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Abstract
In this study, the  Fe3O4 thin film was prepared as anode materials to simultaneously provide higher reversible  Li+ capacity 
compared to 2D materials with high cycle properties for lithium ion batteries. Nano-crystalline  Fe3O4 thin film has been 
prepared by using an electron beam evaporation system followed by heat treatment. Electrochemical measurement showed 
that the as-fabricated  Fe3O4 thin film showed the conventional charge–discharge voltage profiles of magnetite and good cycle 
performance. The initial reversible capacity of  Fe3O4 thin film was maintained during the 100 cycles with no capacity fading 
in a potential range of 0.005–3.0 V (vs.  Li+/Li).
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1 Introduction

Magnetite  (Fe3O4) is a half-metallic metal oxide with the 
inverse spinel structure and space group Fd3m [1]. Recently, 
the iron-based materials can be used for their promising 
application to Li-ion batteries (LIBs) as anode materi-
als owing to their low cost and low toxicity [2, 3]. Among 
these oxides, magnetite  (Fe3O4) has been considered as 
anode materials for next LIBs because of its high capac-
ity (928 mAh g−1), natural abundance, and high electronic 
conductivity [4–6]. However, it can be possible that the poor 
rate capability and low cycle performance limit its further 
practical applications [6].

To date, many efforts have been reported to improve its 
drawbacks with increased durability, high cycle stability, 
and rate capability. For example, nano-sized  Fe3O4-based 

electrode materials were prepared with various dimensions 
such as nanoparticles, nanosheets, and nanotubes [7–10]. It 
is noticed that 2D porous nanostructure is beneficial in order 
to achieve the high specific capacity and stable rate perfor-
mance because of the large surface area for both electron 
and lithium ion transport [11]. The coating with conduc-
tive materials of oxide nanostructures is another method to 
improve the structural integrity and cycle performance. In 
the previous results, the carbon coating effectively buffer the 
strain caused by volume changes and prevent the aggregation 
during cycling [12]. For example, Zuo et al. [13] reported 
novel 2D carbon-encapsulated hollow  Fe3O4 nanoparticles 
homogeneously anchored on graphene nanosheets as a 
high-rate LIBs anode material. In their architecture, the thin 
carbon shells can avoid the direct exposure of  Fe3O4 nano-
particles to the electrolyte and preserve the structural and 
interfacial stabilization of  Fe3O4 nanoparticles [13]. Even 
though a variety of good strategies for high electrochemical 
properties of  Fe3O4 particles as anode material have been 
developed, the unique and novel material design for high 
cycling stability is still not satisfactory. So, new strategy 
or dimension architecture of electrode materials should be 
suggested to achieve the high performance of the  Fe3O4.

Herein, we fabricated  Fe3O4 thin film as anode materials 
to simultaneously provide a high discharge capacity with 
good cycle performance for LIBs. With the heat treatment, 
the  Fe3O4 thin film deposited on stainless foil by using an 
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E-beam evaporator have been readily used as anode mate-
rials without further process, presenting improved perfor-
mance compared to the conventional anodic  Fe3O4 materials.

2  Experimental

The deposition of  Fe3O4 thin film was prepared by following 
a published process [6].  Fe3O4 thin film deposited on stain-
less foil (SUS 304, thickness 25 μm) was prepared by using 
an electron beam evaporation system at room temperature. 
 Fe3O4 pellet (purity 99.9%) was used as a target. The cham-
ber was evacuated down to 2 × 10−6 Torr prior to deposition 
process. The deposition rate and thickness of  Fe3O4 film 
were 2.6 Å s−1 and about 90 nm monitored by a thickness 
sensor during the evaporation process. The substrates were 
sputter-etched with Ar ions for 5 min prior to the deposition 
to remove any oxide layer on the surface. The  Fe3O4 sample 
was sintered at 700 °C for 1 h in Ar atmosphere.

The morphology of the sample was investigated by a field 
emission scanning electron microscopy (S-4800, Hitachi) 
working at 30 kV and atomic force microscopy (Labram, 
Innova). The thin film X-ray diffraction (X-pert PRO 
MRD, Philips) pattern was conducted with Cu Kα radia-
tion (λ = 1.5406 Å) operating at 40 kV and 30 mA between 
10° and 90° at a scan rate of 0.01°, 2θ min−1. Raman meas-
urement (NTEGRA SPECTRA, NT-MDT) was conducted 
with a laser wavelength of 532 nm. The X-ray photoelectron 
spectroscopy (K-alpha, Thermo VG Scientific) analysis was 
performed and the binding energy was referenced to the C 
1s peak from carbon at 284 eV.

The electrochemical performance of the  Fe3O4 film was 
evaluated by 2032 coin cells assembled in a dry room. The 
Li metal was used as a counter and reference electrode. 
The 1.3 M  LiPF6 dissolved in ethylene carbonate (EC) and 
diethyl carbonate (DEC) (3:7 in volume) and polypropyl-
ene 2400 were also used as an electrolyte and separator, 
respectively. Galvanostatic charge–discharge was performed 
in a potential range of 0.005–3.0 V (vs.  Li+/Li) with an 
applied current density of 92.8 mA g−1. The specific capac-
ity of  Fe3O4 electrode was based on the  Fe3O4 electrode 
amount, which is calculated by  Fe3O4 density (5 g cm−3). 
The cyclic voltammetry (CV) was recorded at potential 
range of 0.005–3.0 V at a scan rate of 0.5 mV s−1. All the 
electrochemical measurements were carried out at a room 
temperature.

3  Results and Discussion

The structure and phase purity of  Fe3O4 thin film electrode 
sample are examined by X-ray diffraction (XRD). Figure 1 
depicts the XRD patters of  Fe3O4 powder and as-prepared 

 Fe3O4 film. The main peaks (220, 311) of  Fe3O4 film can 
be indexed on the basis of the cubic magnetite spinel phase 
 (Fe3O4, Fd3m space group) [13]. The peak at 43.5° of  Fe3O4 
(400) overlapped (data not shown) with that of stainless 
steel. No additional impurity peak was observed, indicating 
the phase purity of  Fe3O4 structure. The peaks denoted by 
star are related to the stainless steel.

The morphology and structure of  Fe3O4 thin film was 
examined by field emission scanning electron microscopy 
(FE-SEM). Figure 2a, b show the morphologies of  Fe3O4 
film on the stainless foil. Before annealing sample (Fig. 2a), 
the surface of  Fe3O4 film shows small grains and there is no 
other film phase after deposition. Also any peaks related to 
the  Fe3O4 were not shown in XRD analysis. However, the 
strain of as deposited  Fe3O4 thin film increased after anneal-
ing process. As shown in Fig. 2b, the  Fe3O4 film showed 
different morphology. The small grains in the as-deposited 
increased in magnitude after annealing, suggesting that the 
film may be undergoing change of orientation [6]. Figure 2c 
shows the cross-section image of  Fe3O4 thin film and the 
thickness of  Fe3O4 film was about 90 nm (deposited on 
indium tin oxide glass). The atomic force microscopy (AFM) 
is also used to observe the surface roughness of  Fe3O4 thin 
film. Figure 2d shows the thin-film phase image and height 
images of  Fe3O4 surface after heating at 700 °C. The root-
mean-squared roughness of  Fe3O4 thin film (from 12 to 
21 nm after heat treatment) was increased compared to as-
deposited  Fe3O4 thin-film in agreement with the SEM result.

The element distribution of each element in  Fe3O4 film 
was observed energy dispersive X-ray spectroscopy (EDS) 
elemental mapping method. The EDS mapping images of 
iron and oxygen elements reveal that each element was uni-
formly dispersed (Fig. 3). 

In order to evaluate the chemical state and composition 
of  Fe3O4 film, Raman and XPS analysis were carried out (as 
illustrated in Fig. 4). As shown in Fig. 4a, Raman spectrum 

Fig. 1  XRD patterns of  Fe3O4 powder and  Fe3O4 thin film on 
SUS304 after heat treatment
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of  Fe3O4 film showed the characteristic peaks at 534 and 
660 cm−1, respectively, which is attributed to the  T2g and 
 A1g vibration mode of magnetite [14]. It is indicating that 
as-deposited thin film was composed of the  Fe3O4 phase. 
Figure 4b shows the XPS spectra of  Fe3O4 thin film. In the 
case of the iron, the Fe 2p peak is always split into two 
due to spin–orbit coupling [15]. No binding energy peak 
at 706. 6 eV, which is characteristic of metallic Fe 2p3/2 
was observed [6]. Before the heat treatment of as-deposited 
 Fe3O4 thin film, the additional satellite peak at ~ 719 eV 
could be observed. It could be attributed to the formation of 
a tiny amount of FeOOH confined on the top of the surface 
[15]. However, this peak was removed after heat treatment. 
The presence of  Fe2+ and  Fe3+ (1:1 ratio) reveals the equal 
presence of both satellites and thus an unresolved structure 
between the two spin–orbit components [16]. Therefore, 
the absence of resolved satellite peak is characteristic of the 
 Fe3O4 layer [16].

The electrochemical performance of as-fabricated  Fe3O4 
thin was evaluated as anode materials by charge–discharge 
process with coin cell. Figure  5a depicts the first two 
CV profiles of  Fe3O4 thin films in the potential range of 
0.005–3 V at scan rate of 0.5 mV s−1. Three redox peaks 

were observed during the oxidation and reduction reaction, 
suggesting the similar charge–discharge process according to 
the  Fe3O4-based anodes [17–20]. The peak at 0.6 V is corre-
sponded to the reduction of  Fe3+ and  Fe2+ to  Fe0 and the for-
mation of amorphous  Li2O accompanied by irreversible side 
reaction related to the electrolyte decomposition [21, 22]. 
In Fig. 5a, the reduction peak intensity was decreased and 
shifted after the first cycle, indicating the occurrence of irre-
versible electrochemical reaction in the previous cycle [23]. 
However, the peak was observed at 1.78 V in the anodic 
sweep, corresponding to the oxidation of  Fe0 to  Fe3+ with 
good reversibility of the electrochemical reaction [23–25]. 
Figure 5b shows the typical voltage profiles of  Fe3O4 thin 
film at a constant current density of 92.8 mAh g−1 within 
a cut-off window of 0.005–3.0 V. The discharge voltage 
dropped from 1.5 to 0.8 V, which is ascribed to the oxida-
tion of metallic Fe to  Fe3O4. The distinct voltage plateau was 
observed at about 0.8 V during the discharge process, which 
is attributed to the transformations of  Fe3O4 to a Li–Fe–O 
complex [17, 22]. The electrochemical reversible reaction 
with lithium can be summarized as;

Fe
3
O

4
+ 8e

−
+ 8Li

+
⇔ 3Fe

0
+ 4Li

2
O

Fig. 2  SEM images of the  Fe3O4 thin film; before (a) and after heat treatment (b), cross-sectional view of  Fe3O4 thin film (c), AFM image of 
 Fe3O4 thin film after heat treatment (d), respectively
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The first discharge and charge capacity were found to be 
1300 mAh g−1 and 900 mAh g−1. The initial coulombic 
efficiency was about 70%, which is mainly caused by the 

solid-electrolyte interfacial layer (SEI layer), and initial irre-
versible formation of amorphous  Li2O caused by electrolyte 
decomposition [6]. Moreover, it is also the fact that large 

Fig. 3  Elemental analysis and EDS mapping image of  Fe3O4 thin film

Fig. 4  a Raman spectra of  Fe3O4 thin film after heat treatment and b XPS spectra of  Fe3O4 thin film before and after heat treatment
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capacity loss of  Fe3O4 thin film in the first cycle is attributed 
to the conversion reaction of the nano-crystalline metal fer-
rite from M–O bond to  Li2O and the electrochemical driven 
formation of nanosized metallic grains [3]. In the second 
cycle, the columbic efficiency was improved to 93%.

The cycle performance of  Fe3O4 thin film was fur-
ther investigated for 100 cycles at a current density of 
92.8 mA g−1. Figure 5c depicted the cycling performance 
of  Fe3O4 thin film with coulombic efficiency. Normally, the 
bare  Fe3O4 materials showed the poor capacity retention. 
However, the capacity of  Fe3O4 thin film was 748 mA g−1 
after 100 cycles, which is 92% of the initial capacity 
(816 mA g−1). Additionally, the coulombic efficiency of 
 Fe3O4 thin film was over 98% for 100 cycles. The excel-
lent cycling stability of electrode is ascribed to the sturdy 
construction of  Fe3O4 thin film, which endures the volume 
expansion and aggregation of  Fe3O4 during the charge–dis-
charge [6].

The better electrochemical performance of  Fe3O4 thin 
film electrode may be ascribed to that the  Fe3O4 thin film 
has nano-crystalline structure and thinner thickness about 
90 nm. It was reported that very thin film might allow 
that  Li+ ions could be diffused through the electrode more 
easily and enhanced the electronic conductivity from the 
substrate [26]. We thought that our fabricated  Fe3O4 film 
was very thin and did not affect the resistance during 

charge–discharge process. In addition, the deposition of 
 Fe3O4 thin film by e-beam evaporator followed by anneal-
ing process could fabricate more strong adhesive films 
onto the substrate than other deposition method [6].

4  Conclusion

Nano-crystalline  Fe3O4 thin film has been prepared 
by using an electron beam evaporation system at room 
temperature. Electrochemical measurement showed that 
the as-fabricated  Fe3O4 thin film showed the typical 
charge–discharge voltage profiles of magnetite and excel-
lent cycling performance. The initial charge capacity of 
 Fe3O4 thin film was 1300 mA g−1 at a current density of 
92.8 mA g−1, and remained about their capacity during 
100 cycles (~ 92%). The better cycling stability is attrib-
uted to their structural stability. The nano-sized structure 
of thin film resulted in improved electrochemical perfor-
mance and could be used as promising anode materials 
for Li-ion battery without any additives or other polymer 
binder.
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Fig. 5  Cyclic voltammetry curves (a), initial charge–discharge profiles (b), and cycling performance (c) of  Fe3O4 thin film after heat treatment, 
respectively
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