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A B S T R A C T   

Oil spills and freshwater scarcity remain two worldwide challenging issues. Emerging efforts have been made 
either to recover oil from oil/water mixture or to extract freshwater from abundant seawater. However, almost 
all current devices focus on oil recovery or seawater desalination separately, which is lack of energy efficiency. 
Herein, we propose a design of mechanically robust, bi-functional graphene devices (BGDs), containing vertical 
graphene sheets decorated on inverted U-shaped graphene monoliths, to achieve simultaneous solar-driven 
vapor generation and continuous oil recovery from oil-contaminated seawater. Benefiting from the unique 
wettability design of the BGDs, water evaporates on the hydrophilic surfaces, and meanwhile oil can be spon-
taneously recovered through the hydrophobic/oleophilic interior channels due to siphon action. Moreover, the 
strong photothermal effect of vertical graphene can boost both the seawater desalination and oil recovery per-
formance. As a result, a vapor generation rate of 2.04 kg m−2 h−1 and an oil recovery rate of 105.8 L m−2 h−1 are 
concurrently achieved under 1-sun irradiation. The design of bi-functional devices provides a new means to 
maximize the utilization of solar power and reduce the costs for multi-functional practical environmental en-
gineering applications.   

Oil leakage during offshore oil production or marine transportation 
has not only led to tremendous loss of valuable oil resource, but also 
resulted in severe pollution to seawater [1]. Meanwhile, seawater covers 
over 70% of the Earth surface, providing sufficient content of feedwater 
for generating freshwater to address the water scarcity issue all over the 
world [2]. Over the past few decades, continuous efforts have been made 
to either recover oil from the oil/water mixture such as physical 
adsorption [3,4] and skimmer vessels [5], or desalinate seawater to 
obtain freshwater such as reverse osmosis [6] and solar desalination [7, 
8]. However, almost all these technologies focus on oil recovery or 
seawater desalination separately, leading to unavoidable energy losses. 
Moreover, conventional devices generating vapor from oil-containing 
wastewater generally suffer from oil fouling issues [9]. 
Multi-functional devices, meeting the demands of different applications 
simultaneously, are needed to further improve the overall energy utili-
zation and reduce equipment costs [10–12] to resolve the environmental 
and oceanographic issues. 

Recently, we have developed a series of siphon-enabled oil skimmers 
to continuously recover oil from oil-contaminated wastewater [13,14] 
without the need for expensive complex equipment and human 

intervention. These oil skimmers exhibited excellent solar absorption 
performance, facilitating the reduction of oil viscosity because of the 
solar-heating effect and thus significantly enhancing the oil recovery 
rate. Meanwhile, thermal energy converted from sunlight has also been 
widely employed to vaporize the abundant seawater to obtain drinkable 
freshwater in prior work [15–19]. This inspires us to develop integrated, 
bi-functional devices that can adopt solar energy to achieve simulta-
neous vapor generation and oil recovery from oil-contaminated 
seawater. As such, the heat conduction loss in individual applications 
(e.g., solar vapor generation) can be avoided and utilized in the other 
one, maximizing the value of the limited solar energy input and reducing 
the equipment costs. 

In this paper, we propose the design of mechanically robust bi- 
functional graphene devices (BGDs) to achieve simultaneously high 
solar-driven vapor generation and continuous oil recovery performance. 
As schematically illustrated in Fig. 1, an inverted U-shape BGD, with the 
surface partially treated to be hydrophilic and the interior remaining 
hydrophobic/oleophilic, is employed to simultaneously generate vapor 
and recover oil from oil-contaminated seawater. Benefiting from the 
unique structural and wettability design, seawater can be wicked to the 
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hydrophilic surfaces by capillary force and thus evaporates therein, and 
meanwhile oil can be continuously recovered through the hydrophobic/ 
oleophilic interior channels due to siphon action. Moreover, sunlight can 
be effectively captured and converted into thermal energy by the BGDs, 
enabling fast solar-driven vapor generation and enhanced oil recovery 
because of the reduced oil viscosity. Consequently, a vapor generation 
rate of 2.04 kg m−2 h−1 and an oil recovery rate of 105.8 L m−2 h−1 are 
concurrently achieved under 1-sun irradiation (i.e., solar irradiance of 1 

kW m−2), exhibiting great potential for practical environmental engi-
neering applications such as oil-contaminated seawater treatment 
without any consumption of external power such as electricity or 
manual intervention. 

The BGDs are prepared with details described in Supplementary 
Materials. Briefly, an inverted U-shape graphene monolith (GM) is 
fabricated via a mold-assisted freeze-casting process. The as-obtained 
GM possesses massive micro-sized pores acting as channels for contin-
uous oil transport (Supplementary Fig. S2). Subsequently, graphene 
petals (GPs) are grown on the surface of GMs through plasma-enhanced 
chemical vapor deposition (PECVD) to enhance the capability of solar 
absorption (Supplementary Fig. S3). The GP/GM samples are then 
coated by a sub-micron-thick polydimethylsiloxane (PDMS) layer 
(Supplementary Fig. S4) to obtain the BGDs. The BGDs are naturally 
hydrophobic and oleophilic because of the thin layer coating of PDMS 
(Supplementary Fig. S5). Scanning electron microscopy (SEM) image in  
Fig. 2a shows that the porous structure of GM can be well maintained 
after the coating process. Meanwhile, the BGDs exhibit strong me-
chanical stability due to the protection from the PDMS coating. Fig. 2b 
presents the stress-strain curves of a typical BGD at different compres-
sive strains. The BGD shows maximum stresses of 2.45 and 46.67 kPa 
when applying 10% and 90% compressive strains, respectively, and the 
height can be fully recovered even after the 90% compressive test. In 
contrast, the height of a typical GP/GM control sample without PDMS 
coating can only be recovered to 35% of the initial value after the 90% 
compressive test (Supplementary Fig. S6). Furthermore, the BGD ex-
hibits excellent stress and shape recoveries over 100 compression cycles 
(Fig. 2c). The height of the BGD remains almost unchanged compared to 
the initial state, and the maximum stress retains 81% of its initial value 
after 100 compression cycles. Fig. 2d displays the absorbance spectrum 
of the BGDs within the solar spectrum with an average absorptivity of 
99%, demonstrating the strong light absorption capability due to the 
light-trapping effect of GPs [13,20,21]. Consequently, solar energy can 
be efficiently absorbed by the BGDs and converted to thermal energy, 
which can not only enhance the vapor generation rate but also facilitate 
oil transport by reducing the viscosity of oil [13,14]. 

The wettability of the BGDs is selectively controlled by air plasma 
treatment to realize the bi-functionality of solar vapor generation and 
continuous oil recovery. Details of the plasma treatment procedure are 

Fig. 1. Schematic illustration of solar-driven simultaneous vapor generation 
and continuous oil recovery from oil-contaminated seawater by the BGDs. 

Fig. 2. (a) SEM image showing the porous structure of the BGDs. (b) Stress-strain curves of a typical BGD at different compressive strains. (c) Mechanical stability of 
the BGD over 100 loading-unloading cycles. (d) Absorption curves of the BGDs within the solar spectrum. (e) Schematic showing the wettability of the BGDs after 
plasma treatment. Inset displays an optical image of the BGD. (f) Water contact angle measurements at part I and part II of the BGDs. The surfaces of part I become 
hydrophilic after plasma treatment, while the surfaces of part II and the interiors of part I and part II remain hydrophobic. 
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shown in Supplementary Note S1. As shown in Fig. 2e and Supple-
mentary Fig. S7, different plasma treatment conditions are applied to the 
two parts of the BGDs. Part I is exposed to the plasma environment, 
while part II is protected by a shield during the plasma treatment. After 
the treatment for a duration of 60 s, the surfaces of part I thus become 
hydrophilic, while the surfaces of part II and the interior of both parts I 
and II remain hydrophobic, as demonstrated by the water contact angle 
measurements shown in Fig. 2f. Water contact angle hysteresis on part II 
is also measured and calculated to be 14.9 ± 2.0◦, indicating weak 
adsorption of water on the parts of BGDs without plasma treatment 
[22–24] (Supplementary Fig. S8). The excellent water transport capacity 
of the plasma-treated surface is also illustrated by the capillary rise test, 
which shows that water can climb up to 5 cm in 49 s on the surface with 
plasma treatment (Supplementary Fig. S9 and Supplementary Video S1). 
The duration of plasma treatment is carefully controlled to obtain a thin 
hydrophilic layer on the surface of part I as water pathways for vapor 

generation and at the same time allow oil to flow through the interior 
channels. As a result, water can spread over the surfaces of part I due to 
capillary force and evaporate therein; meanwhile oil can flow through 
the hydrophobic/oleophilic channels of part I and part II, and reach the 
collecting chamber due to siphon action. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.108160. 

Next, the bi-functionality of simultaneous solar-driven vapor gen-
eration and oil recovery of the BGDs is demonstrated. Fig. 3a exhibits a 
schematic of the experimental setup, containing two chambers sepa-
rated by a wall. A mineral oil/water mixture with a volume ratio of oil to 
water = 1:2 is added to the left chamber to mimic the oil-contaminated 
wastewater. The plasma-treated BGDs are placed on top of the sepa-
rating wall to connect the two chambers. The content of evaporated 
water can be characterized by the mass change of the entire setup; 
meanwhile the recovered oil can flow along the BGDs to the right 

Fig. 3. (a) Schematic illustration of the test setup for solar-driven simultaneous vapor generation and oil recovery. The blue color represents water. The orange color 
represents mineral oil. (b) IR images exhibiting the surface temperature change of the BGD working at 1 sun. (c) Mass evolution of evaporated water and volume 
evolution of recovered oil by the BGD working at 1 sun. (d) Optical images showing the simultaneous vapor generation and oil recovery process enabled by the BGD 
at 1 sun. The decreasing weight of the entire setup is caused by water evaporation. (e) Cyclic stability of the BGD working under 1 sun. 
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chamber due to siphon action, and the oil flow rate can thus be deter-
mined. When exposed to the simulated sunlight, both chambers are 
covered to ensure that only the top surface of the BGD is illuminated. 
Fig. 3b shows the surface temperature evolution of the BGD under 1 sun 
of solar illumination. When solar illumination is off, the surface tem-
perature of the BGD is significantly lower than the ambient temperature 
because of the evaporative cooling effect. The temperature of the top 
BGD surface rises to 32 ℃ within 20 min after the solar simulator is 
turned on, which can be attributed to the outstanding solar absorption 
property and solar-heating effect of GPs. The promoted temperature of 
GPs can not only enhance the vapor generation rate but also facilitate 
the oil recovery process because of the reduced oil viscosity [13,14]. 

The simultaneous vapor generation and oil recovery performance of 
the BGDs are evaluated (Fig. 3c) by recording the processes using a 
digital camera (Fig. 3d and Supplementary Video S2). Results show that 
a typical BGD exhibits bi-functional vapor generation and oil recovery 
capabilities with a vapor generation rate of 2.04 ± 0.09 kg m−2 h−1 and 
an oil recovery rate of 105.8 ± 9.3 L m−2 h−1 simultaneously achieved 
under 1 sun of solar illumination. Both vapor generation rate and oil 
recovery rate are enhanced compared to those (vapor generation rate of 
0.69 ± 0.04 kg m−2 h−1 and an oil recovery rate of 70.5 ± 6.8 L m−2 

h−1, Supplementary Fig. S10) under dark conditions, indicating that the 
absorbed solar energy has been utilized concurrently in the two inte-
grated applications. The energy efficiency of solar-driven vapor gener-
ation (η) can be calculated by [17,25]: 

η = Δm[Lv + c(T1 − T0)]
αP (1)  

where Δm represents the difference in evaporation rate under 1 sun of 
solar irradiation and dark conditions. Lv = 1.91846 ×
106[T1/(T1 − 33.91)]2 J kg−1 is the evaporation enthalpy of water. 
c= 4.2 J g−1 K−1 is the specific heat capacity of water. T1 and T0 
represent the average surface temperature and bulk temperature of 
water, respectively. P is the solar irradiation power (1 kW m−2 in this 
work), and α is the weighed solar absorption of the BGDs which is 
calculated to be 99% through the absorbance spectrum in Fig. 2d. As a 
result, the energy efficiency of vapor generation by the BGDs under 1 
sun of solar irradiation is calculated to be 93%. Moreover, the separation 
efficiency of oil recovery from oil/water mixture in the left chamber is 
calculated to be 99.85% (Supplementary Fig. S11), indicating the 
excellent oil recovery performance of the BGDs. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.108160. 

Similar tests are conducted with control samples to illustrate the 
effectiveness of the unique wettability design of the BGDs on achieving 
the bi-functionality of simultaneous vapor generation and oil recovery. 
For the control samples without plasma treatment, oil in the left 
chamber can be recovered while almost no water is evaporated during 4- 
h continuous solar illumination at 1 sun (Supplementary Fig. S12). In 
contrast, for the control samples with the entire surfaces treated by 
plasma (i.e., without shield during plasma treatment), both water and 
oil can be transferred to the right chamber because of siphon action 
(Supplementary Fig. S13), failing to extract oil from the oil- 
contaminated wastewater. The performance of the BGDs is also 
compared with that when vapor generation and oil recovery are realized 
separately. A water evaporation rate of 2.05 ± 0.02 kg m−2 h−1 is ach-
ieved when the BGDs is working with pure water (Supplementary 
Fig. S14), closed to the water evaporation rate of the BGDs working as 
bi-functional devices (i.e., 2.04 kg m−2 h−1), indicating that simulta-
neously recovering oil and generating vapor will not sacrifice the water 
evaporation performance of the BGDs. On the other hand, an oil re-
covery rate of 147.1 ± 5.1 L m−2 h−1 can be achieved when the BGDs 
are only recovering oil (Supplementary Fig. S12), which is higher than 
the value (i.e., 105.8 L m−2 h−1) when the BGDs realize both functions, 
because water evaporation will consume part of the absorbed solar 

energy. Here we compare the performance of the BGDs with relevant 
devices reported in prior work (Supplementary Tables S1–3). The 
evaporation rate of the BGDs at 1 sun is superior to most of the reported 
bi-functional devices and is comparable to those solar desalination de-
vices treating 3.5 wt% NaCl solutions. The oil recovery rate of the BGDs 
(i.e., 105.8 L m–2 h–1) is comparable to that of our prior reported siphon- 
assisted oil skimmers (123.3 L m–2 h–1). This value is lower than that of 
conventional electricity-powered oil recovery devices (see Supplemen-
tary Table S3). Nevertheless, oil recovery by those conventional devices 
requires complex equipment such as pumps and heaters, leading to 
undesirable complex equipment costs, large energy consumption, and 
continuous human intervention. In contrast, our proposed BGDs rely 
only on gravitational potential energy difference and renewable solar 
energy to continuously recover oil, which compensates the slower oil 
recovery rate by the advantages of economic and energetic costs. The oil 
recovery rate can also be further enhanced by optimizing the geometry, 
surface chemistry of the channels and increasing the height difference 
[13,14] in the future work. Moreover, we also note that simultaneously 
recovering oil and generating vapor by the BGDs will not sacrifice the 
water evaporation performance of the BGDs (Supplementary Fig. S14). 

Oil recovery tests based on another type of oil with much higher 
viscosities (151.2 mPa s at 25 ℃) are conducted on the BGDs (Supple-
mentary Fig. S15). Results show that simultaneous vapor generation and 
oil recovery can also be achieved when treating high-viscosity oils, 
indicating that the proposed BGDs are capable to treat water contami-
nated by oil with a wide range of viscosities. Cyclic stability is another 
crucial factor determining the overall performance of the BGDs in 
practical applications. We conduct a 5-cycle test on the vapor generation 
and oil recovery performance of the BGDs under 1-sun irradiation, as 
shown in Fig. 3e. Both vapor generation rate and oil recovery rate 
remain relatively stable, indicating the excellent cyclic stability of the 
BGDs. 

During the treatment of practical oil-contaminated seawater, salt 
crystals may precipitate and accumulate on evaporating surfaces, 
blocking the absorption of sunlight and leading to significant deterio-
ration of the performance. Therefore, we further evaluate the anti-salt 
fouling performance of the BGDs. Herein, a continuous 24-h test is 
conducted under 1-sun irradiation with oil and 3.5 wt% NaCl solution 
mixture (mimicking the oil-contaminated seawater) initially placed in 
the left chamber. Since the oil recovery performance depends largely on 
the height difference between the upper surfaces of oil in the left and 
right chambers [13], we manually transfer the collected oil in the right 
chamber to the left one every 4 h. As shown in Fig. 4a, the evaporation 
rate remains stable during the 24-h test, and the volume of recovered oil 
remains almost unchanged for every 4-h operating period. Fig. 4b con-
tains photographs of the BGD top surface at different times during the 
24-h test to reveal the evolution of precipitated salts. Apparently, the 
salts preferentially accumulate at the interface between part I and part II 
(i.e., the boundaries between hydrophilic and hydrophobic regions) in 
BGDs, leaving the main top surface clean and directly exposed to solar 
illumination and thus achieving the excellent anti-salt fouling perfor-
mance. Such unique anti-salt fouling properties can be attributed to the 
Marangoni effect [26]. NaCl solutions are continuously driven to the 
interfaces between part I and part II by a combination of 
evaporation-induced and Marangoni flows, leading to preferential 
accumulation of salt crystals at the interfaces [26]. Moreover, the 
precipitated salt can be easily removed by gentle touch (Supplementary 
Fig. S16 and Video S3), with the precipitation rate calculated to be 
57.1 g m−2 h−1. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.108160. 

To demonstrate the water purification capability during the solar 
desalination process, we collect the purified water by condensing the 
generated vapor during solar desalination through the BGDs. The methyl 
blue-dyed 3.5 wt% NaCl solution is transformed to clear and colorless 
water after purification by the BGDs (Fig. 4c). Furthermore, the qualities 
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of different water samples are evaluated by measuring the electrical 
resistance using a multimeter with a constant distance between two 
electrodes [27–29]. The electrical resistances of the dyed 3.5 wt% NaCl 
solution, condensed water and tap water are measured to be 0.054 MΩ, 
0.835 MΩ and 0.431 MΩ, respectively (Fig. 4d), suggesting that the 
dyed 3.5 wt% NaCl solution has been effectively purified by the BGDs. In 
addition to oil/water mixtures, the BGDs are also applicable to treat 
oil-water emulsions with a separation efficiency of up to 99.19% (Sup-
plementary Figs. S11 and S17). 

In summary, mechanically robust BGDs are designed to achieve 
solar-driven simultaneous vapor generation and continuous oil recovery 
from oil-contaminated seawater. By controlling the wettability of the 
BGDs, seawater can be pumped to the hydrophilic surfaces by capillary 
force and evaporate therein, meanwhile oil can flow through the 

hydrophobic/oleophilic interior channels and be recovered via a siphon- 
assisted self-pumping process. Moreover, solar energy can be effectively 
absorbed and converted into thermal energy by GPs on BGDs, leading to 
simultaneously enhanced vapor generation and oil recovery rates. 
Consequently, a vapor generation rate of 2.04 kg m−2 h−1 and an oil 
recovery rate of 105.8 L m−2 h−1 are concurrently achieved under 1-sun 
irradiation. The proposed design of bi-functional devices provides a 
novel means to maximize the utilization of solar power towards practical 
multi-functional environmental engineering applications. 
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