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SnP nanocrystals as anode material for Na-ion battery

Junfeng Liu,* Shutao Wang,* Kostiantyn Kravchyk,*® Maria lbéfiez,* Frank Krumeich,® Roland
Widmer,® Déspina Nasiou,® Michaela Meyns,*? Jordi Llorca,’ Jordi Arbiol,®® Maksym V. Kovalenko,®
Andreu Cabot*®

Tin monophosphide is a layered material consisting of Sn-P-P-Sn sandwiches that are stacked on top of each other to form
a three dimensional crystallographic structure. Its composition and crystal structure makes it an excellent candidate anode
material for sodium-ion batteries (SIBs). However, SnP is yet to be explored for such and other applications due to its
challenging synthesis. In the present work, we report the synthesis of SnP nanocrystals (NCs) from the reaction of
hexamethylphosphorous triamide (HMPT) and a tin phosphonate prepared from tin oxalate and a long chain phosphonic
acid. SnP NCs obtained from this reaction displayed spherical geometry and a trigonal crystallographic phase with a
superstructure attributed to ordered diphosphorous pairs. Such NCs were mixed with carbon black and used as anode
materials in SIBs. SIBs based on SnP NCs and sodium(l) bis(fluorosulfonyl)imide (NaFSI) electrolyte displayed high
reversible capacities of 600 mA h g at a current density of 100 mA g and cycling stability for over 200 cycles. Their
excellent cycling performance is associated to both the small size of the crystal domains and the particular composition
and phase of SnP which prevent mechanical disintegration and major phase separation during sodiation and desodiation

cycles. These results demonstrate SnP to be an attractive anode material for sodium ion batteries.

Introduction

The low cost and high abundance of sodium resources in the
Earth crust make sodium-ion batteries (SIBs) a cost-effective
alternative to lithium-ion batteries (LIBs) for large scale energy
storage.? Having a similar operation mechanism, progress
achieved for LIBs can be in large part transferred to SIBs. This
is for instance the case for layered cathode materials
developed for LIBS and applied in SIBs. However, the larger

size of sodium has associated slower/unfavorable

intercalation/alloying kinetics and larger volumetric changes
that particularly affect the anode materials. In this regard,
commercial graphite anodes used for LIBs are not suitable for
SIBs. While graphite is readily lithiated to LiCs, graphite
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intercalation compounds with high Na densities are
energetically unfavorable.?

Phosphorous, tin, antimony and alloys based on these
elements are among the best candidate anode materials for
SIBs. These elements are able to alloy with sodium to reach
high theoretical capacities.*” In particular, elemental
phosphorous has a very high theoretical capacity of 2596 mA h
g! corresponding to the formation of NasP.®!° However,
phosphorous has a limited electrical conductivity. Additionally,
it displays a huge volumetric change of 490% during formation
of the Na-rich phase. This extreme volume expansion results in
pulverization and peeling off from the current collector,
causing loss of electrical conductivity.

To overcome limitations of pure phosphorous and improve
cycling performance, combinations of phosphorus with metals
forming metal phosphides (M4Py), have been proposed, where
M is inactive Co,''3 Nj,4% Cu,®7 Fel8%20 or electroactive
Ge,??2 and Sn%-3% with regard to Na. Superior performance of
metal phosphides over pure phosphorous is manly attributed
to the presence of metal atoms acting as electronic pathways
drastically enhancing electronic conductivity.

Among them, with two electroactive
elements, have certainly attracted much attention as low-cost
anode material for SIBs with high theoretical capacity, 1132
mAh g for SnsPs, associated with the formation of NasP and
Na155n4.23'35

Besides, pure tin as anode material has shown excellent

tin phosphides,

performance as anode material for Na-ion batteries.3¢*° But Sn
has a much lower theoretical capacity 847 mA h g compared
with P, and it also exhibits poor cyclability due to the severe
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volume change up to 420% during sodiation and desodiation
process, resulting pulverization of electrode and rapid
degradation of capacity.3¢37

Besides a proper composition of the active anode material,
to alleviate the pulverization problem and improve the cycling
performance, the use of nanostructured materials is crucial.
Nanomaterials can reduce the accumulated stress during
sodiation, even at high charge/discharge rates, thus potentially
preventing mechanical disintegration. Nanomaterials can also
enhance electron and ion transport when within a conductive
matrix and at the same time improve the kinetics of sodium
insertion/removal.*42

Reliable strategies to produce metal phosphide
nanocrystals (NCs) with controlled parameters are not yet well
developed, at least not at the level of oxides and
chalcogenides. Particularly challenging has been the synthesis
of phosphides of main group metals such as Ga, In, Ge and
Sn.*3% In the past, various synthetic approaches of tin
phosphides were developed.?>3* As an example, 200 nm Sn4Ps3
particles were synthesized in solution using tin(ll)
acetylacetonate and trioctylphosphine (TOP), and used as SIB
anode reaching a capacity of 719.8 mA h g? in the initial
cycle.?> While demonstrating high capacity values and low
redox potentials,?>2® SnsP3 showed poor cycling performance.
Its moderate stability was related to mechanical disintegration,
which may be aided by the fact that SnsP3 desintegrated into
NaisSns and 3NasP during the initial sodiation and it did not
form again during desodiation.

Alternative phosphorus-richer tin phosphides have higher
theoretical mass capacities. However, due to the challenge
that the synthesis of tin phosphide phases different from SnsP3
has so far represented, just one phosphorus-rich tin phosphide,
SnP3, prepared by reactive ball milling of Sn, red phosphorus
and carbon black has been tested as anode material for SIBs.3°

A tin phosphide yet to be explored for a number of
potential applications, including SIBs, is the monophosphide,
SnP. SnP is a metastable tin phosphide phase, but displaying a
large kinetic stability at temperatures below 500 °C.5° SnP has
a layered structure composed of Sn-P-P-Sn sandwiches stacked
together to form a three-dimensional crystal.>! Its layered
structure, metallic character and stoichiometric composition,
which provides a theoretical capacity of 1209 mA h g, make
SnP an excellent candidate anode material for SIBs. Actually,
the existence of diphosphorus pairs in the SnP structure has
already been demonstrated to prevent phase segregation
during lithiation/delithiation cycles,*? resulting in a superior
stability in LIB anodes.

In this work, we present a reliable synthetic approach to
produce SnP NCs making use of stable and safe metal
precursors. We further test the performance and stability of
these SnP NCs as anode material for SIBs.

Experimental
Chemicals: Tin(ll) oxalate (98%), tin(ll) acetylacetonate
(Sn(acac),, 99.9%), bis[bis(trimethysilyl)Jamino]tin(ll), tin(ll)

stearate (90%), oleylamine (OAm, >70%), 1-octadecene (ODE,
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90%) were purchased from Sigma-Aldrich. n-
Tetradecylphosphonic acid (TDPA, 97%) was purchased from
PlasmaChem GmbH. n-Octadecylphosphonic acid (ODPA) was
obtained from PClI synthesis. Hexamethylphosphorous
triamide (HMPT, 97%) was bought from Alfa Aesar.
Dimethoxyethane (DME, battery grade) was purchased from
Novolyte technologies Inc. sodium(l) bis(fluorosulfonyl)imide
(NaFsSlI, 99.7%) was purchased from Solvionic SA. carbon black
(CB, Super C65) was bought from Timcal Ltd. carboxymethyl
cellulose (CMC,Grade: 2200, Lot No. B1118282) was bought
from Daicel Fine Chem Ltd. Glass microfiber separator (GF/D,
Cat N0.1823-257) was bought from Whatman plc. Cu foil (9um)
was purchased from MTI Corporation. Coin-type cells was
bought from Hohsen Corp., Japan. Chloroform and ethanol
were of analytical grade and obtained from various sources. All
chemicals were used as received, without further purification.
All syntheses were carried out applying standard airless
techniques: reactions were carried out using a vacuum/argon
gas Schlenk line; air and moisture-sensitive chemicals were
stored and handled in an argon filled glovebox.

Synthesis of SnP NCs: Caution: Because this procedure involves
the high-temperature decomposition of a phosphorous
precursor that can liberate toxic and flammable phosphine gas,
the reaction should only be carried out by appropriately trained
personnel using rigorously air-free conditions and the Schlenk
line should be connected with gas absorption solutions.

In a typical synthesis, 103 mg of tin oxalate (0.5 mmol), 139

mg of TDPA (0.5 mmol), 5 mL of OAm and 10 mL of ODE were
introduced in a 50 mL three-necked flask containing a stir bar.
The flask was also equipped with a thermocouple and its
adapter, a Liebig condenser, and a septum. The reaction
mixture was stirred and heated to 100 °C under vacuum for 60
min to remove air, water and low-boiling point impurities. The
solution was then placed under argon, heated to 180 °C in 10
min, and maintained at this temperature for additional 30 min
to obtain a clear and transparent solution. Afterward, the
solution was further heated to 270 °C within 15 min. At this
temperature, 0.200 mL of HMPT (1.15 mmol) was injected into
the flask and the reaction was kept at this temperature for 60
min. The flask was allowed to cool to 200 °C by removing the
heating mantle and then cooled rapidly to room temperature
with a water bath. The contents of the reaction mixture were
transferred into centrifuge tubes, followed by centrifugation at
5000 rpm (3200 g) for 5 min. The isolated powder was re-
suspended using 1:3 (v:v) chloroform and ethanol and then
centrifuged again. This entire process was repeated twice.
Finally the powder was suspended in 5 mL of chloroform in a
vial.
Ligand removal: At room temperature and under continuous
stirring, 5 mL of an aqueous 1 M hydrazine hydrate solution
were introduced into a flask containing ~20 mg of NCs in 5 mL
of hexane. The mixture was stirred until the NCs moved from
hexane to the aqueous phase. The product was further
washed twice with hexane and ethanol and centrifuged at
3000 rpm. A nanopowder was collected after drying the
precipitate at room temperature.
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Characterization: The NCs size and shape were examined by
transmission electron microscopy (TEM) using a ZEISS LIBRA
120, operating at 120 kV. High-resolution TEM (HRTEM) and
annular dark field scanning TEM (ADF-STEM) images were
obtained by using a field emission gun FEITM Tecnai F20
microscope with a point-to-point resolution of 0.19 nm at 200
kV equipped with an embedded Quantum Gatan Image filter
(Quantum GIF) for spectrum imaging (SI) electron energy loss
spectroscopy (EELS) analyses. Images have been analyzed by
means of Gatan Digital Micrograph software. Scanning
electron microscopy (SEM) analyses were done in a ZEISS
Auriga microscope equipped with an energy dispersive X-ray
spectroscopy (EDS) detector operating at 20 kV that allowed
studying composition. Ex situ EDS maps were collected on a FEI
Talos F200X microscope operated at 200 kV. For SEM
characterization, the materials were dispersed in chloroform
and drop casted on silicon substrates. Powder X-ray diffraction
(XRD) patterns were collected directly from the as-synthesized
NCs dropped on Si(501) substrate with a Bruker AXS D8
Advance X-ray diffractometer with Ni-filtered (2 um thickness)
Cu Ka radiation (A = 1.5406 A) operating at 40 kV and 40 mA. A
LynxEye linear position-sensitive detector was used in
reflection geometry. X-ray photoelectron spectroscopy (XPS)
was carried out on a SPECS system equipped with an Al anode
XRS50 source operating at 150 mW and a Phoibos 150 MCD-9
detector. Ex situ XPS measurements were carried out in
normal emission using a monochromatized Al Ka X-ray
radiation source and a Scienta R3000 display analyzer. Fourier
transform infrared (FTIR) spectra were acquired using a
PerkinElImer FTIR 2000 spectrophotometer. Spectra were
recorded from 400 cm~ to 4000 cm™2,

Electrode fabrication, cell assembly and electrochemical
measurements: Electrodes were prepared by mixing SnP NCs
(64 wt%) with CB (21 wt%), CMC (15 wt%) and water using a
planetary ball-mill (500 rpm, 1h). The resulting aqueous
slurries were coated on Cu foil current collectors and then
dried at 80 °C for 12 h under vacuum. All electrochemical
measurements were conducted in air-tight coin type cells
assembled in an argon-filled glove box. Elemental sodium was
employed as both reference and counter electrode. As
electrolyte, 5 M NaFSI in DME was used. Glass fiber was used
as separator. Galvanostatic cycling tests were carried out at
room temperature on MPG2 multichannel workstation
(BioLogic). Capacities were normalized by the mass of SnP.

Results and discussion

Tin phosphide NCs were prepared in solution by reacting HMPT
with a source of tin at 250-270 °C. The reaction was carried out
in an ODE solution containing TDPA and OAm, as detailed in
the experimental section. Owing to the relatively low boiling
point of the phosphorous precursor used, HMPT, this was
injected at the reaction temperature. Heating up procedures,
involving mixing all the reactants at room temperature and
then heating up the solution to the reaction temperature,
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were not fully reproducible due to the partial loss of HMPT
during the process.

To optimize the synthetic procedure, different tin
precursors were initially tested (Fig. S1). In the reaction
conditions applied, bis[bis(trimethysiyl)Jamino]tin resulted in
particles with broad size and phase/composition distributions,
including metallic Sn, SnsP3 and SnP. Tin acetylacetonate
resulted in a mixture of Sn and SnsP3; phases. Tin stearate
mainly yielded SnP particles, with just minor impurities of
other phases. Among the different compounds tested, tin
oxalate was the only one yielding pure phase SnP upon
reaction with HMPT in the presence of a phosphonic acid and
OAm. This experimental result and the advantageous stability,
low cost and low toxicity of tin oxalate made us selecting this
precursor as the most convenient one to continue this work.

The reaction temperature was limited by the low boiling
point of HMPT. This limitation was especially severe for tin
precursors with moderate reactivity, since during the reaction,
the phosphorus precursor could partially leave the reaction
mixture. At 250 °C, the SnP NCs produced from tin oxalate
were highly aggregated in a raspberry-like fashion, with an
average size of 8 nm and a low crystallinity (Fig. S2). Using tin
oxalate, 270 °C was found to be the optimum temperature to
produce well-dispersed SnP NCs with high crystallinity (Fig. 1).

e

Intensity (a.u.)

SnP (JCPDIS (3-1787)

|.I”'.” T [ AT
20 30 40 50 1] 70 a0
20 (degree)

Fig. 1 TEM micrograph (a) and XRD pattern (b) of the NCs
produced from the reaction of tin oxalate with HMPT at 270 °C.
Reaction was carried out in ODE and in the presence of OAm
and TDPA: TDPA/Sn = 1. Inset within the XRD graph shows the
SnP crystal structure along two different directions.

To assess the role of TDPA, reactions with different
amounts of this compound were carried out (Fig. S4). In the
absence of TDPA, tin oxalate did not fully dissolve in the ODE-
OAm solution. Thus, upon injection of HMPT, Sn4Ps particles
with a drop-like morphology and sizes above 200 nm mixed
with small amounts of metallic Sn were produced (Fig. S4a,e).
Such morphology was similar to that obtained in a previous
work from the reaction of tin(ll) acetylacetonate with
trioctylphosphine (TOP) at 350 °C.% In this previous work, tin(ll)
acetylacetonate was found to decompose to SnO, which was
reduced to Sn and later reacted with TOP to yield Sn4P3.%> In
our reaction conditions, XRD and SEM-EDX analysis also
demonstrated that in the absence of TDPA, tin oxalate initially
decomposed to SnO, which later reacted with HMPT to vyield
Sn4P3 particles (Fig. S5 and S6).
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With a TDPA/Sn ratio of 0.5, chains of aggregated NCs
containing a blend of SnP and Sn phases were produced (Fig.
S4b). Phosphonic acids strongly coordinate to tin, helping to
dissolve the tin oxalate in the ODE solution. However, with a
low amount of TDPA, part of the oxalate was not dissolved,
and a mixture of phases was obtained. With a larger amount of
TDPA, TDPA/Sn = 1, all the tin oxalate was well dissolved and a
clear solution was obtained at 180 °C. After injecting HMPT, it
took about 30 s for the color of the growth solution to change
from colorless to black. The long nucleation time might be
related to a strong binding of phosphonate to tin ions. Under
these conditions, dispersed spherical 34 £+ 5 nm NCs of pure
SnP were obtained, and no extra phases were found from the
XRD characterization (Fig. 1). The geometrical particle size
matched well with the crystallographic size obtained from the
Scherrer analysis of the XRD pattern, indicating a high
crystallinity of the SnP NCs obtained. XRD characterization of
the reaction product at different reaction times showed SnP to
be directly produced from the reaction of the tin phosphonate
complex and HMPT, with no intermediate phase forming (Fig.
$10 and S11). No solid material was obtained before injecting
HMPT. This XRD analysis also showed the NC crystallinity to
improve with the reaction time (Fig. S10). When excess TDPA
(TDPA/Sn =2) was used, no solid was formed after 1 h of
reaction with HMPT.

The complex collected after mixing tin oxalate with TDPA
at 180 °C was a white viscous compound with very low
solubility in any organic solvent tested. These characteristics
were similar to those of the compound formed using a
cadmium precursor.>®>* We thus hypothesize that the formed
tin complex, most probably a tin tetradecylphosphonate, is a
coordination polymer similar to cadmium octadecyl-
phosphonate, which was identified as composed of layers of
cadmium ions bridged together by phosphonate groups.>3>*

Exchanging TDPA with a longer phosphonic acid, e.g. ODPA,
maintaining otherwise identical conditions (ODPA/Sn =1,
reaction temperature = 270 °C), resulted in smaller SnP NCs,
with an average size of 23 + 4 nm (Fig. S7 and S8). We ascribed
this reduced NC size to a lower reactivity of the tin
phosphonate complex formed from the longer chain
phosphonic acid (ODPA) when compared with the shorter one
(TDPA), as also observed for cadmium chalcogenides.>>

In agreement with XRD patterns, HRTEM analysis showed
NCs to have the trigonal SnP crystallographic phase (S.G.: P-
3ml) with lattice parameters a = b = 4.3922 A and c = 6.0400 A
(Fig. 2).5* As described by J. Gullman, the SnP trigonal structure
is formed by Sn octahedra filled with diphosphorous pairs that
may have four different orientations (Fig. 2d).”* In a perfect
random distribution of the diphosphorous pairs orientations,
no extra reflections should be observed in the power spectra
(Fig. 2e). However, the power spectrum of several NCs showed
streaky extra spots as those observed in Fig. 2b when
visualizing the NC along the [10-10] zone axis. These streaky
extra spots were in perfect agreement with the presence of
stacking faults along the (0001) planes, i.e. in the sequence of
the sandwiches composed of filled octahedral, as suggested by
Y. Kim et al. 2 In other NCs, non-streaky extra spots were
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observed (red circles in fig. 2h, see also S12-S14) which
indicated the presence of an ordered superstructure as
hypothetically suggested by J. Gullman.>! We attributed this
superstructure to the ordered orientation of the
diphosphorous pairs within the layers of filled octahedra. The
structure model for a compound of the SnP type with the
atomic pairs all oriented parallel with the c-axis was predicted
by Hulliger,>® but it was not previously experimentally reported.

Annular dark field scanning TEM (ADF-STEM) and STEM-
EELS elemental composition maps revealed that Sn and P were
uniformly distributed throughout each NC (Fig. 2k). SEM-EDS
analysis showed that as-synthesized SnP NCs had an excess of
phosphorous, P/Sn = 1.2 (Fig. S6), which we attributed to the
presence of phosphonate as surface ligand.

Fig. 2 a) HRTEM micrograph of a SnP NC with a trigonal
structure. b-c) Magnified detail of the NC squared in orange (b)
and its corresponding power spectrum (c). Stacking faults are
revealed as the streaky extra spots (indicated by red arrows) in
the power spectrum. d) Simulated SnP structure along the [10-
10] zone axis showing all the possible diphosphorous pairs
orientations occupied. e) Simulated electron diffraction for a
disordered non-faulted crystal, where no streaky extra spots
are observed. f) HRTEM micrograph of another SnP NC with
the trigonal structure. g-h) Detail of the NC area squared in
blue (g) and its corresponding power spectrum (h). In the
power spectrum, some extra spots, which should not exist in
the pure hexagonal structure, were found. These extra points,
circled in red, could not be indexed by using the simple

This journal is © The Royal Society of Chemistry 20xx



trigonal SnP structure with a random distribution of the
orientation of the diphosphorous pairs. Only the brightest
spots from the FFT, circled in green, could be indexed. i)
Atomic arrangement of the Sn (cyan) and the P (yellow) atoms
in the SnP structure along the [-1 1 0 -1] zone axis including a
random distribution of the diphosphorous pairs orientation. j)
3D atomic model of a 10 nm diameter SnP NC along the [-11 0
-1] zone axis. k) ADF-STEM micrograph and STEM-EELS
elemental composition maps of several SnP NCs: Sn (red) and P
(green).

The presence of a phosphonate surface ligand was
confirmed by FTIR analysis (Fig. 3). The FTIR spectra of SnP NCs
displayed peaks at 2922 and 2853 cm™ attributed to the C-H
stretching vibrations of alkyl groups of the
tetradecylphosphonate group. For free TDPA, the vibrations
associated to phosphorus are found in the region between
1200 and 900 cm™. Within this region, the absorbance band
corresponding to the stretching of P=0 (1167 cm™) and P-O
bonds (1045, 985, and 952 cm™) can be localized. In the FTIR
spectra of SnP NCs, these features were merged within a
broad absorbance band centred at 1045 cm™. This band
evidenced the presence of the phosphonate group while at the
same time indicated a chemical alteration in the phosphonic
acid head group which we assigned to its binding at the
surface of NCs. After ligand removal, the absence of vibration
modes of C-H, P=O and P-O bonds indicated that all
phosphonate was removed by hydrazine hydrate.

SnP after ligand removal

SnP
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5 | 0Am
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Fig. 3 FTIR spectra of TDPA, OAm and SnP NCs before and after
ligand removal.

XPS analysis was used to characterize the chemical
environment of atoms at the surface of SnP NCs (Fig. 4). Sn 3d
electronic states were found at binding energies of 486.4 eV
(Sn 3ds;2) and 494.9 eV (Sn 3dss), which suggested a SnO
environment. In the P 2p region, three main distinct peaks
were observed at 133.1 eV, 133.9 eV and 138.9 eV. The peak
at 138.9 eV does not correspond to a P 2p electronic state but
to Sn 4s electrons. On the other hand, the two main
components at lower binding energies were assigned to the P
2ps32 (133.1 eV) and P 2pi»2 (133.9 eV) electronic states of
phosphorous in a phosphate chemical environment.>” Minor
peaks at 131.2 and 132.1 were associated to the metal-
phosphide bond P-Sn in the hexagonal SnP structure, which
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represented a 10% of the total phosphorous detected at the
NC surface.

Sn3d 5o Sn3d, P2p 2y
Snad, P
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Fig. 4 XPS spectrum of the Sn 3d (left) and P 2p (right) regions
obtained from SnP NCs. The Sn 3d spectrum was fitted with 4
peaks corresponding to 2 chemical states, matching the main
one with the SnO binding energy (Sn 3ds,. binding energy =
486.4 eV). Within the P 2p region, a band corresponding to Sn
4s electronic states is found. The P 2p band was fitted with
four peaks, corresponding to 2 chemical states, matching the
main one with the phosphate binding energy (P 3ps/; binding
energy = 133.1 eV).

EDX analysis of the NCs after ligand removal showed the
phosphorous-to-tin ratio to be P/Sn = 0.96 £+ 0.02. This
phosphorous deficiency could be explained by considering a
tin-rich surface after removal of the phosphate ligands. This
deficiency was also consistent J. Gullman work, reporting SnP
single crystals to have a significant amount of phosphorous
vacancies and an overall stoichiometry: SnPg.a.

For electrochemical measurements, SnP electrodes were
prepared by mixing SnP NCs with CB, CMC and water, and
casting the resulting slurries onto copper current collectors.
Coin-type cells were employed for the electrochemical tests.
The cell contained a sodium disk as counter and reference
electrode, the SnP electrode as working electrode and a glass-
fiber separator soaked with sodium electrolyte placed in-
between both electrodes.

Fig. 5a shows cyclic voltammetry curves of the SnP
electrodes at a scan rate of 0.1 mV s In the first cathodic
cycle (sodiation step), a small broad peak at about 0.5-0.9 V vs.
Na*/Na was attributed to the formation of a solid electrolyte
interphase (SEI) layer due to irreversible reduction of the
electrolyte during the first cycle.>®>® Upon further sodiation, a
large reduction peak at 0.07 V vs. Na*/Na aroused, which was
ascribed to sodium insertion in SnP forming Na-Sn alloy and
sodium phosphide phase.?62°

In the reversed scan, the SnP electrode displayed two
peaks at 0.46 V and 0.7 V, which can be associated with
gradual desodiation of the Na-Sn alloy phase.?%° In addition,
the second peak at a higher potential, 0.7 V, can be assigned to
desodiation of the sodium phosphide phase.?®®! Upon further
cathodic cycles, three peaks at 0.57 V, 0.23 V and 0.01 V
appeared. The peak at 0.57 V was attributed to the reaction of
phosphorous with sodium,?%62 and the peaks at 0.23 V and
0.01 V to the gradual sodiaton of Sn.%*
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Fig. 5 a) Cyclic voltammetry curves of the initial five
charge-discharge cycles for electrodes comprising SnP NCs
(scan rate = 0.1 mV s?!) measured using 5M NaFSI (sodium(l)
bis(fluorosulfonyl)imide) in dimethoxyethane (DME) sodium
electrolyte. b) Structure evolution of SnP NCs during
electrochemical sodiation. In situ XRD patterns collected
during the first discharge/charge of the SnP NCs using a
current rate of 10 mAh g in the potential range of 5 mV-1.5 V.
c) Ex-situ XPS spectra of electrodes composed of SnP NCs
before (pristine) and after discharge and charge. Prior
measurements, the electrodes were rinsed from the Na
electrolyte using pure dimethoxyethane solvent.
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To identify the crystallographic phase evolution of the SnP
electrode, in situ XRD analyses were performed (Fig. 5b). A
steady decrease of the intensity of the SnP diffraction peaks
and a concomitant peak broadening indicated that the
sodiation of SnP NCs occurred with concominant
amorphization of the material. After desodiation, the SnP
trigonal structure was not recovered and the material
remained amorphous. Previous works using SnsP3; particles
observed a metallic tin segregation during cycling, which was
related to the anode performance deterioration.”> No phase
segregation was observed during the sodiation and
desodiation of SnP in the present work from XRD analysis.
SEM-EDX analysis of the initial SnP electrode and the same
electrode after several cycles did not show evidences of
significant phase segregation at the micron scale (Figure S16).
However, segregation at the nanometer scale, into amorphous
phases or very small and defective crystalline domains could
be not discarded.

The sodiation/de-sodiation mechanism was interrogated
also by ex situ XPS analysis for pristine, discharged and charged
electrodes (Fig. S5c). After discharge, the Sn 3d peak position
did not changed much in comparison with pristine sample.
Upon charge, however, Sn 3d peak shifted towards lower
binding energy indicating on the reduction of Sn*/?* towards
formation of metallic Sn. The peak of phosphorous at 129 eV
corresponding to metal-P bond was fully vanished after
discharge. For the following charge, the small shift of
phosphorous peak at 133.8 eV corresponding to slight
reduction of phosphorous from P°>* (phosphate chemical
environment) toward lower oxidation state was observed.

As follows from CV and XPS measurements, the initial
discharging process of SnP most likely takes place with
formation of Na-Sn alloy and sodium phosphide phases. Upon
following charge, SnP structure can not be recovered following
formation of the mixture of elemental Sn and P (not visible
from XPS spectra most probably due to the fast oxidation of
phosphorous in ambient atmosphere).

To maximize the battery performance, both the anode
material and the liquid electrolyte need to be optimized.
Electrolytes based on NaClO4, NaPFs and NaFSI salts were
tested. Measuring the cycling performance of SnP anodes with
the various sodium electrolytes, we concluded that the
ultraconcentrated sodium electrolyte based on NaFSI in
dimethoxyethane (DME) provided the highest stability (Fig.
S17, S18). The enhanced electrochemical performance of SnP
NCs with NaFSI electrolyte was attributed to the formation of a
stable SElI that effectively suppress further electrolyte
reduction during battery cycling.’®>%%3 NaFSI is actually the
only electrolyte that, to a certain extent, can decrease sodium
dendritic growth on Na metal during cycling.>>%¢ This
advantage is related to its improved SEI stability. In addition,
NaFSI electrolyte has a high oxidation stability and ionic
conductivity.>®

Fig. 6a shows rate-capability measurements of Na-ion half-
cells based on SnP NCs at various current densities of 0.05 —
2.5 A g yielding capacities of 645 - 396 mAh g1, respectively.
Importantly, when the current rate was set back to 50 mA g*

This journal is © The Royal Society of Chemistry 20xx
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from the high current density of 2.5 A g, almost full capacity
recovery was measured. These results indicated a high
electronic conductivity and charge-transfer kinetics in the SnP-
based anode. As shown in the Fig. 6b, the voltage profiles
during galvanostatic cycling were similar at all current
densities. The galvanostatic curves were rather smooth, which
suggest slow, gradual sodiation of SnP NCs.
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Fig. 6 Electrochemical performance of SnP NCs. Rate
capability measurements (a), galvanostatic charge-discharge
voltage curves (b) and cyclic stability of Na-ion half-cells
employing SnP anodes made from SnP NCs at 0.1 A g (c). All
anodes had the same composition of
SnP(64%)/CB(21%)/CMC(15%) and were cycled at room
temperature at various current densities of 0.05 —2.5 A g; 5M
NaFSI in DME solution was used as electrolyte for Na-ion cells.
All batteries were cycled in the potential range of 5 mV - 1.5 V.
The obtained capacities were normalized by the mass of SnP.

The cycling stability tests of half-cells employing SnP NCs at
current densities of 0.1 A g and 0.5 A g* showed high capacity
retention over 200 and 500 cycles (Fig. 6¢, S18, S19, S20) with
high columbic efficiency of 98.3% and 99.0%. To the best of
our knowledge, this is the longest cycle live demonstrated so
far for tin phosphide-based anodes.22%:30.60.64 \We attribute the

This journal is © The Royal Society of Chemistry 20xx

high electrochemical cyclic stability demonstrated for SnP NC-
based electrodes to two factors: i) the small size of the
particles, which prevents them from accumulating sufficient
stresses to mechanically disintegrate during sodiation and
desodiation cycles; and ii) to the convenient crystal structure
and composition of the NCs, which maintained the SnP phase
without major segregation of tin and phosphorous during
cycling.

Conclusions

To summarize, pure-phase SnP NCs were produced from the
reaction of HMPT and a tin phosphonate obtained from tin
oxalate and a long chain phosphonic acid. The tin precursor
and the type and amount of phosphonic acid were key
parameters to produce pure and highly crystalline tin
monophosphide NCs. SnP NCs showed organized orientation
of diphosphorous pairs within their layered crystal structure.
SnP NCs were tested for the first time as anode material for
SIBs. SnP NC-based SIB anodes exhibited specific capacity of
about 600 mA h gt at a current density of 100 mA g and very
stable cycling performance with negligible capacity fading over
200 cycles. This excellent performance was attributed to the
sodiation of the two components within the phosphide, the
small size of the crystal domains and the proper phosphorous-
rich composition.
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