phosphate nanosheets16 and zeolites17 on 

steel meshes. Most of them, however, are only realizable on large-pore materials such as meshes, 

fabrics, and sponges rather than membranes, because using those synthetic methods, minerals 

aggregate into micron-sized particles (i.e. larger than membrane pores). These separation 
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materials cannot meet the requirements of oilfield wastewater treatment because of their poor 

rejection of sub-micron contaminants.18 In addition, the poor compatibility between inorganics 

and polymers renders realization of conformal and stable mineral coatings on polymer substrates 

an ongoing challenge. Xu’s group developed a bio-inspired mineralization strategy to fabricate 

conformal mineral nano-coatings on polymer microfiltration membranes.11,19–21 A polyacrylic 

acid or polydopamine/polyethyleneimine interlayer was introduced on the membrane surface for 

in-situ mineral growth. The interlayer not only promotes the uniformity and stability of mineral 

coatings, but also stabilizes their amorphous structure to confine their thickness within several 

tens of nanometers. Unfortunately, the coating thickness is poorly controlled, and only a few 

minerals are available by this strategy. 

Atomic layer deposition (ALD), in contrast, provides a reliable technology to fabricate 

conformal coatings on material surfaces. The coating thickness can be precisely tuned at the 

nanometer scale by adjusting deposition parameters. Some researchers have applied this 

technology to modify polymer membranes for various applications.22–27 Although several 

research groups have reported the application of ALD (or related methods) for material surface 

modification (e.g. sponge, fabric) for oil/water separation, the ALD layer served as an initial 

layer for post-modification in these instances.28–31 Herein, we fabricated a series of oxide-coated 

membranes by ALD and evaluated their anti-crude-oil performance. Oxides from different 

element groups (i.e. ZnO, Al2O3, TiO2 and SnO2) exhibited vastly different crude oil repellence: 

ZnO- and Al2O3-coated membranes remained as adhesive to crude oil as nascent membranes, 

while TiO2- and SnO2-coated ones exhibited extraordinary low adhesion to crude oil both under 

water and in air after wetting by water. The underlying mechanism, revealed by molecular 
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 5

dynamics (MD) simulations, is much tighter hydration layers on the surfaces of SnO2 and TiO2, 

which protect them from the adhesion of crude oil. 

 

RESULTS AND DISCUSSION 

Commercial polyvinylidene fluoride (PVDF) membranes were selected as the substrate in our 

research because the polyvinyl pyrrolidone (PVP) embedded as a hydrophilic additive introduces 

nucleating sites for the ALD process, which would otherwise be challenging on a largely 

unreactive PVDF substrate. Such hydrophilic polymer membranes are widely used in industrial 

separations, rendering this material a proper reference in our anti-oil testing. Considering the low 

thermal stability of polymer membranes, the ALD temperature for all samples was 100 °C, much 

lower than the melting point of PVDF (~170 °C). For this reason, only oxides that could form at 

low temperature with suitable precursors were selected (i.e. ZnO, Al2O3, TiO2 and SnO2, Table 

S1 in Supporting Information). It should be mentioned that the selection of ALD precursors may 

influence the surface wettability of the ALD coatings, because by-products of interfacial 

reactions may participate in the formation of chemical bonds.28 The number of ALD cycles was 

selected to achieve a comparable thickness (i.e. ~10 nm) for each of the different oxide coatings 

(Table S2).  
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 6

 

Figure 1. a) FE-SEM and b) TEM images of membranes coated with ZnO, Al2O3, TiO2, and 

SnO2. c) EDS images of membrane cross-sections. 

Surface morphology has a significant impact on surface wettability according to the Cassie-

Baxter and Wenzel models.32,33 We observed the surface structure of nascent and oxide-coated 

membranes by field emission scanning electron microscopy (FE-SEM) as shown in Figure 1a. 

The initial PVDF membrane is a commercial product fabricated by phase inversion. These 

membranes have an irregular and bicontinuous porous structure with smooth solid surfaces 

(Figure S1 in Supporting Information). As mentioned above, PVP was embedded in the 

membrane as a hydrophilic additive, and its polar moieties could interact with vapor-phase 

precursors for nucleation during ALD. Compared with the nascent membranes, the Al2O3- and 

SnO2-coated membranes show no obvious changes in surface morphology, while a slight 

increase in surface roughness can be observed on TiO2- and ZnO-coated membranes, attributed 

to the different nucleation processes on the membrane surface. All of the coated membranes 

appeared granular at high resolution (Figure 1a, insets) suggesting a roughened surface, but this 
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effect was most noticeable for the ZnO-coated membrane.  Surface roughness can result from a 

nanocrystalline ALD film or from slow nucleation on the PVP surface that leads to 3D island 

growth and coalescence.  We expect all of the ALD films to display inhibited growth due to the 

absence of hydroxyl groups on the PVP surface.  The ZnO coating shows the highest roughness, 

and this is likely because it is crystalline while other oxides are all amorphous (Figure S2 in 

Supporting Information). If solely considering the surface structure, ZnO and TiO2 would be 

expected to have superior anti-oil property because the micro-nano composite structure could 

minimize the direct contact area between oil and membrane and promote surface oleophobicity 

under water. The TEM images of the membrane slices demonstrate that a uniform and conformal 

coating formed on membrane surface for all the oxides (Figure 1b), and the EDS spectra of 

membrane cross-sections also indicate a uniform distribution of oxide across the entire 

membrane (Figure 1c and S3). 

To evaluate the surface wettability of the membranes, we measured the water contact angles 

(WCAs) and underwater oil contact angles (OCAs) on each membrane surface. Because of the 

PVP additive, the nascent membranes are moderately hydrophilic and a water drop can gradually 

penetrate through due to the capillary effect of the porous structure (Figure 2a). The membrane 

surface became substantially more hydrophilic following ALD treatment. Water drops permeate 

through the membranes far more rapidly after coating with TiO2 or SnO2 (Figure 2b). The 

hydrophilicity is closely related to the underwater oleophobicity. The underwater OCAs were 

detected by using crude oils with low and high viscosity (Figure 2c). All the membranes, 

including the nascent one, are oleophobic underwater because of their hydrophilicity (or high 

surface energy) in air. Crude oils are sticky to the nascent, ZnO-coated, and Al2O3-coated 

membranes. The nascent membrane shows an OCA of 124.8 ± 3.5°, and the ZnO- and Al2O3-

Page 7 of 24

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 8

coated membranes perform similarly or even less oleophobic (OCAs of 104.4 ± 3.4° and 123.5 ± 

2.2°, respectively). In contrast, both TiO2- and SnO2-coated membranes show an OCA above 

160°, indicating the superoleophobicity of their surfaces. To separate the influences of membrane 

structure on OCAs, we also measured the underwater OCAs on silicon wafers coated with the 

same oxides (Figure 2d). The underwater OCAs on flat surfaces decrease significantly, and 

follow the order: SnO2>TiO2>Al2O3>ZnO. Specifically, the OCA on ZnO decreases to 54.9 ± 

2.7°, lying in the oleophilic region, while the TiO2 and SnO2 surfaces remain oleophobic with 

OCA values of 115.8 ± 4.3° and 119.2 ± 6.9°, respectively. 

 
 

Figure 2. Water contact angles on a) nascent and b) SnO2-coated membranes (water droplets 

permeated through other oxide-coated membranes similarly). c) Crude oil contact angles (OCAs) 
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on nascent and oxide-coated PVDF membranes under water. d) OCAs on oxide-coated silicon 

wafers under water. Crude oil adhesion test on e) nascent and f) SnO2-coated membranes. 

Oil adhesion work on the surfaces under water is defined as the work needed to separate oil and 

surface in water, which can reflect the strength of adhesion between oil and substrates. We 

calculated the underwater adhesion work based on the following equation: W=γ(1+cosθ), in 

which γ is the interfacial tension between crude oil and water, and θ is the underwater OCA on 

the surface (Figure 2d, blue bars).34 Adhesion work is closely related to the underwater OCA, 

that is, a larger OCA corresponds with lower adhesion work. The SnO2 surface shows the lowest 

adhesion work of 17.64 ± 2.90 mJ/m2 as expected. These results on smooth, planar silicon wafers 

indicate that the intrinsic hydrophilicity (or hydration state) of oxides represents a larger 

contribution to the surface oleophobicity underwater relative to surface roughness. In another 

experiment, we applied an extremely sticky crude oil for a dynamic adhesion test. The crude oil 

is exceedingly sticky to the nascent PVDF membrane (Figure 2e). In contrast, no adhesion or 

deformation was observed when the oil droplet was pushed toward or pulled away from the 

SnO2-coated membrane in water (Figure 2f). 

Wetting and adhesion of crude oil on a surface are closely related to the surrounding 

environment. A hydrophilic surface always shows oleophobicity in water but oleophilicity in air. 

Therefore, we investigated the crude oil adhesion on membrane surfaces both under water and in 

air. In the first experiment, the membranes were fouled by high-viscosity crude oil in air and then 

immersed in water (Figure 3a). Membranes were prewetted by water before contacting crude 

oil, because the anti-oil property arises from the hydration layer. Crude oil stayed on nascent and 

ZnO-coated membranes without obvious change after immersing in water, while it departed 

readily from the surface in the case of TiO2- and SnO2-coated membranes. For the Al2O3-coated 
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 10

membrane, crude oil deformed to a sphere with a large OCA but remained on the membrane 

surface. This is a result of the balance among buoyancy, surface tension, and adhesion force in 

an aqueous environment. A speculated mechanism is depicted in Figure 3b. In the case of the 

nascent and ZnO-coated membranes, the hydration layer is unstable, which therefore cannot 

prevent contact between the crude oil and the membrane surface in air. Upon immersing in 

water, water molecules cannot insert themselves between the adhered crude oil and the 

membrane surface. On the other hand, the hydration layer is tightly bonded on the TiO2 and 

SnO2 surfaces, which forbids direct contact between oil and surface, and crude oil easily 

detaches from the surface due to the ultra-low adhesion and floats on the water because of its 

buoyancy. For the Al2O3-coated membrane, the surface is partially hydrated when contacting 

crude oil, resulting in moderate oil adhesion and a relatively high OCA balanced by buoyancy 

and surface tension (Figure S6). To exclude buoyancy itself as a major reason underlying the 

anti-oil property, we conducted another experiment to rinse the crude-oil-fouled membrane with 

water in the air instead of immersing them in water. As shown in Figure 3a, crude oil on the 

TiO2 and SnO2-coated membranes were easily washed off whereas it remained on the nascent, 

ZnO-coated, and Al2O3-coated membranes. Stability of anti-oil properties during long-term 

storage is another important issue for these membranes. Surfaces modified by hydrophilic 

polymers always suffer from hydrophobicity recovery during storage due to chain rearrangement 

to minimize the surface energy in the air. In contrast, oxide-coated membranes show stable 

superoleophobicity after long-term (three-month) storage in the air because of their rigid 

hydrophilic groups. 
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Figure 3. a) Demonstrative experiment of crude oil adhesion on nascent and oxide-coated PVDF 

membranes. b) Speculated mechanisms for crude oil adhesion on, or departure from, the 

membrane surfaces. c) Underwater OCAs on SnO2-coated membranes after long-term storage in 

air. The inserts are the crude oil contact angle and crude oil adhesion on SnO2 membrane after 

stored in air for 90 days. 

 

The anti-oil performance for these oxides is a consequence of their hydration states, i.e., the 

interactions between the various oxides and water. We employed classical molecular dynamics 

(MD) simulations (See Methods for details) to investigate the oxide-water interactions at the 

atomic scale. Both pristine and hydroxylated slabs of amorphous Al2O3, TiO2, and SnO2 were 

studied (Figure 4a). (ZnO was not included in these simulations because of the lack of a suitable 
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interatomic potential.) These simulations show that the wettability of the surfaces is strongly 

governed by the nature of the oxide, in increasing order Al2O3 (least) < TiO2 < SnO2 (highest). 

The water-surface interactions are characterized by analyzing the radial distribution functions 

(RDFs) of oxygen of water with the surface cation (Sn, Ti, and Al, respectively). Regardless of 

the oxide, these RDFs show two distinct peaks associated with the first and second solvation 

layers of water near the interface (Figure 4b). Water adsorbs layer-by-layer with a relatively 

weak cohesion between the adjacent layers. The first layer of water adheres strongly to the 

surface (as indicated by the sharp first peak in the RDF), while the second layer is weakly 

attached to the surface resulting in a relatively broad second peak. The dynamic relaxation in the 

interfacial layer can extend to microseconds and up to hundreds of picoseconds in the next 

proximal layer. Note that the separation distance between the surface and the first layer of water 

shown by the position of the first RDF peak, as well as the peak intensities, are strongly dictated 

by the nature of the oxide. For SnO2 and TiO2, the proximal water layer is much closer to the 

surface (SnO2: 1.5 Å; TiO2: 1.8 Å) as compared to Al2O3 (2.6 Å); this, along with the higher 

peak intensities, suggests strong interactions between water and SnO2 or TiO2 (SnO2-water being 

stronger). On the other hand, lower peak intensities in the Al2O3-water RDF suggest a relatively 

weak interaction with water molecules.  
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Figure 4. a) MD simulation snapshots showing three different amorphous oxide layers and water 

molecules that are within 3.4 Å above their surfaces. The atoms are colored by their types, i.e., O 

(red), H (white), Sn (purple), Ti (grey), Al (green). From bottom to top, the wettability of these 

amorphous oxide layers increases, which is characterized by the water-oxide radial distribution 

functions, g(r), shown in b) for non-hydroxylated (pristine) and in c) for hydroxylated oxide 

layers. 

 

Analysis of the structure of water near the oxide surfaces reveals the formation of more-ordered 

structures for SnO2 (number of neighbors per water, Z~4.95) and TiO2 (Z~4.6) as opposed to 

Al2O3 (Z~1). The hydroxylated surfaces also follow the same trend in wettability i.e. the order of 

affinity to water is Al2O3<TiO2<SnO2 (Figure 4c). Note, the larger lattice parameters of SnO2 

(compared to other oxides) leave more space between terminal and bridging hydroxyls, which 
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allows the second layer molecules to come closer to the surface. Formation of a stronger and 

more well-ordered water structure near an oxide surface is expected to sterically hinder the 

interaction of oil with the surface, and consequently provide better anti-crude-oil performance. 

Thus, based on the extent of water-ordering assessed by MD simulations, the increasing order of 

anti-oil performance is predicted to be Al2O3<TiO2<SnO2, consistent with our experiments 

described above (Figures 2 and 3). 

 
Figure 5. a) Dead-end filtration of 2 v/v% crude oil-in-water feed under stirring. b) Digital 

pictures of the feed and permeate. c) Permeate flux evolution of nascent PVDF and SnO2-coated 

membranes. 

Because of its excellent anti-oil properties, SnO2-coated membranes were applied in realistic 

oily wastewater filtration experiments. Flux evolution over time will reflect the degree of fouling 
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on the membrane surface.  For comparison, we also measured the flux of nascent membranes 

(Figure 5). The concentration of crude oil in water is 2 v/v%, and vigorous stirring was applied 

to simulate the dynamic filtration process. Both types of membranes exhibited similar initial flux 

of ~800 Lm-2h-1bar-1. The permeate flux of the nascent membrane, however, decreased sharply to 

~50 Lm-2h-1bar-1 due to severe membrane fouling. Moreover, oil eventually passed through the 

membrane because of the severe fouling in the membrane pores (Figure S7 in Supporting 

Information). In contrast, the SnO2-coated membrane showed slower and less pronounced 

decrease in permeate flux, and even this moderate decrease is likely attributable to pore blocking 

during dead-filtration rather than fouling per se. Moreover, no flux recovery was observed for the 

nascent membrane, while the flux was nearly completely recovered for the SnO2-coated 

membrane after the first rinsing by water. The flux of the SnO2-coated membrane shows some 

irreversible decrease after several cycles, but its flux was still much higher than that of the 

nascent one (~200 Lm-2h-1bar-1), indicating substantial improvement in anti-crude-oil 

performance. Most of the oil droplets within the emulsion fall into the 400–700 nm size range 

(Figure S8), and the total carbon content is decreased from 2845 ppm to 82.26 ppm, 

corresponding to a rejection rate of 97.11%. The unrejected organics are the dissolvable 

components in crude oil. 

 

CONCLUSION 

In conclusion, we demonstrate an attractive strategy to fabricate crude-oil-repellent membranes 

by oxide surface engineering. ALD provides a simple, adaptable, and tunable means of 

modifying the interfacial properties of polymer membranes by imparting them with mechanically 
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rigid hydrophilicity. MD simulations revealed that the significant differences in crude oil 

resistance originated from the different hydration state of the various oxides. TiO2 and SnO2 

surfaces display much higher water molecule densities near the surface and stronger interactions 

with water. Such tightly bound hydration layers protect these membranes from fouling by crude 

oil. The coatings are robust, stable over time, and offer demonstrated resistance to fouling under 

oil-in-water filtration. This research also indicated select oxides lacking sophisticated structures 

and complicated composition could achieve outstanding anti-crude-oil property, which inspires 

further research into high-performance membranes for the oil and gas industry. 

MATERIALS AND METHODS 

 Atomic layer deposition (ALD): Poly(vinylidene fluoride) (PVDF) microfiltration membranes (ϕ 

47 mm, mean pore size 200 nm) were purchased from MilliporeSigma (USA). The precursors, 

i.e. diethyl zinc (DEZ), trimethyl aluminum (TMA), titanium tetrachloride (TTC), and 

tetrakis(dimethylamino) tin(IV) (TDMASn) were obtained from Sigma-Aldrich (USA). All the 

chemicals were used as received. ALD was conducted in a hot-walled, viscous flow reactor 

constructed by a circular stainless-steel tube with an internal diameter of 5 cm.35 All the 

experiments were performed at 100 °C using ultrahigh purity (99.999%) nitrogen carrier gas. 

The growth rates of the ALD oxides were measured using spectroscopic ellipsometry (alpha-SE, 

J. A. Woollam Co.) on films deposited on silicon (100) wafer coupons. A long dose (5 s) and 

purge time (40 s) was applied to allow the diffusion of precursors through the entire membrane. 

Characterization: The surface morphologies of the membranes were characterized by field 

emission scanning electron microscopy (FE-SEM, Hitachi). The membrane slices were prepared 

by infiltrating epoxy resin into the membrane and sliced up after solidification, and then 
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observed under a transmission electron microscope (TEM, JEOL). The crystalline information 

was detected by an X-ray diffractometer (D2 Phaser, Bruker AXS). The surface hydrophilicity as 

well as the underwater oleophobicity was evaluated using a water contact angle test system 

(FM40, KRÜSS). To measure the underwater oil contact angles on the membranes, the samples 

were settled upside-down, and the oil was pumped from a bent needle. In the oil adhesion test, 

the membranes were pre-wetted by water for 1 min, and residual water on the membrane surface 

was adsorbed using filter paper. A ~50 µL oil droplet was deposited on the membrane surface, 

and the membrane was then re-immersed in the water. The oil/water separation test was 

performed with a dead-end filtration unit with an effective separation area of 13.8 cm2 (EMD 

Millipore). Stirring was applied to mitigate fouling caused by cake layer formation. The feed was 

filtrated by the membrane perpendicularly, and the operating pressure was tuned by nitrogen gas. 

Crude oil with low viscosity was applied in this experiment, and the concentration was 2 v/v%. 

Molecular Dynamics simulations: The wettability of various amorphous oxide surfaces is 

investigated in atomistic MD simulations performed using LAMMPS. Each system roughly 

consists of a 4 nm × 4 nm × 1.3 nm oxide slab with a block of SPC/E water placed 0.2 nm above 

its surface. The interactions between atoms within the oxide layers are modeled using the 

Buckingham potential, while their cross interactions with water are modeled using a combination 

of Lennard-Jones and Coulomb potentials. The force field parameters for pristine SnO2, TiO2, 

and Al2O3 oxide layers and their hydroxylated forms are based on previous reports 

respectively.35–37 The oxide systems were equilibrated for at least 100 ps under an isothermal-

isobaric ensemble at T=300 K and P=1 bar. Radial distribution functions were calculated from 

the last 1 ps of each simulation. 
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