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ABSTRACT: Magnetite (Fe;O,) is an attractive electrode
material due to its high theoretical capacity, eco-friendliness,
and natural abundance. However, its commercial application in
lithium-ion batteries is still hindered by its poor cycling
stability and low rate capacity resulting from large volume
expansion and low conductivity. We present a new approach
which makes use of supercritical carbon dioxide to efficiently
anchor Fe;O, nanoparticles (NPs) on graphene foam (GF),
which was obtained by chemical vapor deposition in a single
step. Without the use of any surfactants, we obtain moderately
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spaced Fe;O, NPs arrays on the surface of GF. The particle size of the Fe;O, NPs exhibits a narrow distribution (11 + 4 nm in
diameter). As a result, the composites deliver a high capacity of about 1200 mAh g~' up to 500 cycles at 1 C (924 mAh g™') and
about 300 mAh g~ at 20 C, which reaches a record high using Fe;O, as anode material for lithium-ion batteries.
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Bl INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) are the dominant
power supplier for tablet computers and smartphones. In order
to meet the growing demand for electricity guzzling portable
electronic devices, the development of advanced electrodes
with high capacity, excellent cycling performance and rate
capability is urgently needed.'”* Materials that undergo a
conversion reaction with lithium often involve more than one
electron transfer per transition-metal cation during redox
processes, and are promising candidates for high-capacity
anodes materials for LIBs.> Among the transition metal oxides
undergoing a conversion reaction with lithium, magnetite
(Fe;0,) attracts particular attention because of its high
theoretical capacity (924 mAh g~', about 3 times higher than
that of graphite anodes), eco-friendliness, and natural
abundance.’”” However, its commercial application in
lithium-ion batteries is still hindered by its poor reaction
kinetics (e.g, poor cycling stability and low rate capacity)
resulting from large volume expansion and low conductivity.*”
In principle, a self-organized Fe;O, nanoparticals (NPs) layer
would be helpful to resolve these issues because they have a
larger surface-to-volume ratio and short lithium-ion (and
electron) diffusion path lengths.'°™"* Furthermore, they could
easily accommodate the volume expansion—contraction that
occurs during cycling."*~"”

Recently, graphene has been shown to be a promising
framework to host and disperse Fe;O, NPs. Moreover,
graphene can facilitate ion and electron transport and release
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mechanical stress during Li-ion insertion/extraction cycling. Its
superior chemical stability and increased heat transfer ability are
additional factors favoring its use over commercial LIBs.'*'*7*
The small Fe;0, particles dispersed in graphene with ultrahigh
specific surface area also often lead to new reaction pathways
with lithium, as well as the formation and stabilization of
kinetically stable phases. A number of surfactants have been
used to stabilize graphene oxide (GO) and Fe;O, NPs (with
particle sizes in the range of 100—300 nm).*"** Although they
show improved performance (~900—1050 mAh g~ up to 100
cycles at 93 mA g™'), the extra additives inevitably reduce the
overall electrical conductivity of the composites.”® Moreover,
the electron and ion transport pathways are formed by random
oriented oxides on reduced graphene sheets, which are poorly
controlled and ineffective. Another commonly encountered
challenge in using transition metal oxides (including Fe;0,) for
LIBs electrode materials is achieving strong adhesion between
the well-dispersed metal oxides NPs and the graphene hosts.
Otherwise, the active materials (Fe;O, NPs) will detach from
the graphene due to severe volume change during Li-ion
insertion/extraction cycling. This decoupling of the active
material generally leads to significant capacity degradation, low
rate capacity, and poor cyclability.”* For better control, Luo et
al. grafted mesoporous Fe;O, nanostructures onto three-
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Figure 1. Scheme of the discharge and charge behavior for the Fe;0,@GF—scCO,. (a) Schematic illustration of the 3D structure of Fe;0,@GF—
scCO,. (b) Low-resolution SEM image of the typical surface morphology of Fe;0,@GF—scCO,. Schematic illustration of the typcial GF surface
anchored Fe;O, nanoparticles (c) after charge, (d) during electrochemical reaction, and (e) after discharge. The gray, purple, blue and yellow
spheres correspond to the Li,O, Fe;O, NPs, Fe, and Li*, respectively. The black hexagonal honeycomb structure corresponds to GF. The arrows
indicate the transfer direction of the electrons.
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Figure 2. (a) Raman spectra of GF and Fe;0,@GF—scCO,. (b) X-ray diffraction patterns of Fe;O,@GF—scCO,. (c and d) X-ray photoelectron

spectroscopy of Fe;O,@GF—scCO,, in which (c) corresponds to the Fe 2p states and (d) corresponds to O Is states.

dimensional graphene using atomic layer deposited (ALD)
ZnO sacrificial layer assisted hydrolysis and demonstrated a
long cycle life with a fast discharge—charge capability due to

strong adherence of the active material”®> However, the applications.

complex synthesis procedures (such as oxygen plasma treat-
ment and ALD) with the obvious consequent graphene damage

do not facilitate its general use in commercially viable
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Despite the above-mentioned progress, developing more
effective methods to tightly bound self-organized, small size
distribution Fe;0, NPs layers to graphene frameworks remains
both crucial and challenging. Supercritical carbon dioxide
(scCO,) is an effective strategy for synthesizing superior
ultrafine and uniform nanomaterials due to its unique features
of low viscosity, zero surface tension, and high diffusivity.”®
Moreover, the relatively low temperature and the stability of
CO, allows most compounds to be synthesized with negligible
damage.”” Here, we present a new approach which makes use
of scCO, to efficiently anchor Fe;O, NPs on graphene foam
(GF) in a single step. Without the use of any surfactants, we
obtain moderately spaced Fe;O, NP arrays on the surface of
GF. The good contact established between Fe;O, and GF not
only can prevent the aggregation of Fe;O, NPs but also can
provide an efficient medium for lithium ion and electron
transport. Our Fe;0,@GF—scCO, based electrodes demon-
strate a high capacity of nearly 1200 mAh g™ and a long cycle
life up to five hundred cycles with a high-rate discharge—charge
capability.

B RESULTS AND DISCUSSION

As shown in Figure la, GF is composed with interconnected
graphene sheets, which can serve as template for the deposition
of Fe;O, NPs. The CVD grown GF rather than the other
carbon materials was chosen because of its excellent
conductivity, large specific surface area and freestanding ability.
The discontinuous Fe;O, flakes with micrometer scale are
constituted by homogeneously distributed Fe;O, NPs, and are
easily observed on the surface of GF (Figure la and Supporting
Information, Figure Sla). There are numerous channels
between the discontinuous Fe;O, nanostructures (Figure 1b).
Homogeneously distributed Fe;O, NPs are anchored on GF
tightly with the help of scCO, (Figure lc and Supporting
Information, Figure Slb,c). The partially covered and strong
contact provides efficient transportation of electron between
the Fe;O, NPs and the GF, as well as ion transport between
electrolyte and active materials (Figure 1d). Thus, the GF can
be directly employed as a current collector without requiring
the addition of any other binder or conducting agent.
Moreover, the intact contact between Fe;O, and GF prevents
the aggregation of Fe;O, particles and any electrical
disconnection between the active material and the current
collector caused by volume change (Supporting Information,
Figure S1bse).

The Raman spectra of GF and Fe;0,@GF—scCO, are
presented in Figure 2a. The black curve shows two typical
peaks of graphene, centered at 1580 and 2720 cm™' and
corresponding to G band and 2D band, respectively. The
absence of the disorder-induced D band at 1350 cm™ indicates
the high quality of the GE.*® Also, the Raman intensity of the G
band is higher than the 2D band, which is consistent with the
multilayer property of graphene foam.”® This makes it
sufficiently rigid to serve as a scaffold for battery electrodes.
After Fe;O, NPs were anchored on GF, two additional peaks
were observed. The stronger one centered at 667 cm™'
corresponds to the A;, mode of Fe;0,.'” The small D peak
located at 1350 cm™ (Ip/I; = 0.017) indicates only very few
defects are introduced to the GF by the anchoring of Fe;O,,
confirming our approach is far less aggressive than other Fe;O,
deposition methods such as ozone plasma treatments and ALD
deposition.”® This makes it appropriate to serve as a high-
conductivity framework to improve the electrical conductivity

of the whole electrode. The obtained Fe;O,@GF—scCO, was
characterized by X-ray diffraction (XRD) (Figure 2b). The two
typical diffraction peaks centered at 26.5° and 54.6° are
attributed to the (002) and (004) reflections of graphitic
carbon, respectively (JCPDS card 75—1621).*° There are
another six peaks appearing in the composites, which indicate
the (111), (220), (311), (400), (511) and (440) reflections of
Fe;0, (JCPDS card 19—-0629)." To further confirm the XRD
results, we examined the oxidation states and composition of
iron oxides by X-ray photoelectron spectroscopy (XPS). The
wide survey XPS spectrum of Fe;O,@GF—scCO,, as displayed
in Figure S2 (Supporting Information), shows predominant
signals of carbon, oxygen, and iron. The Fe 2p spectrum shows
the presence of Fe'* and Fe, as seen in Figure 2c, we can
assign the peak at around 710.4 eV to a Fe';;, configuration.
The other smaller peak located at around 712.4 eV is attributed
to a Fe'l;, configuration.®” The other spin—orbit component,
the 2p,/,, appears at 723.6 and 725.2 eV which correspond to
3+ and 2+ states, respectively. The two weak peaks at 716.4 and
7322 €V are the Fe®* shakeup satellite peaks.”” The O Is
spectra of the as-prepared samples is shown in Figure 2d. The
peak centered at 530.1 eV corresponds to the oxygen in the
Fe;0, crystal lattice, while the peaks at about 531.2 and 532.4
eV correspond to chemisorbed oxygen caused by surface
hydroxylationl.>*** By analyzing the results of Raman, XRD,
and XPS, we can confirm the Fe;O, particles, and no iron
nitrate hydrate or other iron oxides are detected.

Figure 3a shows the low-magnification image of Fe;O0,@
GF—scCO,, It is obvious that homogeneous Fe;O, NPs

= S

Figure 3. Low-magnification SEM image of (a) Fe;0,@GF—scCO,
and (c) Fe;O,@GF and representative enlarged morphology images of
(b) Fe;0,@GF—scCO, and (d) Fe;0,@GF.

anchored on GF has some channels. The total area of the
channels occupies about 40% of the whole surface (Supporting
Information, Figure S3b). Figure 3b shows a high-magnification
image of Fe;O,@GF—scCO, that clearly demonstrates that the
diameter of the Fe;O, NPs has a narrow distribution. Between
the NPs, there are evenly distributed nanopores, which take up
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Figure 4. TEM images of (a) GF and Fe;0, NPs. (b) HRTEM of an individual Fe;O,; (inset) SAED patterns of Fe;0,@GF—scCO,. (c) The size

distribution of Fe;O, NPs in Fe;O,@GF—scCO,.
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Figure 5. (a) CV curves of Fe;O,@GF—scCO, electrode at a sweeping rate of 1 mV s™' in a range of 0.01—3.0 V. (b) The 1st, 2nd, 100th, 200th,
and S00th discharge—charge voltage—capacity curves of Fe;O,@GF—scCO, electrode. (c) Cycling performance of GF, Fe;0,@GF, and Fe;0,@
GF—scCO, at 1C (924 mA g™') rate. (d) Rate performance of Fe;0,@GF—scCO, electrode and Fe;O,@GF electrode.

8.3% of the area, as shown in Figure 3b and Supporting
Information, Figure Slc. The channels and nanopores in the
structure can enhance lithjum-ion diffusion, ensure a high
electrode—electrolyte contact area, and provide the means to
accommodate volume expansion (Supporting Information,
Figures Slcf and S3c,d), and thus improve cycling perform-
ance. To validate the pivotal effect of a scCO, medium, we
performed a controlled experiment for comparison. GF was
soaked in iron nitrate ethanol solution under the same
conditions but without scCO,. Figure 3c reveals the GF
skeleton was loosely coated by a Fe;O, layer without any
obvious channels or pores, which should lead to serious volume
expansion problems and, hence, capacity degradation during
cycling. The particle size of Fe;O, is random and aggregates a
lot as shown in Figure 3d.

Figure 4a shows a representative transmission electron
microscopic (TEM) evaluation of the GF and Fe;O, NPs.
Fe;O, NPs with average size of 11 + 4 nm were uniformly
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distributed and well adhered on graphene sheets in the Fe;O,@
GF—scCO, (Figure 4a,c). The void accommodates volume
changes during cycling reactions. The HRTEM image of an
individual Fe;O, is shown in Figure 4b. The lattice fringes with
d-spacing of 0.29 and 0.48 nm can be assigned to (220) and
(111) planes of cubic Fe;O,. The electron diffraction pattern
from a selected area shows the characteristics of both Fe;O,
and graphene, as shown in the inset of Figure 4b.

To determine the electrochemical performance of the
Fe;0,@GF—scCO, electrodes, we assembled them into coin
cells with lithium foils as reference electrodes. The lithium
storage behavior was characterized by cyclic voltammetry. As
shown in Figure 5a, in the first cycle, three well-defined
reduction peaks can be observed at 1.51, 0.61, and 0.28 V. The
peak located at 1.51 V corresponds to the structure transition
caused by the insertion of lithium ions into Fe;O, into Fe;O,
(Fe;0, + xLi* + xe~ — Li,Fe;0,) and peaks centered at 0.61 V
correspond to the further transformation of Li,Fe;O, to Fe® by

dx.doi.org/10.1021/am5066255 | ACS Appl. Mater. Interfaces 2014, 6, 22527—-22533
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a conversion reaction [LiFe;O, + (8—x)Li* + (8—x)e” —
4Li,0 + 3Fe]. In addition, the formation of amorphous Li,O
exacerbates the irreversible reaction with the electrolyte, which
is consistent with previous works.*® The peak centered at 0.28
V corresponds to the irreversible reactions and cannot be
observed in the second and third cycles. The subsequent cycles
show good reproducibility, in which the cathodic lithium
insertion mainly occurs at 1.44 and 0.68 V, whereas the anodic
lithium extraction occurs at 1.65 and 2.17 V due to a two-step
reversible reaction, namely, from Fe’ to Fe>* and Fe?* to Fe3* 3¢
Apart from the reaction peaks for Fe;O,, the curves also show
another two redox peaks located at 0.12 and 0.32 V, which
correspond to the lithiation and delithiation of GF,
respectively.’’” The discharge—charge voltage—capacity curves
of Fe;O,@GF—scCO, for the 1st, 2nd, 100th, 200th, and 500th
cycles at 1C rate between 0.01 and 3.00 V and are illustrated in
Figure Sb. It can be seen from Figure Sb that the composite
delivers a high discharge capacity of 1671.4 mAh g~' and a
reversible charge capacity of 1144.6 mAh g™' at the first cycle.
The irreversible capacity loss can be attributed to the inevitable
formation of solid electrolyte interphase (SEI), decomposition
of the electrolyte, or both. In the first cycle, the discharge
voltage plateaus at ~0.28 V, which is different from other
cycles. From this phenomenon, it can be confirmed that the
irreversible reaction only occurs in the first cycle. One can also
observe that the low-potential plateau broadens upon extended
cycling (100—500th), whereas the high-potential almost
disappears, which is well consistent with the documented
results. This phenomenon might be indicative of a chan§e in
lithiation and delithiation reactions after deep cycles.*® To
elaborate the advantages of employing scCO, over cycling
stability, we conducted controlled experiments to offer
comparisons with the Fe;O,@GF electrode. Discharge—charge
measurements were performed at 1C (924 mA g_l) rate to 500
cycles in ambient conditions. As shown in Figure Sc, a pure GF
electrode delivers a capacity of ~200 mAh g™ after S00 cycles.
The capacity of Fe;O,@GF—scCO, electrode decreases in the
initial 100 cycles and then increases to ~1200 mAh g~ after
500 cycles, whereas the capacity of Fe;O,@GF electrode drops
off significantly to ~210 mAh g~! in the initial 100 cycles and
then rises up slightly to ~260 mAh g™ at the subsequent
cycles. The capacity of the Fe;O,@GF—scCO, electrode
obviously demonstrates its excellent electrochemical perform-
ance over Fe;O,@GF. It is worth noting that the capacity of
Fe;0,@GF—scCO, increases gradually, which continues up to
500 cycles. The continuous increment in capacity should be
resulted from the pulverization of Fe;O, NPs during repeated
cycling (Supporting Information, Figure S4b), which increases
the surface area of the electrode and release more active sites
for lithium storage. In addition, the smaller grain size of the
Fe;O, NPs (8 + 2 nm; Supporting Information, Figure S4)
could improve the contact with the GF and would increase the
overall conductivity of the electrodes (in accordance with the
impedance result; Supporting Information, Figure SS, it also
shows the superior conductivity of Fe;O0,@GF—scCO,
electrode over Fe;O,@GF electrode before and after 500
cycles). As a result, the charge transfer kinetics will also be
significantly improved, resulting in the increment of the
capacity in repeated cycles.”> To test the rate performance of
the Fe;0,@GF—scCO, electrode, we conducted galvanostatic
discharge—charge measurements at different C rates. As
illustrated in Figure Sd, the capacity as high as 900 mAh g™

can be measured when the C rate returns back from 20 C to
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1C, indicating its high stability and excellent reversibility, which
is much better than the Fe;O,@GF anode at such high C rates.
Compared to previous reports, the performance of as-prepared
Fe;0,@GF—scCO, electrode is superior in specific capacity,
rate capability, and cycling stability (Supporting Information,
Figure S6).

H CONCLUSION

In summary, we have developed a scCO,-assisted one-step
strategy for anchoring Fe;O, NPs on GF. Without using any
surfactant, the nanoparticles with a narrow distribution (11+4
nm in diameter) are uniformly distributed and closely attached
to the GF. The designed nanostructure of the electrode
shortens the transport path of lithium-ion, increases the
electrode/electrolyte contact area, minimizes strain during
lithiation and delithiation, and is able to buffer volume
expansion during cycling. The reversible specific capacity of
Fe;0,@GF—scCO, reached 1200 mAh g~', which tends to
grow continuously over as-tested S00 cycles at 924 mA g~' (1
C), showing a much enhanced capacity and excellent high-rate
capability (about 300 mAh g™ at 20 C). The significant
improvement in LIB performance and simplicity of using
scCO, will greatly facilitate future research and applications for
various kinds of metal oxides.

B EXPERIMENTAL SECTION

Synthesis of Graphene Foam (GF). Graphene foam was directly
grown on nickel foam (1.65 mm thick, Alantum Advanced Technology
Materials, China) under ambient pressure chemical vapor deposition,
and the nickel foam was cut into small disks (R = 12 mm). The growth
procedure was conducted in a horizontal quartz tube fixed inside a
high-temperature furnace (HTF 55322C Lindberg/Blue M). The
growth protocol consisted of four steps: (1) the nickel foam was
heated to 1000 °C in 30 min under the atmosphere of Ar (500 sccm)
and H, (50 sccm), then annealed at 1000 °C for 10 min without
changing the gas flow; (2) a nominal amount of CH, (S sccm) was
brought into the reaction tube at ambient pressure for S min; (3) the
samples were cooled to room temperature naturally with Ar (500
sccm); and (4) the nickel backbone was etched by HNOj solution (1
M) for 12 h. The GFs were then washed by ultrapure water and
ethanol.

Fabrication of Fe;0,@GF—scCO,. Iron(IIl) nitrate nonahydrate
absolute ethanol solution (1.25 wt %, 10 mL) and GF (about 0.5 mg)
were loaded into a high-pressure stainless vessel with a volume of 25
mL. Then, carbon dioxide was injected by a high-pressure pump to 9.0
MPa at 45 °C. The vessel was put in the oven at 120 °C for 9 h. After
the vessel was cooled to room temperature, the carbon dioxide was
ejected. The materials were washed by absolute ethanol at least S
times. After drying, the composites were put in the furnace at 450 °C
for 2 h with a gas flow of 100 sccm Ar in order to achieve better
interconnection of each component. The controlled experiments were
conducted at the same condition except for the injection of the high-
pressure CO,.

Characterization. Raman spectroscopy was performed with a laser
micro-Raman spectrometer (Renishaw in Via, Renishaw, 532 nm
excitation wavelength). Scanning electron microscopy (SEM) images
were obtained by Hitachi-S4800. The XPS measurements were
conducted with Thermo Scientific, ESCALAB 250Xi. The measuring
spot size was S00 pm, and the binding energies were calibrated by
referencing the C 1s peak (284.8 eV). X-ray diffraction (XRD)
measurement was performed with LabX XRD-6000 using Cu—Ka
radiation over the range of 26 = 10—80°. Thermogravimetric analysis
(TGA) was conducted on a TGA Q600 (Thermal Analysis
Instrument, Burlington) in air with a heating rate of 10 °C/min
from room temperature to 800 °C. All of the specific capacities were
calculated on the basis of the weight of Fe;O, (Supporting
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Information, Figure S7), and the mass of the entrire electrode and
Fe;0, are shown in Table S1 (Supporting Information).

Electrochemical Measurements. Electrochemical measurements
were conducted in standard CR2016 cell. The cells were assembled in
an Ar-filled glovebox by directly using the as-prepared Fe;O,@GF—
scCO, as working electrode without adding any binder or conductive
agents and lithium metal circular foil (1.5 mm thick) as counter
electrode. For comparison, the electrolyte used was a 1.0 M LiPFq
solution in a mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC; 1:1 by volume). Galvanostatical charge—discharge
tests were conducted at various current densities at the voltage range
from 0.01 to 3.00 V with a multichannel battery tester (LAND CT
2001A, Wuhan LAND Electronics Co., Ltd.). The cyclic voltammetry
(CV) tests were measured using electrochemical workstation
(CHI610E, Chenhua, Shanghai) at a sweeping rate of 1 mV s™'
with the voltage ranging from 0.01 to 3.00 V. Electrochemical
impedance spectroscopy (EIS) were measured in the frequency range
from 100 kHz to 0.01 Hz on a electrochemical workstation (Im6e,
Zahner).

B ASSOCIATED CONTENT

© Supporting Information

SEM images of Fe;0,@GF—scCO, before and after 500 cycles,
TEM image and size distribution of Fe;O,@GF—scCO, after
500 cycles, EIS data for synthesized electrodes before and after
500 cycles, TGA of Fe;O,@GF—scCO,, and the comparison of
the recent studies on Fe;O,@graphene composites. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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