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eSuppurting Information

ABSTRACT: Graphene-encapsulated ordered aggregates of

Fe;0,4 nanoparticles with nearly spherical geometry and hollow
interior were synthesized by a simple self-assembly process. The
open interior structure adapts well to the volume change in
repetitive Li* insertion and extraction reactions; and the
encapsulating graphene connects the Fe;O, nanoparticles
electrically. The structure and morphology of the graphene-
Fe3;0, composite were confirmed by X-ray diffraction, scanning
electron microscopy, and high-resolution transmission micro-
scopy. The electrochemical performance of the composite for
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reversible Li" storage was evaluated by cyclic voltammetry and constant current charging and discharging. The results showed a high
and nearly unvarying specific capacity for 50 cycles. Furthermore, even after 90 cycles of charge and discharge at different current
densities, about 92% of the initial capacity at 100 mA g~ ' was still recoverable, indicating excellent cycle stability. The graphene-
Fe;0, composite is therefore a capable Li* host with high capacity that can be cycled at high rates with good cycle life. The unique
combination of graphene encapsulation and a hollow porous structure definitely contributed to this versatile electrochemical

performance.
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1. INTRODUCTION

Lithium ion batteries are undoubtedly the most advanced
rechargeable batteries on the market today. There is increasing
interest in deploying them for electric vehicle and distributed
power generation applications.' The specifications for these large
scale applications are clearly more demanding, requiring sub-
stantial improvements in the capacity, rate gerformance, and
cycle life of the cathode and anode materials.” * Electrochemi-
cally active transition metal oxide nanoparticles, with their high
theoretical capacity, are one of the candidates for next-generation
anode materials.” "' Among them, Fe;O,4 has shown the most
promise because of its environmental benignity, low cost, and
natural abundance.'? ¢ During charging, the transition metal
oxide is reduced to small metallic clusters and the released
oxygen combines with incoming Li" to form Li,O. This reaction
causes significant volume excursions in the material which can
weaken the electrical connectivity between the active particles.'”"®
Continuing cycling aggravates the situation leading eventually to
anode disintegration and rapid capacity fading.

There have been several strategies used to mitigate the
instability caused by volume excursions. One of them is to assemble
the active nanoparticles into a hollow mesoscale structure; using
the free volume in the hollow structure to cushion the volume
changes."” "' The porosity between the nanoparticles can also
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improve the accessibility of the host material to lithium ions; and
shortens the diffusion path of the latter.”* >* The last aspect of
the material design is electrical integration of the active particles;
which is often carried out by the chemical vapor deposition
(CVD) of carbon at high temperatures under a reducing atmo-
sphere. However, the carbon deposited as such may not have the
best electrical conductivity.”> Conversely the best conditions for
conductive carbon formation may alter the nanoparticle struc-
ture, and hence their reactivity. In addition, there is no control in
the percolation of the particle porosity by carbon. The proximity
of carbon to the active particles may not be optimal to provide the
lowest contact resistance.

Graphene, an alternative form of conductive carbon, may
provide as a solution. Graphene is monolayer graphite endowed
with a strong suite of properties such as good chemical stability,
excellent electrical conductivity (0= 1 x 10° ohm ™" cm™") and
some unique electronic properties (e.g, room temperature
quantum Hall effect and massless electron transport properties).***”
Because graphene can be introduced without a CVD procedure,
the graphene modification of nanoparticles may circumvent the
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Scheme 1. Schematic Illustration of the Fabrication Process and the Structure of the Resulting G-HM Composite Particles
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potential damages to the nanoparticle structure and properties
caused by CVD. Hence, there have been a few recent studies on
restacking the graphene sheets in the presence of discrete guest
nanoparticles or corresponding organometallic precursors for
lithium ion battery applications, with the aim of combining the
electrochemical properties of both.”® *® During cycling, how-
ever, the nanoparticles in the hybrid structure were found to
aggregate strongly because the nonoptimal contact between the
graphene sheets and the active nanoparticles could not produce
an adequate opposing force to aggregation. Consequently the
storage capacity of the active particles decreased precipitously
after a few cycles. We propose here a solution to maintain the
dispersion of nanoparticles in graphene by forming nanoparticles
into aggregates and by encapsulating the aggregates with indivi-
dual graphene cages.

In this study, we combine the unique properties of graphene
sheets and a hollow assembly of nanoparticles to simultaneously
provide a large reversible Li* storage capacity, good rate perfor-
mance, and long cycle life. A simple self-assembly process driven
by electrostatic interaction was used to generate graphene-
encapsulated hollow Fe;O, nanoparticle aggregates (G-HM,
short for graphene-encapsulated hollow magnetite particles)
(see Scheme 1). In this process, graphene oxide and HM
nanoparticle aggregates were first modified to acquire negative
and positive charged, respectively. The assembly was carried out
under very mild reaction conditions and consequently perturba-
tions to the intrinsic properties of the HM nanoparticles could be
kept to a minimum. The G-HM composite particles synthesized
as such showed remarkable cycle stability as well as lithium
storage performance compared to the pristine HM nanoparticles
or a mixture of graphene and HM particles. The graphene
modification of porous nanoparticle aggregates is therefore a
viable and facile approach to prepare high-performance anode
materials for the lithium ion batteries.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Hollow Porous Fes;O0, Nanoparticles.
Monodisperse HM nanoparticles were synthesized by simple one-pot
hydrothermal method. Typically, 2.06 g (8 mmol) of sodium citrate,
0.72 g (12 mmol) of urea, and 1.08 g (4 mmol) of ferric chloride
hexahydrate were first dissolved in 50 mL ethylene glycol. Then 600 mg
polyacrylamide (M,, = 1 x 10* gmol ") aqueous solution (50 wt %) was
added under stirring to form a green clear solution which was then
transferred to a Teflon-lined stainless steel autoclave. The autoclave was

sealed and heated at 200 °C for 8 h and then cooled to room temperature
naturally. The HM nanoparticles so obtained were black in color, and
were washed several times with ethanol and deionized water before
drying in vacuum at 60 °C for 24 h.

2.2. Synthesis of Graphene-Encapsulated Hollow Porous
Fes0,4 (G-HM) Nanoparticles. The encapsulation of HM nanopar-
ticles within graphene sheets were synthesized according to the literature
with some modifications.>” Graphene oxide (GO) was first synthesized
from natural graphite flakes.”® The HM nanoparticles were surface
modified with amino groups as follows: 100 uL of 3-aminopropyl-
triethoxysilane (KHSS0) was added dropwise to the HM nanoparticle
solution in toluene (50 mL) and stirred for 24 h. The resulting aminated
nanoparticles were recovered magnetically and washed with ethanol.
The aminated nanoparticles (40 mg) and graphene oxide (9 mg) were
then separately dispersed in sodium hydroxide aqueous solution
(300 mL, pH 10.0) by sonication. The two solutions were then mixed
under mild stirring. GO-HM nanoparticles were formed by the electro-
static interaction between these two oppositely charged nanomaterials.
Two h later, 3 mL of hydrazine aqueous solution (35 wt %) was added to
the GO-HM suspension, and stirring was continued overnight. The
reduced G-HM nanocomposites were centrifugally separated, washed,
and dried as mentioned before.

2.3. Characterization of G-HM Nanocomposites. The mor-
phology and structure of the samples were characterized by powder
X-ray diffraction (XRD) on a Shimadu XRD-6000 using Cu Kot
radiation; by field-emission scanning electron microscopy and scanning
transmission electron microscopy (FESEM/STEM) on a JEOL JSM-
6700F operating at 5 kV; by scanning electron microscopy and energy-
dispersive X-ray spectroscopy (SEM/EDX) on a JEOL JSM-840 oper-
ating at 15 kV; and by transmission electron microscopy and selected
area electron diffraction (TEM/SAED) on a JEOL JEM-2010F operat-
ing at 200 kV.

2.4. Electrochemical Measurements. The electrochemical
properties of the nanomaterials were evaluated by galvanostatic charging
and discharging. The active anode material (G-HM, 80 wt %), conduct-
ing additive (10 wt %, Super-P carbon black, Timcal) and polyvinylidene
fluoride (10 wt %, PVDF) binder were mixed in N-methylpyrrolidone
(NMP) to form a homogeneous slurry. The slurry was then coated on a
copper foil current collector and dried in vacuum at 120 °C. Electro-
chemical test cells were assembled in an argon-filled glovebox using the
coated copper foil as the working electrode, a lithium metal foil as the
counter/reference electrode, and 1 M solution of LiPF6 in a 50:50 w/w
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) as the
electrolyte. The cells were discharged and charged galvanostatically at
various current densities over the voltage window of SmV to 3 Von a
Maccor series 2000 battery tester at room temperature.

3079 dx.doi.org/10.1021/am200592r |[ACS Appl. Mater. Interfaces 2011, 3, 3078-3083



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

—— HPM Nanoparticles
— G-HPM Nanocomposites

a

WMMMMWW

b

10 20 30 40 50 60 70 80
2 Theta / degree

Figure 1. XRD patterns of the as-synthesized HM nanoparticles and
G-HM nanocomposites.

3. RESULTS AND DISCUSSION

3.1. Characterization of the G-HM Microstructure. An
overview of the chemical route to the G-HM composite particles
is shown in Scheme 1. The HM nanoparticle aggregates were first
prepared by a one-pot hydrothermal synthesis. Then, they were
modified to be positively charged by KHS50, and electrostatically
assembled with negatively charged graphene oxide in alkaline
solution. Finally, chemical reduction in aqueous hydrazine solu-
tion (35 wt %) was used to reduce graphene oxide to graphene,
thereby finalizing the packaging of the HM particles in individual
graphene cages.

The crystal structures of as-prepared HM and G-HM were
determined by X-ray diffraction (XRD) spectrometry. As shown
in Figure 1a, all the peaks of HM could be indexed to magnetite
based on their good agreement with JCPDS Card 75—0033. No
peaks from y-Fe,O; were found in the pattern, indicating that the
one-pot hydrothermal synthesis only produced phase-pure mag-
netite HM particles (see Figures S1 and S2 in the Supporting
Information). The use of citrate in the hydrothermal synthesis
was important to ensuring the formation of phase-pure nano-
particles. At elevated temperatures, citrate reduced Fe** to Fe**.
At the same time, urea was hydrolyzed to ammonia and carbon
dioxide to provide an alkaline environment for the formation of
ferric and ferrous hydroxides. The mixed hydroxides were then
dehydrated to form Fe;O, nanoparticles, whereas the hydro-
thermal conditions induced their assembly into aggregated
particles with a hollow interior and porous shell. The XRD
pattern of G-HM particles is shown in Figure 1b. There were no
significant diffractions from the graphene sheets suggesting that
the graphene sheets had distributed uniformly as the encapsulant
for the magnetite nanoparticle aggregates. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) measured the
weight fraction of the HM particles in the G-HM composite
particles to be as high as 90.2%. The high content of the active
materials ensured that the overall capacity would not be lowered
by the dead weight effect of graphene.

The size and morphology of the HM particles before and after
graphene sheet encapsulation were examined by SEM and TEM.
Figure 2a shows a typical SEM image of the HM particles. The
particles were spherical in shape and nearly monodisperse in size
with an average diameter of ~220 nm. The particle surface was
rough in texture which, upon closer scrutiny, revealed an ordered
assembly of nanoparticles. The void in nanoparticle packing gave
rise to the porosity in the overall assembled structure. The hollow
interior of the assembly was confirmed by TEM imaging which

Figure 2. Typical (a) SEM, (b) TEM, (c) HRTEM, and (d) SAED
images of HM particles.

100 nm —

Figure 3. Typical (a) FESEM, (b) STEM, (c) HRTEM images, and (d)
elemental maps (carbon (green), iron (red), iron + carbon (yellow) of
G-HM composite particles).

detected strong contrast between the darker edges and the paler
central region (Figure 2b). High-resolution TEM (HRTEM)
and SAED analyses were then used to characterize the surface
structure of the nanoparticle aggregates. The HRTEM image in
Figure 2c shows well-resolved atomic lattice fringes which are
characteristic of a polycrystalline material; and all of the diffrac-
tion rings in the SAED pattern of Figure 2d are indexable to
magnetite. The SEM and TEM analyses of HM nanoparticles
therefore confirmed the formation of Fe;O,4 nanoparticle aggre-
gates with a hollow interior and porous shell by the one-pot
hydrothermal synthesis.

The microstructure of the G-HM composite particles is shown
in Figure 3a—d. FESEM and STEM imaging of the same area
(Figure 3a,b) shows a uniform distribution of HM nanoparticle
aggregates in the graphene sheets with the overall appearance of
beetles caught in a cobweb. In addition each nanoparticle aggre-
gate was also caged by continuous graphene sheets. The thinness
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Figure 4. Nitrogen adsorption/desorption isotherms of the G-HM
composite particles.

and the flexibility of the graphene sheets are believed to be the
reason for the conformal encapsulation of the particle aggregates
and their attachment to an interconnecting graphene web. The
HRTEM image in Figure 3c corroborates the presence of
graphene sheets on the nanoparticle aggregates forming indivi-
dual graphene cages. EDX Elemental mapping was used to
evaluate the distributions of iron and carbon throughout the
entire area. Figure 3d confirms the uniform dispersion of HM
particles in the G-HM composite particles.

The porosity of the G-HM composite particles was characterized
by nitrogen adsorption—desorption isotherm measurements. The
Brunauer-Emmet-Teller (BET) specific surface area and pore
volume calculated from such measurements (Figure 4) were
132 m” g ' and 0.39 cm® g~ ! respectively, significantly higher
than those of the pristine HM nanoparticles (see Figure S3 in
the Supporting Information, 83 m* g~ ' and 0.28 cm’® §71,
respectively) and iron oxide nanoparticles reported elsewhere.'**
The high specific surface area and pore volume could be attributed
to the porosity of the HM nanoparticle aggregates as well as to the
formation of secondary pores between HM nanoparticle aggre-
gates and graphene sheets. This hypothesis was confirmed by the
morphology shown in the SEM and TEM images. The porosity
and the packaging of the HM nanoparticles in individual graphene
cages could shorten the diffusion paths of Li* and electrons, and
more effectively buffer the volume changes during Li* insertion
and extraction reactions. All of these could contribute to improve-
ments in lithium storage performance and cycle stability.

3.2. Electrochemical Properties of G-HM. The value of
G-HM as a potential lithium-ion anode material was first
evaluated by cyclic voltammetry (CV) in the 0 to 3.0 V voltage
range at 0.1 mV-s . Figure 5 shows the reduction and oxidation
peaks in the first complete scan. The peak in the cathodic scan at
0.48 V could be attributed to the reduction of Fe;O, to Fe® and
the irreversible decomposition of the electrolyte.*” The anodic
peak at 1.78 V in the reverse anodic scan corresponds to the
reversible oxidation of Fe’. The redox reaction of Fe could
support 8 mols of Li" insertion/extraction per formula weight of
Fe;0,, thereby providing a reversible lithium storage capacity
significantly hi%her than that of commercial graphite anode
(372 mA h g ). In subsequent anodic and cathodic scans,
both the peak current and the integrated area intensity were
nearly unchanged from cycle to cycle, indicating that there was
almost no capacity loss during charging. The CV measure-
ments therefore indicated good electrochemical activity and
stability of the G-HM composite particles.

Current/ mA

-06 T T T T T T T
00 05 10 15 20 25 30

Potential / V (vs. Li/Li")

Figure S. Cyclic voltammograms of the G-HM nanocomposites at a
scan rate of 0.1 mV s~ " for four cycles (1st cycle in blue).

Constant current charging and discharging at 100 mA g~ ' in
the 0 to 3.0 V window was performed next. As shown in panels a
and b in Figure 6, the first discharge/charge curves of G-HM are
very similar to those of HM, suggesting that the chemical nature
of the HM particles had not been altered by graphene modifica-
tion. The difference in second cycle discharge/charge curves
from the first could be attributed to the formation of solid
electrolyte interface and the reaction of lithium ions with the
functional groups on the graphene sheets. In subsequent cycles,
the capacity of HM particles decreased with each cycle while
G-HM showed excellent capacity retention. This is indication of
the contribution of the graphene sheets to stabilizing the
electrochemical activity of the anode material, which corrobo-
rates the findings from the CV measurements.

The excellent cycling performance and high reversible capacity
of the G-HM composite particles can certainly be credited to the
graphene modification. In order to confirm that the good
performance was not merely due to a physical blending effect,
the G-HM particles were also compared to a physical mixture of
graphene and HM particles of the same overall composition, G
(9.8%)/HM (90.2%) and unmodified HM nanoparticles in
longer-term cycling tests conducted at 100 mA-g~ ' (Figure 6¢).
The comparison clearly showed the rapid decrease in the
capacities of the G/HM mixture and pristine HM particles from
772and 760 mAh g~ ' to 392 and 203 mA h g~ ', respectively. On
the contrary, the reversible capacity of G-HM composite, which
stabilized to a high of around 900 mA h g " after the first two
cycles, was practically unchanged throughout the 50 cycles. The
nearly constant high specific reversible capacity was contributed
not only by the presence of graphene but also by the form of their
existence (as a networking medium which preserves the electrical
connectivity of the HM particles despite the volume changes in
the Li insertion and extraction reactions). The physical mixture
of G (9.8%)/HM (90.2%) could not offer the same extent of
integration. In addition, TEM examination of the morphology of
G-HM and pristine HM particles after 10 discharge/charge
cycles (see Figure S4 in the Supporting Information) showed
insignificant changes in the former but partial pulverization of
the latter into smaller nanoparticles. Hence graphene encapsu-
lation of the HM particles has helped to increase the resilience
of HM to cycling.

The rate performance of G-HM was also investigated. The
composite particles were cycled from 50 to 800 mA g in steps
and returned to 100 mA g~ ' Figure 6d shows that G-HM cycled
well at each of these current densities. 58% of the capacity at
50 mA g~ could be retained even when the current density was
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Figure 6. First ten cycle discharge/charge curves of (a) G-HM composite particles and (b) unmodified HM nanoparticle aggregates measured at a
current density of 100mA g~ . (c) Comparison of cycle performance of G-HM, mixture of graphene and HM particles, and pristine HM nanoparticles at
100 mA g . (d) Cycling performance of G-HM composite particles at different current densities.

increased to 800 mA g~ ', demonstrating excellent rate perfor-
mance. After 60 cycles of charge and discharge at various current
densities, a specific capacity of 832 mAh g~ (about 92% of the
capacity at 100 mA-g ") could still be obtained at 100 mA g ",
indicating very good cycling stability of the electrode. These
results confirmed that a high specific reversible capacity, good
cycling stability, and excellent rate performance are all simulta-
neously possible in G-HM.

4. CONCLUSIONS

In conclusion, graphene-encapsulated Fe;0, nanoparticle aggre-
gates with hollow interior were fabricated by a two-step process
involving hydrothermal synthesis and postsynthesis self-assembly
under very mild reaction conditions. The composite particles
displayed a stable high specific reversible capacity of around
900 mA h g, which was nearly unvarying over 50 cycles. More-
over, even after 90 cycles of charge and discharge at different current
densities, a specific capacity of 832 mAhg ' at 100 mA g~ ' was still
possible, indicating excellent cycling stability of this anode material.
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