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A B S T R A C T

Structure-tuned Fe3O4 and graphene composites were prepared using a facile graphene/

acid assisted facile one-pot hydrothermal method. The structural characteristics of Fe3O4

can be tuned by adjusting the initial molar ratio between iron acetylacetonate and citric

acid. The citric acid serves dual function as a reducing agent during the production of

Fe3O4 nanoparticles (NPs), and as a bridging agent which under optimized conditions can

result in mesoporous Fe3O4 nanospheres (NSs) self-assembled by numerous Fe3O4 NPs.

The fabricated mesoporous Fe3O4 NSs and graphene composites were evaluated as poten-

tial anode materials for lithium ion batteries. These composites exhibit better electrochem-

ical performance with high reversible capacity, good rate capability and cyclic stability

derived from their unique mesoporous structural features.

� 2015 Published by Elsevier Ltd.
1. Introduction

In the past decade, lithium ion batteries (LIBs) have become

the predominant power source for portable electronic devices

and electric vehicles due to their high energy density and long

cycle life [1,2]. While graphite is the most successful anode

material for LIBs, inherent limitations arise because of its

low theoretical capacity (372 mAh g�1) [3]. As a result, unprec-

edented global research interest is underway to develop high

performance electrode materials for LIBs in order to satisfy

the ever-increasing market demands [4,5]. Transition metal

oxides with high theoretical capacity (�500–1000 mAh g�1)

have been extensively investigated as alternative anode

materials for high performance LIBs [6–9]. Among them,
Fe3O4 is the most attractive candidate to substitute conven-

tional graphite because of its high theoretical capacity

(924 mAh g�1), environmental benignity, cost-efficient, and

natural abundance. However, use of Fe3O4 presents added

complications due to suffers from poor cycling stability

caused by drastic volume variation and severe particles aggre-

gation during reversible conversion reaction between Li+ ions

and Fe3O4 which results in electrode partial pulverization and

integrity loss over several discharge/charge cycles. Further-

more, the high intrinsic resistance of Fe3O4 and poor charge

transfer and ionic diffusion lead to additional performance

degradation [10]. According to previous reports, the widely

used approach to circumvent these issues is to combine

nanosized structures of designed morphology with carbon-
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based conducting matrixes to form hybrid composites result-

ing in the potential multiple advantages including: shortened

Li+ ions diffusion path lengths; enlarged contact area between

electrode and electrolyte; improved electronic conductivity;

and alleviated mechanical stress during Li+ ion insertion/

extraction [11–15].

Graphene is one of the most promising of such carbon-

based conducting matrixes; this is because of its unique prop-

erties, such as ultra-thin structure, high specific area, excel-

lent electrical conductivity, and mechanical flexibility

[16,17]. Therefore, graphene-based metal oxide composites

have been widely used as electrode materials for LIBs, the

improved electrochemical performance originates from syn-

ergetic effects between graphene and active materials: graph-

ene sheets serve not only as structural buffer against

structural deformation but also as a conductive network thus

facilitating electrical conductivity [18–24]. However, the mor-

phological effect of metal oxides fabricated via the same

method on their electrochemical performance in these com-

posites has been seldomly investigated.

In this report we investigate the morphology effect of elec-

trode materials prepared using a graphene/acid assisted facile

one-pot hydrothermal route to prepare Fe3O4 and graphene

composites. Using iron acetylacetonate, citric acid, and

graphene oxide (GO) as source materials, we show that the

structure of Fe3O4 can be tuned by adjusting the initial molar

ratio between iron acetylacetonate and citric acid. When the

initial molar ratio is 3:2, the Fe3+ ions were in situ reduced to

Fe2+ and further formed Fe3O4 NPs (�8–20 nm) anchored on

graphene sheets. However, when the initial molar ratio

changes to 3:3, the numerous Fe3O4 NPs (�15 nm) self-assem-

ble into mesoporous Fe3O4 NSs (�100 nm) with unconspicu-

ous interior hollow spaces decorated on graphene. The self-

assembled mesoporous Fe3O4 NSs and graphene (Fe3O4-NS/

G) composites exhibit improved electrochemical performance

due to their unique and synergetic structural features.

2. Experiment

2.1. Preparation of Fe3O4-NP/G and Fe3O4-NS/G
composites

GO was prepared from natural graphite powder using a mod-

ified Hummers’ method (see ESI for details) [25]. The Fe3O4-

NP/G and Fe3O4-NS/G composites were prepared via a simple

hydrothermal method. In the typical synthesis of Fe3O4-NP/G

composites, 40 mg GO was dissolved in 40 mL deionized

water by mild sonication for 1 h. Next, 2 mmol citric acid

was added and dissolved. Then, 3 mmol iron (III) acetylaceto-

nate (Fe(acac)3; 97%, Aldrich) was added to the resulting solu-

tion and stirred at 80 �C for 2 h to form a crimson solution.

The resultant solution was transferred to a Teflon-lined stain-

less steel autoclave (50 mL in volume) and heated at 200 �C for

12 h before cooling down to room temperature. The obtained

product was centrifuged and washed several times with alco-

hol and deionized water before drying at 60 �C for 10 h; the

powder thus obtained was further annealed at 500 �C for 3 h

in a tube furnace under nitrogen atmosphere to obtain well-

crystallized Fe3O4-NP/G composites. The Fe3O4-NS/G compos-
ites were synthesized and treated under the same experimen-

tal conditions, except that the citric acid in the precursor

solution was increased to 3 mmol. For comparison, pure

Fe3O4 NPs were prepared using the same experimental proce-

dures as Fe3O4-NS/G composites but without graphene. In

addition, the comparative graphene electrode was prepared

through reduced GO by hydrazine hydrate.

2.2. Characterization

The crystallographic characteristics of the products were

studied by X-ray diffraction (XRD, Philips PW 1830); which

also enabled particle size estimation using the Scherrer equa-

tion, L = Kk/bcos h, where K is the Scherrer constant (0.89), k is

the X-ray wavelength, b is the line broadening at half the

maximum intensity (FWHM), h is the Bragg diffraction angle.

Raman spectroscopy (Renishaw in via 2000, 600 nm excitation

laser) was employed to verify chemical bonding characteris-

tics of graphene. Specific surface area was estimated from

nitrogen adsorption–desorption isotherms at 77 K using a

NOVA 1200e Surface Area & Pore Size Analyzer (Quanta-

chrome Instruments). Prior to absorption experiments, the

samples were degassed at 150 �C for 2 h. Thermogravimetric

analysis (TGA, Q50) was performed to evaluate the content

of graphene under air atmosphere with a heating rate of

10 �C min�1. The morphological characteristics were investi-

gated by scanning electron microscopy (SEM; Philips, XL

30FEG), transmission electron microscopy (TEM; Philips,

CM20), and high-resolution TEM (HRTEM; CM200 FEG).

The working electrodes were prepared by mixing 80 wt%

active material, 10 wt% acetylene carbon black, and 10 wt%

polyvinylidene fluoride (PVDF) binder dissolved in 1-methyl-

2-pyrrolidinone (NMP) solvent to form a slurry. After coating

the slurry on copper foil, the electrode was dried at 100 �C for

10 h in vacuum to remove the solvent. Electrochemical

measurements were carried out using coin-type cells (2032)

assembled in an argon-filled glovebox with lithium metal foil

(Aldrich, USA) as counter/reference electrode, Celgard 2032

(Celgard, Inc., USA) serves as the separator and LiPF6

(1 mol/L) was dissolved in a mixture of ethylene carbonate/

dimethyl carbonate (1:1 in volume) as the electrolyte. Cyclic

voltammograms (CVs) measurements were performed using

a CHI-660C electrochemical workstation at a scanning rate of

0.1 mV s�1 in a potential range from 5 mV to 3.0 V. Galvano-

static discharge/charge cycles were tested in the voltage range

from 5 mV to 3.0 V using different constant current densities

on an Arbin Instruments (BT 2000, College Station, Texas,

USA) battery cycler at room temperature. Electrochemical

impedance spectroscopy (EIS) was carried out on a ZAHNER-

elektrik IM6 over a frequency range of 100 kHz to 5 mHz.

3. Results and discussion

The XRD patterns of as-synthesized Fe3O4-NP/G and Fe3O4-

NS/G composites, Fig. 1a, show all the diffraction peaks and

relative intensities are in good agreement with those of

Fe3O4 (Magnetite, PDF, 00-001-1111). The strong diffraction

peaks indicate good crystallinity of Fe3O4 phases with average

particle size, calculated from the largest diffraction peak (311)



Fig. 1 – (a) XRD patterns of Fe3O4-NP/G and Fe3O4-NS/G composites; (b) Raman spectra of Fe3O4-NP/G composites, Fe3O4-NS/G

composites, and GO. (A color version of this figure can be viewed online.)
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through the Scherrer’s formula, estimated to be �13.8 and

�14.2 nm for Fe3O4-NP/G and Fe3O4-NS/G composites, respec-

tively. However, no obvious diffraction peak of graphite was

detected in the XRD patterns, indicating that the graphene

sheets are not well crystallized. These results confirm that

both Fe3O4-NP/G and Fe3O4-NS/G composites present the

same crystallographic structure and similar crystalline size.

The Fe3O4-NP/G and Fe3O4-NS/G composites were character-

ized by Raman spectroscopy to monitor the structural change

of carbon network occurred during chemical processing from

GO to graphene. Raman spectra of GO, Fe3O4-NP/G compos-

ites, and Fe3O4-NS/G composites are shown in Fig. 1b. The

typical Raman spectrum of GO has two prominent peaks

located at 1601 and 1348 cm�1 corresponding to the G and D

bands, respectively. Two general characteristics of reduced

GO is the shift to lower wavenumber of the G band, and the

increase of peak intensity ratio between D and G bands (ID/

IG) relative to a value of �1.06 for GO. The Raman spectra of

Fe3O4-NP/G and Fe3O4-NS/G composites show both G and D

bands with the G band shifts to 1595 cm�1 while the ID/IG ratio

for Fe3O4-NP/G and Fe3O4-NS/G composites are calculated to

be �1.12 and �1.14, respectively, consistent with the reduc-

tion of GO during the hydrothermal reaction process. The

presence of a peak at 2649 cm�1 according to the overtone

of the D band and the peak at 2920 cm�1 can be ascribed to

the (D + G) band which also shows a substantial increase in

the disorder degree in graphene sheets [26].

The microstructure of as-synthesized Fe3O4-NP/G compos-

ites was characterized by SEM, TEM, and HRTEM, as shown in

Fig. 2. It can be seen from Fig. 2a that small Fe3O4 NPs are clo-

sely anchored on the surface of graphene sheets. Fig. 2b pre-

sents TEM image of Fe3O4-NP/G composites. It can be

observed that the two-dimensional thin graphene layers are

decorated with Fe3O4 NPs with a size range of �8–20 nm

which is in accordance with XRD estimated crystalline size

by Scherrer’s equation. In addition, both the outline of graph-

ene sheets and Fe3O4 NPs can be clearly observed, and there is

no apparent aggregation of Fe3O4 NPs on the graphene layers.

The HRTEM image of an individual Fe3O4 nanoparticle is

shown in the inset of Fig. 2b which reveals the single-crystal-

line nature of Fe3O4 NPs. The morphology of Fe3O4 can be

tuned by adjusting the initial molar ratio of iron acetylaceto-

nate and citric acid. In particular, the self-assembled meso-
porous Fe3O4 NSs and graphene composites can be obtained

when 3 mmol citric acid is used keeping all experimental con-

ditions identical. The SEM image in Fig. 2c shows the Fe3O4

NSs are well wrapped by graphene sheets. The TEM image

in Fig. 2d further reveals that Fe3O4 NSs are well anchored

on graphene layer with an average size of �100 nm and a

noticeable low density center. The high resolution TEM image

of a single Fe3O4 nanosphere, inset of Fig. 2d, clearly shows

the mesoporous structure of Fe3O4 NSs, with a clear interior

hollow spaces, formed by the aggregation of many nano-sized

Fe3O4 NPs (�15 nm) in agreement with the average particle

size calculated from XRD results in Fig. 1a. The special struc-

tural features of void spaces among self-assembled NPs and

interior hollow spaces are expected to accommodate large

strain resulting from the Li+ ions insertion/extraction as well

as to provide short paths for Li+ ions diffusion during the

cycling process [27–29]. It should be noted that sonication

was used during the TEM specimen preparation which dem-

onstrates that there is a strong interaction between Fe3O4

NSs and graphene sheets rather than just simply mixing up

or blending with each other. The HRTEM image (Fig. S1, see

ESI for details) shows the characteristic lattice fringes of com-

posed Fe3O4 NPs in Fe3O4-NS/G composites. The crystal lattice

spacing is 0.252 nm which can be assigned to the (311) plane

of cubic Fe3O4.

To illustrate the influence of citric acid content on the

structural features of Fe3O4, a new product was fabricated

using 4 mmol citric acid in the precursor solution but other-

wise the same experimental procedures. The morphology of

the resultant composites was determined by SEM analyses

as shown in Fig. S2 (see ESI for details); in this case larger

(�150–300 nm) and irregular Fe3O4 NSs wrapped by graphene

sheets are obtained. These results are in support the inter-

linking role of citric acid in the formation of self-assembly

of small Fe3O4 NPs into larger mesoporous Fe3O4 NSs. In this

hydrothermal system, GO was found to play an important

role in the formation of final products. No homogeneous

NPs (Fig. S3, see ESI for details) or NSs (Fig. S4, see ESI for

details) are generated in absence of GO. We speculated that

the formation of product may be based on a heterogeneous

nucleation process, in which the oxy-functional groups and

defect sites on graphene sheets act as nucleation centers

due to their high surface energy. These results demonstrated



Fig. 3 – (a) Nitrogen adsorption/desorption isotherms, and (b) TGA spectra of Fe3O4-NP/G and Fe3O4-NS/G composites. (A color

version of this figure can be viewed online.)

Fig. 2 – (a) SEM and (b) TEM images of Fe3O4-NP/G composites; and (c) SEM and (d) TEM images of Fe3O4-NS/G composites. The

insets in (b) and (d) show the corresponding typical HRTEM images of the products.
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that graphene sheets help prevent Fe3O4 NPs from agglomer-

ation and enable a good dispersion of Fe3O4 NPs or NSs over

the graphene sheets.

To demonstrate the existence of void spaces between

neighboring self-assembled NPs and interior hollow spaces,

nitrogen adsorption/desorption isotherms were utilized to

investigate the surface area of Fe3O4-NP/G and Fe3O4-NS/G

composites. The isotherms in Fig. 3a can be categorized as

type IV with hysteresis loop in the �0.4–1.0 range of relative

pressure according to the international union of pure and

applied chemistry classification, confirming their mesopor-

ous structure. The Brunauer–Emmett–Teller (BET) specific

area of Fe3O4-NP/G and Fe3O4-NS/G composites are 120 and

121 m2 g�1, and the corresponding pore volumes are 0.247

and 0.319 cm3 g�1, respectively. The Barrett–Joyner–Halenda
(BJH) pore sizes for Fe3O4-NP/G composites are randomly posi-

tioned in the regions of �3–8 nm, in contrast to the Fe3O4-NS/

G composites, the pore sizes are mainly distributed at �4, �6

and �10 nm, as shown in Fig. S5 (see ESI for details). We spec-

ulate that the large pore volume of Fe3O4-NS/G composites

caused by the presence of internal hollow spaces as observed

in TEM images, and the void spaces among aggregated NPs. In

order to quantify the weight percentage of Fe3O4 in these

composites, TGA was carried out from room temperature to

800 �C under flowing air, so that Fe3O4 is oxidized to Fe2O3

and carbon is oxidized to CO2, as shown in Fig. 3b. A theoret-

ical weight increase of 3.45% is obtained because each Fe3O4

can combine 1/2 O unit [30]. The small weight loss below

150 �C is perhaps due to the evaporation of moisture or gas-

eous content in the composites [31]. From the remaining
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weight of Fe2O3, the original weight fraction of Fe3O4 is calcu-

lated to be �80.4% and �74.3% for Fe3O4-NP/G and Fe3O4-NS/G

composites, respectively.

The electrochemical performance of Fe3O4-NP/G and

Fe3O4-NS/G composites were first investigated by CV at a scan

rate of 0.1 mV s�1 within the voltage window of 0.005–3.0 V

(vs. Li+/Li) for the first five cycles, as shown in Fig. 4a and b,

respectively. In the first cathodic scan, the strong and broad

cathodic peaks at voltage potential of �0.67 and �0.61 V were

observed for Fe3O4-NP/G and Fe3O4-NS/G composites, respec-

tively, which attributed to the reduction of Fe3+ and Fe2+ to

Fe0, and the formation of a solid electrolyte interphase (SEI)

layer [32]. Additional peaks located at 0.91 for Fe3O4-NP/G

composites and at 1.52 V for Fe3O4-NS/G composites can be

assigned to irreversible LixFe3O4 [33]. In the first anodic scan,

two small peaks at 1.68 and 1.92 V for Fe3O4-NP/G composites,

and at 1.64 and 1.87 V for Fe3O4-NC/G composites, were

recorded due to the oxidation of Fe0 to Fe3+ and Fe2+. After

the first cycle, both cathodic and anodic peaks shift to higher

voltage and the corresponding current peaks decrease reveal-

ing the existence of certain degree of irreversibility of the

redox reaction. While the CV changes continue in the Fe3O4-

NP/G composites, changes of peak intensity and integrated

areas for both cathodic and anodic peaks of Fe3O4-NS/G com-

posites are very limited after the first cycle, suggesting that

lithium ions insertion/extraction takes place to the same

extent and demonstrating the superior reversibility of Fe3O4-

NS/G composites.

The discharge/charge profiles of Fe3O4-NP/G and Fe3O4-NS/

G composites are shown in Fig. 4c and d, respectively,

between 5 mV and 3.0 V at a current density of 200 mA g�1.
Fig. 4 – CV characteristics of (a) Fe3O4-NP/G composites and (b)

scanning rate of 0.1 mV s�1. Discharge/charge profiles of (c) Fe3O

5 mV and 3.0 V at a current density of 200 mA g�1. (A color vers
The first discharge and charge capacity are �1760 and

�1100 mAh g�1 for Fe3O4-NP/G composites, �2060 and

�1240 mAh g�1 for Fe3O4-NS/G composites, respectively. The

initial high discharge capacity has been widely observed for

transition metal oxide anodes and is attributed to the forma-

tion of a SEI layer and the larger electrochemical active sur-

face area of graphene and/or the grain boundary area of

nano-sized Fe3O4 particles [34,35]. In fact, high experimental

lithium storage capacity in these materials can also be attrib-

uted to these same reasons: first, the reversible electrolyte

decomposition at low voltages results in extra lithium ion

adsorption/desorption on the reversible SEI that results while

cycling [10]; second, the reaction of oxygen-containing func-

tional groups on graphene sheets with lithium ions can fur-

ther contribute to the lithium storage capacity [36]. The

irreversible capacity loss with respect to the first scan is thus

attributed to the initial incomplete conversion reaction of the

unstable SEI layer which is also consistent with the CV results

in Fig. 4 showing additional peaks present only in the first

cathodic scan [37,38]. After five discharge/charge cycles, the

Fe3O4-NS/G composites exhibit a high discharge capacity of

�1030 mAh g�1, and the corresponding Coulombic efficiency

is 97.2%. In contrast, the discharge capacity of Fe3O4-NP/G

composites drops to �910 mAh g�1, and the corresponding

Coulombic efficiency is 89.2%.

The comparative cycling performance of Fe3O4-NS/G and

Fe3O4-NP/G composites at a current rate of 0.2 C for 160 cycles

(1 C = 1000 mA g�1) is shown in Fig. 5a. For Fe3O4-NS/G com-

posites, the reversible capacity remains stable at

�1025 mAh g�1 up to 50 cycles, and then slowly drops to

�920 mAh g�1 until �100 cycles. After that it starts to increase
Fe3O4-NS/G composites in a voltage range of 0.01–3.0 V at a

4-NP/G composites and (d) Fe3O4-NS/G composites between

ion of this figure can be viewed online.)



Fig. 5 – (a and b) Comparative cycling performance of Fe3O4-NS/G and Fe3O4-NP/G composites at different current densities. (c)

Rate capability of Fe3O4-NS/G and Fe3O4-NP/G composites at various current densities. (d) Nyquist plots (Z 0 vs. �Z00) of Fe3O4-

NS/G and Fe3O4-NP/G composites. (A color version of this figure can be viewed online.)
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and reaches to �1070 mAh g�1 after 160 cycles. In contrast,

the reversible capacity of Fe3O4-NP/G composites fades rap-

idly to �460 mAh g�1 after �50 cycles and then gradually

increases to �860 mAh g�1 after 160 cycles. The capacity rise

after prolonged cycling has been widely described for various

nanostructured metal oxide electrodes and is attributed to

the partial re-activation of irreversible Li2O formed during

the early cycles and resulting from the electrochemical grind-

ing effect [39,40]. The better cyclic retention of Fe3O4-NS/G

composites could originate from their unique structural fea-

tures. During the cycling process, stable thin passivating SEI

films would be formed outside the mesoporous Fe3O4 NSs

due to the decomposition of electrolyte after the first few

cycles, however, further formation is terminated due to the

electronically insulating nature of the SEI film [41]. Moreover,

the void spaces between the aggregated NPs and interior hol-

low spaces of mesoporous Fe3O4 nanospheres alleviate the

volume variation resulting from the Li+ ions insertion/extrac-

tion and provide short path for charge transfer and Li+ ions

diffusion during cycling process. Thus, the Fe3O4-NS/G com-

posites present better cycling performance after the forma-

tion of stable SEI films. In contrast, the larger initial

capacity drop for Fe3O4-NP/G composites is attributed to

thicker SEI films formed over discharge/charge cycles. The

large surface area of Fe3O4 NPs caused rupture of new formed

SEI films due to the mechanical strain generated by the vol-

ume variation upon cycling, and then thick SEI films formed

on the surface of Fe3O4 NPs, which degrades the electrochem-

ical performance of the electrode [10,29]. As shown in Fig. 5a,

this interpretation is consistent with the observed capacity

loss of Fe3O4-NP/G composites that during the first 50 cycles,

whereas the capacity loss for Fe3O4-NS/G composites quickly
stop after the first several cycles. To evaluate the cyclic stabil-

ity of the electrodes, new cells were assembled and tested at

1 C for 100 cycles, and then following at 2 C for 500 cycles, as

shown in Fig. 5b. For Fe3O4-NS/G composites, the reversible

capacity remains stable at �445 mAh g�1 up to 600 cycles, in

contrast to the Fe3O4-NS/G composites, the reversible capac-

ity decreased to �350 mAh g�1 after 600 cycles, which demon-

strated the superior cycling performance of Fe3O4-NS/G

composites. To clarify the synergistic effect between Fe3O4

and graphene for electrochemical performance enhance-

ment, we also tested pure Fe3O4 NPs and graphene under

the same electrochemical conditions. The results for Fe3O4

NPs and graphene show low capacities of �290 and

�250 mAh g�1 after 160 cycles as shown in Fig. S6 (see ESI

for details). The low capacity of pure Fe3O4 NPs has been rec-

ognized to the cyclically rupture and growth of SEI which

cause high resistance to ion transport and electronic conduc-

tivity [10,29]. In contrast, the restacking of graphene sheets in

the cycling process leads to low capacity of pure graphene

anode [42]. For Fe3O4 and graphene composites, the restack-

ing of graphene sheets is prevented by incorporated Fe3O4

NPs/NSs, while graphene sheets serve as structural buffer

and conductive network. Such synergistic effect between

Fe3O4 and graphene maximize their electrochemical activity

for energy storage applications in LIBs [43,44].

The rate capability of Fe3O4-NP/G and Fe3O4-NS/G compos-

ites were tested for 10 cycles at various current rates between

0.1 and 2 C (Fig. 5c). For Fe3O4-NS/G composites, the first dis-

charge capacity is �2090 mAh g�1 and capacity retention is

�1170 mAh g�1 after 10 cycles, whereas the reversible capacity

of Fe3O4-NP/G composites rapidly drops from �1880 to

�830 mAh g�1. As the current rates are gradually increased
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to 0.2, 0.5, 1.0, and 2.0 C, the corresponding reversible capaci-

ties of Fe3O4-NP/G and Fe3O4-NS/G composites are �560 and

�1040 mAh g�1 for the 20th cycle, �370 and �830 mAh g�1

for the 30th cycle, �270 and �640 mAh g�1 for the 40th cycle,

�185 and �440 mAh g�1 for the 50th cycles, respectively. It

should be emphasized that the reversible capacity of Fe3O4-

NS/G composites swiftly recovered to �980 mAh g�1 when

the current rate was brought down to 0.2 C after 50 cycles.

The enhanced cyclic stability and rate capability of Fe3O4-NS/

G composites can be ascribed to the advantage of their struc-

tural features as discussed previously. Compared with the pre-

viously reported Fe3O4 and graphene composites LIBs anodes,

the Fe3O4-NS/G composites reported here exhibited superior

electrochemical performance with higher specific capacity,

better cyclic stability and rate capability [24,41,45–49].

EIS was used to further illustrate the origin of the

improved electrochemical performance of Fe3O4-NS/G com-

posites. The Nyquist plots (Z 0 vs. �Z00) of Fe3O4-NP/G and

Fe3O4-NS/G composites are shown in Fig. 5d. The high-fre-

quency semicircle is attributed to a passivation layer (SEI)

formed which creates a corresponding impedance at the

interface of the electrolyte and active material [50]. The semi-

circle in medium frequency describes the charge transfer

impedance (Rct) through the electrode/electrolyte interface,

which is considered a large proportion of the overall cell’s

kinetic impedance [51]. The inclined line in the low frequency

region is known as Warburg impedance, which represents the

Li+ ions diffusion/transport in the electrolyte to electrode’s

surface [52]. The size of the semicircles of Fe3O4-NS/G com-

posites is smaller than that of Fe3O4-NP/G composites, show-

ing a lower Rct. The larger slope of Fe3O4-NS/G composites

further demonstrates the faster diffusion/transport behavior

of Li+ ions in the electrolyte to electrode. These results further

proved the advantage of the self-assembled mesoporous

Fe3O4-NS/G composites for LIBs anodes.

4. Conclusion

We developed a graphene/acid assisted facile one-pot hydro-

thermal method to synthesize different morphologies of

Fe3O4 and graphene composites. The morphology and struc-

ture of Fe3O4 can be tuned by adjusting the initial molar ratio

between iron acetylacetonate and citric acid. In particular,

mesoporous Fe3O4 NSs (�100 nm) self-assembled by numer-

ous Fe3O4 NPs (�15 nm) are readily obtained using 3 mmol cit-

ric acid in the precursor solution. The synthetic method

presented in this work can be used as a model framework

to prepare similar structural features in other metal oxide

and graphene composites with potential for enhanced elec-

trochemical performance. The Fe3O4-NS/G composites deliver

a high reversible capacity of �1070 mAh g�1 after 160 cycles at

a current density of 200 mA g�1. It is believed that the self-

assembled mesoporous Fe3O4-NS/G composites prepared in

this work will have promising applications as high-perfor-

mance anode materials for LIBs.
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