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DOI: 10.1039/x0xx00000x The quest for higher energy densities of lithium-ion batteries (LIBs) and emerging sodium-ion analogues (SIBs) has

motivated an intense research effort toward novel electrode materials. We report a simple and inexpensive colloidal
www.rsc.org/ synthesis of SnSb nanocrystals (NCs) and demonstrate their utility as lithium- and sodium-ion anode materials. In particular,
SnSb NC Li-ion anodes deliver capacities of ~890 mAh g for 100 cycles at a current density of 200 mA g' and show
excellent rate capability, reaching 90% and 80% of the theoretical capacity at current densities of 1000 and 5000 mA g,
respectively. Similarly, SnSb NCs show also outstanding Na-ion storage properties with only ~5% capacity loss over 100
cycles at a rate of 5000 mA g”. Full-cells can be constructed with SnSb anodes and state-of-the-art cathodes, achieving

anodic capacities of 600 and 400 mAh g with an average discharge voltage of 3.0 and 2.7 V for lithium- and sodium-ions,

respectively.

Introduction

Lithium-ion batteries (LIBs) with higher energy and power
densities are actively sought to increase the competitiveness
and widespread deployment of electric cars and stationary
energy storage units, and for enabling new portable electronic
devices." ? Great hopes have been extended to conceptually
similar sodium-ion batteries (SIBs)*” due to the much greater
natural abundance of Na and the possibility of replacing copper
anode current collectors with aluminum foils. The eventual
success of SIBs will require this technology to have the same
energy density as LIBs.

The energy density of a battery is primarily determined by the
charge storage capacity of the electrode materials and the
overall voltage of the battery. In this regard, SIBs face a critical
challenge: a lack of efficient anode materials. For instance,
graphite, the commercialized anode material for LIBs, shows

657

only a negligible Na-ion capacity,”’ causing a recent surge of

825 Certain metals and

research on Na-ion anode materials.
metalloids that alloy with Na and Li are especially promising,
such as Sb and Sn which both show 2-3 times higher
gravimetric and volumetric energy densities than that of
graphite (e.g., 992 mAh g' or ~7300 mAh cm® for the
reversible formation of Lis4Sn). However, alloying leads to a

much more intense reconstruction of the host material, as
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compared to intercalation. Such anode materials undergo
massive volume changes of 120-300% upon lithiation (even
greater for Na-ions), causing fast capacity fading due the
formation of cracks, loss of electrical contact and eventual
disintegration of the electrode. Nanostructuring of the electrode
material has been demonstrated to efficiently mitigate the
effects of mechanical stress in many systems.?*” In this work
we focus on SnSb as a promising anode material and present a
facile and inexpensive solution-based synthesis of nanocrystals
(NCs) of this compound with a mean size of 10-30 nm, and
demonstrate their efficient performance for Na-ion and Li-ion
storage.

The choice of the SnSb system stems from several
synergistic effects between Sn and Sb. First, both components
of this alloy contribute to its high theoretical capacity of 824
mAh g3

SnSb + xLi* + xe” — Li,SnSb (0 <x> 1.6) (1)
Li ¢SnSb + 1.4Li" + 1.4e" — Li;Sb+Sn  (2)
Sn+4.4Li" + 4.4e” — Li,4Sn (3)

Similarly, the theoretical maximum capacity for Na-ion storage
in SnSb is 752 mAh g based on the formation of Na;Sb and
Naj 75Sn; however, the exact mechanism of this reaction is not
fully understood, except that it does not occur in analogy to Li
and is not a mere combination of the separate processes taking
place for Sb and Sn.*

Secondly, alloying/dealloying reactions of Sn and Sb occur at
different potentials, which smoothens the mechanical stress
somewhat. Finally, Sn and Sb are at least as inexpensive as
common cathode materials comprising transition metals (e.g.
Co and V). Notable examples of SnSb-based anode materials
for both Li- and Na-ion storage are monodisperse SnSb NCs,*
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SnSb-C nanofibers,”> CNT-Sn-Sb nanorods,*! and SnSb-C
composites. ' 424

A specific goal of this study was to develop a new synthesis
route to SnSb NCs that is orders of magnitude cheaper than in
our previous study.*® That previous synthesis route involved the
use of expensive, air-sensitive organic and coordination

compounds (alkylamides as precursors, alkylamines as
solvents, long-chain surfactants and reducing agents), as well as
multiple steps of washing and removal of surface capping
ligands, with a very low overall atomic economy.*’ Here we
present a surfactant-free synthesis that is at least 1000 times
cheaper, by utilizing metal chlorides as precursors and NaBH,
as a reducing agent, and which does not require any post-
than We
demonstrate that these SnSb NCs exhibit electrochemical
is the
“expensive” NCs from the previous study.* We also present
Under

operation, SnSb NCs retain Li-ion capacities of 600 mAh g at

synthetic purification other rinsing in water.

performance which same as or better than the

results from full-cell experiments. anode-limiting
an average voltage of 3.0 V when paired with a LiCoO,
cathode, and a Na-ion capacity of 400 mAh g at an average

voltage of 2.7 V when paired with a Na, sVPO,3F ; cathode.

Experimental

Synthesis of SnSb NCs

A solution of NaBH, (32 mmol, 98%, ABCR) in anhydrous 1-
(NMP, 17 99.5%, Fisher
BioReagents) was heated to 60 °C under nitrogen. Upon
reaching 60 °C, a solution of SnCl, (1 mmol, >99%, Alfa
Aesar) dissolved in anhydrous NMP (1.5 mL) was injected,

methyl-2-pyrrolidone mL,

followed immediately by the injection of SbCl; (1 mmol, 99%,
ABCR) and cooling down to room temperature using a water-
ice bath. The resulting black precipitate was separated from the
solution by centrifugation and washed three times with water
(30 mL) to remove side products such as NaCl or borates. After
drying under vacuum at room temperature a fine black powder
was obtained with a yield of ~0.2 g (83%).

Synthesis of bulk SnSb

Micrometer-sized SnSb particles were synthesized by heating a
mixture of Sn (1 mmol, 99.8%, Sigma-Aldrich) and Sb powder
(1 mmol, 99.5%, Alfa Aesar) above their respective melting
points to 700 °C under inert atmosphere. After 5 min at 700 °C
the material was cooled naturally to room temperature and the
resulting product was ground using a mortar and pestle.

Assembly and testing of half- and full-cells

The following battery components were used: carbon black
(CB, Super C65, TIMCAL), carboxymethylcellulose (CMC,
Grade: 2200, Daicel Fine Chem. Ltd.), NaClO4 (98%, Alfa
Aesar, additionally dried), propylene carbonate (PC, BASF,
battery grade), fluoroethylene carbonate (FEC, Solvay, battery
grade), 1M LiPFg in a mixture of ethyl carbonate and dimethyl
carbonate (EC:DMC, 1:1,
microfiber separator (GF/D, Whatman), and Cu foil (9 pm

Merck, battery grade), glass

thick, MTI Corporation). SnSb-containing electrodes were

2| J. Name., 2012, 00, 1-3

prepared by mixing SnSb (NCs or bulk), CB and CMC
(64%:21%:15%) with water using a Fritsch Pulverisette 7
classic planetary mill (500 rpm, 1 hour). The resulting slurries
were coated onto Cu foil and dried at 80 °C for 12 h under

final cm™.
Electrochemical measurements were conducted in airtight coin-
type cells assembled in an Ar-filled glove box (O, < 0.1 ppm,
H,0 < 0.1 ppm). Elemental lithium and sodium were employed
as both the reference and counter electrode in half-cells.
LiCoO, (MTI Corporation) coated onto Al foil was used as the
Li-ion cathode for full-cells (the loading of active material was

vacuum. The loading of was ~0.5 mg

~20 mg cm™?). For Na-ion full-cell experiments, Na; sVPO,4gF 7
was prepared according to Park et al.”’ as the cathode. Prior to
electrode preparation, Na,;sVPO,3F;; was carbon-coated by
ball-milling with CB (20 wt%) and annealing at 450 °C for 12
h.*® Before the assembly of Na-ion full-cells, SnSb electrodes
were charged/discharged for 5 cycles vs. elemental Na in the
potential range of 0.005-2.0 V at a current of 200 mA g'. As
the electrolyte, 1M LiPF4 in EC:DMC with 3% FEC was used
for LIBs and 1M NaClO, in PC with 10% FEC was used for
SIBs in this work. One layer of glass microfiber served as the
separator in all cases. Galvanostatic cycling experiments were
carried out at room temperature on an MPG2 multi-channel
workstation (BioLogic). For Li-ion full-cell experiments, the
batteries were cycled in the potential range of 2.0-3.9 V at a
current of 400 mA g'. Na-ion full-cell experiments were
conducted within a limited charge and discharge capacity
window of 400 mAh g, in the potential range of 1.5-4.3 V ata
current density of 200 mA g™, All capacities reported in this
work correspond to the content of SnSb.

Materials characterization

Transmission electron microscopy (TEM) images were
obtained using a Philips CM30 microscope operated at 300 kV
using carbon-coated Cu grids as substrates (Ted-Pella). Powder
X-ray diffraction (XRD) was measured on a STOE STADI P
(Cu-Ka,;
microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX) measurements were carried out using a NanoSEM 230

diffractometer irradiation).  Scanning electron

microscope.

Results and discussion

In the novel synthesis route to SnSb NCs (Figure 1) developed
herein, a solution of NaBH, in 1-methyl-2-pyrrolidone (NMP)
was heated under nitrogen to 60 °C, followed by the
consecutive injections of SnCl, and then SbCl; dissolved in the
same solvent. As in our previously reported “expensive”
organometallic synthesis of SnSb NCs,* Sb is introduced last
to prevent the formation of Sb NCs. As seen in TEM images
(Figure 1b) the resulting SnSb NCs have a size distribution
between 10-30 nm. XRD measurements confirm that the sole
crystalline product is cubic SnSb compound (space group Fm-
3m (225), a = 6.13 A, COD entry 9008724), without any traces
of Sn, Sb or their respective oxides (Figure 1c¢). Notably, even
for storage of eight months under ambient conditions no
formation of crystalline oxides can be detected (Figure S1).

This journal is © The Royal Society of Chemistry 20xx
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Efficient removal of the main side product NaCl and potentially
unreacted NaBH,, SnCl, or SbCly is further evidenced by the
absence of signals corresponding to sodium and chlorine in the
energy dispersive X-ray (EDX) spectra of the purified SnSb
NCs (Figure S2). Together, the use of inexpensive reagents,
absence of surfactants, recycling of the solvent (NMP), high
reaction yield and the non-essentiality of purification of the
final product with organic solvents all lead to the low overall
cost of this synthesis of < 0.3 USD per gram of SnSb (which is
essentially only the cost of the starting salts and reducing agent;
Table S1). In stark contrast to
hydrothermal/solvothermal ~procedures’”” *®  the synthesis
presented herein is carried out at low temperatures, under

see also

ambient pressure and with short, sub-minute reaction times,
ideal for up-scaling.

Lithium- and sodium-ion half-cell tests

Half-cell experiments serve to shed initial light on the capacity,
energy density and rate capability of the anodes investigated in
this work (Figure 2). Working electrodes were prepared by
mixing the SnSb NCs with carbon black (CB) and
carboxymethylcellulose (CMC) as a binder in water and coating
the resulting slurry onto Cu foil (for Li- and Na-ion cells,
respectively). In this regard it should be noted that SnSb NCs
retain their cubic structure after electrode preparation without
the formation of crystalline oxides (Figure S1). Standard liquid
electrolyte formulations were used: LiPFg in EC:DMC for Li-
ion and NaClO, in PC for Na-ion cells. In both cases, FEC was
added to the electrolyte because of its known beneficial effect
on cycling stability due to the stabilization of the solid-
electrolyte interface (SEI).*->

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Synthesis and characterization of SnSb NCs. (a) Reaction scheme. (b)
Transmission electron microscopy (TEM) image. (¢) X-ray diffraction (XRD) pattern of
SnSb NCs, indexed as cubic SnSb (COD entry 9008724).

As is apparent in Figure 2a, SnSb NCs deliver initial capacities
close to the theoretical maximum at all tested current densities,
with values of 980, 850 and 730 mAh g'1 at 200, 1000, and
5000 mA g, respectively, and retain 90%, 80% and 70% of
these initial capacities after 100 cycles. The observation of
capacities that are higher than the theoretical capacity (by up to
10%) may arise from a contribution by amorphous carbon of
~100-200 mAh per gram of carbon and also, possibly, due to
reversible interfacial lithium storage mechanisms as previously
reported for conversion-type materials™ >* or even reversible
Li-ion storage by a polymeric gel-like layer formed by the
electrolyte.” A significant irreversible capacity is observed in
the first few cycles, resulting in an initial coulombic efficiency
of just 63-70% for both Li-ion and Na-ion cells. This
irreversible capacity can be attributed to the formation of an
SEI layer over the large surface area of the nanostructured
electrode. During subsequent cycles, the coulombic efficiency
rises to ~97-98%, indicating that side reactions such as SEI
reformation or electrolyte decomposition continue to occur,
causing the remaining 2-3% deficit.

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Electrochemical performance of SnSb NCs. Capacity retention for SnSb NCs
in (a) Li-ion and (b) Na-ion half-cells at a current of 200, 1000 and 5000 mA g’.
Galvanostatic charge and discharge curves for SnSb NCs in (c) Li-ion and (d) Na-ion
half-cells at a current of 200 mA g”'. All measurements were performed in the potential
range of 0.005-2.0 V.

Despite only a minor difference in theoretical capacity between
Na;Sb and Na;;sSn, significantly lower capacities were
observed for SnSb NC Na-ion anodes, as in previous reports.*
% In particular, at currents of 200, 1000 and 5000 mA g'l,
initial capacities of only 560, 420 and 380 mAh g' were
obtained, respectively. However, contrary to Li-ion half-cells, a
much higher fraction of the initial capacity was retained (~90-
95%) after 100 cycles at these current densities. This result is
clearly an improvement over previous reports of Na-ion storage
in SnSb (for a detailed comparison with existing literature
reports, see Table S2 and $3).!8: 38 40-44.52.56-60 The small size of
SnSb NCs enhances the kinetics of the charge/discharge
reactions due to fast ionic and electronic transport, and also
leads to improved cycling stability by more effectively
accommodating the impact during
cycling.?® 3' The importance of downsizing of the active
material is further evidenced by comparison to electrochemical
experiments using micrometer-sized SnSb particles, prepared
by melting elemental Sn and Sb powders (Figure S3). Such
bulk SnSb particles show much poorer capacity retention both
for Li- and Na-ion half-cells (Figure S4), despite similar
reaction mechanisms as indicated by the similarities of the
charge/discharge curves (Figure S5). Notably, compared to
monodisperse 20 nm particles,*® the herein presented SnSb
NCs, show the even Dbetter electrochemical
performance, indicating that narrow size distributions are not

of volume changes

same or

4| J. Name., 2012, 00, 1-3

crucial for obtaining good electrochemical performance.
Moreover, the absence of any surfactants during the reaction
most likely leads to higher capacity levels compared to
monodisperse 20 nm SnSb NCs, since remaining insulating
ligands on the surface can decrease the storage capacity. Apart
from their high storage capacities, SnSb NCs show relatively
low delithiation and desodiation potentials (Figure 2c and 2d),
making them highly attractive materials for full-cell
applications. It should also be noted that whereas for Li-ion
storage the galvanostatic charge/discharge curves are
essentially comprised of a combination of the features of the
pure phase compounds (the delithiation of Sn occurring
between 0.8-0.4 V and Sb at ~1.1 V), the alloying reaction of
SnSb NCs with Na is clearly different.'” The same conclusion
can be made from cyclic voltammetry measurements, which are

fully consistent with previous reports on SnSb (Figure 3).*% >
a b o.10
0.2
0.05
0.1 i
< . < desodiation
delithiation -
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Voltage / V vs. Li"/Li Voltage / V vs. Na'/Na
Figure 3. Cyclic voltammograms of SnSb NCs tested in (a) Li-ion or (b) Na-ion half-
cells using a scan rate of 0.1 mV s in the potential range of 0.005-2.0 V.

Whereas the reaction mechanism of SnSb with Na is not fully
clarified due to difficulties to analyze the amorphous
intermediates and products,’' the reaction mechanism of Sb has
been elucidated to proceed via the following steps (where ¢ -
crystalline, a - amorphous):**

1% sodiation: c-Sb — a-Na;,Sb + ¢c-Na;_,Sb — c-Na;_Sb (4)
1* desodiation: c-Na;_,Sb — a-Na; ;Sb — a-Na, (Sb —
a-Na; oSb + c-Sb (5)

2" sodiation: a-Nay oSb + ¢-Sb — a-Na; ;Sb + ¢-Sb — a-
Na, ;Sb + a-Na;_,Sb — a-Na;_Sb — ¢-Na;_Sb (6)

Transition through amorphous phases, helping in mitigating
volumetric changes, has been hypothesized as one of the
reasons for the relatively high cycling stability of Sb-based
electrodes.®? In the case of Sn, the sodiation mechanism was
proposed to take place according to the following sequence:®
c-Sn — c¢-NaSn; — a-NaSn — c¢-Na, ,5Sn — c-Na3 ;5Sn  (7)

However, it should be noted that in this sequence was obtained
at low current rates (C/50) with an additional potentiostatic step
at 5 mV vs. Na"/Na. Under more practical cycling conditions at
higher rates full sodiation of Sn to Na;;5Sn might in fact not
occur,’* as supported by significantly lower capacities for Sn-
based electrodes.®> Notably, whereas in the case of SnSb
electrodes Na;Sb could be crystallized at elevated temperatures,

This journal is © The Royal Society of Chemistry 20xx
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Sn environments remain incompletely sodiated, as reported by
Baggetto et al.®' Thus, the generally lower capacity of SnSb-
based anodes for Na-ion compared to Li-ion storage*® ¢ —
which is also observed for the herein presented SnSb NCs —
might be attributed to not fully sodiated Sn-phases.

Lithium- and sodium-ion full-cell tests

To evaluate the practical utility of SnSb nanomaterials as
anodes, Li- and Na-ion full-cells were assembled using
standard cathode materials (Figure 4). Anode-limited operation
of a full-cell allows the assessment of the behavior of the anode
in half-cell
experiments, all specific currents and capacities correspond to

in more practically relevant conditions. As

the mass of the SnSb active material in the anode.

Li-ion full-cells were assembled using commercial LiCoO,
cathodes and then cycled in the potential range of 2.0-3.9 V
with a current density of 400 mA g (anode). For at least 60
cycles SnSb NCs deliver an average Li-ion storage capacity of
600 mAh g (Figure 4a) with an average discharge voltage of
3.0V.

Na-ion full-cells were assembled using Na, sVPO,sF, ; as the
cathode, synthesized according to Park et al* and
characterized by powder XRD (Figure S6) This cathode
material exhibits high cycling stability and a high sodiation
potential (~3.8 V vs. Na/Na, Figure S7).*° Prior to full-cell
experiments, SnSb anodes were cycled vs. elemental Na at a
current of 200 mA g™ in the potential range of 0.005-2.0 V for
5 cycles in order to form a stable SEI layer and therefore
minimize the charge loss during subsequent cycles. Both charge
and discharge capacities were limited to 400 mAh g within the
potential range of 4.3—1.5 V and the cells were cycled at a
current of 200 mA g'. As can be seen in Figure 4, the
SnSb/Na, sVPO,3F(; Na-ion full-cell delivers a stable capacity
of ~400 mAh g' for at least 60 cycles, with an average
discharge voltage of 2.7 V (Figure S8).

This journal is © The Royal Society of Chemistry 20xx

Jotrnal of Materials Chemistry A

a 900y 100
800 90
"o 7001 80
< 70 2
< 600 <
< 5001 g
>
5 400+ s
S T gt 40 .2
g 300Y 30 E
200 S
(0] —° SnSPNCslLiCoO, 2073
o] 2 SnSbNCsiNa, VPO, 100

T v T y 0
0 10 20 30 40 50 60
Cycle number

4.04SnSb NCs/LiCoO,

g
Negative electrode

1.0 snsb + (x+y)Li'7e > Li,Sn + Li,Sb

J Positive electrode i
LiCoO, « Liy,.,,Co0, + (x+y)Li /e

0 100 200 300 400 500 600
Capacity / mAhg”
4.0J5nSb NCs/Na, VPO_F

48 0.7

o
> 1 .54 Negative electrode
SnSb + (x+y)Na'/e’ <> Na,Sn + Na,Sb

1 Positive electrode:
0.54 Na, VPO, ¢Fy; <> Na, 5 ., VPO, oy,
0 + (x+y)Na'/e

0 100 200 300
Capacity / mAhg”

400

Figure 4. Electrochemical performance of SnSb NCs in lithium-ion and sodium ion full-
cells using LiCoO, and Na;sVPO4sF); as the cathode material, respectively. (a)
Capacity retention for SnSb NCs at a current of 400 mA g in Li-ion and at 200 mA g
in Na-ion full cells. Li-ion cells were cycled in the potential range 2.0-3.9 V. Na-ion
cells were cycled with a limitation of the charge and discharge capacity to 400 mAh g
Galvanostatic charge/discharge curves for a (b) Li-ion and (c) Na-ion full-cell, during
the 30™ cycle (see also Figure S8). Displayed specific capacities and currents correspond
to the mass of SnSb NCs.

Based on the anodic capacities obtained for Li- and Na-ion
full-cells and the theoretical capacities of the cathode materials
(140 mAh g' for LiCoO, 129.7 mAh g' for
Nal.SVPO4.8F0.7)45 the theoretical cell capacities can be
estimated, USing Ccell:CanodeCcathode/(Canode+ccathode)- This cell
capacity multiplied by the average discharge voltage yields the
theoretical energy density of the cell. In this way, the energy
density of the SnSb/Na; sVPO,gF, ; full-cell battery developed
in this work compares favorably to other recently reported Na-
ion full-cells.®®”" Similarly, the SnSb/LiCoO, Li-ion full-cell
exhibits an energy density of 340 Wh kg™, comparable to the
graphite/LiCoO, system. One possible advantage of SnSb over

and

J. Name., 2013, 00, 1-3 | §
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graphite lies in its three-fold higher density compared to
graphite (6.9 g cm™® vs. 2.2 g cm>, respectively). This
potentially enables higher volumetric energy densities by up to
30%: 1796 Wh L' for the SnSb/LiCoO, full-cell compared to
1339 Wh L' for graphite/LiCoO,, assuming a density of 5 g
cm” for LiCo0,.”

Conclusions

In summary, we report an inexpensive and scalable synthesis of
SnSb nanocrystals of 10-30 nm in size using metal chlorides as
precursors and sodium borohydride as a reducing agent. The
important advantages of this method over previous solution
syntheses are its nearly quantitative reaction yield and its
avoidance of the use of surfactants. The resulting NCs can thus
be isolated simply by centrifuging or filtering, and purified by
rinsing with water. Lithium-ion storage in such SnSb NCs is
characterized by capacities close to the theoretical maximum,
with an average value of 760 mAh g for 100 cycles at a high
current density of 1000 mA g™'. For sodium-ion storage, lower
capacities are obtained, but with higher relative capacity
retention upon cycling. The first results from Li-ion and Na-ion
full-cell experiments, using LiCoO, and Na,; sVPO,sF,; as the
cathodes, indicate the stable cycling performance of SnSb NCs
with specific Li- and Na-ion anodic capacities (average voltage
in parentheses) of 600 mAh g (3.0 V) and 400 mAh g (2.7
V), respectively.
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