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n-based sodium ion battery of
porous carbon–Fe3O4/Na2FeP2O7 with high
performance

Jun Ming,†*a Hai Ming,†b Wenjing Yang,c Won-Jin Kwak,a Jin-Bum Park,a

Junwei Zhengb and Yang-Kook Sun*a

A type of porous carbon–Fe3O4 (e.g., PC–Fe3O4) composite with an industrially scalable production was

introduced in the sodium ion battery application for the first time. The PC–Fe3O4 composite, consisting

of highly dispersed Fe3O4 nanocrystals within the porous carbon with a relatively low weight percent of

45.5 wt%, could efficiently demonstrate high capacities of 225, 168, 127, 103, 98 and 90 mA h g�1 under

the current densities of 50, 100, 200, 300, 400 and 500 mA g�1 with a good stability over 400 cycles.

The utilization co-efficient of Fe3O4 nanocrystals was proven to be much higher than most of the Fe3O4

nanoparticles reported recently via the study of the capacity contribution of carbon originally. In

addition, the robustness of electrode during the charge–discharge was well characterized by ex situ XRD

and emission scanning electron microscopy (SEM). More importantly, a new concept of an elemental

iron-based sodium ion battery of PC–Fe3O4/Na2FeP2O7 is presented. This is the first example to

introduce an element-rich configuration in the sodium ion battery from the viewpoint of sustainability.

The full battery demonstrated a superior capacity of 93 mA h g�1, high capacity retention of 93.3% over

100 cycles and work voltage around 2.28 V with the energy density of 203 W h kg�1. Such configuration

of an iron-based sodium battery would be highly promising and sustainable owing to its low cost and

high stability in grid storage.
Introduction

The development of cost-effective batteries with high safety is a
great challenge for promising large-scale application of lithium
and sodium batteries in electronic vehicle (EV) and grid
storage.1–3 In particular, with the strong tendency of abundant
sodium ion batteries, instead of the source/cost-limited lithium
one, the safety issue becomes ever more important due to the
higher burning activity of sodium metal exposed to oxygen or
moisture.4 Considering these aspects, the conguration of ideal
sodium ion battery system, particularly based on developing an
appropriate anode and cathode, is very signicant to ensure its
sustainability and safety.

To develop the anode, a popular research trend of preparing
various carbon and/or metal (oxide) based materials appeared
recently in the similar way as those in the lithium ion battery.5–9
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Carbon and metal oxide-based materials with different
morphologies, structures and compositions are being widely
synthesized such as carbon bers,10 hollow carbon tubes,11

graphene,12 Sn–SnS–C,13 Fe2O3–graphene,14 CuO arrays,15 TiO2

(ref. 16) and TiO2–C.17 Indeed, most of them demonstrated
excellent performance due to the intriguing properties of nano-
characteristics. However, the aspects of cost and safety of
materials, as well as the synthetic process should be well
considered for their practical commercialization. To improve
the safety, more and more researchers prefer to develop metal
oxide-based anodes instead of carbon because of their great
advantages of high capacity, non-ammable ability and low
voltage of around 0.7–0.9 V, which could effectively suppress the
deposition of metal dendrites.18 However, inevitably, most
processes always spend a high cost and need complex proce-
dures for the manipulation. Naturally, it would be great to
obtain nano-structured materials with a high performance via a
simple approach, particularly with using low-cost elements that
are abundant in the earth. Therefore, we introduce herein a new
composite iron oxide-based anode of porous carbon–Fe3O4 in
the sodium ion battery for the rst time, which could be
obtained in an industrially scalable way, rather than the
experimental amount of Fe3O4 particles obtained by the
hydrothermal method.19–21 It is well known that iron is the
fourth highest element in the earth and is only less than O, Si
RSC Adv., 2015, 5, 8793–8800 | 8793
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and Al. The high content of 5.1 wt%, together with the physi-
cochemical characteristics of highly non-ammable and a
suitable voltage around 0.7–0.9 V, could make the iron oxide-
based anode to be a very competitive anode in batteries for
sustainability.

Although the sodium ion battery has been attracting great
attention recently both for anodes and cathodes (e.g., P2-type
Nax[Fe1/2Mn1/2]O2,22 Nax[Ni1/3Mn2/3]O2,23 Na3V2(PO4)2F3,24

Na2FeP2O7 (ref. 25 and 26)), the cases of developing a full
battery are very limited,27 especially further concerning the
matters of safety and cost. Undoubtedly, it would be very
interesting and signicant to develop full batteries to eval-
uate their combined performance as those in practical
applications, and it should be a big step towards commer-
cialization, which is an improvement from the isolated
research on anode or cathode. To accelerate the availability
of these materials and their utilization in practical applica-
tions, herein we introduce a new concept of elemental iron-
based sodium battery PC–Fe3O4/Na2FeP2O7, in which the
safe and cost-effective electrode Na2FeP2O7 and PC–Fe3O4

were chosen. It is the rst example to introduce an element-
rich conguration in a sodium ion battery from the viewpoint
of sustainability. The designed battery demonstrated a high
capacity of 93 mA h g�1 at 0.1 C, cycle ability over 100 cycle
with a capacity retention of 93.3% at 0.1 C, work voltage
around 2.28 V with an energy density of 203 W h kg�1. In
theory, such conguration of an elemental iron-based battery
is highly promising and sustainable because of its low cost
and high safety.
Experimental
Anode preparation

First, 15.0 g of Pluronic F127 was dissolved in 60 g of ethanol at
40 �C, and then 25 g of Fe(NO3)3$9H2O and 45 g of resol–ethanol
(20 wt %) were added into the solution successively. Aer stir-
ring for 4 h, the solution was then transferred into an oven and
dried at a high temperature of 100 �C. The heating rate was
controlled to be slow till the nal 100 �C to avoid any mild
explosions of solution. The dried sample was calcined at 500 �C
(heating rate, 2 �C min�1) for 2 h in the furnace under an Ar
ow. Without the addition of precursor Fe(NO3)3$9H2O into the
solution, porous carbon could be obtained under the same
procedure. For comparison, Fe3O4 particles were prepared
according to previously described procedures.28,29 Typically, 27 g
of FeCl3$6H2O was dissolved in 800 ml ethylene glycol to form a
clear solution, and then 72 g of NaAc and 20 g of polyethylene
glycol (PEG-400) were added in the solution. The mixture was
vigorously stirred for 30 min and then sealed in a 1000 ml
Teon lined stainless-steel autoclave. The autoclave was heated
to and maintained at 200 �C for 8 h, and then allowed to
naturally cool to room temperature. The Fe3O4 particles were
washed with water and ethanol several times with stirring. It
should be noted that the samples could be effectively collected
by a magnet aer each washing; thus, any separation technique
or centrifugation was not required.
8794 | RSC Adv., 2015, 5, 8793–8800
Cathode preparation

Na2FeP2O7material was synthesized via a solid state reaction, in
which the stoichiometric amounts of Na2CO3, (NH4)2HPO4 and
FeC2O4$2H2O were ball milled rst.30 Then, the powder was
pelletized and pre-heated at 350 �C for 3 h in an argon atmo-
sphere. The pellet was reground into powder, and then
re-pelletized for re-calcination at 600 �C for 6 h in Ar. Finally, the
obtained Na2FeP2O7 was further coated by the carbon based on
the following procedure. The powders of Na2FeP2O7 and acety-
lene black (AB) with the mass ratios of 8/2 were ball-milled, and
then the calcination of the pressed pellet at 600 �C for 10 h
under Ar ow produced carbon modied Na2FeP2O7.
Electrode preparation

The anode PC–Fe3O4, the binder CMC/PAA rather than poly-
vinylidene diuoride (PVDF), and the conductive carbon AB
with a mass ratio of 80 : 10 : 10 were mixed in water to form a
homogeneous slurry. Then, the slurry was cast on a copper foil
by a doctor blade. It was kept at room temperature till it was
almost dry and then transferred to a vacuum oven and dried at
80 �C overnight. The foil was punched to form a circular elec-
trode with the diameter of 16 mm. The mass density of
PC–Fe3O4 in the electrode was about 1.5 mg cm�2. Alternatively,
the powder of the electrode, obtained from vacuum-drying the
aqueous slurry of PC–Fe3O4–CMC/PAA–AB, was pressed into a
tablet (Ø 14mm) for the characterization by ex situ XRD with the
aim of avoiding the interference of copper foil. The reason for
selecting the binder CMC/PAA and the green solvent water were
ascribed to the better performance in lithium and sodium ion
battery applications as reported recently.31 For the preparation
of the cathode, composite Na2FeP2O7–AB, binder PVDF, and
conductive carbon AB, were mixed well in the mass ratio of
85 : 10 : 5 to form a slurry, and then it was casted on an Al foil. It
was then dried at 120 �C in a vacuum oven overnight and then
punched into a circular electrode before use. The mass density
of Na2FeP2O7 in the electrode was around 3.48 mg cm�2.
Characterization

The morphology and structure of PC–Fe3O4 and electrodes were
characterized by eld emission scanning electron microscopy
(FESEM), which were obtained on an XL30 ESEM microscope
with a beam energy of 20 kV. The encapsulated Fe3O4 nano-
crystals were characterized by transmission electron micros-
copy (TEM) images using a JEOL-2100F microscope operated at
200 kV. The crystallographic information of PC–Fe3O4 and the
electrodes were investigated by XRD, which was measured on a
Brucker D8 GADDS diffractometer using Co Ka radiation
(1.79 Å). For the cycled electrodes disassembled from the coin
cell, they were protected by a cover to avoid contact with air. The
valencies of Fe were determined using XPS, and the spectrum
was recorded on an ESCALAB 250 spectrometer. The mono-
chromatized Al Ka X-ray source for the XPS was operated at
12 kV and 20 mA.32 The surface area and porosity of PC–Fe3O4

and porous carbon were determined using a Quantachrome
Autosorb-1-MP automated gas adsorption system using
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) Rietveld refinement of the XRD pattern of PC–Fe3O4 (Rwp ¼
1.073%, GOF ¼ 1.127). The theoretical Bragg positions are shown with
green ticks. (b) Crystalline structure of Fe3O4 along c-axis. (c) Sche-
matic structure of PC–Fe3O4 composite. Inset: green crystallites are
Fe3O4 nanocrystals, black areas are carbon, blank channels are pore
channels.

Paper RSC Advances

Pu
bl

is
he

d 
on

 1
5 

D
ec

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 H
an

ya
ng

 U
ni

ve
rs

ity
 o

n 
19

/0
5/

20
16

 0
8:

59
:4

7.
 

View Article Online
nitrogen as the adsorbate at liquid nitrogen temperature (77 K).
The samples were out-gassed under vacuum for 24 h at 100 �C.
The specic surface area was calculated using the Brunauer–
Emmett–Teller (BET) method, and the porous characteristic was
determined using the t-plot method. The mass content of Fe3O4

was measured by thermal gravimetric analysis (TGA, 10 �C
min�1, Air). The 2032-type coin cells were assembled in a glove
box in which both the water and oxygen content were below
0.1 ppm. In the battery test, the electrolyte was 1.0 M NaClO4 in
propylene carbonate (PC) with 2 vol% uoroethylene carbonate
(FEC), and a glass bre was used as the separator. The
PC–Fe3O4/Na and PC–Fe3O4/Na2FeP2O7 batteries were tested
within the voltage range of 0.01–3 V and 1.1–4.2 V, respectively
using a TOCAST 3100 instrument at a temperature of 30 �C. The
cyclic voltammetry (CV) of Fe3O4/Na within the voltage range of
0.01–3.0 V was analyzed using a VMP-3 instrument.

Results and discussion

The hierarchical structure of PC–Fe3O4 composite, consisting
of encapsulated Fe3O4 nanocrystals with the size of around
10–15 nmwithin the porous carbon, can be clearly observed and
conrmed by the SEM, TEM and HRTEM images (Fig. 1a–c,
marked by yellow circle). The exposed lattice distance of 2.518 Å
correspond well to the Fe3O4 planes of (311) (Fig. 1c). In addi-
tion, the indexed diffraction patterns of (002), (311), (004), (333)
and (044) in the selected area electron diffraction (SAED) were in
good accordance with the XRD result, as shown in Fig. 2a,
except for the pattern of (422), which was too weak to be
observed in the SAED and also not obvious in the XRD (Fig. 1d
and 2a). The crystal structure of Fe3O4 belongs to the space
group of Fd�3mz (ICSD#633020),33 in which the octahedral FeO6

were corner connected by bridged O and the cell parameters of
a, b and c were 8.3528 Å, as characterized by the Rietveld results
of the XRD pattern (Fig. 2b).34 The main visual structure of
Fig. 1 (a) SEM, (b) TEM, (c) HRTEM and (d) SAED of PC–Fe3O4

composite.

This journal is © The Royal Society of Chemistry 2015
PC–Fe3O4 is shown in Fig. 1d, in which the Fe3O4 nanocrystals
are embedded and highly dispersed in the porous carbon. The
valency of iron was further conrmed by XPS. As shown in
Fig. 3a, the spin–orbit split Fe2p peaks are broad due to a small
chemical shi between Fe2+ and Fe3+, both of which are present
in Fe3O4. The Fe2+ and Fe3+ components were determined by
tting the spectral line shapes to a convolution of Gaussian and
Lorentzian functions. The obtained Fe2p2/3 (2p1/2) binding
energy is 710.6 eV (725.0 eV) for Fe2+ and 711.9 eV (723.6 eV) for
Fig. 3 (a) XPS of Fe2p, (b) TGA, and BET analysis of (c) PC–Fe3O4

and (d) porous carbon. Insets of (c) and (d) are pore size distribution of
PC–Fe3O4 and porous carbon respectively.

RSC Adv., 2015, 5, 8793–8800 | 8795
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Fig. 5 SEM and inset TEM images of (a) porous carbon and Fe3O4

particles. (c) Voltage vs. capacity profile of (c) porous carbon and (d)
Fe3O4 particles obtained by the hydrothermal method.
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Fe3+. These values efficiently match the literature values.35–37

The mass percent of Fe3O4 was about 44.5% and the surface
area of the composite could be as high as 200 m2 g�1 with a
porosity of around 5.9 nm and rich volume of 0.26 cm3 g�1

(Fig. 3b and c). The rich porosity undoubtedly would facilitate
the permeation of electrolyte into the pores for a good transfer
ability of lithium or sodium ions.38

The reason for introducing the Fe3O4 oxide into the carbon
matrix should be ascribed to the high conductive ability and
protection of carbon for Fe3O4 in the repeated charge and
discharge cycles; this was also conrmed from many studies
previously reported in the literature (e.g., Fe3O4@C (ref. 39) and
Fe3O4@CFx (ref. 40)). However, the contribution of carbon to
the capacity of the composite was not studied individually
before. Herein, we, for the rst time, investigated its effect
in the sodium ion battery, and an interesting phenomena could
be observed. As shown in Fig. 4a, a large irreversible
capacity exists in the PC–Fe3O4 composite, in which a high
capacity of 672 mA h g�1 was obtained in the 1st cycle but only
252 mA h g�1 was delivered in the 2nd cycle. To explore the
origin of the large irreversible capacity, the electrochemical
performance of porous carbon and neat Fe3O4 were
investigated.

The porous carbon, obtained from the carbonization of
resin under the same process, has a very high surface area of
552 m2 g�1, uniform porosity of 1.9 nm, and rich volume of
0.56 cm3 g�1 (Fig. 3d and 5a). In the sodium ion battery, it
showed a high capacity of 500 mA h g�1 in the 1st cycle but
delivered a very limited capacity of 10 mA h g�1 from the 2nd
cycle and even decayed very fast in the following cycles close to
0 mA h g�1 (Fig. 5c). In contrast, the irreversibility of the Fe3O4

was considerably smaller (Fig. 5b). Without any carbon
modication, the neat Fe3O4 particles delivered a capacity of
230 mA h g�1 in the 1st cycle, which decreased to 130 mA h g�1

in the 2nd cycle; it then decayed gradually to 93 mA h g�1 in the
initial 50 cycles (Fig. 5d). According to the main peak in the CV
around 0.9 V (inset of Fig. 4a and b), the large irreversibility
should be ascribed to the formation of a solid electrolyte
Fig. 4 Typical (a and b) rate and (c and d) cycling performance of
PC–Fe3O4 in a sodium ion battery versus sodiummetal. Inset of (a) and
(b) are CV and dQ–V/V plots, respectively.

8796 | RSC Adv., 2015, 5, 8793–8800
interface (SEI) on the carbon surface in the rst cycle.41–43 It is
clear that the carbon could increase the electronic conductivity
and protect the structure of the metal oxide, but it has a very
limited capacity contribution in this type of composite and
causes a large irreversibility.

However, compared to the neat Fe3O4 particles, PC–Fe3O4

composite demonstrated a higher and stable sodium storage
ability. Under the rate test, the average capacities of 225, 168,
127, 103, 98 and 90 mA h g�1 could be obtained under the rates
of 50, 100, 200, 300, 400 and 500 mA g�1. Aer the high rate test,
the average capacity of the cell could be well recovered to
218 mA h g�1 at the current density of 50 mA g�1 (Fig. 4b).
However, the cell could still work well with further cycling under
the rates of 50, 100, 200, 300 mA g�1 for more than 400 cycles
(Fig. 4c and d). These results demonstrate the good stability of
PC–Fe3O4 as an electrode, which was mainly ascribed to the
protection ability of the porous carbon from pulverization. Note
that the capacity of PC–Fe3O4 was also higher than that of
recently reported Fe3O4–C (<200 mA h g�1).19 Although Fe3O4

particles obtained by the hydrothermal method have been
investigated as an anode in the sodium ion battery recently,19–21

the distinctive advantages of this type of PC–Fe3O4 are the
industrial production and equal or even better performance,
particularly with a relative low loading of Fe3O4 under which the
utilization co-efficient of Fe3O4 could be largely improved.

To further evaluate the effect of carbon, a composite of
Fe3O4–C composite with 65 wt% of Fe3O4 was also prepared
using half the amount of resin. However, its average capacity of
104 mA h g�1 at 100 mA g�1 in the initial 50 cycles was
considerably lower than 168 mA h g�1 of PC–Fe3O4 composite
(Fig. 4c and 6). This should be ascribed to the aggregated Fe3O4

within the carbon, which could directly reduce the utilization
co-efficient of Fe3O4. However, the high capacity, coulombic
efficiency of 97.5%, and high capacity retention of 90% over 50
cycles (vs. the capacity of the 3rd cycles) of Fe3O4–C were still
considerably better than the neat Fe3O4 (e.g., capacity retention
of 71.5%) when 35% carbon was introduced in the composite.
Note that the reduced capacity of 384 mA h g�1 (vs. 672mA h g�1
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (a) Discharge–charge curves and (b) cycling performances of
Fe3O4–C composites at 100mA g�1. Inset of (a) is the TGA of Fe3O4–C
composite with a mass percent of 65 wt% Fe3O4.
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of PC–Fe3O4 in Fig. 4a) in the rst cycle further conrmed that
the irreversible capacity mainly resulted from the porous
carbon due to the low percent of carbon in the composite. In
brief, the introduction of carbon could maintain the cycle
ability of Fe3O4, but an appropriate amount of carbon is
necessary to maintain its utilization co-efficient.

The variation of Fe3O4 in the discharge–charge process was
characterized by ex situ XRD (Fig. 7). The intensity of the (004)
peak increased aer the milling and fabrication of the electrode
due to the variation of the exposed crystal planes, but it still
showed the pattern for Fe3O4. It could be found that the peaks
change regularly during the discharge and charge based on the
following reaction: Fe3O4 + 8Na+ + 8e� 4 3Fe + 4Na2O.20

Judging from Fig. 4, the actual capacity of 225 mA h gcomposite
�1

(e.g., 506 mA h gFe3O4

�1 versus 44.5 wt% of Fe3O4 in the PC–Fe3O4

composite) was lower than the theoretical value of 926 mA h
gFe3O4

�1,20 demonstrating that almost half of the Fe3O4 could
react with the sodium metal. The electrode aer each discharge
still show the peaks of Fe3O4, which was in good accordance
with the capacity as discussed. The increased density of Fe3O4

peaks aer each charge could be ascribed to the following
reaction: 3Fe + 4Na2O/ Fe3O4 + 8Na

+ + 8e�, but the peaks of Fe
were not obvious (Fig. 7). This phenomenon is very similar to
the one we recently reported in a lithium ion battery.44 However,
the reversible variations of the electrode conrmed the stability
of the electrode in the discharge and charge. In addition,
Fig. 7 Ex situ XRD of pristine and cycled electrode.

This journal is © The Royal Society of Chemistry 2015
compared to 130 mA h g�1 of neat Fe3O4, the utilization
coefficient of Fe3O4 in PC–Fe3O4 was 54.6% (e.g., 506 mA h g�1/
926 mA h g�1), which is much higher than 14.0%
(e.g., 130 mA h g�1/926 mA h g�1) of Fe3O4 particles. A high
capacity could be obtained with a low amount of Fe3O4, and this
conrmed that the dispersion of Fe3O4 nanocrystals into the
porous carbon could largely increase the utilization of metal
oxide.

Although it is a conversion mechanism with a large volume
variation, the stability of the electrode efficiently demonstrated
the positive effect of carbon to protect the structure in the
cycling. Except for the XRD, the robustness of the electrode was
further characterized by SEM. As shown in Fig. 8, the bulky
particles of PC–Fe3O4 in the electrode were completely
preserved aer discharge and charge (Fig. 8a, c and e). Aer the
1st discharge, we found that a thick solid electrolyte interface
layer was covered on the pristine PC–Fe3O4 particles, making
the porous surface smooth (Fig. 8a–d). The observed SEI
resulted from the decomposition of the electrolyte and side
reactions on the carbon surface of PC–Fe3O4 surface, as repor-
ted previously.41 Therefore, this is responsible for the large
irreversibility of capacity in the rst cycle (Fig. 4a).45 Aer the
charge process, the smooth layer of SEI and bulky morphology
were still preserved, efficiently demonstrating the stability of
the electrode. As characterized by the TEM image (Fig. 1b), the
Fe3O4 nanocrystals were encapsulated within the porous
carbon, and then the pulverization of Fe3O4 could be largely
reduced; thus, obtaining a good cycle ability.
Fig. 8 SEM image of (a and b) pristine, (c and d) discharged and (e and f)
charged electrode in the first cycle with different magnifications. Scale
of (a, c and e) and (b, d and f) are 10 mm and 2 mm respectively.

RSC Adv., 2015, 5, 8793–8800 | 8797
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Fig. 10 Typical charge–discharge curves and capacity of PC–Fe3O4/
Na2FeP2O7 under (a and b) the rate of 0.1 C and (c and d) rate test of
0.1–10 C.

Fig. 11 Schematic of the iron-based PC–Fe3O4/Na2FeP2O7 full
battery.
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Although Na2FeP2O7 has been recently developed as a new
cathode in the sodium ion battery,46–49 Examples are still lacking
to apply them in a full battery versus a metal oxide, and inves-
tigate its performance. Herein, we try to introduce it into the
sodium ion battery versus the anode of PC–Fe3O4. In this way,
both the anode and cathode are environmental materials with a
large abundance in the earth, which are critical for maintaining
the sustainability in the grid storage. To date, the cathode of
layered oxides of P2-type Na[Ni0.25Fe0.5Mn0.25]O2 and NASICON
structured Na3V2(PO4)3 have been applied as a cathode versus
Fe3O4-based anode for a full battery,19,21 but the drawbacks of
the weak stability of layered oxides and high toxicity of vana-
dium would inevitably induce a safety problem and limit their
practical applications. Considering the strong requirement of
sustainability and the safety in rechargeable batteries, the
cathode Na2FeP2O7 is superior than these two types of cathodes
and deserves to be investigated in the sodium ion full battery,
particularly versus the PC–Fe3O4, which are available to be used
at the industrial level.

The typical charge–discharge curves of Na2Fe2P2O7 and
sodiated PC–Fe3O4 are shown in Fig. 9. The procedures of
designing the full battery are similar to those reported
recently.40,44,50 Note that the large irreversible capacity of
PC–Fe3O4 was compensated via the sodiation process, in which
the PC–Fe3O4 electrode was sodiated by the sodium metal by
contacting with sodium metal for 30 min, rather than electro-
chemical compensation.27 The chemical sodiation process was
the same as the lithiation one. The mass ratio of the cathode
and anode was controlled around 2.32/1 considering their equal
total capacity in the battery.44,50 The average voltage of
Na2FeP2O7 and PC–Fe3O4 were about 2.99 and 0.71 V, and the
expected voltage of the battery was around 2.28 V. By analyzing
the work voltage of the cathode and anode,44 the window of the
work voltage for a full battery was about 1.1–4.2 V, and the
calculated voltage was around 2.28 V based on the work voltage
of the cathode and anode (Fig. 9).

Fig. 10 shows the performance of PC–Fe3O4/Na2FeP2O7

cycled under the rate of 0.1 C. A high capacity of 93 mA h g�1

could be obtained with a work voltage of 2.28 V and an energy
density of 203 W h kg�1 (which was calculated by the integral of
the 1st discharge curve in Fig. 10a). In particular, the battery
Fig. 9 Typical charge–discharge curves of Na2FeP2O7 and lithiated
PC–Fe3O4 composite.

8798 | RSC Adv., 2015, 5, 8793–8800
could be efficiently cycled over 100 cycles with the high capacity
retention of 93.3% and a columbic efficiency of 98.5%, respec-
tively.Moreover, the battery has a very excellent rate capability. For
example, the capacities of 92, 89, 85, 74, 60, 46 and 32 mA h g�1

could be obtained under the rates of 0.1, 0.25, 0.5, 1, 2.5, 5 and
10 C, respectively, aer 20 cycles. It is obvious that such battery
has a high rate capability, which should be ascribed to the fast
reaction rate of Fe3O4 nanocrystals and the fast intercalation/
extraction of the sodium ion in the stable structure of
Na2FeP2O7. Aer the high rate test, the capacity of the battery
could be recovered to 90 mA h g�1 at the rate of 0.1 C, well
demonstrating the stability of the electrode. More importantly,
the chemical compounds required in the reversible reaction of
Fe3O4 + Na2FeP2O7 4 NaFeP2O7 + Fe + Na2O are low-cost,
abundant in the earth, environmentally friendly and rather safe.
Therefore, this conguration of battery is expected to be widely
used in grid energy, and it could act as energy storage for the
conversion of solar and wind energy to electric power, which then
can be conveniently provided for domestic uses (Fig. 11).
This journal is © The Royal Society of Chemistry 2015
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Conclusions

A type of iron oxide-based anode of PC–Fe3O4 with a high
capacity of 225 mA h g�1 at the rate of 50 mA g�1 and a stable
cycle ability over 400 cycles was introduced in the sodium-ion
battery for the rst time. The production of PC–Fe3O4 could
achieve an industrial scale towards practical application readily
compared to the traditional Fe3O4 particles synthesized by the
hydrothermal method. In addition, the sodium storage ability,
mainly resulting from the conversion of Fe3O4 rather than
porous carbon, was investigated. The stability of the electrode
was further characterized by ex situ XRD and SEM. More
importantly, a new concept of an elemental iron-based sodium
ion battery of PC–Fe3O4/Na2FeP2O7 was presented. This is the
rst example to introduce an element-rich conguration in the
sodium ion battery with the viewpoint of sustainability. A
superior capacity of 93 mA h g�1, high capacity retention of
93.3% over 100 cycles and work voltage around 2.28 V with an
energy density of 203 W h kg�1 were efficiently obtained. With
the development of batteries in the energy storage eld, such
conguration of an iron-based sodium battery would be highly
promising and sustainable owing to its low cost, high stability
and safety.
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