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Supporting Videos

Supporting Video 1 | Accelerated (720x) video of the nanostructure-enhanced oil
recovery using the S-SOS device.
(Left) The oil recovery test equipped with a pristine GF sample under room environment.

(Right) The oil recovery test equipped with a VG/GF sample under room environment.

Supporting Video 2 | Accelerated (720x) video of the solar-heating-enhanced oil recovery
using the S-SOS device.
(Left) The oil recovery test equipped with a VG/GF sample under room environment.

(Right) The oil recovery test equipped with a VG/GF sample under solar irradiation.



Supporting Sections

1. Comparison between the current S-SOS device and conventional oil recovery

devices
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Supporting Figure 1 | Comparison between the current S-SOS device and conventional
oil recovery devices. (a) Conventional capillary oil-sorption device. (b) Conventional siphon

transport device. (c) The current S-SOS device.



2. Concept and operation

Siphon action. Siphon is a capability of causing a liquid to flow upward above the liquid
surface and then flow down due to gravity, and finally discharging itata level lower than the
liquid surface. Since this process is powered by gravitational potential energy, it presents a
possibility to achieve an automatic unattended device without any external power. Previous
efforts have been devoted along this direction.!? Nevertheless, the existing siphon devices

still suffer from the foregoing issues of the inability to self-restart and non-selectivity.

Capillary action. Capillary is the ability of a liquid to penetrate into porous media without
the assistance of, or even in opposition to, external forces like gravity. The spontaneous
process is driven by solid surface energy, which has been widely applied for liquid
adsorption, such as oil adsorption by porous materials.® Since the capillary mainly depends
on the intermolecular forces between the solid surface and surrounding liquid, by tuning the

surface property, it can be achieved to selectively adsorb the oil and separate it from water.®”’

Taking the advantages of siphon and capillary actions together, we design an inverted
U-shape porous architecture to overcome the previous issues and achieve the self-starting and
selective transport for oil spill recovery. As shown in Figure 1b and Video S1, oil can
spontaneously and continuously transport from one side of the wall to the other side, while

water is completely prevented. The S-SOS device principally operates in two steps.

i) Self-starting by capillary action. Under capillary force, the oil afloat on the water
surface spontaneously flows upward into the porous architecture, against gravity. During this
process, the solid-air interface becomes the solid-oil interface, leading to a solid surface
energy loss. The surface energy loss is used to drive the oil flow. When the oil reaches the
plateau, gravity and capillary begin to work together to cause the oil to flow downward and

completely fill the pores of the U-shape architecture. As a result, the two chambers around the



wall are connected by the oil flow, just like the continuous liquid in conventional siphon

conduits.

i) Transporting by siphon action. When the two chambers are connected by the
continuous liquid (i.e., the oil flow in the U-shape architecture), siphon begins to work. The
oil continuously transports through the U-shape architecture and finally drops into the
collecting chamber. The height difference between the upstream and the downstream results
in a loss of gravitational potential energy, which is utilized to drive the oil transport.
Moreover, this process will not be interrupted while exposed to the atmospheric environment.
Thus, the concern of air accumulation occurring in the conventional siphon conduits is
eliminated," 8 and the external device (e.g., electric pump) conventionally used to help the

malfunctional device return to normal operation is not needed.

Solar-heating effect. When exposed to solar irradiation, the U-shape architecture can
harvest solar energy and convert it into thermal energy, leading to an increased surface
temperature. When oil flows through the hot solid surface, it is heated via interfacial heating.
As a result, the temperature of the oil flowing through the U-shape architecture is increased,
leading to a decreased oil viscosity. Since the flow resistance decreases proportionally with
the oil viscosity, which will be discussed in the following sections, the solar-heating and

increased temperature eventually accelerate the oil recovery process.

3. Morphology of the pristine GF sample

Supporting Figure 2 | Morphology of the pristine GF sample. (a) Optical images of the



VG/GF sample and the GF sample. (b) SEM image of the GF sample. (c) High-magnification
SEM image of the GF sample.

4. Plasma growth mechanism

As shown in Figure S3, the vertically-oriented graphene nanosheets (i.e., VGs) are
perpendicularly growing from the substrate. During the growth process, a buffer layer is
firstly formed on the substrate surface, serving as the nucleation sites for the subsequent VG
growth. Since the growth rates in the direction perpendicular to the substrate is faster than the
parallel counterpart under the plasma-made electric field, the graphene structure grows
normally on the substrate, and carbon atoms are continuously incorporated into its hexagonal

lattices, leading to the vertically-oriented structures.®*°

Vertically-oriented
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Buffer layer
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Supporting Figure 3 | Schematic of vertically-oriented structures.

Electric field caused by gas discharges plays a crucial role on the VG growth process. As
shown in Figure 2a-2e of the main manuscript, graphene structures grow normally on all the
surfaces of the cylindrical carbon fibers. It is mainly attributed to the influence of the electric
field in the vicinity of plasma-exposed substrate surface.'* As shown in Figure S4, the GF
substrate is placed in the plasma sheath, where plasma ions gain energy. The electric field
sustained in the plasma sheath is used to help maintain the vertically oriented growth of the

VG structures. When no substrate bias is applied, such as the PECVD system used in this



work, the potential difference across the sheath and the sheath width (equaling to a few Debye
lengths) are estimated to be ~10 V and hundreds of micrometers,*? respectively. Under such
conditions, the plasma sheath width is much larger than the size of the VG nanostructures
(with a typical height of 1-5 um). Thus, the electric field lines converge normally onto the
carbon fiber surface, leading to VG growth in the direction perpendicular to the surface of the
cylindrical hosting structures. Meanwhile, the energy associated with thermal effects is
estimated not to exceed 0.1 eV under the highest growth temperature of 700°C in our
experiments. The low energy is insufficient to disturb and randomize the vertically oriented

growth of the VG structures.**

+ Plasma Bulk

+ Graphite felt ' . +

Supporting Figure 4 | Schematic of plasma sheath. The carbon fiber as a substrate of VG

growth is placed in the area of the expected best plasma uniformity in a plasma discharge.



5. XPS spectrum of VG/GF

0

VG/GF

|

0 200 400 600 800 1000
B.E. (eV)

Intensity (a.u.)

Supporting Figure 5| XPS spectrum of VG/GF.

6. Wetting behavior of the pristine GF sample
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Supporting Figure 6 | Wetting behavior of the pristine GFsample. (a) Oil contact angle of

the pristine GF sample. (b) Water contact angle of the pristine GF sample.

7. Comparison of photonic absorbance between VG/GF and bare GF
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Supporting Figure 7 | Comparison of photonic absorbance between VG/GF and bare GF.



8. Temperature evolution during the oil recovery process
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Supporting Figure 8 | Schematic of the oil temperature measurement
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Supporting Figure 9 | Temperature evolutions at different points and different solar
density. (a) Comparison of steady temperatures at 1 h. (b) Temperature evolutions at 0.6 sun.
(c) Temperature evolutions at 0.8 sun. (d) Temperature evolutions at 1 sun. (e) Temperature

evolutions at 2 sun. (f) Temperature evolutions at 3 sun.



9. Mass density of oil as a function of temperature
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Supporting Figure 10 | Mass density of oil as a function of temperature

10. Analysis of force balance

As shown in Figure 4a (I), at stage i), oil permeates into the VG/GF sample and flow
upward above the oil surface. The oil is pulled by capillary force (F¢) against gravity (Fg) and
flow resistance (Ff), which can be expressed as:

m (du/dt) = Fc— Fg — Fs
where m denotes the oil mass, u denotes the wvelocity of oil flow, and t is the time. The
positive sign (+) denotes the upward direction, while the negative sign (-) denotes the

downward direction.

As shown in Figure 4a (1), at stage ii), oil flows downward and fills the porosity of the
VG/GF sample. The two chambers are connected by the oil flow existing in the inverted
U-shape architecture. The oil is pulled by capillary force and gravity against flow resistance:
m (dv/dt) = F¢ + Fg— F¢
where the positive sign (+) denotes the downward direction, while the negative sign (-)

denotes the upward direction.
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As shown in Figure 4a (l11), at stage iii), oil continuously flows through the VG/GF sample
(i.e., the inverted U-shape architecture), and then discharges at the right chamber (whose
liquid level is lower). Based on Bernoulli's equation’ the dynamic equilibrium can be
expressed as:

(112) pVo? + pgHy + Po = (112) pVi? + pgHy + P1 + AP;

where p denotes the oil density, V, and V; denote the oil flow velocity at upstream and
downstream, respectively, H, and H; denotes the height of the position at upstream and
downstream, respectively, P, and P; denotes the pressure at upstream and downstream,
respectively, and APt denotes the total pressure drop caused by flow resistance. The upstream
velocity is assumed to be zero, and the P, and P, are assumed to be equal to the atmospheric

pressure.

11. Surface tension of oil as a function of temperature
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Supporting Figure 11 | Surface tension of oil as a function of temperature

12. Recovery rate evolution
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Supporting Figure 12 | Recovery rate evolution. (a) The evolution of the oil recovery rate
as a function of solar density. (b) The evolution of the oil recovery rate as a function of

temperature. (c) The evolution of the oil recovery rate as a function of oil viscosity.

13. Comparison of the current S-SOS and the previous oil recovery devices

Compared with previous oil spill recovery systems,*°

the current S-SOS device presents
multiple merits, particularly in the economic cost for external devices and the energy

consumption for operation, as shown in Table S1.

i) Spontaneous starting and selective transport. The S-SOS device can self-start by capillary
action without the assistance of any external device. It directly reduces the economic cost for
complex devices and the energy consumption to get started. Moreover, the unique surface
wettability of the VG/GF allows the transport of oil and meanwhile prevents water, enabling

efficient separation of oil from ocean in-situ.

ii) Continuous operation and one-step oil recovery. The S-SOS device can continuously
transport oil under the siphon action without the concern of interruption. This siphon transport
proceeds in a self-powered manner, where the energy from nature (i.e., surface energy and
gravitational potential energy) is used to drive the process. Then, the oil is directly collected
from the inverted U-shape architecture without any post treatment. As a result, the power

consumption for the operation process is eliminated.

iii) Nanostructure- and solar-enhanced siphon and capillary. The plasma-made graphene
nanostructures can provide more siphon transport channels and enhance the capillary force to
improve the oil transport behavior. Meanwhile, the VGs are capable to harvest solar energy
and convert it to thermal energy to heat the oil. Consequently, the oil viscosity is reduced,

eventually leading to the accelerated oil transport speed.
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Supporting Table 1 | Comparison of the current S-SOS and the previous devices

Solar
External device Energy
Ref. irradiatio Recovery rate
consuming energy consumption
n
Squeezer/
Heate kgm? | Lm?
Pump | Centrifug KW m2 kJ per kg of oll
r ht ht
e
Ref. 14 V V \ 672.8* 54.3~74.9*
Ref.15 v 580* E
Ref. 16 v v E
Ref. 17 v v E
Ref. 18 v 1.5 E&S
Ref. 19 v v E
Ref. 20 v v E
0 30.5 35.3
0.6 79.8 925
S-SOS, No cost for oil
No cost for purchasing 0.8 91.2 105.7
Current recovery
complex devices; 1 106.3 123.3
work process;
2 127.6 148.0
3 147.3 170.8

* - Estimated from the data in literatures.
E - Electricity-powered

S - Solar-powered

Meanwhile, we would like to clarify two significant difference between our work and the

previous reports that also presented graphene-based materials for oil recovery.
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Self-pumping recovery. In previous reports,?°23

the electrical pumps were often equipped to
recover the oil that was adsorbed by the graphene-based sponges. These pumps required
power input, such as electricity, which led to economic and energetic costs for the recovery
process. In this work, we propose a self-pumping method for the oil recovery, whose process
is driven by the energy from nature including solid surface energy, gravitational potential

energy and solar energy. As such, the power input (i.e., electricity) and the complex device

(i.e., electrical pump) are not required in our S-SOS device.

Graphene nanostructures for improved fluid transport. In previous reports, the graphene
sheets were adhesive on the surface of polymer sponges by immersing the sponges in
graphene oxide solution, resulting in sparsely distributed wrinkle structures on the polymer
skeletons. In the current work, the graphene nanostructures are synthesized by
plasma-enhanced chemical vapor deposition method, and uniformly coated on the surface of
carbon fibers. Particularly, our graphene nanostructures present vertical orientation, dense
nanoarrays and exposed edges, which lead to abundant channels. These graphene channels
own a smaller size than the previously reported graphene structures, which leads to an

enhanced capillary action and an improved fluid transport performance.

14. Crucial roles of VGs

The plasma-made VGs serve as crucial roles on the oil recovery process, as summarized in
Table S2. i) Increasing liquid channels. The VGs with unique morphology of vertical
orientation and interconnected structures can serve as flow paths for liquid. By coating the
VGs on the GF to obtained the hierarchical structures, the siphon channels for oil transport is
dramatically increased. ii) Enhancing capillary action. Since the size of the channels built
by VGs ranges from tens to hundreds of nanometres, the capillary force is remarkably
enhanced compared with the pristine GF sample, thus leading to a higher speed of oil

transport. iii) Tuning surface wettability. The all-carbon structures and the high-density

14



edges make the VGs oleophilic and hydrophobic, sufficing the requirement of the S-SOS
device. iv) Improving light absorption. The vertical orientation, exposed edges and dense
nanoarrays make the VGs ideal candidates to trap light efficiently, maximizing the harvest of
solar energy. v) Enhancing interfacial heating. Heat is generated in VGs by solar-thermal
conversion. The exposed edges, fin-like structures as well as the good affinity between VGs

and oil enable the fast heat transfer at the VVGs/oil interface.

Supporting Table 2 | Summary of the advantages of VGs

Increasing liquid channels Enhancing capillary action Tuning surface wettability

Improving light absorption Enhancing interfacial heating

Qil
Light Heat
: exchanges at
trapping VGs/oil
interfaces
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