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Abstract. Exploitation of anode materials with pronounced discharge capacity and excellent cycling stability is the
underlying in guaranteeing the large-scale utilization of lithium-ion batteries (LIBs) to meet the increasing demand for
high power density electric vehicles, but still a great challenge. In this work, we fabricated well-dispersed MgFe2O4
nanospheres (MFONS) by a facile process and followed by annealing process, then employed as anode-active electrodes
for LIBs. The electrochemical performance demonstrated that our prepared MFONS exhibits high initial discharge
capacity of 1038 mAh g-1 under the current density of 500 mA g-1 and maintained at 634 mAh g-1 after cycling 350
times. Moreover, the reversible capacity could keep stable at *468 mAh g-1 even at current density up to 3.2 A g-1. The
excellent performances of MFONS should be attributed to the high dispersion, small nanosphere size, mesoporous
nanostructure and large specific surface area which provide buffer room for volume expanding during discharge/charge
process.
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Introduction

Lithium-ion batteries (LIBs), which are worldwide used in
daily life, such as portable cellphone and electric-powered
vehicles since the early 1990s, have attracted great attention
thanks to their high energy density and long-cycling life
[1,2]. At present, anodic material for LIBs are commercial
graphite, but the low storage capacity of 372 mAh g-1 for
Li is insufficient to meet the growing demand for highperformance LIBs. To overcome this, cost-effective materials with advanced electrochemical performance are
urgently desired, but still face great challenges.
Spin ferrite materials, particularly MgFe2O4 with high
theoretical capacity of 972 mAh g-1, are the promising
candidates of anode compounds for LIBs, but their
investigation so far is very few [3–6]. Earlier study of
the LIB electrochemical performance of MgFe2O4
reported in 2011 by Sivakumar et al [3], MgFe2O4
nanocrystal was synthesized by milling MgO and Fe2O3
with equal atom ratio and the resultant MgFe2O4 was
used as anode material for LIBs. Their electrochemical
tests demonstrated that the particle size influenced the
discharge capacity, resulting in improved discharge
capacity from 630 to 850 mAh g-1 when the grain size
reduced from 72 to 19 nm. Pan [4] reported that
MgFe2O4 can be obtained through sol–gel method,

however, the discharge capacity is only 493 mAh g-1
after 50 cycles. Rai et al [5] adapted urea-assisted
method to synthesize MgFe2O4/graphene nanocomposition 764.4 mAh g-1 after 60 cyclings. But, the dispersion of MgFe2O4 was bad, aggregated seriously. As can
be seen, the preparation method and the material dispersibility play key roles to determine the electrochemical performance of MgFe2O4. Furthermore, the wide
gap between the demand for high discharge capacities
and long-term stability and the unsatisfactory reported
lab data urged us to take ingenious methods to enhance
the discharge capacity and cycling stability of MgFe2O4.
Herein, we developed MgFe2O4 anodic active material
via a feasible solvothermal method and subsequent sintering
process. As-obtained MgFe2O4 exhibits nanosphere morphology (denoted as MFONS) with average diameter about
100 nm, enhanced surface area and mesopore diameter
(20.7 m2 g-1 and 27.8 nm). Galvanostatic charge/discharge
measurement of the LIBs made up by MFONS anode hold
initial discharge capacity of 1038 mAh g-1 at a current
density of 500 mA g-1, about 3.5 times higher compared to
that of the industrial available graphite anodes. The capacity
reaches 591 mAh g-1 at a current density of 1600 mA g-1.
Specifically, the reversible capacity reached 468 mAh g-1
when the corresponding LIBs conducted at high current
density of 3.2 A g-1. Our results demonstrated that MFONS
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nanosphere anodes are promising and feasible for massive
application in commercial LIBs.

2.
2.1

Experimental
Materials

Mg(CH3COO)24H2O was purchased from Tianjin Kemiou
Chemical Reagent Co. Ltd. (NH4)3[Fe(C2O4)3]3H2O and
urea (CO(NH2)2) were obtained from Tianjin Guangfu Fine
Chemical Research Institute. C5H9NO and ethanol were
purchased from Hunan Huihong Reagent Co. Ltd. Ethylene
glycol (EG) was analytical grade and PVP-K30 was guaranteed reagent, purchased from Sinopharm Chemical
Reagent Co. Ltd. Nickel foam was purchased from Tianjin
Aiweixin Chemical Technology Co. Ltd. Polyvinylidene
fluoride (PVDF) and acetylene black (AC) were battery
grade and purchased from Chongqing Songbai Chemical
Co. Ltd. Polyethylene separator was battery grade and
purchased from Mitsubishi Chemical Holdings. The specification of deionized water is 18.2 MX, coming from laboratory homemade.

2.2

Preparation of anodic MFONS nanospheres

A simple solvothermal–annealing treatment was employed
to prepare MFONS nanospheres. Briefly, 1.0 mmol
Mg(CH3COO)24H2O, 2.0 mmol (NH4)3[Fe(C2O4)3]3H2O,
5.0 mmol urea and 0.2 g PVP were grinded to ensure the
complete mixing of the original source, and then added into
30.0 ml of EG under continuous magnetic stirring for 3 h to
yield a pale yellow solution. Next, the mixture transferred
and sealed in a Teflon lined stainless-steel autoclave and
kept at 200°C for 24 h. After the autoclave cooled down to
room temperature, the product was collected by centrifugation and washed with distilled water and ethanol several
times. Then, the product was dried at 80°C for 24 h in
vacuum. Finally, the brown loose precursor was annealed in
a muffle furnace at 600°C for 4 h to obtain MFONS.

2.3 Process for lithium batteries fabrication
and the electrochemical measurements
The construction of lithium batteries was started from
preparation of the uniform anode active material slurry.
Firstly, 70.0 wt% of the active material MFONS, 20.0 wt%
AC and 10.0 wt% PVDF were mixed in NMP solvent. It
was then coated on a copper foil and dried at 110°C for 12 h
in a vacuum. Then, the formed anode composite was cut
into circular pieces with a diameter of 12 mm. Next,
CR2025-type coin cells were assembled by MFONS anode,
metallic lithium counter electrode, a microporous Cellgard
2400 film separator and nickel foam gasket in an Ar-filled
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glove box. The as-used electrolyte in the process was 1.0 M
LiPF6 in a mixed solution containing ethylene carbonate
(EC) and diethyl carbonate (DEC) together (VEC:VDEC =
1:1). Galvanostatic discharge/charge tests were performed
under a voltage window of 0.01–3.0 V at a battery testing
system (CT2001A, LAND, China). An electrochemical
working station (CHI660A, CH Instruments Inc.) was used
to record the results of the cyclic voltammetry (CV) curves
(scan rate: 0.05 mV s-1) and electrochemical impedance
spectroscopy (EIS) (frequency: 0.01 Hz–100 kHz).

2.4

Material characterization

X-ray diffractometer (D/MAX-3C) with CuKa radiation
(k = 1.542 Å) was used to study the structure of the sample.
The morphology and microstructure of MFONS were
characterized by field-emission scanning electron microscopy (SEM JSM-6610LV) and transmission/high resolution electron microscopy (TEM/HR-TEM, JEOL JEM2100F). X-ray photoelectron spectroscopy (XPS) measurements were performed with a monochromatic AlKa-radiation to obtain the phase information. The N2 adsorption
isotherm (77 K) was measured using a Micromeritics
TriStar II 3020. Thermogravimetric analyzer (TGA) characterization was performed on a TGA 2050 thermal analyzer system under an air-flow of 50 ml min-1 at a heating
rate of 10°C min-1 with temperatures ranging from 25 to
900°C.

3.

Results and discussion

The details of the synthesis pathway for MFONS are shown
in scheme 1. The forceful grind can mix the feedstocks
fully, the next solvothermal process is the formation of
precursor, Mg(OH)–Fe(OH)–EG–PVP, and ultimately,
MFONS was successfully obtained through the annealing
treatment at 600°C in electric muffle furnace for 4 h under
air atmosphere. The XRD profile of the MFONS is displayed in figure 1. The diffraction peaks at 18.3, 30.1, 35.5,
43.2, 53.5, 57.1, 62.7, 74.1, 75.0 and 78.9° are well assigned
to different reflections of cubic MFONS phase (PDF card
no. 18-1939). No other phases that ascribed to any impurity
are detected, further, verifies the successful synthesis of
pure MgFe2O4 material.
Its nanosphere morphology of MFONS after 600°C
treatment in air can be clearly seen from the SEM and TEM
pictures presented in figure 2a, copious MFONS indicate
high yield by this solvothermal–sintering preparation
method. After dispersing the product in ethanol and sonicated for 30 min, the uniform MFONS with average particle
size of 100 nm and sphere shape is distinct, as characterized
by TEM and displayed in figure 2b and c. The HR-TEM
image appeared in figure 2f reveals the lattice distance of
0.247 nm belonging to (311) plane of MFONS, indicating
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Scheme 1.

Figure 1.
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Illustration of MFONS synthesis.

XRD pattern of freshly prepared MFONS component.

the MFONS sample was successfully synthesized with a
good crystallization and nice dispersion.
The specific surface area (BET) and pore diameter of
MFONS were analysed by N2 adsorption–desorption isotherm measurement and displayed in figure 3a. A smaller
H3-type hysteresis loop and upward line emerged in the
relative pressure range between 0.88 and 0.97, indicating
lots of mesopores and macropores exhibited in the constitutes. Although the major pore size sited at 27.8 nm, the
wide pore-size distribution (inset of figure3a) further confirms its hierarchical porous characterization [6–9]. The
Brunauer–Emmett–Teller (BET) specific surface area is
also calculated to be about 20.2 m2 g-1. The high surface
area and meso- and macro-porous features are in favour of
sufficient connection between the active sites and the
reactant. It also facilitates electrolyte diffusion and Li?
transportation.
Thermogravimetric tests were performed on the prepared
samples and shown in figure 3b. The weight loss of
MgFe2O4 precursor is about 2.5 wt% when the heating
temperature below 300°C, mainly owing to the adsorbed
water or the residual EG that used as solvent in the

fabrication step. The weight loss of 4.5 wt% is originated
between 300 and 500°C from PVP and MgFe2O4 precursor
thermal decomposition [10]. No significant weight loss was
found above 550°C. Therefore, in our work, the temperature
is set at 600°C to obtain pure-phase MgFe2O4 from
MgFe2O4 precursor.
XPS technique was carried out to explore the bonding
and valence states of Mg, Fe and O elements in MFONS.
The surface atomic ratio determined by XPS for Mg:Fe:O
is 1:2.2:5.4, in line with the stoichiometric relation in
MgFe2O4. From figure 4a, the survey spectrum, peaks for
Mg 1s, Fe 2p, O 1s and C 1s are observed. Figure 4b–d
shows the high-resolution XPS for Mg 1s, Fe 2p and O 1s.
The binding energy of Mg 1s at 1303.6 eV matches well
with Mg2? (figure 4b). For Fe 2p spectrum (figure 4c), the
binding energy located at 710.8 and 724.5 eV is contributed to Fe 2p3/2 and Fe 2p1/2 for Fe3?, furthermore, the
accompanied shake-up satellite for Fe 2p3/2 centred at
719.0 eV. The O 1s high-resolution XPS (figure 4d)
should be assigned to two peaks: lattice oxygen
(529.4 eV), i.e., metal–oxygen bond and adsorbed oxygen
(531.3 eV) [11]. It can be concluded that Mg and Fe
exhibited in the form of metal oxides and their strong
interaction would affect the electrochemical catalytic
performance for LIBs.
To study the lithium storage capacity of the MFONS
when used as anode electrode, LIBs assembled by the
freshly prepared active MFONS materials are tested through
cyclic voltammetry (CV) analysis from 0.01 to 3.0 V vs.
Li?/Li under 0.5 mV s-1. Figure 5 illustrates that the CVs
of the first 3 cycles when MFONS used as the anode electrode. In the first cycling of discharge, shoulder peaks are
exhibited at around 0.55 V, a sharp peak at 0.47 V and a
small peak at 0.25 V. As reported by others, there are two
reactions during this process, at first, Li? intercalates into
MgFe2O4, forming LixMgFe2O4 (equation 1), i.e., the generation of shoulder peaks at *0.55 V. Subsequently,
LixMgFe2O4 was reduced to Fe0, MgO and Li2O as well as
a solid electrolyte interphase (SEI) (equation 2) when
scanned to more negative potential. When scanned to the
positive direction, the process for charging, Fe0 was oxidized into Fe3? (equation 3), accompanying the arising
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Figure 2.

(a) SEM, (b–e) TEM and (f) HR-TEM of MFONS anode.

Figure 3.

(a) BET and the corresponding pore diameter (inset) and (b) TGA of the as-prepared MFONS.

anodic peak at 1.75 V. For the 2nd and 3rd cycles, both the
cathodic and anodic peaks became more positive compared
with the first (figure 5a), this can be explained by the
polarization of the electrodes. Besides, the formed MgO
during the first cycling did not participate in the following
reaction, it acted as a buffer matrix which is conducive to
buffer volume expanding during the insertion/extraction of
lithium [12–14].

MgFe2 O4 þ 6Liþ þ 6e ! MgO þ 2Fe þ 3Li2 O;
ð1Þ
þ



Fe2 O3 þ 6Li þ 6e ! 2Fe þ 3Li2 O;
þ

2Fe þ 3Li2 O ! Fe2 O3 þ 6Li þ 6e



ð2Þ
ð3Þ

In addition, the asymmetric shape of the reduction and
oxidation current of the first cycle also verifies the
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XPS of the as-prepared MFONS. (a) Survey, (b) Mg 1s, (c) Fe 2p and (d) O 1s.

formation of a SEI layer, which has been reported by others
[15,16]. Obviously, the next 2nd and 3rd cycles have similar
CVs, nearly overlap with each other, indicating the fascinating reversibility capacity of MFONS during the discharge/charge process. It should also be noted that there is a
positive shift of the anodic peak for the 2nd and 3rd cycles
compared with the first cycle, the reason may be the partial
electro-reduction between Fe3? to Fe2? [17].
Charge/discharge and cycling performances of the
lithium ion batteries composed of MFONS anodes are
studied. Figure 6a records the relationship of potential and
specific capacities and cycling number (initial, 2nd, 3rd,
50th, 150th and 300th cycles) between potential range of
0–3.0 V vs. Li?/Li at 500 mA g-1 and find that during the
first discharge curve, the voltage gradually decreases from
2.68 to 0.84 V, this can be explained by the insertion of
Li? into the electrode. The present well-defined voltage
plateau at around 0.8 V should be in line with the Fe3?/Fe0
of MFONS along with the formation of amorphous Li2O
[5,18]. The initial discharge/charge capacity of MFONS is

1038/634 mAh g-1 with an initial coulombic efficiency of
61.1%, catching up with MFONS anode materials documented in previous work [19]. The irreversible capacity
last happened since SEI layer formed, electrolyte decomposition and partial lithium-ion deactivation is unavoidable [20,21]. However, this drawback could be reduced
by building subtle anodic active materials with special
structure that could decrease the volume expansion. In our
work, the well-distribution, uniform small nanoparticle
size, mesoporous structure of MFONS are benefits for
lithiation/delithiation kinetic process. Therefore, the discharge capacity after 150th and 300th achieved at 904.7
and 975.8 mAh g-1, respectively. The surprising high
discharge capacity 975.8 mAh g-1 of MFONS after 300th
cycling at 500 mA g-1 outperformed some MgFe2O4
anode and other spin ferrite materials-based lithium batteries [4,22]. Note that the subsequent discharge/charge
curves after the 3rd cycle, almost overlap each other,
demonstrating excellent electrochemical reversibility of
the MFONS anodes.
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Figure 5. CVs of the first 3 cycles when MFONS served as the
anode electrode.

Figure 6b presents the relationship between the cycling
specific capacity and the cycle numbers and the
corresponding coulombic efficiency at current density of
500 mA g-1. As can be seen, the initial coulombic efficiency
calculated through charge/discharge specific capacity
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is 60.5% (634.4/1049 mAh g-1) of MFONS electrode. With
the cycling continued, the discharge and charge capacity
gradually increased, and reached 1130 mAh g-1 after 406th
cycle. When the 450th cycle was completed, the discharge
capacity of MFONS electrode delivered 1073 mAh g-1 and
the capacity retention rate is about 103%, which also
occurred in previous work [1,23–25]. The enhanced specific
capacity may be from the changes of the electrolyte that it
could decompose and form new film on the surface of
electrode, providing another Li storage warehouse when the
cycling reaction goes on [26–28]. The interesting fact is that
the discharge and charge processes are steady during the
cycling, no visible fading is detected. These results reveal
the extraordinary stability for charge–discharge cycling and
specific capacity remaining.
Based on the imperative demand that people want to
charge their electric vehicles as soon as possible when
no charge remained for the vehicles, lithium batteries with
high rate charge/discharge specific capacity are urgently
desired. Encouraged by this, we also investigate the rate
charge/discharge specific capacities of the synthesized
MFONS anode materials. At 100, 200, 400, 800, 1600 and
3200 mA g-1, the anodic capacities of MFONS are 1170,
1074, 950, 760 and 591 mAh g-1 at 0.1, 0.2, 0.4, 0.8 and

Figure 6. (a) Charge/discharge curves, (b and c) cycling performance and (d) electrochemical impedance spectra of the MgFe2O4
electrode after different cycles.
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1.600 mA g-1, respectively, between 0.005 and 3.0 vs.
Li?/Li (figure 6c), demonstrating the high rate specific
capacity of MFONS. The rate capacity remains firmly at
about 468 mAh g-1 even tested in high current density of
3200 mA g-1. In addition, when the current density was
resettled to 100 mA g-1, we achieved rate capacity as high
as 1070 mAh g-1, only a little smaller than the initial. The
excellent reversible capacity indicates the strong structure
stability of MFONS electrode.
Figure 6d shows the electrochemical impedance spectra
(EIS) of the assembled LIBs with MFONS anodes. Both
semicircles in high frequency ascribed to the charge transfer
resistance (Rct) and inclined lines in low-frequency associated with Li? diffusion and accumulation process on the
surface of active materials are observed in the fresh made
LIB and after 50th, 150th and 300th cyclings. We fitted
the EIS test results to equivalent circuits and calculated the
Rct values, which were 276, 286, 146, 146 X for the fresh,
50th, 150th and 300th cycles, respectively. The semicircle
diameter increased firstly (1st–50th cycle), but subsequently, decreased (50–150th cycle). No further change is
observed after 150th cycle. The reason for the increase in
the diameter of the semicircle in the first 50 cycles may be
that the electrolyte decomposes with the redox of Fe3? in
the initial reaction stage, which creates a new interface and
gradually forms more SEI film to increase the value of
Rct. As time goes on, after 150 cycles, the SEI layer is
stable, leading unchanged Rct [18]. The corresponding
constant phase elements (CPE) for the double layer
capacity increased gradually from 7.86 9 10-5 to
2.6 9 10-4 S Secn cm-2.

4.

Conclusion

In conclusion, highly dispersed MFONS was fabricated
throughout a simple urea-assisted facile and annealing
method. When used as anode active composite, it shows
excellent reversible coulombic efficiency, rate capacity and
strong cycling stability. The well dispersion, small nanosphere structure, mesoporous characterization and large
specific surface area provide favourable avenues for Li?
transportation and large electrode/electrolyte contact areas.
These superior cycling and rate performances make the
MFONS promising candidate for LIBs further utilization.
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