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Abstract

Single crystals of Ag2FeSn3S8 have been obtained by heating pure metals and sulphur in evacuated silica tubes at 750 jC.
Structural analysis of Ag2FeSn3S8 by single crystal X-ray diffraction analysis shows that it crystallizes in the Fdim space group
with a = 10.5723 (4) A. The room temperature resistivity for the above thiospinel is found to be 3.3 x 104 V cm. The usefulness
of this material as cathode in rechargeable lithium batteries is indicated by a discharge capacity of c 107.7 A h/kg in 0.1 M
LiClO4 in THF when coupled with a lithium anode for several cycles.

PACS: 61.66.F; 84.50.D; 2.20
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1. Introduction

Quaternary thiospinels belonging to the formula
Cu8M4Sn12S32 or Cu2MSn3S8 (M=Ni, Fe, Co, Mn)
are known in the literature [1]. These compounds
crystallize in the Fd3m space group, as many of the
known oxide spinels [2]. The sulphur atoms in the
thiospinels are arranged in a cubic close-packing (ccp)
arrangement. The M2 + (M = Fe, Ni, etc.) and Sn4 +

ions are randomly distributed in 16d octahedral sites

and Cu+ ions occupy the 8a tetrahedral sites defined
by the anion array. There are other sites in the spinel
structure (16c octahedral, 8b and 48f tetrahedral)
which are empty. To the best of our knowledge, only
Cu2FeSn3S8 and Cu2NiSn3S8 have been studied by
single crystal X-ray diffraction studies among quater-
nary thiospinels. Cu2FeSn3S8 (rhodostannite) has
been reported to crystallize in the tetragonal I41/a
space group [3], while Cu2NiSn3S8 is found to crys-
tallize in cubic Fd3m space group [4]. Cu2CdSn3S8 is
also reported to crystallize in the space group I41/a
and has been recently studied by powder X-ray
diffraction [5]. Apart from the above, recently, we
have reported about few copper-based cation-deficient
quaternary thiospinels, which crystallize in the cubic
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Fd3m space group [6-8]. There are no detailed
structural studies either by single crystal X-ray studies
or by refinement of powder diffraction data for silver-
based quaternary thiospinels. Ag2FeSn3S8 has been
mentioned to crystallize with tetragonal symmetry in
space group I41/a [9] by powder X-ray diffraction
studies. Physical properties of silver-based quaternary
thiospinels have also not been explored in detail and
there are hardly any reports related to the electrical
and electrochemical properties of these thiospinels. In
this paper, we report about the single crystal structure
of Ag2FeSn3S8, along with four-probe resistivity
studies and electrochemical properties in order to
demonstrate their usefulness as a cathode material.

coated electrodes as cathode and large area Li metal
anodes in 0.1 M LiClO4/THF. Charge-discharge
measurements were carried out in this cell for few
initial cycles using a constant current density (0.125
mA cm" 2), controlled with the help of a compute-
rized data acquisition system. All the procedures of
handling and fabricating the cell were performed in
argon filled glove box. Cyclic voltammetry was car-
ried out using an Autolab model PGSTAT 30 Poten-
tiostat/Galvanostat connected to a three electrode cell
comprising of Ag2FeSn3S8-coated Pt electrode, Pt
flag counter electrode and Ag/AgCl reference elec-
trode. Potential cycling between — 1 and +0.5 V was
carried out in 1 M aqueous LiClO4 solution at diffe-
rent scan rates.

2. Experimental

All manipulations were performed under vacuum.
Stoichiometric amounts of Ag (Acros Organics, Bel-
gium, 99.9%), Fe (CDH, India 98%), Sn (Acros
Organics, 99.9%), S (CDH, India, 98%) were mixed
in a N2 filled glove box and sealed in silica ampoules
under high vacuum (10" 5 torr). The ampoules were
heated in a programmable furnace at 750 jC for
8 days and then cooled to room temperature after
switching of the furnace. The product was obtained in
the form of black crystals. Single crystals were
selected, mounted in glass capillaries, and checked
for singularity on a CAD-4 single-crystal diffractom-
eter using Mo-Ka radiation. Powder X-ray diffraction
pattern of the annealed sample was recorded on a
Bruker-D8 Advance X-ray diffractometer with CuKa
radiation.

Four-probe resistivity measurements were carried
out on a sintered disk of Ag8Fe4Sn12S32 using silver
contacts. Temperature variation studies were carried
out in a liquid nitrogen cryostat connected to a
Lakeshore (321) temperature controller. A constant
current source (Keithley 220) was used to provide the
current through the sample and a microvoltmeter
(Hewlett-Packard 34401 A) was used to measure the
voltage drop across the sample.

For the electrochemical measurements, the thio-
spinel electrodes were prepared by mixing 80% of
thiospinel, 15% of graphite and 5% PTFE binder,
which was then pasted on a stainless steel grid. An
electrochemical cell was constructed using these

3. Results and discussion

A crystal with a dimension of 0.04 x 0.04 x 0.02
mm was used for single crystal X-ray studies. A
total of 265 reflections were collected in the h
range 3.34-24.74 degrees (0 V h V 12, 0VkV12,
0 V lV 12). The data was corrected for Lorentz and
polarization effects and for absorption (using three

Table 1
Selected crystallographic data for Ag2FeSn3S8

Empirical formula

Formula weight
Temperature
Wavelength
Crystal color, habit
Crystal size (mm)
Crystal system
Space group
a (A)
Volume (A3), Z
Density (calc.) (mg/m3)
F (000)
Reflections collected
Theta range for data collection
Data/restraints/parameters
GOF (on F2)
R1[I>2r(I)]
wR2

Extinction coefficient

Ag2FeSn3S8

884.14
293 (2) K
0.71073
Black, irregular
0.04 x 0.04 x 0.02
Cubic
Fd3m
10.5723 (4)
1181.71 (7), 4
4.970
1592
265
3.34_24.74C

69/0/08
1.150
0.0354
0.0757
0.0008 (3)

GOF=[Ew(F2
o-F

2
c)/(n-p)]1/2 where n is the number of reflec-

tions and p is the number of parameters refined.
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Table 2
Atomic positions, isotropic thermal parameters and bond distances
for Ag2FeSn3S8

Atom

Ag
Fe
Sn
S

X

0.125
0.500
0.500
0.26042
(18)

y

0.125
0.500
0.500
0.26042
(18)

z

0.125
0.500
0.500
0.26042
(18)

Occupancy

1.00
0.25
0.75
1.00

U(eq)

0.0257 (8)
0.0145 (8)
0.0145 (8)
0.0167 (10)

Bond distances: AgUS, 2.480 (3) A; Fe/SnUS, 2.5377(17) A.

W scans). The structure was developed by direct
methods in space group Fd3m and refined on F2

(using SHELXTL 5.0). All the anisotropic thermal
parameters and the occupancies were refined. The
occupancies refined to their full value and were set
to 100% occupancy in the final refinement. A
summary of the selected crystallographic data is
listed in Table 1. Table 2 shows the refined atomic
positions, occupancies, isotropic thermal parameters
and bond lengths. Ag8Fe4Sn12S32 (Z= 1) crystallizes
in the cubic Fd3m space group with a~10.6 A (see
Table 1), which is higher than that normally ob-
served for copper-based quaternary thiospinels,
Cu2NiSn3S8 (a= 10.3022 A) [4] due to the larger
size of Ag+ (1.0 A) in comparison to Cu+ (0.60 A)
[10]. The structure has all the 8a sites occupied by
Ag, while Fe and Sn are both present in the 16d
sites. There are no vacancies in either 8a or 16d

sites, as observed by our refinement. Thus, our
studies show that the previous assignment of a
tetragonal space group to Ag2FeSn3S8 [9] is erro-
neous. Our single crystal X-ray studies clearly show
that the structure is cubic. The AgUS bond dis-
tance (2.480 (3) A) in Ag8Fe4Sn12S32 was found to
be greater than that of CuUS bond distance (2.320
A) in Cu8Fe4Sn12S32 [3], which is in accordance to
the size of Ag+ (1.0 A) and Cu+ (0.60 A) [10]. On
the other hand, Fe/SnUS bond distance was found to
be comparable in both the compounds (Ag8Fe4Sn12

S32: 2.5377 (17) A; Cu8Fe4Sn12S32: 2.536 (2) A).
We have measured the electrical resistivity of

Ag8Fe4Sn12S32 in the temperature range of 240-300
K (at lower temperatures the resistivity becomes very
high). The room temperature resistivity was found to
be 3.3 x 104 V cm and it increased to 2.7 x 105 V cm
at 240 K. Thus, Ag8Fe4Sn12S32 shows a semiconduct-
ing behaviour (Fig. 1) in the temperature range 240-
300 K. The band gap was calculated using Arrhenius
equation [rT=K exp( - DH/RT)] from the plot of
ln(rT) vs. 1/T (see inset of Fig. 1). The band gap
was found to be around 0.417 eV. However, in the
corresponding copper analogue, Cu2FeSn3S8, the
room temperature resistivity and band gap were found
to be 2.0 x 104 V cm and 0.17 eV (170-300 K),
respectively (unpublished results), which is less than
that of Ag8Fe4Sn12S32. This can be due to the smaller
size Cu+ (0.60 A) in comparison to the Ag+ (1.0 A),

0.8-

s
a
3, 0.4-

-

\ 0.0025 0.0035 0 0045

\

1/T(K")

0.003 0.0035 0.004 0.0045

Fig. 1. Plot of rTvs. 1/Tof Ag2FeSn3S8. Inset shows plot of ln rT vs. 1/T.
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which increases ionicity of Ag8Fe4Sn12S32 and there-
by enhancing its insulating character. Similarly, for
Cu8Ni4Sn12S32, the room temperature resistivity was
found to be 1.5 x 102 V cm and the band gap of 0.028
eV in the temperature range of 80-120 K and 0.046
eV in the temperature range 120-300 K [4]. The
lower values of room temperature resistivity and band
gap in Cu2NiSn3S8 in comparison to the Cu2FeSn3S8
can be explained according to the semi-empirical
description of transition metal thiospinels given by
Goodenough [11]. According to him, the band gap
(Eg) varies similar to the difference, EM — Eh where
EM is the Madelung energy and EI is the ionization
energy. The smaller the covalent mixing the larger
would be the value of EM — EI and hence resulting in a
larger band gap.

Apart from the electronic properties, we have
been interested in understanding the electrochemical
properties of the quaternary thiospinels. Fig. 2
shows cyclic voltammograms of Ag2FeSn3S8 (used
as a cathode) as a function of the scan rates with
peak positions at -0 .750 and -1.250 V for
anodic and cathodic peaks, respectively. Both oxi-
dation and reduction peaks are evident and more
significantly electron transfer process appears to
become more facile at larger scan rates (500 mV/s).

5 -

0 -

Fig. 3. Variation of electrode potential of Ag2FeSn3S8 during
charge-discharge studies. (a, b, c are discharging curves and aV, bV,
cV are charging curves for different cycles.)

The reduction peaks are more distinct compared to
the oxidation peaks and this could be attributed to the
presence of large amount of Fe2 + in the sample. The
half-wave potential measured by the average of the

-2.250 -0.500 -0.750 -1.000

E/V
1.250 -1.500 -1.750

Fig. 2. Cyclic voltammograms of Ag2FeSn3S8 on platinum disc as working electrode, Ag/AgCl reference electrode in a 1 M LiClO4 aqueous
solution at different scan rates. (1) 500 mV/s, (2) 300 mV/s, (3) 200 mV/s, (4) 100 mV/s, (5) 50 mV/s.
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anodic and cathodic peak potentials is in good ag-
reement with the presence of Fe2+ in the initial
compound.

The usefulness of these silver-based thiospinels as
cathodes for rechargeable batteries was investigated
using electrochemical charge-discharge measure-
ments. Fig. 3 shows such a charge-discharge profile
for a typical cell fabricated using Ag2FeSn3S8 as a
cathode and Li foil as anode. At a current density of
0.125 mA cm" 2 at room temperature the open circuit
voltage of the freshly prepared cell was found to be
around 2.9 V and was stable for several weeks.
During the discharge, the voltage drops quickly to
1.5 Vand a second voltage plateau obtained at ca. 0.5
V suggests that Li intercalation occurs in two stages.
The capacity obtained for the first cycle is ca. 107.7
A h kg" 1, which reduces significantly on cycling.
Since the structure appears to be stable under cycling
conditions, the capacity fading can be attributed to
the deterioration of the lithium anode.

Our studies have thus established the correct space
group for Ag8Fe4Sn12S32 from single crystal studies
and show the possibility of using this thiospinel as a
useful cathode material for Li batteries.
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