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The integration of nanostructured materials into macroscopic
devices that can translate phenomena at the nanoscale to the
macroscopic level has proved key to paving the way to
realizing applications of nanomaterials.[1] To date, although
remarkable progress has been made in the self-assembly of
building blocks such as nanocrystals, nanotubes, nanowires,
and the newly discovered graphenes,[2–10] very little success
has been achieved with three-dimensional (3D) macroscale
assemblies. Herein we report the controlled assembly of
single-layered graphene oxide (GO) into 3D macrostructures
promoted by a noble-metal nanocrystal (Au, Ag, Pd, Ir, Rh,
or Pt, etc.). Although the density of such macroassemblies is
very low (ca. 0.03 gcm�3), they have shown excellent mechan-
ical properties, and have been utilized as fixed-bed catalysts
for a Heck reaction resulting in both 100 % selectivity and
conversion. We expect our endeavor may further the research
and practical applications of graphene-based materials.

Graphene is a well-defined two-dimensional structure of
carbon atoms. It has received a great deal of attention because
of its unique electronic, thermal, and mechanical proper-
ties.[11–13] Micromechanical cleavage from highly ordered
pyrolytic graphite (HOPG) and the reduction of exfoliated
graphite oxide sheets (graphene oxide, GO) are commonly
used to produce graphene;[14–28] the reduction of GO appears
to be a viable approach to the large-scale production of
graphene. GO is usually prepared by oxidation of graphite
powder with strong oxidants such as a mixture of concen-
trated sulfuric acid and potassium permanganate. The abun-
dant oxygen-containing groups on GO endow it with excel-
lent aqueous dispersion and make it easy to modify.[16–25]

Recently, efforts have focused on the fabrication of graphene
films through the self-assembly of the well-dispersed GO or
functionalized graphene sheets.[20–23] Herein, we demonstrate
that the 3D assembly of GO into macroscopic porous
structures has been achieved successfully with the assistance
of noble-metal nanocrystals (Au, Ag, Pd, Ir, Rh, Pt, etc.). The
macroscopic size of the obtained samples can be easily
controlled by adjusting the volume of the vessel, and the

microstructure (the number of the pores and the pore
diameter) can be controlled by varying the effective concen-
tration of GO. These results mean that the macroscopic and
microscopic structure of the sample can be controlled in one
step. It not only provides a simple way to fabricate porous
structures from GO, but also shows that the GO can self-
assemble into more complicated 3D structures. Furthermore,
the combination of noble-metal nanocrystals and the GO
single layers may result in some interesting properties. As an
example, we show that the Pd-embedded assemblies exhib-
ited excellent catalytic activity and selectivity for the Heck
reaction; this indicates that the self-assembled 3D structure is
an ideal catalyst for a fixed- or fluid-bed reactor.

An important property of GO is that it can be readily
exfoliated and forms stable colloidal suspensions in water. In
our work, a dilute (1 mgmL�1) suspension of GO is prepared
by using ultrasound methods, and the suspension then under-
goes mild centrifugation. The as-prepared colloidal suspen-
sions mainly comprise GO sheets with uniform thickness.
Figure 1a shows the atomic force microscopy (AFM) image
of a typical GO sheet, and Figure 1b shows the corresponding
height profile. It shows that the graphene monolayer is
irregular, having a height of about 0.7 nm and an edge that is
slightly higher because of the crinkles; this data is consistent
with the height of a GO monolayer.[21,22, 26] There are hardly
any GO sheets that are either thicker or thinner than 0.7 nm,
indicating the complete exfoliation of GO in the experiment.

When the GO suspension containing a noble-metal salt
and glucose is hydrothermally treated at high temperature, a
3D structure is obtained. To obtain an unchanged sample, a
freeze-drying process is needed. Figure 1c–e shows macro-
scopic views of the 3D self-assembled samples. The cylindrical
morphology of the sample conforms to the morphology of the
vessel. It is interesting that the size of the obtained samples
can be controlled easily by the volume of the container. When
35 mL of the GO mixture is contained in a vessel having a
volume of 50 mL, the diameter of the obtained cylinder is
about 1.2 cm and the height is about 2 cm (Figure 1c,d); when
20 mL of GO mixture is placed in a 30 mL vessel, the
diameter and height of the sample decrease to about 0.7 cm
and 1.2 cm, respectively (Figure 1e). Furthermore, when the
effective concentration of the GO suspension is changed, the
size of the 3D self-assembled sample is not changed as long as
the volume of the GO mixture is maintained. This result
indicates that the size of the sample is mainly determined by
the volume of the container, and the larger sample can be
easily prepared provided the container is large enough.
Interestingly, the 3D cylinder exhibits considerable mechan-
ical strength. (Figure 1 f–h). Figure 1g visually shows that the
3D cylinder can support a weight of at least 330 g even though
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the cylinder itself weighs only 80 mg (estimated density of ca.
30 mg cm�3). The exact mechanical properties of the sample
were additionally tested by a universal testing machine. The
strain–stress curve of the sample and the compressive strength
that the sample supports as it varies with time are shown in
Figure 1h and Figure S1 (see the Supporting Information),
respectively. The compressive strength and compress modulus
are approximately 0.042 MPa and 0.26 MPa, respectively, as
calculated from the figures. The sample is also conductive as a
result of the reduction of GO and the high conductivity of
graphene; the average conductivity is about 2.5 � 10�3 Scm�1

as obtained by testing 10 samples.
Detailed information of the prepared samples was

obtained from scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and AFM images. The
SEM images (Figure 2a–d) clearly show that the porous
structure is formed in the presence of Pd; the same porous
structure can also be formed when other noble metals, such as
Au, Ir, Pt, etc., are used instead of Pd (Figure 2e–h). The
SEM images (Figure 2a,b) indicate that the pores are
uniformly arranged and the pore diameter is about 2 mm

when the GO suspension is 1 mgmL�1. However, the pore
diameter increases dramatically (up to 6 mm) when the GO
suspension is reduced to 0.6 mgmL�1 (Figure 2c,d), indicating
that the pore structure of the samples can be easily tuned by
adjusting the effective concentration of the GO suspension.

The noble-metal/GO heterostructure of the self-assem-
bled sample is illustrated by the morphological analyses.
Figure 3a shows an AFM image of a typical GO monolayer
bearing nanoparticles, and Figure 3b shows the correspond-
ing height profile of the sheet. The height of the sheet is about
1 nm, indicating the GO monolayer contained within the 3D
self-assembled structure. Compared with the initial state of
the GO, the carbon sheet bearing nanoparticles is more
corrugated,[27] and many particles scatter upon the corruga-
tion, which might act as active sites for the self-assembly of
GO. Figure 3c,d shows the TEM images of the heterostruc-
ture dispersed in water. The nanoparticles are scattered
randomly upon the transparent carbon sheets without obvious
aggregation, and few nanoparticles are spread out on the
support, indicating that the majority of the particles combined
with the support. Statistical analysis of the size of the
nanoparticles, obtained from counting approximately 100
nanoparticles from different carbon sheets, indicates that
more than 60% of the particles have a size that is less than

Figure 1. a) AFM image of a graphene oxide monolayer; the line indicates
the direction of the height profile in (b). c–e) Photographic images of the
freeze-dried 3D structures prepared by the self-assembly of graphene oxide
with the assistance of a noble metal; c) the front view and d) bottom view
of the sample prepared when 35 mL of graphene oxide was used. e) The
front view of the sample prepared when 20 mL of graphene oxide was
used. f) The SEM image of the sample in (c). g) Photo showing an iron
plate weighing 167 g placed on the 3D cylinder; the inset shows that the
sample can endure two iron plates. h) The strain–stress curve of the
sample as determined from a compressive test. S =stress.

Figure 2. a,b) SEM images of the sample prepared when the concen-
tration of the graphene oxide suspension was 0.1 mgmL�1. c,d) SEM
images of the sample obtained when the concentration of the
graphene oxide suspension was 0.07 mgmL�1. SEM images of the 3D
structure containing Au (e), Pt (f), Ir (g), and Ru (h).
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10 nm. The lattice spacing in the HRTEM image (Figure 3e,
inset) calculated by the fast Fourier transform (FFT) pattern
is about 0.2250 nm, which is consistent with the distance of
(111) lattice spacing of the Pd crystal, and the energy disperse
X-ray (EDX) analysis (Figure 3 f) also reveals the presence of
Pd nanoparticles. The XRD pattern of the cylinder (Fig-
ure 3g) additionally indicates the formation of Pd nano-
particles. However, no obvious peaks for graphite or graphite
oxide are observed in the XRD pattern, indicating that the
regular stacks of the graphite or graphite oxide have been
destroyed.

To investigate the mechanism of formation of these 3D
assemblies, control experiments were carried out by hydro-
thermal treatment of glucose and GO without noble metals.
When the same amount of glucose and GO were used, a 3D
assembly of GO was not obtained and the final products were
usually powders, indicating that the noble metal plays key role
in the assembly process of single-layer GO. When the amount
of glucose was increased to 3–4 g (the amount of GO
remained unchanged), the macroscopic structure of a cylinder
was also obtained; however, the microstructure of the
assembly was quite different from that of noble metal bearing
assembly. There were many thick layers in the 3D self-
assembled samples (see Figure S2 a,b in the Supporting
Information), and the randomly packed, thick layers formed
a loose structure. From the magnified images (see Fig-
ure S2c,d in the Supporting Information), it can be seen
clearly that the thick layers comprise many closely packed
thin layers. This phenomenon indicates that the metal
particles play an important role in the formation of the
porous structure (see Figure S2 in the Supporting Informa-
tion).

The role of the metal particles in the formation of the 3D
self-assembled porous structure was additionally confirmed
by dissolving Pd nanoparticles in aqua regia. When the
nanoparticles were removed, the regular shape of the cylinder
was destroyed (see Figure S3 a in the Supporting Informa-
tion), and only the collapsed, fragile, irregular structure
remained. However, when the 3D structure without a noble
metal (obtained by using 3–4 g glucose) was treated by aqua
regia under the same conditions, the 3D structure remained
integrated (see Figure S3 b in the Supporting Information),
which indicates that the structure of graphene is not destroyed
by aqua regia at room temperature, and the main function of
aqua regia is to remove the Pd nanoparticles. The SEM
images of the Pd-containing sample that was treated with
aqua regia (see Figure S3 c in the Supporting Information)
demonstrate that the pore diameter is larger than 10 mm,
which is much larger than that in Figure 2b. This difference
indicates that many walls collapse after removal of the Pd
nanoparticles, and it can therefore be concluded that the Pd
nanoparticles are an important part of the framework of the
3D cylinder.

Glucose is also necessary in the formation of 3D cylinder,
as it not only reduces the noble-metal salt, but also increases
the mechanical strength of the self-assembled structure.
Figure S4 (see the Supporting Information) illustrates the
mass spectrometry (MS) data for the remaining solution after
hydrothermal treatment. It shows that polymers, formed
during the hydrothermal treatment in the presence of GO and
a noble-metal salt, have a low degree of polymerization (the
molecular weight is less than 1000). Some polymers may fill in
the 3D cylinder and some may react with the functional
groups on the GO, and therefore enhance the mechanical
strength of the cylinder to some extent. Of course, some
polymers may dissolve in the water, and these are detected by
MS methods.

As mentioned above, when the sample is prepared
without the noble-metal salt, thick layers composed of many
closely packed thin layers are formed. The exfoliated GO

Figure 3. a) AFM image of a graphene oxide monolayer bearing Pd
nanoparticles; the line indicates the direction of the height profile in
(b). c–e) TEM images of graphene oxide bearing Pd nanoparticles.
f) EDX analysis of the sample in (e). g) XRD pattern of the Pd-
containing sample. C =counts I = intensity.
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must rearrange to form stable structures under the vapor
pressure. It is reported that the preferential rearrangement of
the exfoliated GO is face-to-face.[21] Thus, the closely packed
layer is formed, as demonstrated in Figure 4a. This is not the
case when the Pd nanoparticles are present in the system. The

Pd nanoparticles anchored onto the GO sheet could act as
active sites for assembly with another GO sheet. Since there
are many corrugations formed in the Pd-bearing GO, the
assembly of GO sheets by particles would form porous
structures (Figure 4b).

Pd is a very useful catalyst for organic reactions, and GO
bearing Pd nanoparticles has been successfully applied to a
Suzuki reaction.[28] It is therefore possible that the Pd
dispersed over the GO 3D macroassemblies would exhibit
high reactivity for other Pd-catalyzed reactions. Herein we
selected the Heck reaction as a model reaction for evaluating
the catalytic properties of the self-assembled samples. Trie-
thylamine was chosen as the base in the reaction in which
iodobenzene and methyl acrylate were reacted in the
presence of the 3D cylinder (0.1 mol % Pd) as the catalyst;
the selectivity was about 92% and the conversion was 100 %.
Although the selectivity was rather high compared with the
reported results,[29] the by-product was present. Furthermore,
we found that using K2CO3 as base can avoid the formation of
the by-product; therefore both the selectivity and conversion
were 100 % (below the detection limit of GC–MS), which is

much higher than the results obtained when the Pd catalyst is
loaded onto the other supports.[29] For organic reactions
selectivity is a very important parameter for evaluating the
feasibility of the reaction, and it is very hard to realize a
selectivity of 100 %; therefore the Pd anchored to the GO
could serve as a potential catalyst in future applications.
Furthermore, the high strength endurance makes it suitable
for fixed-bed process in industry (Figure 4c).

In summary, we have demonstrated that the 3D self-
assembly of GO, having very low density and tunable macro-
and microstructures, can be achieved successfully by using a
hydrothermal method. The size and microstructure of the
sample can be controlled by the volume of vessel and the
effective concentration of GO suspension, respectively. The
obtained 3D structures exhibit high conductivity and strength
endurance despite the porous structure. These assemblies
have shown high catalytic activity and selectivity in the Heck
reaction, and the excellent mechanical properties make this a
promising catalyst for either a fixed- or fluid-bed processes in
large-scale production.

Experimental Section
GO synthesis: GO was prepared from natural graphite powders
according to a modified Hummers method.[21] H2SO4 (230 mL) was
placed in a flask, which was then cooled using an ice bath. NaNO3

(5 g) and graphite (10 g) were then added to the H2SO4 and stirred
vigorously. Next, KMnO4 (30 g) was slowly added to the reaction
flask, and the reaction temperature was then maintained below 20 8C
in an ice bath. The flask containing the reaction mixture was then
transferred to a water bath at a temperature of 35 8C, and the reaction
mixture was stirred for about 30 min until a thick paste had formed.
Water (460 mL) was then added and the reaction temperature
increased to 98 8C, at which point the reaction mixture was stirred for
about 40 min. Finally, the mixture was diluted to 1400 mL, followed
by the slow addition of 3 mL of 30% aq. H2O2. A yellow dispersion
was obtained and washed repeatedly with water to remove the
remaining salt, and the solid was then dried under vacuum (60 8C) for
about 3 days.

Self-assembly of GO: The self-assembly of GO involves a noble-
metal salt such as PdCl2, HAuCl4, RhCl3, etc, and glucose. All the
chemicals were used as received without additional purification. In a
typical reaction, a 1 mg mL�1 suspension of GO was prepared by the
sonication of GO (0.6 g) in water (500 mL) for about 1.5 h, after
which the thick layers were removed by mild centrifugation (3 krpm
for 10 min). The GO suspension (35 mL), glucose (1.75 g), and PdCl2

(10 mg) were combined and stirred for about 30 min. The mixture was
then transferred into a Teflon-lined stainless-steel autoclave, and
treated hydrothermally at 120 8C for 20 h. After the hydrothermal
treatment was completed, the autoclave was cooled and the as-
obtained sample was washed with distilled water and then freeze-
dried for characterization.

The general procedure for the Heck reaction and details on the
characterization of the self-assembled samples are given in the
Supporting Information.
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Figure 4. Schematic representation of the assembly of a) the graphene
oxide sheets and b) the graphene oxide sheets with a noble metal
(e.g., Pd). c) Schematic of a Heck reaction in a fixed-bed reactor.
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