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ABSTRACT Design and fabrication of effective electrode struc-
ture is essential but is still a challenge for current lithium-ion battery
technology. Herein we report the design and fabrication of a class of
high-performance robust nanocomposites based on iron oxide
spheres and carbon nanotubes (CNTs). An efficient aerosol spray
process combined with vacuum filtration was used to synthesize
such composite architecture, where oxide nanocrystals were as-

sembled into a continuous carbon skeleton and entangled in porous
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features that are required for high-performance anodes, including efficient ion transport, high conductivity, and structure durability, therefore enabling

an electrode with outstanding lithium storage performance. For example, such an electrode with a thickness of ~35 zzm could deliver a specific capacity of

994 mA h g~ (based on total electrode weight) and high recharging rates. This effective strategy can be extended to construct many other composite

electrodes for high-performance lithium-ion batteries.
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ithium-ion batteries are commonly

used for electronics, electric vehicles,

and other applications.'? Despite their
broad use, developing better energy sto-
rage devices with further improved perfor-
mance, such as higher energy density and
power density, remains as the main theme
of the field>"> In this context, transition
metal oxides, which possess significantly
higher capacities than that of the current
commercial anode material (graphite),®~'2
hold great promise toward a high-energy-
density anode; however, such promise has
been hampered by their poor cycling stabil-
ity and rate performance.

To address this challenge, it is critically
important to design electrodes rooted from
their structure and operation principle. Tra-
ditionally, electrodes were fabricated from
mixtures of active materials, conductive
agent (e.g., carbon black), and polymeric
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binders,"*'*in which ion transport and elec-

tron transport networks were constructed.
During the charge/discharge process, elec-
trons and ions are shuffled between the
anode and cathode, where electrical en-
ergy and chemical energy are transformed
reversibly. The rate performance of an
electrode is determined by the rate of elec-
tron and ion transport, while the cycling
stability will be determined by the durability
of such transport networks. Recognize that
metal oxides generally possess low electri-
cal and ion conductivities, which unavoid-
ably results in the low-rate performance.
Moreover, due to the large volume change
of oxide materials during the charge/
discharge process, as-formed electrical con-
ductive networks (carbon—carbon contacts)
may be destroyed easily. Furthermore, due to
unfavorable electrochemical reactions, elec-
trically insulated or ion-diffusion-resistant
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Scheme 1. Synthesis process of Fe;0,4/carbon nanocomposite particles. (A) Scheme synthesizing Fe304/carbon composite
particles using an aerosol spraying process. (B) Scheme further illustrating the formation of the composite particles. Starting
from aerosol droplets containing Fe;0, nanocrystals and sucrose, solvent evaporation followed by sucrose decomposition in
the heating zone creates iron oxide composite particles (l); subsequent carbonization process converts the particles into

porous Fe30,/carbon composited particles (Il).

layers may also be formed on the oxide surface, which
further deteriorates effectiveness of the ion and elec-
tron transport.

To date, various approaches have been explored to
construct more effective and durable ion and electron
transport networks. The simplest strategy is to replace
the carbon black with carbon nanotubes (CNTs)”'>'®
or graphene.'””~"° CNTs often exhibit high aspect ratios
and excellent conductivity, while graphene exhibits
good conductivity and strong w—z interactions; their
uses may improve the rate performance and stability to
a certain degree. Coating electrode active materials
with thin layers of structure-enforcing materials (e.g.,
Si0, and Al,03) was also explored.?°~22 This was often
achieved by chemical vapor deposition (CVD)*° or
atomic layer deposition (ALD)?"%? methods. Such coat-
ings may effectively stabilize the electrodes without
significantly increasing the transport resistance for
both ions and electrons. However, such deposition
processes require expensive precursors and facilities
and are difficult to implement for large-scale produc-
tion. Coating the active electrode materials with car-
bon has been another strategy, which is of particular
interest for commercial applications. This is generally
achieved by mixing oxide particles or their precursors
with carbon sources (e.g., glucose) followed by a
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carbonization process,’>?* which leads to the forma-

tion of isolated oxide particles coated with carbon.
Although improved rate performance and stability
were often achieved, this process often resulted in
low tapping density, particularly for the case of nano-
size oxide particles. Overall, despite the great efforts
and the success stated above, construction of robust
electron and ion conductive networks leading to high-
performance anode remains challenging.

Herein, we report the design and fabrication of
nanocomposites of iron oxide and carbon with high
capacity, excellent rate performance, and high cycling
stability. Iron oxide was used as the model system
due to its high capacity, nontoxicity, and low cost.
As illustrated in Scheme 1, we started with precursor
solutions containing Fe;0, nanocrystals (NCs) and
sucrose; an aerosol spraying process®**> generates
droplets containing the precursor (Scheme 1A). Sol-
vent (water) evaporation enriches the NCs and sucrose,
enabling the NCs to be assembled into continuous
NC networks. Subsequent sintering and carboniza-
tion process at 560 °C for 2 h under nitrogen further
strengthened the NC networks and coated them with
continuous layers of carbon, leading to the formation
of robust Fe;0,4/carbon composite spheres with rough
surface morphology (Scheme 1B). Mixing the rough
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Figure 1. SEM and TEM images of the hierarchically porous Fe;0,/carbon composite particles: (a) low-magnification SEM
image showing as-produced particles (inset: size distribution of the spheres); (b) high-magnification SEM image showing the
particles with rough surface; (c) TEM image of the hierarchically porous oxide clusters; (d) high-magnification TEM image
showing the formation of continuous carbon skeleton and Fe;0, nanocrystal networks; (e) XRD patterns of the Fe;O,/carbon
composite particles and amorphous carbon derived from the composite particles by etching Fe30,4 using nitric acid; (f)
nitrogen sorption isotherms and pore size distribution (inset) of the porous Fe;0,/carbon particles.

surface spheres with carbon nanotubes (CNTs) in solu-
tion followed by a filtration process enables the for-
mation of binder-free electrodes,’?*%” within which
the CNTs and the spheres are highly entangled, form-
ing robust and flexible networks.

This simple composite structure offers many critical
features. (1) In the aspect of ion transport, the composite
spheres are built from individual NCs, which retain their
short lithium diffusion length. As-formed nanocrystalline
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networks also create three-dimensional (3D) intercon-
nected channels, enabling fast transport of lithium
ions. (2) In the aspect of electron transport, the carbon
coatings are formed continuously on the entire NC
networks, providing effective electron transport. More-
over, the intimate entanglement between the conduc-
tive CNT networks and the carbon-coated compo-
site spheres further establishes hierarchical networks
for electron transport. (3) In the aspect of structure
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Figure 2. (a) Photograph of a flexible electrode (inset is the cross-section SEM image of the electrode showing its thickness);
(b) representative stress—strain curve of the flexible electrode; (c,d) SEM images of a fractured electrode showing an intimate
entanglement between the composite particles and the CNT networks.

stability, the composite spheres are constructed from
networks of NCs through strong ionic bonding, which
ensures the structure robustness. Moreover, the car-
bon coatings and the elastic CNT networks also miti-
gate the mechanical stress that may be generated
during their charge/discharge process, endowing elec-
trodes with structural durability. It is also important to
point out that a spraying process has been broadly
used for large-scale production of micrometer-size
particles of active materials,*®*° while Fe;0, and su-
crose are abundant and available at low cost. More-
over, mass production of CNTs has also been imple-
mented,*® which enables the production of CNTs at a
price comparable to that of carbon black. Therefore,
this work provides a highly effective approach that can
be readily scaled up for real application.

RESULTS AND DISCUSSION

The structure and morphology of the composite parti-
cles were characterized using electron microscopic tech-
niques and X-ray diffraction (XRD). The low-magnification
scanning electron microscopic (SEM) image in Figure 1a
shows that as-formed particles exhibit diameters ranging
from 0.2 to 1.5 um (inset in Figure 1a). Higher-magnifica-
tion SEM image (Figure 1b) reveals that these particles
have rough surfaces. A typical particle is observed under
transmission electron microscopy (TEM) (Figure 1¢); the
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nanosize Fe3;0, crystals are assembled to form cluster
networks, with open pores interpenetrating through the
clusters. Higher-magnification TEM image (Figure 1d)
reveals that all of the Fe;0, NCs are embedded within
porous carbon networks with a thickness of around
2—3 nm. It was also found that the size of the NCs
within the network is similar to those of the building NCs
(4—13 nm in diameter; see Figure S1 in Supporting
Information). XRD study reveals that the embedded
Fes04 NCs within the composite exhibit a cubic inverse
spinel structure (Figure 1e)' and the carbon layer is
amorphous. Thermal gravimetric analysis (TGA) shows
that the as-formed Fe30,4/carbon particles are composed
of 86 wt % Fe;0,4 and 14 wt % carbon (Figure S2). The
pore structure of the composite particles was further
characterized with nitrogen sorption analysis (Figure 1f).
These particles exhibit a high pore volume of 0.45 cm® g ™'
and a Brunauer—Emmett—Teller (BET) surface area of
103.7 m? g~ . Significant nitrogen uptake at a high
relative pressure, as well as the absence of significant
adsorption—desorption hysteresis, suggests the for-
mation of interconnected porous channels with large
pore diameter.

Large-area electrodes with a thickness of 30—70 um
(ca. 52 um, inset in Figure 2a) were obtained from a
simple vacuum filtration of a mixture containing Fe;04/
carbon particles and CNTs (diameter of 10—20 nm and

VOL.6 = NO.11 = 9911-9919 = 2012 A@M\K)

WWww.acsnhano.org

11D1L¢

92914



length of several tens of micrometers, Figure S3). The
high-aspect-ratio CNTs well entangle with the Fes0,/
carbon particles, forming flexible free-standing electro-
des without adding any polymeric binder. Figure 2a
shows a digital photograph of a representative elec-
trode containing 86 wt % composite particles and 14 wt %
CNTs. Such highly entangled electrodes show flex-
ibility and good mechanical strength. As shown in the
stress—strain curves (Figure 2b), the electrode displays
an average tensile strength of 3.1 MPa at a strain of 0.9%.
Accordingly, the electrodes possess an average elastic
modulus of 340 MPa. Such strong composite electrodes
are rarely achieved, though some flexible electrodes
have been reported,*>** which ensures the electrode
structure stability. Figure 2c,d shows the surface and
cross-section SEM images of an electrode, where the
particles are tightly trapped in the CNT networks. The
intimate contacts between the composite particles and
the CNTs provide robust electrical conductive pathways,
which is critical for high-rate application. Moreover, such
composites present a highly flexible architecture that
can accommodate the volume change and retain con-
ductive network, providing critical features for high-
performance electrodes.

To measure their electrochemical performance, coin
cells were fabricated using a lithium disk as the counter
electrode and 1.0 M LiPF¢ in ethylene carbonate (EC)/
diethyl carbonate (DEC) (1:1 by volume) as the electro-
lyte. Charge storage behavior was first characterized by
cyclic voltammetry (CV). Figure 3a shows representa-
tive CV curves of the composite electrode. For the first
discharge cycle, two well-defined reduction peaks are
observed at 1.55 and 0.46 V (vs Li/Li™), respectively. The
peak at 1.55 V corresponds to the structure transition
induced by lithium intercalation into crystalline Fe;0,
(Fes0,4 + xLi™ + xe™ — LiFes0,). The peak at 0.46 V
is attributed to the further reduction of Li,Fe;0,4 to
Fe(0) by conversion reaction [LiFesO4 + (8 — x)Li™ +
(8 — x)e” — 4Li,0 + 3Fe], which has been discussed in
detail in previous works.””'?3* Note that the lithium
intercalation at a low voltage below 1V also causes the
formation of a surface electrolyte interphase (SEI),
which results in irreversible capacity loss. In the sub-
sequent cycles, redox reactions of lithium insertion/
extraction are highly reversible, where the cathodic
lithium insertion mainly occurs at 0.65 V and the anodic
lithium extraction occurs at 1.9 V due the structure of
Fe30, in the first cycle. Figure 3b shows the charge/
discharge curves of the electrode at a current density
of 200 mA g~ from 3.0 to 0.005 V. A potential plateau
appears at ~0.5 V during the first discharge process,
which is in good agreement with the CV results. The
initial charge and discharge capacities are 1148 and
821 mAh g™, respectively, corresponding to an irre-
versible capacity loss of ~30%, which is commonly
observed for oxide-based anodes.”'*3> The charge/
discharge efficiency approaches 100% in the following
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cycles, which suggests a facile lithium insertion/extrac-
tion associated with efficient transport of ions and
electrons in the electrodes.

Figure 3c,d shows the rate performance of the
composite electrodes (thickness of ~35 um) at differ-
ent current densities (from 156 mMA g~ 't0 6.25A g ).
Ata charge/discharge rate of 156 mA g~ (correspond-
ing to ~0.2 C), a reversible capacity of 994 mAh g~ ' was
realized based on the total weight of the electrode,
suggesting a high reversible capacity of the elec-
trodes. When current density is increased to 1.56 A g™,
the electrode can deliver a reversible capacity of
~830 mAh g~ Even at very high rates, such as 4.69
and 6.25 A g, the electrode retains a capacity of
604 and 482 mAh g, respectively, which is far
exceeding the theoretical capacity of graphite at
low rate (~350 mAh g~'). The charge/discharge
curves still maintain kinetics feature at high rates
when compared to slow rates, indicating a facile
charge transport process. Remarkably, when the cur-
rent density returned to 1.56 A g~ ' after cycling at
different rates, a capacity of 823 mAh g~ ' was recov-
ered in another 50 cycles (Figure S4).

To further demonstrate the advantages of using the
spherical Fe;0,4/carbon composite for lithium storage,
control electrodes with similar thickness and composi-
tion were also fabricated by directly mixing the Fe3;0,
NCs with CNTs based on an identical fabrication meth-
od (Figure S5). Apparently, the Fe304 NCs show much
poorer rate capability and stability and cannot bear
large current density due to the inefficient electron
transport (e.g., capacity was less than ~300 mAh g~ at
a current density of 1.56 A g‘1). On the other hand, the
Fe30,4/carbon composite spheres were also mixed with
CNTs and PVDF binder, which were then coated on
current collectors to prepare conventional electro-
des. Figure S6 reveals that such traditional electro-
des can reach comparable capacity at low current
density; however, charge storage capacity at high
rates was not comparable to the flexible, binder-free
composite electrodes. The polymeric binders may
account for the rate loss due to its insulating nature.
Furthermore, polymer binder (10% in total weight)
also compromises overall storage capability. There-
fore, building binder-free, robust architecture from
spherical Fe30,4/carbon composite and CNT is critical
to achieve the high performance for the composite
electrodes.

It should be noted that similar high-rate performance
has been achieved in thin film electrodes (less than
10 um) before’>® but has never been reported in elec-
trodes with a thickness of tens of micrometers, in which
significantly increased transport resistance and structure
instability were often observed. Nevertheless, using
such CNT-based composites, we can readily realize such
high performance in thick electrodes. Figure 3e reveals
that the rate capability of such a thick electrode is higher
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Figure 3. (a) Representative CV curves of an electrode based on the Fe30,/carbon composite particles and CNTs obtained at a
voltage range of 0.005 to 3.0 V (vs Li/Li") and potential scan rate of 0.5 mV s . (b) Charge/discharge curves of the electrode
achieved at the current density of 400 mA g~ at the first few cycles. (c) Charge/discharge curves and corresponding charge/
discharge time at different rates (0.2—8 C, 1 C=780 mA 9*1). (d) Rate capability of the electrode at different current densities
(0.156—6.25 A g*‘). (e) Comparison of capacity at different rates for such composite electrodes with those of iron oxide
anodes reported. (f) Areal-normalized capacity of the composite electrode at different current densities calculated based on

electrode area and mass loading.

than most iron-oxide-based electrodes reported (e.g.,
carbon-coated Fe;0, nanospindles,'®* nanowires,'®
graphene-wrapped Fe;0,3” and CNT-supported o-
Fe,05'? anodes) and is comparable to that of thin
single-walled CNT Fe;0,4 electrodes.” Figure 3f shows
that such composite electrodes present a footprint
capacity up to 1.6 mAh cm 2, which is close to those
of graphite electrodes used in the commercial Li-ion
batteries. Even at a current density of 1.56A g~ ' (2 Q),
the electrodes can still deliver a footprint capacity of
1.3 mAh cm ™2, further implying the great potentials for
real device applications.

Besides the high capacity and excellent rate cap-
ability, these composite electrodes also show excellent
cycling stability, as displayed in Figure 4a. For example,
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the composite electrodes (thickness of ca. 50 um) pro-
vide a capacity of 840 mAh g~ 'at 390 mA g~ without
noticeable capacity loss during 100 cycles. Even at high
current density (1.56 A g~ '), the electrodes still possess
high capacity and good stability (Figure S4). In contrast,
control electrodes fabricated by directly mixing Fe30,4
NCs with CNTs showed significantly lower stability
(Figure S5), which demonstrates the advantages of
using the aerosol-synthesized Fe3;0,/carbon compo-
site spheres for lithium storage. As for the traditional
electrode using PVDF as binder, though it shows much
stable capacity before 60 cycles, the stability cannot be
maintained up to 100 cycles as the CNT-based compo-
site electrodes. Those results further imply that the
Fe30,4/carbon composite architecture together with
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Figure 4. (a) Cycling stability of the composite electrode at a rate of 390 mA g . (b) Electrochemical impedance spectra of the
electrode at fresh coin cell, 10th and 100th discharge/charge cycles over the frequency range from 100 kHz to 0.01 Hz. Inset
shows enlarged spectra at high-frequency range. (c,d) Morphology of the composite electrode after cycling, suggesting the
formation of an SEl layer. Inset is the digital photograph of the electrode after 100 cycles showing electrodes with outstanding

structure stability.

the CNT scaffold does significantly improve the elec-
trical conductivity and mitigate mechanical stress gen-
erated during the charge/discharge process, which
results in better active material utilization and cycling
stability.

To further understand the structure and interfacial
behavior of the composite electrodes during the cy-
cling process, electrochemical impedance spectrosco-
py (EIS) was conducted along with different charge/
discharge cycles at frequencies from 100 kHz to 0.01 Hz
(Figure 4b). The Nyquist plots at different cycles (fresh
electrode, after 10 cycles and after 100 cycles) show
similar intercepts (around 4.5 Q) with the real impe-
dance axis (Z' axis). This resistance represents ohmic
resistance from the contact, electrode, and resistance
from electrolyte.®®*° With frequency decreases, the
electrode exhibits a semicircle due to the charge
transfer resistance between the electrode and electro-
lyte. The fresh electrode showed a small diameter of
the semicircle, which suggests that the composite
electrodes possess smaller charge transfer resistance.
There was a slight decrease in semicircle diameter after
10 cycles, indicating the good electrode stability with
an activation process. The diameter of the semicircle
increased in the following cycles, and after 100 cycles,
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the charge transfer resistance increased from 80 to
400 Q, which is associated with forming SEI. The elec-
trodes, however, still retained high capacities after
cycling (Figure 4a), which indicates that the electron
conduction and ion diffusion pathways in the robust
electrode architecture were not affected by forming
SEl during cycling. This property has been seldom
achieved using traditional electrode structure for transi-
tion metal oxide anodes.

The following sloping region after the semicircle in
the low-frequency region reflects the diffusion resis-
tance of the electrolyte ions into the electrode. Due to
the SEl layer formation, the slope decreased at the low-
frequency region after 10 cycles, indicating an in-
creased diffusion resistance. However, the slope showed
a similar feature to the original electrode after 100 cycles,
indicating that facile lithium diffusion channels can be
produced during the reversible insertion/extraction pro-
cess. After the cycling test, the whole film electrode
maintained its integrity and flexibility (inset in Figure 4c).
The structure and morphology of the cycled electrodes
were further examined by SEM (Figure 4c,d). It reveals
that the composite spheres retained their structure,
suggesting the robustness of the spherical structure. A
polymer/gel-like coating that can be ascribed to SEI
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formation®” surrounds the CNT networks and the com-
posite particles. The nanocrystal clusters were still
strongly linked and formed a porous structure with
CNT scaffolds, which retained the structure integrity.
Although the resistance may be increased slightly, the
continuous CNT network and porous structure were still
preserved, ensuring sufficient electronic and ion trans-
port. This result suggests that the as-formed architecture
is highly robust during cycling, ensuring their excellent
electrochemical performance.

CONCLUSIONS

In summary, we have successfully demonstrated
an effective fabrication of porous Fesz04/carbon

METHODS

Synthesis of Fe;0,—Carbon Composite Particles. The Fe304 nano-
crystals were synthesized through a co-precipitation method.?*
Typically, FeCl; (1.82 g) and FeCl,-4H,0 (1.11 g) were dissolved
in 150 mL of H,0 in a three-neck flask at 50 °C. Then 12 mL of
28 wt % aqueous ammonia solution was added into the flask
to form Fe304 nanocrystals (NCs) by co-precipitation. Then, 1.6 g
of P123 (EO,,PO,oEO,o, Where EO and PO are ethylene oxide
and propylene oxide, respectively) and 1.2 g of sucrose were
added into the solution. The solution was sent through an
atomizer using nitrogen as a carrier gas, as shown in
Scheme 1A.2* The 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 to form the Fes0,/carbon composite particles
(Scheme 1B).

Fabrication of Film Electrodes. A vacuum filtration method was
used to fabricate the electrodes with controllable thickness.
First, aligned CNTs (produced by catalytic CVD growth*') were
purified using HNOs and then dried for further use. The purified
CNTs were then dispersed in N-methyl-2-pyrrolidone (NMP) to
form 1 mg mL™" solution. Ten milliliters of this CNT solution was
mixed with 54.5 mg of the Fe;0,/carbon composite particles;
free-standing composite films were formed by a vacuum filtra-
tion technique. For the control electrodes, as-synthesized Fe;0,
NCs were dried using a freeze-drying technique. Then, 32 mg of
Fe30,4 NCs, 8.0 mg of CNTs, and 0.36 g of sucrose were dispersed
in N,N-dimethylacetamide (DMAc). This solution was subjected
to an identical filtration process to obtain free-standing films
which were then annealed at 560 °C for 2 h. To make a
traditional composite electrode, 77.5 wt % aerosol-synthesized
Fes0,4/carbon composite particles, 12.5 wt % CNTs, and 10 wt %
PVDF were mixed with NMP to form slurries. The homogeneous
slurries were coated on steel substrates and dried under
vacuum at 100 °C for another 12 h. The mass loading was
~1.5 mg cm~2 on each current collector.

Material Characterizations. X-ray diffraction (XRD) was con-
ducted on a Panalytical X'Pert Pro X-ray powder diffractometer
using Cu Kot radiation (4 = 1.54 A). Nitrogen sorption isotherms
were measured at 77 K with a Micromeritics ASAP 2020 analyzer.
The specific surface areas (Sger) were calculated by the Bru-
nauer—Emmett—Teller (BET) method using adsorption branch
in a relative pressure range from 0.04 to 0.25. The pore size
distributions (D,,) were derived from the adsorption branch of
isotherms using the Barrett—Joyner—Halenda (BJH) model.
Thermogravimetric analysis (TGA) was conducted on a TGA
Q50 instrument at a ramping rate of 10 °C min™' under an air
flow. SEM experiments were conducted on a JEOL JSM-6700 FE-
SEM. TEM experiments were conducted on a FEI T12 instrument
operated at 120 kV. The electrode films were cut into sheets for
mechanical tests, which were conducted on an INSTRON 5564
with a speed of 2.0 mm min~" at room temperature.
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composite particles, where networks of Fe;04 NCs
were coated with continuous carbon layers. Inti-
mately entangling the composite particles with
CNT networks results in the formation of binder-
free, mechanically robust, and high-performance
lithium-ion anodes. Considering that iron oxide is
cost-effective and large-scale production of CNTs
has been realized,*® such materials hold great
potential for real applications. This effective strat-
egy can be easily expanded to construct other
high-performance architectures of CNTs and other
metal oxides, providing a general and effective
approach toward high-performance metal-oxide-
based anodes.

For electrochemical test, the electrodes were assembled
into 2032-type coin cells. The electrolyte solution was 1.0 M
LiPFs in ethylene carbonate (EC)/diethyl carbonate (DEC) (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 glove-
box. The galvanostaic charge/discharge measurements were
carried out by LAND CT2000 battery tester at different rates.
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