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Herein, we present the synthesis and systematic comparison of Sn- and Co-Sn-based nanoparticles

(NPs) as anode materials for lithium-ion batteries. These nanomaterials were produced via inexpensive

routes combining wet chemical synthesis and dry mechanochemical methods (ball milling). We demon-
strate that oxidized, nearly amorphous CoSn,O, NPs, in contrast to highly crystalline Sn and CoSn, NPs,
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Introduction

Despite an intensive research effort to develop new materials
for rechargeable lithium-ion batteries (LIBs) over the past four
decades, graphite remains the most common anode material
in commercial devices. This is a surprising circumstance con-
sidering the fact that graphite possesses relatively low
gravimetric and volumetric capacities (372 mA h g”* and 820
mA h em™, respectively) compared to a large number of both
alloying- (e.g., Si, Ge, and Sn) and conversion-type materials
(e.g., Fe;04, M0S,, and SnSb)."* The primary reasons for this
are the rapid decline in capacity of many of these alternative
anode materials due to massive volume changes during
cycling (e.g., AV = 100-300%) causing mechanical disinte-
gration of the electrodes, and/or due to irreversible reactions
during charge and discharge. It has been demonstrated in a
variety of case studies that these issues can be mitigated by
using nanostructuring strategies in the synthesis of the active
anode materials.®?® Nevertheless, the commercialization of
such high-capacity alloying- and conversion-type anodes has
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exhibit high cycling stability over 1500 cycles, retaining a capacity of 525 mA h g~ (92% of the initial
capacity) at a high current density of 1982 mA g‘i. Moreover, when cycled in full-cell configuration with
LiCoO, as the cathode, such CoSn,O, NPs deliver an average anodic capacity of 576 mA h g~ over
100 cycles at a current of 500 mA g™, with an average discharge voltage of 3.14 V.

remained hampered for several reasons. In conversion-type
anodes, a major fraction of the capacity is often obtained at
potentials above 1.0 V vs. Li'/Li, reducing the voltage of the
full-cell and thus the energy density of the corresponding
battery. Secondly, the synthesis of nanostructured electrodes is
often elaborate and therefore costly. Tin remains among the
few materials which are realistic candidates to replace graphite
in commercial LIBs, due to its high gravimetric and volumetric
capacities (992 mA h g~* and ~7300 mA h cm™), low delithia-
tion potential (0.2-1 V), high electrical conductivity, low cost
and natural abundance. In fact, anodes comprising amor-
phous Sn-Co-C nanocomposites have indeed been employed
in commercial rechargeable batteries (e.g., Nexelion™, Sony
Corp., Japan) since at least 2005. The success of this product
has triggered further intensive research on Co-Sn-based
anodes for LIBs.>’>* The superior cycling stability of many
Co-Sn-based materials over elemental Sn has been attributed to
two factors: (1) the effective buffering of volume changes occur-
ring during the lithiation of Sn by the inactive Co matrix and (2)
the prevention of aggregation of Sn particles during delithiation
due to the preferred formation of intermetallic Co-Sn
phases.”®”>>® Notable recent examples of nanostructured
Co-Sn-based materials include, for instance, CoSnO; NPs in a
graphene network?” and Sn-Co NPs encapsulated in carbon
spheres,” which both exhibit stable capacities over >100 cycles
in a wide potential range of up to 3.0 V vs. Li"/Li.

In this report, we present a systematic comparison of well-
defined Co-Sn nanoparticle (NP) based materials as anodes
for LIBs. We introduce a simple synthetic procedure which can
be used to prepare either amorphous Co NPs or crystalline
Sn NPs, and subsequently demonstrate their conversion into
crystalline non-oxidized CoSn, NPs or oxidized, nearly amor-
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phous CoSn,O, NPs by simple mechanochemical methods.
Half-cell electrochemical experiments were carried out to
compare pure Sn NPs to both Co-Sn NP systems, indicating
superior characteristics of the CoSn,0O, NPs. Finally, full-cell
experiments were carried out on this most promising system
using LiCoO, as the cathode; stable cycling with anodic
capacities of 576 mA h g~' for 100 cycles could be demon-
strated at a current of 500 mA g~', with an average discharge
voltage of 3.14 V. Note: In the work described herein, “CoSn,
NPs” is used to refer to the highly crystalline, non-oxidized
CoSn, material (seen by X-ray diffraction to be phase-pure),
while the term “CoSn,O, NPs” is used for oxidized and mostly
amorphous NPs (with <5 nm crystal domain sizes).

Experimental
Colloidal synthesis of Sn and Co NPs

To prepare Sn NPs, a solution of NaBH, (96 mmol, 98%,
ACBR) in anhydrous 1-methyl-2-pyrrolidone (NMP, 85 mlL,
99.5%, Fisher BioReagents) was heated to 60 °C under flowing
N,. Then, a solution of SnCl, (1 mmol, >99%, Alfa Aesar) in
anhydrous NMP (3 mL) was injected and the reaction mixture
was immediately cooled to room temperature using a water-ice
bath. To prepare Co NPs, a NaBH, solution in anhydrous NMP
(32 mmol in 15 mL) was heated to 150 °C under flowing N,
followed by the injection of CoCl, (8 mmol, >98%, Sigma-
Aldrich) and immediate cooling to room temperature using a
water-ice bath. The obtained Co NPs and Sn NPs were purified
by washing once with dimethyl sulfoxide and then two times
with water after separation from the supernatant by centrifu-
gation. Finally, the reaction product was dried under vacuum
at room temperature.

Synthesis of crystalline CoSn, NPs and oxidized CoSn,O, NPs

For the preparation of Co-Sn based NPs, Sn NPs (1.4 mmol)
were ball-milled for 4 hours with Co NPs (0.7 mmol) at a
frequency of 30 s™' using a Fritsch Pulverisette 23 mill (10 mL
ZrO, vessel, loaded with two 10 mm ZrO, balls). In order to
prepare crystalline CoSn, NPs, the vessel was loaded and sealed
under nitrogen atmosphere. Oxidized CoSn,O, NPs were
obtained when the starting Co and Sn NPs were loaded in air.

Electrode fabrication, cell assembly and electrochemical
measurements

The following battery components were used: carbon black
(CB, Super C65, TIMCAL), carboxymethylcellulose (CMC,
Grade: 2200, Daicel Fine Chem Ltd), fluoroethylene carbonate
(FEC, Solvay, battery grade), 1 M LiPF in ethylene carbonate :
dimethyl carbonate (EC: DMC, 1:1 by volume, Merck, battery
grade), glass microfiber separator (GF/D, Whatman), and Cu
foil (9 pum, MTI Corporation). For electrode preparation,
aqueous slurries were prepared by mixing the respective NPs
(64 wt%) with CB (21 wt%), CMC (15 wt%) and water using a
planetary ball-mill (Fritsch Pulverisette 7 mill), and then
coated onto Cu current collectors. The electrodes were then
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dried at 80 °C under vacuum for 12 h prior to assembling the
cells. Material loadings were 0.5 mg cm™> for half-cell and
1 mg ecm™> for full-cell experiments. Electrochemical measure-
ments were conducted in air-tight coin-type cells assembled in
an Ar-filled glove box (O, < 0.1 ppm, H,O < 0.1 ppm) using
elemental lithium as the counter electrode for half-cells and
LiCoO, on Al foil (MTI Corporation, ~20 mg cm™>) as the
cathode in full-cells. Glass microfiber was used as the separa-
tor in all cases. A standard solution of 1 M LiPF4 in EC: DMC
with 3% FEC was used as the electrolyte. Galvanostatic cycling
tests were performed at room temperature on a MPG2 multi-
channel workstation (BioLogic). Anodic capacities were deter-
mined corresponding to the mass of the Co-Sn material in
both half- and full-cell experiments.

Materials characterization

Transmission electron microscopy (TEM) images were
obtained with a Philips CM30 microscope operated at 300 kV,
using carbon-coated Cu grids as substrates (Ted-Pella). Energy-
dispersive X-ray spectroscopy (EDX) measurements were
carried out using a NanoSEM 230 scanning electron micro-
scope. Scanning transmission electron microscopy (STEM)
images and EDX spectroscopy maps were collected on a FEI
Talos F200X microscope operated at 200 kV. Powder X-ray diffr-
action (XRD) was measured on a STOE STADI P diffractometer
(Cu-Ka, irradiation, A = 1.540598 A). X-ray photoelectron spec-
troscopy (XPS) measurements were carried out in normal emis-
sion using a monochromatized Al Ka X-ray radiation source
and a Scienta R3000 display analyzer.

Results and discussion

Inexpensive routes to Co-Sn-based NPs were derived by com-
bining the wet colloidal synthesis of unary metallic Co and
Sn NPs with dry mechanochemical reactions between them
(Fig. 1a), conducted in or without the presence of air.

Unary metallic NPs of Co (amorphous) and Sn (crystalline)
were synthesized by an extension of the method that we pre-
viously reported for Sb NPs®® based on the borohydride
reduction of metal chlorides in NMP. In contrast to the
reduction reactions of SbCl; ® and SnCl, which exhibited suit-
able kinetics at 60 °C, a higher temperature of 150 °C was
required for CoCl,. The resulting Co NPs were amorphous
(Fig. 1b, see also Fig. S1 and S2a and b¥), whereas the Sn NPs
were highly crystalline in the form of p-Sn (Fig. 1b, indexed as
phase-pure tetragonal Sn, space group I41/amd (141), a =
5.831 A, ¢ = 3.182 A, ICDD PDF entry no.: 00-004-0673). High-
resolution transmission electron microscopy (HR-TEM) image
of Sn NP along with selected area electron diffraction (SAED)
and d-spacing is shown on the Fig. S2¢ and d.f Mixtures of Co
and Sn NPs (molar ratio 1:2) were then ball-milled either in
air or under a nitrogen atmosphere with the intention of
intimately mixing and alloying these materials and to study
the effects of oxidation. Synthesis in air yielded a largely
amorphous/poorly crystalline product, with broad and weak
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Fig. 1 (a) Schematic of the preparation of Co—Sn NPs. (b) X-ray diffrac-
tion (XRD) patterns of colloidally synthesized Co and Sn NPs and
mechanochemically prepared CoSn,O, and crystalline CoSn, NPs.
Reference patterns: tetragonal SnO,, space group P42/mnm (136), a =
4.7391 A, c = 3.1869 A, ICDD PDF entry 00-077-0448; tetragonal CoSn,,
space group /4/mcm (140), a = 6.363 A, ¢ = 5.456 A, ICDD PDF entry
00-025-0256.

XRD reflections corresponding to SnO, and CoSn,. For simpli-
city, the resulting product is denoted as CoSn,O, NPs through-
out this work. In agreement with the XRD results (Fig. 1b),
d-spacing values deduced from HR-TEM measurements of
CoSn,0, NPs indicate the presence of small crystalline
domains composed of CoSn, and SnO, (Fig. S31). Elemental
mapping with energy-dispersive X-ray spectroscopy in scan-
ning TEM (EDX-STEM) studies confirms oxidation throughout
the material, with a rather homogeneous distribution of Co,
Sn, and O (Fig. S47). As follows from XPS spectra (see Fig. S57),
both cobalt and tin are completely oxidized on the surface,
most probably forming Co(OH), and SnO,. In addition, minor
amount of metallic tin was observed in agreement with XRD
results. In comparison with tin, cobalt is hardly detectable by
XPS. Ball-milling under inert conditions, however, resulted in
the formation of highly crystalline CoSn, NPs (Fig. 1, see also
Fig. S2e and ff), with only a minor content of SnO,. In all
cases, the NPs obtained were small: 4-7 nm for Co NPs,
5-10 nm for Sn NPs and 6-20 nm for CoSn,0O, NPs and CoSn,
NPs (Fig. 2 and see also Fig. S6t). Importantly, as control
experiments, attempts to synthesize Co-Sn nanomaterials with
commercial microcrystalline powders of Co and Sn did not
result in the formation of the CoSn, phase (Fig. S7+).

Lithium-ion half-cell experiments

In order to compare the electrochemical properties of Sn,
CoSn,O, NPs and CoSn, NPs, Li-ion half-cells were assembled.
Electrodes were composed of NPs, carbon black (CB), and
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CoSn,0_NPs

Fig. 2 Transmission electron microscopy (TEM) images of colloidally
synthesized Co and Sn NPs and mechanochemically prepared CoSn,O,
and CoSn, NPs.

CMC binder (in a ratio of 64:21:15 by weight), and were
tested against elemental lithium using 1 M LiPF, in EC : DMC.
FEC was added to the electrolyte to improve cycling stability by
forming a stable SEI layer.*®* All specific capacities and cur-
rents presented herein correspond to the combined mass of
Sn and Co, excluding CB and CMC. Fig. 3 shows the capacity
retention performance of CoSn,O, NPs compared to Sn NPs
over 1500 cycles at a high current density of 1984 mA g~ in
the potential range of 0.005-1.0 V vs. Li'/Li.

Since lithium is reversibly stored in all of the systems
studied herein primarily via the Sn — Li,,Sn conversion
reaction (theoretical capacity: 992 mA h g™'), a current density

Current: 1984 mAg”'

Coulombic efficiency / %

1004 —a—CoSn,0, NPs 55

0 300 600 900 1200 1500
Cycle number

b14 c 14
312 312 1000
510 1000 1 10100 54 110100
s p
Z08)\Sn NPs 2 08{\CoSn, NPs,
206 E,O.E
S04 Soa
S ]
>02 >02

0 (X 0 5

o 100 200 300 400 500 600 0 100 200 300 400 500 600 e 0 100 200 300 400 500 600
Capacity / mAhg" Capacity / mAhg"' Capacity / mAhg"
Fig. 3 (a) Cycling stability measurements of Sn NPs, CoSn, NPs and

CoSn,O, NPs in lithium-ion half-cells at a current of 1984 mA g‘1 within
the potential range of 0.005-1.0 V. Galvanostatic charge/discharge
curves for (b) Sn NPs, (c) CoSn, NPs, and (d) CoSn,O, NPs after a
number of cycles corresponding to the half-cells in (a) (1°* discharge
curves with full capacity range are shown on Fig. S8a—ct).
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of 992 mA g~ was designated as the 1C rate.®® Assuming that
Co does not contribute to any Li-ion capacity, the theoretical
capacity of CoSn, is 795 mA h g~'. During galvanostatic
cycling of the half-cells, the upper cut-off potential was limited
to 1.0 V in order to include only the region relevant to sub-
sequent full-cell experiments. As can be seen in Fig. 3, at a
high current density of 1984 mA g~ (“2C”), Sn NPs, CoSn,O,
NPs, and CoSn, NPs initially show similar capacities of
550-600 mA h g~', with the highest values typically reached
after 50-100 cycles. The increase of the capacities in the initial
cycles might be attributed to restructuring processes in the elec-
trode, which lower the resistivity and hence lead to a higher util-
ization of the capacity. Upon extended cycling, Sn NPs exhibit
significant capacity fading within 400 cycles, while Co-Sn-based
NPs show a much better retention of their capacity. Specifically,
CoSn, NPs retain a capacity of 462 mA h g~ " after 1500 cycles
(corresponding to a reduction of 18%). CoSn,0, NPs exhibit
even better cyclability, retaining a capacity of 525 mA h g™*
(a reduction of 8%) after 1500 cycles. It should be noted that for
all three systems, the average coulombic efficiency (CE) is 99.6%
during cycling. First-cycle CE is, however, as low as ~30%,
which can be attributed to the formation of solid electrolyte
interface (SEI) and the reduction of surface oxides to their
corresponding metals with Li,O as a byproduct.

With such a high cycling stability, the CoSn,O, NPs in this
work compare favorably to the majority of recently investigated
Sn-based Li-ion anode materials (see Table S1} for a detailed
comparison), especially when considering that the cycling per-
formed herein was restricted to potentials below 1.0 V vs. Li'/
Li in order to obtain values that are truly relevant for full-
cells.®*”~>*%7"72 Thig superior cycling stability of NPs incorpor-
ating Co and Sn compared to pure Sn NCs might be attribu-
table to two effects. Firstly, due to the fact that it does not
form lithium alloys, Co can serve as an inactive matrix during
cycling and therefore buffer the volume changes caused by the
lithiation/delithiation of Sn. Secondly, the presence of Co can
prevent Sn NCs from aggregating upon delithiation and there-
fore further improve the retention of the starting structure of
the active anode material.*®*>*>® Further, cyclic voltammetry
(CV) measurements indicate a third possible effect: lithiation/
delithiation occurs through fewer (most likely amorphous)
phase transitions for Co-Sn-based NPs compared to Sn NCs
(Fig. S9-111). It is well known that pure Sn forms a multitude
of intermediate crystalline phases during lithiation, leading to
increased anisotropic strain in the particles during cycling and
therefore lower cycling stability.

The difference between CoSn, NPs and CoSn,O, NPs in
terms of cycling stability might be attributed to the fact that
CoSn,O, NPs are highly oxidized. The surface oxides are likely
converted into Li,O during the first cycle(s), which is also
known to inhibit the sintering of Sn domains during cycling.®®
It should be noted that the average delithiation potentials for
Sn NCs, CoSn, NPs, and CoSn,0O, NPs are equally low, with an
average value of ~0.5 V vs. Li'/Li (Fig. 3b-d).

Apart from by the mechanical ball-milling of Co and Sn
NPs, crystalline CoSn, NPs can also be synthesized by the
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same colloidal method as used herein to synthesize the pure
Co and Sn NPs by simultaneous injection of SnCl,/CoCl, into a
solution of NaBH, in NMP. However, such a synthesis strategy
suffers from an imbalance between the reactivities of the two
metal chlorides. A high temperature of 150 °C is necessary to
reduce Co**, and the resulting CoSn, NPs are larger than
20 nm, which is significantly larger than the Co-Sn based NPs
prepared by ball-milling (see Fig. S12%). As a result of the
larger size of colloidally synthesized CoSn, NPs, much poorer
capacity retention was observed: the capacity reduced to
<200 mA h g~ after 100 cycles (see Fig. S13).

To evaluate the rate capability of the Co-Sn based NPs
developed in this work, galvanostatic cycling was performed at
current rates between 0.2C to 10C (Fig. 4, 1C = 992 mA g ).
Due to the similar particle sizes of these systems, and there-
fore similar reaction kinetics in all cases, comparable rate
capabilities were observed. The only exception was at currents
of 0.5C-2C where Sn NPs showed ~50 mA h g~' lower
capacities compared to CoSn, NPs. Even at rates as high as 10C,
all three materials still retained a capacity of ~350 mA h g™
Interestingly, it was observed that at such high currents, Li-ion
capacities increased during cycling, resulting in the same or
even higher capacities during the stepwise decrease of the rate
back to 0.2C. Especially for CoSn,O, NPs, the slight difference
in capacity compared to CoSn, NPs initially observed at rates
of 0.5C-2C becomes fully diminished during cycling. For
comparison, graphite is known to exhibit much poorer rate
capability,”*’* which was confirmed in this work by control
experiments using graphite anodes (TIMCAL, KS6) tested
under identical conditions (Fig. S147).

Lithium-ion full-cell experiments

In order to investigate the applicability of Co-Sn-based NPs as
anode materials for commercial batteries, anode-limited full-
cells using LiCoO, as the cathode were assembled (Fig. 5).
Based on the results of the half-cell experiments, CoSn,0O, NPs
were selected for primary investigation in full-cell experiments.

1000
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|
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Fig. 4 Rate capability tests for Sn, CoSn,, and CoSn,O, NPs in lithium-
ion half-cells within the potential range of 0.005-1.0 V.
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Fig. 5 Electrochemical performance of a lithium-ion full-cell battery
with CoSn,O, NPs as the anode and LiCoO, as the cathode material. (a)
Galvanostatic charge/discharge curves during the 50" cycle (see also
Fig. S15%). (b) Capacity retention and coulombic efficiency. (c) Specific
energy density and discharge voltage. Cells were cycled at a current of
500 mA g~ in the potential range of 2.0-3.9 V. Specific capacities and
currents correspond to the mass of CoSn,O, NPs.

Herein, all specific capacities and currents correspond to the
mass of CoSn,O, NPs. Full-cells of CoSn,0,/LiCoO, were cycled
galvanostatically at a current of 500 mA g~" in the potential range
of 2.0-3.9 V. Under such conditions, CoSn,O, NPs exhibit an
average capacity of 576 mA h g~' upon extended cycling, similar
to the values observed in half-cell experiments. Neglecting the
excess of cathode material used in this work, the theoretical
charge storage capacity of the cell is estimated as 112.6 mA h g™*
based on: Ceenn = Canodeccathode/ (Canode + Ccathode)- Taking the
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average discharge voltage of 3.14 V into account, the resulting
average specific energy density for the CoSn,0,/LiCo0O, cell is
353 W h kg™ and, most importantly, it remains stable at this
value for 100 cycles (see Fig. 5¢). This specific energy density is
comparable to that of the state-of-the-art graphite/LiCoO,
system (~360 W h kg™" based on 140 mA h g7'/3.7 V vs. Li*/Li
for LiCoO, and 372 mA h g '/0.15 V vs. Li*/Li for graphite).”®
However, considering the much higher density of bulk p-Sn
(73 g em™) and Co (8.9 g cm™) compared to graphite
(2.2 g em™), CoSn,O, NPs can theoretically exhibit improved
volumetric energy densities by up to ~40% (see also Table S27).
For a large variety of portable electronic devices, the importance
of volumetric energy density is greater than that of gravimetric
energy density.”® For comparison, the improvement of the volu-
metric energy density of the Sony Nexelion™ battery is 20%
over identical cells using graphite anodes.””

Conclusions

Co and Sn NPs with diameters of <10 nm were synthesized via
the simple reduction of their respective chlorides using NaBH,
in NMP, and were subsequently converted into intermetallic
Co-Sn NPs by ball-milling. The resulting nanostructured
materials can be seen as well-defined model systems, suited
for investigating the effects of crystallinity and composition on
electrochemical properties upon lithiation/delithiation cycling.
Despite the fact that Sn and CoSn, NPs show good cycling
stability for several hundred cycles, CoSn,O, NPs show the
most outstanding retention of capacity, losing only 8% of their
initial capacity over 1500 cycles at 1984 mA g~ '. In addition, in
lithium-ion full-cell experiments with LiCoO, as the cathode
material, CoSn,O, NPs provide capacities of on average
576 mA h g~ " with an average discharge voltage of 3.14 V. This
system, therefore, exhibits stable specific energy densities
comparable to state-of-the-art LIBs based on graphite, and
potentially much higher volumetric energy densities due to
the higher density of CoSn,O,. Considering that high rates
were used in both half- and full-cell experiments, the CoSn,O,
NPs presented herein also offer a potential improvement in
power density over cells assembled using conventional graph-
ite anodes and also over Sony’s commercialized Nexelion™
battery which has been designed specifically for low power
(e.g., camcorder) devices.””
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