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Abstract: While great progress has been achieved in the
synthesis of ordered mesoporous carbons in the past decade, it
still remains a challenge to prepare highly graphitic frame-
works with ordered mesoporosity and high surface area.
Reported herein is a simple synthetic methodology, based on
the conversion of self-assembled superlattices of Fe3O4 nano-
crystals, to fabricate highly ordered mesoporous graphene
frameworks (MGFs) with ultrathin pore walls consisting of
three to six stacking graphene layers. The MGFs possess face-
centered-cubic symmetry with interconnected mesoporosity,
tunable pore width, and high surface area. Because of their
unique architectures and superior structural durability, the
MGFs exhibit excellent cycling stability and rate performance
when used as anode materials for lithium-ion batteries, thus
retaining a specific capacity of 520 mAhg¢1 at a current density
of 300 mAg¢1 after 400 cycles.

Nanostructured carbons,[1–8] including carbon nanotubes,[2]

graphene,[3] and porous carbons,[4–8] represent an innovative
class of technologically important materials. In particular,
ordered mesoporous carbons (OMCs) with pore sizes tunable
in the range of 2–50 nm have attracted increasingly greater
attention because of their ordered mesoporosity, high surface
area, and adjustable pore symmetry,[5] which have found wide
applications in energy storage devices such as lithium-ion
batteries (LIBs) and supercapacitors.[1a] Current methods of
preparing OMCs rely on a templating strategy.[5] Both
mesoporous silica and silica opals have been widely employed

as hard templates to prepare OMCs through a nanocasting
mechanism.[6, 7] More recently, block co-polymers have been
used as a soft template for the direct synthesis of OMCs,[8] in
analogy to the preparation of ordered mesoporous silica.[9]

In spite of the aforementioned synthetic progress, most
OMCs obtained to date are amorphous in nature,[6–8] and it
may limit their applications, as the physicochemical proper-
ties (electronic conductivity and chemical stability, etc.) of
porous carbon materials strongly depend on the crystallinity
(i.e., graphitization degree) of the pore walls.[10] Highly
graphitic porous carbons are attainable by heating the
preformed OMCs at high temperatures (> 2500 88C),[11]

which unfortunately can lead to the loss of surface area and
structural ordering arising from pore collapse. Graphitic
mesoporous carbons can also be realized at relatively low
temperatures (< 1500 88C) by introducing metals or metal
oxides as graphitization catalysts.[12] Despite the possibility to
preserve the structural ordering by using this strategy, the
resulting carbon frameworks are usually partially graphitic or
semigraphitic as a result of the low graphitization temper-
ature. Therefore, it still remains a challenge to synthesize
highly graphitic frameworks with well-defined mesoporosity
and high surface area.[13]

Herein, we report a strategy of preparing highly ordered
mesoporous graphene frameworks (MGFs) with pore walls
consisting of three to six stacking graphene layers. As
illustrated in Scheme 1, three-dimensional (3D) superlattices
self-assembled from colloidal Fe3O4 nanocrystals (NCs)
capped with oleic acid (OA) are first used to produce

Scheme 1. Schematic illustration of the fabrication of MGFs from
colloidal Fe3O4 NCs (cross-sectional view).
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OMCs upon the carbonization of OA ligands followed by the
removal of Fe3O4 NCs. The Fe3O4-NC-derived OMCs are
then converted into MGFs by simple heat treatment at
1000 88C in argon. The resulting MGFs are characterized by
highly ordered and interconnected mesoporosity, large pore
volume (ca. 1.8 cm3 g¢1), and high surface area (ca.
1000 m2 g¢1), with the pore width tunable to within the
range of 8–20 nm by controlling that of Fe3O4 NCs. When
evaluated as LIB anode materials, MGFs exhibit outstanding
cycling performance and rate capability, which are attribut-
able to their unique architectures and superior structural
durability.

Figure 1a shows a typical high-resolution scanning elec-
tron microscopy (HRSEM) image of 12 nm Fe3O4 NC

superlattices, which are obtained by drying of an NC solution
in n-hexane under ambient conditions.[14] The long-range NC
ordering is attributed to the high monodispersity of Fe3O4

NCs used for self-assembly,[14a] and accounts for the highly
ordered porous structure of the subsequently formed OMCs
and MGFs. The as-assembled Fe3O4 NC superlattices typi-
cally adopt face-centered-cubic (fcc) symmetry as indicated
by small-angle X-ray scattering (SAXS; see Figure S1 in the
Supporting Information). To carbonize the surface-coating
OA ligands, the as-assembled Fe3O4 NC superlattices are
subject to heat treatment at 500 88C in argon for 2 hours, which
proves to be optimal conditions for enabling ligand carbon-
ization without disrupting the ordered structure of NC
superlattices (see Figure S2). Highly ordered mesoporous
carbon frameworks are obtained upon the removal of Fe3O4

NCs by acid etching. As unambiguously confirmed by trans-
mission electron microscopy (TEM, Figure 1b), SAXS (see
Figure S3), and N2 adsorption-desorption measurements (see
Figure S4), the resulting OMCs possess the same fcc symme-
try as Fe3O4 NC superlattices, with pore walls composed of

interconnected ultrathin carbon shells (ca. 2 nm) resulting
from ligand carbonization.

It is noteworthy that our method to prepare OMCs differs
significantly from previous templating approaches in that the
Fe3O4 NCs employed serve as not only template but also as
a graphitization catalyst, thus rendering OMCs with partially
graphitic pore walls, as evidenced by high-resolution TEM
(HRTEM, Figure 1c) and Raman spectroscopy (Figure 1d).
Remarkably, such partially graphitic, ultrathin pore walls can
be readily converted into stacking graphene layers by heat
treatment at temperatures as low as 1000 88C (see Figure S5),
thus resulting in MGFs with well-maintained structural
ordering as indicated by low-magnification TEM images
and fast Fourier transforms (FFTs; see Figure 2a,b and
Figure S6). HRTEM reveals that the pore walls of MGFs
are composed of three to six stacking graphene layers
depending on the thickness (Figure 2c,d), with an interlayer
spacing of about 0.355 nm (see Figure S7), which is close to
the typical value for graphite (0.335 nm).[15] Interestingly, all
the graphene layers display a circle-like curvature apparently
derived from the spherical Fe3O4 NCs, thus implying Fe3O4

Figure 1. a) Representative HRSEM image of Fe3O4 NC superlattices.
b,c) TEM and HRTEM images Fe3O4-NC-derived OMCs, respectively.
d) Representative Raman spectrum of Fe3O4-NC-derived OMCs.

Figure 2. a,b) Low-magnification TEM images and the corresponding
FFTs (inset) of MGFs along the (211) and (111) directions, respec-
tively. c,d) HRTEM images of MGFs along the (211) and (111)
directions, respectively. e) TGA curves of OMCs and their derived
MGFs, which are acquired in air with a heating rate of 10 88Cmin¢1. The
residual mass in both cases is presumably attributed to the small
fraction of unremoved Fe3O4 NCs. f) Representative Raman spectrum
of MGFs.
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NCs indeed play a catalytic role during the carbon framework
formation.

Thermogravimetric analysis (TGA) carried out in air
indicates that the carbon combustion temperature of MGFs is
about 750 88C, which is much higher than that (ca. 490 88C) of
OMCs (Figure 2e). This study provides further evidence of
the well-crystallized nature of MGFs, as graphitic carbons
have been reported to be more stable against oxidation than
amorphous carbons because of the improved crystallinity.[12a]

The TGA residue (ca. 2–5 wt %) in both cases is presumably
caused by the small amount of unremoved Fe3O4 NCs during
acid etching, and could, in principle, be completely etched
away by increasing the etching time. Wide-angle X-ray
scattering (XRD) is also used to evaluate the crystallinity of
MGFs (see Figure S8). The wide (002) peak at about 2588
indicates that the crystallinity of MGFs is lower than that of
graphite, and could be attributed to the curvature as well as
the ultrathin thickness of the graphitic shells.[16a] The graphi-
tization degree of MGFs is further characterized using Raman
spectroscopy. The well-resolved G and 2D bands at 1588 and
2671 cm¢1, respectively, suggest the highly graphitic nature of
the pore walls (Figure 2 f).[16] The intensity ratio of the 2D and
G bands (I2D/IG) is equal to 0.65, and indicative of a multilayer
graphene structure consistent with HRTEM observa-
tions.[16c,d] Although significantly improved upon graphitiza-
tion, we note that the graphitization degree of MGFs is
inferior to that of perfect graphene or few-layer graphene
layers fabricated by chemical vapor deposition (CVD),[16d,e] as
indicated by the strong disorder-induced D band. This band is
probably caused by structural defects introduced during the
etching and/or graphitization processes. Nonetheless, TEM,
TGA, XRD, and Raman spectroscopy establish that heat
treatment at 1000 88C successfully converts the pore walls of
OMCs into few-layer graphene without disrupting the
ordered porous structure.

Having established the highly graphitic nature of MGFs,
we turned our attention to their detailed structural and
textural properties. Figure 3a shows a typical SAXS pattern
of MGFs, and exhibits at least nine well-resolved scattering
peaks indexed to a highly ordered fcc structure inherited from
Fe3O4 NC superlattices, thus further confirming that the
graphitization process does not affect the symmetry and
structural ordering of OMCs, and is consistent with the TEM
results. Figure 3b presents the SAXS patterns of a series of
MGFs with different pore widths ranging from 9 to 16 nm,
which are obtained by varying the diameter of the original
Fe3O4 NCs used for superlattice formation. Despite different
pore widths, all the MGF samples exhibit a long-range
ordered fcc structure as indicated by the sharp scattering
peaks, thus suggesting that the variation of NC size does not
affect the symmetry and structural ordering of the resulting
MGFs. Figure 3c shows typical N2 adsorption–desorption
curves of MGFs derived from 12 nm Fe3O4 NCs, which exhibit
prominent characteristics of type-IV isotherms, while the
large H2-type hysteresis loop at P/P0 of about 0.47 implies
a caged mesoporous structure with small openings on the pore
walls,[17] similar to the case of OMCs (Figure S4). The pore
width distribution curve indicates that the interconnected
openings are about 3 nm in dimension (Figure 3d). These

results suggest that the ultrathin pore walls of MGFs are
interconnected to form a 3D continuous porous structure. The
typical Brunauer–Emmett–Teller (BET) surface area of
MGFs is about 1000 m2 g¢1 with a pore volume of approx-
imately 1.8 cm3 g¢1. Notably, the BET surface area of MGFs is
higher than that of many ordered graphitic mesoporous
carbons reported previously.[18]

Because of their highly ordered and accessible mesopores,
large surface area, and high electronic conductivity, the MGFs
obtained are expected to be particularly suitable as anode
materials for LIBs. The electrochemical performance of MGF
anodes is evaluated by both cyclic voltammetry and galvano-
static charge-discharge cycling. Cyclic voltammograms (CVs)
of MGFs are conducted within the range from 3.0 to 0.005 V
(vs. Li/Li+) at a scan rate of 0.2 mVs¢1. As shown in Figure 4a,
the CV curves of MGFs are consistent with those of many
other carbon-based anode materials reported previously,[13c,19]

and the prominent peak at about 0.55 V in the first cathodic
sweep is primarily caused by the decomposition of electro-
lytes and the formation of solid electrolyte interphase
(SEI).[13c] The CV curves almost overlap from the second
cycle, and is indicative of the formation of a stable SEI layer.
In the galvanostatic charge-discharge measurements at a cur-
rent density of 300 mAg¢1, the MGF anode delivers a capacity
of 2338 and 660 mAh g¢1 in the first discharge and charge
processes, respectively (see Figure S9). The large initial
capacity loss, which has been observed for many mesoporous
carbon or graphene-based anodes,[19–23] is attributed to the
enhanced SEI formation resulting from the large surface area
of MGFs. Additionally, the presence of structural defects in
MGFs can lead to irreversible Li insertion into frameworks,
and may also contribute to the first-cycle capacity loss.
Despite the first-cycle capacity loss, the charge-discharge

Figure 3. a) Representative SAXS pattern of MGFs derived from 12 nm
Fe3O4 NC superlattices. b) SAXS pattern of a series of MGFs with
different pore widths. c,d) N2 adsorption-desorption isotherms and
pore width distribution of MGFs derived from 12 nm Fe3O4 NC
superlattices, respectively.
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curves for the 50th and 200th cycles almost overlap with each
other, thus implying good cycling stability. The rate capability
is evaluated at different current densities ranging from 300 to
10000 mAg¢1. As shown in Figure 4b, the MGF anode is able
to deliver reversible capacities of 432, 330, and 186 mAh g¢1 at
current densities of 600, 1200, and 3000 mAg¢1, respectively,
and can still maintain reversible capacities of 127 and
80 mAh g¢1 even at ultrahigh current densities of 5000 and
10000 mAg¢1, respectively. Furthermore, a high reversible
capacity over 620 mAh g¢1 is recovered when the current
density is switched back to 300 mAg¢1. In addition to the
excellent rate capability, our MGF anodes exhibit outstanding
cycling performance. After continuous cycling for 400 cycles
at a current density of 300 mAg¢1, the MGF anode can still
maintain a specific capacity of 520 mAh g¢1 (Figure 4c),
which is much higher than the theoretical capacity for
graphite (ca. 372 mAh g¢1). The lithium-storage properties
of MGFs achieved in this work are superior to those of many
state-of-the-art carbonaceous materials reported previously,
including graphene sheets,[3b] interconnected hollow graphitic
spheres,[20] graphene-constructed hollow spheres,[21] hierarch-
ical porous carbons,[22] and carbon nanocages.[23]

We attribute the excellent electrochemical performance
of MGFs to their unique architectures. Specifically, the 3D
interconnected, ordered mesoporosity in combination with
the large surface area of MGFs increases the contact area
between the electrode and electrolyte, thus facilitating the
access of Li ions into the electrode. In addition, the ultrathin
pore walls greatly reduce the barriers for Li intercalation and
extraction, which is beneficial for improving the rate perfor-
mance. Furthermore, the continuous, highly graphitic frame-
works can promote electron transport, which is also favorable
for enhanced lithium-storage properties. To explore the
structural evolution of MGFs during electrochemical reac-

tions with Li, ex situ TEM and energy-dispersive X-ray
spectroscopy (EDS) are performed on an MGF anode
which has been cycled for 400 cycles at a current density of
300 mAg¢1. TEM indicates that both the structural ordering
and the graphitic nature of MGFs are well preserved upon
cycling (Figure 5a,b), thus suggesting that our MGFs possess
exceptional structural stability and integrity, while elemental
mapping and EDS confirm that the graphene frameworks are
mainly composed of carbon, with a small fraction of F from
the polyvinylidene fluoride (PVDF) binder (Figure 5c,d). The
superior structural durability of MGFs also helps to explain
their excellent cycling stability and rate performance.

In conclusion, our studies have established a robust and
low-temperature synthetic methodology which employs self-
assembled Fe3O4 NC superlattices to prepare 3D ordered
mesoporous frameworks consisting of three to six stacking
graphene layers. The successful formation of highly graphitic
frameworks is attributed to the catalytic activity of Fe3O4 NCs
as well as the ultrathin thickness of the pore walls. The MGFs
obtained possess fcc symmetry with interconnected meso-
porosity, tunable pore width, and high surface area. Because
of their unique architecture and exceptional structural
durability, MGFs exhibit excellent cycling performance and
rate capability when evaluated as anode materials for LIBs,
and retain a specific capacity of 520 mAh g¢1 at a current
density of 300 mAg¢1 after 400 cycles. Although only Fe3O4

NCs are demonstrated for the preparation of MGFs in the
current study, we anticipate that this novel synthetic concept
can be readily extended to superlattices consisting of multi-
component NCs such as core/shell NCs and binary NCs.[24]

This new approach will open new opportunities for the
rational design of few-layer-graphene-based porous materials
with more complicated architectures, which may find appli-
cations in catalysis, absorption, and energy storage.

Figure 4. a) Representative CV curves of MGFs. b) Rate capability of
MGFs tested at current densities ranging from 300 to 10000 mAg¢1.
c) Cycling performance of MGFs at a current density of 300 mAg¢1 and
the corresponding Coulombic efficiency.

Figure 5. a,b) Low-magnification TEM and HRTEM images of MGFs
after 400 cycles, respectively. c,d) Elemental mapping and EDS spec-
trum of the same MGFs as shown in (a), respectively. The F signal in
(d) is attributed to the PVDF binder.
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Experimental Section
Self-assembly of Fe3O4 NC superlattices: Monodisperse, OA-stabi-
lized Fe3O4 NCs with tunable sizes were synthesized and purified
according to the literature method,[14a] and were dispersed in n-
hexane to form a stable colloidal solution with a concentration of
about 20 mgmL¢1. 3D superlattices of Fe3O4 NCs were fabricated by
drying a colloidal solution of Fe3O4 NCs under ambient conditions.[14b]

Fabrication of MGFs: The as-assembled Fe3O4 NC superlattices
were heated at 500 88C in argon for 2 h, carbonizing the surface-coating
OA ligands. The carbonized Fe3O4 NC superlattices were refluxed in
10m HCl, thus yielding OMCs upon the complete removal of Fe3O4

NCs. The as-synthesized OMCs were then subject to heat treatment at
1000 88C in argon for 2 h and resulted in MGFs while retaining
structure ordering.

Keywords: graphene · lithium · mesoporous materials ·
nanostructures · self-assembly
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