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ABSTRACT:

Poly(acrylic acid) (PAA)-entangled Fe3O4 nanospheres are synthesized via a facile solvothermal method. In this system,
ethylenediamine plays a very important role to control the uniformity of the nanospheres, and the PAA molecules serve as the
carbon source that transforms into a carbon matrix after the heat treatment under an inert atmosphere. These uniform Fe3O4

nanospheres with carbon matrix support manifest greatly enhanced lithium storage properties over prolonged cycling, with a
reversible capacity of 712mA h g�1 retained after 60 charge/discharge cycles. However, the carbon-free counterpart can only deliver
a much lower capacity of 328 mA h g�1.
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’ INTRODUCTION

Magnetite (Fe3O4) has been a widely studied material. Because
of its electroactivity, and biocompatibility,1 Fe3O4 has attracted
enormous research interests in lithium storage,2�9 targeted drug
delivery,10�12 and water treatment.13 Because of the unique mag-
netic nature of Fe3O4,

14�19 it has also been applied in magne-
tism,20�24 as well as magnetic resonance imaging.25�27 When
serving as the anode material for lithium-ion batteries, the follow-
ing equation summarizes the electrochemical reaction between
Fe3O4 and Li

Fe3O4 þ 8Liþ þ 8e� T 3Fe þ 4Li2O ð1Þ
This shows that Fe3O4 has a theoretical capacity of∼900mAh g�1,
which is much higher than that of the commercially used graphite
(∼372 mA h g�1). However, as a transition metal oxide, Fe3O4

has the intrinsic drawback of low electronic conductivity. Fur-
thermore, many side reactions during the charge/discharge process,
such as the formation of solid-electrolyte interface (SEI) films on
the electrode surface, will cause extra consumption of Li, leading
to large initial irreversible capacity loss.

It is believed that carbon nanocoating is an effective surface
modification method to improve the performance of the elec-
trode materials.5 The coated carbon layer can buffer the volume
change during the charge/discharge process because of its elastic

nature. Additionally, it can also improve the electronic conduc-
tivity of the composite. To date, carbon coating usually requires
an additional step to deposit a layer of amorphous carbon on the
surface of the pre-synthesized electroactive material,5 which
complicates the synthesis scheme. It is thus more desirable to
develop a one-pot facile strategy to introduce the carbon into the
composite.2,7,28,29

Herein, we use a one-pot poly(acrylic acid) (PAA)-mediated
solvothermal method to synthesize Fe3O4 nanospheres. As
shown in Figure 1, the PAA molecules not only are the structure
coordinating agents that assist in the formation of the spherical
structure (step I),20,27 but also serve as the carbon source that
would be subsequently carbonized to give rise to a carbon matrix
(step II). We further show that the addition of a small amount of
ethylenediamine (EDA) into the system will lead to the forma-
tion of much more uniform Fe3O4 nanospheres with narrow size
distribution.17During the electrochemicalmeasurement, the carbon
matrix-supported Fe3O4 nanospheres (C�Fe3O4) demonstrate
much better lithium storage properties than the carbon-free coun-
terpart, with a high reversible capacity of 712 mA h g�1 after
60 charge/discharge cycles.
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’EXPERIMENTAL SECTION

Materials Synthesis. The C�Fe3O4 nanospheres were synthe-
sized via amodified solvothermal method.27 Briefly, 1.5 g sodium acetate
(NaAc), 1.5 g sodium acrylate (CH2dCHCOONa, Na acrylate) and
0.54 g Ferric chloride hexahydrate (FeCl3 3 6H2O) were slowly dissolved
in 19 ml of ethylene glycol (EG) to obtain a homogenous solution. In
order to improve the uniformity of the Fe3O4 nanospheres, 1�2 mL of
ethylenediamine (EDA) was added. Then, the resulting yellow solution
was transferred into a 40 ml Teflon-lined stainless steel autoclave and
kept at 200 oC for 12 h. After cooling down to room temperature, the

precipitate was harvested by centrifugation and washed with water and
ethanol. Subsequently, the products were dried in 60 oC overnight. In
order to get C�Fe3O4, the as-synthesized PAA-entangled nanospheres
were heated in N2 for 6 h at 500

oC with a heating rate of 5 oC min�1.
Material Characterizations. The morphology of products was

examined by transmission electron microscope (TEM; JEOL, JEM-
2100F, 200 kV, with electron diffraction), field-emission scanning
electron microscope (FESEM; JEOL, JSM-6700F, 5 kV). Crystallo-
graphic information of the samples was investigated with X-ray powder
diffraction (XRD; Bruker, D8 - Advance X-ray Diffractometer, Cu Kα,
λ = 1.5406 Å). Thermogravimetric analysis (TGA) was carried out under a
flow of air with a temperature ramp of 5 oCmin�1.The nitrogen adsorption
was performed using a Quantachrome Instrument (Autosorb AS-6B).
ElectrochemicalMeasurements. The electrochemical measure-

ments were carried out using two-electrode Swagelok cells (X2 Lab-
wares, Singapore) with pure lithium metal as both the counter and the
reference electrodes at room temperature. The working electrode con-
sisted of active material (e.g., C�Fe3O4 nanospheres), a conductive agent
(carbon black, Super�P�Li), and a polymer binder (poly(vinylidene
difluoride), PVDF, Aldrich) in a 70:20:10 weight ratio. The electrolyte
used was 1.0 M LiPF6 in a 50:50 (w/w) mixture of ethylene carbonate
and diethyl carbonate. Cell assembly was carried out in an Ar-filled
glovebox with concentrations of moisture and oxygen below 1.0 ppm.
Cyclic voltammetry (0.01�3 V, 0.5 mV s�1) was performed using an
electrochemical workstation (CHI 660C). The charge/discharge tests
were performed using a NEWARE battery tester at different current rates
with a voltage window of 0.05�2.5 V at a current rate of 200 mA g�1.

’RESULTS AND DISCUSSION

Figure 2A shows the scanning electron microscopy (SEM)
image of the as-prepared C�Fe3O4 nanospheres. It is very clear
that the sample contains very uniform spherical particles with a
diameter ranging from 150 to 200 nm. Under higher magnifica-
tion (Figure 2A, inset), the nanospheres are shown to be com-
posed of small irregular particles, and have a relatively rough
surface. In the control experiment where no EDA is added, the
obtained particles are much less uniform (Figure 2B), with a
wider size distribution of 100�500 nm.We thus hypothesize that
EDA may act like a surfactant which further controls the crystal
growth of the Fe3O4 nanoparticles during nucleation, allowing
the formation of nanospheres with smaller size. The uniform
spherical structure is confirmed under transmission electron
microscopy (TEM),with the images shown inFigure 2C. Figure 2D
depicts a single C�Fe3O4 nanosphere, and the inset demon-
strates that the sphere is actually coated with a thin layer of
amorphous carbon with a uniform thickness of ∼6 nm. Such a
structure possesses a specific surface area of ∼29 m2 g�1.

Figure 1. Schematic illustration of the formation of the carbon matrix-
supported uniform Fe3O4 nanospheres. I: formation of the PAA-entangled
Fe3O4 nanospheres. II: carbonization of PAA into carbon matrix.

Figure 2. SEM images of the Fe3O4 nanospheres synthesized (A) with
and (B) without the addition of EDA. The inset in A shows a high-
magnification SEM image of the sample. (C, D) TEM images of the
PAA-entangled Fe3O4 nanospheres after carbonization. The inset in D is
a magnified image showing the carbon layer.

Figure 3. (A) XRD pattern and (B) TGA data of the as-prepared C�Fe3O4 nanospheres.



3278 dx.doi.org/10.1021/am201079z |ACS Appl. Mater. Interfaces 2011, 3, 3276–3279

ACS Applied Materials & Interfaces LETTER

The chemical composition of the sample is determined by
X-ray diffraction (XRD), with the result shown in Figure 3A. All
the identified peaks can be perfectly assigned to face-centered-
cubic magnetite Fe3O4 (JCPDS card No. 19-0629, S.G.: Fd3m,
ao = 8.396 Å). The relatively low intensity of the diffraction peaks
indicates the formation of small-size nanograins in each of the
nanospheres. The carbon content is determined by thermogravi-
metric analysis (TGA; Figure 3B). It can be noticed that the
weight loss below 150 oC could be probably attributed to the
evaporation of the adsorbedmoisture or gaseous molecules,7 and
the major weight loss takes place at ∼350 oC and completes at
∼500 oC, giving rise to an observed weight loss of ∼2%. While
considering that Fe3O4 will be converted into Fe2O3 when
heated in air, it will cause a weight increase of about ∼3.45%.30

Thus, the actual carbon content in the C�Fe3O4 sample can
then be estimated to be ∼5.45%. Figure 4 shows the N2 adsorp-
tion-desorption isotherm of the sample. It might be categorized
as type III isotherm without a distinct hysteresis loop. This is
quite conceivable, as the transformation of the PAA polymer into
carbon will probably lead to certain structural alteration, which
might block the pores and make them inaccessible. As a result, a
relatively low surface area of ∼30 m2 g�1 is observed. The pore
size distribution reveals that the sample possesses pores with a
diameter less than 10 nm.

We subsequently evaluated the lithium storage properties of
the as-prepared C�Fe3O4 nanospheres. Figure 5A shows the
representative cyclic voltammograms (CVs) for the first two
cycles, between 0.01 and 3 V with a scan rate of 0.5 mV s�1. It
exhibits a pattern that is consistent with the previously
reported data.7 A dominant pair of redox peaks can be clearly
identified in the first cycle at ∼0.4 and ∼2.0 V, during the
cathodic and anodic sweep, respectively. The current intensity
of the cathodic peak reduces noticeably in the second cycle,
accompanied by a slight shift of its voltage position, indicating
the occurrence of irreversible processes in the electrode
material. However, there is no obvious change in the anodic
peak, suggesting that the electrochemical reaction has pro-
ceeded to a similar extent.

Figure 5B depicts the charge/discharge voltage profiles for the
first, second, and fifth cycles. The sample shows a very high first-
cycle discharge capacity of 1166 mA h g�1, which is even higher
than the theoretical capacity of Fe3O4. This could be probably
due to the formation of the SEI film. It delivers a corresponding
charge capacity of 893 mA h g�1, giving rise to an irreversible

capacity loss of ∼23%. The Coulombic efficiency quickly in-
creases to 95 and 96% in the second and fifth cycle, respectively.
The comparative cycling performance between the C�Fe3O4

and carbon-free Fe3O4 nanospheres is illustrated in Figure 5C.
Apparently, the sample with carbon matrix support demon-
strates a much better cyclic retention than the carbon-free one,
with a high reversible capacity of 712 mA h g�1 after 60 cycles,
which is much higher than the theoretical capacity of graphite
(372 mA h g�1). The pure Fe3O4 nanospheres shows a higher
initial discharge capacity of∼1337 mA h g�1 than the sample of
C�Fe3O4, probably because the C�Fe3O4 composite contains
a high weight fraction of the inactive amorphous carbon.
However, its capacity fades very rapidly during the course of
the first few cycles. Compared to the C�Fe3O4 sample, a much
lower capacity of only 328 is delivered at the end of the
60 cycles. This evidently proves that the positive effect of the
carbon matrix support generated by carbonization of the PAA
molecules.

Figure 4. N2 adsorption�desorption isotherm of the PAA-entangled
Fe3O4 nanospheres after carbonization. The inset shows the pore size
distributions from both branches.

Figure 5. (A) Representative cyclic voltammograms, (B) charge�
discharge voltage profiles of the as-prepared C�Fe3O4 nanospheres,
and (C) comparative cycling performance of the C�Fe3O4 and pure
Fe3O4 nanospheres.
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’CONCLUSION

In this work, we have developed a one-pot solvothermal PAA-
mediated method to synthesize Fe3O4 nanospheres with carbon
matrix support. The PAA molecules serve both as the coordinat-
ing agent and the carbon source. Furthermore, it is found that the
addition of EDA into the system will significantly improve the
uniformity of the Fe3O4 nanospheres, giving rise to products with
a narrow size distribution. The electrochemical analysis suggests
that the carbon-supported sample exhibits a much better cycling
performance compared to the carbon-free counterpart, with a
high reversible capacity of 712mAh g�1 after 60 charge/discharge
cycles. This shows that the C�Fe3O4 products generated by the
current technique could become a promising candidate for high-
performance lithium-ion batteries.
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