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Superhydrophobic and superoleophilic hybrid foam of graphene and

carbon nanotube for selective removal of oils or organic solvents from

the surface of water
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A monolithic 3D hybrid of graphene and carbon nanotube was

synthesized by two-step chemical vapor deposition. Owing to its

superhydrophobic and superoleophilic properties, it can selectively

remove oils and organic solvents from water with high absorption

capacity and good recyclability.

With the increasing awareness of environmental protection

and need for water recycling, it is imperative to develop novel

materials that are able to effectively absorb, remove, and

transfer oil spills or organic contaminants from the surface

of water. Oil sorbent materials have been developed from

cross-linked co-polymers,1,2 organic or inorganic nanowire

films,3,4 macroporous nanocomposites,5,6 carbon nanotube

sponges7,8 and carbon nanotube modified polymer coating,9

etc. These materials, however, exhibit some drawbacks compared

to the ideal absorbers which should exhibit superhydrophobicity

and superoleophilicity, low density, high oil sorption capacity,

low water pickup, low-cost, environmental friendliness, and good

recyclability.

Graphene, a single-atom-thick carbon sheet, has recently

attracted tremendous interests in many fields (e.g., nano-

electronics,10 sensors,11,12 energy devices13,14) due to its extra-

ordinary electrical, physical, chemical, mechanical, and structural

properties.15,16 Its hydrophobic property implies its potential in

oil absorption. We measured the contact angle of a graphene film

grown by chemical vapor deposition (CVD). The large contact

angle (yc = 89.41, measured with a FTA200 Dynamic Contact

Angle Analyzer) clearly indicates its hydrophobicity (Fig. 1a and b).

The two dimensional (2D) graphene film, however, is not a

superhydrophobic material (yc = 1501 by definition). Three

dimensional (3D) porous structures are desired to absorb and

retain oils or organics with large capacity. Recently, 3D foam of

chemically derived graphene (CDG) has been synthesized and

used for oil adsorption.17 But its adsorption capacity is

moderate, due to the compromised hydrophobicity of CDG

(as compared with defect-free CVD graphene) and the too-small

and non-uniform pore structure.

A 3D monolith of CVD graphene has recently been demon-

strated.18 As described previously, 3D graphene is CVD-grown

using nickel foam as the substrate and ethanol as the carbon source;

nickel foam can be subsequently removed by HCl leaving 3D

graphene free-standing.19 The obtained monolith is macroporous

(100–200 mm) and is an extremely thin (thus lightweight) scaffold

consisting of only single or few-layer graphene domains (Fig. 1c).

Intuitively, the uniform, monolithic, macroporous structure of such

3D graphene is ideal for oil adsorption, retention, and transfer.

As shown in Fig. 1d, the yc value of 3D graphene is 108.51. The

improved hydrophobicity compared to 2D graphene is because

of the underneath air pockets trapped in the porous graphene

structure, as formulated by the Cassie–Baxter surface model.20,21

It, however, is still not superhydrophobic.

It is known that the intrinsic hydrophobicity can be enhanced

by surface roughness. Based on this idea, carbon nanotube

(CNT) networks have been used to increase the surface hydro-

phobicity taking advantage of the high hydrophobic property

of CNT (the 1D cousin of 2D graphene) and the nano-texture

of its network.22 As shown in Fig. 1e and f, the contact angle of

Fig. 1 SEM images, and optical images of a water droplet placed

onto the surface, of a 2D graphene film (a, b), 3D graphene foam (c, d)

and a 2D CNT network film (e, f). The inset of (c) shows the SEM

image of the graphene skeleton surface.
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the 2D CNT network thin-film is larger than the smooth

graphene film. Prompted by this, we devised a two-step

CVD process to synthesize 3D graphene–CNT hybrid foam.

Briefly, after growing graphene on nickel (Ni) foam, the

graphene–Ni substrate is immersed into 10% (w/w) polyethylene

glycol ethanol solution containing 0.1 mM Ni(NO3)2 as the

precursor of the CNT growth catalyst (Ni particle) for about

2 min and dried in air. Using ethanol as the carbon source,

CNTs are CVD-grown at 750 1C for 40 min. Finally, Ni

foam was etched away with 3 M HCl at 80 1C overnight to

obtain 3D graphene–CNT hybrid foam (Fig. 2a). The bulk

density of the resulting graphene–CNT hybrid foam is about

6.92 mg cm�3 and the hybrid can be reversibly bent with a

large angle (Fig. 2a, inset).

As revealed by scanning electron microscopy (SEM), a

dense forest of carbon nanotubes fully and uniformly wraps

around the 3D graphene scaffold (Fig. 2b–d). This porous

hybrid carbon foam is distinct to the previously reported

vertically-grown high-density CNTs on a 2D graphene film.23

Transmission electron microscopy (TEM) shows that CNTs

are multi-walled with an outer diameter of B100 nm (Fig. 2e).

A typical Raman spectrum of bare 3D graphene is presented in

Fig. 2f (top); the intensity ratio between the characteristic 2D and

G band indicates that the region of measurement is a single

graphene layer.24 There is no obvious defect band atB1350 cm�1

indicating high quality of the graphene foam. The Raman

spectrum of the 3D graphene–CNT hybrid (Fig. 2f, middle)

exhibits characteristic peaks of multi-walled CNTs (Fig. 2f,

bottom),25 indicating the full coverage by CNTs. Compared

to the solution-based self-assembly of chemically modified

graphene or CNT,26,27 the CVD approach ensures seamless

integration of graphene and CNT, preservation of their pristine

properties, and realization of the well-defined monolithic 3D

structure.

Fig. 3a–c demonstrates the wetting behavior of a water

droplet on the surface of a graphene–CNT hybrid. As shown,

the water droplet assumes a large contact angle of 152.31,

indicating that the hybrid is superhydrophobic. Such superior

hydrophobicity of the 3D graphene–CNT hybrid as compared

with 2D graphene, 2D CNT network, and bare 3D graphene is

due to the nano-roughness created by the CNT forest on the

graphene surface and the air interfaces in the macroscopic

voids of the 3D structure and the nanoscopic voids in the CNT

forest. In contrast, the droplet of compressor oil quickly

spreads and is then completely sucked into the hybrid carbon

foam (Fig. 3d–f). Clearly, the hybrid carbon foam is super-

oleophilic (perfect oil-wetting as evidenced by yc = 01).

As shown in Fig. 4, when brought into contact with a drop of

toluene floating on the surface of water, toluene is immediately

and completely adsorbed into the free-standing graphene–CNT

hybrid. This clearly suggests the potential use of the 3D

graphene–CNT hybrid as the selective absorbent to remove

oils and organic solvents from water. To further demonstrate

this, we investigated the absorption capacities (k) of the

graphene–CNT hybrid foams for several kinds of oils and

organic solvents including compressor oil, sesame oil, chloroform,

dichlorobenzene, toluene and dimethylformamide (DMF). The

absorption capacity is defined as k = (weight after saturated

adsorption � initial weight)/initial weight.

As shown in Fig. 5, the adsorption capacity of the hybrid

carbon foam ranges from B80 to B130. This is significantly

superior to oil absorption resins,28 3D macroporous nanocom-

posites,5 and inorganic nanowire membranes.4 The adsorption

capacity depends not only on the density but also viscosity and

surface tension. For example, although chloroform has a higher

density than toluene (1.49 vs. 0.87 g cm�3), its adsorption by the

graphene–CNT foam is poorer. This can be explained by the

higher viscosity (0.56 vs. 0.45 cSt) and lower surface tension

(0.027 vs. 0.029 g/N m�1) of chloroform than that of toluene.

The adsorption capacity of the hybrid foam is better than the

bare 3D graphene (kdichlorobenzene E 71.2 and kcompressor oil E
48.5), indicating the important role of CNT forests. More

importantly, the absorbed oil can be removed by washing with

acetone followed by drying at 140 1C, while absorbed organic

solvents can be simply removed by drying at 140 1C. In this

Fig. 2 (a) Optical image of graphene–CNT hybrid foam. Inset shows

the bent hybrid. (b, c, d) SEM images of graphene–CNT hybrid

foam with different magnifications. (e) TEM image of individual CNT.

(f) Typical Raman spectra of bare graphene foam, graphene–CNT hybrid

foam and pure CNTs.

Fig. 3 Video snapshots of the wetting behaviour of a water droplet

(a, b, c) and a compressor oil droplet (d, e, f) placed onto the surface of

a graphene–CNT hybrid foam.

Fig. 4 Removing a toluene droplet (labelled with oil blue N dye)

from the surface of water using the graphene–CNT hybrid foam.
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way, the hybrid foam can be re-used multiple times without

significant loss in adsorption capacity (Fig. 5b). The recyclability

of this macroporous foam is much better than the nanoporous

CNT sponges.7,8

In summary, we have presented a simple CVD method to

synthesize a novel 3D graphene–CNT hybrid. The 3D graphene

serves as the ultra-light 3D scaffold to anchor the CNT forest.

The all-carbon hybrid foam exhibits superhydrophobic properties

owing to its bulk porous structure, surface nano-roughness and

nanoscopic voids, and the hydrophobicity of CNTs. We show

that the hybrid foam can be used to selectively remove oils and

organic solvents from the surface of water with high capacity

owing to its superoleophilicity and the macroporous structure

that can effectively retain the absorbates. This study exemplifies

the synergistic integration between the 2D graphene and 1D CNT

for novel applications.29–31 Furthermore, the demonstrated 3D

carbon foam shall also warrant other novel applications, e.g.,

serving as a 3D electrode in energy storage or conversion devices.
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