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We demonstrate the important strategy to design suitable electrolyte systems that make the

desirable interfacial structure to allow reversible sodiation/desodiation of Sn,P; anodes. Our
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investigation reveals that the remarkable improvement in the electrochemical performance of

Sn4P; anodes for NIBs is achieved by the combination of fluoroethylene carbonate (FEC)
with tris(trimethylsilyl)phosphite (TMSP). We clearly present unique functions of binary
additive combination to build up a protective surface film on the Sn,P; anode against
unwanted electrolyte decomposition and to prevent the formation of the Na;sSn, phase,
which is accompanied by a large volume expansion during the Na insertion (sodiation)

process.

Introduction

Sodium-ion batteries (NIBs) have recently gained recognition
as an intriguing candidate for next-generation battery systems,
largely on the basis of their similarities to lithium-ion batteries
(LIBs) as well as the natural abundance of Na resources.
Nevertheless, the practical application of NIBs is still quite
challenging because NIBs face the critical problem of lower

energy density than LIBs in terms of the cost per energy ($/Wh).

To reduce the cost per energy unit of NIBs, electrode materials
with high energy densities should be developed.*® In addition,
the Na ion has a larger ionic radius than the Li ion, which is a
critical issue for the reversibility of Na insertion/extraction
into/from Na host materials.

Extensive studies have been directed to improve the
electrochemical properties of cathodes®!! and anodes'?*’ for
high-performance NIBs. Among various anode materials, Sb-
based (660 mAh g* for NazSh)*?** and P-based (2596 mAh g*
for NazP)!>!® materials have been considered as Na-insertion
anodes because of their high specific capacities. However, their
electrochemical performance is unsatisfactory for ensuring long
cycle life. Recently, Lee and co-workers reported Sn4Ps;
materials as promising anodes for NIBs.® The Sn,P; anode
materials exhibit a high reversible capacity of 718 mAh g and
a reasonably low redox potential of approximately 0.3 V vs.
Na/Na*, which is beneficial for the high operating voltage of a
full cell.®® The architecture of a stable and robust protective
layer on the metallic anode is critically important to ensure
good electrochemical performance of batteries, including

This journal is © The Royal Society of Chemistry 2013

NIBs.'%? Severe volume changes of the metallic anode due to
Na insertion and extraction cause cracking of the anode
particles and lead to a continuous solid electrolyte interphase
(SEI)-filming process on the exposed active surface of the
anode. Considerable SEI formation depletes the limited Na*
source in a cell, results in thick SEI layers that induce a loss of
electrical conduction pathways in the electrode, and causes
poor cycling performance.???* One of the efficient strategies for
forming a stable artificial SEI layer on the metallic anode is the
use of an reducible electrolyte additive. Recent studies for
fluoroethylene carbonate (FEC) as a reducible additive have
shown that the electrochemical performances of carbonaceous
and metallic anodes in NIBs are greatly improved by the FEC-
derived SEI layer.''®? Nevertheless, since the FEC-derived
SEI layer mainly composed of highly resistive NaF may
impede the sodiation/desodiation process of the anodes, a new
class of electrolyte additives should be developed to achieve
high-performance anodes in NIBs.

Herein, we propose a highly promising electrolyte additive
combination that affords good cycling stability and improve the
kinetic of desodiation of the Sn,P; anodes. To understand the
interfacial characteristics and electrochemical reactions of the
Sn,P; anodes with and without additives, observations of the
surface morphology, and spectral and XRD studies of the Sn,P3;
anodes were carried out. Moreover, unique functions of the
binary additive in the interfacial architectures of the Sn,P;
anode are demonstrated.
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Experimental

Preparation of electrolyte and electrode

The reference electrolytes used for the electrochemical tests of
Sn,P3/Na cells were 1 M sodium perchlorate (NaClO,4, Aldrich,
> 98.0%) dissolved in a solvent mixture of ethylene carbonate
(EC)/propylene carbonate (PC) (1/1, v/v). Solvents (Soulbrain
Co., Ltd.) were used as received. 5 wt.% fluoroethylene
carbonate (FEC, Soulbrain Co., Ltd) and 05 wt%
tris(trimethylsilyl) phosphite (TMSP, Aldrich) were introduced
into the baseline electrolyte as functional additives. For the
electrochemical tests, the Sn,P; anode material was synthesized
according to a procedure reported by our group.'® The anode for
the cell test consisted of a mixture of Sn,P; active material,
poly(acrylic acid) (PAA (M,,= 100,000), Aldrich), and super P
carbon black for electronic conductivity enhancement (70:20:10
weight ratio) deposited onto a piece of Cu foil with a thickness
of 18 um. The resulting anodes were dried under vacuum at
110 °C for 2 h prior to being assembled into cells. To minimize
the disintegrity of Sn,P; anodes during cycling, the introduction
of a mechanically stable binder, which accommodate severe
volume changes and maintain electrical conduction network in
the electrode, are needed. In this regard, we used PAA, which
was proposed as an appropriate binder for anodes with large
volume changes associated with the alloying and dealloying
processes.?

Characterization

After being precycled, the cells were carefully opened in a
glove box to retrieve their anodes. The anodes were rinsed in
dimethyl carbonate to remove the residual NaClO,4-based
electrolyte and then dried. To obtain XPS spectra and SEM
images of Sn,P; anodes, anodes retrieved from precycled cells
were put on XPS and SEM sample holders in a glove box and
the prepared samples were sealed under a vacuum by using an
aluminum pouch film. All samples were stored in an aluminum
pouch film before carrying out the XRD and SEM
measurements and then, samples were rapidly transferred into
chambers of XPS and SEM instruments to minimize any
possible contamination. When the anodes were transferred from
a pouch bag into a vacuum chamber of the XRD and SEM
instruments, the samples were exposed to ambient conditions
for 3 sec. The surface morphology of the anodes was observed
using a field-emission scanning electron microscope (FE-SEM,;
JEOL JSM-6700F). During the SEM observations, an energy-
dispersive X-ray spectrometer (EDS) was also used to
determine the chemical components in the region under
investigation. Ex situ X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha system) measurements were
performed on the dried anodes using Al-Ko (hv = 1486.6 eV)
radiation under ultrahigh vacuum. XPS spectra were collected
using a 0.10 eV step and an 80 eV pass energy. X-Ray
diffraction (XRD) data on the anodes were obtained using a
Rigaku D/MAX2500V/PC powder diffractometer equipped
with a Cu-Ko radiation source (A = 1.5405 A); the samples
were scanned over the 20 range of 10-80°. Cell impedances of
2032 coin-type half-cells (Sn,P; anode/metallic sodium) were
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monitored through AC complex impedance analysis with an
IVIUM frequency response analyzer over a frequency range of
10 mHz to 1 MHz.

Electrochemical measurements

Galvanostatic charge and discharge cycling (WonATech
WBCS 3000 battery measurement system) was performed with
a two-electrode 2032 coin-type half-cell at 30 °C. Precycle and
cycling tests of cells were performed in a potential window
from 0 V to 1.5 V vs. Na/Na* at rates of C/20 and C/10,
respectively.

Results and discussion

Electrochemical performance of Sn,P;anodes with and
without binary additive

Figs. la-c show the voltage profiles of SnyPs/Na half-cells with
and without functional additives (FEC and TMSP) for the
precycle at a rate of C/20, and 1%, 5™, and 10" cycles at a rate
of C/10. The baseline electrolyte delivers a relatively high Na
insertion capacity of 1131 mAh g™ compared with the FEC-
added (720 mAh g?) or FEC+TMSP-added (852 mAh g)
electrolyte, as presented in Figs. 1a-c. This relatively high Na-
insertion capacity of the Sn,P; anode with the baseline
electrolyte is attributed to the voltage plateau at approximately
0 V vs. Na/Na", which is also observed for the first 10 cycles in
Figs. la-c.
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Fig. 1 Voltage profiles of the SnsP; anodes cycled in (a) baseline, (b) FEC-
added, and (c) FEC+TMSP-added electrolytes at 30 °C. (d) Na extraction
capacity of the Sn,P; anodes at a rate of C/10. Precycle was performed at a
rate of C/20 and a C/10 rate was applied for subsequent cycles.

Although the Sn4P; anode with the baseline electrolyte
delivered a high Na insertion capacity at the precycle, its
reversible capacity was drastically decreased from 1131 mAh g~
1 to 755 mAh gt in the 1% cycle (Fig. 1a). An initial Coulombic
efficiency (ICE) of the Sn,P; anode with the FEC+TMSP-added

This journal is © The Royal Society of Chemistry 2012
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electrolyte was slightly improved to 81.2%, compared with the
FEC-added electrolyte (79.6%) at the precycle. This result is
most likely because the TMSP additive modified the surface
chemistry produced by the FEC additive. The Sn,Ps/Na half-
cell with the baseline electrolyte, which clearly exhibited the
voltage plateau at approximately 0 V vs. Na/Na*, delivered a
Na extraction capacity of approximately 755 mAh g™ during
the 1% cycle, and its capacity gradually decreased during the
first 10 cycles, as shown in Fig. la. After 30 cycles, severe
capacity fading was observed for the Sn,P; anode with the
baseline electrolyte (Fig. 1d). The Sn,P; anodes with FEC- or
FEC+TMSP-added electrolyte exhibited Na extraction
capacities of 600 mAh g™ and 605 mAh g during the 1% cycle,
respectively, and their capacity was maintained during the first
10 cycles (Figs. 1b,c). A comparison of the Na extraction
capacity of Sn,P; anodes through 50 cycles clearly indicates
that superior cycling stability was attained with the
FEC+TMSP-added electrolyte compared to the baseline and
FEC-added electrolytes (Fig. 1d). This result suggests that the
formulation of FEC with TMSP additive leads to superior
electrochemical reversibility of the Sn,P; anode. On the
contrary, the SnsP3; anodes with only TMSP additive delivered
discernibly reduced discharge (Na extraction) capacity and
inferior cycling stability compared to the anodes with baseline
electrolyte (Fig. S1). This implies that the use of TMSP
additive does not make a desirable SEI layer on the Sn,P;
anode in absence of FEC additive.

Electrochemical reaction mechanism of Sn,P;anodes with and
without binary additive

The appearance of a voltage plateau at approximately 0 V (ii peak)
in the baseline electrolyte is more clearly depicted in the dQ/dV
graphs in Figs. 2a,d.
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Fig. 2 Differential capacity plots (dQ/dV) of the precycle and the 1% cycle in
(a,d) baseline, (b,e) FEC-added, and (c,f) FEC+TMSP-added electrolytes.
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The Sn,P3 anode with FEC-added electrolyte showed no ii peak at
approximately 0 V vs. Na/Na" during Na insertion at precycle (Fig.
2b). A considerably reduced ii peak appeared for the FEC+TMSP-
added electrolyte (Fig. 2c). To understand the difference in the
dQ/dV graphs for the Sn,P; anodes with and without additives, the
origin of the five main peaks (i to vi) at precycle must be discussed.
During a sodiation process (Na insertion), the Sn,P5 anode can form
three Na-Sn binary alloys corresponding to NaSn, NagSn, and
Na;sSn, phases.?” At approximately 0.2 V, corresponding to peak i
during a sodiation process, the Sn,P3 is converted into NaSn, NagSn,
and NasP alloy materials (Sn4,P; — NaSn + NagSn, + NazP). At
approximately 0 V (peak ii) during a sodiation process, Na-Sn-based
alloy materials are converted into the Na,Snys phase, which leads to
severe volume expansion of the anode (NaSn + NagSn, + NasP —
NazsSns + NagP).2® At approximately 0.15 V (peak iii) during a
desodiation process (Na extraction), NajsSn, electrochemically
oxidizes to form NaSn, NagSn, and NasP phases prior to the
desodiation of NasP phase (Na;sSn, + NasP — NaSn + NagSn, +
NasP). Two peaks at 0.3 V (peak iv) and 0.65 V (peak v) during a
desodiation process reflect the desodiation of the NaSn, NagSn, and
NasP phases (NaSn + NagSn, + NasP — Sn,P;) (Fig. 2d-f).

As previously described, peak ii is closely linked to the formation of
Nay5Sny, showing a huge volume expansion. To further confirm the
origin of the ii peak observed in the baseline electrolyte, ex situ
XRD patterns of the Sn,P; anodes were collected before and after
precycling, as shown in Fig. 3. Before precycling, the peaks
corresponding to the crystalline phase of Sn,P5 are clearly shown in
Fig. 3b. At a fully sodiated state, the broad peak corresponding to
NajsSn, at 34° appeared for the Sn,P; anode with the baseline
electrolyte.®® However, this broad peak was not observed for the
FEC- and FEC+TMSP-added electrolyte (Fig. 3a), which means that
the NajsSn, phase is readily produced in the baseline electrolyte,
compared to the FEC- and FEC+TMSP-added electrolyte.

® Cu foil

FEC+TMSP

Baseline

£ @
)
NagSn,

Pristine

Intensity (a.u.)

30 40 50 60 70 80
2 theta

Fig. 3 Ex situ XRD pattern of Sn,P; anodes after a full sodiation
process in baseline, FEC-added, and FEC+TMSP-added electrolytes.

On the basis of the XRD studies, peak ii at approximately 0 V,
which appeared for the baseline electrolyte, is believed to be
strongly related to the formation of the Na;sSn, phase during the
sodiation process. Interestingly, the presence of FEC in the
electrolyte led to the formation of NagSn, rather than Na;sSn,, as
shown by the XRD pattern in Fig. 3a. This result implies that the
formation of the Na;sSn, phase can be inhibited by the FEC additive.

J. Name., 2012, 00, 1-3 | 3
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Because this Na;sSn, phase produced via further sodiation increases
the capacity, the Sn,P; anode with the baseline electrolyte could
deliver a slightly higher Na insertion capacity (see Figs. 1a,d).
However, severe volume expansion via the formation of the Na;sSn,
phase during the sodiation (Na insertion) process can result in
agglomeration, cracking or pulverization of anode particles.*® Indeed,
the aggregation of anode particles between 1 and 2 m occurred
after precycling in the baseline electrolyte, as shown in Figs. 5a,b.
The size of the aggregated anode particles was greater than 3 m
(Fig. 4b). In contrast, significant agglomeration of anode particles
was not observed for the anode precycled in the FEC- and
FEC+TMSP-added electrolytes (Figs. 4c,d). In particular, the anode
precycled in the FEC+TMSP-containing electrolyte maintained the
original morphology of its anode particles very well. This result
suggests that good electrical connection in the anode with the
FEC+TMSP binary additive is preserved during cycling. The
superior cycling stability of the anode with the FEC+TMSP-added
electrolyte can be explained by this maintained anode morphology.

a 138+
152-@ “
103+
102+
7110
51 @
cl 7
p
F Si sn P Sn
0 4 o |m.|.u||n J“‘ " ! "
100 200 300 400 500 100 200 300 400 500
Energy - keV Encray - keV

Fig. 4 The SEM images of (a) pristine Sn,P; anodes and anodes
precycled in (b) baseline electrolyte, (c) FEC-added electrolyte, and (d)
FEC+TMSP-added electrolyte. The EDS spectra of SnsP; in (e)
baseline electrolyte and (f) FEC-added electrolyte.

Moreover, the formation of a Na;sSn, phase in the anode is not
desirable because considerable volume changes cause continuous
electrolyte decomposition on the newly exposed metallic anode
surface through cracking, and thick solid electrolyte interphase (SEI)
layers, which can impede the migration of Na ions into the anode,
are thereby produced on the anode surface.

4| J. Name., 2012, 00, 1-3
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To identify the decomposition products formed on the Sn,P3 anode,
energy-dispersive  spectrometty (EDS) measurements  were
performed during the SEM observations (Figs. 4e,f). Zone A,
selected from the anode precycled in the baseline electrolyte,
exhibited pronounced carbon (C), oxygen (O), and chlorine (CI)
signals, which are produced by the unwanted decomposition of
EC/PC solvents and CIO, anions. These C, O, and CI signals were
detected not on the Sn,P; anode particles but on carbon black
particles, as shown in Fig. 4b. This result indicates that the
electrolyte decomposition occurs on carbon black particles; thus, the
decomposition byproducts protect the anode surface. For zone B,
which was selected from the anode cycled in the FEC-containing
electrolyte, a strong fluorine signal was resulted from FEC
decomposition, and relatively weaker C, O, and ClI signals appeared
(Fig. 4f). This result indicates that the FEC electrochemically
reduces on the anode prior to the electrolyte decomposition and
effectively suppresses the decomposition of solvents and salt.

Peak vi, which was not observed at precycle, is clearly seen
for all electrolytes at the 1% cycle after precycling (Figs. 2d-f).
The peak at 485 eV is assigned to the Sn metal, which can be
formed via NaSn + NagSn, + NagP — Sn + P + Sn,P3 2% It is
noteworthy that Sn-based anodes suffers from severe capacity
degradation due to the agglomeration of Sn particles during
cycling.’®? Therefore, it is believed that the Sn,P; with a
relatively low fraction of the Sn metal during cycling ensure
superior cycling performance. To investigate the influence of
FEC and FEC+TMSP additives on the formation of the Sn
metal, ex situ X-ray photoelectron spectroscopy (XPS)
measurements of the Sn,P; anodes after 20 cycles were
performed.
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Fig. 5 Sn 3d XPS spectra of (a) pristine SnsP; anodes and after 20
cycles in (b) baseline electrolyte (c) FEC-added electrolyte and (d)
FEC+TMSP-added electrolyte. The Sn-3ds, peak corresponds to the Sn
of the SnyP; anode material. The relative fraction of Sn metal produced
during the desodiation was calculated by the peak fitting method.

Notably, the relative fraction of the peak corresponding to
the Sn metal in the anodes cycled during 20 cycles in the
FEC+TMSP-added electrolyte (14.4%) was dramatically
reduced compared to the baseline (50.7%) and FEC-added
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electrolytes (51.5%) (Figs. 5b-d). This finding suggests that the
formation of the Sn metal in fully desodiated anode converted
from the mixed phases of Na,P and Na,Sn in the FEC+TMSP-
added electrolyte is effectively inhibited. On the basis of the Sn
3d result for the anode after precycle, the vi peaks in the dQ/dV
graphs of Figs. 2d-f are believed to be caused primarily by the
sodiation reaction of Sn metal during Na insertion process. This
resulting Sn metal, which was absent in the pristine Sn,P3 anode,
undergoes electrochemical sodiation in subsequent cycles; thus,
peak vi at approximately 0.5 V is expected to correspond to the
sodiation of Sn metal.'"?® Previously, the Yang group reported
that Sn nanocrystals with low crystallinity are generated in the
amorphous host matrix after the Na insertion/extraction
process.?®

Surface chemistry of Sn,P; anodes with and without binary
additive

Figs. 6g,h show that the peak assigned to NaF at approximately
685 eV is observed in the F 1s spectra of anodes cycled in the
FEC- and FEC+TMSP-added electrolytes. NaF is believed to
be formed by the FEC decomposition at the anode.?®
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Fig. 6 Si 2p and F 1s 1s XPS spectra of (a,e) pristine SnsP3; anodes and
anodes precycled in (b,f) baseline electrolyte, (c,g) FEC-added
electrolyte, and (d,h) FEC+TMSP-added electrolyte.
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Interestingly, the NaF peak intensity was drastically decreased
in the spectrum of the anode cycled in the FEC+TMSP-
containing electrolyte. This result suggests that the TMSP
additive suppresses the formation of large amounts of NaF by
FEC decomposition on the Sn,P; anode. The unique TMSP
function of eliminating HF from the FEC additive is proposed
in Fig. 7a. This HF removal can reduce NaF formation in the
SEI on the Sn,P; anode. In addition, the Si-F moiety can be
formed via the reaction of TMSP with HF from FEC, as
depicted in Fig. 7a. Moreover, byproducts formed by TMSP
decomposition can contribute to the components of the SEI
layer. Evidence for the presence of Si-F and Si-O groups in the
SEI layer on the anode precycled in the FEC+TMSP-added
electrolyte is given in the Si 2p spectra in Fig. 6d. As clearly
shown in Figs. 2a,b and 3a, unlike the baseline electrolyte, the
FEC-added electrolyte inhibited the formation of the NajsSh,
phase. This behavior can be explained by the NaF-based SEI
generated via the FEC decomposition, as illustrated in Fig. 8.
The NaF resistive layer is thought to impede the migration of
Na ions into the anode; thus, the formation of the Na;sSn, phase,
which causes a huge volume expansion of Sn4P; anodes, is
effectively prevented.

GHa CHg CHy
(a) HsC~gj-CHs H3C~gj~CHs HaC~d;~CHy
| | |
0 HF o] o]
HaG s CHs  from FEC HsG b HaG iF
HaC-$i—0" \O—Si\—CH3 ———— HC-Si—0" “OH or HiC—$i—0" “O-S|-CHs
HsC L CHs HsC HsC CHs
Formation of the SEI layer «---—-——--- J
(o]
(b) o)]\o AT 2E | 0COs + CoH ©
2C03 + CoHy (9
/

Fig. 7 Schematic of possible mechanisms for (a) a unique function of
TMSP scavenging HF from the FEC and contributing to SEI formation
on the anode and (b) the electrochemical reaction of EC with Na ions
and electrons.

Na* insertion through

the anode surface
without the SEI

Suppression of Na;sSn,
formation by FEC+TMSP-
derived SEI layer

Desirable SEI layer
by FEC and TMSP

N Fvi
o - N g .
NN N e DT
RN A A -

LA N_e
% Increase of SOC* é\
% NaSn + NagSn, +Na,P

Low SOC: Sn,P,

High SOC : NaySn, \ Sn,P, anode |

leading to large

volume expansion  * SOC : state of charge (degree of sodiation)

Fig. 8 Schematic showing the function of the NaF-based SEI layer
formed during sodiation.

The C 1s XPS spectra in Fig. 9b clearly show that the peaks
assigned to the ether (C-O-C) moiety and sodium carbonate
(Na,CO3) are more intense for the Sn,P; anodes cycled in the
baseline electrolyte than for the Sn,P; anodes cycled in the
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FEC- and FEC+TMSP-containing electrolytes. The ether and
Na,COj; can be generated by EC decomposition (Fig. 7b). This
result is in good agreement with the EDS results that strong C,
O, and ClI signals formed by the electrolyte decomposition are
detected on the anode precycled in the baseline electrolyte. The
FEC and TMSP additives effectively prohibit the formation of

ether and Na,CO3; by EC decomposition, as shown in Figs. 9c,d.

In addition, a comparison of the C 1s XPS spectra in Figs. 9b-d
indicates that the intensity of the peak corresponding to the C-C
of carbon black particles discernibly decreases in the case of the
baseline electrolyte. This decrease in the C-C peak intensity is
attributed to a very thick surface film formed by the
decomposition of the baseline electrolyte; this film blocks the
C-C signal from the carbon black particles. This result is
consistent with the SEM observation showing the formation of
the SEI layer on the carbon black (zone A in Fig. 4b).
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Fig. 9 C 1s XPS spectra of (a) pristine SnsP; anodes and anodes
precycled in (b) baseline electrolyte, (c) FEC-added electrolyte, and (d)
FEC+TMSP-added electrolyte.
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Fig. 10 Electrochemical impedance spectra of SnsP; anodes (a) before
and (b) after full sodiation in baseline electrolyte, FEC-added
electrolyte, and FEC+TMSP-added electrolyte. The equivalent circuit,
which was used to fit the impedance data, is shown in inset of Fig. 10b.

Fig. 10 shows the electrochemical impedance spectra of
Sn,P; anodes before and after full sodiation. The impedance
data have been fitted with an ordinary equivalent circuit shown
in the inset of Fig. 10b. Fig. 10b presents the contribution to the
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cell impedance from three components: the intercept at high
frequency for the electrolyte resistance (R,), the impedance (Ry)
associated with Li* migration across the SEI, and the resistance
(R for the faradaic charge transfer reaction at low frequency.
Two RC parallel elements in series describe SEI film on the
anode surface (R; and CPE;) and Li* charge transfer at interface
(Rt and CPEy), respectively. The circuit shown in the inset of
Fig. 10b includes, in addition, the electrolyte resistance (R,) and
the Warburg impedance (W), which is associated with Li*
diffusion in Sn,P; particles. A remarkable feature is that the
interfacial resistance, including the SEI resistance and charge
transfer resistance components, is higher for the Sn,P; anodes
with full sodiation in the FEC- and FEC+TMSP-added
electrolytes than in the baseline electrolyte (Fig. 10b). The
addition of FEC into the baseline electrolyte led to considerable
increase in the impedance ascribed to Li-ion migration across
the SEI (Rs, 50.5 QO — 125 Q) and charge transfer resistance
(Ret, 20 Q — 49 Q)), as presented in Table S1. This implies that
the NaF produced by the FEC decomposition acts as a highly
resistive layer for charge transport. Interestingly, the semicircle
of the Sn,Ps/Na half-cells with FEC+TMSP after full sodiation
was slightly smaller than the corresponding semicircle of the
anode in the FEC-added electrolyte. The simulation results of
Table S1 clearly show that the SEI resistance (Rf) was reduced
from 125 Q to 91 Q with the introduction of TMSP in the FEC-
added electrolyte. This indicates the facilitation of Li-ion
migration through the FEC+TMSP-derived SEI. Moreover,
charge transfer resistance (R decreased from 49 Q to 14 Q in
the FEC+TMSP-added electrolyte (Table S1). This is possibly
because the TMSP additive modified the FEC-derived SEI
layer mainly composed of resistive NaF. The hybrid SEI layer
formed by the decomposition of the binary additive
(FEC+TMSP) exhibited relatively high interfacial resistance
compared to the baseline electrolyte (Fig. 10b) and thereby the
formation of the NajsSn, phase showing severe volume
expansion during the Na insertion process could be avoided, as
depicted in Fig. 8. This finding suggests that the characteristics
of the surface layer formed on the Sn,P; anode represent a
critically important factor that influences the Kkinetics of
sodiation—desodiation.

Conclusions

We have demonstrated a highly promising approach to creating
high-performance Sn,P; anodes for Na-ion batteries. Our
investigation revealed that the FEC additive creates a resistive
NaF-based SEI that controls the formation of the Na,;sSn, phase,
which exhibits severe volume expansion, and that the TMSP
additive effectively eliminates HF from the FEC decomposition
to mitigate the formation of a large fraction of NaF and to build
up more stable and robust SEI layers. Cycling tests of Sn,P;
anodes confirmed that robust SEI layers were essential to
inhibit unwanted electrolyte decomposition and to preserve the
electrochemical properties of metallic anodes. Moreover,
possible mechanisms for the surface chemistry of the Sn,P;
anode with and without the FEC+TMSP binary additive were

This journal is © The Royal Society of Chemistry 2012
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proposed. The baseline electrolyte formed no protective films
on the anode, whereas the FEC- and FEC+TMSP-containing
electrolytes produced stable SEI layers, thereby preventing
aggregation of the Sn,P; particles. These findings and the
associated analyses show that the use of a suitable additive is a
promising and efficient approach to create high-performance
Sn,P3 anodes in Na-ion batteries.
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