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HIGHLIGHTS

e Sn agglomerates in SnsP3; anode for Na-ion batteries upon cycling.

e Sn agglomeration identified as a major contributor to the anode capacity decay.

e Anode volume expansion does not significantly affect the anode cyclability.

o TiC additive effectively suppress Sn agglomeration and improve cyclability of Sn4Ps.
e High volumetric capacity of the anode benefits from the high density TiC additive.

ARTICLE INFO ABSTRACT

Article history:

Received 17 May 2017

Received in revised form

27 July 2017

Accepted 15 August 2017
Available online 29 August 2017

Keywords:

Sodium ion battery
Anode

Tin phosphide
Titanium carbide
Tin agglomeration

Experimental results from electrochemical characterizations and ex-situ X-ray diffraction (XRD) of the
SnyP3 anode upon cycling reveal that Sn agglomeration from the SngP3 particles plays a major role in the
fast capacity fading of the SnsP3 anode for sodium-ion batteries. TiC is demonstrated to be an effective
additive to enhance the cycle stability of SngP3 by suppressing Sn agglomeration during cycling. SnsP3/
30-wt%TiC composite delivers a stable capacity of 300 mAh g~ or 700 Ah L~ over 100 cycles at current
density of 100 mA g~ The high density TiC (4.93 g cm~3), as compared to conventional carbon based
additives, makes it attractive for achieving higher volumetric capacity of the anode.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Sodium-ion battery (SIB) attracts great interest as an alternative
for lithium-ion battery (LIB) mainly due to the abundance and
uniform distribution of Na supplies. It has great potential in large
scale energy storage applications. However, practical imple-
mentation of sodium technology is challenging due to the limited
choice of anodes, an ideal choice of which should have high ca-
pacity, low average voltage, and good cycle stability [1,2].

Among various material choices [1,3—5], both Sn and P stand out
due to their low average operating voltage (0.25 and 0.6V vs. Na/
Na*t for Sn and P, respectively) and large theoretical capacity
(847 mAh g~! and 2596 mAh g~! for Sn and P, respectively, the
highest two among all known anode materials) [1], making them
promising SIB anode candidates with high energy density.
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However, both Sn and P suffer from severe capacity decay during
cycling [6,7]. Yang's group [8] proposed that the combination of Sn
and P can lead to improved electrochemical performance, in
particular, improving the cycle stability of the electrode, as Sn acts
as electronic conductive channels to the less conductive but elec-
trochemically active P, while P and/or its sodiated product (NasP)
serve as host matrix to alleviate agglomeration of Sn and reduce the
stress level in the electrode during charge/discharge process [8]. An
average voltage of ~0.5V vs. Na/Na™ and a theoretical capacity of
1132 mAh g’l make SngP3 very attractive in SIB. SngP3, with an
average voltage of ~0.9V vs. Li/Li" and a theoretical capacity of
1230 mAh g, has also been investigated as a potential anode
material for LIB [9—14]. Nonetheless, it is not a most popular system
in LIB due to the presence of many promising anode candidates
with better electrochemical performance such as Si, which has a
theoretical capacity of 4200 mAh g~! and average voltage of ~0.4V
vs. Li/Li* [15]. The record performance of SngP3-based electrode in
LIB was reported by Liu's group [13]—a capacity of 488 mAh g~ ! was
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retained after 150 cycles at 100 mA g~ .

While in SIB, Qian et al. [8] reported that SnsP3/C (7:3, by
weight) composites can deliver a reversible capacity of ~500 mAh
(g1 SngP3) after 150 cycles at 100 mA g~ . Li et al. [16] showed
SnyP3-rGO (~9:1, by weight) with 3D mesoporous architecture de-
livers a reversible capacity of ~656 mAh (g~! SnsP3-rGO) over 100
cycles at 100 mA g~ . Despite of the promising results obtained,
one shall notice that most of the reported data employed carbon
based materials as additives. If pure SnyP3 is employed instead,
capacity decays to <100 mA g~ ! in the first 20 cycle [17]. The ca-
pacity fading of pure Sn4P3 was intuitively ascribed to the large
volume expansion (~430%) of the anode material during the
sodiation process in most of the works. Consequently, introducing
large amount of carbon based materials (~30 wt% is commonly used
for ball milled samples) and/or creating porous structure were
expected to reduce the stress built-up during charge/discharge
cycles [8,16,17]. Despite the improved capacity retention, the
introduction of carbon material or porous structure significantly
reduces the volumetric capacity of the electrode.

In the present work, we show that Sn agglomeration from
pristine Sn4P3 particles, instead of volume expansion of the anode,
mainly contributes to its capacity fading in the present experi-
mental scheme. By introducing TiC into Sn4P3, Sn agglomeration is
effectively suppressed and cycle stability is significantly improved.
At the same time, the high density of TiC (4.93 g cm3) leads to
small reduction in the volumetric capacity of the anode. Among all
samples investigated, Sn4P3/TiC composite with 30 wt% TiC delivers
a stable capacity of 300 mAh g' (normalized to the composite
weight) or 700 Ah L~! (estimated based on the density of sodiated
phase) over 100 cycles at current density of 100 mA g~ .

2. Experimental
2.1. Preparation of the SnyP3/TiC composite

SnyP3/TiC composite was prepared via a two-step high energy
mechanical milling (HEMM) (Fritsch, Premium line Pulverisette 7)
with tungsten carbide balls and container (80 mL).

In the first step, SnyP3 powder was prepared by using Sn
(Aldrich, <150 pm, 99.5%) and amorphous red phosphorus powders
(Alfa Aesar, ~100mesh, 98.9%) in a molar ratio of 6:4. Note that,
extra Sn (~9 wt%) was used in order to avoid possible P residues.
HEMM was carried out under Ar atmosphere at 400 rpm for 30 h
with balls to powder ratio of 10:1.

In the second step, the “pre-alloyed” Sn4P3 powder was milled
with different amounts (0-30 wt%) of TiC (Alfa Aesar, 99.5%) to form
Sny4P3/TiC composite. HEMM was carried out under Ar atmosphere
at 400 rpm for 3 h with balls to powder ratio of 20:1. And the final
composites were denoted as SnyP3 (sometimes as SnyP3/0TiC for
comparison purpose), SngP3/10TiC, Sn4P3/20TiC, and Sn4P3/30TiC.

2.2. Characterizations

The crystallinity of the samples was examined by X-ray
diffraction (XRD, SmartLab, Rigaku) with a Cu Ko radiation source
(A = 0.1541 nm). The XRD patterns of SnyP3/TiC composite and the
electrodes were collected with a scan rate of 8° min~! under 40 kV
and 40 mA, and a scan rate of 0.2° min~! under 40 kV and 80 mA,
respectively. In order to avoid any possible exposure to air, the
electrodes were sealed with 2 mil Kapton tape in argon-filled glove
box before XRD experiments. The morphologies of the samples
were characterized by a field emission scanning electron micro-
scope (FESEM, Quanta 200, FEI). Transmission electron microscopy
(TEM FEI Tecnai F20ST) equipped with an energy dispersive spec-
trum X-ray detector (EDS) was carried out to study the detailed

microstructure and spatial distribution of the compositional ele-
ments in the respective samples.

2.3. Assembly of cells and electrochemical measurements

The electrodes were prepared by mixing SnsP3/TiC composites
(active material) with acetylene black and sodium carboxymethyl
cellulose (NaCMC) binder with a mass ratio of 80:10:10 in water to
form homogeneous slurry. The slurry was then coated on Cu foil
followed by vacuum drying at 60 °C overnight. Electrodes with
diameter of 16 mm and active material loading of ~1.5 mg cm™2
were then cut out from the dried coating. Sn (Aldrich, 10 pm, 99%)
electrode is also prepared in the same way as a control.

The electrodes were assembled into CR2032 coin-type cells with
Na foil and glass fiber filter (GD-120) as reference electrode and
separator, respectively. 1 M NaClO4 in a mixture of propylene car-
bonate and fluoroethylene carbonate (PC/FEC, 95:5, by volume) was
used as the electrolyte unless otherwise noted.

The Na-ion cells were galvanostatically charged/discharged us-
ing multichannel battery test system (Neware, Shenzhen). 10 min of
rest was employed between each charge and discharge process.
Cyclic voltammetry was carried out via electrochemical worksta-
tion (CHI 660C, Shanghai Chenhua Instrument Co., Ltd.). Thickness
change of the electrode during charge and discharge was moni-
tored using an electrochemical dilatometer (ECD-1, from EL-Cell)
with Na metal foil as counter and reference electrode, and 1 M
NaPFg in mixture of ethylene carbonate/diethyl carbonate (EC/DEC,
1:1 by vol) with additional 5 vol% FEC as the electrolyte. The
detailed explanation on the electrode thickness test can be found in
previous report [18]. All experiments were carried out at room
temperature (24 + 2 °C) unless specified otherwise.

3. Results and discussions
3.1. Capacity fading of pure SnyP3

Fig. 1a shows the XRD pattern of the as-synthesized Sn4Ps. All of
the diffraction peaks can be indexed to the hexagonal SnyP; with
space group of R-3m (PDF#73—1820). The lattice parameters ob-
tained from the Rietveld refinement (agreement factor
Rwp = 6.87%) are a = b = 3.9915 A and ¢ = 35.4189 A, which are
amongst the values of the previous reports of SngP3 [19—21].
However, the EDX taken from the same sample show Sn/P has an
atomic ratio of 6/4 with a uniform distribution (see Figs. ST and S2),
indicating there is extra Sn uniformly distributes in the sample.
Since no diffraction peak of Sn can be found in the XRD, it should be
due to either its low content, its highly nanocrystalline/amorphous
nature, or additional Sn in the SngP3 lattice. SEM image in the inset
of Fig. 1a shows that the size of these particles is in the range of a
few hundred nanometers to a few microns.

Cyclic voltammogram of SnyP3 electrode (Fig. S3) confirms the
electrochemical activity of both Sn and P, which is consistent with
previous report [21]. The cycle performance of the SnyP; electrode
measured at a current density of 100 mA g~ is shown in Fig. 1b. The
first sodiation/de-sodiation capacities are 622.5 and 532.3 mAh g,
respectively, corresponding to a high initial coulombic efficiency
(ICE) of 85.5%. This ICE is among the best in SIBs anodes [3,4,22]. It is
worth noting that a higher ICE of the anode means fewer amount of
Na-containing cathode is needed to match the initial irreversible Na
loss in the anode, leading to a higher energy density in practical
batteries [23—25]. The SnyP;3 electrode delivers a stable capacity of
~525 mAh g~ for the first 40 cycles. However, it suffers from a fast
decay afterwards, retaining only 17.4% of the initial de-sodiation
capacity at the end of 100%™ cycles.

The change in electrochemistry along with the capacity fading of
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Fig. 1. (a) XRD pattern of ball milled Sn4P3, and insert shows the corresponding SEM image; (b) cycle performance and (c) evolution of de-sodiation voltage profiles of Sn4P5 in the
voltage range of 1.5-0.01 V at 100 mA g~ '; (d) the ex-situ XRD patterns of SnyP; electrode after cycling in the voltage range of 1.5—0.01 V for specific cycles, and the dash lines in
upper and lower frames indicate position of the diffraction peaks of Sn and Sn4Ps, respectively.

the anode can be disclosed by the evolution of de-sodiation voltage
profiles with cycling. As shown in Fig. 1c, the 1% de-sodiation
voltage profile is generally smooth, which is typical for active ma-
terials with small grain size and/or low crystallinity [9,26]. Two
sloping voltage plateaus at about 0.3 and 0.6V (marked as plateau |
and II in Fig. 1c, respectively) appear after 20 cycles. This is in fact
similar to the de-sodiation voltage profile of pure Sn (SI, Fig. S4),
which mainly originates from the de-sodiation of NagSng— NaSn —
NaSns [27]. Upon extended charge/discharge cycles, the capacity of
plateau I gradually decreases and finally vanishes. The capacity of
plateau II shows similar trends as plateau I, although it does not
completely disappear up to 100t cycle. In addition, plateau II
gradually shifts up to higher voltage upon repeated cycles, sug-
gesting increased polarization in the sample. All of these changes in
the de-sodiation profiles of the SnsP3 suggest agglomeration of Sn
from the original Sn4P3. In other word, after SngP3 is sodiated to
Na,Sny, (Nay5Sny4 for complete sodiation) and NasP, the re-formation
of SngP3 phase in the following de-sodiation process is difficult.
With the continuous segregation of Sn phase, the SnyP3 would
become a physical mixture of separated Sn-rich or P-rich particles
(Fig. S5) and the de-sodiation voltage profile deteriorate dramati-
cally because of the sluggish Na* diffusion in Sn and poor electronic
conductivity of P.

Ex-situ XRD data of the electrodes after different cycles were
collected at the end of de-sodiation process (i.e. 1.5V). After two
cycles, little diffraction signal of Sn- or P- based elements or com-
pounds was detected (Fig. 1d), suggesting the final de-sodiation
products are small grains and in highly dispersed states [9,11].

After 20 cycles, the diffraction peaks of Sn appear, revealing the
aggregation of Sn clusters into crystalline Sn. At the same time,
peaks corresponding to the crystalline phase of SnyP3 are no longer
detectable. Upon extended charge/discharge cycles, more crystal-
line Sn is witnessed by the increased intensity of the Sn diffraction
peaks. Meanwhile, for the first 40 cycles, the aggregation of crys-
talline Sn is also evidenced by the obviously decreased full width at
half maximum (FWHM) of Sn diffraction peak at ~44.95°. The
agglomeration of Sn and P is also suggested by the existence of
particles composed of mainly Sn or P in “SngP3” electrode after 100
cycles (Figs. S3 and S4).

In the literature, large volume changes during charge/discharge
process is generally considered as an important factor causing ca-
pacity fading of Sn-based electrode [8,17]. To identify the correla-
tion between capacity and the volume change of the electrode, we
carried out in-situ dilatometry test to monitor the thickness change
of SnyP3 electrode along sodiation/de-sodiation process. Based on
the in-situ thickness result (Fig. S6), the first sodiation capacity of
625 mAh g~ ! in Fig. 1 b results in a ~110% increase in the thickness
of the electrode. Nevertheless, such a large volume change does not
lead to capacity fading of the electrode in the following cycle.

On the other hand, it has been suggested that potential
confinement (charge/discharge test with confined upper voltage at
1.0V) can suppress Sn agglomeration, as documented in other Sn-
based anodes [26,28,29], while retain a similar de-sodiation ca-
pacity and electrode volume change [5,30]. This is possible as the
average potential of both Sn and P are well below 1.0V [1]. Fig. 2a
and b compares the electrochemical performance of the electrodes
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Fig. 2. (a) Cycle performance of SnsP3 in the voltage range of 1.5—0.01 V and 1.0—-0.01 V; (b) comparison of 2nd and 40th charge/discharge curves in the voltage range of 1.5—0.01 V

and 1.0-0.01 V, and (c) the corresponding ex-situ XRD patterns after 40 cycles.

when the upper voltage is set at 1.5V (unconfined) and 1.0V
(confined) during cycling. As expected, the evolution of both
voltage profiles (Fig. 2b) and ex-situ XRD patterns (Fig. 2c) reveal
the suppression of Sn agglomeration via the potential confinement.
The capacity retention over 100 cycles is significantly increased
from 17.4% to 76.4% (Fig. 2a) despite of the similar electrode ca-
pacity before significant decay takes place at the end of ~40 cycles
for samples processed at 1.5V. Note that one shall expect similar
volume expansion when similar capacity is delivered (in the pre-
sent case, the alloying mechanism determines the correlation be-
tween the capacity increase and volume expansion of the electrode
[5,24,30]). Consequently, the potential confinement results suggest
that the volume change of the anode should not significantly
contribute to the fast capacity decay of the electrode.

3.2. Improving cycle stability of SnyP3 anode by incorporating TiC

Fig. 3a shows the XRD patterns of SngP3/TiC composite with
different TiC amounts (from 0 to 30 wt%). Additional diffraction
peaks of TiC are observed after the incorporation of TiC, and the
peak intensity relative to that of SngP3 increases with increasing TiC
amounts. TiC shows negligible effect on the crystallinity of SngPs.
SEM images (Fig. 3b and Fig. S7) reveal that TiC may lead to slight
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aggregation of SnyPs.

Fig. 4 shows the cycle performance of SnsP3/TiC composites at a
current density of 100 mA g~ . Although the initial de-sodiation
capacities of SngP3/TiC composites are lower than that of the pure
SngP3 due to the presence of the inactive TiC phase (Fig. S8), their
capacity retention over 100 cycles is significantly enhanced with
increasing TiC amount: 17.4%, 41.1%, 82.9%, and 94.5% for 0, 10, 20,
and 30 wt%. By estimating the density of SnsP; at the first sodiated
state (see SI), the SnyP3/20TiC composite delivers a similar volu-
metric capacity (~850Ah L™1) to that of pure SnsP3 (~900Ah L~1).
Even with 30 wt% TiC incorporation, the composite still delivers a
reversible volumetric capacity of ~730Ah L=, which is much higher
than the volumetric capacity of hard carbon (i.e. 450Ah/L [25]).

To understand the enhanced electrochemical performance of
SnyP3/TiC composites, the evolution of sodiation/de-sodiation
voltage profiles of SnyP3/TiC composites are compared. As shown
in Fig. 5, when incorporated with 10 wt% and 20 wt% TiC, the
appearance of voltage plateaus at 0.3 and 0.6 V are delayed, which
indicates that the agglomeration of Sn is mitigated. Further increase
of TiC amount to 30 wt% would larger defer the appearance of
voltage plateaus at 0.3 and 0.6 V. The trend is consistent with the
gradually increased capacity retention of SnyP3/TiC composites
with the increase of the TiC amount. These phenomena indicate

Fig. 3. (a) XRD patterns of SnsP3/TiC composites with different TiC amounts, and the dash lines indicate position of the diffraction peaks of TiC; (b) SEM image of Sn4P3/10TiC

composites, being representative of all samples tested.
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Fig. 5. Evolution of sodiation/de-sodiation voltage profile of SnsP5/TiC composites electrode.

that the suppressed Sn agglomeration from Sn4P3 in the presence of
TiC leads to the enhanced cycle stability of SnyP3/TiC composites.

Ex situ XRD patterns of SngP3/20TiC composite electrode after
different cycles were also collected. As can be seen from Fig. 6, the
agglomeration of Sn from Sn4P3/20TiC composite electrode is
significantly suppressed when compared to that in pure SngP3
electrode. A weak diffraction shoulder peak at ~45.48° suggests the
reforming of SnyP; during cycling.

4. Conclusion

Sn agglomeration from Sn4P3 upon repeated cycles is suggested

as a major cause for the capacity fading of the electrode. Intro-
ducing TiC to SngP3 can suppress the Sn agglomeration to certain
extend, and thus lead to enhanced cycling performance. In a batch
of SnyP3/TiC samples with different amount of TiC ranging from
0 wt% to 30 wt%, it was found that higher amount of TiC leads to
more stable cycling performance. Among the samples, SnyP3/30TiC
retains 94.5% of its initial de-sodiation capacity at 100th cycle. The
experimental results suggest a possible strategy to suppress Sn
agglomerations during the cycling of SnysP3, leading to improved
cycle performance of the anode.
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