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a b s t r a c t

Sodium-ion battery is the most promising alternative to lithium-ion battery for the similar chemical
properties to lithium and low cost due to the earth abundance of sodium. Red phosphorus (RP) is
regarded as a potential candidate for sodium-ion batteries because it has the highest theoretical capacity
(~2600mA h/g), but commercially available RP is electrochemical inactivity with sodium as a result of the
insulating nature. Among the P-based anodes for SIBs, they were all in the form of carbon�P composites.
Herein, we report that commercial RP mixed with appropriate amount of iron developed by high-energy
ball milling can deliver a reversible capacity of 1642mA h g�1 over 30 cycles. EIS measurement results
indicated that Fe content composites has higher sodium diffusion coefficient. When utilized as a sodium
ion battery anode, 9.1% Fe-adding RP composites exhibited the best electrochemical performance ach-
ieved 1582, 1419, 884 and 676mA h g�1 specific desodiation capacity at 0.2, 0.6, 1, 6 and 10 A g�1 current
density in rate capability tests. This study opens a new approach to activate the sodium-ion storage of
phosphorus, which will enable phosphorus-related materials to be used in more innovative energy
storage systems.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Lithium-ion batteries (LIBs) have been successfully utilized as
energy storage devices for portable electronics such as mobile
phones and lap-top computers for several decades due to their
excellent electrochemical performance [1e3]. With the electric car,
large energy storage grid and other large battery development, it is
expected that the cost of LIBs will dramatically boost in the fore-
seeable future [4,5]. Therefore, alternative energy storage systems
with low cost will be crucially exploited for future applications.
Sodium ion batteries (SIBs) have received renewed interest and
been considered as a potential alternative to LIBs owing to their
abundant natural resources, their lower price of sodium, and the
similar chemistry of sodium and lithium [6e8]. In the view of the
outstanding experiencewith carbon anodes in lithium ion batteries
(LIBs), carbonaceous materials, such as carbon nanospheres [9],
hard carbons [10e12], graphene [13,14] and nanowires [15], have
been reported as anode materials for SIBs, but their specific ca-
pacities are still relatively low (200e372mAh g�1). In addition to
an).
the larger radius of the sodium ion (0.102 nm vs. 0.076 nm) and
stretched CeC bond induced by sodiation [15,16], the main diffi-
culty in anode part of sodium-ion batteries is that the most com-
mon graphite anode applied in lithium-ion batteries cannot
intercalate with sodium ions thermodynamically [17]. Recently,
anode materials for sodium-ion batteries that have been studied
such as metal oxides (NiCo2O4, TiO2, Li4 Ti5O12 and Na2Ti3O7)
[18e21], alloys (Sn, Sb, SnSb/C, Sb/C, and Cu2Sb) [22e26], two-
dimensional compounds (MoS2/C, MXene/C) [27,28], and carbo-
naceous materials (hard carbon and doped carbon) [29,30]. How-
ever, the specific capacity of these materials is still low (less than
1000mA h g�1) and the cycling life is poor.

Phosphorus (P) is an attractive anode material, which can give
the highest theoretical specific capacity of 2596mAh g�1 among all
materials for SIBs when Na3P phase is form. There are three com-
mon phosphorus allotrope: white phosphorus, red phosphorus
(RP), black phosphorus. White phosphorus is the most reactive, fire
spontaneously at room temperature, not suitable as anode material
and synthesis of black phosphorus is not facile, which is made from
red phosphorus by high temperature and pressure [31]. Compared
to the two major forms, red phosphorus is commercially available,
environmental benignity and chemically stable [32,33]. However,
the application of RP in SIBs is handicapped by its low electrical
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conductivity (~10�12 S/m) and large volume expansion (>300%)
[34] during sodiationedesodiation process. To address these two
drawbacks, RP was often mixed with carbon by high-energy me-
chanical ball milling to form amorphous P-carbon composites
[9,35e39]. In 2013, Qian et al. [9] and Kim et al. [38] have intro-
duced that commercially RP with 30wt% carbon content produced
by high-energy mechanical milling could exhibit a high capacity
(~1750mAh g�1) at the current density of 250mA g�1 and a
reversible capacity (~1900mAh g�1 at 143mA g�1), respectively.
The commercial RP with carbon delivers a large initial specific ca-
pacity but cannot react with Na reversibly. Wang et al. [36,37]
presented a chemically bonded RP/graphene (7:3, weight ratio)
hybrid with stable electrochemical performance 1700mAh gp�1

after 60 cycles and a red phosphorusecarbon nanotube (RPeCNT)
anode by chemical bonding between an RPeCNT hybrid and a
cross-linked polymer binder with improved cycling retention
(1586mAh g�1 after 100 cycles). Dou et al. [40] reported that
simply mixing RPemultiwall carbon nanotube (MWCNT) compos-
ite displayed a high initial capacity of 1530mA h gp�1 but decayed
to 750mA h gp�1 after only 20 cycles. Despite important role of
carbon in maintaining electrode conductivity, a high proportion
(30%) of the low capacity carbon will sacrifice real battery energy
density.

In this work, transition metal “iron” serve as the conductive
network and unexpectedly achieve highly reversible sodium stor-
age in commercially available RP. Herein, RP and iron are facilely
synthesized with different iron weight percentage 6.3%, 9.1%, 16.6%
Fe-RP composites through mechanical ball milling. Evidence of EIS
measurement can be found that Fe appeared as a powerful aid as it
benefits a higher sodium diffusion coefficient. The significantly
increased electronic conductivity combined the higher sodium
diffusion coefficient leads to a noticeable enhancement in rate
performance and high reversible capacity for the Fe-RP composites.
The 9.1% Fe-RP composites showed the best performance exhibits
an initial reversible capacity of 1642mA h g�1 for sodium ion
storage and ran after 30 cycles, which indicates a significant
improvement compared to ref. [38] and a superior performance/
cost ratio than previous reports on P carbon-based SIB anodes.
2. Experimental section

2.1. Materials

Red phosphorus powder (98.9%) were purchased from Alfa
Aesar. Poly (acrylic acid) (PAA, average MV ~3000000), iron powder
(98.9%) and ethanol (C2H5OH, 99.8%) were purchased from Sigma-
Aldrich. Sodium hexafluorophosphate (NaPF6), fluoroethylene car-
bonate (FEC, C3H3FO3), diethyl carbonate (DEC, C5H10O3), Ethylene
carbonate (EC, C3H4O3), carbon black, sodium metal foil, copper
metal foil, and coin-type cell CR2032 were purchased from Shining
Energy Co., Ltd. Glass fiber (19mm) were purchased from Toyo
Roshi Kaisha, Ltd.
Scheme 1. Schematic illustration of the preparation of Fe-RP composites.
2.2. Fe-RP composites synthesis

First, the Fe-RP composites was synthesized by ball milling of
Commercial RP and ironwith weight mass ratio of 10:1. The 10mm
stainless steel milling balls and reagent powders was placed into a
50ml steel jar which taken to argon-filled glovebox and sealed
under argon atmosphere, followed by ball-milling for 2 h at a speed
of 200 rpm. For comparisons, red phosphorus powders were pre-
pared by the same ball-milling for 2 h without iron (denoted as RP).
2.3. Sodium -ion battery assembly and electrochemical
characterization

50wt % active materials (Fe-RP composites), 25wt % carbon
black, 25wt % PAA were mixed in ethanol to form a homogeneous
slurry, using stir bar to dissolved all material in ethanol, keeping
stirring for 12 h or longer till all material were well-dispersed in
ethanol. The slurry was tape-casted on a copper foil and dried at
room temperature to fabricate the electrode of phosphorus. Before
assembled, the electrode was dried at 150 �C for 30min under
argon atmosphere to remove the residual water. The coin-typed
half-cell (CR2032), which contained a Fe-RP composites elec-
trode, a sodium metal as the counter electrode and a glass fiber
soaked in an electrolyte, was assembled in an argon-filled glovebox.
The electrolyte was consisted of 1M NaPF6 in a mixture of fluoro-
ethylene carbonate/diethyl carbonate (PC: DMC: FEC) (5:5:1 v/v).
The electrochemical performance of the half-cell was tested by
using Maccor Series 4000 at the voltage range between 0.01 V and
2.0 V. Average mass of active materials on the copper foil is
approximately 0.5mg/cm2 for half-cell.

2.4. Characterization

The structural investigations of Fe-RP composites were carried
out by using scanning electron microscopy (HITACHI-SU8010) with
energy-dispersive X-ray spectroscopy (HORIBA, EX-250), trans-
mission electron microscopy (TECNAI 20), X-ray diffraction (Rigaku
Ultima IV), Raman spectroscopy (LABRAM HR 800 UV) with a ra-
diation of 532 nm. X-ray photoelectron spectroscopy (XPS) mea-
surements were obtained by using PHI 5000 Versaprobe II. The
TEM samples were prepared by dispersing the powder in the
ethanol and drop-casting onto a copper grid. XRD pattern were
recorded by a Shimadzu XRD-6000 diffractometer, which was
equipped with CuK radiation.

3. Result and discussion

Fe-RP composites with high phosphorus content 90% could be
facilely synthesized by ball milling in the condition of argon at-
mosphere, as shown in Scheme 1. The RP and iron used in this work
are both commercially available, and their morphologies before ball
milling are shown in Fig. S1, representing a facile, time saving (only
2 h) and low energy consumption fabrication process compared to
previous studies. Fig. 1 shows the XRD patterns and Raman spectra
for commercial RP, iron powder (Fe), and weight percentage 6.3%,
9.1%,16.6% Fe-RP composites (denoted as 6.3%, 9.1%,16.6% Fe-RP).
The XRD pattern (Fig. 1(a)) of the commercial RP shows a sharp
diffraction peak at 15�, 35�, consistent with the XRD pattern of
commercial RP reported in the literature [9,34]. The main diffrac-
tion peaks of iron powder (Fe) is identical, which can be well
indexed to Fe phase (JCPDS no. 87-0722) with a space group of Im-



Fig. 1. (a) XRD patterns for RP, 6.3%Fe-RP, 9.1% Fe-RP and 16.6% Fe-RP (b) Raman spectra for RP and 9.1% Fe-RP.
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3m (229). Owing to shorter ball milling time (2 h), remained both of
their origin structure and no more peaks are found for 6.3%,
9.1%,16.6% Fe-RP except those of iron and red P, indicating no
interaction or bonding formed between red P and iron. Apart from
pure red phosphorus, 6.3%, 9.1%,16.6% Fe-RP electrode shows
characteristic crystalline peaks indicating the lattice planes of iron
at 44.6�, 65.1� and 82.3�, which explained Fe still remain its crys-
talline phase. Different from previous amorphousizing RP/carbon
based anodes [9,32,36,41,42], this is the RP mixed iron composites
with extraordinarily high capacity, and considerable high rate
capability, as a novel anode material for sodium ion batteries. Be-
sides, the Raman spectrum (Fig. 1(b)) attained for 9.1% Fe-RP was
similar to the spectrum of commercial RP with the presence of
three bands between 300 and 500 cm�1 [43]. In addition, the
Raman peaks of 9.1% Fe-RP were a little weaker when compared to
those of RP, which could be likely due to the facts that particle size
of RP was reduced to microsizes [44].

Observed from SEM images, the particle size of both bulk
Fig. 2. (a, b) SEM images of Fe-RP composites by milling for 2 h at a speed of 200 rpm (c) EDS
magnification TEM images (f, g) elemental mapping of RP-Fe composites (f) phosphorus (
legend, the reader is referred to the Web version of this article.)
commercial RP and iron (Fig. S1) was broken down to featureless
agglomerated particles with diameter around 0.5e1 mm after ball
milling (Fig. 2(aeb)). In order to confirm the elemental composi-
tions of Fe-RP composites, energy-dispersive X-ray spectroscopy
(EDS) (Fig. 2(c)) was carried out. The EDS spectra shows that Fe-RP
composites is almost composed of elemental phosphorus with little
iron appeared at around 6.4 keV. The lowmagnification TEM image
in (Fig. 2 d) confirmed that the particles of Fe-RP composites have a
particle size of about 0.5 mm. The high-magnification TEM image of
the Fe-RP composites (Fig. 2(e)) shows a clear fringe. Indeed, after
ball milling the particle size only submicron to a fewmicrons, much
smaller than those of the bulk phosphorus, as shown in Fig. S2(a).
Elemental mapping analysis of Fe-RP composites (Fig. 2(deg))
confirms the homogeneous distribution of P and Fe elements in the
particle. Moreover, the decreased particle size after ball milling
could dramatically decrease the diffusion length of Naþ and e�,
resulting in extraordinarily improved kinetics of sodium ions
transferring and appropriate amount of Fe adding would be helpful
spectra of Fe-RP composites. The inset image is the magnification. (d) Low and (e) high
red) and (g) iron (green). (For interpretation of the references to colour in this figure



L.-C. Chin et al. / Electrochimica Acta 266 (2018) 178e184 181
for increasing the electronic conductivity of the red phosphorus.
To further investigate the interaction between RP and iron, X-ray

photoelectron spectroscopy (XPS) was applied to analyze the sur-
face chemical compositions of the samples in Fig. 3(aed). The
survey spectra in Fig. 3(a) show similar peaks of P, C and O elements
except for an obvious Fe 2p peak in 9.1% Fe-RP, confirming the iron
contain. A high resolution XPS spectrum of RP in Fig. 3(b) shows
two distinct P 2p1/2 and P 2p3/2 peaks at 129.1 eV and 130.0 eV,
respectively. Broad peaks at a higher energy range are also
observed at 133.6 eV, which can be assigned to the PeO bond [43].
Comparing the XPS spectra of Fe-RP composites, higher intensity of
PeO bond indicates that more oxygen/oxidation exists in Fe-RP
composites surface which is indicative of iron easy to oxidize
when exposed to air [45]. The Fe 2p XPS peaks at 711.1 and 723.4 eV
are attributed to Fe 2p3/2 and Fe 2p1/2, confirming the existence of
oxidized Fe (III) and Fe (II) [46,47]. This suggests that the iron are in
intimate contact with phosphorus and mainly located on the sur-
face of the phosphorus particles.

The electrochemical performance of the Fe-RP composites was
tested by coin-typed half-cell (CR2032) within the range between
0.01 V and 2.0 V. Unless stated, all of the capacity was calculated on
the basis of the mass of composites in this study. Electrodes
composed of Fe-RP composites, carbon black, and binder (poly
acrylic acid) (50:25:25, weight ratio) were used as working elec-
trodes, and sodiumwas used as counter electrodes. Fig. 4(a) shows
the cycling performance of RP, 6.3%, 9.1%, 16.6%Fe-RP composites at
rate of 0.4 A/g. RP has a desodiation capacity 1900mAh/gcomposite in
the first cycle but decreases to below 423mAh/gcomposite after only
20 cycles (Fig. 4(a)). Although iron is beneficial to improve the
conductivity of the whole composite, it could be hinder reaction
between sodium ion and phosphorus with excess adding (16.3%)
due to its intrinsically inactive to sodium. Obviously, Fe-RP
Fig. 3. (a) XPS survey, (b) (c) P 2p spectra of RP and Fe-RP
composites with 9.1% iron addition displayed outstanding revers-
ible capacity performance, it still maintains a reversible capacity of
1270mAh/gcomposite after 30 cycles. The initial columbic efficiency
of 9.1% Fe-RP (78.8%) is better than RP (68%) and achieves above
96% after second cycle, the irreversible capacity was mainly caused
by forming a SEI layer on the electrode during the first discharge
and charge processes. Galvanostatic charge/discharge curves of the
9.1% Fe-RP at a current density of 400 mA/gcomposite in the voltage
range of 0.01e2 V are displayed in Fig. 4(b). In Fig. 4(b) exhibit
several potential plateaus, which are observed in the first discharge
(sodiation) process at 0.74e0.8 V, 0.1e0.4 V and in the first charge
(desodiation) process at 0.6e0.65 V. In the following cycles, the
plateaus can be observed at 0.25e0.4 V in the discharge process and
at 0.6e0.65 V in the charge process. Fig. 4(c) show the differential
capacity curves at various cycles, including the 1st, 5th and 30th
cycle. The peaks indicate the sodiation and desodiation of the
composites. In the first discharge cycle, the sharp peak appeared at
0.76e0.81 V corresponding to the electrochemical decomposition
of electrolyte for the formation of a solid-electrolyte interface (SEI)
film on the electrode surface. The rest of peaks at the first discharge
cycle at 0.1 Ve0.4 V are the formation of Na3P and NaxP, respec-
tively [38]. In the first charge cycle, a stepwise sodium ion de-
intercalation from the fully charged Na3P phases to form the
Na2P, NaP, and NaP7 intermediates were appeared at 0.6e0.65 V
based on the Na/P phase diagram [36,38]. All the differential ca-
pacity curves matched well with the voltage plateaus in the charge/
discharge curves in Fig. 4(b) and stayed almost unchanged in sub-
sequent cycles, indicating quite reversible sodiumephosphorus
insertion/extraction reactions. In order to investigate the effect of
Fe-adding on the electrode kinetics of red phosphorus, electro-
chemical impedance spectroscopy was employed to compare the
diffusion coefficient of sodium ions of electrode materials. Fig. 4(d)
composites. (d) Fe 2p spectrum of Fe-RP composites.



Fig. 4. (a) Cycling performance of the RP 6.3%Fe-RP, 9.1% Fe-RP and 16.6% Fe-RP at a rate of 0.4 A/g. and (b) Charge-discharge voltage profiles of 9.1% Fe-RP at 1st, 5th and 30th cycles.
(c) Differential capacity curves of the 9.1% Fe-RP at 1st, 5th and 30th cycles. (d) EIS plots of the RP (fresh cell) and 9.1% Fe-RP (fresh cell and after 30 cycle) at a full charge state. (e)
Cycling performance and (f) Coulombic efficiency of the RP, 6.3% Fe-RP, 9.1% Fe-RP,16.6% Fe-RP electrode at a current density of 0.2 A/g for activation and then at 2 A/g in the
subsequent cycles.
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shows a comparison of electrochemical impedance spectroscopy
(EIS) between the ball-milled RP (fresh cell) we used and 9.1%
phosphorus composite (fresh cell and after 30 cycles) with a full
charge state at 2 A rate. The Nyquist plot comprises a semicircle at
medium frequency region and a straight line at low frequency re-
gion, were illustrated by electric equivalent circuit displayed in the
inset of Fig. 4(d). As frequency decreases, there is a semicircle called
charge transfer resistance, indicating that sodium ions passing
through the SEI film and charge transfer between electrolyte and
active material [48]. The 9.1% Fe-RP electrode showed the smaller
diameter of the semicircle with fresh cell, which explains that the
RP electrodes possess the larger charge transfer resistance. Charge
transfer resistance decreased from 400 to 187U after ball milling
iron, indicating electrode structure transformation favorable to
electron transfer and sodium ion diffusion in the electrode during
cycling [49]. The 9.1% Fe-RP electrode showed the smaller diameter
of the semicircle after 30 cycles, which suggests that the fresh
electrodes possess the larger charge transfer resistance. Besides,
the sloping region is Warburg impedance accounting for diffusion
resistance of the electrolyte ions into the electrode. The slope
decreased at the low frequency region after 30 cycles, implying a
decreased diffusion resistance due to generation of facile sodium
diffusion channels. This result is in good agreement with rates cycle
performance measurement results.

To explore the optimized ratio of iron and RP, 6.3%, 9.1%, 16.6%
Fe-RP composites were tested at a current density of 0.2 A/g at the
first cycle for activation and then switched to a higher current
density of 2 A/g in the subsequent cycles. A higher RP/Fe ratio is
beneficial in terms of specific capacity, given that iron is electro-
chemically inactive for sodiation. Therefore, 16.6% Fe-RP compos-
ites has lower desodiation capacity than RP due to a lot of inactive
iron containing. In Fig. 4(e), compared to 9.1% Fe-RP, 6.3% Fe-RP
deliver a faster capacity decrease and a poorer cycling stability. In
this study, the 9.1% Fe-RP electrode exhibits the best cycling sta-
bility than the other electrodes. It still maintains a reversible ca-
pacity of 1033mA h/gcomposite after 30 cycles, which proved that
given suitable iron can provide a stable desodiation capacity.
Hence, the following electrochemical characterization was carried
out on the optimized 9.1% Fe-RP. Fig. 4(f) shows the coulombic ef-
ficiency of different materials corresponding to Fig. 4(e). The first
cycle coulombic efficiency of RP is the lowest one among them
(~50%). With the iron added, the first cycle of 9.1% Fe-RP and 6.3%



Fig. 5. Rate capability of the 9.1% Fe-RP from 0.2 to 10 A/g. (a) all of the discharge rates are equal to the charge rates. (b) Voltage profiles of 9.1% Fe-RP at different current densities.
(c) Rate capability of this study is comparable with those of previous studies about nanoparticle-decorated, carbon nanotube-based, carbon-based phosphorus and graphene-based
RP. The red star symbolizes our data, which were calculated based on the whole composites, from 0.2 to 10 A/g (discharge and charge rates were kept the same). (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fe-RP coulombic efficiency increases to ~80% probably due to the
moderately improved conductivity by iron. The coulombic effi-
ciency of the 9.1% Fe-RP exceeds 94% after the second cycle, and
remains stable during the rest of cycles. We thought that appro-
priate amount of iron served as an activator to improve rate per-
formance and high reversible capacity and the optimize ratio of
iron is 9.1% in our study.

To be consistent with practical situation, we also evaluated the
rate performance of the anode using the 9.1% Fe-RP with current
densities ranging from 0.2 to 10 A/g, as shown in Fig. 5(a) and the
corresponding sodiation̶ desodiation curves plotted in Fig. 5(b). As
the current density increased, a specific capacity of 1582 (0.2 A/g),
1507 (0.4 A/g), 1419 (0.6 A/g), 1304 (1 A/g), 1210 (2 A/g), 884 (6 A/g),
676 (10 A/g), and 1385 (0.2 A/g) mA h/g, respectively. Even at 10 A/g,
the composites anode still can deliver a high reversible capacity of
~676mAh/g. When the rate was restored to 200mA/g after 40
cycles of rate testing, the specific capacity of the 9.1% Fe-RP anode
returned to 1385mA h/g is nearly equivalent to initially average
capacity (1582mAh/g) from the initial 200mA/g trial. This in-
dicates that the anode charge/dischargewas reversible even at high
current density.

The electrochemical performance of 9.1% Fe-RP is compared
with that of some previously reported SIB anodes and plotted in
Fig. 5(c). 9.1% Fe-RP shows the superior rate capability from 0.2 A/g
to 10 A/g (discharge and charge rates were kept the same) in
comparison with those based on graphene-based RP [36], carbon
nanotube-based RP [37,50,51], and carbon-based phosphorus
[32,45,52]. These data explain well that the 9.1% Fe-RP is very
competitive, not only in capacity output, but also high rate capa-
bility. In this work, the superior high rate capability can be ascribed
to stable solid electrolyte interphase and ultra-fast electrode
transport due to the intimate contact between RP and iron, such a
unique crystalline nature of iron could greatly enhance the elec-
tronic conductivity, increase the mechanical strength of the com-
posite, and hence improve its rate performance.

4. Conclusion

In summary, Fe-RP composites had been successfully synthe-
sized through a facile ball milling method and RP were embedded
by Fe particles. The Fe-RP composites can be cycled reversibly with
little iron content (<10%), not only ensuring the real battery energy
density but also deliver the superior reversible capacity and rate
capability. Iron plays a crucial role in the reversibility of the Fe-RP
composites, which provides pathways for electron transport.
However, the critical mechanism of iron's capacity reversible still
remains unknown, which is a very interesting issue for further
study. Our results open a new milestone for the activation of
phosphorus, which will enable phosphorus-related materials to be
used in more innovative energy storage systems.
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