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T
he development of electrochemical
energy storage devices with high
energy density, power density, and

cycling stability is of great importance for
electronics, vehicles, large-scale power-grid
storage, and other applications.1�3 In this
context, lithium-ion batteries are of particu-
lar promise because their rate capability and
cycling stability could be further improved.
To achieve this goal, such devices must
possess robust and effective enough trans-
port networks for ions and electrons. How-
ever, most active materials used to date
generally possess low electron conductivity
and ion mobility. To construct the conduct-
ing networks, particles of active materials
often with low-dimensional structures, con-
ducting agents (e.g., carbon blacks), and
polymeric binders are mixed and coated
on current collectors. Such binder-holding
structures, however, are easily destroyed
particularly for high-capacity materials with
large volume change during lithium inser-
tion and extraction.4,5 Moreover, accompa-
nying electrochemical reactions, electrically
insulated solid electrolyte interphases (SEI)
may be formed around the active material

particles and isolate the particles from their
conductive networks, further resulting in
capacity fading and deteriorated rate
capability.6

To address these challenges, much effort
has been devoted to constructing robust
networks for effective transport of electrons
and ions, such as coating the active materials
with conductive coating (typically carbons),7,8

loading the active materials within porous
conductive scaffolds,9,10 and forming the
nanocomposites with sp2-hybridized car-
bons (e.g., carbon nanotubes (CNTs) and
graphene).11�15 The nanocomposite strat-
egy is particularly promising since it may
provide long-range conductivity, better-
controlled interface between the active
materials and the conducting carbons, and
more robust network structure.
To date, various nanocomposites have

been preparedmainly by growing or assem-
bling active materials (e.g., nanoparticles,
nanorods, nanowires, and nanosheets) onto
CNT networks,16,17 graphene sheets,18,19 or
CNT�graphene composites.20 Current CNT-
based composites mainly include three
categories: (i) the coaxial structures with
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ABSTRACT Rational design of electrode materials is essential

but still a challenge for lithium-ion batteries. Herein, we report the

design and fabrication of a class of nanocomposite architecture

featured by hierarchically structured composite particles that are

built from iron oxide nanocrystals and carbon nanotubes. An aerosol

spray drying process was used to synthesize this architecture. Such

nanoarchitecture enhanced the ion transport and conductivity that are required for high-power anodes. The large volume changes of the anodes during

lithium insertion and extraction are accommodated by the particle's resilience and internal porosity. High reversible capacities, excellent rate capability,

and stable performance are attained. The synthesis process is simple and broadly applicable, providing a general approach toward high-performance

energy storage materials.
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active materials coated on CNTs;21,22 (ii) the interpene-
trating structures with active nanorods or nanowires
intertwining within networks of CNT;23,24 and (iii) the
integrated structure made from active materials and
threading CNT networks.25 The first category of com-
posites facilitates effective charge transfer locally; how-
ever, it precludes the long-range conductivity since the
active layer increases CNT contact resistance. For the
second category of composites, interpenetrating struc-
ture provides porous networks and better conductivity
throughout the whole electrodes; however, such com-
posites suffer from loose interfacial contact and low
structural integrity. As for the third category of com-
posites, they usually show intimate interfacial contacts
and robust structural integrity, thus offering better
electrode performance. Herein, we report the method
of making CNT nanocomposites with integrated
structure by a simple spray drying process as high-
performance anode materials. Fe3O4 was used as a
model material because of its wide applications in
energy storage.
Exemplified using the synthesis of anode nanocom-

posites, Scheme 1 illustrates our synthesis approach.
First, oxide nanocrystals (NCs) (e.g., as-prepared Fe3O4)
and multiwalled CNTs after purification,26 together
with sucrose, were dispersed into aqueous solution
assisted by a surfactant (P123, EO20PO70EO20, where
EO and PO are ethylene oxide and propylene oxide,
respectively). Atomization of such colloidal dispersion
generated aerosol droplets (Scheme 1A) passing through
a heated tube furnace. Solvent evaporation from these
droplets condensed the nonvolatile components upon

drying (step I), forming composite particles (Scheme 1B)
that were collected in a filter. Subsequent annealing
process (step II) led to the formation of nanocomposite
particles (Scheme 1C) with robust and effective net-
works for electron and ion transport.
During the spraying process, CNTs and NCs were

confined and closely packed within the droplets,
forming spherical particles threaded by CNTs. The
annealing process further sintered the NCs, forming
continuous NC networks. At the same time, the sucrose
was converted into carbon coating for the NCs and
solidified the interface between the CNTs and NCs.
Such structure offers shortened solid-phase ion diffu-
sion length and excellent conductivity within the
particles. The CNTs extruded out of the nanocomposite
particles provide long-range conductivity through
intraparticle contacts of such CNTs. Besides the im-
proved ion and electron conductivity, such nano-
composite architecture also effectively circumvents
the issues associated with the SEI formation. As de-
picted in Scheme 1D, during the initial charging
and discharging cycles, although insulated SEI layers
may be formed around the particles, the CNTs thread-
ing through the particles and extending out of the
particles can still transfer electrons effectively by cross-
ing the SEI layers. In short, this architecture provides
the nanocomposites with robust pathways for ion and
electron transport, enabling the fabrication of high-
performance electrodes. It is also important tomention
that the spraying process is facile and scalable for
industrial processes,27�30 and adapting such a scalable
process allows the production of high-performance
electrode materials at low cost.

RESULTS AND DISCUSSION

Figure 1A shows a representative scanning electron
microscope (SEM) image of the nanocomposite parti-
cles. The particle morphology is rough, with threading
CNTs visible on the surfaces. The nanocomposites
are spherical granules with polydisperse submicron
sizes (Figure 1B) ranging from ∼0.3 to 0.6 μm. Those
assembled composite particles can circumvent the
limitation of low-dimensional nanoparticles and offer
easier handling.31 Close observation of transmission
electronmicroscopy (TEM, Figure 1C) confirms that the
composite particles are made from networks of Fe3O4

NCs and CNTs threading through the particles. More-
over, the Fe3O4 networks are coated by decomposed
carbons and connected with CNTs (Figure 1D), forming
three-dimensional (3D) long-range conductive net-
works throughout the whole particles. The elemental
mapping of the composite particles was obtained by
energy-dispersive X-ray spectroscopy (EDS, Figure 1E),
which further confirmed the uniform distribution of
Fe3O4 within the 3D carbon networks.
X-ray powder diffraction (XRD) pattern (Figure 2A)

shows that the Fe3O4 NCs in the composites were

Scheme 1. Schematic fabrication of CNT/NC nanocompo-
sites through an (I) aerosol spray dryingprocess followedby
(II) thermal annealing. (A) The droplets generated by the
aerosol process are condensed into (B) solidified particles
after passing through a heated furnace and then are con-
verted into (C) the nanocomposites consisting of NCs and
threading CNTs after further annealing. (D) Formation of SEI
protectionon the nanocomposites during the initial charge/
discharge cycles.
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calculated to be 9.3 nm from the Scherrer equation,
which minimizes sluggish solid-state ion transport due
to the low dimensionality. Heating CNT/Fe3O4 nano-
composites in nitrogen at 560 �C completely decom-
posed residual surfactants and converted sucrose into
carbons, which strongly cross-linked the interfaces
of CNTs and Fe3O4 networks. We noticed that such a
heating treatment did not lead to size growth of Fe3O4

NCs because they were encapsulated by decomposed
carbon coating. Raman spectra (Figure 2B) reveal that
the carbons in the composites have high graphitization
due to the introduction of sp2-hybridized CNTs. Char-
acteristic peaks of the D and G bands corresponding to
the disordered and graphitized carbonswere observed
at 1334 and 1596 cm�1, respectively. The element com-
position (84 wt % Fe3O4, 16 wt % C) was calculated by
thermogravimetric analysis (TGA, Figure 2C), suggest-
ing a high active material loading. In addition, inter-
connected porous channels existed in the composites.

Consequently, nitrogen adsorption�desorption iso-
therms (Figure 2D) of the nanocomposite particles
suggest a high Brunauer�Emmett�Teller (BET) surface
area of 95.8 m2 g�1 and hierarchically structured pores
(inset of Figure 2D) for fast electrolyte transport.
Apart from the aforementioned structural features,

CNT/Fe3O4 nanocomposite particles also show me-
chanical robustness. The compression�resilience
properties of the nanocomposites are compared with
bare Fe3O4 NCs and aerosol-synthesized Fe3O4/carbon
nanocomposites32 without CNTs using cycled com-
pression (Figure 3A). It suggests that CNT/Fe3O4

composite particles have elastic properties to cushion
volume changes due to the introduction of CNTs. More
specifically, CNT/Fe3O4 composite particles allow large
compressive strain (e.g., >32%) yet possess the ability
of shape recovery. In contrast, despite a low compres-
sive strain of ca. 6%, Fe3O4/carbon composite particles
show limited recovery ability (left inset of Figure 3A),

Figure 1. (A) SEM image of CNT/Fe3O4 nanocomposites. (B) Cumulative size distribution of the spherical composite granules.
(C) TEM image showing interweaved networks. (D) High-resolution TEMmicrograph of the nanocomposites. (E) STEM image
of CNT/Fe3O4 nanocomposites and the corresponding elemental mapping images of C (red), Fe (green), and O (orange).
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whereas bare Fe3O4 NCs nearly lose all their recovery
ability (right inset of Figure 3A). The volume conduc-
tivity of CNT/Fe3O4 particles without pressure was
∼4 � 10�3 S m�1 (Figure 3B), more than 1000 times
higher than that of aerosol-synthesized Fe3O4/carbon
particles, suggesting the significant improvement of
electron transport. When compressed, CNT/Fe3O4

composites with an increased conductivity appeared
at 38% strain, much larger than that of Fe3O4/carbon
composite particles (∼7%). This phenomenon sug-
gested that a hierarchical structure existed in the
nanocomposites.33 Therefore, elastic conductive net-
works and interconnected pores were synergistically
constructed in CNT/Fe3O4 nanocomposites with struc-
ture durability. Despite other crystalline particles and
graphene oxide that were used to synthesize their
composites using this technique,34,35 this contribution
was the first demonstration of nanocomposites based
on CNTs and NC building blocks and enriched high-
performance nanostructures for energy storage.
As a proof of concept, we measured the electroche-

mical performance of the CNT/Fe3O4 nanocomposites
as anode materials for Li-ion batteries. Charge storage
behavior of the nanocomposites was characterized
by cyclic voltammetry (CV) at 0.2 mV s�1 (Figure 4A).
In the first cycle, an irreversible capacity loss at 0.63 V
was observed, corresponding to the irreversible reduc-
tion of electrolyte and SEI formation, as discussed.16

Then, a slight shift of the CV curves was observed.

Redox reactions of lithium insertion/extraction were
highly reversible in the subsequent cycles, where the
anodic Li extraction occurred at 0.77 V and the catho-
dic Li insertion occurred around 1.7 V. Figure 4B shows
the galvanostatic charge/discharge curves of the
CNT/Fe3O4 electrode at various rates. The initial charge
and discharge capacities of the total anode at a current
density of 72 mA g�1 were 1372.9 and 893.2 mAh g�1

respectively, offering a modest initial Coulombic effi-
ciency of 65%. Moreover, charge�discharge curves of
the electrode at increasing current densities show that
the reaction kinetics was well maintained due to the
hierarchical structure of the nanocomposites and,
more importantly, increased conductivity. The capacity
contribution of CNTs within the nanocomposite elec-
trode was relatively small compared to that of Fe3O4

at a voltage of 0.005�3.0 V (Supporting Information
Figure S1). When the CNT contribution was deducted,
the Fe3O4 component in the electrode displayed a
discharge capacity of ∼1210 mAh g�1 at 72 mA g�1,
which is higher or comparable to those of reported iron
oxide anodes.7,36�38

Whereas metal oxides are known to suffer from
sluggish kinetics, the designed CNT/Fe3O4 nanocompo-
sites demonstrate excellent rate capability. In Figure 4C,
an averaged discharge capacity of 984 mAh g�1 was
realized based on the whole mass of an electrode at
0.1 C (1 C = 720 mA g�1 based on the total mass of
the electrode, including CNT/Fe3O4 composite particles,

Figure 2. (A) XRD pattern of CNT/Fe3O4 nanocomposites after thermal annealing. (B) Raman spectra of CNT/Fe3O4

nanocomposites, CNTs, and Fe3O4 NCs. (C) TGA curve of CNT/Fe3O4 composite particles. (D) N2 sorption isotherms and
Barrett�Joyner�Halenda pore size distribution (inset) of CNT/Fe3O4 nanocomposites.
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polyvinylidene fluoride (PVDF), and conductive agents).
When current densities increased, little decrease of
capacity was observed before the 1 C rate. Even at high
current rates, such as 12 C, the electrode retained a
capacity of 440 mAh g�1, still exceeding graphite's
theoretical capacity. Such electrode rate capability per-
formance exceeded most reported iron-oxide-based
electrodes,39�46 and other oxide anode materials.47�50

Moreover, aerosol-synthesized Fe3O4/carbon composite
particles were also prepared as anode materials. It
showed that theFe3O4/carbonelectrode reached similar
capacity at low rates (before 1 C); however, the perfor-
mance deteriorated at high rates, which confirmed
better electron transport of CNT/Fe3O4 composites.
The aerosol-synthesized CNT/Fe3O4 and Fe3O4/carbon
composite electrodes performed much better than
bare Fe3O4 electrode, suggesting robust kinetics of
the self-assembled composites using the aerosol spray
technique.
Based on the robust structure features, CNT/Fe3O4

nanocomposites offer remarkable cycling stability. As
shown in Figure 4D, the composite electrode offered

a total discharge capacity of ∼900 mA h g�1 at 1 C
in the initial cycles and was gradually maintained at
∼1000 mA h g�1 without obvious capacity fading
during 100 cycles. The capacity increase with cycling
was observed in various nanostructured metal oxide
electrodes.51,52 The activation of active materials and
some reversible formation of polymeric/gel-like de-
position of electrolyte have been suggested as possi-
ble reasons.22 Coulombic efficiency was maintained
around 98% from the second cycle (Supporting Infor-
mation Figure S2), supporting the highly reversible
electrochemical reaction upon cycling. In comparison,
aerosol-synthesized Fe3O4/carbon composites offered
limited stability, and it gradually faded after∼50 cycles.
Based on the mechanical properties of CNT/Fe3O4

nanocomposites, it was suggested that the effect of
repeated volume changes on cycling performance was
mitigated by the elastic properties. As for the bare
Fe3O4 electrode, it could hardly offer stable perfor-
mance. The capacity faded to less than 300 mA g�1

after 50 cycles. Clearly, CNT/NC nanocomposites show
outstanding performance as long-lifetime electrode
materials.
To understand the reason for the high stability,

electrochemical impedance spectroscopy (EIS) was
conducted on CNT/Fe3O4 composite electrodes upon
their charge/discharge cycling (Figure 5A). The Nyquist
plots at different cycles (e.g., fresh electrode, the sixth,
and 101st cycles) display similar intercepts (around
2.0 Ω) that represent ohmic resistance from the con-
tact, electrode, and resistance from the electrolyte.
With frequency decreases, the electrode exhibits a
semicircle due to the charge transfer resistance be-
tween the electrode and the electrolyte. There was a
slight decrease in semicircle diameter at the sixth cycle,
indicating excellent electrode stability with an activa-
tion process. The diameter of the semicircle increased
in the following cycles and after 100 cycles; accord-
ingly, the charge transfer resistance increased from
30 to 140 Ω, which was associated with forming SEI.
The following sloping region after the semicircle in the
low-frequency region reflects the diffusion resistance
of the electrolyte ions into the electrode. Obviously,
the ion transport pathway was well maintained during
cycling, indicated by the similar features of the sub-
vertical profiles. The results indicated that the electron
conduction and ion diffusion pathways in the compo-
site electrodes were well maintained despite SEI for-
mation during charge/discharge cycles.
To further confirm the robust structure, the mor-

phology of CNT/Fe3O4 composite particles in the initial
lithiated electrode (electrode discharged to 0.005 V)
and the electrode cycled after 100 cycles was exam-
ined under electron microscopes. Indeed, the compo-
sites retained their spherical interweaved structure at
the initial discharge state (Supporting Information
Figure S3). Even after the long-term cycling, it shows

Figure 3. (A) Compressive stress�strain curves of CNT/Fe3O4

nanocomposites in comparison with that of CNT/carbon
nanocomposites (left inset) and pure Fe3O4 NCs (right inset).
(B) Volume conductivity of CNT/Fe3O4 and Fe3O4/carbon
composite particles with increasing compressive strain.
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that the spherical structure was still maintained
(Figure 5B). A polymer/gel-like coating that can be
ascribed to SEI formation surrounds the composite

particles (Supporting Information Figure S4). To date,
no effective methods can fully solve the problems
caused by insulated SEI; however, the designed

Figure 4. Electrochemical performance of CNT/Fe3O4 nanocomposites as anode materials. (A) CV curves of a CNT/Fe3O4

electrode collected at a scan rate of 0.2 mV s�1. (B) Charge�discharge curves of a CNT/Fe3O4 electrode at various rates in the
potential window of 0.005�3.0 V. (C) Rate capability comparison of CNT/Fe3O4, Fe3O4/carbon, and bare Fe3O4 electrodes. (D)
Cycling stability of a CNT/Fe3O4 electrode in comparisonwith that of Fe3O4/carbon and bare Fe3O4 electrodes at a rate of 1 C.

Figure 5. (A) Electrochemical impedance spectra of a CNT/Fe3O4 nanocomposite electrode at fresh half-coin cell, sixth, and
101st cycles over the frequency range of 105 to 0.01 Hz. (B) SEM image of CNT/Fe3O4 spherical composite particles after
100 cycles. (C) Schematic of SEI formation in CNT/Fe3O4 nanocomposites upon cycling.
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nanocomposites successfully circumvent this problem
compared to active particles coated by pyrolytic car-
bons or other coatings.53,54 Figure 5C is the schematic
of interweaved structure evolution upon cycling. The
robust structure allowed the composites to expand
freely without mechanical failure during repeated
lithiation. Therefore, despite SEI formation, threading
CNTs of the composites could still transfer electrons
effectively by crossing SEI throughout the whole com-
posite particles. In this case, the SEI formation was
transformed into a robust protection that promoted
the structural integrity of the nanocomposite particles
upon cycling. Then, robust performance was achieved
in such nanocomposites.

CONCLUSION

In summary, we have demonstrated the synthesis
of hierarchically nanostructured CNT-interweaved-
nanocrystal architecture using an aerosol spray drying
process for lithium battery anodes that yield high
electrochemical performances. The nanoarchitecture
exhibited effective electron and ion transport and,more
importantly, mechanical robustness, thus endowing
the battery electrodes with high reversible capacity
and stable performance. This synthesis process is effec-
tive and can be readily extended to assemble CNTs
with other functional units, offering huge families
of nanostructured materials for a broad spectrum of
applications.

EXPERIMENTAL METHODS
Material Synthesis. Fe3O4 NCs were synthesized using a co-

precipitation method.32 Multiwalled CNTs were purified and
dried before use.26 Then, 60mg of CNTs, 1.5 g of P123, and 0.3 g
of sucrosewere dispersed into 150 gof 0.53wt%Fe3O4 colloidal
solution using a fluid shearing dispersionmethod (∼2000 r/min,
30 min), forming a homogeneous dispersion. The dispersion
was then sent through an atomizer using nitrogen as a carrier
gas. The produced aerosol droplets passed through a glass tube
heated at 450 �C; as-formed particles were collected using a
filter. Then, the particles were further annealed at 560 �C for 2 h
under nitrogen, forming CNT/Fe3O4 composite particles. For
comparison, CNT/carbon composite particles were prepared
using the same process without addition of CNTs as the control
sample.

Material Characterizations. SEM experiments were conducted
on a JEOL JSM-6700 FE-SEM. TEM experiments were conducted
on a FEI T12 instrument operating at 120 kV. EDS analysis was
performed on the Tecnai G2 F20 instrument using an equipped
EDAX apparatus. Nitrogen sorption isothermsweremeasured at
77 K with a Micromeritics ASAP 2020 analyzer. The specific
surface areas (SBET) were calculated by the BET method using
the adsorption branch in a relative pressure range from
0.04 to 0.25. The pore size distributions (Dp) were derived
from the adsorption branch of isotherms using the Barrett�
Joyner�Halenda model. X-ray diffraction was conducted on a
Panalytical X'Pert Pro X-ray powder diffractometer using Cu KR
radiation (λ = 1.54 Å). Raman spectra were performed on a
Horiba Jobin Yvon Lab RAMHR800 Raman spectrometer with
He�Ne laser excitation at 633 nm. Thermogravimetric analysis
was conducted on a TGA Q50 instrument at a ramping rate
of 10 �C min�1 under an air flow. To measure the conductivity,
the composite particles were loaded into an insulated hollow
cylinder, with one end tightly sealed by using a solid copper
cylinder and the other end using a mobile one. A precompres-
sion of 0.1 MPa was performed on the loaded particles. The
particles were compressed at different strains and measured
their voltage�current curves using Agilent B2902A. Then, the
volume conductivities were calculated. Mechanical compres-
sion tests were conducted on INSTRON 5843. The particles were
also precompressed to 0.1 MPa. Then, the compression tests
were cycled for three times at a speed of 1 mm min�1 at room
temperature.

Electrochemical Characterizations. To make CNT/Fe3O4 electro-
des, 75.3 wt % of aerosol-synthesized CNT/Fe3O4 composite
particles, 9.46 wt % of CNTs, 4.84 wt % of CB, and 10.4 wt % of
PVDFweremixed inN-methyl pyrrolidone to form slurries. Then,
the slurries were coated onto titanium substrates and dried
at 300 �C for 5 h under nitrogen. The mass loading of active
materials was∼1.2mg cm�2 on each current collector. Identical
steps were used to prepare Fe3O4/carbon and bare Fe3O4

electrodes. For the electrochemical test, the electrodes were
assembled into 2032-type coin cells. The electrolyte was a 1.0 M
LiPF6 in ethylene carbonate/diethyl carbonate (1:1 by volume),
and lithium foils were used as both the counter and reference
electrodes. The CV and EIS measurements were carried out
on a Solartron 1860/1287 electrochemical interface. Coin cell
assemblies were conducted in an argon-filled glovebox. The
galvanostatic charge/dischargemeasurementswere carried out
by LAND CT2000 battery tester.
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