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Section S1 Experimental Methods

S1.1 Preparation of GO

GO was synthesized following our prior work1,2. Typically, 2.4 g of expandable graphite flakes 

(>50 mesh, Sigma-Aldrich) were thermally expanded in a microwave oven (900W, Danby) for 

30 s. The expanded graphite flakes were transferred into a mixture consisting of 224 mL of 

concentrated H2SO4 (95-98%, Sigma-Aldrich) and 16 mL of concentrated H3PO4 ( 85%, ≥

Sigma-Aldrich) and kept in an ice bath. After slowly adding 8 g of KMnO4 ( 99%, Sigma-≥

Aldrich) into the mixture within 2 h, the solution was transferred to a 50℃ water bath and 

further stirred for 5 h. Finally, 200 mL of iced deionized (DI) water was added into the solution, 

followed by dropwise adding H2O2 (30 wt.%, Sigma-Aldrich) until the solution became bright 

yellow. The as-obtained solution was repeatedly centrifuged with 1 M HCl solution (diluted 

from 37% HCl solution, Sigma-Aldrich) and sequentially DI water until the supernatant is 

neutral. The as-obtained GO paste was freeze-dried for 48 h to obtain GO powder.

S1.2 Fabrication of the Oil Skimmers

U-shape WOSs at various angles were prepared through a directional “legs-to-head” freeze-

casting process. In a typical procedure, GO powder was dispersed in DI water using sonication 

to obtain GO aqueous suspensions (10 mg/mL). Then, GO suspension was poured into a 3D-

printed U-shaped mold. Two copper strips were employed, with one end immersed in liquid 

nitrogen, and the other attached to the end of the “legs” of the mold. After completely freezing 

the suspension, the GO/ice block was demolded and freeze-dried for 48 h in a lyophilizer (BK-

FD10S, Biobase). The as-obtained structure was subsequently annealed at 800℃ for 2 h under 

argon atmosphere in a tube furnace (DSP-1200-KS, TMAX) to obtain the 3D graphene 
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monoliths. Graphene petals (GPs) were grown on the surface of the graphene monolith through 

a customized inductively coupled plasma enhanced chemical vapor deposition (PECVD) 

system. In a typical procedure, 3D graphene monoliths were placed in a sealed cylindrical 

quartz tube, vacuumed to <10 Pa, and heated to 800 °C. A gas flow of CH4 (6 mL min–1) and 

H2 (6 mL min–1) was then injected into sealed tubes to act as precursors of GPs, with the growth 

pressure maintained at ∼40 Pa. Subsequently, a radio frequency source of 300 W was coupled 

into the quartz tube. After growth for 2 h, the sample was cooled down under the protection of 

20 mL min–1 Ar flow to obtain the WOS samples. For comparison, ROSs were fabricated 

following the same procedures but directly frozen in a cold environment (approx. -150℃). 

Oil skimmers fabricated by ambient drying process were also employed as the control groups. 

Briefly, mixtures of camphene (20 mL) and GO solutions (20 mL, 20 mg/mL) were heated in 

a water bath kept at 70°C. Then, sodium dodecyl sulfate solutions (0.5 mL, 250 mg/mL) were 

added to the mixtures, followed by mechanical shaking to form homogeneous GO/camphene 

emulsions with the same concentration of GO, 10 mg/ml, compared to ROSs and WOSs. The 

GO/camphene emulsions were cast into the 3D-printed U-shaped molds and dried under 

ambient conditions (25°C, 1 atm, 50% RH) to obtain GO aerogels. The as-obtained structures 

were subsequently annealed at 800℃ for 2 h under argon atmosphere in a tube furnace to obtain 

the ambient-dried oil skimmers.

S1.3 Materials Characterization

Scanning electron microscope (Sigma 500VP, Zeiss) was applied to characterize the 

morphology of the samples. An ultraviolet–visible–near-infrared spectrophotometer (Cary 

UV-Vis-NIR models 7000) with external diffuse reflectance accessories (DRA) 150 mm 
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integrating sphere was used to measure the photonic transmittance (T) and reflectance (R). 

Photonic absorbance (A) was calculated by A = 1 – T – R.

S1.4 Oil Recovery Tests

The oil recovery tests were conducted under a solar simulator (94023A, Newport Corporation, 

450 W Xenon light source) with a <3° collimated output. An air mass 1.5G filter was employed 

to modify the spectral output to match the solar spectrum. Before the tests, the solar simulator 

was adjusted to obtain desired intensities through an optical power meter (S401C, Thorlabs). 

An infrared camera (A655sc, FLIR) was used to characterize the surface temperature 

distribution of the samples. An electronic balance (AS120.R2, Radwag) was employed to 

record the mass of collected oil every 30 seconds. All the experiments were conducted in a 

windless environment with a room temperature of ~ 23°C and relative humidity of ~ 49%. 

Error analyses were conducted based on multiple sets of repeatable tests.
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Section S2 Supplementary Figures
The concentration of GO solutions significantly affects the microstructure, wettability, 

and oil recovery performance of WOS-60s. WOS-60s fabricated with solutions containing GO 

concentrations of 5 and 10 mg/mL display well-aligned channels in the “leg” parts. The 

channels are wider in skimmers fabricated with solutions containing 5 mg/mL GO compared 

to those in samples prepared with 10 mg/mL GO solutions. At a higher GO concentration of 

20 mg/mL, the channels become distorted and less aligned along the freezing direction. 

Moreover, the water contact angle on WOS-60s increases with the GO concentration, which 

can be attributed to the different pore structure of these samples. The oil recovery rate improves 

as the GO concentration decreases, resulting from the reduced flow resistance from well-

aligned channels with large widths at lower concentrations. We note that while high oil 

recovery rates are achievable at low GO concentrations, the mechanical properties of the 

skimmers deteriorate, as demonstrated in our prior work3.

Figure S1. SEM images depicting the cross-sectional morphology of the “legs” for WOS-60 

fabricated with (a) 5 mg/mL and (b) 20 mg/mL GO solutions. Water contact angle on WOS-

60 fabricated with (c) 5 mg/mL and (d) 20 mg/mL GO solutions. (e) Mass evolution of oil 

collected under dark conditions by WOS-60 fabricated with different GO concentrations.
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Figure S2. Contact angle of oil droplet on WOS-60.
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Figure S3. Photograph showing the home-made oil wicking test setup.
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Figure S4. SEM images of GPs grown on the surface of WOS-60. 
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Figure S5. Stress-strain curves of WOSs at different compressive strains. The density of WOSs 

is measured to be 4.1 mg cm-3.
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Figure S6. Photograph showing the lab-scale oil recovery test setup.
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Figure S7. (a) SEM images depicting the cross-sectional morphology of ambient-dried oil 

skimmers. (b) Mass evolution of oil collected by WOS-60, ROS-60, and the ambient-dried oil 

skimmers under dark conditions.
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Figure S8. (a) Mass evolution of oil collected by WOS-60 under dark conditions with different 

oil-to-water volume ratios (o/w). (b) Calculated oil recovery rates of the WOS-60 under dark 

conditions with different oil-to-water volume ratios.
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2 mL different oil samples are placed on a hot plate surface kept at 120℃ for 1 h to 

completely remove contained water. Mass change of pure oil ( ) is also measured for ∆𝑚

comparison. The water content ( ) in the oil samples can thus be calculated as:𝐶

𝐶 =
𝑚1 ‒ 𝑚2 ‒ ∆𝑚

𝑚1
× 100%                                                        (𝑆1)

where  and  are the mass of oil samples before and after heating, respectively. The 𝑚1 𝑚2

measured data are shown in Figure S6. The separation efficiency ( ) of the WOS-60 is 𝜂𝑠

determined by the water content before ( ) and after ( ) oil recovery2,4,5:𝐶𝑏 𝐶𝑎

𝜂𝑠 = (1 ‒
𝐶𝑎

𝐶𝑏
) × 100%                                                        (𝑆2)

As a result, the separation efficiencies of oil recovery from oil/water mixture by fresh WOS-

60 and WOS-60 stored for 2 months are calculated to be 99.92% and 99.85%, respectively.

Figure S9. Recorded mass of different oil samples (2 mL) before and after heating at 120℃ for 

1 h. Corresponding water contents of different oil samples are calculated based on Equation 

S1.
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Figure S10. Mass evolution of recovered oil by the WOS-60 working under different solar 

intensities.
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Figure S11. (a) Viscosity of oil-II as a function of temperature. (b) Mass evolution of recovered 

oil-II by the WOS-60 at 1 sun and under dark condition at ΔH of 55 mm.
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Figure S12. Comparative mass evolution of recovered oil by the fresh WOS-60 and WOS-60 

stored for two months under 1 sun of solar irradiation and dark condition.
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Figure S13. (a) Wind speed and (b) Relative humidity over time during the outdoor test.
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Table S1. Comparison of oil recovery performance between the WOSs and previous oil recovery devices

Year/Journal
Type of oil 
recovery 
device

Oil type
Oil recovery 

rate
(L m-2 h-1)

Oil flux
(L m-2 h-1 bar-1)

Ref.

2022, Sep. Purif. Technol. Toluene - 16,663 6

2020, J. Membr. Sci. Silicone oil 44 4,444 7

2019, Chem. Eng. J. Diesel - 18,000 8

2022, ACS Nano Octane - 2,993 9

2023, NPJ Clean Water Hexane 294 294 10

2022, Nat. Commun. Hexane - 620 11

2022, Chem. Eng. J. Soybean oil 27 13.5 12

2022, Chem. Eng. J. Isooctane 1040 520 12

2021, J. Membr. Sci. Hexane 1000 1,000 13

2022, Chem. Eng. Sci. Heptane - 7,146.7 14

2015, J. Mater. Chem. A Toluene - 41,880 15

2014, ACS Appl. Mater. 
Interfaces

Toluene - 7,000 16

2015, J. Mater. Chem. A Isooctane - 22,590 17

2021, ACS Appl. Mater. 
Interfaces

Pump-assisted

Toluene - 1,078 18

2024, J. Membr. Sci. Crude oil - 1246 19

2023, J. Hazard. Mater. Crude oil - 779 20

2014, J. Mater. Chem. A Hexane - 5,000 21

2013, Adv. Mater. Petroleum ether - 10,000 22

2021, Sep. Purif. Technol. Diesel - 10,374 23

2021, Sep. Purif. Technol. Toluene - 23,794 23

2021, J. Membr. Sci. Hexane - 492.6 24

2021, J. Membr. Sci. Soybean oil - 82.1 24

2021, ACS Appl. Mater. 
Interfaces

Dichloromethane - 21,799 25

2021, J. Membr. Sci.

Filtration-type

Hexane 65 7,700 13

2019, ACS Nano Mineral oil 123.3 35,948 26

2023, Nano Energy Mineral oil 105.8 28,561 2

2022, J. Mater. Chem. A Mineral oil 318.8 81,000 27

Our work Mineral oil
620.2 

(indoor)
136,982 
(indoor)

-

Our work

Siphon-
assisted

Mineral oil
938.2 

(outdoor)
207,218 

(outdoor)
-
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