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Towards enhancement of the power density of Li-ion batteries
(LIBs), antimony-based intermetallic compounds have recently
attracted considerable attention as compelling anode materials
owing to their high rate capability as compared to state-of-the-
art graphite anodes. Here we report a facile colloidal synthesis of
monodisperse CoSb nanocrystals (NCs) as a model intermetallic
anode material for LIBs via the reaction between Co NCs and SbCl;
in oleylamine under reducing conditions. We found that ca. 20 nm
CoSb NCs exhibit enhanced cycling stability as compared to larger
ca. 40 nm CoSb NCs and Sb NCs with size on the order of 20 nm.

Lithium-ion batteries (LIBs) are the most common secondary
electrochemical energy storage systems, being a key component
of portable electronics and electric mobility.! Further improve-
ment of the power density of the state-of-the-art LIBs might be
accomplished by the replacement of the graphite anode, which
has a moderate rate capability.>™ Specifically, due to the low
lithiation/delithiation potentials of graphite, lithium plating on
the graphite electrode becomes thermodynamically favorable
upon fast charging, eventually resulting in short circuit and cell
failure.> In this context, the last two decades have seen a surge
of reports on various alternative-to-graphite anode materials
with higher rate capability and stable cycling performance.” Of
all studied anodes for LiBs, Sb is one of the most appealing
candidates for replacing graphite due to its superior rate
capability and high charge storage capacity of 660 mA h g~*
(7246 mA h em™*).® However, harnessing the electrochemical
lithiation of Sb is hampered by its low capacity retention caused
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by massive volume variations (ca. 150%) upon alloying/deal-
loying reactions.’ These volume changes lead to active-material
particle pulverization, the formation of cracks in the rigid
solid-electrolyte interface as well as mechanical disintegration
of the electrodes from the current collector. These issues can be
mitigated by nanostructuring of Sb and its embedding into an
elastic and conductive network.'®"" For instance, the cycling
stability of electrodes comprising 20 nm Sb NCs was shown to
be superior over microcrystalline (bulk) Sb particles.'” Besides
nanostructuring, an effective strategy is the employment of
intermetallic compounds comprising electroactive Sb and inac-
tive (Fe,"® Co,"*'® Ni,'® Cu'”) metal components with regard to
Li. Enhanced cycling stability of such alloys is assigned to the
presence of an inactive metal matrix that buffers the volume
variations of Sb upon cycling and thus hampers their electro-
chemical aggregation. It should be noted, however, that
although nanostructured intermetallic compounds can serve
as excellent model systems, they might be prohibitively
expensive for practical application in commercial batteries.

In this work, we were motivated to employ Sb based alloy-
type compounds with an electrochemically non-active Co metal
such as CoSb in combination with a nanostructuring approach.
We then aimed to discover whether the cycling stability of CoSb
nanocrystals (NCs) changes with the size and they exhibit
advantageous cycling behavior compared to elemental Sb NCs
of the same size. The underlying chemistry used in this work
was based on the sequential reduction of cobalt(u) and
antimony(m) from their transient oleylamide complexes. The
formation of such complexes is promoted with the secondary
ammonium base, LiN(iPr),.'® We find that ca. 20 nm CoSb NCs
demonstrate superior cycling stability over larger ca. 40 nm
CoSb NCs and pure ca. 20 nm Sb NCs, delivering an initial
charge capacity of 544 mA h g~ ' with a capacity retention of
82% after 1000 cycles at a current density of 660 mA g~ .

In the one-pot synthesis of CoSb NCs (Fig. 1a), first, oleyla-
mine was mixed with CoCl,, followed by the injection of
LiN(iPr), (solved in oleylamine) at 270 °C, and 30 s later at
235 °C, injection of SbCl; (solved in toluene/1-octadecene) into
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Fig. 1 (a) Schematic illustration of the one-pot synthesis of CoSb NCs,

along with corresponding (b) TEM image and (c) powder XRD pattern of
CoSb NCs.

the solution. Afterward, the reaction mixture was maintained at
ca. 235 °C for an additional 4 h to form homogeneous CoSb
NCs. In this synthesis, LiN(iPr), acted as a mild base for the
partial deprotonation of oleylamine, thereby fostering
the formation of highly reactive metal-oleylamido species.
The latter complexes instantaneously decompose, causing a
nucleation burst, resulting in the formation of CoSb NCs.
Detailed characterization of the synthesized CoSb NCs by
transmission electron microscopy (TEM, Fig. 1b), electron
diffraction (Fig. Sla-d, ESIt), and powder X-ray diffraction
(XRD, Fig. 1c), confirmed the formation of chemically pure,
highly crystalline hexagonal CoSb NCs (Fig. 1c, space group
P63/mmc, a=b = 3.88 A, ¢ = 5.185 A, JCPDS No. 033-0097). The
resulting size of CoSb NCs can be tuned in the range of
5-45 nm by varying the reaction time, temperature, and quan-
tity of precursors (Fig. Sla-d, S2a and Table S1, ESI}). By
doubling the molar amount of SbCl; with respect to CoCl,,
crystalline CoSb, NCs were obtained (Fig. Sle-g, S2b and Table
S2, ESIt). Aiming to compare the electrochemical performance
of CoSb with pure Sb, monodisperse Sb NCs were also synthe-
sized using a previously published procedure (Fig. S1h, ESI{)."
After the synthesis of CoSb NCs, CoSb, NCs, and Sb NCs,
insulating organic capping ligands were removed by a
hydrazine-based ligand-stripping procedure, similar to that
used for colloidal quantum dots.?® For the electrochemical
measurements, the electrodes were prepared by mixing
powders of the corresponding NCs with carbon black (CB),
carboxymethyl cellulose (CMC), and water. The resulting slur-
ries were cast onto a copper current collector (see ESIL for
details). Importantly, ligand-removal and mechanical mixing
did not lead to any noticeable changes in the size and
morphology of NCs (Fig. S3, ESIt). Before measurements, the
electrodes were dried for 6 h at room temperature and then for
12 h at 80 °C under vacuum before transferring into the
Ar-filled glove box. The same active material mass loading of
~0.5 mg cm > was used for electrodes to minimize the effect of
the different electrode mass loading on the cycling capability.
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Fig. 2
curves of ca. 20 nm CoSb NCs measured at a scan rate of 0.1 mV s
and current density of 660 mA g%, respectively (cyclic voltammetry curve
of ca. 20 nm Sb NCs is given for comparison). See also Fig. S5 (ESI) for
galvanostatic charge—discharge curves of ca. 20 nm Sb NCs.

(a) Cyclic voltammetry and (b) galvanostatic charge—discharge
-1

Coin-type cells were employed for the electrochemical tests.
The cell consisted of lithium foil as the counter and the
reference electrode, the working electrode comprising the
corresponding NCs, and a glass-fiber separator that was placed
between both electrodes and soaked with the lithium electro-
Iyte (1 M LiPFs in ethylene carbonate/dimethyl carbonate
+3 wt% of fluoroethylene carbonate).

Fig. 2a shows cyclic voltammetry (CV) curves of CoSb NCs
and Sb NCs at a scan rate of 0.1 mV s~ . In the first cathodic
cycle (lithiation step), a small broad peak at about 1.2 V vs.
Li'/Li was attributed to the formation of a solid-electrolyte
interphase (SEI) layer due to the irreversible reduction of the
electrolyte during the first cycle. Upon further lithiation, a
reduction peak at 0.5 V (vs. Li'/Li) appeared, which was
ascribed to lithium insertion into CoSb, forming a Li,Sb alloy
and a metallic Co phase. Continued lithiation resulted in the
appearance of a peak at 0.2 V vs. Li'/Li, evidencing the for-
mation of LizSb alloy. A broad peak at 0.1 V vs. Li'/Li can be
attributed to the lithiation of the CB. In the reverse scan, the
CoSb electrode displayed only one pronounced peak at 1.07 V
vs. Li'/Li, which can be ascribed to delithiation of Li;Sb. Upon
further cathodic cycling, two peaks associated with Li,Sb and
Li;Sb formation were shifted to higher voltages of 0.88 V and
0.73 V vs. Li'/Li, respectively (see Fig. S4 (ESI{) for a full set of
CV cycles). The CV curve of Sb NCs was similar to the CV curve
of CoSb NCs, showing a two-step lithiation reaction resulting in
the formation of Li,Sb and Li;Sb alloys (0.88 V and 0.84 V vs.
Li*/Li) and a one-step delithiation reaction (1.07 V vs. Li'/Li).
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in situ XRD
measurements®' confirm the formation of Li,Sb and LisSb
alloys within the given voltage range of 0.9 to 0.7 V vs. Li*/Li,
which is also in agreement with theoretical calculations by
Huggins.”” The galvanostatic discharge and charge profiles of
CoSb NCs measured at a current density of 660 mA h g~ (1C for
Sb NCs) were characterized by broad plateaus (Fig. 2b), in good
agreement with CoSb CV curves. The smooth shape of the
galvanostatic voltage profiles, as well as the broad width of
CV curves for electrodes composed of CoSb NCs suggest a slow
and gradual lithiation of CoSb NCs. In fact, such behavior with
spread-out features in the CV curves and galvanostatic voltage
profiles is rather usual for nanostructured materials, as often
reported in the past.*

As determined by galvanostatic cycling measurements of
CoSb NC and Sb NC performed at 660 mA g~ !, Sb NCs delivered
higher capacities in the first 250 cycles as compared to CoSb
NCs (Fig. 3a). However, upon prolonged cycling for 1000 cycles,
the capacity of Sb NCs gradually decreased. Conversely, the
capacities of the CoSb NCs were stable for 1000 cycles, with a
high capacity retention of 82%. In both cases, the coulombic
efficiency was initially low, but increased to more than 99.54%
and 99.92% for Sb NCs and CoSb NCs, respectively. Notably, a
wide range of prelithiation materials can be employed to
compensate for the initial lithium losses in the electrodes
composed of Sb NCs and CoSb NCs. Typical prelithiation
materials are stabilized lithium metal and lithium silicide on
the anode side or binary lithium compounds (e.g., Li,O, LiF and
Liz;N) on the cathode side of LIBs, respectively.>* The cycling
stability tests of half-cells employing CoSb NCs at a high
current density of 2640 mA g~ showed high capacity retention
of 89%. Only 13% of initial charge storage capacity was retained
in the case of Sb NCs.

Notably, we have also tested the electrochemical perfor-
mance of CoSb NCs with smaller and larger sizes on the order
of 5 and 40 nm (Fig. 3c). The electrode composed of ca. 40 nm
CoSb NCs showed systematically higher initial capacities for
the first 100 cycles than the one composed of small NCs.
However, upon prolonged cycling, the capacity of the large
CoSb NCs gradually decreased. The capacity of ca. 5 nm CoSb
NCs was slightly lower than that of ca. 20 nm CoSb NCs. This
difference can be explained by the presence of a higher amount
of the amorphous surface oxide shell on the smaller ca. 5 nm
CoSb NCs. The latter leads to the formation of Li,O, eventually
resulting in a higher irreversible capacity loss in the first
discharge cycle as compared to larger ca. 20 nm CoSb NCs.

In an effort to unveil the favorable composition of Co-Sb
alloys, CoSb, NCs on the order of 20 nm were also tested
(Fig. S6, ESIf). It has been revealed that although CoSb,
electrodes yielded a higher capacity of 620 mA h g™*, their
cycling behavior was similar to pure Sb NCs. In particular, the
capacity of CoSb, NCs sharply decayed over 100 cycles. Apparently,
we speculate that a higher amount of Co in the Co-Sb alloy helps
reduce the anisotropic mechanical stress within the electrode
upon their lithiation/delithiation, eventually resulting in enhanced
cycling stability of CoSb over CoSb, alloys.

It should be noted that numerous earlier
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Fig. 3 (a and b) Comparison of the cycling stability of CoSb NCs and Sb
NCs, all with ca. 20 nm mean particle size, in Li-ion half-cells at a current
density of 660 mA g~ and 2640 mA g~ (c) Cycling stability of electrodes
composed of CoSb NCs of various sizes (ca. 5 to 40 nm) and ca. 20 nm Sb
NCs. All cells were cycled at room temperature in the potential range of
0.02-1.5 V vs. Li*/Li. The initially higher capacity of CoSb NCs and Sb NCs
as compared to their theoretical values of 445 mA h g *and 660 mAh g™
is attributed to the additional contribution of CB to the measured charge
storage capacity.

Aiming to identify the structural evolution of the CoSb NC
electrodes upon electrochemical cycling, ex situ XRD measure-
ments were performed (Fig. 4). A steady decrease in the
intensity of the CoSb diffraction peaks and a concomitant peak
broadening indicated that the cycling of CoSb NCs occurs with
concomitant size reduction and amorphization of the material.
Complete amorphization of the material takes place after 100
cycles. Interestingly, similar amorphization behavior was also
observed for pure Sb NCs during cycling (Fig. S7, ESIt). We
speculate that the in situ formation of the amorphous CoSb

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 XRD patterns of CoSb NCs before and after ligand removal, after
electrode preparation, and after 1st, 10th, and 100th cycles. The mean
crystallite size of NCs was determined by Rietveld refinement from XRD
patterns.
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during cycling might allow the structural integrity of the
electrodes to be maintained and strongly mitigate their under-
going large mechanical stress during lithiation of the Sb phase.
This eventually results in a reduction of the amount of aniso-
tropic mechanical stress within the electrode. Notably, ex situ
XRD measurements indicate that Co-domains are not fully
inactive after the first lithiation, but take part in full CoSb
recovery. It should be pointed out that high cycling stability of
ca. 20 nm CoSb NCs might also be attributed to their small size,
which allows mitigating their fracturing upon cycling.>>*’

In summary, we have developed a simple colloidal synthesis
of highly uniform CoSb NCs by sequential reduction of cobalt(u)
and antimony(m)oleylamine, promoted by the formation of
metal-olyelamido complexes. A side-by-side comparison of
CoSb NCs of different sizes on the order of 5 to 40 nm showed
that the charge storage capacity and cycling stability of ca.
20 nm CoSb NCs are superior to those of smaller and larger
CoSb NCs and Sb NCs of the same size. Specifically, ca. 20 nm
CoSb NCs delivered a stable average capacity of 448 mA h g~" for
1000 cycles at a high density of 660 mA g '. In contrast, the
charge storage capacity of large ca. 40 nm CoSb NCs and ca.
20 nm Sb NCs gradually decayed after 100-150 cycles. The
capacities of ca. 5 nm CoSb NCs was stable over cycling, but
lower than for ca. 20 nm CoSb NCs as a result of a high amount
of the amorphous surface oxide shell. Further work is needed to
understand the superior cycling stability of ca. 20 nm CoSb NCs,
which can presumably be attributed to the presence of in situ
formed Co nano-domains, which act as a matrix that buffers the
volumetric changes occurring during lithiation/delithiation,
and prevents the electrochemical aggregation of Sb NCs.
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