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Abstract

Water pollution is a global environmental problem that affects the ecosystem severely. Treatment of oily wastewater and organic
pollutants is a major challenge that waits to be solved as soon as possible. Adsorbing is one of the most effective strategies to deal
with this problem. Three-dimensional (3D) porous adsorbents made of graphene or graphene-based nanomaterials skeletons had
attracted more attention in wastewater treatment because of their large surface area, high porosity, low density, high chemical/
thermal stability, and steady mechanical properties, which allow different pollutants to easily access and diffuse into 3D networks
of adsorbents. This work presents an extensive summarization of recent progress in the synthesis methodologies and microstruc-
tures of 3D graphene foams and 3D graphene-based foams and highlights their adsorption performance for oils and organic
solvents. Advantages and disadvantages of various preparation strategies are compared and the corresponded structures of these
skeletons are studied in detail. Furthermore, the effects of the structures on oil-adsorption properties are analyzed and some data
and parameters of the oil-adsorption properties are listed and studied for easier comparison. At last, the future research directions
and technical challenges are prospected, which is hoped that the researchers will be inspired to develop the new graphene-based
adsorbents.

Keywords Three-dimensional graphene skeleton - Foams - Adsorbents - Oil-water separation - Organic pollutants -
Nanocomposite

Introduction

Water contamination and related environmental concerns
have become a hot issue in recent years. Water contamination
is caused by dyes, oil spills, organic solvents, and heavy
metals released by industry, as well as via changeable acci-
dents. Among them, contamination caused by crude oil and
toxic organic solvents (such as cyclohexane, benzene, dichlo-
romethane, and toluene) poses a huge threat to marine
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ecosystems and economy(Schrope 2011). For example, the
Gulf of Mexico oil spill in 2010 is a typical example, the
largest ocean leak in history, which leaked 4.9 million pails
of crude oil into the ocean, causing grave harm to fisheries,
marine life, tourism, coastal wetlands, and so on (McNutt et al.
2012). The long-term environmental pollution caused by leak-
age of oils and organic solvents urgently requires the devel-
opment of technologies and advanced materials to remove oil
and water-insoluble organic pollutants from the surface of the
water (Cheng et al. 2011; Li et al. 2013; Srinivasan and
Viraraghavan 2010a; Toyoda and Inagaki 2000).

Currently, water pollution remediation methods are based
on traditional artificial technologies such as in situ burning,
mechanical method, adsorption, and bioremediation
(Brakstad et al. 2018; Motta et al. 2018; Srinivasan and
Viraraghavan 2010b; Wang et al. 2018a). Among these
methods, in situ burning method can efficiently remove oil
spills in a short time with low costs, but the gas released by
combustion (CO, SO,) will cause threats to the environment.
The mechanical method is less harmful to the environment.
However, it relies heavily on specialized equipment and is
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more expensive. Bioremediation method uses microorgan-
isms to decompose petroleum substances. Nevertheless, the
speed of purifying water is slow and cannot meet emergency
needs. The adsorption method removes and recovers oil by
using porous adsorbent materials. It is considered to be one of
the most promising methods because of its effectiveness, ease,
and safety. Absorbents for oil removal involve inorganic min-
eral sorbents, natural organic sorbents, and synthetic polymers
(Adebajo et al. 2003; Annunciado et al. 2005; Bandura et al.
2017; Bastani et al. 2006; Bayat et al. 2005; Doshi et al. 2018;
Radetic et al. 2003). Inorganic mineral adsorbents, such as
zeolites, perlite, graphite, clay minerals, and silica adsorbents,
are widely investigated because of their low cost, easy avail-
ability, and non-flammability (Bandura et al. 2015). However,
due to their lower buoyancy comparing with organic adsor-
bents and synthetic polymer adsorbents, the adsorption capac-
ity is relatively low. Natural organic adsorbents such as straw,
wood fiber, corn corb, and cotton fiber are easily available and
environmentally friendly, but their poor hydrophobicity will
cause these materials to absorb a large amount of water while
absorbing oil. The synthetic polymers such as polyethylene,
polypropylene, polyacrylate, polyurethane, and polystyrene
have excellent adsorption capacity for spilled oil because of
their excellent hydrophobicity and lipophilicity. The disad-
vantages are flame retardancy, non-biodegradability, and the
possibility of returning the absorbed oil under external force.
Therefore, developing new adsorbents that can reversibly and
effectively remove oil spill pollutants and organic solvents is
essential for future oil spill cleanup and water pollution
remediation.

Three-dimensional (3D) spongy graphene has recently
attracted enormous interests as a new type of sorbent with
many excellent properties such as outstanding surface areas,
highly porous structure, flexibility, highly hydrophobic/
oleophilic, and remarkable chemical stability (Bi et al. 2012;
Bolotin et al. 2008; Frank et al. 2007; Shen et al. 2015). The
well-connected network and abundant pore structure of 3D
graphene macrostructures provide sufficient transport chan-
nels which is beneficial to diffuse contaminants into the inte-
rior of the adsorbent. This also helps to promote the rate of
diffusion, which leads to higher adsorption rates. In addition,
the adsorption of contaminants on 3D graphene adsorbents
has faster adsorption kinetics compared with the existing ad-
sorbents (Chen et al. 2013; Wang et al. 2011; Xu et al. 2013).

The most primitive approach for preparing graphene is me-
chanical exfoliation, which is not applicable for industrial ap-
plications due to its low efficiency. Therefore, large-scale pro-
duction of 3D graphene foams and its widespread distribution
requires some alternative processes. In the past few years,
various production methods had been exploited for the prep-
aration of 3D graphene foam, including self-assembly and
chemical vapor deposition (CVD) and other methods.
Comparing with the mechanical exfoliation method, the

production obtained by the CVD method exhibits a rich mor-
phology and high conductivity. However, the growth of
graphene is mainly concentrated on the outside of the catalyst,
and the yield of graphene by this method is still not high. Self-
assembly is a very promising technique for mass production of
3D graphene skeleton. During the use and recycling process, the
release of pure graphene to the environment should be avoided,
because of the lower toxicity of graphene to cells, animals, and
plants. Modifying the structure of 3D graphene with functional
materials is an effective way to solve the above problem and
produce new types of 3D graphene-based foams. Although
graphene-based adsorption materials are widely used in scientific
research, there are still bottlenecks in large-scale industrial appli-
cations. Therefore, all of these techniques are calculated to find
an optimum way for large-scale production. It is essential to
contradistinguish these systems, analyze their advantages and
disadvantages, and exploit a suitable method for industrial pro-
duction of graphene materials with remarkable oil-adsorption
properties and low costs.

Herein, this review summarized the synthesis methods of
3D graphene foams and 3D graphene-based foams. The rela-
tionship between the synthesis mechanism and adsorption
properties of high-performance sponges is also elaborated.
Finally, it briefly overviewed the current difficulties in assem-
bly and application and looked forward to the future develop-
ment prospects.

3D graphene foams obtaining methods

3D graphene foams with specific surface area and excellent
porosity can generally be prepared by various procedures,
including CVD, reduction self-assembly methods and others.

CcvD

CVD is one of the most efficient techniques for synthesizing
high quality 3D graphene sponges with controlled layer and
size. In particular, the nanoporous graphene synthesized by
the CVD method has the characteristics of high adsorption
capacity, large specific surface area, large pore volume and
small pore size as a nano adsorbent. In this way, three main
components are required: carbon feedstocks, supporting tem-
plate, and a heating source around 1000 °C within a controlled
atmosphere. The supporting template types could be catego-
rized into metal catalysts and non-metal catalysts.

Growth of graphene foam from metal catalysts
The metal catalysts are constituted by either Ni or Cu, depos-
ited in a thin layer by electron beam evaporation (Chen et al.

2011b; Tto et al. 2014; Niu et al. 2012a; Singh et al. 2013;
Wang et al. 2017¢). The carburizing mechanism of preparing
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3D graphene foam by CVD is mainly in accordance with that
in growing graphene on Ni foils (Chen et al. 2011b). The
oxide layer on the surface of Ni foam was removed by heating
annealing at such short notice with the gas of hydrogen diluted
with argon. During synthesis, a small quantity of methane was
added into the reaction chamber at a constant rate, dissolving
into Ni at 1000 °C. Subsequently, graphene foam was formed
by a rapid convective cooling step of 100 °C min™'. Ni foam
could be easily etched away via a hot HCI solution. Before
removing Ni, polymer scaffolds are often needed to avoid the
collapse of the graphene network (Chen et al. 2011b). The
polymer scaffolds could be removed by acetone (Krueger
et al. 2016). Poly (methyl methacrylate) (PMMA) is a typical
template-support-sacrificial layer. The morphology of classi-
cal CVD-grown graphene foam was shown in Fig. 1. Such
graphene foam had improved flexibility and mechanical
strength due to the compact Ni foam scaffolds. The influenc-
ing factors of this process include carburization speed and
cooling rate, which are relatively difficult to control.
Therefore, some researchers had proposed using Cu as a tem-
plate to grow graphene (Xia et al. 2017). Cu templates had a
lower carbon saturation level and brilliant catalytic activity for
graphene sponge growth. For example, Kim’s team used the
CVD method to grow graphene on the 3D Cu foam and then
spin-coated the PMMA layer on the 3D graphene/Cu sponge
to preserve the 3D skeleton framework. The Cu foam was
removed by chemical etching in an amount of 1 wt.%
(NH4),S,05 solution and 3D graphene sponge was obtained
(Kim et al. 2013). The growth mechanism of Cu is different
from that of Ni foam. During the catalytic growth of graphene
on Cu foam, carbon atoms adsorb on the Cu surface and crys-
tallize to form graphene sponges. Therefore, when the Cu
catalyst is used, the collapse of the graphene sponge could
not be prevented. Additionally, metal oxide nanoparticles
such as magnesium oxide, aluminum oxide, gallium oxide,
and other oxides can be used as templates for individual 3D
graphene foam formation (Bachmatiuk et al. 2013; Ning et al.
2017). Ning’s group reported 3D graphene capsules produced
using the MgO-templated CVD process. They produced flex-
ible 3D graphene capsules with surprising pore volume and
good flexibility, which still exhibited high oil capacity (156

Fig. 1 Characterization of
graphene foam. a Image of
graphene with scanning electron
microscopy (SEM). b Raman
spectroscopy indicates the
structural composition of the
foam (Krueger et al. 2016)
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g/g) (Ning et al. 2017). There are some inherent disadvantages
to using metal templates, including time-consuming template
removal procedure and inevitable metal residue. In practical
applications, cost issues should also be considered. Therefore,
we should turn our attention to the development of low-cost
and easily removable CVD growth templates for industrial
production of the 3D graphene skeleton.

Growth of graphene foam from non-metal catalysts

In addition to Ni and Cu foams, graphene sponge can also be
prepared on non-metal templates, such as silica and seashells.
For example, Liu’s group found that annealing treated sea-
shells exhibited a porous structure that provided a feasible
template for the formation of 3D graphene foam. In this pro-
cedure, CVD can result in the preparation of graphene
macroporous structure on a CaO porous framework which
comes from CaCOj; calcination. Finally, etching CaO in dilute
HCI and obtaining self-supporting 3D graphene foam after
freeze-drying treatment (Shi et al. 2016). The seashell-
derived 3D graphene foam had excellent electrical conductiv-
ity and mechanical flexibility. Figure 2 shown the fabrication
process of 3D graphene sponge using a seashell template and
the oil adsorption performance of 3D graphene sponges.
Chen’s group used silicon dioxide as a template to grow
high-quality graphene sponge by the CVD method after acti-
vating the growth substrates in the air at high temperatures
(Chen etal. 2011a). 3D graphene foam prepared by this meth-
od has higher surface roughness, structural stability, and rich
porosity, which make it the prominent candidate for oil-water
separation. Unlike metal-catalyzed CVD growth, the method
presented here is suitable for industrial production because of
the low-cost and abundant nature of non-metallic templates
and the high scalability.

Reduction self-assembly methods

The most important precursor for the fabrication of 3D
graphene foams is graphene oxide (GO). However, due to
the presence of polar groups such as hydroxyl and carboxyl
groups, the hydrophilic feature of GO limits its oil-adsorption
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Fig. 2 Fabrication process of 3D graphene sponge using seashells
template. a Diagram of the fabrication process of the graphene foam. b
SEM image of the original seashells microstructure. ¢ SEM image of
calcined seashells at 1050 °C for 30 min in air. d Graphene-coated cal-
cined seashells after CVD growth at 1020 °C for 30 min. e 3D graphene

capability seriously. It seems to be essential to reduce GO to
superoleophilic- and superhydrophobic-reduced graphene ox-
ide (rGO). Reduction self-assembly is a one-step method to
prepare 3D oil-adsorption graphene foams by reducing and
assembling GO simultaneously into ultra-light rGO foams
with the help of crosslinking and reducing agents. The syn-
thetic strategies can be roughly split into three categories,
which are hydrothermal reduction, chemical reduction, and
others.

Self-assembly via hydrothermal method

Hydrothermal method is one of the most facile, attractive,
efficient, and green techniques for synthesizing 3D porous
graphene foams, but the process requires high temperature
(~ 90-200 °C), high pressure, and long reaction times (Bi
et al. 2012; Zhao et al. 2012). During the hydrothermal syn-
thesis, oxygen groups such as carboxyl and hydroxyl groups
are eliminated gradually at the high temperature and the re-
duction of GO was performed (Garcia-Bordeje et al. 2018;
Wu et al. 2016; Xu et al. 2010). At the same time, rGO sheets
are assembled via 71-7t stacking at the graphene basal planar.
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foam after removal of CaO skeleton. f Demonstration of methylene chlo-
ride adsorption underwater of graphene foam; g Adsorption kinetics of
ethanol and water by graphene foam. h Adsorption capacities of different
carbon-based materials for oil. i Adsorption capacity of various organic
solvents and oils by graphene foams (Shi et al. 2016)

For the first time, Zhao’s group (Zhao et al. 2012) fabricated
self-assembled graphene foam with strong mechanical prop-
erties, tunable pore structure, and excellent surface properties
via hydrothermal treatment. In addition, Zhao’s group found
the connection between the structure of graphene foam and
adsorption performance. The results showed that the adsorp-
tion performance of graphene foam on dyes has a great rela-
tionship with the surface charge concentration and electrostat-
ic interaction, the adsorption capacity of oil is mainly depen-
dent on the van der Waals interactions and specific surface
area of graphene foam. In further work, Bi’s group annealed
GO aerogel to synthesize graphene sponge with improved low
density and absorption capability for oil removal (Fig. 3) (Bi
et al. 2014). Bi’s group regulated the hydrophobicity using a
flame soot on the outer surface of the graphene foam. The
surface on graphene sponge produced a lotus leaf-like hierar-
chical carbon structure that significantly increased the absorp-
tion capacity of graphene sponge by 8 to 10 times that of
previously reported graphene adsorbents. Figure 3a schemat-
ically shows the fabrication of graphene sponge. This process
was improved to fabricate graphene sponge with high cavity
content and lower density.
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Fig. 3 Images of the fabrication process of the graphene foam (Bi et al. 2014)

Self-assembly via chemical reduction

Chemical reduction is a facile, mild, and effective technique to
prepare 3D graphene foams. The chemical reduction induced
self-assembly of GO nanosheets usually occurs at atmospheric
pressure below 100 °C without stirring, which is free from the
harsh hydrothermal procedure (Ren et al. 2017; Tabish et al.
2018). For example, Liu’s group produced a highly com-
pressed anisotropic graphene aerogel by reacting GO with
ascorbic acid at 70 °C for 4 h, followed by directional
freeze-drying (Liu et al. 2016). In this procedure, when the
graphene foam was directional frozen, the ice crystals tend to
grow in the elevation direction and remove the reduced GO
flakes, which are sandwiched between adjacent ice crystals to
constitute a 3D skeleton network. Graphene aerogel axial
compression rebound tests demonstrated that directional
freezing is beneficial to the mechanical properties of acrogels,
which is closely related to the recovery performance of 3D oil-
adsorption graphene foams. Due to its high porosity, brilliant
flexibility, and good flame-resistance, the adsorbent had ex-
cellent recyclability for organic liquids and oils under adsorp-
tion combustion, adsorption distillation, and adsorption com-
pression cycles.

In addition to ascorbic acid, phenolic acids and L-
phenylalanine have also shown environment-friendly for re-
ducing GO sheets (Dong et al. 2018; Wang et al. 2017b).
Wang’s group heated the mixed solution of GO suspension
and phenolic acids at 95 °C for 8 h to obtain graphene hydro-
gel, which was freeze-dried to fabricate graphene foam (Wang
et al. 2012). Natural phenolic acids and GO sheets self-
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assembled under 7t-7t interaction to prepare 3D graphene
foam, which exhibited high porosity, electrical conductivity,
superhydrophobicity, and high mechanical strength. Xu’s
group heated the GO dispersion in an oil bath at 95 °C for
48 h in the presence of the L-phenylalanine solution to prepare
graphene aerogel (Xu et al. 2015). The graphene aerogel had
ultra-low density (5.0 mg cm™), remarkable mechanical prop-
erties, large specific surface area, complete water repellency
(water contact angle of 151.1°), and excellent recyclability. In
addition, some crosslinking agents such as thiourea and
ethylenediamine (EDA) can also gently reduce GO sheets
and lead to self-assembly under low temperature and pressure.
Li’s group used EDA acted as a crosslinker to reduce and self-
assemble GO sheets in one step to prepare the highly com-
pressive graphene aerogels (Fig. 4) (Li et al. 2014a). Due to
the combination of hydrophobicity (water contact angle of
155°) and high porosity (~ 99.6%), acrogels had excellent
absorptivity to various organic solvents and oils.
Additionally, the absorbed oil in aerogel can be removed by
the adsorption-extrusion process. This method of oil removal
is fast and less energy consumption, which is more attractive
in practical application.

Leavening method

Leavening is an effective method to convert dense graphene
structures into 3D porous structures. It is well known that GO
is quite unstable and often accompanied by the generation of
gaseous CO, and H,O during the reduction process.
Therefore, if the gas released during the chemical reduction
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of GO can be integrated into the dense GO sheets, a porous
graphene foam-like structure similar to “fermented bread” can
be formed. For example, Niu’s group used small quantities of
hydrazine to control the tightly packed graphite oxide films.
They prepared flexible 3D graphene foam with amazing me-
chanical strength, open porous, and excellent capillary action,
which made the foam a brilliant candidate for selective ab-
sorbers (Fig. 5) (Niu et al. 2012b).

Oxidation and thermal reduction method

The above methods are all carried out under liquid phase
conditions, while the oxidation and thermal reduction method
is a solid phase procedure. 3D graphene foam produced by
thermal exfoliation of graphite oxide possesses a smaller num-
ber of layers and high surface area. For example, Wang’s
group placed graphite oxide powder in an airtight container

at 1000 °C under a nitrogen atmosphere. The resulting 3D
graphene sponge had very low bulk density,
superhydrophobic-superoleophilic properties (Wang et al.
2014). In addition, the adsorption process is a combination
of chemical adsorption and physical adsorption. The hydro-
phobic interaction of the surface of the 3D graphene adsor-
bents, the 7-7t bond, and the van der Waals interaction allow
the oil molecules to adhere firmly to the surface of the foam.

3D graphene-based composite foam

Though 3D graphene foam is one of the most ideal oil absor-
bents at present, it is still confronted with many bottleneck
problems, such as the fragile mechanical performance which
restrict its cyclic utilization, poor linkage between graphene
sheets, and weak interaction between graphene and oil

Fig. 5 Schematic diagram of the . ———
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molecules. Compounding inorganic nanoparticles or polymer
molecular with graphene sheets or 3D graphene foams to syn-
thesis 3D graphene-based composite foams were proved to be
effective strategies to overcome the drawbacks mentioned
above (Hu et al. 2018; Rahmani et al. 2018). The synthesis
can be broadly categorized into dip-coating method, in situ
self-assembly method and sol-gel method.

Dip-coating method

Dip coating is a convenient and inexpensive method, which
use hydrophobic materials as a coating to deposit onto the
desired matrices. In the dip-coating process, the shape and
morphology of 3D graphene-based composite foams can be
controlled. And the synthesized 3D graphene-based compos-
ite foams had excellent structural integrity and long-term sta-
ble performance. Typically, polyurethane (PU) foam and mel-
amine foam have usually been applied as 3D porous substrates
for the synthesis of graphene-based adsorbents. In this proce-
dure, graphene was used for coatings on 3D polymer foam or
sponge surfaces, which generally exhibited prominent oil spill
cleanup due to their superior physical performances (Duc
Dung et al. 2012; Liu et al. 2015b; Liu et al. 2013; Lv et al.
2019; Nguyen et al. 2012; Song et al. 2016; Tjandra et al.
2015; Wu et al. 2016; Xia et al. 2018; Zhou et al. 2016; Zhu
et al. 2015b; Zhu et al. 2016).

Liu’s group reported graphene sponge prepared by using PU
foam as substrates (Liu et al. 2013). After the dip-coating proce-
dure, GO was coated on the foam and the GO was reduced with
hydrazine at 80 °C for 1 h to form a robust superhydrophobic-
superoleophilic coating. The porous structure of the PU, GO/PU,
and rGO/PU foams was observed by SEM and the photos are
shown in Fig. 6 (a—f). The same porous structure shows that the
GO and rGO coatings have no effect on the porous structure of
the PU sponge. The wall-surface morphologies of the GO/PU
(Fig. 6d) and rGO/PU sponges (Fig. 6f) were full of wrinkles,
which different from the surface of the PU sponge (Fig. 6b). The
results showed that GO and rGO coatings are deposited uniform-
ly on the surface of the PU sponge. The data in Fig. 6 g indicated
that the absorption capacities of GO/PU foam was lower than
rGO/PU sponge. There are two reasons for the phenomenon. The
graphene coating on the PU sponge had higher porosity and
fewer polar functional groups, which resulted in oleophilic, so
it had a stronger affinity for oils and organic solvents. The recy-
clability of rGO/PU sponge was remarkable which the weight of
the dry rGO/PU sponge did not change after reused for 50 times.

Melamine as a polymer template also enables graphene to
achieve efficient oil absorption (Du et al. 2016; Ge et al. 2017;
Ji et al. 2017; Peng et al. 2018; Song et al. 2016; Sun et al.
2019; Zhao et al. 2016). For example, Ji’s group dipped the
melamine sponge into the GO dispersion for 12 h, then placed
it in an oven to dry it and reduced it to melamine/graphene
sponge (M/GS) at 160 °C (Ji et al. 2017). The hydrophobic
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graphene coating on the surface of the melamine sponge skel-
eton facilitates the formation of nanoscale roughness on the
surface. Similar to above steps, M/GS was immersed in a
homogeneous dispersion of carbon black to prepare mela-
mine/graphene/carbon black composite sponges(M/G/CS).
Figure 7 (a—f) demonstrated M/G/CS possessing rougher sur-
face than melamine sponge and M/GS, which is beneficial to
increase hydrophobicity. The super-hydrophobicity and mi-
croscale roughness of M/G/CS sponge were due to the its
chemical composition and micro/nano structure, which result-
ed in high oil capacity (up to 50-130 times its weight for oils
and organic solvents) and oil-water separation efficiency.
Further work was studied by Sun’s group (Sun et al. 2019),
fabricating a silver-reduced graphene oxide melamine sponge
(Ag/RGO-MS) which exhibited prominent oil-water separa-
tion efficiency and bactericidal effects. As shown in Fig. §, the
pretreated melamine sponge was immersed in an Ag/RGO
nanocomposite suspension for 24 hours. Then Ag/RGO-MS
was dried for 2 hours at 180 °C in a vacuum oven. Ag/RGO-
MS prepared by simple dip-coating method had hydrophobic-
ity with water contact angle of 145°, rough surface, and high
porosity. The sponge had strong adsorption capacity for var-
ious oils and organic solvents (26-49.2 g g"), which also
exhibited remarkable separation of oil-water and bacteriostatic
effect. Moreover, graphene as a coating material can improve
the hydrophobicity, lipophilic, and wettability of the adsor-
bent. But due to the weak mutual effect between polymer
and graphene, separation occurs during the oil treatment pro-
cess and result in degradation in oil absorption performance.
The development of high-performance 3D graphene-based
composite adsorbents which have strong physical adhesion
between foam and graphene materials is still a challenge.

In situ self-assembly

In situ self-assembly is one of the most powerful methods for
preparing free-standing 3D graphene-based adsorbents due to
its facile and cost-effective procedure. In the assembling pro-
cedure, the 3D graphene skeleton would be modified by func-
tional groups, metal oxides, heteroatom nanoparticles, or
polymers (Bu et al. 2017; Chen et al. 2018; Chi et al. 2015;
Eom et al. 2019; Hou et al. 2019; Hu et al. 2018; Kabiri et al.
2014; Li et al. 2014b; Rahmani et al. 2018; Wang et al. 2017a;
Wang et al. 2015; Wang et al. 2018b; Wei et al. 2013; Yang
et al. 2014). GO sheets contain a large amount of oxygen-
containing functional groups, and the carboxyl group at the
edge causes the GO to be negatively charged, which makes
GO water soluble and easily chemical modified. As well, GO
is considered as the optimum precursor for designing 3D
graphene-based adsorbents for oil-water separation, due to
these distinctive properties. During the self-assembly proce-
dure, the removal of functional groups reduces the electrostat-
ic repulsion between GO films. If the concentration of the
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Polymerization reaction

DA-HCI solution

MS MS with PDA coating

Fig. 8 a Schematic diagram of the synthesis processes of the
functionalized Ag/RGO-MS. b Photographs of the processes of
separating diesel from water using Ag/RGO-MS. ¢, d, e SEM images

starting GO can reach a certain critical value, these GO sheets
could overlap each other to form a stable 3D skeleton frame.
And appropriate alteration of graphene skeleton makes it ex-
hibit water solubility and suitable surface properties, which
can improve its adsorption capacity. Based on covered works,
there are two primary ways to achieve the graphene-based
composite foams with an ordered 3D network: (1) hydrother-
mal or solvothermal reduction and (2) cross-linking synthesis.

Hydrothermal or solvothermal method induced self-assembly
The 3D graphene skeleton can be decorated with function-
al materials by hydrothermal methods to improve perfor-

mance, such as specific surface area, elasticity and oil ab-
sorption capacity (Li et al. 2013; Wan et al. 2016; Wu et al.

@ Springer

Ag/RGO-MS

MS, RGO-MS, and Ag/RGO-MS. f, g Photographs of bactericidal
effects of Ag/RGO-MS (Sun et al. 2019)

2019). For example, Hu’s group used 1H,1H,2H,2H-
perfluorodecanethiol (PF) as additive to fabricate 3D
amphiphobic graphene aerogel (Hu et al. 2018).
Fluorographene precursor (F/rGO) was obtained by mixing
the PF and GO dispersion and heat-treating them in a low
temperature solvent at 50 °C for 24 h. Then the precursor
was subjected to solution heat treatment at 90 °C for 3 h.
The L-ascorbic acid (LA) was added to the solution and the
reduction was continued for 96 h. Finally, the LA/F/1rGO
hydrogel production was prepared by freeze drying. The
prepared 3D aerogel possessed excellent adsorption capac-
ity (up to 20 times its original weight), excellent thermal
stability and low density of 19 mg/ml. Due to the
amphiphobic property of PF chains, the as-prepared LA/
F/rGO hydrogel possessed amphiphobic surface
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properties, which made the hydrogel can selective
separation/filtration of oil or water from their mixtures de-
pending on the different pre-soak conditions. The illustra-
tion image is shown in Fig. 9. In another study, Li’s group
used an improved hydrothermal reduction process to pre-
pare 3D graphene-based aerogel decorated with powdered
peanut hull (Li et al. 2019). Through this procedure,
graphene could be assembled into a 3D skeleton structure
with biocompatible molecules. Lignin, hemicellulose, and
cellulose in peanut hull can improve the hydrophobicity
and mechanical strength of 3D graphene-based aerogels.
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The addition of peanut shells made the graphene foams
show excellent mechanical property (up to 2000 times its
original weight), thermal stability, low density, remarkable
adsorption capacity (32-79 g g™'), hydrophobicity, and
lipophilicity.

Solvothermal method is an improved hydrothermal method
to prepare 3D graphene-based skeleton. The solvents for this
procedure could be N,N-dimethyl formamide (DMF), dopa-
mine hydrochloride, ethanol and so on (Jayaramulu et al.
2017; Li et al. 2014b; Li et al. 2016; Liu et al. 2017; Pruna
et al. 2019; Tran et al. 2015; Zhou et al. 2015). For example,
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Fig. 9 a Diagram of the formation process for LA/F/rGO hydrogel. b Oil-water mixture separation process using different pre-soaking method (Hu et al.

2018)
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Li’s group prepared a unique 3D graphene-based adsorbent by
solvothermal reaction of GO sheets in DMF solution (Li et al.
2014b). The 3D graphene skeleton was functionalized by
PVDF to prepare the superhydrophobic aerogels by a simple
and low-cost technique. Meanwhile, the as-prepared foams
exhibited high absorption capacity (20-70 g g') for oils and
organic solvents, large specific surface area, outstanding water
repellency (water contact angle is 153.6°) and superior ab-
sorption recyclability. In another study, Zhou’s group pre-
pared polystyrene/Fe;O,4/graphene hybrid sponge composites
(CPFA) with high hydrophobicity (water contact angle above
140°), excellent compression ability, and strong magnetism
(Zhou et al. 2015). Figure 10 illustrated the production process
of CPFA systematically. In this work, polystyrene and porous
Fe;04 nanoparticles improved the compressibility of the
graphene-based aerogel and enhanced the interconnection of
graphene sheets, which made a huge oil adsorption capacity
(40 g g™"). Beyond that, the addition of polystyrene micro-
spheres and porous Fe;O,4 nanoparticles allowed the graphene
networks to form porous microporous substructures, which
synergistically enhance hydrophobicity. Furthermore, the ad-
dition of porous Fe;O,4 nanoparticles made magnetic possible,
so that the oil-absorbing graphene aerogel can be easily gath-
ered by the magnet and the oil can be easily extruded before
the next cycle of operation.

Fig. 10 Schematic illustration of
the fabrication process of the
CPFA (Zhou et al. 2015)

GO

Sonication

Chemical crosslinking induced self-assembly

Introducing chemical crosslinkers can enhance the interaction
between graphene sheets and functionalize the 3D graphene
surfaces (Alghunaimi et al. 2019; Cong et al. 2012; Eom et al.
2019; Kim 2016; Li et al. 2008; Stankovich et al. 2007; Zhan
et al. 2018). In this way, even at very low concentrations, GO
sheets can pass a series of supramolecular interaction. For
example, Zhao’s group used thiourea as a crosslinking agent
additive in the thermal reduction process to prepare 3D
graphene foams with a maximum compressive stress of
14 kPa (Zhao et al. 2012). The addition of thiourea played
an important role in the fabrication of porous and stable
graphene foams. In the reduction process, thiourea
decomposed into hydrogen sulfide, ammonia and other com-
pounds, which could separate the GO sheets to create larger
pores. In addition, the reaction of GO sheets with thiourea
could form multiple new functional groups, such as amino
(-NH>) and sulfonic acid (-SOzH), which could be combined
with graphene surface operated to facilitate tougher inter-sheet
cross-linking. And then, the GO sheets could be aggregated
into 3D compact porous foams with brilliant structure stabil-
ity. Due to the assistance of thiourea, the graphene foam ex-
hibited adjustable surface properties and pore structure, which
made high adsorption capacities for oils and organic solvents

FGH: Fe,0 /Graphene Hydrogel
FGA: Fe,O /Graphene Acrogel

CFGA: Compressible Fe,O /Graphene Acrogel

CPFA: Polystyrene/Fe,0 /Graphene Hybrid Aacrogel Composite
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between 75 and 154 g g”'. Ha’s group used poly (acrylic acid)
(PAA) as additive to produce the PAA/rGO networks with
low density, excellent mechanical property (up to 10000 times
its original weight), high porosity (> 99%), and prominent oil
adsorption capacities (120 g g for oils) (Ha et al. 2015).
Figure 11 demonstrates the preparation process. Because of
covalent interaction and hydrogen bonding, PAAs can shape
into a filamentous dendritic structure on the surface of GO
sheets, which is favorable to improve the overall robustness
and stiffness of graphene-based foams.

Sol-gel method

The sol-gel method is an ideal synthesis approach for produc-
ing nano-modified graphene-based foams. This process is
based on the hydroxylation and condensation of molecular
precursors in solution to form nanoparticle sols. For example,
Yang’s group used sol-gel method to combine silica nanopar-
ticles with graphene sheets and subsequent modification using
silane (Yang et al. 2017). In this work, graphene-based foam
was synthesized by thermal treatment of GO sheets. The pH of
the suspension of graphene and ethanol was adjusted to 11.5

with ammonium hydroxide. Then ethyl orthosilicate was
slowly dropped into the above mixture and magnetic stirring
was carried out after 12 h of reaction. Finally, it was washed
with water and ethanol, then dried for 12 h to obtain graphene/
SiO, sample. Due to the combination of the super-oleophilic
siloxane and the interconnected graphene skeleton, the ad-
sorption capacity for organic solvents and oils were rein-
forced, ranging from 15 to 31 times of its own weight.

Adsorption behavior

The adsorption for various organic solvents and oils of 3D
graphene-based adsorbents is a physicochemical process. In
this procedure, pollutants such as oil molecules could be trans-
ferred from the liquid phase to the surface of the adsorbents.
Moreover, the mutual effect between the adsorbents and the
contaminants is essential to improve the adsorption perfor-
mance (Dong et al. 2012; Hong et al. 2015; Zhu et al.
2015a). It is generally believed that 3D graphene adsorbents
have interconnected 3D porous networks, extensive specific
surface area and hydrophobicity, which promote the diffusion

PAA/GO Acrogel PAA/IGO Aerogel XPAA/rGO Aerogel
Stir @ RT Sonicate in ice bath HI vapor @ RT Vacuum 160 °C
_— 2 R — i N ——— e \
GO Freeze dry &:E 24 hr ~ )?) 24 hr ?‘F\jc}'%
S L -H,0, -HI R
PAA in Water
— :1GO : PAA #“™.— :Thermally crosslinked PAA (XPAA)

PAA/GO aerogel

Before Compress

A
160°C, 1 day o

m

Release

Fig. 11 a Illustration for process of preparing XPAA/rGO aerogels. b Scheme of proposed morphology of the XPAA/rGO aerogels. ¢ Digital images
showing the compressibility of 450 kDa/50 during the 10th compression/release cycle. d SEM images of PAA/GO (Ha et al. 2015)
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of oil droplet molecules into the inner of adsorbents and pro-
vide abundant adsorption sites [5]. For example, Liu’s group
produced the 3D magnetic polymer-based graphene aerogel
using dip-coating method (Liu et al. 2015a). The prepared
graphene aerogel used PU sponge as the substrate and pos-
sessed large specific surface area and interconnect pore struc-
ture. The as-obtained aerogel exhibited superhydrophobicity
and lipophilicity with the water contact angle of 158°. The
graphene composites displayed high and rapid adsorption for
lubricating oil, n-hexadecane, paraffin oil, peanut oil and hy-
draulic oil, and also had excellent adsorption capacities (the
range of 9-27 times of its own weight). In addition, the strong
hydrophobic -7 electron coupling/stacking interaction also
played a considerable part in the adsorption process. For ex-
ample, Li’s group reported a facile technique for the prepara-
tion of 3D graphene-polypyrrole adsorbent (Li et al. 2013).
Due to the sp? hybridized carbon atoms, there is a highly
delocalized 7t electron-conjugated system on the external of
graphene, which inclined to coupling/stacking with other o or
7t electrons. As for aromatic hybrids such as benzene and
toluene, -7 electron coupling/stacking interaction would be
formed. As regards the hydrocarbons such as diesel and ker-
osene, the 7 electron on the 3D graphene-polypyrrole foam
could couple with the o electron on the absorbed molecules.
Furthermore, the marked adsorption properties could be as-
cribed to the abundant adsorption active sites, porous struc-
ture, and specific hydrophobic surface area of rGO. Cao’s
group fabricated 3D graphene/polydopamine aerogels, which
modified by 1H,1H,2H,2H-perfluorodecanethiol and en-
hanced by chitosan, as the adsorbing material by a facile and
environmentally friendly method (Fig. 12) (Cao et al. 2017).
In this work, dopamine can self-polymerize into
polydopamine on the graphene skeleton, and the abundant
catechol and amino groups of polydopamine can provide ac-
tive sites for adsorption. Rough surface and hydrophilic
groups (—OH and —NH,) on chitosan made the aerogel
superoleophobic underwater and superhydrophilic in air. In
addition, layered porous structure also made the acrogel dis-
play highly adsorption capacity for various oils and organic
pollutants (up to 12-21 times higher than its weight). The
adsorption capacity of 3D graphene-based adsorbents is also
affected by the C/O ratio. For example, Igbal’s group prepared
thermally reduced graphene (TRG) using oxidation and ther-
mal reduction method. The results show that the C/O ratio can
be used as an indicator of the hydrophobicity of TRG and has
a great influence on the energy absorption (Igbal and Abdala
2013).

The adsorption behavior of 3D graphene-based adsor-
bents on oil molecules often follows the intra-particle
diffusion process. For example, Rahmani’s group pre-
pared n-doped graphene foam through a hydrothermal
method (Rahmani et al. 2018). In the beginning, the
adsorption occurred in external surface, and at this stage
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the oil removal rate is higher. The second stage is the
gradual adsorption process, the adsorption rate was
intra-particle diffusion. At this stage, the adsorption
sites decreased, and the adsorption rate increased slight-
ly to a constant value (saturation point) which caused a
low removal rate. Noteworthy, the synthesized n-doped
graphene aerogel presented high adsorption capacity
(210 times of its own weight) and maintained 95% of
its original capacity after 10 pursuant cycles.

The performance of the 3D adsorbent can be evaluat-
ed by several criteria. Among them, the adsorption ca-
pacity is a key indicator for measuring the adsorbate
uptake by unit mass of the adsorbent. The method of
determining the adsorption capacity of graphene-based
adsorbents generally follows: the initial mass of adsor-
bents are weighed and recorded as myeore; then placed
the adsorbents into the pollutant until saturated and
weighed again which are recorded as m,g.; the adsorp-
tion capacity iS Mupe, MINUS Myepore and then divided by
Myerore. Meanwhile, density, surface area and recycling
generally provide benchmark to study the adsorption per-
formance of 3D adsorbents. The adsorption performance
of oils and various organic solvents onto 3D graphene
foam and 3D graphene-based foam are shown in Table 1.
Here, it can be seen that both 3D graphene foams and
3D graphene-based foams are effective adsorbents for
removal organic pollutants and oils, exhibiting compara-
tively remarkable adsorption performance. However, pure
3D graphene foam is generally fragile due to the weak
interaction between graphene sheets, which limilit its
performance during the absorption and desorption pro-
cess. The introduction of functional additive provides
the 3D graphene-based foams with an ability to maintain
the adsorption capability under improving mechanical
strength and structural integrity.

Conclusion and outlook

A comprehensive review of the recent progresses in the char-
acterization performance, synthesis, and basic research of 3D
oil-adsorption graphene foams and 3D graphene-based com-
posite foams were provided. Various strategies, such as CVD
growth method, self-assembly method, oxidation and thermal
reduction method, and dip-coating method, have been suc-
cessfully developed to produce high-performance graphene
foam adsorbents. Among these methods, CVD growth meth-
od can produce well-designed and large pore size network
structures, and the quality of the adsorbents can be mainly
controlled by process variables. Nevertheless, high tempera-
ture, sacrificial template, multi-step process, and high cost
limit the scalability. For the dip-coating method, the combi-
nation of graphene sheets and polymer skeletons can achieve
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superhydrophobic surfaces. As the basic physical properties
of the material, wettability will affect the adsorption perfor-
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properties and performance of 3D graphene foams and 3D
graphene-based composite foams are closely related to the
size and quality of the GO precursor, the type of crosslinkers,
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doping agents, reducing agents, and the pH value of the syn-
thetic mixture. Generally, pure 3D oil-adsorption graphene
foam is fragile, while the mechanical properties of 3D
graphene-based composite foam with functional additives pre-
pared by self-assembly technology have been greatly im-
proved. Referring to adsorption capacity, adsorbents prepared
by the dip-coating method show the lowest adsorption capac-
ity with the value ranges from several to several tens of times
the weight of adsorbents. But for the self-assembled adsor-
bents, their oil absorption capacity can reach tens to hundreds
of times the weight of adsorbents. CVD graphene skeletons
have the largest oil adsorption capacity.

Regarding large scale production and practical appli-
cations, further efforts should be made to address the
following challenges. Firstly, most 3D graphene-based
foams discussed in this review are on a laboratory-scale.
The quality of the production is largely dependent on the
concentration of precursor and size of reaction vessels,
which conduct the formation of ice crystal and the size
of the foams. This problem must continue to be solved
by future research which focuses on optimizing the
cross-linking conditions and improving inter-sheet bond-
ing. Secondly, most 3D graphene oil absorbents have
high performance in absorbing low viscosity oils or or-
ganic solvents. Nevertheless, leaked crude-oils often
have a high viscosity and enter the networks of the oil
absorbents at a very slow velocity. In order to overcome
the issue, increasing the pore channel and surface area of
the adsorbents is worth further development. Finally, re-
cycle for subsequent use is another major challenge in
the application of 3D porous graphene skeleton, and de-
spite reported elasticity and flexibility, most graphene
foams are still brittle and easily broken if not handled
carefully. Depending on the application, the introduction
of highly elastic polymers and surface modification with
functional materials should be an essential way to im-
prove their recycle properties. In a word, there are many
challenging tasks in front of us in preparing the next-
generation of 3D graphene-based adsorbents.
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