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ABSTRACT: Oil spills remain a worldwide challenge and need
emergency “spill-SOS” actions when they occur. Conventional
methods suffer from complex processes and high cost. Here, we
demonstrate a solar-heating siphon-capillary oil skimmer (S-
SOS) that harvests solar energy, gravitational potential energy,
and solid surface energy to enable efficient oil spill recovery in a
self-pumping manner. The S-SOS is assembled by an inverted U-
shape porous architecture combining solar-heating, siphon, and
capillary effects, and works without any external power or
manual interventions. Importantly, solid surface energy is used
by capillary adsorption to enable the self-starting behavior,
gravitational potential energy is utilized by siphon transport to drive the oil flow, and solar energy is harvested by solar-
thermal conversion to facilitate the transport speed. In the proof-of-concept work, an all-carbon hierarchical architecture
(VG/GF) is fabricated by growing vertically oriented graphene nanosheets (VGs) on a monolith of graphite felt (GF) via
a plasma-enhanced method to serve as the U-shape architecture. Consequently, an oil-recovery rate of 35.2 L m−2 h−1 is
obtained at ambient condition. When exposed to normal solar irradiation, the oil-recovery rate dramatically increases to
123.3 L m−2 h−1. Meanwhile, the solar-thermal energy efficiency is calculated to be 75.3%. Moreover, the S-SOS system
presents excellent stability without obvious performance-degradation over 60 h. The outstanding performance is ascribed
to the enhanced siphon action, capillary action, photonic absorption, and interfacial heating in the plasma-made graphene
nanostructures. Multiple merits make the current S-SOS design and the VG/GF nanostructures promising for efficient oil
recovery and transport of energy stored in chemical bonds.
KEYWORDS: oil recovery, siphon and capillary actions, solar-thermal conversion, plasma-made nanostructures, fluid transport

With the fast development of marine oil exploitation
and transportation, increased oil spill accidents have
not only caused severe and long-term damage to

aquatic ecosystems, but also led to a great loss of valuable
resources.1−3 To remedy the oil spills and save the energy,
energy-efficient and environment-friendly oil recovery methods
(i.e., “spill-SOS” actions) are highly desired. Currently, the
commonly used technologies for oil spill remediation include
oil containment booms, skimmer vessels, in situ combustion,
physical diffusion, enhanced bioremediation, and physical
adsorption by oil-sorption materials.4−6 Among these tech-

nologies, physical adsorption by porous hydrophobic and
oleophilic materials (i.e., capillary adsorption, see the schematic
in Figure S1b) attracted increasing attention due to the in situ
collection of oil from a water surface.4 Although the adsorbed
oil can be recycled by post-treatments such as squeezing and
pumping,7−14 the sophisticated and multistep procedures
require complex devices (e.g., pump, squeezer, and heater)
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and consume a large amount of energy during operation. To
reduce the economic and energetic costs for oil recovery,
improved strategies, especially without complex procedures
and devices, need to be developed.
Siphon, a common phenomenon in nature, is capable of

continuously transporting a liquid only driven by gravity
without external input of power.15 As such, it presents a
possibility to enable an automatic unattended approach for
fluid transport, including oil transport. Previously, siphon-
based devices have been proposed for various applications,
such as irrigation and spillway.16−18 However, few studies are
reported on utilizing siphon action for oil recovery,19 not to
mention the optimization and improvement of the siphon
action for the oil recovery performance. Moreover, the
previous siphon devices applied for fluid transport still suffer
from two significant issues (Figure S1b), which deteriorate the
performance in practical applications: (i) Poor stability and
inability to self-restart. An automatic unattended device needs
to be able to function reliably without failure and constant
maintenance. However, the previous siphon devices often
malfunction because of the air accumulation in the siphon
conduits.20,21 Meanwhile, it is unable to self-restart and
requires manual interventions to return to normal flow
operation after malfunction. Generally, an electricity-powered
pump is equipped to help the siphon device restart, which
increases the economic cost and energy consumption. (ii)
Nonselectivity for fluid transport. A typical siphon device is
often assembled by a conduit that serves as the transport
channel. When working in a multiple-component liquid, as
shown in Figure S1b, they are unable to choose which
component to transport. On the other hand, the real-world
liquid is often composed by two or more components.22,23

Therefore, the traditional siphon devices fail to meet the
complex conditions in practical applications. To achieve
selective transport of oil by siphon action and separate the
oil from water, further improvements are needed.
Herein, a solar-heating siphon-capillary oil skimmer (S-SOS)

is proposed to harvest solar energy, gravitational potential

energy, and surface energy to enable efficient oil spill cleanup
and recycle the energy stored in chemical bonds (i.e., oil) in a
self-pumping manner. As schematically shown in Figure 1a,b,
the S-SOS is assembled by an inverted U-shape porous
architecture combining a solar-heating effect, siphon action,
and capillary action. Importantly, the surface energy is used by
capillary adsorption to enable the self-starting behavior, the
gravitational potential energy is utilized by siphon transport to
drive the oil flow, and the solar energy is harvested by solar-
thermal conversion to facilitate the transport speed. The oil
floating on the water surface flows through the U-shape
architecture that covers a vertical wall and is then collected and
stored while no external power or no manual intervention is
used. More information describing the concept and operation
is available in supporting section 2.
By growing vertically oriented graphene nanosheets (VGs)

on a monolith of graphite felt (GF) through a one-step plasma-
enhanced chemical vapor deposition (PECVD) process, an all-
carbon hierarchical architecture (VG/GF) is fabricated to
serve as the U-shape architecture. The as-obtained nanostruc-
tures lead to the enhanced siphon action, capillary action,
photonic absorption, and interfacial heating, which eventually
benefit the oil recovery performance. Consequently, an oil-
recovery rate of 35.2 L m−2 h−1 is obtained at ambient
condition. When exposed to a normal solar irradiation of 1 kW
m−2, the oil-recovery rate dramatically increases to 123.3 L m−2

h−1. Meanwhile, the solar-thermal energy efficiency is
calculated to be 75.3%. Moreover, the S-SOS system displays
a long-term stability without obvious performance-degradation
over 60 h.

RESULTS AND DISCUSSION
Key Features of the S-SOS Device. Three key features

are required for the S-SOS, as shown in Figure 1c−e. (i)
Porous structure (see Figure 1c). Since the siphon and
capillary actions usually occur in porous structures, the U-
shape architecture should be composed of porous materials. In

Figure 1. Schematic illustration of the solar-heating siphon-capillary oil skimmer (S-SOS). (a) The inverted U-shape architecture (red) is
equipped on the gunnel of a marine vessel. Viscous oil (yellow) floats on the ocean (blue). The oil transports through the U-shape
architecture into the vessel in a self-pumping manner and is then collected. (b) Illustration of the principal two steps: (I) self-starting by
capillary adsorption, and (II) transporting oil by siphon action. (c−e) Three key features of the S-SOS design: porous structure (c);
oleophilic and hydrophobic wettability (d); high photonic absorption (e).
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the current proof-of-concept work, the U-shape architecture is
fabricated by growing VGs on a GF monolith via a one-step
PECVD process, obtaining a hierarchical porous architecture
(denoted as VG/GF). (ii) Oleophilic and hydrophobic
wettability (see Figure 1d). Surface wettability determines
which liquid to absorb and then transport. The surface of the
U-shape architecture should be oleophilic and meanwhile
hydrophobic to separate oil from water. The all-carbon VG/
GF with intrinsically oleophilic and hydrophobic wettability is
applicable. (iii) High photonic absorption (see Figure 1e).
Since a solar-heating effect is intentionally introduced to
improve the oil transport behavior, a high photonic absorption
is important to capture solar energy and then convert it to
thermal energy. The plasma-made VGs present a vertical
orientation, exposed edges, and a high density of nanoarrays,
which is conducive for trapping light.
Material Characterization. An all-carbon hierarchical

material (i.e., VG/GF) is used as the inverted U-shape
architecture. As shown in Figure S2, the pristine GF is
composed of carbon fibers with porous structure, smooth
surface, and gray color. Through the PECVD process, the wall-
like VGs are uniformly coated on the carbon fibers of GF,
leading to a rough surface, as shown in Figure 2a−c.
Meanwhile, the porous hosting structure (i.e., GF) is well-

preserved after the VG growth process. The porosity of the
VG/GF sample is measured to be 89.4%, which is very close to
that of the pristine GF sample (90.4%). The as-obtained VG/
GF sample changes the surface color to deep dark and
maintains the initial flexibility (see the inset of Figure 2a). The
VGs present high density graphene nanosheets, exposed edges,
and open channels (see Figure 2c). The span of a single
graphene nanosheet ranges from 100 to 300 nm. The side-view
SEM images in Figure 2 panels d and e show that these VGs
are perpendicularly ingrown from the cylindrical hosting
structures (i.e., carbon fibers) with a fused conjunction at the
VG−GF interface. Such a fused conjunction is mechanically
robust because it is connected by chemical bonds formed
during chemical vapor deposition under an energy-intensive
plasma sheath, as reported in our previous works.24−26 More
details on the plasma growth mechanism are available in
supporting section 4. In addition, the typical thickness of the
VGs is measured to be 1−5 μm (see Figure 2e). These
graphene nanosheets with vertical orientation respective to the
cylindrical substrate build up interconnected channels, which
can serve as flow paths for fluid transport.
The surface wettability plays an important role in the ability

of selective transport. The surface wettability of the VG/GF is
measured and shown in Figure 2f,g. When an oil droplet is in

Figure 2. Structural characterization of the VG/GF sample. (a−c) Top-view SEM images of the VG/GF sample. Optical image of VG/GF in
the inset of panel a. (d and e) Cross-sectional SEM images of VG/GF. (f) Oil contact angle of the VG/GF sample, suggesting a
superoleophilic nature. (g) Water contact angle of the VG/GF sample, suggesting a superhydrophobic nature. (h) Photonic property of the
VG/GF sample. The red curve represents absorbance. The purple curve represents reflectance. The black curve represents transmittance. (i)
Thermogravimetric curve and derivative thermogravimetric curve of the VG/GF sample under the flow of O2/N2 (with a ratio of 1:4). (j)
Mechanical behavior of the VG/GF sample. The red curve represents tensile performance, while the other curves represent the compressive
performance.
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contact with the surface of VG/GF, it quickly permeates into
the sample, suggesting the oleophilic nature (see Figure 2f).
When a water droplet contacts the surface of VG/GF, it
maintains a large contact angle of 142.5°, indicating the
hydrophobic feature (see Figure 2g). Such an oleophilic and
hydrophobic surface can be attributed to the following two
factors. First, the all-carbon structures. The VGs are
synthesized from a precursor of a hydrogen−methane gas
mixture in an energy-intensive, high-temperature, and high-
vacuum environment. As such, the VGs are composed of high-
purity carbon hexagonal lattices. As shown by the X-ray
photoelectron spectroscopy (XPS) result in Figure S5, only
carbon-associated peaks can be observed. Oleophobic surface
groups (e.g., fluorine-containing functional groups27,28) and
hydrophilic surface groups (e.g., oxygen-containing functional
groups that often occur in reduced graphene oxides fabricated
by chemical methods29,30) do not exist in the VG/GF material.
Meanwhile, all-carbon materials often show a good affinity with
organic liquids, such as oil. Thus, the VG/GF is intrinsically

oleophilic and hydrophobic. Second, the rough surface.
According to Wenzel relation (cos θ* = r cos θ, where θ* is
the contact angle on a rough surface, θ is the contact angle on a
smooth surface, and r is roughness factor. r = 1 if the surface is
smooth; r > 1 if the surface is rough), a surface wettability can
be enhanced by increasing the surface roughness.31 As shown
in Figure 2 and Figure S2, VGs are uniformly coated on the
surface of carbon fibers, changing the surface from smooth to
highly rough. On such a rough surface, the surface wettability
will be improved. The hydrophobic wettability become more
hydrophobic, where the water contact angle increases from
128.7° to 142.5° after the VG coating (see Figure S6). Yet, it is
hard to quantify the change of oleophilic nature after VG
coating because the oil contact angle of the GF sample is also
measured to be 0°.
Light absorption is an important property to determine the

ability to harvest solar energy. The photonic reflectance (R)
and transmittance (T) of the VG/GF sample (with a thickness
of 5 mm) are experimentally measured. The photonic

Figure 3. Oil collection performance of the S-SOS device. (a) Experimental setup of the S-SOS device. The blue color represents water. The
yellow color represents oil that floats on water. Oil transports from the left chamber to the right chamber. (b) IR images to present the
temperature distribution of the U-shape architecture when working under the irradiation of a normal solar density of 1 kW m−2. (c) The
volume evolutions of oil collection of the S-SOS device equipped with a pristine GF sample or a VG/GF sample. (d) Optical images of the S-
SOS device equipped with a VG/GF sample under the irradiation of a normal solar density of 1 kW m−2. (e) Optical images of the S-SOS
device equipped with a VG/GF sample at ambient condition. (f) Optical images of the S-SOS device as the U-shape architecture pristine GF
sample at ambient condition. (g) The volume evolutions of oil collection under different solar density. The S-SOS device is equipped with a
VG/GF sample. (h) Average transport rates of oil collection and solar-oil energy efficiencies under different solar density. The S-SOS device
is equipped with a VG/GF sample. (i) Cyclic behavior of the S-SOS device equipped with a VG/GF sample.
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absorbance (A) is calculated by the equation (A = 1 − R − T).
As shown in Figure 2h, the VG/GF sample displays high light
absorption over a wide wavelength range from 200 to 2600
nm, which covers the most energetic part of the solar spectrum
(i.e., the ultraviolet−visible−near-infrared region). The light
absorbance is calculated to be 98.1%, indicating that less than
∼2% of light reflects from or transmits through the VG/GF
sample. For comparison, the light absorbance of a pristine GF
sample is measured to be 88.4% (see Figure S7), much lower
than that of the VG/GF sample. It is suggested that VG
coating can improve the light absorption. Such a high light
absorptance can be attributed to VGs’ vertical orientation and
cavity structures.24,32−34 First, the optical property of graphene
is highly associated with its orientation, which was studied in
detail in our prior works.24,34 The photonic absorption
coefficient along the orientation parallel to the graphene
plane is 1−2 orders of magnitude greater than that of the
orientation perpendicular to the graphene plane within the
ultraviolet−visible−near-infrared region. It is because the
imaginary part of the dielectric functions, which is highly
associated with optical property, along the graphene in-plane
orientation could be 1−2 orders of magnitude larger than that
of the graphene cross-plane orientation.24 The VGs with the
orientation nearly parallel to the incident light can maximize
their ability to harvest solar energy. Apart from the vertical
orientation, the open channels and dense arrays of the VGs can
trap the incident light like a hohlraum. After multiple internal
reflections in these cavity structures, the incident light is almost
completely absorbed by the graphene nanostructures, leading
to the high light absorption.34,35

In practical applications, the S-SOS device might work under
a variety of weather conditions, such as storm and scorching
heat. Such harsh working-conditions require the VG/GF
material to be thermally and mechanically stable. As shown in
Figure 2i, the thermogravimetry curves of the VG/GF sample
were obtained when the sample was exposed to a simulated air
flow (O2/N2 = 2:8). The weight of the VG/GF sample is well
maintained until the temperature increases to ∼500 °C. The
highest temperature achieved in the current work is 102.2 °C
under the irradiation of a high solar density of 3 kW m−2,
which is far lower than the degradation temperature of ∼500
°C. On the other hand, mechanical property tests of the VG/
GF sample, including a tensile test and a cyclic compressive
test, were conducted. As shown by the result of the tensile test
(see the red line) in Figure 2j, the ultimate tensile strain of the
VG/GF sample reaches 21.5% with a maximum tensile stress
of 0.324 MPa. As shown by the result of the cyclic compressive
test in Figure 2j, the VG/GF presents an elastic deformation
under the maximum compressive strain of 50%. The cyclic
curves from the second cycle to the tenth cycle nearly overlap
with a negligible degradation of stress during the loading−
unloading processes, while an obvious decline from the first
cycle to the second cycle is observed. The decline in the first
cycle is possibly caused by the exhaust of the air that initially
fills the interspace of the GF frameworks. The outstanding
recoverability from the second to the tenth cycle can be
explained by the cross-linked carbon-fiber structures. There-
fore, the VG/GF material is thermally stable and mechanically
robust to endure harsh conditions and long-term operation
Oil Recovery Performance. As schematically shown in

Figure 3a, the lab-scale S-SOS prototype is assembled by two
chambers, which are separated by a wall. The left chamber is
used to simulate the ocean on which oil is floating, while the

right chamber is used to collect and store the oil. The VG/GA
sample with a thickness of 5 mm and a width of 40 mm
(corresponding to a projected cross-sectional area of 40 × 5
mm2) covers the separating wall to serve as the inverted U-
shape architecture. A solar simulating source is employed to
illuminate the S-SOS device from the top. To eliminate the
influence of solar irradiation on the floating oil in the
chambers, the light is only allowed to illuminate the top
surface of the VG/GA sample, while the light upon two
chambers is blocked. During the oil recovery test, the water is
poured into the left chamber, as shown by Video S1, then the
oil is poured into the left chamber, and immediately the oil
recovery process begins. As shown by the left test in Video S1,
the oil spontaneously flows from the left to the right through
the U-shape architecture at ambient environment. When the
light is turned on, the speed of oil recovery is dramatically
increased, as shown by the right test in Video S1.
When exposed to irradiation, the VG/GF sample harvests

solar energy and converts it to thermal energy, causing the
increased surface temperature. As shown by the infrared (IR)
images in Figure 3b, under the irradiation with a normal solar
density of 1 kW m−2, the surface temperature of the VG/GF
sample quickly increases from room temperature (20.1 °C) to
38.7 °C within 1 min, then slowly increases and eventually
reaches a plateau of ∼70 °C. When oil transports through the
hot U-shape architecture, it is heated via interfacial heating to
obtain a high temperature close to 70 °C (see the oil
temperature evolution curves recorded by thermocouples in
supporting section 8).
The oil volume that is collected in the right chamber is

recorded by a digital camera and shown in Figure 3c−f. When
the solar simulator is turned off, the oil recovery process can be
completed within ∼600 min (Figure 3e), corresponding to an
average oil-recovery rate of 35.2 L m−2 h−1 flowing through the
cross-sectional area (40 × 5 mm2) of the VG/GF sample.
Almost 100% of the oil that floats on the water surface is
recovered, as shown by Video S1. When the solar simulator is
turned on, the oil recovery process is dramatically increased.
Under the solar irradiation of 1 kW m−2, the oil recovery
process can complete within ∼180 min, as shown in Figure 3d.
Correspondingly, the oil-recovery rate is calculated to be 123.3
L m−2 h−1, which is 3.5 times higher than without solar lighting
(35.2 L m−2 h−1). The increase of the oil-recovery rate is
mainly caused by the solar-heating effect that makes a
significant influence on the oil viscosity and the flow resistance.
This point will be discussed in detail in the following section.
For comparison, an oil recovery test using a pristine GF

sample as the U-shape architecture was also conducted (see
the left test in Video S2). As shown by Figure 3c−f, the oil
recovery process is completed in ∼720 min, which is longer
than that of the VG/GF sample (∼600 min). The result
suggests that coating VGs on the frameworks of GF can
accelerate the recovery process. Such an improvement can be
attributed to the nanostructure-enhanced siphon and capillary
actions, which will be discussed in details in the following
section.
In practical applications, the intensity of solar irradiation is

unstable by nature, which may make significant influences on
the oil recovery performance. Besides, solar concentrators are
often used in some cases. For this consideration, we have
conducted a series of oil recovery tests under different solar
irradiation densities ranging from 0.6 sun to 3 sun. As shown in
Figure 3g, the total time spent for oil recovery process is
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reduced from ∼240 to ∼130 min, when the solar density
increases from 0.6 to 3 sun. Correspondingly, the average
transport rates of the whole oil recovery process are calculated
to be 92.5, 105.7, 123.3, 148, and 170.8 L m−2 h−1 at 0.6, 0.8,
1, 2, and 3 sun, respectively. Apparently, the average oil-
recovery rate increases proportionally with the solar density.
The incident solar energy is harvested by the VG/GF sample

and then converted into thermal energy, which is used to
locally heat the oil flowing in the VG/GF structures. As such,
the solar-thermal energy efficiency (ηsolar‑thermal), defined as the
percentage of the incident solar energy used to heat the oil, can
be calculated by the following equation:

V C T T Q( )/solar thermal o solarη ρ= −‐ (1)

where V is oil volume transport rate flowing through the
projected cross-sectional area of the VG/GF sample, ρ is the
mass density of oil (which varies with temperature, as shown in
Figure S10), C is specific heat of oil (taking 2000 J kg−1 K−1),
T is the temperature of the oil flow (measured by a
thermocouple), T0 is the initial temperature of the floating
oil, and Qsolar is the input solar energy illuminates on the
plateau of the VG/GF sample (40 × 10 mm2 in the current
work). As shown in Figure 3h, when increasing the solar
density from 0.6 to 1 sun, the solar-thermal energy efficiency
gradually increases from 51.7% to 75.3%. However, when
further increasing the solar energy to 2 sun and 3 sun, the
energy efficiency decreases to 68.8% and 62.7%, respectively. It
is worth noting that the maximum solar-thermal energy
efficiency occurs at 1 sun. This phenomenon is associated
with the oil viscosity evolution with the oil temperature.
Detailed discussion will be provided in next section.
Moreover, a cyclic test with 20 cycles was conducted at 1

sun to detect the stability of the VG/GF sample. As shown in
Figure 3i, the oil-recovery rates range from 110 to 130 L m−2

h−1. Correspondingly, the solar-thermal energy efficiency is

calculated to be 74.1 ± 2.1% with a small fluctuation, and no
noticeable performance degradation is observed during the
∼60 h of operation. The excellent performance and long-term
stability can be ascribed to the following factors. First, the
superior ability to harvest light across a wide wavelength. More
than 98% of incident light is captured by the VG/GF sample
due to the VGs’ vertical orientation, wall-like arrays, and
exposed edges. Second, the fin-like VGs (see Figure 2e) can
increase the contacting area with oil. Meanwhile, the oleophilic
surface leads to a good affinity between VGs and oil. As such,
the heat generated in VGs by solar-thermal conversion can
transfer through the VGs/oil interface efficiently. As shown by
the IR images in Figure 3b and the oil temperature curves in
Figure S9, the oil can gain a temperature (∼65 °C) that is very
close to VGs’ surface temperature (∼70 °C). Third, the
thermal and mechanical stability also contributes to the stable
performance over such a long-time operation.

Fluid Transport Mechanism. The oil recovery process by
the S-SOS device can be principally divided into three stages:
(i) elevating, (ii) connecting, and (iii) transporting, as shown
in Figure 4a. Particularly, stage i and stage ii are associated with
the capillary action, while stage iii is related to the siphon
action.
As shown in Figure 4a,I, at stage i, oil permeates into the

VG/GF sample and flows upward above the oil surface. The oil
is pulled by capillary force (Fc) against gravity (Fg) and flow
resistance (Ff). At this stage, the solid surface energy (Eσ

s ) is
reduced during the capillary wetting process. According to
Sophocleous’s report,36 the surface energy difference (ΔEσ

s ) can
be calculated as

E A ( )s
s l s v s lσ σΔ = −σ ‐ ‐ ‐ (2)

where As‑l is the solid−liquid interfacial area, σs‑l is the solid−
liquid interfacial surface tension, and σs‑v is solid−air interfacial

Figure 4. Mechanism demonstration of the S-SOS device. (a) Illustration of the siphon capillary oil transport process. The analysis of force
balance is available in supporting section 10. (b) Schematic of the experimental setup for height difference (ΔH). (c) Comparison of the
average transport rates of the S-SOS device under different height differences. (d) Comparison of the average transport rates of the S-SOS
device under different solar densities. (e) Oil temperature at the top point (see panel b) of the U-shape architecture under different solar
densities. (f) The evolution of the oil viscosity at different temperatures.
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surface tension. The surface energy difference is used to
overcome the gravity and flow resistance, driving the oil to rise.
As shown in Figure 4a,II, 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. At this stage, the oil is pulled by capillary and
gravity force against flow resistance. The surface energy
difference (ΔEσ

s ) and the gravitational potential energy
difference (ΔEg = mgΔh, where Δh is height change of liquid)
are used to overcome the flow resistance, driving the oil to flow
downward.
As shown in Figure 4a,III, at stage iii, oil continuously flows

through the inverted U-shape architecture, and then discharges
at the right chamber (i.e., downstream). Based on Bernoulli’s
relation,21 the flow velocity at downstream (V) can be derived
by

V g H P2( / )f
1/2ρ= [ Δ − Δ ] (3)

where g is gravitational acceleration, ΔH is the height
difference between the upstream and the downstream, ΔPf is
the total pressure drop caused by flow resistance, respectively.
As such, the flow velocity is mainly determined by the height
difference and the flow resistance. The gravitational potential
energy difference (ΔEg) is used to overcome the flow
resistance, driving the oil flow.
Nanostructure-Enhanced Fluid Transport. Figure 3c

and Video S2 have shown that the VG coating can accelerate
the oil recovery process. Here, the oil recover performance of
the VG/GF sample and of a pristine GF sample is
systematically compared, as shown in Figure 4b,c. On one
hand, the oil-recovery rate decreases when the height
difference (ΔH) is reduced from 75 to 25 mm because a
larger height difference leads to a faster oil flow velocity. On
the other hand, at same height difference, the VG/GF sample
shows a higher oil-recovery rate compared with the GF sample.
Such an improvement can be attributed to the abundant
channels built by the plasma-made graphene nanostructures.
According to the Laplace−Young equation,37 the capillary force
(Fc) is determined by the effective pore radius (r) of the
transporting channel, the liquid surface tension (σ), and the
liquid−solid contact angle (θ):

F A P A r2 cos /c c σ θ= × Δ = × (4)

where A is assumed to be the projected cross-sectional area of
the transport channel and ΔPc is capillary pressure. Since the
capillary force increases inversely with the pore radius of the
transport channel, a smaller channel will lead to a larger
capillary force to pull fluid transport. The graphene
nanostructures with a typical height of 1−5 μm are much
smaller than the pore size of the hosting structure (tens to
hundreds of micrometers). These wall-like VGs build open and
interconnected channels (see Figure 2). The size of the as-
obtained graphene channels ranges from hundreds of nano-
meters to tens of micrometers. When fluids flow through the
smaller channels, the capillary force is dramatically increased,
and thus accelerates the oil recovery.
In addition, based on Young’s equation (σs‑v − σs‑l = σl‑v cos

θ) and Sophocleous’s equation (ΔEσ
s = As‑l (σs‑v − σs‑l)),

38 the
amount of surface energy consumed for capillary adsorption is
associated with the liquid−air surface tension (σl‑v) and the
liquid−solid contact angle (θ). The σl‑v is temperature-
dependent, as shown in Figure S11. A smaller θ leads to a
higher harvest of the solid surface energy to drive the oil

recovery. As shown in Figure 2f, the oil contact angle is
measured to be 0°, indicating the high harvest of solid surface
energy. It is worth noting that the oil contact angle of a GF
sample is also measured to be 0°, as shown in Figure S6. When
liquid completely spreads on the solid surface (i.e., the contact
angle equals to zero), the surface energy difference calculated
by the Sophocleous’s equation will be inaccurate.38 As such, it is
still difficult to determine the superiority of the VG/GF over
the GF sample on harvesting solid surface energy.

Solar-Heating-Enhanced Fluid Transport. Figure 3c
and Video S1 have shown that solar irradiation can also
increase the oil recovery rate. The oil recovery performance
under different solar density is studied. As shown in Figure 4d,
the recovery rate increases proportionally with the solar density
under the same height difference. It is suggested that solar
irradiation has a significant influence on the oil recovery
process. As mentioned before, flow resistance (Ff) plays a
crucial role on the siphon transport process. According to
Darcy’s law,39 the flow resistance can be derived by

F A P A lu r4 /( )f f
2η ε= × Δ = × (5)

where η is viscosity, l is the flow distance, u is velocity, and ε is
the porosity of the porous material. The oil flow in the VG
channels is assumed to be a fully developed laminar fluid.40

The A, l, ε, and r are considered as constants because they are
related to the morphologic and structural features of the VG/
GF sample. Thus, the flow resistance is mainly determined by
the oil viscosity and oil flow velocity. By decreasing the oil
viscosity, the flow resistance can be reduced.
When exposed to solar irradiation, the surface temperature

of the VG/GF sample increases and then heats the oil flow. As
shown in Figure 4b, a thermocouple was applied to measure
the oil temperature at the plateau. The room temperature
maintains at 20 °C. The results are presented in Figure 4e.
When exposed to 0.6 sun, 0.8 sun, 1 sun, 2 sun, and 3 sun, the
oil temperature is measured to be 43.8, 52.6, 64.5, 88.7, and
102.1 °C, respectively. Then, the oil viscosity ranging from 20
to 100 °C was measured as shown in Figure 4f. A sharp
reduction from 254.2 to 40.6 mPa s is observed when the oil
temperature increases from 20 to 60 °C. When continuously
increasing the temperature from 60 °C, the oil viscosity
decreases slowly, leading to a small change of 28.8 mPa s from
60 to 100 °C. Such an oil viscosity evolution can be used to
explain why the maximum energy efficiency occurs at 1 sun.
When the solar density increases from 0.6 sun to 1 sun, the oil
temperature increases from 43.8 to 64.5 °C. The oil viscosity
reduces from 79.0 to 33.7 mPa s, leading to a relatively large
increase of the oil-recovery rate from 92.5 to 123.3 L m−2 h−1.
The solar−oil energy efficiency is thus increased from 51.7% to
75.3%. When the solar density is further increased to 2 sun,
although the oil temperature increases to 88.7 °C, only a small
reduction of the oil viscosity of 8.9 mPa s is obtained. The oil-
recovery rate increases from 123.3 to 148.0 L m−2 h−1 with a
small rise of 20% while the solar density increases by 2-fold. It
causes the decline of the solar-thermal energy efficiency to
68.8%. Similarly, when increasing the solar density from 2 sun
to 3 sun, the solar-thermal energy efficiency decreases to
62.7%. More information, including the evolution of the oil
recovery rate as functions of solar density, oil temperature, and
oil viscosity, is available in Figure S12. It is worth noting that
the optimum value of solar density varies with solar-thermal
materials and oil species.
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The oil recovery rate up to 170.8 L m−2 h−1 is lower than the
previous work (580 L m−2 h−1) that involved electricity-
powered pumping.41 Nevertheless, the slow recovery can be
mitigated by the advantages in terms of economic and
energetic costs for the oil recovery process. In the previous
reports, complex devices, such as electrical pumps, squeezers,
centrifuges, and heaters were equipped to drive the oil recovery
process, as shown in Table S1. Despite the relatively high
recovery rate, the cost for the oil recovery process was also
high, not to mention the expenses of these electrical devices. In
contrast, the current S-SOS device utilizes energy all from
nature, including solid surface energy, gravitational potential
energy, and solar energy, to drive the oil recovery process. It
does not require power input (e.g., electricity) or a complex
device (e.g., electrical pump), and can be simply achieved by
an inverted U-shape architecture. As a result, the total cost for
oil recovery is reduced. Detailed comparison between the
current S-SOS and the previous oil recovery devices is available
in supporting section 13. It is worth noting that the plasma-
made VGs are crucial to the oil recovery performance of the S-
SOS device, which is summarized in Table S2. In addition,
future works can focus on increasing the height difference and
optimizing the size of the transport channels to improve the oil
recovery rate. More importantly, such a self-pumping
mechanism can be also applied to other fluid transport
applications, such as the separation of organic liquid and water,
and the separation of particles and liquid.
Economic Analysis. Ocean oil spill accidents severely

damage marine ecosystems and cause great losses of valuable
resources. For instance, during the Gulf of Mexico oil spill
accident in 2010, an estimated amount of ∼4.9 million barrels
of oil leaked to the ocean.42 Despite huge multinational
remediation efforts and the use of ∼1.84 million gallons of
dispersants, thick layers of oil cover ocean surfaces for
decades.43,44 Therefore, environment-friendly and econom-
ically efficient solutions are essential. We assume that the S-
SOS device in the current work is employed and assembled on
a marine vessel to clean up the oil spill, as shown in Figure 1a.
The carrying-capacity of the vessel is assumed to be 1000
tonnes, which usually has a length of 30 to 50 m and a height
of 5 to 10 m. We assume two gunnels with 30 m length and 5
m height are covered by the VG/GF material (with a thickness
of 0.1 m), costing $139,200 with a material volume of 60 m3.
The projected cross-sectional area of the transport channel is
calculated to be 6 m2. If the S-SOS device works for a year
(e.g., 365 days with alternations of 12 h daylight and 12 h
night, where the average solar density on daylight is assumed
to be 0.6 sun), the amount of oil recovered is expected to be
21 265 barrels, corresponding to an economic benefit of
$1,275,900 and an annual return of up to ∼817% (assuming
the cost of $60 per barrel of oil). Note that the analysis ignores
the performance deterioration at a large scale, harsh weather,
and ocean waves, etc. Importantly, the S-SOS devices operate
in a self-pumping and manual-intervention-free manner and do
not affect other working components on the vessel.

CONCLUSIONS
High economic and energetic costs caused by a complex
process remain significant challenges in oil spill recovery. This
work proposes an S-SOS design to enable the efficient oil
cleanup and recovery in a self-pumping manner. The current S-
SOS device is simply assembled by an inverted U-shaped
porous architecture, which can harvest surface energy,

gravitational potential energy, and solar energy to drive the
oil recovery while no external power input and no manual
intervention are needed. In the current proof-of-concept work,
an all-carbon hierarchical architecture (i.e., VG/GF) is
fabricated by growing VGs on a monolith of GF through a
one-step PECVD method to serve as the U-shape architecture,
leading to the enhanced siphon action, capillary action,
photonic absorption, and interfacial heating in the plasma-
made graphene nanostructures.
During the oil recovery tests, the oil-recovery rate at the

VG/GF reaches 35.2 L m−2 h−1, which is higher than that at a
pristine GF (30.8 L m−2 h−1). The improvement is ascribed to
the nanostructure-enhanced capillary action. Moreover, by
heating the U-shape architecture through solar-thermal
conversion, the oil-recovery rate dramatically increases. The
average transport rates of the whole oil recovery process are
calculated to be 92.5, 105.7, 123.3, 148, and 170.8 L m−2 h−1 at
0.6, 0.8, 1, 2, and 3 sun, respectively. The improvement is
attributed to the decreased oil viscosity and the reduced flow
resistance under irradiation. The maximum energy efficiency of
75.3% occurs at 1 sun, which is related to the oil viscosity
evolution under irradiation. Additionally, the VG/GF structure
presents an excellent long-term stability over 60 h of operation
duration. The stable performance with high oil-recovery rate
and high energy efficiency is ascribed to the nanostructure-
enhanced oil-transport behavior, superior light absorption,
enhanced interfacial heating as well as the thermal and
mechanical stability. Multiple merits including self-pumping,
nanostructure- and solar-enhanced siphon and capillary actions
as well as efficient energy utilization make the current S-SOS
design and the VG/GF nanostructures promising for oil spill
recovery and other fluid transport applications.

METHODS
Material Fabrication. The commercially available GF (with a

thickness of 5 mm, $10 m−2) was used as the hosting structure of
VGs. The VGs were synthesized by a customized inductively coupled
plasma enhanced chemical vapor deposition (ICP-PECVD) system.
In a typical procedure, a monolith of GF with a plane size of 4 cm ×
20 cm was placed in a sealed cylindrical quartz tube, vacuumed to <10
Pa, and heated to 700 °C. A gas flow of CH4 (5 mL min−1) and H2 (5
mL min−1) was injected into sealed tubes to act as precursors. The
growth pressure was maintained at ∼100 Pa. Subsequently, a radio
frequency source of 250 W was coupled into the quartz tube. After 1 h
synthesis, the sample was cooled down under the protection of 10 mL
min−1 Ar flow to obtain the VG/GF sample. The cost for the PECVD
growth is estimated to be $1.6 m−2. The density of the obtained VG/
GF is measured to be 0.2 g cm−3.

Materials Characterization. Scanning electron microscope (SU-
70, Hitachi) and transmission electron microscope (JEM 2100F,
JEOL) were applied to characterize the morphology of the samples.
An ultraviolet−visible−near-infrared spectrophotometer (UV-3150,
Shimadzu) was used to measure the photonic transmittance (T) and
reflectance (R), in which an integrating sphere was used. Photonic
absorbance (A) was calculated by A = 1 − T − R. The X-ray
photoelectron spectroscope (Escalab Mark II, VG) with a
monochromatic Mg Ka X-ray source (1,253.6 eV) was employed to
measure the elemental compositions. Thermogravimetry analysis was
conducted under simulated air flow (O2/N2 = 1:4) from 50−700 °C
(Q500, TA). The mechanical properties were measured by a universal
material testing machine (Roell Z020, Zwick). The structural
porosities were measured by a mercury porosimeter (AutoPore IV
9510, Micromeritics). The oil viscosity was measured by a rotary
rheometer (RS6000, HAAKE).

Oil Recovery Test. During the oil recovery tests, 48 mL of
mineral oil and 80 mL of deionized water were poured into the left
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chamber. The oil recovery process is recovery by a digital camera
(Nikon D5300). A solar simulator (PLS-SXE300D, Beijing Perfect
Light Technology) with a <5° collimated output was used as the light
source. An optical filter was used to obtain a standard AM 1.5G
spectrum. An optical power meter (PL-MW2000, Beijing Perfect
Light Technology) was used to detect the solar density. Four T-type
thermocouples (with an accuracy of 0.01 °C) were inserted into the
VG/GF sample to measure the oil temperature. An infrared camera
(T1050sc, FLIR) was used to detect the surface temperature
distribution of the VG/GF sample. The oil-recovery rate was
calculated based on the projected cross-sectional area (i.e., 40 × 5
mm2 in the current work). All tests were conducted at ambient
temperature of ∼20 °C and atmospheric pressure of ∼0.1 MPa, with a
humidity of ∼48%. Error analysis is conducted with multiple sets of
repeatable tests.
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