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Abstract

Polycrystalline samples of NbSb, have been synthesized and studied as anode material for lithium-ion batteries. The reaction mechanism of
lithium with NbSb, is investigated by ex situ XRD and cyclic voltammogram studies. Li3;Sb and Nb are formed during first discharge and during
charge lithium is extracted from Li;Sb. The first cycle discharge capacity is 420 mA hg~' and first cycle charge capacity is 315 mAhg~!.
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1. Introduction

The choice of anode material in state-of-the-art lithium-ion
cells is graphite. However, the theoretical capacity is limited to
372 mA hg~! corresponding to the intercalation of one Li per six
carbon atoms. Several binary lithium alloys (e.g. Li—Al, Li-Si,
Li—Sn, and Li-Sb) having high energy density (both volumet-
ric and gravimetric) were investigated as possible replacement
to graphite [1]. For example, 4.4Li atoms can react per Sn
and deliver a specific capacity of 991 mA hg~!. However, these
alloys showed poor capacity retention during cycling [1]. This
is attributed to the fragmentation of particles due to differences
in volume caused by compositional changes that occur during
cycling. As the particles fragment, they become electrically iso-
lated, and hence the capacity of the cell decreases. In order to
improve the cycling performance of these alloy systems, several
strategies have been proposed.

Some of the compounds that are studied intensively in the
literature include CugSns [2], CoSbs [3,4] and Sn—Fe-C [5-7].
Lithium can be topochemically inserted into CugSns within the
voltage range 1.2—-0.2 V. In the case of CoSb3, Co and Li3Sb are
formed during discharge and during charge Co reacts with Sb to
form CoSb,. FeSn; reacts completely with Li during discharge
and during charge, structure regains partly. In the light of these
strategies several compounds have been studied, viz. InSb [8,9];
MnSb, Mn,Sb [10]; CuaSb [11]; AgzSb [12]; CoFesSby, [13];
CrSb; [14]; Mn—-Sn—C [15].
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The objective of this work is centered in developing this
aspect in a structurally different material NbSb,, in which clus-
ters of niobium are possible.

2. Experimental

Stoichiometric amounts of high purity (99.9%) Nb and Sb
were ground, pressed into pellet and placed in carbon coated
quartz tube. The quartz tube is then evacuated and sealed at a
vacuum of 107 Torr. This quartz ampoule is heated slowly at
the rate of 1 °C per min to 750 °C and kept for 5 days.

Structural characterization of the sample is done by powder
X-ray diffraction (XRD) (Rich Seifert P3000, Germany, Cu Ko
radiation). Unit cell parameters are calculated using AUTOX
program.

For electrochemical studies, electrodes were fabricated by
mixing active material, acetylene black (Denka Singapore Pvt.
Ltd.) and polyvinylidene fluoride (PVDF) in the weight ratios
75:15:10. For comparison, electrodes were fabricated without
acetylene black by keeping PVDF weight ratio as constant. The
slurry prepared by using N-methyl-2-pyrrolidinone is spread
on a stainless steel foil and dried in an oven at 100°C for
12 h. Swagelok cells were fabricated in an argon filled glove
box (mBraun, Germany, <5ppm H;O) with lithium foil as
anode, Teklon (Anatek, USA) as separator and 1M LiPFg in
1:1 EC + DMC (Chiel industries Ltd., Korea) as the electrolyte.
Charge—discharge cycling of the cells is carried out in galvano-
static mode at C/5 and C/10 rate at room temperature by using
Arbin battery cycling unit (BT2000, USA). GITT (galvanos-
tatic intermittent titration technique) is performed at C/20 rate
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Fig. 1. Powder X-ray diffraction patterns of NbSb;.

by passing current for 30 min and allowing for equilibration
for 30 min. Cyclic voltammetry is carried out on an Autolab
PGSTAT 30 instrument with NbSb, as working electrode and
lithium foil as both counter and reference electrodes. At various
lithiated and delithated states, the cells were disassembled inside
the glove box. The electrodes were covered with a mylar film
and ex situ XRD patterns were obtained.

3. Results and discussion

The powder XRD patterns shown in Fig. 1 are indexed
according to the monoclinic NbSby (JCPDS file no. 18-902)
indicating the formation of well crystalline phase. A peak at
28.65° 26 is due to Sb (indicated with *) and three minor
unknown peaks are observed at 26°, 28.42°, 35.58° 26 (indi-
cated with #). The lattice parameters calculated by least squares
fitting are a=10.24(2) A, b=3.61(2) A and c=8.34(2) A.

The crystal structure of NbSby [16] is shown in Fig. 2.
Structure of NbSb; is described elsewhere [17]. NbSb; forms a
structure of OsGe; type, with the Nb atoms surrounded by eight
Sb atoms in the form of a bi-capped trigonal prism, and one
Nb-Nb bond exists as a consequence of fusion of two NbSbg
prisms via a common rectangular face.

GITT studies are carried out on NbSb; to determine the quasi-
equilibrium open circuit potential at various reduction levels on
both the electrodes, with (15%) and without acetylene black.
The GITT curves of NbSb; electrodes are shown in Fig. 3. In
the case of pure NbSb,, the electrochemical reaction is found to
be incomplete and meager 1.5Li reacted on complete discharge
t0 0.05 V. Hence, for further electrochemical studies, 15% acety-
lene black containing electrodes are used.

The voltage—capacity-composition profiles of 15% acetylene
black containing NbSb, electrode cycled galvanostatically at
C/5 rate are shown in Fig. 4. During initial discharge, the voltage
drops from the open circuit voltage of 2.6 to 0.9 V. A plateau at
~0.8 V is attributed to the intercalation of lithium into acetylene

Fig. 2. Crystal structure of NbSb,. Gray circles: Nb; black circles: Sb.

black and reaction of Sb which is present as an impurity. The
plateau at ~0.35 V corresponds to the reaction of NbSb,. This
lower discharge potential of NbSby compared to the other Sb
based intermetallic compounds like CrSb, [4] and CoSbs [3]
in the first cycle is attributed to the lower reduction potential
of Nb. The first discharge capacity of Li/NbSb; cell cycled at
C/5 rate after subtracting the capacity due to the acetylene black
is ~420 mA hg~! which corresponds to the reaction of ~5.3Li.
The first charge capacity is 315mAhg~! corresponds to the
extraction of 4Li. The faradaic efficiency of the first cycle is
about 75%.

Theoretical specific capacity of NbSb, from the following
equation is calculated to be 480 mA hg~! corresponding to 6Li:

NbSb; + 6Li — 2Li3Sb + Nb

The reaction mechanism of Li with NbSb; during the first cycle
is followed by taking ex situ XRD patterns of the electrodes at

3.0

25

2.0

-
@

Voltage (V)
>

o
]

0.0 : ' . ' ; !
0 500000 1000000 1500000

Test time (S)

Fig. 3. GITT curve of Li/NbSb, (a) without acetylene black and (b) with acety-
lene black (15%) in the voltage range 0.05-2 V.
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Fig. 4. Capacity—voltage-composition profiles of Li/NbSb; cell cycled galvano-
statically at C/5 rate (1C corresponds reaction of 1Li in 1h).

various voltages. The XRD patterns shown in Fig. 5 are taken at
the steps indicated in Fig. 4. There is no significant change in the
XRD pattern (b) up to 0.7 V, which is the end of the first plateau.
This indicates that the initial plateau is due to the intercalation of
Liinto acetylene black. Further reaction of Li down to 0.005 V is
accompanied by the formation of Li3Sb, which is evident from
the XRD patterns of corresponding electrodes (c—f). The XRD
pattern of fully charged electrode (h) shows the disappearance
of Li3Sb indicating the extraction of Li from Li3Sb.

The cyclic voltammograms of NbSb; for the first three scans
are shown in Fig. 6. In the first scan, the potential was swept
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Fig. 5. Ex situ XRD patterns of Li/NbSb; cell at various lithiated and delithiated
states.
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Fig. 6. Cyclic voltammogram of Li/NbSb; cell for first three scans.

in the cathodic direction down to 0.005V and then in anodic
directionto 2.0 V with ascanrate of 0.1 mV s~!. During cathodic
sweep a small peak is observed at 0.7 V. This is attributed to the
intercalation of Li into graphite and reaction of Li with Sb. A
strong peak is observed at 0.2 V corresponding to the destruction
of the lattice and leading to the formation of Li3Sb and Nb. In
anodic sweep a strong peak at around 1 V is due to the extraction
of Li from Li3Sb. In the second scan, the initial peak at 0.7V
is attributed to the reaction of Sb and peak at around 0.2V is
due to the reaction of NbSb,, either remained unreacted in the
first cycle or formed during first charge. On cycling the areas
under cathodic and anodic regions decrease and this indicates
poor reversibility. Based on the discharge/charge, ex situ XRD
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Fig. 7. Discharge capacity vs. cycle number of Li/NbSb, cells cycled in voltage
window 0.005-2V at C/5 and C/10 rate.
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and cyclic voltammograms studies, the following mechanism is
proposed for the first cycle:

e During discharge:
NbSby +5.4Li — 1.8Li3Sb + 0.9Nb + 0.1NbSb,
e During charge:

1.8Li3Sb — 1.4Sb + 4.2Li + 0.4Li3Sb

The cycling behavior of the NbSb, cycled at C/5 and C/10
rates are shown in Fig. 7. The initial discharge capacity of the
electrode cycled at C/10 rate is more compared to that of cycled
at C/5 rate. However, on further cycling both the capacities fade
to a constant value.

4. Conclusions

Electrochemical studies on NbSb, are carried out for the first
time. GITT studies show that NbSb; with 15% acetylene black is
more reactive than the pure compound. The XRD patterns taken
at the end of each step of discharge and charge indicate the for-
mation and disappearance of Li3Sb, respectively. The retention
of capacity is found to be poor during cycling. This can probably
be improved by reducing the particle size.
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