
Nano Energy 24 (2016) 130–138
Contents lists available at ScienceDirect
Nano Energy
http://d
2211-28

n Corr
E-m

mlq518
1 Th
journal homepage: www.elsevier.com/locate/nanoen
Graphene wrapped NASICON-type Fe2(MoO4)3 nanoparticles
as a ultra-high rate cathode for sodium ion batteries

Jinzhi Sheng a,1, Han Zang a,1, Chunjuan Tang a,b,1, Qinyou An a,n, Qiulong Wei a,
Guobin Zhang a, Lineng Chen a, Chen Peng a, Liqiang Mai a,n

a State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Luoshi Road 122, Wuhan 430070,
PR China
b Department of Mathematics and Physics, Luoyang Institute of Science and Technology, Luoyang 471023, PR China
a r t i c l e i n f o

Article history:
Received 21 January 2016
Received in revised form
1 April 2016
Accepted 13 April 2016
Available online 26 April 2016

Keywords:
Fe2(MoO4)3
NASICON
Micro-emulsion
High rate
Sodium ion battery
x.doi.org/10.1016/j.nanoen.2016.04.021
55/& 2016 Elsevier Ltd. All rights reserved.

esponding authors.
ail addresses: anqinyou86@whut.edu.cn (Q. A
@whut.edu.cn (L. Mai).
ese authors contributed equally to this work
a b s t r a c t

Naþ superionic conductor (NASICON) type Fe2(MoO4)3 with capacious ion diffusion tunnels and a flat
discharge plateau, is a promising cathode material for sodium ion batteries. However, the sluggish
electrochemical kinetics limits its further development due to the poor electron conductivity and long
Naþ diffusion path. In this work, a graphene wrapped Fe2(MoO4)3 nanoparticle composite was synthe-
sized via a micro-emulsion method followed by annealing. The composite exhibits ultra-high rate cap-
ability (64.1 mA h g�1 at 100 C, better than all the reported works) and good high-rate cycling stability
(76% capacity retention after 100 cycles at 10 C). The enhanced electrochemical performances are at-
tributed to the unique composite structure with shortened ion diffusion distance and high electron
conductivity. Furthermore, the Naþ insertion/extraction mechanism of the composite is systematically
investigated, based on in-situ X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Our
work demonstrates that the graphene wrapped Fe2(MoO4)3 nanoparticle composite has great potential
for high-rate sodium ion batteries.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

With the insufficiency of lithium, lithium ion batteries (LIBs)
can hardly meet the worldwide sustaining demand [1–5]. As a
candidate, sodium ion batteries (SIBs) hold great promise to be the
next generation of energy storage devices due to the high abun-
dance of sodium and the similarity of its electrochemical me-
chanism to that of LIBs [6–8]. However, the larger ionic radius of
Naþ (0.98 Å) in comparison with that of Liþ (0.69 Å) causes the
lower Naþ diffusion coefficient and larger volume change, re-
sulting in poor rate and cycling performances [9–13]. Un-
fortunately, some materials such as layered NaxCoO2 and olivine-
type NaFePO4, being primarily and widely considered for SIBs due
to the success of their analog LiCoO2 and LiFePO4, failed to over-
come the inherent limitations of SIBs on account of the narrow ion
diffusion tunnels and the irreversible phase transition after Naþ

intercalation [14–17]. Therefore, new cathode materials with sui-
table structures for Naþ intercalation are urgently required to be
exploited for SIBs.
n),

.

Naþ superionic conductor (NASICON) with an ideal open three-
dimensional (3D) framework for Naþ transportation, has been
regarded as the optimal cathode material for SIBs [18–20] . Among
these NASICON-type materials, only a few possess electrochemical
activity, and iron molybdate (Fe2(MoO4)3) is one of them [21]. As a
cathode material for SIBs, Fe2(MoO4)3 is nontoxic and has a flat
discharge voltage plateau (�2.6 V versus Naþ/Na), which shows
great prospect for sodium ion storage [22]. Nevertheless, its fur-
ther development is limited by the sluggish electrochemical ki-
netics caused by the poor electronic conductivity and the long Naþ

diffusion path [22–26]. Compositing electrode active material with
conductive agents is an effective approach to enhance the elec-
tronic conductivity [27–28]. Nguyen et al. mixed Fe2(MoO4)3 with
several conductive agents such as nanosilver [23], carbon nano-
tubes [24] and reduced graphene oxide [25], and the electronic
conductivities of the products are indeed higher than that of the
pure Fe2(MoO4)3. However, the capacity of Fe2(MoO4)3/reduced
graphene oxide composite, the best one among the three products,
decreased to lower than 80 mA h g�1 (90.6 mA h g�1 at 0.1 C)
when the charging-discharging rate reached 1.5 C, which may be
due to the large sizes of the Fe2(MoO4)3 particles [25]. So far, high
rate Fe2(MoO4)3 cathode material has not been reported. Thus, low
rate capability severely limits the further development of
Fe2(MoO4)3. Reducing the sizes of the active material is an
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effective way to improve the rate capability, because nanos-
tructures can provide larger electrode/electrolyte contact area and
shorter distance for ion transport [29–31]. Therefore, to obtain
high performance Fe2(MoO4)3 cathode material, compositing with
conductive agents and reducing the sizes of the particles should be
simultaneously achieved.

Herein, we report a graphene wrapped Fe2(MoO4)3 nanoparticle
composite synthesized via a micro-emulsion method followed by
annealing. As a cathode material for SIBs, the graphene wrapped
Fe2(MoO4)3 nanoparticle composite exhibits high rate capability
(64.1 mA h g�1 at 100 C) and good high-rate cycling stability (more
than 76% capacity retention after 100 cycles at 10 C). The im-
provement of the electrochemical performance can be attributed to
the synergetic advantages of the nano-sized Fe2(MoO4)3 particles
and the high-conductive graphene, which provide not only shor-
tened Naþ diffusion path but also effective electron transportation.
Furthermore, the Naþ insertion/extraction mechanism of the
composite is systematically investigated by in-situ X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS).
2. Experimental section

All the reagents used in the experiment were of analytical
grade and used without further purification.

2.1 Sample preparation

For a typical synthesis, Fe2(MoO4)3 nanoparticles were syn-
thesized by a micro-emulsion method followed by annealing
process. 0.4 g sodium dodecyl sulfate (SDS) was dissolved in a
mixture of 20 mL of cyclohexane and 20 mL cyclohexanol, which
was subsequently stirred for 30 min. After that, 15 mL Fe(NO3)3
aqueous solution (0.093 M) and 15 mL (NH4)6Mo7O24 aqueous
solution (0.020 M) were added into the above solution. Then the
suspension was stirred for another 1.5 h. This precursor was col-
lected by centrifugation and washed with deionized water and
ethanol for several times, and dried at 70 °C for 12 h in air. Then,
the precursor was annealed in air at 500 °C for 2 h to obtain the
Fe2(MoO4)3 nanoparticles (FMO-M).

The graphene was synthesized by a modified Hummers
method [28–29]. To obtain the graphene wrapped Fe2(MoO4)3
nanoparticles (noted as FMO-MG), 0.15 g FMO-M were dispersed
in water by a ultrasonic process. Then 6 mL of graphene
(�1.8 g L�1) solution was added into the suspension and the
mixture was stirred for 12 h. The final product was collected by
centrifugation and dispersed in pure alcohol, and then dried at
70 °C in air for 12 h.

To further analyze the relationship between the structure and
performance, a control sample was synthesized via a hydro-
thermal method. 25 mL (NH4)6Mo7O24 (0.06 M) aqueous solution
and 20 mL NH4NO3 aqueous solution (0.45 M) were mixed with
stirring. Then 25 mL Fe(NO3)3 aqueous solution (0.28 M) was ad-
ded into the above solution under magnetic stirring at room
temperature. The resulting suspension was transferred into a
100 mL Teflon-lined stainless steel autoclave. The autoclave was
heated at 180 °C for 12 h, and then cooled to room temperature
naturally. The precipitate was washed several times with distilled
water and ethanol, respectively. Finally the product (noted as
FMO-H) was obtained after dried in a vacuum at 70 °C for 12 h.

To obtain the carbon nanotubes (CNTs) wrapped Fe2(MoO4)3
nanoparticles (noted as FMO-CNTs), 0.15 g FMO-M were dispersed
in water by a ultrasonic process. Then 10.8 mg CNTs and 6 mL
water were added into the suspension and the mixture was stirred
for 12 h. The final product was collected by centrifugation and
dispersed in pure alcohol, and then dried at 70 °C in air for 12 h.
2.2 Materials characterization

X-ray diffraction (XRD) and in-situ XRD measurements were
performed to investigate the crystallographic information using a
Bruker D8 Advance X-ray diffractometer with a non-mono-
chromated Cu Ka X-ray source. Scanning electron microscopy
(SEM) images and energy dispersive X-ray spectra (EDS) were
collected with a JEOL-7100F SEM/EDS microscope at an accelera-
tion voltage of 20 kV. Transmission electron microscopy (TEM) and
high resolution transmission electron microscopy (HRTEM) images
were recorded by using a JEM-2100F STEM/EDS microscope.
Brurauer–Emmerr–Teller surface areas were measured using a
Tristar II 3020 instrument by adsorption of nitrogen at 77 K. XPS
measurement was performed using a VG Multi Lab 2000 instru-
ment. Raman spectra were acquired using a Renishaw RM-1000
laser Raman microscopy. Thermogravimetry (TG) was performed
using a Netzsch STA 449 C simultaneous thermal analyzer at a
heating rate of 10 °C min�1 in air.

2.3 Measurements of electrochemical performances

The electrochemical properties were measured with 2016 coin
cells assembled in a glove box filled with pure argon gas. In sodium
half cells, sodium metal was used as the anode. 1 M solution of
NaClO4 in ethylene carbon (EC)–dimethyl carbonate (DMC) (1:1 w/w)
was used as the electrolyte. The electrodes were produced from a
mixed clay with a weight ratio of 60% Fe2(MoO4)3/graphene active
material, 30% acetylene black and 10% PTFE. The mixed clay was
rolled using a roller mill to form a freestanding film and the film was
cut into slices and dried. The loding mass of the active material in
each electrode slice was 1.5–3.0 mg. Galvanostatic charge–discharge
measurement was performed in the potential range of 1.5–4.0 V
versus Naþ/Na with a multi-channel battery testing system (LAND
CT2001A). Cyclic voltammetry (CV) curves and electrochemical im-
pedance spectra (EIS) were recorded with an electrochemical work-
station under the alternating current ranging from 0.01 Hz to 10 kHz
(CHI 760D and Autolab PGSTAT 302).
3. Results and discussions

The formation process of the graphene wrapped Fe2(MoO4)3
nanoparticle composite is illustrated in Fig. 1. The possible for-
mation mechanism of the nanowire precursor can be understood
in a micro-emulsion based synthesis [32]. Initially, the hydrophilic
solutes (Fe3þand MoO4

2�) are dispersed into droplets by the oil
phases [33–34]. By stirring, continuous coalescence and breakup
occur between the droplets, during which the reactants in the
individual droplets can come in close contact for precipitation
reaction [35–36]. This process just takes a few seconds, and was
summarized as a collision mechanism [36–37]. Then, the pre-
cipitate started nucleating and growing, resulting in uniform na-
nowire precursor due to the preferential adsorption of surfactant
sodium dodecyl sulfate (SDS) [38–39]. The SEM images of products
after different stirring time of 10, 30 and 60 min (Fig. S1) provide
an evidence for the growing process of the nanowire precursor. No
obvious diffraction peak can be detected in the XRD pattern, in-
dicating that the precursor is amorphous (Fig. S2a). The SEM
images exhibit a network constructed by a lot of nanowires with a
diameter of 20–50 nm (Fig. S2b). After annealing, the amorphous
nanowire precursor is transformed to the crystalline Fe2(MoO4)3
nanoparticles (noted as FMO-M). Finally, graphene wrapped
Fe2(MoO4)3 nanoparticle composite (noted as FMO-MG) was ob-
tained by a physical mixing process of Fe2(MoO4)3 nanoparticles
and graphene. For comparison, a control sample was also syn-
thesized by the hydrothermal process (noted as FMO-H).
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To identify the crystallographic phase of the final products, XRD
patterns of the as-prepared FMO-H, FMO-M, and FMO-MG are tested
(shown in Fig. 2a). All the diffraction peaks in each pattern are in-
dexed to the monoclinic Fe2(MoO4)3 (JCPDS card No. 00-031-0642).
The SEM images of FMO-H in Fig. 2b show micro-spheres assembled
by many micro-sheets. The morphologies and the sphere sizes of the
hydrothermal samples are similar to some previous works [22,26].
The FMO-M is composed of nanoparticles with a diameter of about
100 nm (Fig. 2c). These nanoparticles are obtained from the fracture
and crystallization of the nanowire precursor during annealing
Fig. 1. Schematic illustration of the formation

Fig. 2. (a) XRD patterns of FMO-H, FMO-M and FMO-MG; SEM images of FMO-H (b), F
mapping of FMO-MG.
process. The size of the nanoparticles remains unchanged after gra-
phene wrapping (Fig. 2d), and the SEM images of pure graphene
used in this work are shown in Fig. S3. Furthermore, the TEM image
of FMO-MG (Fig. 2e) shows a direct look on the morphology of the
nanoparticles wrapped by graphene, and the lattice spacings of 2.96
and 3.87 Å exhibited by the HRTEM image (Fig. 2f) are in agreement
with the (�505) and (�114) planes of Fe2(MoO4)3, respectively. To
further confirm the elemental distribution, EDS-mapping of FMO-MG
was measured (Fig. 2g), and it is obvious that C, Fe, Mo and O are
uniformly distributed in FMO-MG.
of the Fe2(MoO4)3/graphene composite.

MO-M (c) and FMO-MG (d); TEM (e) and HRTEM (f) images of FMO-MG; (g) EDS-



Fig. 3. (a) TG curve of FMO-MG; (b) Raman spectra of FMO-MG, pure graphene and
FMO-M.

Fig. 4. (a) Cyclic voltammogram curve of FMO-MG at a scan rate of 0.1 mV s�1; (b) cy
performance and coulombic efficiency of FMO-MG at the rate of 10 C; (d) rate performa
different rates; (f) electrochemical impedance spectra of FMO-H, FMO-M and FMO-MG.
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The TG curve (Fig. 3a) of FMO-MG exhibits two mass loss steps.
The first step up to 120 °C is attributed to the removal of 1.41 wt%
absorbed water in the material. The second step up to 500 °C is
caused by the oxidization of graphene, indicating that the carbon
content is 5.56 wt% [40–41]. The mass loss of graphene is lower
than the additive amount, because some excess graphene failed to
be wrapped on FMO during stirring and centrifuging. Furthermore,
Raman spectra are tested to verify the existence of graphene in
FMO-MG (Fig. 3b). The bands in the range of 1200–1450 cm�1 and
1500–1650 cm�1 are attributed to the D-band (K-point phonons of
A1g symmetry) and G-band (E2g phonons of C sp2 atoms) of gra-
phene, respectively [42]. And no obvious peak can be observed in
the spectrum of FMO-M, further indicating the existence of gra-
phene in FMO-MG. Nitrogen adsorption–desorption isotherms are
further measured to characterize the porous structure of the
samples (Figure S4). The Brurauer–Emmerr–Teller (BET) surface
areas of FMO-M and FMO-MG are 13.4 m2 g–1 and 22.7 m2 g–1,
respectively, which are larger than that of FMO-H (5.0 m2 g–1).

Coin cells with metallic sodium as an anode were assembled to
investigate the electrochemical performances of FMO-MG. Fig. 4a
shows the cyclic voltammetry of FMO-MG electrode in a voltage
window between 1.5 and 4.0 V at a scan rate of 0.1 m V s�1. The
cathodic peaks at 2.48 and 2.60 V are corresponded to the phase
transformations from Fe2(MoO4)3 to Na2Fe2(MoO4)3, and the
anodic peaks at 2.69 and 2.76 V are corresponded to the phase
transformations from Na2Fe2(MoO4)3 back to Fe2(MoO4)3 [21]. The
EDS-mapping of the electrode made by FMO-MG after discharged
to 1.5 V also proves the Naþ intercalation into Fe2(MoO4)3 (Fig. S5).
The electrochemical reaction of Fe2(MoO4)3 can be described by
the following equation [21].

Fe2(MoO4)3þ2Naþþ2e�2Na2Fe2(MoO4)3

According to Eq. (S1) (exhibited in the supporting information),
its theoretical capacity is calculated to be �91 mA h g�1 corre-
sponding to the charge transfer of 2 e� per unit formula. Then, the
cycling performances of all the three samples at 2 C are displayed
cling performances of FMO-H, FMO-M and FMO-MG at the rate of 2 C; (c) cycling
nces of FMO-H, FMO-M and FMO-MG; (e) charge–discharge curves of FMO-MG at
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in Fig. 4b. The initial capacity of FMO-MG is 98.4 mA h g�1, which
is larger than that of FMO-H and FMO-M (both are
�85 mA h g�1). The capacity of FMO-MG in the initial cycles ex-
ceeds the theoretical capacity a little, which can be ascribed to the
contribution of capacitive behavior (non-Faradaic electrical double
layer capacitance and pseudocapacitance) [9,43]. After charging
and discharging for 20 cycles, the capacity of FMO-MG remains
80.4 mA h g�1, while the capacity of FMO-H fades fast in the
second cycle. To investigate the reason of the capacity fading of
FMO-H, SEM images of the electrode slices made by the three
samples before and after 20 cycles are obtained (Fig. S6). Obvious
pulverization phenomenon caused by volume expansion during
Naþ intercalation occurs in FMO-H electrode after cycling, while
the other two samples maintain their morphology. Therefore, the
products with nano-structure exhibit good cycling stability. To
further investigate the long-life cycling stability, a galvanostatic
charge–discharge measurement of FMO-MG was carried out at a
high rate of 10 C (Fig. 4c). A capacity of 65.3 mA h g�1 is retained
after 100 cycles, corresponding to a capacity retention of more
than 76% of the initial capacity. During the cycling process, the
coulombic efficiency can maintain at around 100%. The plateaus
are clearly observed at 10 C in the charge–discharge curves after
100 cycles (Fig. S7), confirming the high reversibility of FMO-MG
even under the high rate. Rate performances of the as-prepared
three samples were further evaluated (displayed in Fig. 4d). It is
obvious that the capacity of FMO-MG is the highest among the
three samples when the rate ranges from 1 C to 100 C. Remarkably,
the FMO-MG sample displays a high capacity of 64.1 mA h g�1

(64% of the initial capacity) even when the rate reached up to
100 C. The capacity of FMO-H fades to only �10 mA h g�1 at
100 C, while the FMO-M still retains a relatively high capacity
(�40 mA h g�1). It is worth noting that FMO-MG obtains higher
rate capability and enhanced cycling stability compared with the
Fe2(MoO4)3 based products reported in previously works (Table
S1). The corresponding charge–discharge curves of FMO-MG are
given in Fig. 4e. It is obvious that flat voltage plateaus can be ob-
served at �2.6 V under low current density, indicating a stable
electrochemical reaction process. The voltage plateaus are clearly
observed even at ultra-high rate in charge and discharge curves.
To further confirm the capacity contribution, gradually increasing
voltammetric scan rates were used to calculate and identify the
capacitive and diffusion contribution (Fig. S8). From the CV curves
of FMO-MG at various rates, the peak current increases with
the increasing of scan rate. Meanwhile, the cathodic and anodic
peaks shift slightly to lower and higher potentials, respectively,
which is attributed to slight electrode polarization. The two large
peaks retained completely even at high scan rate, indicating
the high reversibility of insertion/extraction of Naþ . For the
calculation, the total current response (i) at a fixed potential (V)
can be described as the combination of these two separate
mechanisms:

i(V)¼k1νþk2ν1/2

where k1ν represents the total capacitive contribution, while k2ν1/2

stands for the contribution of the diffusion-controlled Faradaic in-
tercalation process [9]. The linear plot of i/ν1/2 versus ν1/2 was used to
determine k1 and k2. Thus, the diffusion processes and those from
capacitive effects can be distinguished. As a result, the diffusion
contribution is 90.8% at 0.1 m V s�1, while it decreases to 66% with
the increasing of the scan rate to 1.0 mV s�1. These results show that
the diffusion charge storage accounts for a significant proportion of
the total capacity, particularly at low scan rates, which corresponds
well with the result that the capacity of FMO-MG in the initial cycles
exceeds the theoretical capacity. In order to explore the reasons for
the enhanced electrochemical performances of FMO-MG compared
with that of the other two samples, electrochemical impedance
spectra (EIS) were recorded in Fig. 4f. The Nyquist plots indicate that
the charge transfer resistance (Rct) of FMO-MG is 45Ω, which is
much lower than that of FMO-M (770Ω) and FMO-H (850Ω). The
detailed fitting data is exhibited in Table S2. The results indicate that
wrapping of graphene effectively reduces the impedance of
Fe2(MoO4)3 nanoparticles, resulting in the enhanced electrochemical
performances of FMO-MG.

In addition, to further investigate the effect of the conductive
agent amount on the performances, the electrochemical tests of
the electrodes prepared by mixing the active materials, acetylene
black and PTFE in a weight ratio of 8:1:1 were measured (Fig. S9).
A discharge capacity of 60.9 mA h g�1 can be obtained at the high
rate of 100 C, and the capacity retention is 70.9% after 100 cycles at
the rate of 10 C. These results show similar superior performances
with the electrodes in the weight ratio of 6:3:1, demonstrating
that the enhanced electrochemical performances are not attrib-
uted to the relatively high amount of the conductive agent. To
confirm that our strategy of compositing conductive material is an
effective way to enhance the electrochemical performances of
FMO, we synthesized the Fe2(MoO4)3/carbon nanotubes sample
(FMO-CNTs) using the similar method of FMO-MG. The SEM
images (Fig. S10) show that the carbon nanotubes are composited
uniformly with the Fe2(MoO4)3 nanoparticles. Electrochemical
performances are shown in Fig. S11. The FMO-CNTs sample re-
tained a capacity of 58.4 mA h g�1 after 100 cycles at the rate of
10 C (70% of the initial capacity). Under the rate of 100 C, the FMO-
CNTs sample exhibits a capacity of 57.8 mA h g�1. The perfor-
mances of FMO-CNTs are comparable with that of FMO-MG, owing
to that CNTs can also improve the electronic conductivity of
Fe2(MoO4)3 effectively as graphene. In consideration of the similar
synthesis method of the Fe2(MoO4)3/graphene and Fe2(MoO4)3/
CNTs, our method of constructing such nanostructure composite is
proved to be effective and successful.

The insertion/extraction mechanism of FMO-MG was in-
vestigated by in-situ XRD technique (Fig. 5a). It is found that the
(�222), (�114), (211), (�224), (400), (�505), (�132), (131),
(�516), (�521) and (�107) reflections shift towards lower angles
during the discharging process, indicating the increase of corre-
sponding lattice distances. The change in unit cell size rather than
structure suggests a typical solid solution behavior [44–45]. Sub-
sequently, at the end of charge process, all the reflections shift
back to their original positions, indicting a highly reversible ex-
pansion/contraction of the crystal structure. To further investigate
the mechanism during the electrochemical process, XPS was re-
corded to elucidate the valence state change of the elements in the
FMO-MG electrode during charge/discharge process. When the
sample is charged to 4 V, the core binding energy for the Mo 3d5/2

and 3d3/2 peaks are observed at �232.7 and �235.8 eV, respec-
tively, corresponding to the Mo6þ(Fig. 5b) [46–47]. The peak po-
sitions do not shift after the electrode is discharged to 1.5 V, in-
dicating Mo does not provide charge transfer during the dischar-
ging process (Fig. 5d). The peaks for Fe 2p3/2 and 2p1/2 located at
�713.9 eV and �724.3 eV can be associated with the oxidation
degree of Fe3þ (Fig. 5c) [48–49]. Notably, when the sample is
discharged to 1.5 V, the peaks for Fe can be deconvoluted into two
peaks at �713.1 eV and �722.9 eV, which can be ascribed to a
character of Fe2þ(Fig. 5e) [50]. These results demonstrate a Fe2þ/
Fe3þredox couple in the electrochemical process.

To examine the electrochemical kinetics behavior of Naþ ions
in FMO-MG, the diffusion coefficient of Naþ (DNaþ) was estimated
using the galvanostatic intermittent titration technique (GITT),
which is a reliable electrochemical technique to calculate diffu-
sivities of ions in electrodes. As shown in Fig. 6a, the GITT data of
the second cycle discharging were collected with a current density



Fig. 5. (a) In situ XRD measurement of FMO-MG during the first cycle; (b–e) X-ray photoelectron spectra of FMO-MG in the charged and discharged states; curve fitting for
Mo 3d (b) and Fe 2p (c) when the cell is charged to 4 V; curve fitting for Mo 3d (d) and Fe 2p (e) when the cell is discharged to 1.5 V.

J. Sheng et al. / Nano Energy 24 (2016) 130–138 135
of 10 mA g�1 in an interval of 10 min, interrupted by a relaxation
for 40 min to get its steady-state voltages. On the basis of Fick's
second law, the diffusion coefficient of Naþ could be calculated
using the equation below [51–54].
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Fig. 6. (a) GITT curve of FMO-MG in the second discharge; (b) demonstration of a
single titration during GITT measurement; (c) diffusivity versus state of discharge.
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L represents the thickness of the electrode material. mB and MB

are the mass and the molecular weight. VM is the molar volume of
the compound. S represents the active surface area. τ is the time
period of current pulse. dEτ/d(τ1/2) is the derivative of the voltage
change during the current pulse with respect to the charge or
discharge time τ. ΔEτ is the total change of cell voltage during a
constant current pulse, and ΔEs is the change of the steady-state
voltage at the end of the relaxation period over a single galvano-
static titration (Fig. 6b). The DNaþ as a function of voltage curve
(Fig. 6c) is calculated based on the GITT curve for the FMO-MG. The
decay of diffusion coefficient in the discharge process can be as-
cribed to the decreased number of vacant sites with the insertion
of sodium in the electrode [51]. DNaþ shows a slight local mini-
mum at 2.5–2.7 V, which is corresponding to the voltage plateaus.
This is likely due to an order-disorder phase transition for inter-
calation of ions, similar to previous reports on materials with a
solid solution reaction such as LixCoO2 [52–53]. In the discharge
process, the DNaþ value is determined to be 1.187�10�9 to
8.64�10�11 cm2 s�1, which is much higher than that of the pro-
mising electrode material Na3V2(PO4)3 (10�12 to 10�14 cm2 s�1)
calculated from GITT [54].

The FMO-MG composite shows better electrochemical perfor-
mances than the other two samples, which can be attributed to
the following advantages of this material. Firstly, the unique NA-
SICON crystal structure provides an advantaged condition for Naþ

diffusion. Secondly, the nano-structure provides much larger sur-
face contact area between the electrode and the electrolyte, and
drastically shortens the diffusion path of Naþ . Thirdly, the gra-
phene as a conductive agent provides a conductive network for
electronic transport, improving the electrical conductivity of the
electrode. The fast ion diffusion coefficient cooperating with the
reduced electronic transmission impedance ensures the superior
electrochemical performances of the graphene wrapped
Fe2(MoO4)3 nanoparticle composite. The advantageous NASICON
structure, the flat plateaus and the environmental friendliness of
Fe2(MoO4)3 make it a promising candidate cathode material for
sodium ion battery. The high rate performance is also very at-
tractive for its application especially on electric vehicles. Though
further effort is needed to improve its performances, it is believe
that Fe2(MoO4)3 is very valuable to be investigated.
4. Conclusion

In summary, the graphene wrapped Fe2(MoO4)3 nanoparticle
composite has been synthesized via a facile method, and exhibits a
considerable capacity of 98.4 mA h g�1 with a flat voltage plateau
as a cathode material for SIBs. Remarkably, a relatively high
capacity of 64.1 mA h g�1 can be obtained under the ultra-high
rate of 100 C. The fast ion diffusion coefficient cooperating with
the reduced electronic transmission impedance ensures the
superior electrochemical performances of the graphene wrapped
Fe2(MoO4)3 nanoparticle electrode. Furthermore, the Na ion in-
sertion/extraction mechanism of the composite is systematically
investigated, based on in-situ XRD and XPS. The results above in-
dicate that the graphene wrapped Fe2(MoO4)3 nanoparticle com-
posite is a promising cathode material for sodium ion batteries.
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