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6 ABSTRACT: Solar desalination that exploits interfacial evapo-
7 ration represents a promising solution to global water scarcity.
8 Real-world feedstocks (e.g., natural seawater and contaminated
9 water) include oil contamination issues, raising a compelling need
10 for desalination systems that offer anti-oil-fouling capability;
11 however, it is still challenging to prepare oil-repellent and
12 meanwhile water-attracting surfaces. This work demonstrates a
13 concept of molecularly dispersing functional F and Na sites on
14 plasma-made vertically oriented graphene nanosheets to achieve an
15 in-air and in-water oleophobic, hydrophilic surface. The graphene
16 architecture presents high in-air (138°) and in-water (145°) oil
17 contact angles, with simultaneously high water affinity (0°). Such
18 surface wettability is enabled by oleophobic, hydrophobic −CFx, and hydrophilic −COONa groups of the molecules that disperse on
19 graphene surfaces; low-dispersion (0.439 mJ m−2) and high-polarity (95.199 mJ m−2) components of the solid surface tension; and
20 increased surface roughness produced by graphene edges. The graphene nanostructures pump water upward by capillary action but
21 repel oil from the surface, leading to complete in-water and in-air oil rejection and universal anti-oil-fouling capability for solar
22 desalination. Consequently, stable solar−vapor energy efficiency of more than 85% is achieved regardless of whether the feedstock is
23 pure or oil-contaminated water (e.g., a mixture of oil floating on water, an oil-in-water emulsion), resulting in the efficient production
24 of clean water over several days. This outstanding performance is attributed to the universal (both in-water and in-air) oleophobic
25 wettability, together with high light absorptance contributed by nanotraps, fast interfacial heat transfer enhanced by finlike
26 nanostructures, and accelerated evaporation enabled by sharp graphene edges.
27 KEYWORDS: solar−thermal energy, plasma-made nanostructures, in-air and in-water oleophobicity, molecular dispersion,
28 solar evaporation, water desalination

29Water scarcity, driven by constantly increasing economic
30 development and global environmental pollution, has
31 elicited much demand for new, technology-driven solutions.1−3

32 Solar desalination, based on evaporating seawater using solar
33 energy to produce clean water, represents a promising solution
34 to the global water scarcity.4 Conventional desalination
35 systems typically heat the entire bulk liquid, leading to
36 significant heat losses to the environment by conduction,
37 convection, and radiation.5 Recently, a solar-driven interfacial
38 evaporation method, based on locally heating the water−air
39 interface by solar−thermal conversion, was proposed and it
40 reduced the heat loss to less than 15%.6,7 This efficient solar
41 desalination approach was further advanced by subsequent
42 works and enhanced via improved evaporating materials and
43 optimized structures.8−21 However, prior work has typically
44 used pure water and/or artificially saline water as the
45 feedstocks in testing solar-evaporating performance. Con-
46 versely, feedstocks in real-world conditions, such as natural

47seawater and contaminated water collected from urban
48waterways, are more complicated and require additional
49progress to improve the antifouling behavior of the evaporating
50surface.22−27

51Oil is a typical contaminant in natural seawater and urban
52waterways due to industrial and residential effluents.28−31 Oil
53causes severe fouling issues when oil-containing water is used
54as the feedstock in solar desalination systems.32 As shown in
55Figure S1, a typical solar absorber made of carbonized wood
56possesses an oleophilic, hydrophilic surface. When the
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57 carbonized wood floats on the oil−water mixture, oil migrates
58 to the wood surface. Upon exposure to solar illumination,
59 water is heated by the carbonized wood and then evaporates.
60 However, to escape from the evaporating surface, the water
61 vapor must permeate through the oil layer, which impedes the
62 release of water vapor to the environment. As a result, the
63 evaporation flux (0.55 kg m−2 h−1) decreases dramatically
64 compared with systems fed with pure water (1.26 kg m−2 h−1),
65 leading to a large reduction in solar−vapor energy efficiency
66 (<40%).
67 Recent work has drawn attention to these oil-fouling issues
68 and developed underwater oleophobic surfaces to address the
69 fouling issues caused by the oil dispersed in water, e.g., oil-in-
70 water emulsions.23,33 Nevertheless, such underwater oleopho-
71 bic surfaces may become oleophilic when exposed to air, thus
72 failing to prevent oil fouling. Moreover, in real-world
73 applications, oil exists in water (e.g., oil-in-water emulsions),
74 floats on the water surface (e.g., floating oil layers), and even
75 splatters from the environment. Therefore, practical desalina-
76 tion solutions require further advances. Developing an in-water
77 and simultaneously in-air oleophobic, hydrophilic surface
78 represents a promising solution to address the oil-fouling
79 challenge. Usually, an oil-repellent surface with extremely low
80 surface tension is more likely to repel water because the surface
81 tension of water (72.8 mJ m−2) is much higher than that of oil
82 (commonly <30 mJ m−2).34 As such, a universal oleophobic,
83 hydrophilic surface is attractive but very challenging to prepare.
84 In earlier works, external stimuli, such as moisture, electricity,
85 and ammonia vapor, were applied to achieve temporary
86 oleophobicity/hydrophilicity.35−37 Subsequent works devel-
87 oped various surface engineering methods to obtain durable
88 oleophobic/hydrophilic surfaces. Li et al. fabricated nano-
89 meter-thick polymer networks that are more wettable to water
90 than to oil.38,39 Pan et al. developed a fluorinated nanoparticle
91 coating to make oil-repellent/water-spreading surfaces.34,40 Lin
92 et al. employed a chemical coating method to prepare
93 oleophobic/hydrophilic fabrics.41 Nevertheless, such oil-

94repellent and simultaneously water-attracting surfaces need
95further development to satisfy practical applications, e.g., solar
96desalination.
97The present work demonstrates an in-water and simulta-
98neously in-air oleophobic, hydrophilic surface by dispersing
99functional molecules on vertically oriented graphene nano-
100sheets (VGs) to realize an anti-oil-fouling solar desalination
101 f1system. As shown in Figure 1, VGs (black triangles) are
102perpendicularly oriented on a carbon cloth substrate (gray) by
103plasma-enhanced chemical vapor deposition (PECVD). The
104VGs are purposely introduced to enhance light absorptance
105and solid−liquid interfacial heat transfer, as well as to increase
106the surface roughness to improve the anti-oil-fouling behavior.
107Fluorinated molecules (FMs, sodium perfluorooctanoate,
108C7F15COONa) that possess both oleophobic, hydrophobic
109−CFx and hydrophilic −COONa groups are uniformly
110dispersed on graphene nanosheets, thus achieving simulta-
111neously in-air and in-water (termed for simplicity universal
112below) oleophobicity and hydrophilic wettability. As a result,
113water wets the graphene structures, while oil is repelled from
114the surface. The oleophobic, hydrophilic graphene architecture
115is applied to solar-driven interfacial evaporation and exhibits a
116durable anti-oil-fouling ability with complete in-water and in-
117air oil rejection. Stable solar−vapor conversion efficiency of
118more than 85% is achieved regardless of whether the feedstock
119is pure or oil-contaminated water (e.g., a mixture of oil floating
120on water, an oil-in-water emulsion), leading to the long-term
121efficient production of clean water over several days.

122■ RESULTS AND DISCUSSION
123Surface Wettability Characterization. An in-water and
124simultaneously in-air oleophobic, hydrophilic surface is
125achieved by growing VGs on commercial carbon cloth,
126followed by dispersing fluorinated molecules on the graphene
127surfaces. The VGs are synthesized by a customized PECVD
128system based on 13.56 MHz inductively coupled plasmas
129(ICPs) operated in a tubular reactor geometry. A piece of

Figure 1. Design of an oleophobic, hydrophilic surface by dispersing fluorinated molecules on graphene nanostructures to achieve anti-oil-fouling
solar desalination. (a) Schematic of dispersing fluorinated molecules on graphene surfaces. (b) Schematic of anti-oil-fouling solar desalination. The
oil (rainbow-colored) is afloat on the seawater surface (dark green).

Figure 2. Surface wettability characterization. (a) Optical images of an FM-VG/CC sample. (b) Optical images of a fluorinated-molecule-coated
carbon cloth (FM-CC) sample. (c) Oil contact angle in the air. (d) Water contact angle in the air. (e) Oil contact angle under water.
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130 carbon cloth (CC) sheet (with a thickness of 0.32 mm) is used
131 as the substrate for the growth of VGs, producing a graphene-
132 based hybrid structure (denoted VG/CC). Subsequently,
133 fluorinated molecules are dispersed to the VGs through
134 immersion in ethanol solution and then dried at room
135 environment to obtain the final product (denoted FM-VG/

f2 136 CC). As shown in Figure 2a, the FM-VG/CC sample presents
137 a black surface caused by the growth of VGs. In contrast, a
138 fluorinated-molecule-coated carbon cloth sample presents a
139 gray surface (see Figure 2b).
140 The surface wettability of the FM-VG/CC has been
141 measured. As shown in Figure 2c, when an oil droplet is
142 placed on the sample in the air, it maintains a large contact
143 angle (>138°), suggesting in-air oleophobicity. As shown in
144 Figure 2d, when a water droplet contacts the FM-VG/CC
145 surface, it quickly permeates into the sample, indicating in-air
146 hydrophilicity. As shown in Figure 2e, when the FM-VG/CC
147 sample is immersed in water, the oil contact angle increases to
148 145°, showing in-water oleophobic wettability. Such universal
149 oleophobic wettability is purposely designed to address oil
150 fouling issues in desalination systems, which can occur in both
151 air and water environments. Meanwhile, the hydrophilic
152 surface can serve as a capillary pump to supply water in the
153 desalination process, which will be described below.

154Molecular Dispersion of Functional Sites on Gra-
155phene Nanosheets. One of the key factors in realizing
156simultaneous in-air and in-water oleophobicity and hydro-
157philicity is the layer of fluorinated molecules covering graphene
158nanosheets. As shown in the scanning electron microscopy
159 f3(SEM) images in Figure 3a−e, graphene nanosheets are
160uniformly distributed on the interlaced fibers of carbon cloth
161whose diameters range from several to tens of microns. These
162fibers are composed of elemental carbon and maintain the
163interlaced structures well during the PECVD process (see the
164comparison with the SEM images of bare carbon cloth in
165Figure S2). Fluorine-containing functional groups (−CF3 and
166−CF2) and polar end groups (−COONa) are introduced by
167coating the C7F15COONa molecules on graphene surfaces. As
168shown by X-ray photoelectron spectroscopy (XPS) in Figure
169S3, a fluorine peak is observed after the coating process.
170Subsequently, energy-dispersive X-ray spectroscopy (EDS) is
171used to observe the elemental distributions, as shown in Figure
1723c,d. The EDS elemental maps reveal that fluorine sites and
173sodium sites are evenly distributed on the sample surface. In a
174high-magnification image (see Figure 3f) obtained by trans-
175mission electron microscopy (TEM), it is observed that green
176dots (F) and red dots (Na) are sparsely dispersed on the
177graphene nanosheets.

Figure 3. Molecular dispersion on graphene nanosheets. (a, b) Top-view SEM images of an FM-VG/CC sample. (c) EDS mapping image of
fluorine. (d) EDS mapping image of sodium. (e) Top-view high-magnification SEM image. (f) High-magnification TEM image integrating EDS
elemental mapping results. The color dots were expanded and highlighted to make them more visible. (g, h) Cross-sectional SEM images of the
FM-VG/CC sample.

Figure 4. DFT calculations and material characterizations. (a) Relaxed structure of DFT conformation 1 with the carbon backbone nearly parallel
to the graphene plane. (b) Relaxed structure of DFT conformation 2 with the carbon backbone nearly perpendicular to the graphene plane. (c)
Mechanistic illustration of H2O (water) and C17H33COOH (oil) penetrating through the C7F15COONa layer. (d) Photonic properties of the FM-
VG/CC film. (e) Wicking measurements of the FM-VG/CC film. (f) Characterization of thermal conductivities.
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178 Density functional theory (DFT) calculations were con-
179 ducted to explore the possible conformations of the fluorinated
180 molecule absorbed on the graphene surface. Five conforma-
181 tions with the C7F15COONa molecule carbon backbone

f4 182 parallel to (conformation 1, see Figure 4a), perpendicular to
183 (conformation 2 with the −COONa group inward to, see
184 Figure 4b; conformation 3 with the −COONa group outward
185 from, see Figure S4a), and tilted away from (conformation 4,
186 see Figure S4b; conformation 5, see Figure S4c) a single-layer
187 graphene surface are created. All conformations were relaxed
188 based on energy minimization. Note that van der Waals
189 interaction proposed by Langreth and Lundqvist groups was
190 included during the relaxation process.42 The details of the
191 calculations setup and relaxed atomic positions are available in
192 Note S4. The Gibbs free energy of conformation 1 is calculated
193 to be −836.899 eV, which is lower than those of conformation
194 2 (−836.238 eV), conformation 3 (−835.730 eV), con-
195 formation 4 (−836.549 eV), and conformation 5 (−836.447
196 eV). Conformation 1 presents the lowest Gibbs free energy
197 and thus is considered as the most stable one among the five,
198 also indicating the high probability of existence.
199 As shown in Figure 4a, the C7F15COONa carbon backbone
200 of conformation 1 is nearly parallel to the graphene plane,
201 which is slightly different from the descriptions in prior
202 literature.34,40 Although a schematic was shown to illustrate the
203 absorption conformation in the prior reports, in which the
204 C7F15COONa carbon backbone was nearly perpendicular to
205 metal−oxide substrates (that was similar to conformation 2 in
206 the current work), the prior work did not explain the detailed
207 mechanism.34,40 Consequently, the absorption mechanism
208 remains unclear. In the current work, the angle and direction
209 of the C7F15COONa carbon backbone to the graphene
210 substrate are varied and compared based on DFT calculations.
211 Because there are no effective means to experimentally
212 visualize individual molecules, we must rely on the DFT
213 results and believe that conformation 1 is the most populated
214 among the five. It is worth noting that other, higher-energy
215 states can become populated at higher temperatures. The
216 conformation of the absorbed fluorinated molecule might also
217 largely depend on the property of the solid surface (e.g.,
218 graphene, TiO2, or Al2O3) and the interaction between the
219 molecule and surface atoms.43

220 Indeed, the F sites (i.e., −CF3 and −CF2 groups) of the
221 C7F15COONa molecule are both oleophobic and hydrophobic,
222 by which both oil and water should be repelled.38,39 These
223 fluorine-containing groups create high-density intermolecular
224 voids that serve as filters to separate small water molecules and
225 large oil molecules. As shown in Figure 4c, the water molecules
226 (i.e., H2O) are intrinsically much smaller than the oil molecules
227 (e.g., oleic acid, C17H33COOH, which is a major constituent of
228 canola oil) so that it is possible to tune the intermolecular
229 voids to allow the penetration of small water molecules while
230 preventing the penetration of large oil molecules.38 Usually, a
231 higher packing density of the F sites leads to smaller
232 intermolecular voids that result in higher resistance for oil
233 penetration. The detailed elucidation is available in Note S6.
234 Thus, by engineering the C7F15COONa molecule layer, water
235 can pass through the voids, while oil is precluded. Moreover,
236 the Na sites (i.e., polar −COONa groups) have a high affinity
237 to water and can facilitate the penetrated water molecules to
238 wet the solid surface. Furthermore, there are no functional
239 groups on the graphene surface that are particularly attractive
240 to the nonpolar oil molecules. Additionally, a wettability test

241using a VG/CC sample without a fluorinated coating was
242performed and exhibited an oleophilic, hydrophobic nature
243(see Figure S6). The wettability comparison between the
244samples with and without the fluorinated coating further
245clarifies the functions of the molecular sites.
246Unique Wettability Enabled by Tuning Solid Surface
247Tension. The simultaneous oleophobic and hydrophilic
248characteristics can be explained by Owens−Wendt’s surface
249energy theory, in which surface tension balances the sum of the
250dispersion and polarity force components.44,45 Young’s
251equation can be written as
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253where θ is the contact angle, γsd and γs
p are the dispersion and

254polarity components of the solid surface tension, respectively,
255and γl

d and γl
p are the dispersion and polarity components of

256the liquid (water and oil, respectively) surface tension. γsd is
257measured to be 0.439 mJ m−2, while γs

p is measured to be
25895.199 mJ m−2 (see the measurement method in Note S8) for
259the FM-VG/CC sample. Because both γs

d and the polarity
260components (γoilp ) of oil are close to zero, we find that cos θ →
261−1, i.e., θ → 180° for oil. On the one hand, the dual
262oleophobic, hydrophobic fluorine-containing groups (−CF3
263and −CF2) only make small contributions to γs

d and γs
p, while

264the γsd of the −COONa group is small too. On the other hand,
265the polar −COONa groups result in a high γs

p.34,40 Therefore,
266the fluorinated molecules (with low γs

d and high γsp) coupled by
267bimodal sites can attract polar molecules (like water) and
268meanwhile repel nonpolar molecules (like oil).
269Increased Surface Roughness Produced by Graphene
270Edges. Our results suggest that surface roughness is also a
271critical factor for the observed in-air oleophobicity. To increase
272the surface roughness, nanoparticles, such as TiO2, Al2O3, were
273previously used.34,40 The effect of surface roughness can be
274explained by the Wenzel relation46

θ θ* = rcos cos 275(2)

276where r is the roughness factor of a solid surface, θ is the
277contact angle of a smooth surface, and θ* is the contact angle
278of a rough surface. If r = 1, the solid surface is smooth; if r > 1,
279the surface is rough. As such, increasing the surface roughness
280can lead to increased surface wettability, which means an
281oleophobic surface can be more oleophobic (θ* > θ > 90°).
282In the current work, the rough surface is achieved by
283introducing VGs that own sharp, exposed, and high-density
284graphene edges. As shown in the high-magnification SEM
285image of Figure 3e, the VGs present wall-like, interconnected
286nanosheets (with a span ranging from 200 to 400 nm), open
287channels, and exposed graphene edges. In contrast, the surface
288of bare carbon cloth fibers is smooth, as shown by the SEM
289images in Figure S2. Meanwhile, atomic force microscopy
290(AFM) analysis was applied to quantitively evaluate the surface
291roughness (see details in Note S9). In the three-dimensional
292(3D) AFM image of a bare carbon cloth sample, the surface in
293a 2 μm × 2 μm area is a plane with a height variation smaller
294than 30 nm (see Figure S8a). Correspondingly, the root-mean-
295square roughness (Rrms) of this flat surface is calculated to be
2962.78 nm. On the contrary, the 3D AFM image of the FM-VG/
297CC film shows a significant surface height variation of 99.7 nm
298(see Figure S8b). The Rrms is then calculated to be 14.05 nm,
299which is five-fold higher than that of the bare carbon cloth
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300 sample (2.78 nm). Thus, the surface roughness can be
301 increased by VGs. On the other hand, the wettability of a
302 fluorinated-molecule-coated carbon cloth sample was tested
303 and exhibited an in-air oil contact angle of 131° (see Figure
304 S9), lower than that of the FM-VG/CC sample (138°). The
305 comparison further supports that the in-air oleophobic
306 wettability is enhanced by increasing surface roughness. Note
307 that the coating process does not change the morphology since
308 the molecules (<2 nm) are far smaller than the VGs, as
309 evidenced by the comparison of SEM images with VG/CC
310 (see Figure S10).
311 Moreover, the surface roughness is very stable because of the
312 chemical bonding between the VGs and the carbon cloth. As
313 shown in the cross-sectional SEM images of Figure 3g,h, the
314 VGs extend from the hosting structures (i.e., carbon fibers),
315 forming a fused, mechanically stable junction. According to our
316 prior work, the junction formation is attributed to chemical
317 bonds formed upon exposure to energetic plasma species and
318 produces a mechanically robust connection between the VGs
319 and substrates in practical applications (e.g., solar desalination
320 and oil-spill recovery).47,48 The dense graphene nanosheets
321 grow perpendicularly on the surface of hosting structures and
322 possess a typical height from hundreds of nanometers to
323 microns. Furthermore, the unique, oriented structures and
324 open channels are favorable for building light traps to increase
325 light absorption.12,47

326 Characterization of the FM-VG/CC Nanostructures.
327 The optical properties including reflectance (R) and trans-
328 mittance (T) have been experimentally measured. The
329 absorptance (A) is calculated by A = 1 − R − T. As shown
330 in Figure 4d, the FM-VG/CC sample exhibits high
331 absorptance across a broad wavelength range from 200 to
332 2600 nm, which covers the most energetic part of the solar
333 spectrum (i.e., ultraviolet−visible−near-infrared region). The
334 average absorptance is calculated to be 97.65%, which means
335 only 2.35% of light is reflected from or transmits through FM-
336 VG/CC. Meanwhile, the absorptance of a VG/CC sample
337 without fluorination is measured to be 98.03% (see Figure

338S11a). A carbon cloth sample with a fluorinated coating shows
339an absorptance of 85.63% (see Figure S11b). The results
340indicate that the fluorinated coating slightly reduces the
341absorptance (from 98.03 to 97.65%), but the reduction is
342small. The high light absorptance is mainly attributed to the
343VG growth. The roles of VGs in harvesting light have been
344systematically studied in our prior work.47,49 The unique
345orientation that is nearly paralleled to the direction of the
346incident light and the wall-like structures enhance light
347trapping, as schematically shown in the inset of Figure 4d.
348When light reaches the open graphene channels, it undergoes
349multiple reflections inside the nanotraps until it is completely
350absorbed by the graphene nanosheets.
351In solar desalination applications, a thin FM-VG/CC film
352covers a polystyrene foam, forming the solar evaporator (see
353Figure 1b). Two FM-VG/CC film legs insert into the
354underneath liquid (e.g., water, oil, and oil−water mixture)
355and serve as water-wicking paths to pump water upward by the
356capillary. Since water is repelled by the hydrophobic polymer
357foam and can only flow through the FM-VG/CC film, a two-
358dimensional (2D) waterway is created. Importantly, sufficient
359water supply is crucial for evaporation applications and is now
360demonstrated by a wicking test (see the inset in Figure 4e).
361The wicking mass is monitored by a precision balance and
362divided by the total width of the two legs (40 mm × 2 mm).
363More details on the experimental setup are available in Note
364S13. As shown by the red curve in Figure 4e, when the FM-
365VG/CC sample contacts water, the water-wicking mass
366increases quickly within the first 200 s and eventually plateaus
367at 0.037 kg m−1. The half-saturated wicking rate (calculated by
368fitting the data from 16 to 180 s) is calculated to be 0.331 kg
369m−1 h−1. Assuming the length of the evaporation area to be w,
370the area wicking rate is 0.331/w kg m−2 h−1. In the current
371work, w is 0.04 m. On the other hand, when the FM-VG/CC
372sample contacts oil, the two legs float on the oil surface due to
373the repulsion from oil. The oil wicking mass always remains
374zero (see the blue curve in Figure 4e), indicating the complete
375oil rejection. Therefore, the FM-VG/CC film has the ability to

Figure 5. Solar-driven interfacial evaporation performance. (a) Infrared images of temperature evolution on the evaporating surface. (b)
Temperature evolution of the hot vapor (red) and the pool water (blue). (c) Evaporation flux under solar illumination of 1 sun (red) and natural
evaporation (green) in a dark environment. (d) Comparison of evaporation performance using different feedstocks including a mixture of oil
floating on water, an oil-in-water emulsion, and pure water. (e) Solar desalination fed by oil-contaminated natural seawater. (f) Ion concentrations
in the condensed, collected water compared with those in the oil-contaminated natural seawater.
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376 separate water from the oil−water mixture and then deliver the
377 water upward. Additional results using oil−water mixtures are
378 summarized in Figure S12.
379 In addition to wicking behavior, top-down thermal
380 conduction is another important factor in interfacial evapo-
381 ration performance. The heat generated by solar−thermal
382 conversion is localized at the water−air interface by hindering
383 the top-down thermal conduction. As shown in the inset of
384 Figure 4f, the effective top-down thermal conductivity of the
385 evaporator with 2D waterways has been measured. The
386 effective thermal conductivity at the dry state is 0.0609 W
387 m−1 K−1, which is greater than that of a bare polymer foam
388 (0.0311 W m−1 K−1). Thereafter, the FM-VG/CC sample was
389 wetted by water before the measurement to simulate a working
390 condition (i.e., evaporating with a wet surface). The effective
391 thermal conductivity at the wet state was measured to be
392 0.0818 W m−1 K−1, which is slightly higher than that at the dry
393 state but still far lower than that of water (0.599 W m−1 K−1).
394 Thus, such an FM-VG/CC−polymer evaporator can efficiently
395 insulate against top-down heat conduction from the water−air
396 interface.
397 Solar-Driven Interfacial Evaporation. Solar-driven in-
398 terfacial evaporation tests have been conducted using the FM-
399 VG/CC−polymer composite. An oil−water mixture was
400 produced by adding canola oil on the water surface and used
401 as a feedstock. Simulated solar light with a diameter of 3 cm
402 and an average intensity of 1 kW m−2 illuminate the top surface
403 of the FM-VG/CC film. The thin FM-VG/CC film with two
404 legs inserted into the oil−water mixture absorbs light and
405 converts it to thermal energy. Then, the water is heated by the
406 FM-VG/CC surface, generating water vapor at the water−air
407 interface. The FM-VG/CC surface temperature is recorded by
408 an infrared camera. The vapor temperature (at ∼2 mm above
409 the center of the FM-VG/CC film) and the pool water
410 temperature (at ∼5 mm below the bottom of the polymer
411 foam) are monitored by thermocouples with a diameter of
412 ∼0.3 mm.

f5 413 As shown in Figure 5a, when exposed to 1 sun irradiation,
414 the surface temperature quickly increases to 43.2 °C in the first
415 1 min and then gradually reaches a plateau of 44.0 ± 0.3 °C. As
416 shown in Figure 5b, the vapor temperature (red curve) rapidly
417 increases at a rate of 0.23 °C s−1 in the first 1 min and then
418 fluctuates around 40.87 ± 0.20 °C. In contrast, the pool water
419 temperature (blue curve) changes slowly. After 6 h of
420 continuous evaporation, only a small increase of 1.02 °C in
421 temperature is observed. This result suggests that conductive
422 heat loss to the bulk water is small, confirming the excellent
423 top-down insulating performance. The real-time evaporation
424 flux is monitored by a precision balance. As shown in Figure
425 5c, the evaporation flux increases smoothly, indicating good
426 process stability. The measured evaporation rate is linearly
427 fitted to be 1.314 ± 0.030 kg m−2 h−1, while the real
428 evaporation rate over 6 h is calculated to be 1.256 ± 0.030 kg
429 m−2 h−1 after subtracting natural evaporation (0.058 kg m−2

430 h−1). The solar−vapor energy conversion efficiency is
431 calculated based on

= + −−H m h C T T q( ( ))/ isolar vapor evap lv v l432 (3)

433 where mevap is the real evaporation rate (in the unit of kg m−2

434 s−1), hlv is the temperature-dependent latent heat (2403.86 kJ
435 kg−1 at 40.85 °C when assuming the partial pressure of water
436 vapor equal to saturated pressure at a certain temperature) for
437 liquid−vapor phase change, C is the specific heat of liquid

438water (4.2 kJ kg−1 K−1, assuming no sensible heating of the
439vapor), Tv is the average vapor temperature (40.85 °C) over 6
440h, Tl is the average water temperature (27.64 °C) over 6 h, and
441qi is the incident solar intensity (i.e., 1 kW m−2). ηsolar‑vapor is
442calculated to be 85.81 ± 2.05%. The thermal analysis was
443conducted based on a simplified model (see calculations in
444Note S14), as shown in the inset of Figure 5b. It is estimated
445that 1.8% of the energy dissipates to the pool bulk liquid
446through top-down heat conduction (Qconduction), 3.1% of the
447heat dissipates by convection (Qconvection), and 2.2−12.3%
448dissipates through radiation (Qradiation) to the surroundings (in
449which the maximum and minimum limits correspond to the
450hot vapor and air, respectively). This range is reasonable since
451the total loss is 7.1−17.2% given the overall solar to vapor
452efficiency (85.81%). A rational energy balance between the
453input energy (i.e., 976 W m−2 from light) and the estimated
454output energy (i.e., 929−1030 W m−2 to heat) is obtained in
455the current system.
456Efficient solar-driven evaporation can be attributed to several
457factors. First, high light absorptance (97.65%) is the result of
458the VGs with open channels, wall-like structures, and exposed
459edges to create high-density light traps. Second, the excellent
460top-down thermal insulation produced by combining the
461external FM-VG/CC layer and the internal low-conductance
462polymer foam leads to very little heat leakage from the top
463surface to the bulk liquid, which is prone to dissipating heat to
464the environment. Third, the interfacial heat transfer is
465enhanced by finlike graphene nanosheets to increase the
466effective interface area.25,47,50 Consequently, the heat gen-
467erated in VGs can transfer to the surrounding water with high
468efficiency. Finally, sharp VG edges provide abundant tips at the
469solid−liquid−air three-phase contact lines. These tips may
470facilitate the water molecules to escape from liquid to air,
471enabling fast evaporation.51

472Additional solar evaporation tests fed by oil−water emulsion
473and pure water have been conducted and compared, as shown
474in Figure 5d. When fed by an oil−water emulsion, the real
475evaporation rate and solar−vapor efficiency are measured to be
4761.251 ± 0.059 kg m−2 h−1 and 85.46 ± 4.03%, respectively.
477When fed by pure water, the real evaporation rate and solar−
478vapor efficiency are measured to be 1.261 ± 0.012 kg m−2 h−1

479and 86.15 ± 0.82%, respectively. The detailed measurements
480of the evaporation fluxes are available in Note S15. Apparently,
481the FM-VG/CC architecture is able to maintain high solar
482evaporation performance regardless of whether the feedstock is
483pure water or oil-contaminated water. These results further
484confirm the excellent anti-oil-fouling capability of our
485engineered material. It is worth noting that when assuming
486that all vapor is generated at room temperature (i.e., 25 °C
487with a latent heat of 2441.5 kJ kg−1, which is the minimum
488energy used for the phase change of water without heating for
489temperature increase),17 the upper limit of evaporation rate at
4901 sun is calculated to be 1.475 kg m−2 h−1 at 25 °C. In the
491above wicking test, the amount of water supplied by the
492wicking legs is measured to be 0.331 kg m−1 h−1. To ensure the
493sufficient water supply for evaporation at 1 sun, the length (l)
494of the evaporating area should suffice: 2 × 0.331 × w > 1.475 ×
495l × w, where w is the width of evaporation area (i.e., the width
496of two wicking legs). Thus, l is suggested to be no more than
4970.45 m. In the current work, l is 0.04 m, indicating the
498sufficient water supply. In future scalable applications, we
499expect to drill holes in the polymer foam and insert more
500wicking legs, as shown in the inset of Figure 5c, to ensure
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501 sufficient water supply. Assuming a 10 m × 10 m evaporation
502 surface is equipped with a solar desalination system in Los
503 Angeles, California that has abundant solar energy (with an
504 average monthly global horizontal irradiance of 5.3 kWh m−2

505 day−1) but suffers from water stress,52 nearly 68 000 gallons of
506 clean water will be produced for 1 year.
507 Solar Desalination with Oil-Contaminated Natural
508 Seawater. The FM-VG/CC architecture has been further
509 applied to solar desalination at 1 sun. Natural seawater
510 collected from the South China Sea (20.0 °N 110.1 °E) was
511 used without pretreatment, with a thin layer of canola oil
512 added on the surface. During the desalination process, water
513 evaporates, while nonvolatile salts reside on the surface of the
514 FM-VG/CC film. The salt residues usually present white color
515 that reduces light absorption and thus degrades the
516 evaporation performance. Due to the accumulation of salt,
517 the ion concentration on the evaporating surface increases to
518 become higher than that of the underlying seawater.
519 Interestingly, the dissoluble salt ions spontaneously diffuse
520 from a high-concentration region to a relatively low-
521 concentration region due to the concentration gradient. As a
522 result, when the FM-VG/CC film freely floats on seawater, the
523 white salt spots gradually disappear because of ion diffusion
524 from the FM-VG/CC film to the underneath liquid, which is
525 noted as a self-salt-cleaning process. When the solar simulator
526 is turned on, white salts gradually accumulate on the
527 evaporating surface, are first observed at the second hour,
528 and then slowly grow as time prolongs further (see Figure
529 S15a). When the solar simulator is turned off at the sixth hour,
530 the self-salt-cleaning begins. As shown in Figure S15b, the
531 white salt spots become smaller and smaller and completely
532 disappear at the 11th hour. To avoid the negative effect of salt
533 accumulation on long-term performance, the duration of
534 continuous evaporation is set as 6 h to simulate practical
535 desalination in daylight hours (assuming 6 h under normal
536 solar irradiation), followed by 6 h of self-salt-cleaning that
537 simulates free floating during night hours. Thus, each cycle
538 consists of 12 h, and the long-term test consists of 10 cycles,
539 corresponding to 120 h.
540 As shown in Figure 5e, the hourly evaporation rate fluctuates
541 from 1.208 to 1.293 kg m−2 h−1 without obvious performance
542 degradation. Subsequently, hot vapor/condensed water is
543 collected by a transparent quartz dome. Ion concentrations
544 were detected and are shown in Figure 5f. The concentrations
545 of Na+, Mg+, K+, Ca2+, and B3− in the collected water are
546 measured to be 9.21, 1.49, 1.29, 3.01, and 0.33 mg L−1,
547 respectively, all of which meet the World Health Organization
548 (WHO) drinking water standards (200, 25, 100, and 2.4 mg
549 L−1 for Na+, Mg2+, Ca2+, and B3−, respectively),53,54 and are
550 dramatically lower than those in the natural seawater (6331,
551 1177, 413, 311, and 9.6 mg L−1 for Na+, Mg+, K+, Ca2+, and
552 B3−, respectively). This result shows that the ions existing in
553 natural seawater are efficiently separated from the hot vapor/
554 condensed water. Moreover, reusability is another important
555 feature in practical applications. After the desalination process,
556 the oil contact angle of the FM-VG/CC film shows a small
557 decline but is still greater than 120° (see Figure S17),
558 indicating stable and reproducible oleophobicity. However, the
559 slow deterioration could become dramatic after months or
560 years of operation. A feasible method to remediate the
561 deteriorated wettability is to recoat the C7F15COONa layer
562 after long-term operations. As shown in Figure S17, the oil

563contact angle rebounds to 140° after employing the coating
564process again. More details are available in Note S17.

565■ CONCLUSIONS
566An in-air and in-water oleophobic, hydrophilic surface is
567devised by dispersing functional F and Na sites on graphene
568nanosheets. The fabricated FM-VG/CC graphene architecture
569shows high in-air (∼138°) and in-water (∼145°) oil contact
570angles and simultaneously high water affinity (0°). Such
571surface wettability is attributed to the following factors: (1)
572oleophobic, hydrophobic F sites (−CFx groups), and hydro-
573philic Na sites (−COONa groups) can preclude large oil
574molecules from traversing and meanwhile allow small water
575molecules penetrating through the C7F15COONa molecule
576layer; (2) the low-dispersion (0.439 mJ m−2) and high-polarity
577(95.199 mJ m−2) components of the solid surface tension lead
578to the repulsion of nonpolar oil molecules and the attraction of
579polar water molecules; and (3) the increased surface roughness
580produced by high-density graphene edges further enhance the
581in-air oleophobicity.
582The in-air and in-water oleophobic, hydrophilic graphene
583architecture is applied for solar desalination and presents a
584universal anti-oil-fouling ability with complete oil rejection.
585Consequently, stable solar−vapor energy efficiency of more
586than 85% is achieved regardless of whether the feedstock is
587pure or oil-contaminated water (e.g., a mixture of oil floating
588on water, an oil-in-water emulsion), resulting in the efficient
589production of clean water over several days. The reliable
590performance is attributed to the universal (both in-water and
591in-air) oleophobic wettability, together with high light
592absorptance near 98% contributed by nanotraps, low top-
593down thermal conductivity (0.0609 W m−1 K−1 at a dry state
594and 0.0818 W m−1 K−1 at a wet state) engineered by 2D
595waterways, fast interfacial heat transfer enhanced by finlike
596nanostructures, and accelerated evaporation enabled by sharp
597graphene edges.

598■ EXPERIMENTAL SECTION
599PECVD Growth. Commercial carbon cloth (with a thickness of
6000.32 ± 0.02 mm) was used as the substrate of graphene nanosheets in
601a customized inductively coupled plasma-enhanced chemical vapor
602deposition (ICP-PECVD) system. In a typical procedure, the carbon
603cloth with a plane size of 4 cm × 8 cm was placed in a cylindrical
604quartz tube, which was sealed and vacuumed to <10 Pa. Then, it was
605heated to 700 °C under the moderate-vacuum conditions, followed by
606gas flow injection of a mixture of CH4 (5 mL min−1) and H2 (5 mL
607min−1). Subsequently, the pressure was tuned to ∼100 Pa and a radio
608frequency source of 250 W was coupled into the quartz tube to carry
609on the growth process. Finally, the VG/CC sample was extracted
610from the growth chamber after cooling down to room temperature
611under the protection of Ar flow (10 mL min−1).
612Coating of Fluorinated Molecules. Sodium perfluorooctanoate
613(C7F15COONa, 97%) was purchased from Alfa Aesar. An ethanol
614solution (0.1 M) was prepared by adding C7F15COONa powders to
615ethanol (99.5%), following by magnetically stirring and naturally
616cooling to room temperature. The solid sample was immersed in the
617as-prepared solution for 30 min and then dried at the room
618environment overnight to obtain the fluorinated-molecule-coated
619samples.
620DFT Calculations. The Vienna ab initio simulation package
621(VASP) is used for the DFT calculations under generalized gradient
622approximation (GGA) and Perdew−Burke−Ernzerhof (PBE) func-
623tions.55−58 The self-consistent field and force convergence criteria are
624set as 1 × 10−5 eV and 1 × 10−4 eV Å−1, respectively. An energy cutoff
625of 520 eV is used, and the spin polarization is considered for all
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626 calculations. The Gaussian smearing method with a width of 0.05 eV
627 is employed to determine electron occupancies. Van der Waals
628 corrections enabled by the DFT-D2 method are also incorporated to
629 characterize the long-range interactions.59 The K-point of 5 × 5 × 1
630 (x × y × z) is used. A vacuum space of more than 20 Å is used along
631 the z-axis. All crystalline structures are visualized by XCrySDen.60

632 Material Characterization. The morphology was observed by
633 SEM (SU-70, Hitachi) and TEM (JEM 2100F, JEOL). The surface
634 wettability was characterized by an optical contact angle measuring
635 instrument (DropMeter A-200). The photonic transmittance (T) and
636 reflectance (R) were measured by an ultraviolet−visible−near-infrared
637 spectrophotometer (UV-3150, Shimadzu) in which an integrating
638 sphere was used. The elemental composition was detected by XPS
639 (Escalab Mark II, VG) with a monochromatic Mg Kα X-ray source
640 (1 253.6 eV). The surface roughness was measured by AFM
641 (MultiMode, VEECO). The thermal conductivity was measured by
642 a Hot Disk apparatus (TPS 2500 S, Hot Disk).
643 Solar-Driven Interfacial Evaporation Test. A solar simulator
644 (PLS−SXE300D, Beijing Perfect Light Technology) equipped with a
645 <5° collimated light source and an optical filter was used to obtain
646 standard AM 1.5 G spectrum irradiation. An optical power meter (PL-
647 MW2000, Beijing Perfect Light Technology) was used to monitor the
648 solar intensity. An infrared camera (T1050sc, FLIR) was used to map
649 the temperature distribution on the solid surface. Three T-type
650 thermocouples with an accuracy of 0.01 °C and a silvery surface were
651 used to measure the temperature of vapor and water. The mass flux
652 was measured by a precision balance (CPA225D, Sartorius) with an
653 accuracy of 0.01 mg. Canola oil was used. The oil-in-water emulsion
654 was prepared by mixing 4 mL of canola oil and 100 mL of water in a
655 beaker and then magnetically stirring for 12 h before solar-driven
656 evaporation tests. All tests were conducted at the ambient
657 temperature of ∼25 °C and an atmospheric pressure of ∼0.1 MPa,
658 with a humidity of ∼53%. Error bars were derived from multiple sets
659 of repeatable tests.
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