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Abstract: Sodium-ion batteries (SIBs) are potential low-cost alternatives to lithium-ion batteries (LIBs) because
of the much greater natural abundance of sodium salts. However, developing high-performance electrode ma-
terials for SIBs is a challenging task, especially due to the ~50% larger ionic radius of the Na+ ion compared
to Li+, leading to vastly different electrochemical behavior. Metal phosphides such as FeP, CoP, NiP2, and CuP2

remain unexplored as electrode materials for SIBs, despite their high theoretical charge storage capacities of
900–1300 mAh g–1. Here we report on the synthesis of metal phosphide nanocrystals (NCs) and discuss their
electrochemical properties as anode materials for SIBs, as well as for LIBs. We also compare the electro-
chemical characteristics of phosphides with their corresponding sulfides, using the environmentally benign iron
compounds, FeP and FeS2, as a case study. We show that despite the appealing initial charge storage capaci-
ties of up to 1200 mAh g–1, enabled by effective nanosizing of the active electrode materials, further work to-
ward optimization of the electrode/electrolyte pair is needed to improve the electrochemical performance upon
cycling.
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1. Introduction

Lithium-ion batteries (LIBs) have be-
come the battery technology of choice for
applications demanding high energy and
power densities, such as portable electron-
ics and electric vehicles, and also show
great promise for the large-scale grid stor-
age of electricity. Yet, the irregular geo-
graphic distribution and relatively low
natural abundance of lithium salts raise
doubts as to the future security and cost of
supply. In this regard, conceptually iden-
tical sodium-ion batteries (SIBs) are a fa-
vorable alternative due to the much greater
abundance (by a factor of 103) and there-
fore lower price of sodium salts.[1] How-
ever, the seemingly simple replacement

of the Li+ ion with its 50% larger group I
neighbor has drastic consequences for the
resulting electrochemistry. For instance,
both silicon and graphite, which are well-
known anode materials with outstanding
lithium ion storage properties, show negli-
gible capacities for sodium ions.[2] Exten-
sive research toward new electrode materi-
als is needed to advance the development
of high-performance SIBs.

Of all possible anode materials for
SIBs, red phosphorus (P) is probably the
most appealing candidate due to its low
cost, nontoxicity and, most importantly,
extremely high sodium capacity (2596
mAh g–1 for P↔Na

3
P, the highest Na+

capacity known) at a low desodiation
potential (~0.6 V vs. Na+/Na). However,
similarly to other alloying/conversion type
materials, P suffers from massive volume
changes during sodiation/desodiation (∆V
= 291%, by molar volume) leading to the
mechanical disintegration of the electrodes
and therefore rapid capacity fading due to
loss of electrical contact. The other main
disadvantage of P is its relatively low elec-
tronic conductivity, causing slow reaction
kinetics. Although noticeable progress
has been demonstrated for P-based SIB
anodes,[3] typically very large amounts of
conductive carbons are used to provide suf-
ficient conductivity as well as mechanical
stability of the electrodes, and often high
capacities with good cycling stability can
only be achieved at low charge/discharge
currents of ~100 mA g–1 (~0.05 C).

In this study, we were intrigued by the
possibility of addressing the aforemen-
tioned issues facing P-based SIB anodes
by using metal phosphide nanocrystals
(NCs) as the active material. Generally,
nanostructured materials often show im-
proved electrochemical performance over
their bulk counterparts due to mitigation of
the effects caused by volumetric changes
and improved ionic and electronic con-
ductivities upon homogeneous mixing
with conductive carbon additives.[4] More-
over, metallic inclusions, which form in
situ upon electrochemical conversion of
the transition metal phosphide to alkali
metal phosphide, are also expected to im-
prove the electronic connectivity within
the electrode. Despite the additional mass
of the transition metal, theoretical specific
charge-storage capacities of metal phos-
phides are still extremely high (900–1300
mAh g–1), surpassing all of the main alter-
natives to P such as Sn (847 mAh g–1) and
Sb (660 mAh g–1). Herein, we present the
sodium and also lithium storage properties
of highly uniform FeP, CoP, NiP

2
and CuP

2
NCs prepared via colloidal synthesis meth-
ods. It should be noted that, with the excep-
tion of a recent study on FeP,[5] this is the
first report on the electrochemical perfor-
mance of such metal phosphides in SIBs.
All of the phosphide NCs investigated in
this work show high charge-storage ca-
pacities, close to the theoretically expected
values. In comparison to the correspond-
ing metal sulphide NCs, the phosphides
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and dimethyl carbonate (DMC) with 3%
FEC. FEC was added to the electrolyte in
both the Li and Na coin cells to improve
capacity retention.[3c,7]All electrochemical
tests were carried out at room temperature
and the capacities were reported relative to
the mass of the metal phosphide NCs.

3. Results and Discussion

3.1 Synthesis and Characterization
of Metal Phosphide Nanocrystals

FeP NWs were synthesized according
to the procedure reported by Qian et al.[8]
In order to obtain NiP

2
NCs, a two-step

procedure was developed. First, Ni
2
P NCs

were synthesized according to a known
protocol reported by Popczun et al.[9] We
then added a second step: conversion of the
as-prepared Ni

2
P NCs into NiP

2
NCs by

adding red P to the reaction mixture, fol-
lowed by heating at 330 °C for 22 h. Anal-
ogously, this two-step approach was also
applied in the synthesis of CuP

2
and CoP

NCs, simply by replacing nickel(ii) acety-
lacetonate with the respective copper or
cobalt salt (for details, see the Experimen-
tal section). Fig. 1 summarizes the char-
acterization of the metal phosphide NCs
obtained by these methods. FeP NCs were
on average ~300 nm in length and ~7 nm in
width. CoP, NiP

2
and CuP

2
NCs exhibited

diameters of 25, 10 and 60 nm, respective-
ly. All materials showed phase-pure XRD
patterns, indexed according to the standard
ICSD files for these compounds.

3.2 Electrochemical Performance
of Metal Phosphide Nanocrystals

Fig. 2 shows the electrochemical per-
formance of the metal phosphide NCs in
Na-ion and Li-ion half-cells. Na-ion cells
were cycled at a current rate of 100 mA g–1

in the potential range of 0.02–2.5V. For Li-
ion cells, current rates of 300 mA g–1 and
a potential range of 0.02–2.0 V were used.
Assuming the formation of Na

3
P or Li

3
P

via the general conversion reaction

MP× + 3×e– + 3×A+ ↔ ×A
3
P + M

(M = Fe, Co, Ni, Cu; A = Li, Na),

the metal phosphides FeP, CoP, NiP
2
and

CuP
2
have theoretical capacities of 926,

894, 1333 and 1282 mAh g–1, respectively.
In close agreement, CuP

2
indeed showed

the highest capacity in the first cycle.
However, the capacities of all studied ma-
terials rapidly faded during cycling. The
compounds with higher P content, NiP

2
and CuP

2
, showed higher initial capacities

but poorer capacity retention. Namely, for
CuP

2
NCs the charge capacity decreased

from 1140 mAh g–1 to 570 mAh g–1 within
the first 16 cycles. For the FeP, CoP and

Then, 2 mL of TOP were added to the
flask under Ar and the reaction mixture
was heated to 320 °C for 65 min. The flask
was cooled to 200 °C by flowing air and
then 105 mg (3.4 mmol) of red phospho-
rous were added. Then the reaction mix-
ture was heated again to 330 °C and held
at this temperature for 22 h. CoP NCs were
isolated and purified identically to the NiP

2
NCs above.

2.1.4 CuP2 NCs
In a typical experiment, 4.5 mL ODE,

6.4 mL OLA and 0.262 g (1 mmol)
copper(ii) acetylacetonate (≥97%, Sigma-
Aldrich) were dried at 110 °C under vacu-
um for 1 h to removewater and low-boiling
point impurities. Then, 2 mL of TOP were
added to the flask underAr atmosphere and
the reaction mixture was heated to 320 °C
for 75 min. The flask was cooled to 200 °C
by flowing air and then 200 mg (6.4 mmol)
of red phosphorous were added. The re-
action mixture was then heated again to
330 °C and was held at this temperature
for 22 h. CuP

2
NCs were isolated and puri-

fied identically to the NiP
2
NCs above.

2.2 Characterization of Metal
Phosphide Nanocrystals

Transmission electron microscopy
(TEM) was performed using a JEOL JEM-
2200FS instrument operated at 200 kV,
using carbon-coated Cu grids as sub-
strates (Ted-Pella). Powder X-ray diffrac-
tion (XRD) was measured using a STOE
STADI P diffractometer (with Cu-Kα

1
ir-

radiation, λ = 1.540598 Å).

2.3 Electrode Preparation, Cell
Assembly and Electrochemical
Measurements

In order to evaluate the electrochemi-
cal properties of FeP, CoP, NiP

2
and CuP

2
NCs, Na-ion and Li-ion half-cells were as-
sembled. Prior to electrode preparation, or-
ganic ligands were removed from the sur-
face of the NCs by stirring them in a 1 M
solution of hydrazine in acetonitrile for 2 h
at room temperature, as is commonly per-
formed for colloidal quantum dots.[6] Elec-
trodes were prepared bymixing the respec-
tive metal phosphide NCs (63.75 wt%)
with carbon black (21.25 wt%, TIMCAL),
carboxymethylcellulose (CMC, 15 wt%)
and water as a solvent using a planetary
ball-mill at 500 rpm for 1 h. The aqueous
slurries were coated onto Cu current col-
lectors, which were dried at 80 °C under
vacuum overnight prior to cell assembly.
For electrochemical testing, coin cells with
elemental Na or Li were assembled in an
Ar-filled glovebox (O

2
< 0.1 ppm, H

2
O <

0.1 ppm) using either 1 M NaClO
4
in pro-

pylene carbonate (PC) with 10% fluoro-
ethylene carbonate (FEC) or 1 M LiPF

6
in

a 1:1 mixture of ethylene carbonate (EC)

exhibit lower desodiation potentials and
are hence better suited as SIB anode ma-
terials, but suffer from very fast capacity
loss upon cycling. Further work on the op-
timized formulation of the electrodes and
the selection of suitable electrolytes and
electrolyte additives is needed to improve
long-term cycling stability.

2. Experimental

2.1 Synthesis of Metal Phosphide
Nanocrystals

2.1.1 FeP Nanowires (NWs)
In a typical experiment, 2.5 g tri-n-

octylphosphine oxide (TOPO, 99%,
Strem) and 3 mL tri-n-octylphosphine
(TOP, ≥97%, Strem), previously dried at
100 °C under vacuum for 1 h, were heated
to 300 °C under Ar. At 300 °C, 0.5 mL of
Fe stock solution, prepared by mixing 1
mL TOP and 0.25 mL Fe(CO)

5
(99.99%,

Strem), was injected into the TOP/TOPO
mixture. After 30 min, a second injection
of 0.5mL of stock solution was carried out.
The reaction was stopped after an addition-
al 30 min. FeP NWs were precipitated by
adding hexane and ethanol, separated by
centrifugation, and re-dispersed in chloro-
form containing 1 wt% oleic acid. The
second precipitation was induced by add-
ing ethanol. After centrifugation, the FeP
nanowires were re-dispersed in chloroform
and stored under ambient conditions.

2.1.2 NiP2 NCs
In a typical experiment, 4.5 mL oc-

tadecene (ODE, 90%, Sigma-Aldrich),
6.4 mL oleylamine (OLA, 95%, Strem)
and 0.25 g (1 mmol) nickel(ii) acetylace-
tonate (≥98%,Merck) were dried at 110 °C
under vacuum for 1 h to remove water and
low-boiling point impurities. Then, 2 mL
of TOP were added to the flask under Ar
and the reaction mixture was heated to
320 °C and held at this temperature for
1 h. The flask was cooled to 200 °C by
flowing air and then 105 mg (3.4 mmol) of
red phosphorous (≥97%, Sigma-Aldrich)
were added. The reaction mixture was
then heated again to 330 °C and held at
this temperature for 22 h. NiP

2
NCs were

precipitated twice by adding chloroform
and ethanol, separated by centrifugation,
and re-dispersed again in chloroform. Af-
ter centrifugation, the NiP

2
NPs were re-

dispersed in chloroform and stored under
ambient conditions.

2.1.3 CoP NCs
In a typical experiment, 4.5 mL ODE,

6.4mLOLA and 0.25 g (1mmol) cobalt(ii)
acetylacetonate (≥98%, Merck) were dried
at 110 °C under vacuum for 1 h to remove
water and low-boiling point impurities.
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tion plateau can be identified in all cases
at ~0.6 V vs. Na+/Na, which is at the same
potential as reported for the electrochemi-
cal reaction of red P with Na.[3e] This im-
plies that metal phosphides rather convert
into elemental P and that cycling proceeds
mainly by the reaction P + 3e– + 3Na+ ↔
Na

3
P, as has been suggested for FeP.[5] In

Li-ion half-cells, the majority of delithia-
tion occurs at a potential of more than 1.0
V showing that metal phosphides are gen-
erally better suited as SIB anode materials
due to lower voltages of desodiation.

3.3 Comparison of FeP and FeS2
NCs as Anode Materials for Na-ion
Batteries

Clearly, from the prospects of low
cost and low toxicity, iron-based sodium
storage electrode materials are the most
interesting candidates, in particular when
the other chemical constituents of the
compound comprise equally abundant
elements such as phosphorus and sulfur.
Hence, iron sulfides can be seen as a main
alternative to phosphides. Similar difficul-
ties with capacity fading might occur for
FeS

2
(pyrite) due to its large (~280%) vol-

ume expansion upon Na
2
S formation.[10] In

order to compare the electrochemical per-
formance of Fe phosphides and sulfides,
we synthesized pyrite FeS

2
NCs with sizes

from 50–100 nm and tested them under
the same conditions as the FeP NCs. The
synthesis, characterization and electro-
chemical properties of FeS

2
NCs have been

detailed in our recent report.[11] Assuming
the formation of Na

2
S, FeS

2
NCs possess a

theoretical maximum capacity of 894 mAh
g–1, similar to the value for FeP (926 mAh
g–1). However, as can be seen in Fig. 3, the
electrochemical performance of FeS

2
and

FeP NCs is in fact very different. Whereas
FeP NCs show rapid capacity fading upon
cycling, FeS

2
NCs exhibit stable capaci-

ties of ≥800 mAh g–1 (near the theoreti-
cal value), clearly demonstrating that the
identity of the anion in a conversion-type
electrode material plays a critical role in
determining its electrochemical properties.
The only relevant previous investigation of
FeP as a SIB anode material is the recent
report by Li et al.;[5] in that work, anodes
prepared by ball-milling FeP showedmuch
faster capacity fading, from 460mAh g–1 to
~200 mAh g–1 within 40 cycles at a current
of 50 mA g–1. Compared to FeP NCs, the
only obvious drawback of FeS

2
NCs is the

higher desodiation potential (Figs 3b and
3c), that is, however, well compensated by
good capacity retention.

4. Conclusion

In conclusion, we have prepared NCs
of FeP, CoP, NiP

2
and CuP

2
using colloi-

interface (SEI) (see Figs 2c and 2d). No-
tably, rather poor coulombic efficiencies
of 92–95% for Na-ion and 96–98% for Li-
ion cells were obtained during subsequent
cycles, indicating continuous deterioration
and reformation of the SEI caused by pul-
verization of the electrode material.

Figs 2e and 2f show the galvanostatic
charge and discharge voltage profiles for
the first cycle for all testedmetal phosphide
NCs. For sodium ion storage, a desodia-

NiP
2
NCs, the capacities fell to below 600

mAh g–1 after just the first 10 cycles, and
faded to less than 400 mAh g–1 during sub-
sequent cycling. Similar observations were
made when testing the metal phosphide
NCs in Li-ion half-cells (Fig. 2b). Due
to the high surface area of the nanosized
materials, low coulombic efficiencies (20–
70%) were obtained for the first cycle due
to the irreversible decomposition of the
electrolyte forming the solid electrolyte

Fig. 1. Characterization of metal phosphide NCs. Transmission electron microscopy (TEM) imag-
es, X-ray diffraction (XRD) patterns and schematic representations of the crystal structures (from
left to right) of FeP, CoP, NiP2 and CuP2 NCs (a–d). The XRD patterns are indexed according to the
ICSD database: to orthorhombic FeP (PDF No.: 00-071-2262, space group Pna21 (33), a = 5.193
Å, b = 5.792 Å, c = 3.099 Å), orthorhombic CoP (PDF No.: 00-029-0497, space group Pnma (62),
a = 5.077 Å, b = 3.281 Å, c = 5.587 Å), cubic NiP2 (PDF No.: 00-073-0436, space group Pa3 (205),
a = 5.4706 Å) and monoclinic CuP2 (PDF No.: 00-076-1190, space group P21/c (14), a = 5.8004 Å,
b = 4.8063 Å, c = 7.5263 Å, β = 112.7°).
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