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2 g Over the last decade, there has been a remarkable surge in the development of graphene-based energy generation, storage,

transduction, and harvesting devices, driven by the exceptional electronic, optical, thermal, chemical, and mechanical
26 properties of graphene. Notably, the tunable wettability of graphene offers an intriguing opportunity to enhance the
27 performance of energy systems that utilize or involve water during device fabrication and usage stages, such as solar cells,
28 nanogenerators, and supercapacitors. In this review, we provide an extensive overview of the latest research progress in the
29 intrinsic wettability of graphene and its influencing factors, including substrate, contamination, defects, doping, and layer
30 number. Subsequently, we highlight the representative applications in water-involved energy fields of high-quality graphene
31 films synthesized via chemical vapor deposition. Lastly, we discuss current challenges in adopting graphene in the energy
32 fields and propose future directions to promote the adoption of graphene in water-involved energy devices. Overall, this
33 review presents critical insights into the significance of graphene wettability in advancing both the fundamental research
34 and practical applications of graphene in energy fields.

35
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38

39 1. Background

40

41 The energy crisis is a global issue that has become increasingly urgent in recent decades due to population
42 growth and climate change [1-4]. To tackle this challenge while protecting the environment, it is crucial to
43 identify clean, sustainable, and accessible alternatives to fossil fuels [5, 6]. Among various renewable energy
44 sources available, water is particularly promising due to its ability to absorb up to 35% solar energy reaching
45 the Earth's surface and its prevalence in different forms, such as rivers, ocean waves, tides, raindrops, fogs, and
46 dews [6-8]. Serving as a critical medium for energy storage, conversion, and transfer, water also facilitates the
47 . .. . . .

a8 clean. generation of electricity from heat or mechanical energy.through various techpolqgles such as hydro-
49 voltaic technology [6, 8-10]. Moreover, most of the energy devices require the participation of water and the
50 surface wettability of materials plays an important role. However, significant efforts are still required to enhance
57 the performance of water-involved energy systems, such as energy transformation efficiency and stability.

52 Graphene has emerged as a promising platform for clean energy harvesting, storage, and transfer due to its
53 unique structure and exceptional properties, such as high specific surface area, high electrical and thermal
54 conductivity, high mechanical strength, chemical inertness, and tunable wettability [11-14]. Among the various
55 methods for producing graphene materials, chemical vapor deposition (CVD) has shown great promise due to
56 its fine controllability and scalability in synthesizing high-quality graphene film, particularly single-layer
57 graphene (SLG) [15, 16], whose properties are comparable to those of its mechanical exfoliated counterpart and
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close to the theoretical predicted results [17-20]. Moreover, CVD graphene has already been adopted in diverse
energy systems [21, 22], including solar cells [23, 24], batteries [25], supercapacitors [26, 27], nanogenerators
[28, 29], heat transfer [30, 31], water harvesting [32], and defogging [33, 34], most of which requires the
participation of water. Even though it is well-known that the water wetting states on graphene are highly related
to the device performance [35, 36], the impact of the graphene wettability on water-involved energy devices has
not yet been systematically summarized.

The wettability of graphene, which is determined by the interaction between water molecules and graphene,
has long been a subject of debate, with conflicting reports on whether graphene is hydrophilic or hydrophobic
[22, 37-40]. Experimentally, the measured water contact angle (WCA) of CVD graphene ranges from < 30° to
>120°. This debate stems mainly from the high sensitivity of WCA measurement results to various factors, such
as the structural imperfections of graphene, underlying substrates, and surface contaminations [22]. Recent
studies employing large-area suspended CVD graphene and innovative wettability measurement techniques
have provided conclusive experimental evidence of the intrinsic hydrophilicity in pristine graphene [41-43],
therefore resolving this debate. What’s more, recent research progress also provides clearer directions on how
to tune the graphene wettability for different scenarios in energy fields [21]. Therefore, a review providing clear
and systematic information on the relationship between CVD graphene structures and its wettability, as well as
the strategies for wettability regulation, will be beneficial to facilitate the application of graphene in energy
fields.

This review aims to provide a comprehensive overview of graphene wettability and its applications in CVD
graphene-based water-involved energy systems (Figure 1), thereby contributing to the rapid development of
clean and renewable energy. We begin by presenting the recent research progress on the graphene wettability
by covering both the theoretical simulations and experimental results and then outline the key factors that
influence the graphene wettability, including external factors (substrate and contamination) and internal
structural factors (e.g., defect, grain boundary, wrinkle, layer number and doping). A variety of methods used
to tune graphene wettability are also summarized. Next, we discuss the impacts of graphene wettability on solar
cells, batteries, supercapacitors, nanogenerators performance, and the heat transfer, and water harvesting
processes systematically. Finally, we provide a summary and perspective on the future direction of research in
this area.

2. The intrinsic wettability of pristine graphene

This section aims to provide a clear understanding of the wettability of pristine graphene, by outlining the
main theory, methodology, and external influence factors. Both the past controversies surrounding this topic
and updated conclusion drawn from recent research will be covered.

2.1. Interactions between water molecules and graphene

The wettability of graphene is determined by the interactions between water molecules and graphene, which
can be quantitatively represented by the adsorption energy or binding energy of water monomer on the graphene
surface [39]. A clear relationship between the wetting state and the adsorption energy of water molecules on
the graphitic surface has been reported, implying that higher adsorption energy, smaller WCA [44]. First-
principles simulations based on the density functional theory are commonly used to calculate the adsorption
energy of water molecules on graphene for which the one-leg and two-leg configurations are most constructed
(Figure 2a) [45, 46]. Molecular dynamics (MD) simulations are conducted using empirical parameters derived
from fitting the adsorption energy as a function of the distance from the oxygen atom in water to the graphene
to obtain the intuitive wetting state of water droplets on the graphene [47]. The contact angle (CA) of water
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droplets on graphene sheets, is then determined by fitting its profile (Figure 2b, c) [48].

The adsorption energy of water molecules on graphene is composed of dispersion [van der Waals (vdW)]
and polarization (hydrogen bonding) forces. In 2012, lkutaro Hamada considered the water-graphene
interaction by means of the vdW density functional (vdW-DF) [49] and derived the adsorption energy > 75
meV at a distance of ~ 0.34 nm. He also pointed out that graphene is polarized, and the electrostatic interaction
contributes to the adsorption energy [49]. Enge Wang ef al. found that the adsorption energy of water monomer
on graphene is > 70 meV at an almost same distance (0.34 nm), whose quantitative value is highly dependent
on the functional [46]. In 2017, Daniel Blankschtein et al. emphasized the role of many-body polarization on
the wettability of the graphitic surface, arguing that the polarization force has a more pronounced effect than
the dispersive interaction on the interfacial entropy of water, which affects the graphene wettability [50]. They
first calculated the binding energy of water monomer on the graphene-like polycyclic aromatic hydrocarbons
using the symmetry-adapted perturbation theory and then fitted the adsorption energy vs. distance by Lennard-
Jones equation to obtain empirical parameters for MD simulations. Their MD simulations showed that WCA
on graphene is ~ 40°, indicating that the graphene is hydrophilic.

The hydrophilicity of pristine graphene is associated with the H-x interactions between water molecules and
graphene. Zhongfan Liu et al. reported a fitted WCA of ~ 30° for water droplets on pristine graphene based on
MD simulations (Figure 2d) [41]. They conducted accurate first-principles simulations to investigate the water-
graphene interactions (Figure 2e) and acquired an adsorption energy of ~ 117.5 meV using the one-leg
configuration. The charge distribution analysis showed that the intrinsic hydrophilicity of graphene is owing to
the formation of H-x interactions. Electron transfers from the 7 bands of graphene towards H atoms in the water
molecule is clearly observed (Figure 2f) and the water molecule would impact the charge distribution of
graphene in regions larger than 2 nm (Figure 2g). The planar-averaged electron density as a function of water
height further presents that the total amount of charges transferred from graphene to water along the z direction
is 0.0221 electron (Figure 2h). Similar results have also been acquired for the two-leg configuration, further
confirming the hydrophilicity in the pristine graphene.

2.2. Wetting transparency of graphene

The wetting transparency of graphene has been the subject of research for over a decade using both
theoretical calculations and experimental methods (Figure 3a, b). However, the conclusions drawn from these
studies are often contentious, and heavily dependent on the specific investigation scenarios.

To investigate the wetting transparency of graphene, attentions have been mainly focused on the features of
substrates at the beginning; subsequently, various substrates and probe liquids have been adopted for clear
comparisons and to figure out the contributions of polar and dispersive interactions [42, 45, 51]. Nikhil A.
Koratkar et al. first investigated the wetting transparency of graphene using the large-area CVD graphene
(Figure 3c). They clarified that when the vdW force dominates wettability of the substrates, such as Cu, Au and
Si, graphene is wetting transparent. In contrast, when the short-range chemical bonding dominates the
wettability for the substrates, such as glass, graphene is not wetting transparent anymore [52]. Daniel
Blankschtein et al. revealed that the wetting transparency breaks down significantly on superhydrophobic and
superhydrophilic substrates (Figure 3d) [53], implying that graphene is partially wetting transparent. Recent
works clucidate the influences of substrates on the wettability of graphene and ends the dispute on the wetting
transparency of graphene to a certain extent by calculating both the polar and dispersive components of the
surface energy [54]. Grégory F. Schneider et al. measured the WCA of graphene on different substrates to cover
a range of polarity and quantified the transparency of graphene towards polar and dispersive interactions,
demonstrating the hydrophilicity of graphene (Figure 3e, ). Jianxiang Wang et al. used polar water, non-polar
diiodomethane, and glycerol as probe liquids and demonstrated that graphene screens the polar surface energy



©O© 00 J o U > WL

10

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
217
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

4

of the substrates (e.g., glass) but increases the dispersive surface energy [55]. The polar transmittance of
graphene on SiO,, Al,Os, oxidized polydimethylsiloxane (PDMS), Si and glass was also calculated, with an
average value of 18.3% (Figure 3g). The authors concluded that the wetting transparency of graphene depends
on how the reduced surface energy is compensated by the insertion of graphene. At the same time, the wetting
transparency of graphene decreases significantly with the increase of layer number (Figure 3a, b). However, the
reported number of graphene layers for which the wetting transparency completely vanishes ranges from 2 to
10, which highly relies on the substrate type.

When graphene covers substrates with a flat surface, the wetting behaviors are easy to understand, as
discussed above. However, for rough surfaces, three wetting modes, including penetrate, Wenzel, and Cassie
Baxter modes, need to be considered to determine the equilibrium and metastable contact states [S56]. Lianfeng
Sun et al. transferred the CVD few-layer graphene (FLG) onto flat and holey SiO; substrates and obtained
WCAs of 83° and 93° respectively [57]. In their work, graphene almost completely complies with the
morphology of the holey substrate with micron-scale holey array, which contributes to the change from
hydrophilicity to hydrophobicity. Antonio Checco et al. varied the area fraction of suspended graphene from 0
to 95% by means of nanotextured substrates and concluded that completely suspended graphene exhibits the
highest WCA (85° + 5°) in comparison with the partially suspended or supported graphene, regardless of the
substrate wettability [58]. They also reported that SLG could screen 80% long-range water-substrate
interactions and the primary determining factor for the wettability of graphene is the short-range graphene-
liquid interactions. Furthermore, Luquan Ren et al. fabricated hydrophobic graphene surface by transferring the
CVD graphene onto biomimetic microstructured Al [59] and iron [60] alloy substrates and obtained WCAs >
130°.

For the CVD graphene, Cu is the most-used substrate for graphene growth [17], and the wettability of
SLG/Cu has been widely investigated [61-63]. Cu with clean and non-oxidized surface is highly hydrophilic
[64] while the cover of graphene significantly increases its WCA [52, 62]. Recently, with the comprehensive
characterizations on the structure and morphology of Cu substrates before and after the graphene growth,
researchers have found that the wettability of graphene/Cu is closely related to crystal planes, grain sizes and
surface roughness of the Cu substrates. Additionally, the uneven synthesis of graphene in large areas and its
local separation from Cu are also accountable for the increased WCA of SLG/Cu in comparison with the
predicted values. S.Y. Misura et al. conducted systematic studies to understand how these factors impact the
wettability of the CVD graphene on Cu prepared [61] and reported that the graphene on the textured Cu surface
is usually more hydrophobic than that on the smooth Cu surface [65]. After conducting MD simulations to
compare the wettability of SLG on Cu(111), Cu(110) and Cu(100), they further found that SLG/Cu(111) is
most hydrophilic while SLG/Cu(110) is most hydrophobic (Figure 3h) [66]. Except for the graphene directly
grown on Cu, for graphene transferred on various substrates, the influences of the structure disturbance on its
wettability are also widely reported. For example, Evelyn N. Wang ef al. found that the loose interlamellar
coupling between the transferred graphene and the substrate results in large interlayer space, which in turn
weakens the effect of the underlying substrate on the graphene wettability, making the wettability of graphene
more like that of the graphite [67]. Besides, the wettability differences of substrates before and after graphene
coating can also be employed for the non-destructive, fast visualization of isolated graphene domains [68]. This
is compatible with different types of substrates, such as SiO», quartz, glass, Cu, Si, Au, and PDMS (Figure 3i,
J)-

To investigate the intrinsic wettability of the pristine graphene experimentally, the influences of substrates
have been experimentally excluded thanks to the successful preparation of large-area free-standing graphene
and the utilization of novel wettability measurement techniques. In 2018, Grégory F. Schneider et al. fabricated
millimeter-scale freely suspended graphene by injecting an air bubble underneath a SLG floating at the water—
air interface (Figure 4a, b) [43], and found that the free-standing clean graphene is hydrophilic with a WCA of
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42° + 3° (Figure 4c). The same group also reported that graphene is strikingly hydrophilic with a WCA of 30°
+ 5° on ice and 10° + 2° on hydrogel and concluded that graphene is transparent to both polar and dispersive
interactions (Figure 4d) [42]. In 2021, Zhongfan Liu ef al. prepared circle-shaped suspended graphene using a
holey substrate to exclude the impact of underlying substrate and measured its WCA using a high-resolution
environmental scanning electron microscope (ESEM) (Figure 4e, f) [41]. They concluded that the unsupported
graphene is hydrophilic with an average WCA of 30°, which is independent of the tilt angle of the ESEM sample
holder, and the droplet size (Figure 3g, h). These results further demonstrate the intrinsic hydrophilicity of
pristine graphene.

2.3. Impact of surface contamination on graphene wettability

Notably, surface contamination is the main reason for the long-standing controversy about graphene
wettability [41], given that it has been reported to increase the WCA of graphene, making it more hydrophobic.
Based on the origin, the contamination on the surface of CVD graphene can be classified into three types,
including intrinsic contamination (amorphous carbon) formed during the high-temperature growth process,
polymer residues introduced during the transfer process, and airborne hydrocarbon contamination adsorbed
during storage [19, 69, 70].

After elucidating the origin of the intrinsic contamination on the graphene surface and developing strategies
to synthesize superclean graphene [20, 71, 72], Zhongfan Liu et al. observed that the superclean graphene film
grown on Cu(111) single-crystal surface has a much smaller WCA (35°), in comparison with that of the unclean
graphene (64°) (Figure 5a, b) [64]. By employing the pentagon and heptagon carbon rings as the simplified
structures of the intrinsic contamination (amorphous carbon) for MD simulations, they confirmed that the
appearance of amorphous carbon contamination results in a larger WCA (Figure 5c¢) for both the suspended and
supported graphene. This can be attributed to the decreased adsorption energy of water molecules (Figure 5d)
and the formation of Cassie—Baxter wetting state on the unclean graphene surface. Moreover, the transferred
unclean graphene transferred is still more hydrophobic than its clean counterpart. For instance, the clean
SLG/quartz has a smaller WCA (~ 40°) than that of the unclean SLG/Cu (~ 70°) (Figure 5f). This group also
observed that the unclean suspended graphene prepared using a poly(methyl methacrylate) (PMMA)-assisted
transfer method is more hydrophobic that the suspended clean graphene prepared via a polymer-free transfer
method, indicating the impact of transfer-induced polymer residues (Figure Se).

Haitao Liu et al. in 2012 reported the impact of the adsorbed airborne hydrocarbon on the graphene
wettability by measuring the temporal WCAs on graphene after taking it out from the CVD chamber [73]. They
found that the WCA 1is 44° on the fresh graphene and increases sharply to 60° within 20 mins when exposing
the graphene to air. The adsorption of hydrocarbon is confirmed by attenuated total reflectance Fourier-
transform infrared spectroscopy, which shows the symmetric and asymmetric stretching of the methylene group
(-CHy-) at 2,850 cm™ and 2,930 cm™! respectively. The integrated areas of the two stretching peaks increase
monotonically with the exposure time, proving the accumulation of hydrocarbon contaminations, further
confirming the striking effects of the airborne contamination on the graphene wettability. Being proportional to
the surface coverage of the adsorbed contaminants, the WCA value ceases to change when the adsorption
saturation is reached. After that, the as-formed more hydrophobic graphene surface can maintain long time, as
indicated by the long-time stability of graphene wettability: negligible WCA changes for SLG on mica, quartz,
TiO,, SiO;, Si, Au, PET and Cu substrate were observed after 14 months (Figure 5g) [63]. In the past decade,
Haitao Liu’s group has conducted systematic studies in these fields using graphene, graphite [37, 51, 70, 74,
75] and similar phenomena have also been reported experimentally by other groups [76-80].

To fully understand the effect of hydrocarbon contamination on graphene wettability, MD simulations have
been extensively conducted. N. R. Aluru ef al. employed ethane molecule as the simplified structure of the
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hydrocarbon contamination and observed an obvious increase of WCA with the contamination density when
using three types of carbon—water interaction parameters, suggesting the high sensitivity of graphene wettability
to the surface contamination [81]. Herbert M. Urbassek ef al. observed similar change when putting ethane atop
the graphite substrate [77]. Alenka Luzar et al. utilized butylated graphane (a saturated derivative of graphene)
to simulate the wetting state of contaminated graphene and confirmed that the wetting transparency of graphene
is essentially insignificant when coating ~ 5 A hydrocarbon [82]. Sokrates T. Pantelides ef al. utilized methane
molecule as the simplified structure of the hydrocarbon contamination and found that the presence of
contamination decreases the water density near the graphene (Figure 5h), thus weakening the interactions
between graphene and water molecules, making it more hydrophobic [45].

3. Tunability of graphene wettability

Structural factors, such as defects, layer numbers, wrinkles, and doping, play a crucial role in determining
the graphene wettability by directly influencing the water-graphene interactions [21, 22]. In this section, we
will provide a comprehensive overview of the key structural factors that affect the wettability of graphene, as
well as the main methods used to regulate the wettability.

3.1. Defect

In comparison with exfoliated graphene flakes, large-area CVD graphene films unavoidably have more
defects, especially considering the complex transfer process [83]. Therefore, it is important to understand the
impact of different types of defects including point defects (such as vacancy), and line defects [such as grain
boundary (GB) and wrinkles], on the graphene wettability.

Xiufang Bian et al. studied the wetting states of water droplets on four types of graphene: defect-free and
with Stone-Wales (SW), single-vacancy (SV), double-vacancy (DV) defects (Figure 6a, b) [84]. They found
that the influences of these defects are limited with the WCA change < 7° (Figure 6¢), which might be because
that the point defects can only induce the small surface fluctuations and charge transfer change in a limited size.
SungWoo Nam ef al. compared the WCA of perfect and defective graphite, and concluded that the WCA change
caused by losing carbon atoms to form 4.2% SV, DV, SW defects is < 15°, indicating that the electrostatic
interaction between the water dipole and graphene attributable to local charges at these defective sites is weak
[85]. When H atoms chemically adsorb on these defective sites, WCA increases by ~ 5°. However, when OH
bond forms at these vacancy sites, WCA decreases significantly to < 10° (Figure 6d). In 2017, Lei Li ef al.
reported that graphite surfaces with different defect densities, always have similar advancing WCA values, but
very different static and receding WCAs [86]. Masumeh Foroutan ez al. demonstrated that the WCA on the
perfect graphene is smaller than that on the penta-graphene, a two-dimensional allotrope of carbon with coplanar
pentagonal rings, which can be attributed to less hydrogen bonds formed between water molecules and the
penta-graphene [87].

Chang et al. investigated the impact of the graphene GBs and found that with the average graphene grain
areas increasing from 0.47 mm? to 22.16 mm?, the static WCA on polycrystalline graphene surfaces increases
from 47.9° to 68.8°, accompanied by the decrease of the hysteresis WCA from 45.9° to 32.7° (Figure 6¢) [88].
This is mainly caused by the inhomogeneous wetting, as identified by the pinning contact lines of nucleated
micro-scale droplets along the GBs as revealed by ESEM. Their ESEM results also pointed out that the Cu GBs
have less influence on the graphene wettability than the graphene GBs.

Graphene wrinkles, which can be formed during both the CVD graphene growth and transfer process [89-
91] and have varied height (from sub-no to tens of nm) and width (from sub-nm to tens of nm) [92-94], can be
recognized as another type of line defect. With dense distribution, the graphene wrinkles have significant
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influences on the graphene wettability. By stacking isolated graphene layers atop the SLG/Au, Siddhartha Das
et al. demonstrated that the roughness-induced chemical heterogeneity leads to a larger WCA of graphene/Au
(~130°) than that of both SLG/Au (75°) and bilayer graphene (BLG)/Au (91°) [95], resulting from contact line-
pinning-driven hydrophobicity caused by the wettability gradient on graphene-nanostructure-coated substrates
(Figure 6f). Wen-Ming Zhang et al. fabricated conformal graphene wrinkles with bilayer systems of PMMA
and PDMS [96]. They observed that the wrinkled graphene (WG) is more hydrophobic, as proven by a large
WCA over 126°, while the WCA of the flat or unwrinkled graphene supported by PMMA-PDMS is ~ 106°
(Figure 6g, h). A more hydrophobic surface of the WG grown on copper—zinc alloy substrates using CVD
method has also been observed by Hongwei Zhu et al. [34, 97].

3.2. Layer number

The wetting state of graphene changes with its layer number, which is often discussed together with the
wetting translucency of graphene, since the multilayer graphene (MLG) with layer number N can be seen as the
SLG supported by (N-1) graphene layers [52]. Considering the effect of the substrate underneath, the WCA
evolutions of the suspended and supported graphene with its layer number are different and thus discussed
separately.

When investigating the wettability of the suspended graphene, vdW interactions between water molecules
and graphene are normally considered as the dominant factor. In 2012, Daniel Blankschtein et al. developed the
first theory to model the vdW interactions between liquid and graphene [53], based on which they simulated
the WCA change with the graphene layer number (N) under the assumption that vdW interactions dominate the
interactions between the water and graphene surface. They found that when N < 10, WCA decreases rapidly
with N, accompanied by a rapid increase of the vdW potential per unit area between graphene and water (-Dni).
When N > 10, the change of the calculated WCA becomes negligible (Figure 7a), in good agreement with the
work reported by Haitao Liu et al. [73]. In 2013, N. R. Aluru et al. developed nonbonded interaction parameters
between graphitic carbon and water entirely from ab initio calculation data of interaction energies of water
monomer above graphene, followed by MD simulations to investigate the impact of layer number [81]. They
found that that SLG has a larger WCA than BLG and tri-layer graphene (TLG). Moreover, the WCA difference
between BLG and TLG is much smaller than that between SLG and BLG. In 2018, Sokrates T. Pantelides et
al. demonstrated a similar decreasing trend of WCA as a function of the graphene layer number via MD
simulations, based on the assumption that the dispersive interaction between graphene and water molecules
dominates the wetting behaviors [45]. In 2021, Paola Chiricotto ef al. studied the interfacial energies and wetting
properties of graphene with different layer numbers, from N =1 ~ 3 to N = 6, in two systems, namely, a fully
wetted one with water in both sides and a partially wetted one for which only one side contacts water [98]. They
found that the graphene becomes less hydrophobic when increasing the layer number in both systems and
attributed this to the combined effect of (1) the electrostatic interactions between the water molecules, (2) the
vdW interactions between water and graphene and (3) the vdW interactions between the water molecules.
Recently, a same trend has been observed experimentally using ESEM [99].

For the wettability of the supported graphene, the effect of its layer number needs to be considered together
with the effect of underlying substrates, which usually increases the polar interactions with water molecules
[100, 101]. Most reports highlight the increased hydrophobicity of graphene with thickness from both
experiments and simulations. Some representative works are discussed below. In 2012, using both MD
simulations and classic model, Nikhil A. Koratkar et al. reported that with the increased layer number of
graphene on Cu, the adsorption energy of water molecules decreases and the WCA increases [52]. At the same
time, they also measured the WCA of graphene on Cu and glass substrates with different layer number, which
provides same conclusion as their simulations, in good agreement with the results reported by several other
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groups [67, 102, 103]. In 2013, Evelyn N. Wang ef al. further investigated the effect of the layer number on the
dynamic wettability of graphene by measuring the advancing and receding WCAs of SLG, BLG and TLG on
Cu, SiO; and glass substrates. They found that only the advancing WCA could truly represent the wettability
of graphene-coated surface while the receding WCA is significantly influenced by intrinsic defects [67]. Their
MD simulations demonstrated that for graphene on Cu substrates, WCA increases with layer number until it
approaches the WCA value of HOPG. However, on SiO»-hydroxylated surface, the WCA has little dependence
on layer number and is comparable to that of HOPG. In 2018, Jianxiang Wang et al. calculated the polar,
dispersive and total energy of bare glass and the graphene (1-3 layers) coated glass substrates, finding that the
polar surface energy of glass decreases sharply with the increased number of graphene layers (Figure 7b, c)
[55].In 2022, Minhaeng Cho et al. investigated the water-graphene interface using MLG on hydrophilic calcium
fluoride (CaF>) by vibrational sum-frequency-generation (VSFG) spectroscopy [102]. The WCA on CaF; is
22.3°, increases sharply to 53.1° and 79.6° after SLG and TLG coating, and finally stabilizes when the layer
number further increases to six (Figure 7d). The authors also measured the self-defined VSFG wettability by
using the areas of strongly H-bonded OH, weakly H-bonded and dangling OH peaks for establishing the
molecular origin of the wettability of MLG by detecting the spectra of specific bonds (Figure 7e). Additionally,
for the CVD graphene directly grown on dielectric substrates, it is also widely observed that thicker graphene
is more hydrophobic. For instance, Zhongfan Liu et al. observed WCA increases with the thickness for both »-
doped graphene grown on glass [104] and pristine graphene directly grown on flexible glass substrate (Figure
71), indicating a tailorable surface hydrophobicity of the graphene/glass [105].

3.3. Doping

The doping in graphene can be classified into four types: underneath substrates, continuous external electron
flows, heteroatoms in graphene lattice, and surface functional groups. Both n- and p-type doping of graphene
have been reported to make graphene more hydrophilic, primarily due to the modulation of charge carrier
density (Figure 8a) [106, 107].

WCA differences for graphene supported by different substrates are commonly observed [37, 68]. Ali Ashraf
et al. reported the tunable graphene wettability through substrate doping, using different subsurface
polyelectrolytes, such as poly(allylamine hydrochloride), poly-L-lysine for n-doped graphene and poly(sodium
4-styrenesulfonate) and poly(acrylic acid) for p-doped graphene [106]. They achieved a maximum WCA
change of 13° when the doping level changed by 300 meV. Additionally, they found that a lateral metal-
graphene heterojunction or subsurface metal doping could induce such wettability modulation, which can be
attributed to the modulated binding energy between water and graphene. Note that the metal doping and
corresponding WCA change of graphene is closely related to their work functions [108].

Guo Hong et al. observed enhanced hydrophilicity when they shifted the Fermi level of graphene away from
its Dirac point via electrical voltage doping by applying a direct current (DC) voltage bias to a graphene film
on a Si0,/Si substrate [109]. This is because water molecules preferentially orient themselves under electron-
or hole-rich conditions to form more energetically favorable configurations, which leads to a stronger
interaction between water and graphene thermodynamically, in turn reducing WCA. The tunable and reversible
WCA on graphene transferred onto flexible transparent substrates, such as polyethylene terephthalate (PET)
and PDMS has also been achieved after applying gate voltage (Figure 8b) [110]. This phenomenon is named as
electrowetting [110-112].

Heteroatoms, such as N, B, P, S, O, and metal (¢.g., Pt, Fe) atoms, can replace C atoms in graphene lattice
via either direct CVD synthesis or post-treatment, leading to the formation of doped graphene [113, 114]. For
example, by using ethanol and methylamine as the precursor and dopant, respectively, Zhongfan Liu et al.
acquired predominantly graphitic-N-doped graphene with a relatively smaller WCA [104].
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Surface functionalization, which is very popular for doping graphene, is achieved primarily through post-
treatment techniques [115], and can be broadly classified into wet and dry methods, depending on whether
liquid, especially water, participates the doping process [116]. Wet methods involve the use of chemical
solutions, resulting in covalent or non-covalent doping of graphene, depending on whether its lattice is damaged.
For example, Hongwei Wang ef al. chemically modified SLG to link bioactive ligands to its basal plane through
covalent functionalization by immersing the samples in the solution, thus generating a hydrophilic surface
(Figure 8c) [117]. To maintain graphene's exceptional properties while changing its wettability at the same time,
non-covalent doping is preferred, to achieve which aromatic compounds are usually utilized [118]. For instance,
Mikito Yasuzawa et al. utilized 1-pyrenebutyl-2-(trimethyl-ammonium)ethyl phosphate to modify graphene
surface (Figure 8d) [119] and Philippe Buhlmann ef al. demonstrated non-covalent monolayer modification of
graphene using pyrene and cyclodextrin receptors [120]. Last year, Fatima Bouanis et al. reported the
functionalization of graphene using different kinds of aromatic molecules through z-7 interactions, such as Fe-
/Co-porphyrin and Fe-phthalocyanine [118].

Dry methods for doping graphene mainly include plasma treatment, ion bombardment, thermal annealing,
and UV/ozone treatment, which typically start from cleaning the graphene surface, followed by destroying the
graphene lattice to form covalent bonds between the C atoms in graphene and the introduced external atoms or
functional groups, such as COOH, -OH, NHjs- [11, 116]. To generate plasma, N> [121], Ar [122], O, [69, 123,
1241, H, [125] and their mixing gases are often utilized (Figure 8e), to change the Fermi level of graphene and
accordingly its wetting states, accompanied by the optimization of parameters including power, pressure, flux
and treatment time. For instance, Okada ef al. generated the n-doped graphene using N» plasma generated by a
neutral beam system, decreasing WCA by ~ 15°. Jongill Hong er al. obtained a hydrophilic graphene
(WCA~16°) surface after a hydrogeneration treatment for 700 seconds [125]. Cheng Yang et al. decreased the
WCA of graphene on SiO; from 48° to 30° via Ar plasma treatment [122]. Hailin Peng et al. decreased the
WCA of graphene for over 40° after 40 s O, plasma treatment (Figure 8f) [69]. UV/ozone treatment is another
option to functionalize graphene, which is efficient for the surface cleaning and defect engineering of graphene
[126]. The WCA of SLG/Cu decreased significantly from ~ 90° to ~ 30° through ozone treatment [126, 127].
Moreover, the WCA of SLG on ITO-coated glass decreased from ~ 76° to ~ 13° (Figure 8g) after the ozone
treatment, which can be attributed to the increased polar interactions in the surface energy of the oxidized
graphene (Figure 8h) [128]. The atmosphere also influences the wettability change rate and final WCA values
when the ozone treatment is conducted (Figure 81) [76].

4. Application of graphene in energy fields

Graphene has drawn tremendous interests over the past two decades as a material that can promote the
development of energy generation, storage, transduction, and harvesting [11, 13, 129, 130]. Graphene oxide,
reduced graphene oxide, and graphene flakes produced through exfoliation methods have been extensively used
thanks to their low cost and fine scalability [13, 130-132]. However, the abundance of defects, small flake size,
and varied layer number in these materials limit their properties compared with high-quality CVD graphene
films [133]. The latter exhibits superior properties in terms of high transparency, electrical conductivity,
mechanical strength, thermal conductivity, impenetrability, and tailorable wettability [133], making it
advantageous for broader energy-related applications. The past decade has witnessed a rapid development of
scalable production and transfer techniques for CVD graphene, making it more accessible for both academia
and industry [17]. In this section, we discuss the water-involved energy applications of CVD graphene, such as
solar cells, supercapacitors, batteries, nanogenerators, heat transfer, defoggers, and water harvesters by
clarifying the function of graphene, especially the significance of graphene wettability for improving the device
performance.
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4.1. Solar cell

Solar cells are an important technology for renewable energy generation. To make the best use of CVD
graphene, both graphene-silicon Schottky junction solar cells and graphene-involved perovskite solar cells
(PSCs) have been extensively investigated [131, 134, 135].

Solar cells based on the Schottky junction between graphene and silicon provide a promising alternative to
silicon diode-based solar cells, owing to their low cost and facile process, where the graphene acts as both a
transparent electrode and an active layer [136-138]. By doping graphene with bis(trifluoromethanesulfonyl)-
amide, a power-conversion efficiency (PCE) of 8.6% is obtained, which is much higher than that obtained using
the undoped graphene (1.9%) [23]. At the same time, the increased work function of graphene results in an
increased voltage drop at the Si/graphene interface, leading to a more efficient separation of electron-hole pairs
to generate useful current. Especially, the hydrophobic surface of the doped graphene contributes to a superior
environmental stability of the device, in comparison with the undoped one.

For PSCs, graphene can be employed as the charge transport layer, electrodes, stabilizer, or interface layer,
for improving efficiency and long-term stability [131, 139]. However, given the diverse structures of PSCs and
different roles of graphene, the requirement for wetting states of graphene varies in different scenarios. For
instance, to ensure long-term stability, a hydrophobic surface is necessary to protect perovskite materials from
degradation, especially in humid atmospheres. A relatively hydrophilic surface is preferred, however, when the
graphene is used as the charge transport layer to grow high-quality perovskite films for efficiency improvement,
since the wettability and roughness of graphene significantly impact the morphology and crystallinity of the
perovskite [134, 140]. The tunable wettability of graphene is also critical in guaranteeing an ideal interface
charge transfer process. In 2015, Sung et al. reported the use of CVD graphene as bottom electrodes in inverted
structure PSCs by transferring graphene from Cu onto a glass substrate (Figure 9a) [24]. However, with the
WCA of poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) solution on graphene being ~ 90.4°, the
hydrophobic surface of the transferred graphene makes it challenging to deposit high-quality poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) atop. To address this issue, an ultrathin MoOj3 layer (1-4 nm)
was deposited on the graphene surface via vacuum thermal evaporation, leading to a significant decrease in
WCA (46.6° for 1 nm thick MoO3 and 30° for 2 nm thick MoO3) (Figure 9b, c). This, in combination with the
efficient increases in both the work function and electrical conductivity of the graphene, resulted in an obvious
efficiency improvement in comparison with its counterpart without the MoOs deposition (Figure 9d). Besides,
to play a good role in PSCs, the CVD graphene has been doped using many other ways, all of which change its
electrical properties and wetting states at the same time, contributing to the enhanced device performance [23,
128, 141-146].

4.2. Battery and supercapacitor

Though graphene have found widespread applications as electrodes, conductive additives, or current
collectors in both batteries and supercapacitors, the atomic-thick CVD graphene films are only suitable to
function as a surface modification layer or interphase, rather than replacing the current components [130, 132].
For example, a wax-assisted transfer method has been used to transfer the inert high-quality CVD graphene
onto Li foil to serve as an artificial solid/electrolyte interphase (Figure 9¢) [25]. With a WCA of ~ 107°, the
graphene layer could passivate the Li surface from moisture erosions and side reactions and help guide the
homogeneous Li plating/stripping, suppressing the dendrite and formation of ‘dead’ Li. As a result, the Li-air
batteries made with passivated Li anodes exhibit superb cycling performance up to 2,300 hours, indicating
extraordinary air and electrochemical stability (Figure 9f). Additionally, a hydrophilic graphene surface is
generally required in aqueous electrolyte systems to increase the contact area and guarantee effective charge
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transfer [147] while for metal-air batteries[ 148], such as Li-air and Zn-air batteries, appropriate hydrophilicity
is vital for balancing the reaction rates on gas-solid and gas-liquid interfaces [149-151]. For example, Huanxin
Li et al. reported that the use of graphene is able to guide the homogeneous Zn plating/stripping, suppressing
the formation of dendrite in Zn-air batteries [152].

Supercapacitors have attracted extensive attention as energy storage equipment because of its high-power
density, long life, and acceptable energy density [153]. The participation of CVD graphene in electrical double
layer capacitors (EDLCs) by altering the charge distribution and transfer in the liquid-electrode interface has
been investigated [26, 154, 155]. EDLCs consist of two parallel layers of opposite charges and rely on the
formation of the electrical double layer (EDL) to store energy. SungWoo Nam et al. investigated the influence
of the graphene wettability on EDL formation and found that both the area-normalized total capacitance (Cr)
and the normalized transconductance (gnm) decrease with the increase of WCA on graphene [156], indicating a
disruption of the EDL formation due to the hydrophobicity and thus the preference of hydrophilicity to improve
the capacitance. Kefa Cen et al. reported that the graphene wettability can significantly alter the microscopic
electro-sorption of electrolytes, including ions and solvent molecules, thus affecting the formation of the
interfacial EDL microstructure and energy storage capability [27]. They studied the electrolyte electro-sorption
within both non-confined and confined spaces via numerical simulations (Figure 9g). For the former,
capacitance decreases monotonically with increasing hydrophilicity (Figure 9h) due to the strong electro-
sorption of solvents at the interface rather than ions, while for the latter, non-monotonic dependence on the
graphene wettability (i.e., an asymmetric bell-shaped curve) is observed (Figure 9i), challenging long-held
axioms, and indicating the complexity of real electrochemical systems. Till now, experiment research using
CVD SLG in supercapacitors is still in its infancy, which might be inspired by above simulation results.

4.3. Nanogenerator

In recent years, graphene-based hydro-voltaic technology using the SLG has emerged with its promising
potential for energy harvest by generating electricity from various water sources, including rain, flows, waves,
moisture, and natural evaporation [12, 13].

In 2011, Niknil Koratkar et al. first reported energy harvesting from water flow over graphene [157]. They
measured a power output of ~ 85 nW for a graphene film of 30 * 16 um? in size, which is equivalent to a specific
power output of ~ 175 W/m?. In 2012, Wanlin Guo et al. found that exposing graphene and its metal electrodes
to solutions simultaneously could induce a voltage from a few to hundreds of millivolts while no electricity can
be generated if only graphene is exposed to solutions [158]. Subsequently, they demonstrated the electricity
generation by moving a droplet of ionic liquid along graphene (Figure 10a) [28] or moving graphene sheets in
the ionic liquid (Figure 10b) [159]. In addition to collecting electricity from graphene, they also transferred a
pair of graphene sheets onto PET substrates to harvest the electricity generated in liquid, obtaining an open
circuit voltage up to 1.0 V [160]. In these works, the ion species (e.g., H*, Li*, Na*, K*, Mg?*, CI', Br, I, etc.),
concentration (0-1 M), and velocity (up to 40 cm/s) are the main factors that influence output voltage and
current, while the advancing and receding CAs remain nearly unaffected by the ion species, except for HCI
[28].

The support substrate for graphene is crucial for electricity generation because it plays a dominant role in
attracting ions to the water/graphene interface. Shisheng Lin ef al. obtained a direct current electricity with
voltage of ~ 0.3 V from a dynamic polarized graphene-water-silicon interface (Figure 10c) [161]. Chuanshan
Tian et al. found that the surface dipole layer of PET or polyvinylidene fluoride (PVDF) is responsible for the
ion attraction towards adsorption at the graphene surface (Figure 10d) [7]. However, PMMA, which has
negligible ion attraction ability, cannot contribute to electricity generation, since graphene itself does not attract
ions and only acts as a conducting layer for the induced carrier transport. Moreover, after systematically
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investigating the synergistic effect of the substrate and ion liquid, Wanlin Guo et al. found that the
electronegativity of substrates influences the doping states of graphene, which, in turn, can significantly enhance
the charge transfer on graphene [162]. Currently, the output voltage of SLG-based nanogenerators ranges from
sub-mV to nearly 1 V, with output currents at the level of 1-10 pnA. However, in most application scenarios,
graphene is transferred from Cu onto functional substrates, which increases process complexity and suffers
from the weak interactions between graphene and the substrate underneath. To address this problem, the direct
growth of graphene on the target substrates has more advantages. Zhongfan Liu et al. reported that the droplet-
based hydro-voltaic electricity generator device fabricated using graphene film directly grown on glass shows
more robust voltage output and enhanced long cyclic stability compared with the one fabricated using the
transferred graphene (Figure 10e, f) [163].

Piezoelectric and triboelectric nanogenerators are widely used for harvesting hydropower using graphene. In
2016, Shisheng Lin ef al. reported a graphene-piezoelectric material heterostructure for harvesting energy from
the water flow and obtained an increased power output of ~ 1.9 uW, which is a hundred times higher than
previously reported results (Figure 10g) [164]. The introduction of a piezoelectric template,
polytetrafluoroethylene (PTFE) beneath graphene, enables a continuous charging-discharging process in
graphene, resulting in an obvious voltage output up to 0.1 V even with distilled water. Sang-Woo Kim et al.
reported the triboelectrification-induced large electric power generation from a single moving droplet on
graphene/PTFE (Figure 10h) [164]. Series and parallel connection of three individual graphene/PTFE structures
were also conducted to increase either the output voltage or current. In 2022, Zhonglin Wang et al. put forward
with an effective strategy via interface lubrication to enhance the direct-current density and lifetime of the
triboelectric nanogenerator simultaneously using water-based graphene oxide solution as a lubricant and CVD
SLG as the electrode materials (Figure 101, j) [29].

Moisture and evaporation-induced electricity generation is an alternative method for producing clean and
sustainable energy. A recent research by Hongwei Zhu et al. has demonstrated a highly efficient humidity-
driven electric nanogenerator based on the interfacial cation-z interaction by using the highly WG with
intentionally increased defects and uniform distribution [97]. Electric energy generation is achieved through the
transformation between ionic liquid microdroplets and salt crystals via water adsorption and desorption as
humidity changes. This is because compared with flat graphene films, WG is more hydrophobic, thus allowing
ultrafast water evaporation and preventing excessive water accumulation (Figure 10k, 1).

4.4. Heat transfer

With its high thermal conductivity and tunable wettability, graphene shows great advantages in both
condensation heat transfer and boiling water heat transfer.

The condensation heat transfer occurs when the surface temperature is lower than the dew point of the moist
air and can be classified into two types: dropwise condensation for hydrophobic surfaces and filmwise
condensation for hydrophilic surfaces. To enhance the heat transfer, dropwise condensation is preferred,
indicating the significance of preparing a hydrophobic surface. In 2015, Daniel J. Preston ef al. reported a four-
times enhancement of the condensation heat transfer by using the CVD SLG directly grown on the Cu condenser
tube [30]. This enhancement is mainly attributed to the hydrophobic surface after graphene coating with an
advancing WCA > 80° and receding WCA > 50° (Figure 11a-d). The excellent chemical stability and high
thermal conductivity, that is, low thermal resistance of graphene further contribute to the superior performance
of the SLG-modified Cu condenser. Recently, the performance of the condensation heat transfer has been
further enhanced by using a functionalized-graphene coating, which is more hydrophobic than the pristine
graphene and thus can facilitate the movement of droplets on the surface (Figure 10¢) [165]. Besides, Wei
Chang et al. recently achieved a sustainable dropwise condensation and effective heat transfer by using the FLG
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grown on Ni substrate via CVD [166].

The boiling heat transfer, which accompanies the latent heat transfer of the working fluid, is considered as
the most efficient cooling methodology due to the low wall superheat. In 2019, Ji Yong Kim et al. combined
CVD SLG with the highly wettable FC-72 for a boiling heat transfer experiment and demonstrated the
advantages of graphene in enhancing both the heat transfer coefficient and critical heat flux, the two key
parameters related to the performance of boiling heat transfer [167]. In 2020, Ching Yuan Su ef al. confirmed
the advantages of the fluorinated graphene as atomic layered modifiers for enhancing pool boiling heat transfer
(Figure 10f) [31]. Along with the bubble dynamic visualization, they found that the increase of CA leads to
more active cavities, which plays a vital role in heat transfer (Figure 10g). By using the fluorinated graphene
coating on a plain copper surface and nonpolar refrigerant R-141b as the working fluid, they achieved twice
enhancement of the heat transfer compared with the pristine graphene (Figure 10h).

4.5. Defogger and water harvester

Graphene has great potential in applications of water harvesting and defogging, both of which favor a
hydrophobic surface. Gun-Tae Kim ef al. studied the impact of the Cu substrate topography on the evaporation
of water droplets on the Cu-supported graphene by tailoring its wettability [32]. In specific, after synthesizing
SLG on a hydrophobic electroplated Cu surface which is rough and makes the SLG/Cu surface hydrophobic,
they observed the accelerated water condensation and fast water harvesting through dehumidification (Figure
12a, b). Kang Liu et al. achieved a 40-100% enhancement in condensation efficiency for a 5 hours’ vapor
condensation at a subcooling of 40 °C using the graphene modified PDMS substrate. This can be attributed to
the wetting transparency of graphene, which means that the wetting behavior of the structured hydrophobic
surface of PDMS is not significantly disturbed by the graphene coating. The graphene coating also prevents the
moisture from reaching the structure gaps and thus impeding Cassie-wetting failure of the surface [168].

SLG and FLG films have been utilized as defoggers on dielectric substrates, such as quartz and sapphire,
thanks to their high electrical and thermal conductivity, together with hydrophobicity (Figure 12¢, d) [33, 169,
170]. The applied voltage typically ranges from 10 V to 40 V, and the defogging time decreases accordingly,
ranging from several seconds to several minutes. Notably, directly grown graphene exhibits higher stability in
long-term cycle experiments compared with transferred graphene (Figure 12e), which is mainly due to the
strong interactions formed between the growth substrates and graphene [171, 172]. In addition to flat graphene
films, Hongwei Zhu et al. achieved the fast defogging and anti-icing using the WG (Figure 12f), which has a
WCA of ~ 87° (Figure 12g) and ~ 91° on Si wafer and glass, respectively [34]. The special structure of the
defective WG effectively prevents the water gathering and promotes the water evaporation, avoiding excessive
water accumulation (Figure 12h, ). As a result, the WG-based defogger exhibits relatively lower input voltage
and good robustness (Figure 12j). Fog can be completely removed within 5 s when a safe voltage of 28 V is
supplied. Moreover, since the resistance of the defoggers is sensitive to humidity, real-time monitoring of the
defogging process is also achievable in this work.

5. Summary and perspective

This review provides the recent research progress on the graphene wettability, elaborating the water-
graphene interactions and clarifying the impact of the underlying substrates together with the surface
contamination on graphene wettability. The main structural factors that affect the wettability of the CVD
graphene are then discussed, accompanied by the versatile graphene growth, transfer, and post-treatment
methods developed to change the structure of graphene and thus its wettability. The latest advances in energy
applications including solar cells, supercapacitors, batteries, nanogenerators, heat transfer and water harvesting,
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of the CVD graphene with its tunable wettability are also summarized. Finally, we present a summary and
perspective to indicate the future directions for the practical applications of the high-quality CVD graphene in
these energy fields.

When comparing CVD graphene with graphene flakes produced via reduction of liquid exfoliated graphene
oxide in terms of wettability, there are some clear differences and common behaviors, which will be discussed
separately below. For the former, CVD graphene exhibits distinct, structure-dependent wettability behaviors,
making it an ideal platform for fundamental research. The wettability of CVD graphene is closely linked to that
of the substrates, with measured WCA values typically smaller than those for graphene derived from graphene
oxide due to significantly reduced defect density and surface functional groups. On the other hand, for the latter,
the wettability of both types of graphene can be readily adjusted over a wide range, from hydrophilic to
hydrophobic, and the coating process for both samples is highly contingent on the wettability of both the target
substrates and the material itself. To date, in the field of energy applications, liquid-exfoliated graphene flakes
have been widely utilized due to their ease of production and cost-effectiveness. However, with the rapid
advancements in the mass production of CVD graphene, increasing attention has been directed toward CVD
graphene because it offers unique advantages such as high transparency, exceptional electrical conductivity,
high thermal conductivity, and large-area uniformity. Overall, both types of graphene present distinct
characteristics in terms of wettability, with each finding its niche in various applications based on their specific
attributes.

It is evident that the adoption of the high-quality CVD graphene with tunable wettability in energy fields is
advantageous. However, several challenges need to be overcome to increase the competitiveness of water-
involved energy devices that utilize CVD graphene. Firstly, the scalable production of graphene with high
consistency is crucial to lower the cost. Secondly, novel graphene transfer methods compatible with different
functional substrates and device fabrication processes are required. For example, in PSCs, the perovskite
materials are very sensitive to both organic and inorganic solvents. Thirdly, to enhance the stability of the
graphene-based devices, graphene needs to be tightly adhered to the underlying substrates, for which the direct
growth of graphene on the target substrates is the best option. However, since most of the non-metal substrates
are catalyst-free or not stable at high temperatures, novel CVD growth strategies to improve graphene quality,
controllability, as well as uniformity or to decrease the growth temperature are still required. Meanwhile,
scalable, and simple post-treatment methods are still required to tune the graphene wettability or widen the
WCA range, especially those environmental-friendly, vacuum-free, dry ones. Moreover, modulation of wetting
states of graphene to both superhydrophilic and superhydrophobic range will enlarge its generality in various
energy fields.

There are various methods for evaluating the wettability of graphene, most of which rely on directly
measuring the static WCA. This is relatively straightforward when dealing withCVD graphene supported by a
substrate. However, assessing the intrinsic wettability in pristine graphene poses great challenges, primarily
owing to the preparation of suspended graphene and the following special setup required, such as conducting
ESEM measurement using tilted sample holder to record water droplets shaper on suspended graphene, and
measuring the shape of bubble underneath mm-sized graphene floating on water. Furthermore, dynamic WCA
measurements offer more comprehensive insights by capturing advancing and receding contact angles, as well
as their hysteresis. To directly analyze the shape of small water droplets on graphene, Cryo-SEM proves helpful,
allowing for the observation of frozen water drops on graphene. AFM and TEM are also viable options for
investigating graphene's wettability through the fabrication of graphene-based liquid cells. While WCA
quantifies surface wettability on a macroscopic scale, nanoscale wettability is assessed through the
measurement of adhesion forces using AFM, which involves tracking the attractive maximum in the force
profile. In recent developments, VSFG has been employed to elucidate the water structure at the graphene-water
interface. This characterization might also be achieved through the utilization of Cryo-TEM.
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The systematic investigation into the role of graphene in energy devices is still in its infancy but is imperative.
To make the best use of the CVD graphene in accelerating the development and utilization of water-based clean,
renewable energy, special attention could also be paid to the following aspects. Generally, the electronic,
thermal, and mechanical properties of graphene are altered when tuning its wettability through doping or surface
modification, which needs to be taken into consideration when analyzing the device performances and might
inspire more interesting applications of graphene. The excellent properties of pristine graphene are
advantageous in many applications. However, due to the complex influences of both substrates and
contaminants, maintaining a clean and hydrophilic graphene surface is challenging. This, to be honest, severely
hinders some advanced applications, and disturbs the fundamental research about the properties of graphene or
its interactions with other materials. The high-quality CVD SLG shows advantages with its superior mechanical
properties and thus can be used for flexible applications in energy fields. The semi-transparency of graphene
endows the efficient modification of the substrate, providing extensive possibility for novel applications.
Considering the applications of graphene in different areas, the wetting properties of aqueous droplets on
graphene and related materials should be studied as well. What’s more, miniaturization and integration of
graphene-based energy devices is an irresistible trend to solve the future energy crisis. Meanwhile, the
utilization of other layered materials, and their heterostructures should also be considered, given their
advantages in tunable bandgap and work function.

Nomenclature

A chemical vapor deposition CVD
B single layer graphene SLG
C  water contact angle WCA
D  molecular dynamics MD

E contact angle CA

F van der Waals vdW
G density functional DF

H  polydimethylsiloxane PDMS
1 environmental scanning electron microscope ESEM
J poly(methyl methacrylate) PMMA
K  grain boundary GB

L Stone Wales SW

M  single vacancy SV

N  double vacancy DV

O  bilayer graphene BLG

P multilayer graphene MLG
Q tri-layer graphene TLG

R vibrational sum-frequency-generation VSFG
S polyethylene terephthalate PET




T  perovskite solar cells PSCs
U  power-conversion efficiency PCE

V  electrical double layer capacitors EDLCs
W electrical double layer EDL

X polyvinylidene fluoride PVDF
Y  polytetrafluoroethylene PTFE
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Figure 1. Scope of the review, which covers the origin of graphene wettability, discusses its influencing factors, and the application of
graphene in water-involved energy applications. (a) Schematic of the SLG/n-Si Schottky junction solar cell. Reproduced with permission
from [23]. Copyright 2012, American Chemical Society. (b) Water condensation on CVD SLG/Cu tubes. Reproduced with permission
from [30]. Copyright 2015, American Chemical Society. (c¢) Schematic of the water condensation on hydrophobic SLG/Cu. Reproduced
with permission from [32]. (d) Schematic of a directly grown graphene glass defogger. Reproduced with permission from [33]. Copyright
201, American Chemical Society. (e) Schematic of the SLG based tribo-voltaic nanogenerator. Reproduced with permission from [164].
Copyright 2016, American Chemistry Society. (f) Schematic showing the effect of graphene wettability on the electrolyte electro-sorption
within graphene-based nonconfined and confined space. Reproduced with permission from [173]. Copyright 2019, ELSEVIER.
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Figure 2. Interactions between water molecules and graphene. (a) Adsorption energy of water monomer on suspended graphene.
Reproduced with permission of [45]. Copyright 2018, The Royal Society of Chemistry. (b) Post-equilibrium MD simulation snapshots of
a water droplet lying on a flat-fixed suspended graphene. (c) Time average profile of the water droplet in (B) showing its shape, where r
and z are droplet radius and height, respectively. Reproduced with permission from [48]. Copyright 2013, Nature Publishing. (d) MD
simulation result showing the shape of a water nanodroplet on pristine graphene. (e) Adsorption energy of water monomer (two-leg
configuration) as a function of the distance from O atom in water to graphene plane. (f, g) First-principles simulations result of the charge
transfer between water monomer and graphene, where red and blue clouds correspond to the accumulation and depletion of electrons,
respectively. (h) Planar-averaged electron density difference as a function of the distance from O atom in water to the graphene plane.
Reproduced with permission from [41]. Copyright 2021, Wiley-VCH.
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Figure 3. Wetting transparency of graphene. (a, b) Wettability of a bare CaF, substrate, SLG/CaF, and bilayer graphene (BLG)/CaF,.
Reproduced with permission from [174]. Copyright 2021, Elsevier. (c) WCAs on Si and glass without and with SLG coating. Reproduced
with permission from [52]. Copyright 2012, Nature Publishing. (d) WCA of SLG supported by the solid substrate (6gs) as a function of the
WCA of the bare substrate (6s), with different equilibrium contact separations between graphene and the solid (Jdgs). Reproduced with
permission from [53]. Copyright 2012, American Physical Society. (¢) WCAs of ice, hydrogel, PDMS and Cu without and with SLG
coating. (f) Calculated polar and dispersive components of the surface energy of graphene-covered substrates versus the bare substrates.
Reproduced with permission from [42]. Copyright 2018, Wiley-VCH. (g) Polar transmittance of SLG to different substrates. Reproduced
with permission from [55]. Copyright 2018, Elsevier. (h) Impact of Cu crystal planes and temperature on wettability of SLG/Cu.
Reproduced with permission from [61]. Copyright 2023, Elsevier. (i) Schematic showing the mechanism of the optical visualization of
graphene on substrates. (j) WCA of various substrates with and without SLG coating. Reproduced with permission from [68]. Copyright
2016, Wiley-VCH.
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Figure 4. Measurement of intrinsic wettability in pristine graphene. (a) Schematic showing the captive bubble setup for WCA
measurement of free-standing graphene. (b) Photograph of graphene on top of an air bubble (side view). Scale bar: 2 mm. (¢) WCA of free-
standing SLG measured in different humidity. Reproduced with permission from [43]. Copyright 2018, Nature Publishing. (d) WCA of
SLG and BLG on ice and hydrogel. Reproduced with permission from [42]. Copyright 2018, Wiley-VCH. (¢) Schematic showing the
intrinsic hydrophilicity of pristine graphene excluding the impact of underlying substrate. (f) ESEM image showing the water droplet on
supported SLG. (g) ESEM images showing the water droplets on suspended graphene acquired at different tilt angles. (h) Statistics of the
WCA measured at different tilt angles. Reproduced with permission from [41]. Copyright 2022, Wiley-VCH.
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Figure 8. Impact of doping on graphene wettability. (a) Schematic showing the different wetting states of pristine and doped graphene.
Reproduced with permission from [106]. Copyright 2016, American Chemical Society. (b) Impact of applied gate voltage on graphene
wettability. Reproduced with permission from [110]. Copyright 2012, IOP Publishing. (c) WCA and resistivity change of graphene as a
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Schematic of the covalent functionalized SLG using bioactive ligands. Reproduced with permission from [117]. Copyright 2019, American
Chemical Society. (¢) Schematic of the plasma treatment of SLG for surface modification. Reproduced with permission from [175].
Copyright 2019, IOP Publishing. (f) WCA of graphene as a function of O, plasma treatment time. Reproduced with permission from [69].
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[76]. Copyright 2014, Nature Publishing.



24

0 1 2 4
Thickness of MoO3 on graphene (nm)

P A3 2 NN

——— v -
-J W V‘h.h r J’h MJ‘VO

e T

RN
@ C
®:0
00
N
[ X J

i

:

Coulombic Efficiency (%)

o

33

n

Specific capacitance/ pF em?
w
v

g6 gt o 0 0 ga
o G & b o N

n

i
I
S s 140 120 100 80 60 40

Contact angle 0/ °

Contact angle 8/ *

Figure 9. Impact of graphene wettability in solar cell, battery, and supercapacitor applications. (a) Schematic of the inverted PSCs using
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and graphene-coated Li anodes after exposure to air for 6 hours. Reproduced with permission from [25]. Copyright 2021, Wiley-VCH. (g)
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spaces. (h, i) Capacitive results for nonconfined (h) and confined (i) space. Reproduced with permission from[27]. Copyright 2019,
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