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Fe2(Mo0Oy)s/reduced graphene oxide (RGO) nanocomposite was prepared by precipitation methods
and used as high rate cathode for sodium-ion battery. The Fe,(M0Q,4)s/RGO sample has the type
monoclinic structure, and the conductivity is increased with the presence of graphene. This sample
displays the best electrochemical performance with large capacity, structure stability, high coulombic
efficiency and stable cyclic. As the charge/discharge current density at 1.5 C, the initial specific
capacity of Fe,(M00O,)s/RGO nanocomposite is 80.02 mAh g*, and remains 75.92 mAh g™ after 50
cycles.
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1. INTRODUCTION

Sodium-ion batteries (SIBs) are the most promising alternatives to lithium-ion batteries due to
the low cost and abundance of sodium element in the earth. The chemical similarity of sodium ion
toward lithium ion enables some electrode materials used in Li-ion batteries (LIBs) to be applied for
SIBs. Special for the application in the large-scale energy storage, smart grid and solar/wind energy,
and the problem of low-cost would be a big challenge [1-2].

In recent years, many cathode materials for sodium-ion battery have been reported such as
NayMO; [3-7], NazFe,(PO4)s [8], NasV2(PO,)s [9-11], Na,MPO,F [12-14], NaFePO, [15, 16], V205
[17], NASICON compounds [18-22] and organic compounds [23, 24]. NASICON-Fe,(MoQ,)s has
been shown as a cathode candidate for sodium storage due to the cheap, non-toxic of iron and its open
three dimensions framework, however, its poor cycle-ability and low electric conductivity limit its
further application [25-27]. However, these studies are still limited by the slow sodium insertion into
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Fe2(Mo00y)s, which derives from the nature of two phase reactions and its low conductivity. In order to
overcome these limitations, a better method to design electrodes with change morphologies and
nanostructures used in SIBs is proposed. The electrode materials with a variety of nanostructure or
nanoarchitecture are appealing to increase the specific energy density and rate capacity due to their
large surface area increasing the contact between electrode and electrolyte, short path lengths for both
Na* ion diffusion and electron transport, improved ionic and electronic conductivity and enhanced
mechanical strength and structural integrity represent [28-30].

Graphene is a large monolayer sheet of sp? bonded carbon, which has unique optical, electrical,
mechanical, and electrochemical properties. The most important chemically derived graphene is
graphene oxide (defined as single layer of graphite oxide). Reduced graphene oxide (RGO) has high
aspect ratio and good electronic transport properties, which is expected to facilitate the kinetics of
electrochemical reactions [31-33]. In some applications, graphene has been used to form composite or
hybrids as a highly conductive network in the fields of batteries [34-36]. Recently, electrode materials
of sodium ion batteries based on graphene have been reported [13, 37].

In this paper, we applied wet chemistry to synthesis Fe;(Mo00O,)s/RGO nanocomposite. The
field emission scanning electrode microscope (FESEM) test shows that the Fe;(Mo00O,)s/RGO
nanocomposite formes an interpenetrating network structure. The X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) analysis confirms that the Fe;(MoOy)s shows monoclinic crystal
structure and mixture element states in the nanocomposite. The electrochemical properties of the
Fe2(M00,)3/RGO nanocomposite were studies by electrochemical impedance spectroscopy (EIS) and
galvanostatic charge-discharge measurement as a cathode material. The results indicate that
Fe2(M00,)3/RGO nanocomposite has high specific capacity and good cycling stability act as a cathode
material for SIBs. To the best of our knowledge, no reported is available on Fe,(M00,)3/RGO
nanocomposite and their electrochemical performance as cathode material for sodium-ion batteries.

2. EXPERIMENTAL

2.1. Preparation of Fe;(M0Q,4)3/RGO nanocomposite

Graphene oxide (diameter of 50-100 nm, thickness of 0.8 nm, 80 % single layer ratio, 99 %
purity, BET surface area of 500-600 m?g™*) was purchased from Nanjing XF NANO Co. Ltd.

Fe2(Mo00Q,4)3s/RGO nanocomposite was prepared by a precipitation method. The RGO content is
5, 8, 10 and 12 wt.% in the original synthesis process. The GO was dispersed in water under ultrasonic
conditions for 10 hours, until to obtain a homogeneous yellow solution. Then (NH4)sM070,4-4H,0
was dissolved in solution with the GO and acidified by nitric acid, stoichiometric amount of
Fe(NO3)3-9H,0 solution was slowly added under continuous stirring with boiling 60 minutes. Then
mixture precipitate is dispersed under ultrasonic conditions for 5 hours. Finally precipitate was filtered,
washed and calcined at 400- 500 °C in a mixture N»-H, with 5 % H, (v/v) for 10 hours.
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2.2. Characterization

The crystalline structure of the sample was characterized by a powder X-ray diffraction
spectrometer (XRD, PertrPro PANalytical, Nertherlands) equipped with Cu Ko radiation (1.5418 A).
The morphology of the sample was observed by the field emission scanning electron microscope
(FESEM, JSM-6700F, JEOL, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) measurements
were acquired using a VG Multilab 2000, with Al Ko the as the radiation source. All XPS spectra were
corrected by the Cys line at 284.8 eV. The Brunauer-Emmett-Teller (BET) specific surface area of the
powders was analyzed in a nitrogen adsorption-desorption apparatus( BET, TriStar I
3020, Micrometrics, American). Raman spectroscope equipped with a 633 nm laser (Raman; model
Renishaw Invia, Britain) was employed to get the structural information.

2.3. Electrochemical measurements

The eletrochemical properties were investigated in CR2025 coin type cells with a metal sodium
foil as the anode electrode. The electrolyte is 1 M NaClO, in propylene carbonate (PC). The working
electrode was prepared by spreading the slurry of the active materials Fey(M0O4)s/RGO
nanocomposite (80 wt.%), acetylene black (15 wt.%), and binder polytetrafluoroethylene (PTFE) (5
wt.%) on Ni gauze. The electrode was dried at 100 °C in vacuum for 10 hours prior to use.
Polypropylene micro-porous film (Cellgard 2300) is used as a separator. The cells were assembled in
an argon-filled glove box at room temperature. For galvanostatic charge-discharge test was carried out
on a Land BT2000 battery test system (Wuhan, China) at ambient temperature. The specific capacities
in this article were calculated based on the overall mass of the composite. The cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were measured by Autolab Potentiostat
(Potentiostat 30, Metrohm Autolab, Netherlands).

3. RESULTS AND DISCUSSION

3.1. Morphology and structure

X-ray diffraction (XRD) was used to confirm the phase of Fey(MoQ,); in the as-prepared
composites. XRD patterns of the samples are shown on Figure 1(a), it can be indicated that most of the
peaks can be well indexed to the reflections of monoclinic structure of Fe,(MoQO,)s (JCPDS No. 01-
072-0935) and the peak at 26.65° indicates the existence of the graphite from the reduced graphene
oxide [13, 33]. But the diffraction peaks from the RGO do not clearly observe in the pattern due to
their weak crystallinity and the overlap of the weak diffraction of the graphite at 20 of 26.65 degree
with that of Fe,(M0O,)s. XRD patterns of Fey(M00,)s/RGO composites were indexed with a
monoclinic lattice using the program Jade 6.5. The unit cell lattice parameters of all the experimental
Fe2(M0Q,)3s/RGO phases are summarized in Table 1. It can be seen that, after modifying RGO, the
lattice parameters changes small with different content of RGO. It is confirmed that the crystal
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structure of monoclinic Fe;(MoQO,)3 is not changed with the presence of RGO, and the refined unit cell
lattice parameters of Fe,(M0Q,4)3s/RGO nanocomposte is constant.
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Figure 1. (a) XRD patterns of Fe, (M0QO,); powder and Fe;(Mo00,)s/RGO nanocomposite (1)-JCPDS
01-72-0935; (2)-Fex(M00y)s powder; (3)-RGO; (4)-Fe2(M00,)s/RGO nanocomposite; (b)
Raman spectrum of Fe;(Mo00O,)3/RGO nanocomposite.

Table 1. Refined unit cell lattice parameters for Fe;(MoQO4)s/RGO nanocomposite cells with 0, 5, 8, 10
and 12 wt.% RGO contents.

0.0 15.72664 9.19676 18.25146 125.5395 2148.04
15.72667 9.19678 18.25145 125.5396 2148.10
15.72665 9.19677 18.25148 125.5396 2148.05
10 15.72666 9.19679 18.25152 125.5398 2148.12
12 15.72668 9.19678 18.25148 125.5399 2148.11

The structure of the Fe,(M0QO,4)s/RGO nanocomposite is further characterized by Raman
spectroscopy. As shown in Fig. 1b, the peaks at 984, 815 refer to M=0 stretch (Ag, vs), M=0 stretch
(Ag, vas), respectively. The peaks at 1587.8 and 1345 cm ! correspond to G band (E2g symmetry, in-
plane bond-stretching motion of pairs of sp> C atoms) and D band (defect-related) of graphene sheet
[38, 39]. The characteristic peaks of Fe,(Mo00Q,); particles and RGO appear at the same time,
suggesting the formation of the Fe,(M00O,); /RGO nanocomposite.

Figure 2 presents the FESEM images of Fe,(Mo0Q,)s/RGO nanocomposite, which the particles
are micrometer-sized porous spheres. It can be seen that Fe,(M0QO,)s particles and RGO buid a uniform
and homogeneous macro-morphology (Figure 2(a)). The Brunauer-Emmett-Teller (BET) specific
surface area of Fe,(M004)s/RGO and Fe,(M0O4)s powder have been estimated to be 21.59 m? g™ and
1.63 m? g™, respectively. The Fe,(MoO,)s/RGO nanostructure can provide a huge active surface areas
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and structure stability, which means a large electrochemical reaction points and reaction stability, as
well as high specific capacity and stabe cycle for the electrode of SIBs. Na* ions may be easily diffuse
into and out of the Fe,(M00Q,4)3/RGO due to their periodic and porous structure at the nanometer scale.

Na’ ions can easily diffuse into and out of the Fe,(M00Q4)s/RGO due to their periodic and
porous structures at the nanometer scale. The inter-connecting RGO provides fast transport pathways
for electron, which provides effective transport between the individual Fe,(MoQ,); particles. Thus, the
nanocomposite materials are expected to significantly enhance the batteries performance by improving
Na" ion and electron transport. Also, the surface roughness of Fe,(Mo0Q,)s nanoparticles provides more
interface area between Fe,(Mo00O,);and electrolyte.

The formation of Fe;(M004)3/RGO nanocomposite is further investigated using X- ray
photoelectron spectroscopy (XPS). It is well known that the electrochemical properties of the sample is
related with their sizes and phases as well as their chemical binding states. The XPS survey spectra in
Figure 3(a) show that Fe, Mo, C and O elements coexist. The core level binding energies of Cls
spectrum shown in Figure 3(b) can be apparent peaks at 284.7eV and 288.6eV, respectively, which are
the characteristic peaks of sp? hybridized graphite-like carbon atoms of RGO and in atoms abound to
oxygen atoms. Further, the spectra of Fe2p and Mo3d in Figure 3(c) and 3(d) show the characteristic
peaks of Fe®" state and Mo®* state located at 711,79 eV and 232.8 eV, respectively. Both samples with
and without RGO have the unchanged characteristic peaks of Fe2p and Mo3d (711.79 eV and 232.8
eV), which implies that the presence of RGO does not alter the state of Fe** and Mo®* in Fe,(MoO.)s.

Figure 2. (a) and (b) SEM images of Fe,(M00,)3/RGO nanocomposite; (c) and (d) FESEM images of
Fe2(Mo00,)3/RGO nanocomposite.
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Figure 3. X-ray photoelectron spectra of Fe,(M0O,); powder and Fe,(Mo0O,)3/RGO nanocomposite.
(@) Survey spectra; (b) C1s spectrum; (c) Fe2p spectra, (d) Mo3d spectra.

3.2 Electrochemical performances and rection mechanism

The cyclic voltammetry curves of Fe;(M0O,)s/RGO nanocomposite electrode between 1.5 V
and 3.5 V at a scanning rate of 0.1 mVs™ are shown in Figure 4(a). Two current peaks of cathode at
2.53 and 2.62 V are observed during the first reduced and transferred to 2.63 V and 2.54 V in the next.
In all oxidation, there are two peaks of anode corresponding at 2.57 and 2.72 V. The intensity of the
peaks are well maintained in all subsequent cycles. The results are in good agreement with the
galvanostatic cycling profiles and indicates two-step mechanism for reversible electrochemical
reaction of Fe;(Mo0O,); with sodium. And it can be expressed as follows [18].

Fea(MoQy)3 + XNa* + xe'—NayFe,(M0O,)s (the first discharge process, x=1,2) (1)

NayFe2(M00Q4)s <> Fea(MoOy)3+ XNa* + xe™ (discharge/charge process) (2)

On the Fig.4a, the reduction/oxidation betweens Fe,(Mo00,); and NaxFe,(MoO,)s3 are shown as

follow:
At peak (2.57V), anodic process: Na,Fea(M0O,)s - 1e” = NaFe,(Mo0O4); + Na* 3)
At peak (2.72 V), anodic process: NaFe,(M0O,)s -1 = Fea(M0oO,)s +Na* 4)
At peak (2.62V), cathodic process: Feo(M00Q4)s + 1e” + Na™ = NaFey(MoO,); (5)

At peak (2.53 V), cathodic process: NaFe,(MoQ,)s + 1" +Na" = NayFez(MoOy)3 (6)
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These results clearly reveal that the insertion/extraction of Na® ions only occur inside
Fe2(Mo0,)s rather than on the RGO. RGO function is only used as a conducting material, which does

not participate in the redox process.
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Figure 4. (a) The third cyclic voltammetry curves of Fe,(MoO,); nanocomposite electrode at a voltage
scanning rate of 0.1 mV s (b) Ganvanostatic curves of Fe,(M0O4)s/RGO nanocomposite/ Na
cell at a current rates of 0.1, 0.5, 1, and 1.5 C; (c) The specific capacities of Fe;(M00,)s/RGO
nanocomposite and Fe;(MoQO,)s powder at 0.1, 0.5, 1 and 1.5 C (Electrolyte is 1M NaClQO, in
propylene cacbonate (PC)); (d) EIS plots of Fe,(MoO,); powder and Fey(M0QO,4);/RGO
nanocomposite after 3 cycles at 9 mA g™ in the frenquency range between 100 kHz and 0.1 Hz
at open circuit voltage (OCV) with 5 mV amplitude voltage (inset shows the equivalent circuits
corresponding to the Nyquist plots). All gravimetric capacity of the Fey(Mo00,);/RGO
nanocomposite is calculated based on the total weight of the comosite that contains
approximately 10 wt.% RGO.

Figure 4(b) shows the first discharge/charge profiles of Fe,(M0QO,4)3s/RGO nanocomposite/Na
cells at a rate of 0.1, 0.5, 1 and 1.5 C. The open circuit voltage (OCV) of Fey(M00O4)s/RGO
nanocomposite/ Na cells is 2.72 V. The discharge capacities of Fe2(M00,)3/RGO nanocomposite at 0.1
and 0.5 C are about 90.6 mAh g™ and 89.2 mAh g™, respectively, corresponding to about 20 Na* per
formula unit (p.f.u), which means completely transformed the Fe* to Fe?*. It is reason that increases
specific capacity of the Fe;(Mo00O,)3/RGO.
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The electrochemical performances of Fe;,(Mo0Q,); and the Fe,(M0O,4)3/RGO nanocomposite in
sodium half cell are compares in Figure 4(c). The gravimetric cap cities of Fey(M0QO4)3/RGO
nanocomposite is calculated based on total weight of the composite that contains about 10 wt.% RGO.
The 0.1 C discharge-charge voltage profiles shows at potential plateau at about 2.72 V, which indicates
a two phase reaction corresponding to the redox couple of Fe**”?* and are agreement with the previous
experimental results [18]. The initial coulombic efficiency of Fe;(Mo00,)s/RGO is around 99.6 % and
Fe2(Mo0Oy)s powder is about 88.79 %, a relatively low value may be attributed to the Kinetic barriers
by structural changes during sodium ion extraction/insertion. Trends in the structure Fe;(MoOy)s-
NASICON has not been fully explained yet, but optimization of the sodium ion cells with electrolyte
suitable system can alleviate this issue [9, 27, 39]. Although both samples have similar crystal and the
Fe2 (Moo4) 3 phase, but the high rate performance for two samples is quite different.
Fe2(Mo00,)3/RGO nanocomposite provides discharge capacities of 90.60, 89.77, 87.62, and 80.02 mAh
gtat0.1, 0.5, 1 and 1.5 C, respectively, whereas Fe,(M0O,); powder delivers the discharge capacities
of 80.10 mAh g at 0.1 C (Figure 4(c)). It is apparent that the voltage polarization of the composite
between the discharge and charge curves are appreciably lower than that of Fe,(M0QO,); powder even
at a low capacity rate. The Fe,(Mo00,)3/RGO nanocomposite exhibits superior capacity maintained a
rate of high capacity compared with Fe;(MoO,)s powder as shown in Figure 4 (c). It should be noted
that the initial capacity of Fey(Mo00O,)s/RGO nanocomposite is slowly decrease, although it is
discharged at high rate. It can be speculated that the graphene sheets are capable embedded support in
an electronic conducting path for composite; therefore, the RGO may be effective in enhancing the
electronic conductivity of Fe,(Mo0Q,)s. Apparently, the Fe,(M00,4)s/RGO nanocomposite shows a
larger capacities and better stable cycle than the Fe,(MoO,) powder electrode. Specially, at high rates
(1.5 C), it is still able to deliver stable capacity of 80.02 mAh g™ that is mantai 93.8 % of theoretical
capacity.

The improved specific capacity and discharge at high currents of the Fex(M0QO,4)s/RGO sample
may be related to its nanostructure, which may facilitate the diffusion process. With the increasing of
their surface areas, increased contact between electrode and electrolyte, which makes the short path
length for both sodium ion diffusion and electronic transport as well as the enhanced ionic and
electronic conductivity [18, 28]. The increasing of the current rate, especially at high current, the
discharge voltages reduce and the charge voltages increase due to the effect of increasing
electrochemical polarization.The Fe;(M00,)3/RGO nanocomposites are short path sodium insertion
and holding adsorption of electrolyte wich can reduce electrode polarization when high rate sodium
ions insert/extraction. This is further studied by electrochemical impedance spectroscopy method.

Figure 4(d) show the Nyquist plots of Fe;(M00,)s and Fey(M0O4)s/RGO nanocomposites
cathode after 3 cycle at 9 mA g™ in the frenquencies range between 100 kHz and 0.1 Hz at open circuit
voltage (OCV) with 5 mV amplitude voltage. The semicircles at high to medium frenquencies is
mainly related to a complex reactions process at the cathodic interface/electrolyte. The sloping line in
the lower frenquencies region are attributed to the Warburg impedance, that are associated with
sodium-ions diffusion in the Fey(Mo0O,)s electrode. It can be observed that diameters of high
frienquency combined semicircle of Fey(M00O,)s/RGO nanocomposite is smaller than Fey(MoOy)s
powder. The impedance spectrum fitted using an equivalent circuit in which R represent the total
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resistances of electrolyte, electrodes and separator; R; and CPEL are related to the diffusion resistances

of Na' ions through the solid electrolyte interface (SEI) layers and corresponding constant phase

elements (CPE); R.; and CPE2 correspond to charge transfer resistances and the correspond CPE; Z, is

Warburg impedance [22]. The exchange current density is calculated using the following equation:
i’=RT/nFRct  (7)

The fitting results of Re, Ry, Ret and i° as shown in Table 2 indicate that the R and R values of
Fe2(M00,)3/RGO nanocomposite cathode are smaller than that of Fe,(MoO,); powder. It can be
confirmed that the decrease of charge transfer resistances are beneficial to the kinetic behaviors during
charge/discharge process. Since the Fe,(Mo00.)3/RGO nanocomposite shows the lowest resistances and
the largest exchange current densities, it is suggested that RGO addition to the Fe;(MoO,)s particle
surface significantly improved performances of the sodium-ion batteries.

Table 2. Impedances parameters calculated from equivalent circruit.

Fe,(M0Oy)s powder 10.55 120.86 | 265.60 4.831x10°
Fe2(M00,4)3s/RGO nanocomposite 6.45 48.26 90.96 1.411x10™

4. CONCLUSIONS

Fe2(M00,)s/RGO nanocomposite was prepared by wet chemistry route, which is the
nanostructure formed by Fe,(MoQO,)s particles and RGO nanosheets. The porous structures including
large specific surfaces and short sodium ion diffusion paths of Fe,(M0QO,)3/RGO nanocomposite and
high conductivity RGO could lead to the good electrochemical properties, especially exhibit perfect
cyclability and stalbe structure at high rate when they are used as cathode materials for SIBs. Addition
of RGO onto the surface of Fey(MoQ,); particles significantly improve conductivity and specific
surface area, which causes the improvement in the performance of the sodium-ion battery. As the
charge/discharge at 1.5 C, the initial specific capacity of Fe;(M00O,4)s/RGO nanocomposite is 80.02
mAh g™t and remains 75.92 mAh g™ after 50 cycles.
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