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ABSTRACT: A seashell-based CVD technique for
preparing three-dimensional (3D) graphene foams is
reported. The graphene sheets in thus-obtained foams
are seamlessly interconnected into a 3D flexible network,
forming highly porous materials with negligible non-
carbon impurities, ultralow density, and outstanding
mechanical flexibility and electrical conductivity. These
3D graphene foams demonstrate a fast adsorption
performance toward various oils and organic solvents,
with adsorption capacity up to 250-fold weight gain. The
present approach offers a practical route for scalable
construction of 3D graphene foams for versatile
applications such as energy storage and water remediation.

hree-dimensional (3D) graphene foam, a combination of

two-dimensional (2D) graphene building blocks and 3D
porous structures, has attracted significant attention in recent
years.' ™ Such graphene foams are self-supporting materials,
possessing the fascinating intrinsic properties of graphene
together with high porosity and ultralow density. A number of
approaches such as sol—gel process and template growth have
been reported for fabricating 3D graphene foams.'~® Sol—gel
process of graphene oxide usually creates materials with
abundant structural defects, chemical impurities, and discontin-
uous interconnections between individual graphene sheets
arising from the solution process. Therefore, serious degrada-
tion of the intrinsic properties of graphene such as electron and
phonon transports is seen. Template-assisted chemical vapor
deposition (CVD) provides an effective way to synthesize 3D
graphene foams composed of seamless interconnected
graphene sheets with high purity and quality.' For instance,
graphene foams grown from a nickel foam template have
demonstrated excellent mechanical strength and superior
electrical conductivity."”* However, intrinsic drawbacks exist
in this approach, including the time-consuming template
removal process, unavoidable metal residues, and limited
choice of metal foams and their microstructures. For practical
applications, cost should also be taken into account. Obviously,
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mass production of 3D graphene foams in this way would
consume great amounts of expensive nickel metals.

It is extremely attractive to develop low-cost and easily
removable CVD growth templates for industrial fabrication of
3D graphene foams. In light of this, we turned our attention to
natural seashells, the highly abundant shells of oceanic
mollusks. The main chemical composition of seashells is
calcium carbonate.” Depending on the source mollusks,
seashells have versatile microscopic structures. Furthermore, a
simple chemical calcination can easily convert the biological
calcium carbonate into calcium oxide without destroying the
structural framework, and then the calcium oxide can be readily
washed away with dilute acid. In this work, we demonstrate the
CVD template function of seashells for fabricating 3D graphene
foams for the first time. Scallop, which is produced in massive
amounts worldwide, was employed as a typical example for
demonstration.'® In this way, graphene foams with high purity,
high porosity, ultralow density, and superior bendability have
been synthesized. More interestingly, bespoke shape control of
such graphene foams can be easily achieved through the lime
slaking process of calcium oxide. Notably, the present approach
could also be extended to other seashells, offering great
opportunities for controlling the microscopic structures of
graphene foams. By virtue of their unique structures and
properties, applications of obtained graphene foams as binder-
free Li-ion battery anodes and oil adsorbents have been
demonstrated.

The procedure for fabrication of 3D graphene foam using
scallop template is shown in Figure la. Scallop, a naturally
abundant biomass, is composed of calcium carbonate (95 vol%)
and organic biopolymers (5 vol%).'" Inside the scallop, the
architecture resembles a 3D brick-and-mortar wall at the
mesoscale level'' (Figure 1b). However, the tight packing of
the calcium carbonate is not suitable for direct CVD growth of
graphene foams since carbon species cannot effectively enter
into the pores, which is required for graphene growth. When
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Figure 1. Fabrication of scallop-derived 3D graphene foams. (a)
Schematic illustration of graphene foam formation. SEM images of (b)
pristine scallop microstructure, (c) scallop calcined at 1050 °C for 30
min in air, (d) graphene-coated calcined scallop after CVD growth at
1020 °C for 30 min, and (e) 3D graphene foam after removal of the
CaO framework. Insets of panels b—e are the corresponding
photographs. All the scale bars are S um.

heated in air, the organic molecules and CaCOj in scallop start
to decompose, with releasing CO, gas. This leads to an
interconnected porous structure within the scallop bulk while
keeping the scallop framework unchanged (Figure lc). At the
same time, CaCOj inside the scallop shell fully converts to CaO
following the reaction below'” (Figure S1):

CaCO; = CaO + CO,

Thus-obtained highly porous CaO framework was then
heated to 1020 °C for graphene growth under a mixed-gas
atmosphere (CH,:H,:Ar = 10:30:300 sccm) for 0.5—2 h.
During this process, graphene layers were deposited on the
CaO surface, forming CaO@graphene structure (Figure 1d). In
this case, it is proposed that the oxygen atoms on the surface of
the CaO template could exert a synergistic effect on the
graphene synthesis, ie, by enhancing the absorption and
decomposition of hydrocarbons at high temperature and
promoting the carbon—carbon coupling on the substrate.'”'*
After etching in dilute hydrochloric acid, a self-supporting 3D
graphene foam was obtained by a freeze-drying treatment
(Figure S2). As can be seen from the scanning electron
microscopy (SEM) image (Figure le), thus-formed graphene
foam well inherited the interconnected microstructure of
original CaO template.

The quality of as-grown graphene was systematically
investigated (Figures S3 and S4). Because the graphene
foams are curved with a porous structure, it is difficult to use
Raman mapping to evaluate the quality of graphene over a large
area. Figure 2a shows six randomly selected Raman spectra
from different spatial locations of the graphene foams grown at
1020 °C for 120 min. Identical I,/I; ratio (0.86) and fwhm of
the 2D peak (80 cm™)" confirmed the uniformity of the foam
at macroscopic scale. A typical C 1s X-ray photoelectron
spectroscopy (XPS) spectrum of thus-prepared graphene foam
can be fitted with two signals from graphene, a major sp*
carbon peak at 284.4 eV and a very small C—H peak at 285.3
eV (Figure 2b), suggesting considerably small non-carbon
impurities. © To further evaluate the crystalline quality of
graphene foam, sonication in ethanol was performed, followed
by dropping onto a copper grid for transmission electron
microscopy (TEM) analysis. The low-magnification TEM
image shows a crumpled and electron-transparent feature
(Figure 2c). The corresponding selective area electron
diffraction (SAED) pattern (inset in Figure 2c) is composed
of four sets of hexagonal symmetric patterns, indicative of
graphene domains with different orientations. Figure 2d shows
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Figure 2. Spectroscopic and structural characterization of graphene
foams. (a) Raman spectra observed at different locations in a large
area. (b) C 1s XPS spectrum of graphene foam. (c) TEM image of
graphene sheet; inset is the corresponding SEAD pattern. (d) High-
resolution TEM images of as-grown graphene sheets with different
layer numbers. (ef) Atomic resolution, aberration-corrected TEM
images of graphene foam.

layer numbers ranging from 1 to 3 layers. As shown in Figure
2e, the graphene sheet is composed of domains with different
orlentatlons having single crystalline domain sizes of 2—10
nm."” A magnified image from a single domain clearly reveals
the graphene atomic structure with a lattice constant of ~0.246
nm (Figure 2f).

The porous microstructure of CaO template calcined from
scallop was found to be very stable in a wide experimental
window. When the heating rate of scallop calcination was varied
from 5, to 15, to 25 °C/min, the morphology of CaO@
graphene remained the same, as shown in Figure 3a, giving an
average pore size of ~300 nm and an average branch width of
~1 pm. Similar results were also observed when changing the
calcination temperature (850, 950, and 1050 °C) (Figure 3b) as
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Figure 3. Morphology control of calcined seashells and graphene
foams. (a) Typical SEM image of CaO@graphene with different
heating rates for calcination of scallop (S5, 1S, and 25 °C/min). (b)
SEM image of CaO@graphene obtained with different calcination
temperatures (850, 950, and 1050 °C). SEM images of CaO@
graphene obtained from (c) conch and (d) starfish (calcination at
1050 °C for 0.5 h, heating rate 25 °C/min). (e) Graphene foams with
different shapes and sizes made from scallop by using the lime slaking
reaction. All scale bars are 5 um.
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well as the calcination atmosphere (Figure S5). This structural
stability with varying experimental condition changes is
important for mass production of 3D graphene foams with
uniform macroscopic performance.

We extended our scallop-based approach to other seashells
such as conch and starfish. Figure 3c,d exhibits the SEM images
of graphene-coated CaO obtained by using conch and starfish
instead of scallop, respectively. Obviously, the porous micro-
structures from conch and starfish are much larger than that of
scallop. Especially for the conch-derived microstructure, the
average pore size is about 10 times larger than the scallop case.
This clearly shows the freedom of structural design of the
biomass-derived 3D graphene foams.

CaO can react very easily with water, a process known as
lime slaking. Hereby, the graphene foams can be molded into
arbitrary shapes macroscopically. Figure 3e exhibits three
differently shaped graphene foams made from scallop in such
a way. More interestingly, the molding process might be
utilized to manipulate the morphology of the CaO substrate
and thus tailor the microstructures and corresponding proper-
ties of the graphene foams (Figure S6). In this regard, CaO can
serve as an effective substrate for the growth of structure-
controllable graphene materials. Different from previously
reported CaO-assisted CVD-grown graphene powder,'® the
present approach provides an efficient way to prepare free-
standing graphene monoliths, capable of extending their
applications to binder-free electrodes for electronic devices, as
well as self-supporting scaffolds for catalysts and stem cells, etc.

The self-supporting 3D graphene foams fabricated by the
scallop-based CVD approach have extremely low density, ~3
mg/cm® (Figure 4a). They also exhibit excellent flexibility, as
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Figure 4. Mechanical bendability and its origin. Photographs of (a)
ultralight graphene foams resting on a dandelion and (b) flexible
graphene foam. (c) SEM image of CaO@graphene showing layer-by-
layer arrangement; inset is a zoom-in of the marked region. (d) Cross-
section view SEM image of graphene foam with layered structure. (e)
Resistance change of graphene foam over 200 bending cycles. (f)
Discharge capacity and coulombic efficiency of the binder-free flexible
anode for a lithium-ion battery at 50 mA/g, 2 V vs Li*/Li. Scale bar for
(c) is S pm, for inset in (c) is 2 pm, and for (d) is 10 pum.

shown in Figure 4b, with no breaking or cracking observed over
repeated bending. These excellent performance qualities are
attributed to the highly porous and interconnected structures
inherited from the calcined scallop. As can be seen in Figure
4¢,d, after calcination and CVD, CaO@graphene maintained
the major layered structure along with the presence of
interconnected pores. As a result, the cross-section SEM
image of the resultant graphene foam showed a layered
arrangement (Figure 4d).
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The mechanical durability of materials is an important factor
for flexible electronics. It can be seen from Figure 4e that there
was no significant change in the electrical resistance over 200
mechanical bending c;rcles, which might be attributed to the
layered arrangement,l( the curved surfaces, and the branched
structure” of the graphene foam (Figures S7 and $8). In
addition, the as-obtained graphene foam can be used directly as
a binder-free anode for flexible energy storage devices. As
shown in Figure 4f, the Li-ion battery assembled from the
current graphene foam had a capacity of ~260 mAh/g with
~95% columbic efficiency after 50 charge—discharge cycles,
which is comparable with that of nickel foam-derived graphene
foam (200 mAh/g after 20 cycles’"). It is worth noting that,
although the energy storage performance of such graphene
foams is relatively lower than that of certain prepared graphene
materials,””~** it may be considerably improved by adopting
effective strategies like heteroatom doping and structure
optimization reported elsewhere.”

Our seashell-derived 3D graphene foam contains much less
non-carbon species as compared with those made from wet
chemistry techniques. It is therefore an excellent material for
oil—water separation.”” Figure Sa demonstrates the rapid
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Figure 5. Organic solvents and oil adsorption performance of 3D
graphene foams. (a) Demonstration of methylene chloride (dyed with
Sudan III) adsorption from water by using a piece of graphene foam.
(b) Adsorption kinetics of ethanol and water using graphene foam. (c)
Adsorption capacity of different substances using graphene foams. (d)

Adsorgtion capacities of different carbon-based materials for pump
1 26-28
oil.

sucking-up process of methylene chloride dyed with Sudan
III into 3D graphene foam. Within 2 s, 132.5 mg of methylene
chloride was swallowed by a piece of graphene foam from
water. Figure Sb shows the fast adsorption kinetics of ethanol
using the graphene foams.”> The zero adsorption capacity of
water indicates the hydrophobic nature of the graphene foam.
Such excellent adsorption performance of the graphene foams
was observed in a wide range of organic liquids, including
common pollutants such as ethanol, DMSO, n-hexane,
dichloromethane, pump oil, bean oil, petrol, and motor oil
(Figure Sc). The adsorption capacity of the biomass-derived 3D
graphene foams can reach up to 200—250 times its own weight.
This is much higher than other typical carbonaceous sorbents
previously reported for pump oil**~** (Figure 5d). The high oil
adsorption capacity benefits predominantly from the low
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density of the graphene foams (Figure S9). The practical
adsorption capacity depends on the density, viscosity, and
surface tension of the oils. It should be emphasized that the
adsorbates can be easily removed by exchange with acetone,
indicating the recyclability of the graphene foam.

In summary, we have developed a seashell-based CVD
growth technique for graphene foams with diverse morphol-
ogies. The abundance of biomass and its easy removability
make the production process scalable and low-cost. The
seashell-derived 3D graphene foams exhibited outstanding
mechanical flexibility and electrical conductivity with negligible
non-carbon impurities. By using these graphene foams, a
binder-free, flexible Li-ion battery was made with a capacity of
260 mAh/g. The graphene foams also demonstrated fast
adsorption of various oils and organic solvents, with an
adsorption capacity up to 250-fold weight gain. We believe the
approach presented here offers a practical route for scalable
production of graphene foams with wide applications including
energy storage, water remediation, etc.
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