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Supercritical Carbon Dioxide Assisted Deposition of Fe3O4
Nanoparticles on Hierarchical Porous Carbon and Their LithiumStorage Performance
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Abstract: A composite of highly dispersed Fe3O4 nanoparticles (NPs) anchored in three-dimensional hierarchical porous
carbon networks (Fe3O4/3DHPC) as an anode material for
lithium-ion batteries (LIBs) was prepared by means of a deposition technique assisted by a supercritical carbon dioxide
(scCO2)-expanded ethanol solution. The as-synthesized
Fe3O4/3DHPC composite exhibits a bimodal porous 3D architecture with mutually connected 3.7 nm mesopores defined
in the macroporous wall on which a layer of small and uniform Fe3O4 NPs was closely coated. As an anode material for
LIBs, the Fe3O4/3DHPC composite with 79 wt % Fe3O4 (Fe3O4/
3DHPC-79) delivered a high reversible capacity of
1462 mA h g1 after 100 cycles at a current density of

Introduction
Ever since nanosized transition-metal oxides were reported as
alternative negative electrode materials for lithium-ion batteries (LIBs) in 2000,[1] enormous research efforts have been devoted to the design and applications of transition-metal oxides
(MOx ; M: Fe, Co, Ni, and so forth) and their composites on account of the “conversion reaction” process and their high theoretical capacities.[2] To alleviate the problems of poor electronic
conductivity, poor cycling performance, and the aggregation
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100 mA g1, and maintained good high-rate performance
(728, 507, and 239 mA h g1 at 1, 2, and 5 C, respectively).
Moreover, it showed excellent long-term cycling performance at high current densities, 1 and 2 A g1. The enhanced lithium-storage behavior can be attributed to the
synergistic effect of the porous support and the homogeneous Fe3O4 NPs. More importantly, this straightforward, highly
efficient, and green synthetic route will definitely enrich the
methodologies for the fabrication of carbon-based transition-metal oxide composites, and provide great potential
materials for additional applications in supercapacitors, sensors, and catalyses.

of transition-metal oxide based electrode materials, one efficient strategy is to load nanometer-sized transition-metal
oxide onto the carbon-based matrix.[3] Thus, a variety of carbonaceous materials such as porous carbon materials, carbon
nanotubes (CNTs), and graphene (GE) are usually used as
promising candidates to form various carbon-based metal
oxide composites by means of precipitation,[4] hydrothermal/
solvothermal methods,[5] hydrolyzation,[6] thermal decomposition,[7] and so on. However, these traditional methods always
suffer from some drawbacks. On the one hand, to obtain satisfactory adhesion and realize controllable coverage of metal
oxide over the carbon matrix, it is often necessary to pretreat
or modify the carbon matrix to produce functional groups on
its surface. For example, harsh oxidative pretreatment or modification with surfactant is needed for the CNTs because of the
intrinsic poor solubility and processability,[8] and oxidative
treatment is necessary for GE owing to the lack of functional
groups on its surface.[9] Unfortunately, such drastic oxidative
conditions inevitably damage the sp2 structure, and the electronic characteristics of CNTs or GE and involve complicated
process control.[9a] On the other hand, the traditional preparation methods generally employ large quantities of organic solvents that could burden the post-treatment and bring about
some unexpected environmental problems.[10] More importantly, either primary precursors or intermediates generated in the
traditional procedures tend to form crystalline metal oxide particles. Since the crystallization involves nucleation and anisotropic growth of primary particles, the formed crystalline seeds
tend to aggregate into large units in polar solvents, such as
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ethanol or water, owing to their high surface energy.[9b, c]
Whereas nonpolar solvents usually have high viscosity, high
surface tension, and low diffusivity, they strongly limit the ability of solvents to homogeneously disperse the precursor onto
the surface of the substrate, thereby resulting in poor adhesion
or the formation of freely aggregated particles in solution.[5b, 11]
Therefore, it is a considerable challenge to explore an effective
and green approach to realize the uniform dispersion of guest
components onto the carbon-based support.
As a green and sustainable technology, deposition of supercritical carbon dioxide (scCO2) offers an elegant and efficient
route for the synthesis and processing of novel nanomaterials.[12] scCO2 is an attractive alternative to organic solvents as it
is nontoxic, nonflammable, inexpensive, naturally abundant,
and chemically inert.[13] Its physical properties such as density
and solvent power can be easily tuned by adjusting the operating temperature and pressure. Low-viscosity, near-zero surface tension, and high diffusivity of scCO2 are considered
highly favorable properties for synthesizing superior ultrafine
and uniform nanomaterials and increasing reaction rates.[14] Simultaneously, the scCO2 deposition technique shows superior
advantages in the processing of cellular materials, because it
can largely mitigate the mass-transfer limitation, facilitate the
infiltration of precursor in the complex geometries, and maintain the porous nanostructure without collapsing.[13a, 14a, 15] In
addition, scCO2 as an antisolvent could reduce the solvent
strength caused by hydroxyl groups that originate from ethanol and water, and thus greatly lower the aggregation of the
final particles.[9a, 12a] Therefore, the scCO2 deposition technique
could efficiently overcome the common difficulties in traditional deposition methods and realize a uniform, accurate, and
controllable coating.
Herein, we develop a straightforward, highly efficient, and
green synthetic route to prepare monodisperse Fe3O4 nanoparticles (NPs) on a 3DHPC matrix through in situ reaction of the
precursor in scCO2-expanded ethanol. Fe3O4 was used as the
model system owing to its high theoretical capacity
(926 mA h g1), low cost, natural abundance, and environmental friendliness.[16] The 3D macroporous carbon with interconnected mesoporous walls can not only facilitate the rapid
transport of Li + ions into the interior of the bulk material, but
also provides a high surface area for available charge-storage
sites and the ion adsorption.[17] In addition, the special structure can efficiently accommodate the volume change of Fe3O4
and prevent its aggregation during cycling. As a result, the
Fe3O4/3DHPC composite exhibited high reversible capacity, excellent cycling stability, and good rate capability when tested
as an anode material for LIBs.

Results and Discussion
Figure 1a illustrates the synthetic procedure of the Fe3O4/
3DHPC composite. Firstly, the 3DHPC matrix was prepared by
a dual-templating approach with the solvent-evaporation-induced surfactant assembly (EISA) process, by employing ordered silica colloidal crystals as hard templates, F127 as a soft
template, and soluble resols as carbon source.[18] Briefly, monoChem. Eur. J. 2014, 20, 4308 – 4315
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Figure 1. a) Schematic diagram of the fabrication of Fe3O4/3DHPC; b) SEM
image of silica spheres; c–e) SEM, TEM (inset shows the high-resolution TEM
image), N2 adsorption–desorption isotherms, and the corresponding poresize distribution (inset) of the as-synthesized 3DHPC, respectively.

disperse silica microspheres are packed into a 3D colloidal crystal array by sedimentation. A solution that contained resols
and F127 in ethanol was then soaked into the voids of colloidal silica monolith, and the organic–organic self-assembly of
the resins and F127 occurred during the evaporation of ethanol, thereby resulting in the formation of ordered mesostructure in the interstitial voids. Further heating at 100 8C for thermosetting of phenolic formaldehyde (PF) resulted in the formation of silica/PF/F127 composites. Subsequently, the composites were subjected to pyrolysis in N2 at 800 8C, during which
the F127 decomposed, and the phenolic resin framework carbonized, thus leading to silica/carbon composites. Finally,
3DHPC was obtained after the removal of the silica by HF solution. Subsequently, the Fe(NO3)3 ethanol solution was expended by introducing 12.0 MPa CO2 to form a homogeneous fluid.
Owing to the low viscosity and high diffusivity of scCO2 together with its near-zero surface tension, it largely mitigates
the mass-transfer limitation and facilitates the thorough infiltration of Fe3 + into the macropores of the 3DHPC matrix. Once
the temperature is increased, the soluble precursor begins to
decompose and deposits onto the wall of the matrix uniformly.[19] The physicochemical properties of such a specific fluid
could facilitate the nucleation/transfer/deposition of such solid
compounds, thereby minimizing the formation of free particles
and thus leading to a perfect coating. Finally, the iron oxide
was obtained after thermal treatment.
Figure 1b shows the typical SEM image of silica spheres with
a uniform diameter around 220 nm. Figure 1c displays the asprepared 3DHPC with regular 3D arrays of interconnected cellular networks. On the basis of the SEM image, the average
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pore spacing and wall thickness are approximately 200 and
30 nm, respectively. Meanwhile, the TEM and high-resolution
(HR)TEM images (Figure 1d) clearly demonstrate the presence
of both well-defined mesopores and macropores in a multiple
overlapping shape, thereby suggesting that the macropores
and neighboring ones are closely interconnected in a 3D continuous network of the carbon replica. The diameter of the
macropores measured from the TEM image is about 200 nm,
which suggests a slight shrinkage. Additionally, the HRTEM
view further reveals that the wall of macropores is composed
of mutually connected and well-organized spherical mesopores
of approximately 4 nm. We believe that the unique bimodal
pore structure is beneficial for improving the lithium-storage
performance, because the diffusion of Li + ions strongly depends on the transport length and accessible sites on the surface of active materials.[4] Figure 1e presents the N2 adsorption–desorption isotherm together with pore-size distribution
of the 3DHPC matrix. A characteristic type IV isotherm, with
a pronounced narrow capillary condensation step and a uniform pore distribution, is observed, and displays two hysteresis
loops. The hysteresis loop at low relative pressure of 0.40–0.85
is of type H2, which can be ascribed to capillary condensation
in mesopores generated by copolymer F127. The other loop,
which is at a higher pressure of 0.85–1.0, has a type-H3 shape,
and this might be on account of interparticle pores within the
sample.[20] The specific surface area (SBET) and the pore volume
(Vt) are 249 m2 g1 and 0.40 cm3 g1, respectively. Moreover, on
the basis of the Barrett–Joyner–Halenda model, the 3DHPC
matrix exhibits a narrow Gaussian pore-size distribution centered at 3.7 nm (the inset of Figure 1e), which corresponds
with the results of HRTEM.
To ascertain the component and structure of the products,
XRD and X-ray photoelectron spectroscopy (XPS) measurements were performed. Figure 2a depicts the XRD patterns of
the samples prepared in pure ethanol or in the presence of
CO2. The diffraction peaks match the magnetite Fe3O4 (JCPDS
no. 75-0449) and maghemite Fe2O3 (JCPDS no. 39-1346) phases
for all the samples. Accordingly, XPS measurements were used
to further confirm the chemical composition, since XPS is
useful to distinguish between Fe2 + and Fe3 + cations. As shown
in Figure 2b, the survey spectrum of the Fe3O4/3DHPC-79
sample reveals the presence of C, Fe, and O. The high-resolution XPS spectrum for the Fe 2p is a typical core-level spec-

Figure 2. a) XRD patterns of i) Fe3O4/3DHPC-E-79, ii) Fe3O4/3DHPC-65,
iii) Fe3O4/3DHPC-79, and iv) Fe3O4/3DHPC-86. b) Wide-survey XPS and highresolution Fe 2p XPS spectra (inset) of the Fe3O4/3DHPC-79 sample.
Chem. Eur. J. 2014, 20, 4308 – 4315
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trum of Fe3O4 with broad peaks around 710.4 and 724.3 eV
that correspond to Fe 2p3/2 and Fe 2p1/2, respectively. In addition, no satellite peak can be identified; it eliminates the presence of Fe2O3.[21] Hence, we can conclude that the final products are Fe3O4 phase. Additionally, the average particle size of
Fe3O4 in Fe3O4/3DHPC-65, Fe3O4/3DHPC-79, and Fe3O4/3DHPC86 is 12.1, 12.5, and 12.9 nm, respectively, as calculated from
the largest diffraction peak (311) by using the Debye–Scherer
formula. However, the particle size formed in pure ethanol
without introducing CO2 (Fe3O4/3DHPC-E-79) is larger than
these formed in the scCO2-expanded ethanol; it is about
17.6 nm.
The morphology and microstructure of Fe3O4/3DHPC composites were characterized by SEM and TEM. The SEM images
clearly showed that a continuous and uniform Fe3O4 layer was
coated on the surface of the interconnected porous 3DHPC
network, and no free Fe3O4 NPs were formed even at a high
loading of 86 wt % (Figure 3a–c), directly suggesting the effi-

Figure 3. SEM images of a) Fe3O4/3DHPC-65, b) Fe3O4/3DHPC-79, and
c) Fe3O4/3DHPC-86. d–f) Elemental mapping images, TEM, and HRTEM
images of Fe3O4/3DHPC-79, respectively.

ciency of CO2-expanded solution deposition. In other words,
the loading or thickness of Fe3O4 layer on the matrix could be
finely controlled to achieve a desirable amount, and the formation of free Fe3O4 NPs could be successfully avoided in the
scCO2-expanded ethanol system. By contrast, Fe3O4/3DHPC-E79 synthesized in pure ethanol showed a large amount of free
Fe3O4 particles, which fail to attach onto the surface of 3DHPC
(Figure S2a in the Supporting Information). Furthermore, elemental mapping of Fe3O4/3DHPC-79 on C, Fe, and O further
demonstrates the uniform dispersion of iron on the composite,
namely, the uniform dispersion of Fe3O4 particles on the
3DHPC. In the TEM image it is clearly seen that the Fe3O4 was
distributed in the form of individual particles approximately
11–15 nm in diameter (Figure 3e), which stood in stark contrast
to the sample of Fe3O4/3DHPC-E-79 obtained in pure ethanol,
in which a large amount of Fe3O4 particles attached onto the
matrix were aggregated (Figure S2b in the Supporting Information), and a great number of free Fe3O4 particles were observed in solution (Figure S2c in the Supporting Information).
The HRTEM image (Figure 3f) also confirmed that the Fe3O4
NPs in the Fe3O4/3DHPC-79 composite were highly dispersed
with well-textured and single-crystalline nature.
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In addition, the Fe3O4-loaded composites were also investigated by N2 adsorption–desorption isotherms together with
pore-size distributions (Figure S3 in the Supporting Information). The results showed that these isotherms were close to
type IV with an evident hysteresis loop at a relative pressure of
0.4–1.0, thus indicating a mesoporous structure of the Fe3O4/
3DHPC composites. In addition, all samples showed the same
mesopore size distribution as the matrix centered at 3.7 nm,
which suggests that most Fe3O4 NPs were anchored on the
macropores of the 3DHPC. According to Table S1 in the Supporting Information, the SBET and Vt of Fe3O4/3DHPC samples
after being decorated with Fe3O4 significantly decreased. But
there is an interesting phenomenon that the coating has little
impact on the SBET and Vt values for Fe3O4/3DHPC-X (X is the
Fe3O4 content) composites synthesized with scCO2. We speculate that the SBET and Vt are largely influenced by the micropores and mesopores; the Fe3O4 NPs obtained by means of
the scCO2 technique were uniformly anchored on the macropores of the 3DHPC to form a compact, thin coating layer.
Thus, the change in Fe3O4 content slightly changed the thickness of the coating layer, but not the SBET and Vt.
The above results indicate that scCO2-expanded ethanol is
an effective medium for coating the guest components onto
the matrix with high efficiency. In this work, compressed CO2
was introduced into the vessel and dissolved into ethanol accompanied by volume expansion of the solution. Then a stable
solid compound coordinated by bridged oxygen between Fe3 +
and NO32 and CO32, together with H2O, precipitated onto the
matrix from the fluid.[14d] At the same time, scCO2 as an antisolvent reduced the solvent polarity caused by hydroxyl groups
that originated from ethanol and crystal water, thus leading to
the intermediate forming with amorphous structure but not
anisotropic growth (Figure S4a in the Supporting Information),[22] and thus small and uniform particles covered the surface of the matrix. However, in pure ethanol, the existence of
surface tension and hydroxyl groups as well as low diffusivity
strongly limited the intermediate coating onto the surface of
substrate, thereby resulting in the guest components crystallizing and aggregating freely in solution (Figure S4b and Figure S2 in the Supporting Information).
To identify all of the electrochemical reactions, cyclic voltammetry (CV) was conducted on the cells of Fe3O4/3DHPC-79 and
Fe3O4/3DHPC-E-79 along with those of pure 3DHPC and commercial Fe3O4 in Figure 4. As shown in Figure 4a, a broad reduction peak occurred around 0.6 V during the first cathodic
process of 3DHPC, and it disappeared in the following cycles.
This peak could be ascribed to the electrolyte decomposition
on the fresh surface of the carbon material and the formation
of solid electrolyte interface (SEI). For the Fe3O4-based materials
(Figure 4b–d), there was a peak located at 1.5 V in the first
cycle, and it could be ascribed to the reduction of the irreversible reaction with the electrolyte. The peaks observed at approximately 0.8 and 0.6 V represented two steps of the lithiation reactions of Fe3O4 (Fe3O4 + xLi + + xe !LixFe3O4 ;
LixFe3O4 !Fe0 + Li2O) and the irreversible reaction with the
electrolyte.[23] In the anodic process, the Fe3O4/3DHPC-79 electrode showed multiple anodic peaks between 1.65 and 2.0 V,
Chem. Eur. J. 2014, 20, 4308 – 4315
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Figure 4. Cyclic voltammograms of a) 3DHPC, b) commercial Fe3O4, c) Fe3O4/
3DHPC-79, and d) Fe3O4/3DHPC-E-79.

which indicated that the oxidation might occur from Fe0 to
Fe2 + and Fe3 + in two steps.[3b, 24] But these peaks were not observed in the commercial Fe3O4 or Fe3O4/3DHPC-E-79 samples,
and instead a wide peak was visible around 1.65 V. From the
second cycle, both cathodic and anodic peaks shifted positively, which was ascribed to the polarization of the electrode materials in the first cycle.[24, 25] The CV measurements therefore indicated good electrochemical activity and stability of Fe3O4/
3DHPC-79 composite relative to Fe3O4/3DHPC-E-79 and commercial Fe3O4.
Figure 5a and b show the charge/discharge voltage profiles
of Fe3O4/3DHPC-79 and Fe3O4/3DHPC-E-79 electrodes. Both the
discharge voltage profiles exhibited a short sloping region
above approximately 1 V and a subsequent plateau at approximately 0.8 V, followed by a long sloping line down to 0 V,
which agreed with CV measurements. But the charge/discharge capacities were totally different from the above two
samples. The Fe3O4/3DHPC-79 electrode delivered a very high
lithium-storage capacity of 1768 mA h g1 at the initial discharge process, and the reversible capacity was 1076 mA h g1,
which led to an irreversible capacity loss of 39%. By contrast,
the initial discharge and charge capacity of the Fe3O4/3DHPCE-79 electrode were 1337 and 840 mA h g1, respectively, thus
leading to an irreversible capacity loss of 37%. The large irreversible capacity observed in the first cycle might be caused
by the conversion of Fe3O4 to Fe NPs, along with the formation
of amorphous Li2O and SEI. In subsequent cycles, the Fe3O4/
3DHPC-79 showed excellent capacity retention, whereas the
Fe3O4/3DHPC-E-79 electrode decreased rapidly with subsequent cycles.
The durability of Fe3O4/3DHPC composites was assessed by
cycling in the range of 0.01–3.0 V at 100 mA g1, and commercial Fe3O4 and 3DHPC were also included for comparison. As
displayed in Figure 5c, the Fe3O4/3DHPC-X electrodes demonstrated higher reversible capacities than those of pure 3DHPC
and commercial Fe3O4. In the first cycle, the discharge capacity
of the commercial Fe3O4 electrode was 1237 mA h g1, but it
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reasonable explanations is that
the thicker coating will result in
the shrinkage of the void space
and cannot efficiently mitigate
the mechanical stress of Fe3O4
NPs generated during the
charge/discharge process, which
furthermore destroys the structural integrity and cycling stability of the electrode.
Figure 5d and Table S2 in the
Supporting Information show
the rate performances at stepwise current-rate range of 0.1–
5 C, then back to 0.5 and 0.1 C
for another 100 cycles. Relative
to commercial Fe3O4, Fe3O4/
3DHPC composites exhibit enhanced rate performances. For
the 3DHPC matrix, its capacity
decreased slowly with increasing
rates, and recovered the original
capacity when the rate returned
to the initial stage. The result
further confirms that hierarchically porous carbon can serve as
a good model for the design of
Figure 5. The charge/discharge voltage profiles of a) Fe3O4/3DHPC-79 and b) Fe3O4/3DHPC-E-79 at 100 mA g1.
materials for high-performance
c) Cycling and d) rate performances of i) commercial Fe3O4, ii) bare 3DHPC, iii) Fe3O4/3DHPC-65, iv) Fe3O4/3DHPCLIBs.[28] In addition, the Fe3O4/
79, and v) Fe3O4/3DHPC-86. e) Long-life cycling tests of Fe3O4/3DHPC electrodes. f) Nyquist plots of all electrodes
1
1
3DHPC-79 electrode exhibited
after 100 cycles at 100 mA g in the frequency range from 100 kHz to 100 mHz (1 C = 926 mA g ).
the highest rate performance
and cycling stability relative to
Fe3O4/3DHPC-65 and Fe3O4/3DHPC-86 electrodes. As the curcontinuously decreased and reached 114 mA h g1 after 100
cycles, which was only 12% of the initial reversible capacity,
rent density increased in stages from 0.1 to 1 C, the reversible
thus indicating poor capacity retention. For the 3DHPC, it
capacities of Fe3O4/3DHPC-79 gradually decreased from 1219
showed an average discharge capacity of 440 mA h g1 with an
to 1142, 936, and 728 mA h g1. Even at high rates (i.e., 2 and
excellent cycling stability, which indicates that 3D architecture
5 C), the electrode still retained 507 and 240 mA h g1, respectively. The charge/discharge curves still maintain the kinetics
benefits the cycle stability. Interestingly, after being decorated
feature at high rates relative to low rates, thus indicating
on 3DHPC, the Fe3O4 NPs presented excellent cyclic performance. The capacity of the Fe3O4/3DHPC-65 composite
a facile charge-transport process. More importantly, an average
reached 764 mA h g1 after 100 cycles, and retained 94% of the
capacity as high as 1409 mA h g1 could be resumed when the
1
initial reversible capacity (817 mA h g ). Surprisingly, the best
current rate returned to 0.1 C, which suggests the good struccyclic stability was achieved by the Fe3O4/3DHPC-79 compotural stability of the Fe3O4/3DHPC-79 electrode. Relative to
site. It gave a reversible capacity of 1462 mA h g1 with as high
Fe3O4/3DHPC-79, higher Fe3O4 loading (86 wt %) resulted in
as 123% retention of the initial reversible capacity over 100
poorer rate performance. The thicker coating not only increascycles. This interesting phenomenon of capacity rise with cyes the transport length of Li + ions, which greatly contributes
cling has been observed by other researchers on carbon/iron
to improving the rate performance, but also puts the outer
oxide.[6c, 25, 26] It could be attributed to the reversible growth of
Fe3O4 NPs layer in weaker contact with the conductive support
a polymer/gel-like layer by electrolyte decomposition at low
and decreases the electron conductivity of the overall elecpotential through a so-called “pseudocapacitance-type behavtrode. At the same time, the decreased void space cannot effiior”.[1, 27] By contrast, the Fe3O4/3DHPC-E-79 electrode showed
ciently mitigate the mechanical stress of Fe3O4 NPs generated
inferior cycle stability, and its discharge capacity dramatically
during the charge/discharge process. However, the lower Fe3O4
dropped to 756 mA h g1 upon the tenth cycle from
content in the composite accounts for the lower lithium-stor1337 mA h g1 of the first cycle, and finally reached
age performance of Fe3O4/3DHPC-65, since the theoretical spe608 mA h g1 upon the 100th cycle (Figure S5a in the Supportcific capacity (C) is calculated according to the theoretical capacity of Fe3O4 (926 mA h g1) and the largest reversible capaciing Information). However, increasing the Fe3O4 content from
79 to 86% led to poor cycling stability, for which one of the
ty of 3DHPC (596 mA h g1) (i.e., C = 926  X + 596  (1X)). But
Chem. Eur. J. 2014, 20, 4308 – 4315
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in the case of Fe3O4/3DHPC-E-79 (Figure S5 in the Supporting
Information), the reversible capacity decreased from 935 to
744, 437, 218, 97, and 39 mA h g1 when the current density increased from 0.1 to 0.2, 0.5, 1, 2, and 5 C, respectively, which
indicates much poorer rate capability and stability.
To further evaluate the electrochemical performance of
Fe3O4/3DHPC composites, we investigated the long-term cycling performances at high current densities of 1 and 2 A g1
for up to 500 cycles after the first three cycles at 100 mA g1
(Figure 5e). Overall, Fe3O4/3DHPC-65 and Fe3O4/3DHPC-79 samples showed capacities that far exceeded those of Fe3O4/
3DHPC-86 and Fe3O4/3DHPC-E-79. The specific capacity of
Fe3O4/3DHPC-86 electrode after 500 cycles was 131 mA h g1 at
1 A g1 and 55 mA h g1 at 2 A g1, respectively. For the Fe3O4/
3DHPC-79 sample, the specific capacity decreased slightly to
526 mA h g1 after 70 cycles at 1 A g1, and then, interestingly,
its capacity gradually increased to 676 mA h g1 after 500
cycles. It is noteworthy that the Fe3O4/3DHPC-65 showed a similar capacity to that of Fe3O4/3DHPC-79, and it exhibited better
capacity retention, with 95% capacity of the fourth cycle at
1 A g1 after 500 cycles, which is better than 75% for Fe3O4/
3DHPC-79. The results prove that the thinner coating layer
benefits retention of the excellent capability and stability at
high rates owing to a simultaneously reduced inner resistance
and efficient ion-transportation pathways.
To clarify the difference in electrochemical performance
among all the samples, electrochemical impedance spectroscopy (EIS) was conducted to identify the relationship between
the electrochemical performance and electrode kinetics. Figure 5f shows the Nyquist plots for all cycled cells, which share
the common feature of a depressed semicircle at high/
medium frequency and an inclined line at low frequency. Apparently, the diameter of the semicircle for the Fe3O4/3DHPC79 electrode is significantly smaller than those of other electrodes. This is clear evidence that Fe3O4/3DHPC-79 possesses the
highest electrical contact and the fastest charge-transfer reaction for Li + insertion/extraction among all samples; it confirmed again the highly efficient combination of the matrix
and Fe3O4 NPs.
To gain a deeper understanding of the excellent electrochemical performance of the Fe3O4/3DHPC-79 composite, we
investigated the sample appearances and structure evolution
before and after cycling by means of SEM and TEM. Fe3O4/
3DHPC-65 and Fe3O4/3DHPC-79 electrodes nearly maintained
their initial appearance; whereas the electrodes prepared with
Fe3O4/3DHPC-89 and Fe3O4/3DHPC-E-79 suffered from loosening and sloughing off from the current collector during the
cleaning process (Figure 6a–e). Furthermore, the SEM observations indicated that the overall 3D architecture of the cycled
Fe3O4/3DHPC-65 could be generally retained after 500 cycles
(Figure 6f, g). The magnified SEM and TEM images also showed
substantial uniform spheres with a diameter around 190 nm
(Figure 6h, i). However, in the case of Fe3O4/3DHPC-E-79 electrode (Figure S6 in the Supporting Information), it was crushed
and severely aggregated, and numerous spherical particles
around 1.3 mm were found after charging. Therefore, we speculate that the uneven distribution of Fe3O4 NPs in the 3DHPC
Chem. Eur. J. 2014, 20, 4308 – 4315

www.chemeurj.org

Figure 6. Digital photographs of Fe3O4/3DHPC composites a) before and b–
e) after cycling; f–h) SEM and i) TEM images of the cycled Fe3O4/3DHPC-65
composite at different magnifications after 500 cycles at 2 A g1.

network causes severe mechanical disintegration during cycling, thereby resulting in crumbling and cracking of the electrode and further electrical disconnection from current collectors. In addition, the aggregation of Fe3O4 particles leads to
a significant reduction in the active surface area, while at the
same time, the electrical contact with the carbon matrix also
deteriorates, thereby resulting in significant capacity fading.
As shown by the results presented above, the Fe3O4/3DHPC79 composite electrode displays excellent electrochemical performance and structural stability. These outstanding properties
should be attributed to their distinct structure and the appropriate thickness of Fe3O4 NPs that offer the following benefits:
1) The open 3D macroporous carbon with interconnected mesoporous walls provides a large amount of available surface
sites for Li + insertion, which facilitates physical contact with
the electrolyte and provides fast Li + ion transport channels.
2) The present synthetic method guarantees that almost all
Fe3O4 NPs are in intimate contact with the conductive support
and improve the electron conductivity and utilize the electrochemical activity of the active material to the greatest possible
degree, consequently conducting a complete redox process.
3) The intimate contact of Fe3O4 with the 3DHPC matrix is beneficial for mitigating the mechanical stress of Fe3O4 NPs generated during the charge/discharge process and preventing the
aggregation of Fe3O4, and thus maintaining the structural integrity and cycling stability of the electrode. On the basis of
the above analyses, it is concluded that the synergetic effect
between 3DHPC and Fe3O4 NPs is responsible for the excellent
lithium-storage performance of the overall electrode.

Conclusion
In summary, a new type of Fe3O4/3DHPC hybrid with small and
uniform Fe3O4 NPs distributed on the 3DHPC support has been
successfully synthesized by a simple, highly efficient, and
green deposition technique assisted by a scCO2-expanded ethanol solution. With the present method, the carbon-based
matrix could be directly used without pretreatment or surfactant. In addition, the Fe3O4 content (or thickness) in the composite could be precisely tailored, and free Fe3O4 NPs formed
in solution were successfully avoided. As a result, the Fe3O4/
3DHPC-79 hybrid exhibited remarkable reversible capacity, excellent cycling performance, and good rate capability. The enhanced electrochemical performance can be attributed to the
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synergistic effect between Fe3O4 NPs and the 3DHPC matrix. Finally, it should be pointed out that the present simple,
straightforward, and environmentally benign synthetic method
could be further extended to the fabrication of a wide range
of functional hybrid nanomaterials.

Experimental Section
Materials synthesis
Nearly monodisperse silica nanospheres with a diameter of 200 nm
were synthesized by Stober’s method.[29] 3DHPC was synthesized
according to a previously reported method.[18] As a typical procedure to prepare the Fe3O4/3DHPC composite, 3DHPC (20 mg) was
dispersed in alcohol (10 mL) to form a suspension by ultrasonication, followed by adding a certain amount of Fe(NO3)3·9 H2O into
the above solution with continuous magnetic stirring for 30 min.
The obtained solution was transferred into a 50 mL Teflon-lined
stainless-steel high-pressure autoclave. Subsequently, the vessel
was placed into an oil bath at 200 8C and then pumped with CO2
immediately up to 12.0 MPa with a flow rate of 10 mL min1 under
vigorous stirring. The final pressure reached approximately 20 MPa
when the temperature reached equilibrium (note: be careful in
handling process for scalding and leaking). After reaction for 2 h,
the autoclave was cooled to room temperature naturally and then
depressurized slowly. The resulting black solid products were centrifuged, washed with distilled water and ethanol, dried at 80 8C in
air, and finally calcined at 550 8C for 3 h under an N2 atmosphere
with a ramp of 3 8C min1. The Fe3O4 content in the composite can
be tailored to be 65, 79, and 86 wt % by adjusting the concentration of Fe(NO3)3·9 H2O in the precursor solution (Figure S1 in the
Supporting Information), and the resulting composite was denoted
as Fe3O4/3DHPC-X, with X representing the loading level. To compare and elucidate the efficiency of scCO2, Fe3O4/3DHPC-E-79 composite was also prepared; 79 indicates the Fe3O4 content is 79 wt %
in the composite, and E represents preparation in pure ethanol
without introducing CO2 under the same procedure.

(PVDF) at a weight ratio of 75:10:15. The resultant slurry was then
cast uniformly on a copper foil current collector and dried at 80 8C
for 2 h in air, and then at 100 8C in vacuum overnight. The weight
of every electrode was weighed accurately using an electronic balance. The thickness of the electrode material was about 15 mm.
The loading of the electrode was about 1–2 mg cm2. The charge/
discharge measurements were performed at various current densities with a cutoff voltage of 0.01–3.0 V using a NEWARE cell test instrument (Shenzhen Neware Electronic Co., China). After cycling,
the cell was disassembled in the glovebox, and the working electrode was taken out and washed with pure DMC solution for characterizations. Note that the specific capacity of the Fe3O4/3DHPC
composites was calculated on the basis of the total weight of the
composite. Cyclic voltammetry and electrochemical impedance
spectroscopy (EIS) measurements were performed by using
a VMP3 Electrochemical Workstation (Bio-logic Inc).
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Characterization
The crystal structure of the samples was characterized using X-ray
diffraction (Bruker D8 Advance diffractometer using CuKa radiation
(l = 1.5418 )). XPS was recorded using a PHI quantera SXM spectrometer with an AlKa = 280.00 eV excitation source. The morphology and microstructure were analyzed using scanning electron microscopy (Hitachi S-4800) equipped with energy-dispersive X-ray
spectroscopy (EDS). TEM and HRTEM were recorded using a Tecnai
G20 instrument operating at 200 kV for the detailed microstructure
information. Thermogravimetric analysis (TGA) was performed
using a TGA 2050 thermogravimetric analyzer up to 800 8C at
a heating rate of 10 8C min1 in air. Nitrogen adsorption–desorption
isotherms were measured at 77 K using a Micromeritics ASAP 2020
analyzer (USA).

Electrochemical characterization
The electrochemical tests were measured using two-electrode
CR2025-type coin cells assembled in an argon-filled glovebox with
lithium sheet as counter and reference electrode, 1.0 m LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 in volume) as
electrolyte, and Celgard-2300 polypropylene as separator. The
working electrode was prepared by mixing the as-prepared active
material with acetylene black (AB) and polyvinylidene fluoride
Chem. Eur. J. 2014, 20, 4308 – 4315
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