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Sodium ion batteries have recently received renewed interest
as a low cost alternative to lithium ion batteries for large-scale
electric storage applications, because of the high availability
of sodium sources, and the similar chemistry of sodium and
lithium."*! However, because Na ions have a much larger
radius (1.02 A) than Li ions (0.76 A) and preferably coor-
dinate in octahedral or prismatic sites, it is difficult to find
crystalline host materials that have adequate electrochemical
capacity and cyclability for a sodium ion insertion reaction. In
the past decade, a large variety of host materials, such as
layered oxides,°l polyanion fluorophosphates,"” hexacya-
noferrate,'*'? and organic polymers,™*'¥l has been demon-
strated as sodium ion insertion cathodes, with certain redox
capacity and cycleability. In contrast, anodic host materials
for sodium ion storage are less successful, with very limited
choices available.

In earlier development of sodium ion batteries, the anodic
materials used were mostly hard carbon materials.'>! These
anodes demonstrated modest capacity (approximately
200 mAhg™"), but their cycling stability and initial current
efficiency are much inferior to those in lithium ion batteries.
In the light of successful lithium alloy anodes, attempts have
recently been made to develop alloy anodes for sodium ion
storage. Komaba et al.l'"l reported a tin polyacrylate anode
with a high reversible capacity of 500 mAhg™!, based on the
electrochemical alloying/dealloying reactions of sodium-tin
intermetallic phase. We developed an Sb/C nanocomposite,
which showed nearly full usage of its theoretical capacity of
610 mA hg' (storage capacity of 3Na per formula unit) with
an excellent capacity retention of 94 % over 100 cycles.'® This
study revealed a feasible strategy for creating high capacity
sodium ion storage anodes using elements able to form alloys
with sodium.

Elemental phosphorus (P) is a particularly attractive
anode material, which can react with three Li or Na atoms to
form Li;P*?2 and Na,P” compounds, giving a theoretical
specific capacity of 2596 mAhg~'. This capacity is probably
the highest value that can be expected from all known
materials, several times higher than those of Na alloys such as
Na;sSn, (847 mAhg™),***] Na;sPb, (485 mAhg™"), Na;Sb
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(660 mAhg™"),! and even twice higher than the electro-
chemical capacity of metallic sodium (1166 mAhg™).
Recently, Park and Sohn®! and He and co-workers?'
reported lithium storage behaviors of phosphorus, with
a reversible capacity of 600 mAhg' and 1000 mAhg !,
respectively, under their experimental conditions. We found
that the lithium ion storage capacity of phosphorus depends
dramatically on its crystalline structure and morphology, and
areversible three lithium ion storage capacity per phosphorus
atom (approximately 2355 mAhg™!) can be realized if the
phosphorus forms a composite with conductive carbon to
make amorphous nanoparticles.””! However, there have been
no reports of the electrochemical sodium ion storage behavior
of phosphorus until now.

Herein, we report for the first time on the synthesis and
characterization of an amorphous phosphorus/carbon (a-P/C)
nanocomposite with extraordinarily high capacity, high rate
capability, and considerable cyclability as a novel anode
material for sodium ion batteries.

The a-P/C nanocomposite was synthesized simply by high-
energy ball-milling of commercial red phosphorus powder
with amorphous carbon black (Super P) at an optimized P/C
ratio of 7:3 for 24 hours. Detailed preparation procedures are
described in the Experimental Section and the influences of
the synthetic conditions on the structure and performance of
the resulting P/C composites are given in the Supporting
Information (Figures S1,S2). Figure 1a compares the XRD
pattern of the a-P/C composite with those of commercial red
phosphorus and black phosphorus. The a-P/C composite
exhibits a featureless diffraction pattern, completely different
from those of crystalline red phosphorus and black phospho-
rus, indicating the amorphous nature of the sample. The high
resolution TEM image (Figure 1b) also shows a disordered
structure without any discernible lattice fringe, and its
electron diffraction pattern appears as a diffuse ring. This
further demonstrates that the original phosphorus particles
were crushed and broken into smaller clusters in the carbon
matrix during the long and vigorous high-energy ball milling,
which lead to the formation of a-P/C, or in other words, highly
disperse phosphorus clusters in a carbon matrix.

Our recent work has revealed a large difference in the
lithium ion storage behaviors of the different allotropic
phases of phosphorus.””! To validate if this phenomenon is
also true for sodium ion storage, we compared the charge-
discharge behaviors of a-P/C, red phosphorus, and black
phosphorus in sodium cells using sodium disks as the counter
electrode and a 1.0 mol L' NaPF; solution as the electrolyte.
The red phosphorus shows a quite large charge (sodium ion
insertion) capacity of 897 mAhg™!' (Figure 2) but gives only
a negligible discharge (sodium ion removal) capacity of
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Figure 1. a) XRD pattern of the as-prepared a-P/C composite, compared with that of commercial red
phosphorus and black phosphorus, synthesized according to ref. [20]; b) HRTEM image of the a-P/C

composite; inset=electron diffraction pattern of a-P/C.
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Figure 2. Initial charge/discharge curves of three phases of phospho-
rus: red phosphorus, black phosphorus, and a-P/C nanocomposite. All

the electrodes were tested at a constant current density of 250 mAg™
in the voltage range of 0.01 V-2 V versus Na*/Na.

15mAhg™!, indicating the inactivity of this material for
a sodium ion insertion reaction because of its insulating
electronic nature. Black phosphorus is known to have higher
bulk conductivity® and therefore showed a much improved
charge capacity of 2035 mAhg™!, which is nearly 80% of its
theoretical three sodium ion insertion capacity. However, the
reversible discharge capacity of this material is only
637 mAhg™'. This large capacity loss may be ascribed to the
enormous volumetric change of 490 % from phosphorus to
Na;P, which caused severe pulverization of the material and
lead to poor cyclability, as is usually observed in lithium alloy
electrodes.” In contrast, the a-P/C composite exhibited
greatly enhanced electrochemical performance with initial
charge/discharge  capacities of 2015mAhg' and
1764 mAhg ™!, respectively, and a very high initial coulombic
efficiency of 87 %, suggesting that the amorphous structure of
the phosphorus can effectively buffer the strong volumetric
expansion seen during charge—discharge cycling.

Table 1 compares the theoretical capacities (7,,) and
experimentally observed reversible capacities (E,,) for all the
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known elements that can store
sodium ions. Elemental phospho-
rus not only has the highest level
of theoretical sodium ion storage
capacity but also has the highest
experimental value of capacity
among all the known elements
that can store sodium ions. The
surprisingly  high  reversible
capacity of the a-P/C composite
is several times higher than those
reported for carbon or alloy
anodes.

Based on these results, we
focused our attention on the
anodic behavior of the a-P/C
composite. Figure 3a shows the
cyclic voltammograms (CVs) of
the a-P/C composite. During the
first cathodic scan, a weak irre-

Table 1: A comparison of the theoretical and experimental capacities of
elements capable of storing sodium ions.

Element Max. Na contentin  Vol. ratio of T, Ecsp.
Na,X Na,X/X [mAhg "] [mAhg™]
Na - - 1166 -
C < NaCq <2% <372 200~
300[3(%31]
Si NasSi 130% 954 -
Sn Na, ,sSn 525% 847 50017
Sb Na,Sb 390% 664 6108
Pb Na, ;sPb 487% 484 480"
P Na;P 491 % 2596 17644

[a] The current study.

versible band appeared at 1.2-0.5V, corresponding to the
electrochemical decomposition of electrolyte for the forma-
tion of a solid-electrolyte interface (SEI) film on the electrode
surface. When the potential scanned from 0.5 Vto 0 V, a large
and broad anodic peak emerged as an indication of the
sodium ion insertion reaction to form the compounds, Na,P.
In the reversed scan, a number of anodic peaks appeared at
053V, 0.60V, 0.75V, and 1.4V, possibly corresponding to
a stepwise sodium ion de-intercalation from the fully charged
Na;P phase to form the Na,P, NaP, and NaP, intermediates,
based on the Na/P phase diagram.™ All the CV peak
potentials matched well with the voltage plateaus in the
charge/discharge curves in Figure2 and stayed almost
unchanged in subsequent cycles, indicating quite reversible
sodium—phosphorus insertion/extraction reactions. Neverthe-
less, it should be mentioned that the cathodic peaks in the CV
curves were not as well separated as their anodic counter-
parts. This implies a much slower rate of sodium ion insertion
than the extraction process, as will be discussed in a later
section. Figure 3b gives the voltage profiles of the a-P/C
sample for the first five cycles at a constant current of
250 mAhg™'. The charge/discharge curves show three-step
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Figure 3. a) CV curves of the a-P/C composites scanned at a rate of
0.02 mVs™'; b) charge—discharge profiles at a constant rate of

250 mAg™'; inset =the change in the reversible capacities with cycle
number; c) long-term cycle performance in 1 molL™' NaPF¢+ EC-DEC
electrolyte with 10% FEC.

voltage plateaus, which agree very well with the CV peaks in
Figure 3a. The reversible capacity of the material reached
1764 mAhg! during the first cycle and increased to
1800 mAhg™! for the third cycle, simultaneously the coulom-
bic efficiency increased from 87 % to 99 %. After subsequent
cycles, the reversible capacity remained stable at approx-
imately 1750 mAhg™' during the first 40 cycles and then
decreased gradually to 1200 mAhg™! at the 60th cycle (see
the inset in Figure 3b), possibly because of the volumetric
change of the material during repeated sodium ion insertion
and extraction, which leads to a breakdown of the SEI film
and a loss of electrical contact between the electroactive
particles and current collectors. To solve this problem, we
added 10% fluoroethylene carbonate (FEC, a strong SEI
film-forming additive) in the electrolyte to enhance the
structural stability of the SEI film on the anode. As shown in
Figure 3c, the reversible capacity remained at 1500 mAhg™!
after the first 20 cycles in the FEC-containing electrolyte and
then decreased gradually to approximately 1000 mAhg™! at
the 80th cycle. Afterwards, the capacity stayed steady for up

Angew. Chem. Int. Ed. 2013, 52, 46334636

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

to 140 cycles. Despite this decay of the capacity, this P/C
composite still demonstrated considerable cyclability. We
believe that the cycling stability could be greatly enhanced by
appropriate structural design of the electrode, optimization of
the electrolyte composition, and buffering strategies, as is
frequently used for lithium alloy anodes.

Figure 4 a shows the rate capability of the a-P/C sample at
various charge/discharge currents. At a moderate current of
250 mA g~!, the electrode can deliver a discharge capacity of
1800 mAhg™', but this capacity decreased considerably to
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Figure 4. a) Rate performance of the a-P/C sample charged and dis-
charged at the same current density from 250 mAg™' to 4000 mAg™';
b) Voltage profiles of the a-P/C sample charged at a current density of
250 mAg™" and then discharged at a different current density from
250 mAg~" to 4000 mAg .

1380 mAhg™' and 930 mAhg' when the current rate
increased to a high value of 1000 mA g™ and 2000 mA g,
respectively. At a very high rate of 4000 mA g, the discharge
capacity was only 640 mAhg™', showing rapid capacity
degradation with increasing current rate. However, careful
inspection of the voltage curves revealed that the capacity loss
occurred mainly in the low potential plateau of 0.2 V, that is,
the charge capacity at the 0.2 V plateau decreased rapidly
with increasing current density, which lead to an insufficient
charge at high rates. This phenomenon suggests that the
sodium ion insertion reaction is slower than the sodium ion
extraction reaction, resulting in a large cathodic polarization
at increased current rates. The kinetic frustration of the a-P/C
material most likely resulted from the poor electronic and
ionic conductivities of its reaction intermediates, Na,P.
Electrochemical impedance spectra (Supporting Information,
Figure S3) revealed that the charge transfer resistance (R.,) of
the sodium ion insertion reaction (approximately 300 Q) is
ten times larger than that of the extraction process (approx-
imately 20 Q), suggesting that the a-P/C composite is easily

www.angewandte.org

4635


http://www.angewandte.org

Angewandte

4636

Communications

discharged if it is well charged. To confirm this idea, the a-P/C
electrode was first charged at a moderate rate of 250 mA g~
and then discharged at various rates from 250 mAg ' to
4000 mAg~'. The discharge capacity varies slightly from
1765 mAhg" to 1730 mAhg™', with 98 % capacity retention
when the discharge rate increases from 1000 mAg' to
2000 mA g (Figure 4b). Even at a very high current of
4000 mA ¢!, the a-P/C composite can still maintain a very
high capacity of 1715 mAhg™', 95% of its potential capacity.

In summary, we prepared an amorphorus P/C nano-
composite and tested its feasibility as an anode material for
sodium ion batteries. The a-P/C composite displayed a sur-
prisingly high sodium ion storage capacity of 1764 mAhg™',
and considerable cyclability over 100 cycles. To the best of our
knowledge, this is the first time such a high capacity and rate
capability has been reported for phosphorus anode materials.
Combining with the natural abundance and environmental
friendliness of phosphorus, the a-P/C composite offers great
promise as a high capacity and high rate anodic material for
the next generation of sodium ion batteries.

Experimental Section

Materials synthesis and characterization: The amorphous phospho-
rus/carbon composite was prepared by direct ball milling of red
phosphorus powders (99.3 % purity) and Super P carbon (TIMCAL
Graphite & Carbon) in an optimized mass ratio of 7:3, according to
a previously reported procedure.””! The starting materials were
weighed, mixed, and put into a steel vial with 10 mm milling balls. The
weight ratio of milling balls to reagent powders was 20:1. The milling
vial was filled with argon gas and set in a shaking miller (QM-3A,
Nanjing, China). The rotation speed of the miller was set to 1200 rpm
for 24 h. Characterization of the active powder was carried out by
powder X-ray diffractometry (XRD; Shimadzu XRD-6000, CuKa
source) and transmission electron microscopy (JEM-2010HT and
JEM-2010FEF).

Electrochemical measurements: The electrochemical measure-
ment of the amorphous phosphorus/carbon as anode-active materials
was done using 2032-type coin cells. The working electrode was
prepared by coating a slurry containing 80 wt% active material,
10 wt % CMC binder, and 10 wt % Super P on a copper foil substrate.
Then the electrode film was dried in an oven at 60°C overnight. The
mass loading of the active material within the film was about
3 mgem 2 A sodium disk (16 mm x 6 mm, approximately 100 mg)
served as the counter and reference electrode. The electrolyte used in
this work was 1.0 molL™' NaPF, in an ethylene carbonate (EC)-
diethyl carbonate (DEC) solution, with or without the addition of
fluoroethylene carbonate (FEC). All the cells were assembled in
a glove box filled with argon and tested at room temperature. The
galvanostatic charge/discharge test was conducted on a LAND cycler
(Wuhan Kingnuo Electronic Co., China). Cyclic voltammetric
measurements were carried out with a coin cell at a scan rate of
0.02 mVs™' using a CHI 660a electrochemical workstation (ChenHua
Instruments Co., China). Electrochemical impedance spectra were
recorded by an impedance measuring unit (IM 6e, Zahner) with an
oscillation amplitude of 5 mV at the frequency range of 100 mHz to
100 kHz.
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