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Abstract

LiMSnO, (M = Fe, In) compounds were synthesized by high temperature solid-state reaction method and the electrochemical
studies were carried out vs. lithium metal. Lithium is reversibly intercalated and deintercalated in LiFeSnO,4 with a constant capacity
of ~90mAh/g. In situ X-ray diffraction data show that ramsdellite structure is stable for lithium intercalation and deintercalation in
LiFeSnO,. Galvanostatic discharge/charge of LiFeSnQy, in the voltage window 0.05-2.0 V shows a reversible capacity of ~100 mAh/
g. The observed capacity in LiFeSnO,4 is due to the two processes involving alloying/dealloying of Lis4Sn and formation/
decomposition of Li,O. In contrast, the new isotypic oxide LilnSnO,4 does not exhibit any lithium intercalation due to the absence of
mixed valence for indium. Its reversible capacity is strongly dependent on the voltage window. LilnSnO, exhibits severe capacity
fading on cycling in the voltage window 0.05-2.0 V, but shows a stable capacity of ~90 mAh/g in the voltage range 0.75-2.0 V.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In commercial lithium-ion batteries, graphite is used
as anode material and it has a theoretical specific
capacity of 370 mAh/g. The demand to increase the
energy density of lithium batteries has provoked the
search for alternate anode materials with high capacity
and good cyclability. Due to the high theoretical specific
capacities of lithium metal alloys, several elements such
as Sn, Si, and Al have been studied as anode materials
[1,2]. Elemental tin shows high theoretical specific
capacity of ~990 mAh/g corresponding to the formation
of Lig 4Sn alloy. However, the formation of Lig 4Sn alloy
during charge/discharge involves large volume changes.
This causes cracking and crumbling of the electrode
resulting in poor reversibility. Idota et al. [3] observed
high capacity (~600mAh/g) with good cyclability in
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amorphous tin composite oxide (ATCO). Courtney et
al. [4] have shown that the lithium tin alloy is
responsible for high capacity in ATCO and the
mechanism of reaction of lithium with Sn based oxides
was studied by in situ XRD. For example, in SnO,
during initial discharge plateau Sn metal and Li,O form
followed by the formation of Lis4Sn alloy. The Li,O
formed in situ helps to minimize the effects of volume
changes of Liy 4Sn and thus the reversibility is enhanced
in SnO, compared to Sn. But the main drawback of Sn
based oxides is the large irreversible capacity loss in the
first cycle due to the formation of inactive LiO.
Recently, Poizot et al. [5S] demonstrated that simple
transition metal oxides MO (M =Co, Ni, Fe and Cu)
can react with lithium reversibly with capacities as high
as 700 mAh/g. The reaction mechanism of lithium with
MO involves the reversible formation and decomposi-
tion of Li,O with concurrent reduction and oxidation of
transition metal. The reversibility of transition metal
oxides is strongly dependent on the voltage window,
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particle size, cycling temperature and discharge rate.
Recently, Obrovac et al. [6] proposed that the reaction
of lithium with transition metal oxide like CoO, involves
ion exchange process wherein the Co metal formed
during discharge gets oxidized to Co”>" during charge
and subsequently ion exchanges with Li" in Li,O.

The presence of transition metal in tin based oxides
may possibly reduce the irreversible capacity loss and
also the presence of transition metal in the elemental
state may possibly enhance the electronic conductivity
of the matrix. In this perspective, Sn based compounds
containing transition metal such as Co,SnOy4 [7] and
NaFeSnQy [8] have been studied as anode materials. It is
interesting to note that in case of Co,SnO, the cobalt
metal formed during discharge is not oxidized during
charge unlike in the case of CoO. In case of NaFeSnOy,
during charge, oxidation of iron metal is proposed for
the capacity observed at high voltage.

In the present study, LiMSnO4 (M = Fe, In) com-
pounds with ramsdellite structure are evaluated as
anode materials. LiFeSnO,4 has two polymorphs, a high
temperature rasmdellite type structure and low tem-
perature hexagonal close packed structure [9]. The
ramsdellite structure is shown in Fig. 1. It consists of
edge shared (Fe,Sn)O¢ octahedra forming rectangular
tunnels . There are five possible sites in the tunnels, four
tetrahedral (7, T», T3, T4) and one octahedral (O,) site.
Li" ions occupy these tunnels and distribute in two
tetrahedral sites with preferential occupancy of the T;
site [10]. Due to the presence of empty tetrahedral/
octahedral sites, there is a feasibility of intercalation of
lithium in LiFeSnQO,.

2. Experimental

The compounds LiFeSnO, and LilnSnO,; were
synthesized by high temperature solid state reaction

Fig. 1. Projection of the ramsdellite structure of LiFeSnO,4 along [100].
The partially occupied interstitial positions by lithium are shown as A
and A.

method. The reactants were Li,COs; (Merck, 99%),
Fe,05 (Merck, 99%), SnO, (Cerac, 99.9%) and In,0;
(Cerac, 99.9%). Appropriate amounts of reactants were
ground well and heated at 600 °C for 12 h. The obtained
products were ground and heated at 900 °C for 12h,
then at 1200 °C for 12 h followed by quenching at room
temperature. An excess of 5Smol% Li,CO; was added
with respect to the ideal formula to compensate the loss
of Li,O at high temperature. Structural characterization
of the compounds was done by powder X-ray diffrac-
tion (XRD) (Rich Seifert P3000, Germany, CoKo
radiation). Unit cell parameters of the synthesized
phases were calculated by using AUTOX program.

Electrodes for the electrochemical studies were pre-
pared by mixing active material, acetylene black (Denka
Singapore Pvt. Ltd) and poly-vinylidene fluoride in the
weight ratios 70:20:10. 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,0) with lithium metal as counter
electrode, Teklon (Anatek, USA) as separator and 1 M
LiPFgin 1:1 EC + DMC (Chiel Industries Ltd., Korea)
as the electrolyte. Charge/discharge cycling of the cells
were carried out in galvanostatic mode at room
temperature by using Arbin battery cycling unit (BT
2000, USA).

In situ XRD measurements during lithium intercala-
tion and deintercalation in LiFeSnO, were carried out
by an in-house developed circular in situ XRD cell with
beryllium window. LiFeSnO4 with acetylene black and
binder is directly deposited on the beryllium window
and the cell was mounted on XRD machine (Rich
Seifert, CoKo radiation) fitted with a secondary mono-
chromator. During intercalation/deintercalation XRD
patterns were taken in reflection mode at different Li
contents.

3. Results and discussion
3.1. LiFeSnOy,

3.1.1. Intercalation studies

The XRD pattern of LiFeSnO, is shown in Fig. 2(a).
All the reflections are indexed on the basis of
orthorhombic unit cell with space group Pmecn. The
lattice parameters calculated by_least-squares fitting
are a = 3.064(5)A; b =5.056(8) A and ¢ =9.85(2)A.
These values are in good agreement with the literature
report [9].

Li/LiFeSnOy, cell is discharged initially to a capacity
corresponding to one lithium (109 mAh/g) and further
charge/discharge cycles were carried out in the voltage
range 0.75-2.5V at C/10 rate. The discharge and charge
curves are shown in Fig. 3. During discharge the initial
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Fig. 3. Discharge and charge curves of Li/LiFeSnOy cell operated in
the voltage range 0.75-2.5V at C/10 rate.

small plateau at ~2.0 V (~0.2Li) can be attributed to the
intercalation of Li into 77 sites [10]. The second plateau
at ~1.0V can be attributed to the intercalation into 7,
sites. During charge the voltage increases smoothly to
2.5V. A small hysteresis is observed during intercalation
and deintercalation of lithium. This can be attributed to
the changes in electronic conductivity of the intercalated
phase compared to that of parent LiFeSnO,4 [11]. The
redox couple that is responsible for the reversible
lithium intercalation/deintercalation in LiFeSnO, is
Fe’"/Fe** [11]. The discharge capacity vs. cycle
number of Li/LiFeSnO4 in the voltage window
0.75-2.5V is shown in Fig. 4. The second cycle discharge
capacity is ~90mAh/g and the value remains same even
after 25 cycles.

The structural changes of LiFeSnO,4 during lithium
intercalation and deintercalation are followed by in situ
XRD. In situ XRD patterns during initial discharge/
charge of lithium cell with LiFeSnO, as active material
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Fig. 4. Discharge capacity vs. cycle number of LiFeSnO, for the first
25 cycles in the voltage range 0.75-2.5V.
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Fig. 5. In situ XRD patterns of Li,FeSnO,4 at various Li contents
during initial lithium intercalation and deintercalation.

are shown in Fig. 5. For clarity, the 26 range 35-45° is
shown. From the patterns it is evident that the structural
integrity is maintained during the lithium intercalation/
deintercalation process. There is no substantial change
in the peak positions up to intercalation of 0.2Li. For
intercalation of 0.3Li and above, peaks become broa-
dened as expected for room temperature intercalation
reactions. We observe peaks growing at lower 20
corresponding to the intercalated phase. As the amount
of lithium intercalated increases, the XRD patterns
show that the parent phase progressively vanishes and
the lithiated phase grows. The lattice parameters
calculated for the end member Li,FeSnO, phase are
a=3.078)A; b=512(5)A and ¢=997(2)A. The
values are comparable to the values reported by
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Greenblatt et al. [11]. During lithium deintercalation
from Li,FeSnO,4, XRD patterns show shift in the peak
positions to higher angle and at the same time the
intensities of the peaks also increases. The peak at ~41°
in the XRD pattern of charged sample Li; ,FeSnOy, is
due to the presence of small amount of Li,FeSnO,4
phase. The peak positions of charged phase Li; ;FeSnO,4
are same as that of original parent phase. This shows
that although there is a structural dilation during
intercalation in LiFeSnO,4 and the phase regains its
original structure during deintercalation. The origin of
good reversibility for lithium intercalation/deintercala-
tion therefore can be attributed to the structural stability
of LiFeSnOy.

3.1.2. LiFeSnOy as an anode material

Voltage vs. capacity profiles of LiFeSnO,4 cycled in
the voltage window 0.05-2.0 V at C/5 rate is shown in
Fig. 6. During initial discharge a large plateau at 0.5V is
observed followed by a smooth curve to 0.05V. The
voltage behavior is different from that of SnO, wherein
two steps are observed. It is reported in literature that
the voltage plateau and behavior of Sn based oxides
varies with counter cation and structure [12,13]. After
subtracting the capacity due to acetylene black, the
initial discharge capacity is 1175mAh/g corresponding
to reaction of ~10.8Li. This large consumption of
lithium indicates that as in the case of other Sn based
oxides, the process involves destruction of the lattice to
form Lis 4Sn, Fe and Li,O. The reaction can be written
as follows:

LiFeSnO4 4+ 11.4Li — Lig4Sn 4+ Fe + 4Li,O. (1)

The observed capacity value (10.8Li) is close to the
theoretical value (11.4Li) confirming the occurrence of
the above reaction. LiFeSnO,4 after initial discharge to
0.05V is amorphous as evidenced by the ex situ XRD
pattern and no reflections corresponding to parent
phase are seen. This confirms that during discharge
LiFeSnO, reacted completely. The cutoff voltage is fixed
at 2.0V for charge since there is a sharp increase in

Voltage (V)
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Fig. 6. Voltage vs. capacity profiles of LiFeSnO, cycled in the voltage
window 0.05-2.0V at C/5 rate.

voltage above 2 V. During charge to 2.0 V, two steps are
observed with a total capacity of 655mAh/g, corre-
sponding to extraction of ~6Li. The charge capacity in
the initial low voltage step (< 1.0 V) can be attributed to
the extraction of lithium from Li-Sn alloy. The report
on FeO as anode material shows that Li,O formed
during initial discharge is decomposed in the voltage
range 1.0-2.0V [5]. Hence, the high voltage region of
charge curve can be attributed to the re-oxidation of Fe
to FeO associated with the decomposition of Li,O. Thus
the two processes that take place during charging can be
written as:

LissSn — 44Li+Sn (< 1.0V), Q)

Li,O + Fe — FeO +2Li (1.0 —2.0V), )

Due to the electrochemically active nature of Li,O
the faradaic efficiency of the first cycle observed for
LiFeSnO,4 (58.3%) in the present study is greater than
that of SnO, (39.5%).

On further cycling, the capacity observed is due to the
reversibility of the above two processes (2) and (3). The
discharge capacity vs. cycle number of LiFeSnO,4 cycled
in the voltage window 0.05-2.0V is shown in Fig. 7.
Capacity corresponding to both the plateaus decreases
with cycle number and the capacity reaches a stable
value of ~100mAh/g after 25 cycles.

After the initial discharge to 0.05V, LiFeSnO, is
cycled in the voltage window 0.05-1.0V. The initial
charge capacity to 1.0V is 245 mAh/g corresponding to
extraction of ~2.2Li. On cycling, the reversible capacity
observed is due to alloying and dealloying of Li—Sn alloy
in the matrix of Fe and Li,O. The discharge capacity vs.
cycle number (Fig. 7) shows that after first cycle, there is
a marginal fade in capacity and the capacity
(~150mAh/g) is reasonably stable with cycle number.
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Fig. 7. Discharge capacity vs. cycle number of LiFeSnO, in the
voltage windows 0.05-2.0 and 0.05-1.0 V and LiIlnSnOy, in the voltage
windows 0.05-2.0 and 0.75-2.0 V.
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3.2. LilnSnOy

In the present study, LilnSnO4 which is isostructural
with ramsdellite LiFeSnO, is synthesized for the first
time. Our attempts to synthesize LiMSnO4 compounds
where M*T =Al, Ga, Mn, Ni and Cr were not
successful and the XRD patterns showed the major
phase as SnO,. The powder XRD pattern of LilnSnQy, is
shown in Fig. 2(b). All the reflections are indexed and
the calculated lattice parameters are a = 3.175(6) A; b =
5.130(8) A; ¢ = 10.17(2) A. There is an increase in all the
cell parameters compared to LiFeSnO,4 due to the larger
ionic size of In®". The XRD pattern of LilnSnO, heated
to low temperature is similar to that of the ramsdellite
phase, indicating that unlike in the case of LiFeSnO,
there is no phase transition to the double hexagonal
structure. Recently, indium based intermetallic com-
pounds are shown to be promising anode materials for
lithium batteries [14]. We have attempted to intercalate
one lithium into LilnSnOy4. Even though a plateau is
observed at ~1.0V during discharge (intercalation) the
charge capacity is negligible indicating no intercalation
has taken place. This is further evident from the ex situ
XRD studies (Fig. 8(a)), wherein there is a decrease in
peak intensities without any change in the peak positions
suggesting that the lithium reacts with the phase rather
than intercalating into the structure. This shows that for
intercalation to occur, a chemically reducible species
such as Fe’" which undergoes facile reduction in the
operating voltage ranges is indeed necessary.

Voltage profiles of LilnSnOy initially discharged to
0.05V and subsequent cycles up to 2.0V at C/5 rate are
shown in Fig. 9. The initial discharge curve shows a

(©)
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Fig. 8. XRD patterns of LilnSnO, electrode taken after (a) reaction of
1 Li (b) discharged to 0.75V (c) discharged to 0.05V. The asterisk (*)
indicates separator peaks.
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Fig. 9. Discharge and charge curves of LilnSnOy cycled in the voltage
range 0.05-2.0V at C/5 rate.

plateau at 1.0V after an initial drop from OCV. After
reaching a discharge capacity of 270 mAh/g, sloping
profile with another plateau at ~0.5V is observed
followed by a smooth curve to 0.05V. After correcting
the capacity due to acetylene black, the initial discharge
capacity of LilnSnOy, is 1125 mAh/g. The initial charge
curve shows smooth curve up to 0.8V followed by a
sharp rise in voltage to 2.0 V. Large irreversible capacity
loss is observed on first cycle and the initial charge
capacity is 375mAh/g. Lithium can form various alloys
Li,Jn (1<x<3); thus we can expect a maximum
consumption of 14.4 lithium on initial discharge
according to the following reaction:

LilnSnOg4 + 14.4Li — Lis4Sn + LizIn + 4Li,0. 4)

The observed capacity ~13Li indicates the formation
of the various Li—In alloys. The ex situ XRD pattern
(Fig. 8(c)) of LilnSnO,4 discharged to 0.05V shows the
formation of amorphous phases. Capacity faded sig-
nificantly with cycle number and there is a negligible
capacity value after 5 cycles (Fig. 7). The presence of In
in the Sn—O matrix diminished the electrochemical
performance of LilnSnOy4. The role of In is not clear,
but similar observation is reported in case of In doped
SnO,, wherein capacity of 5% In,O3 doped SnO, faded
significantly compared to SnO, [13].

To examine the effect of capacity retention on the
voltage window, LilnSnQOy cycled in the voltage window
0.75-2.0 V. The initial capacity up to 0.75V corresponds
to reaction of ~ 4.7Li. The ex situ XRD pattern
(Fig. 8(b)) shows no reflections corresponding to parent
LilnSnO4 phase and the peak observed at 38.6°
corresponds to In metal. Thus, the initial step can be
attributed to the formation of In and simultaneous
formation of several species such as Sn, SnO, SnO, and
Li,O. The cell cycled in the voltage window 0.75-2.0 V
shows reversible extraction of lithium with a capacity of
~90mAh/g (Fig. 7). The reversible capacity can be due
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to the oxidation of Sn with the simultaneous decom-
position of Li,O [8].

4. Conclusions

During lithium intercalation and deintercalation in
LiFeSnO,, a reversible capacity of ~90mAh/g is
observed in the voltage range 0.75-2.5V. The in situ
XRD studies show that during lithium intercalation,
structure undergoes dilation which is reversible on
deintercalation. LiFeSnO, discharged to 0.05V at C/5
rate leads to the formation of Lis 4Sn, Li,O and Fe. The
Li>O formed during initial discharge of LiFeSnO, is
electrochemically active due to the presence of Fe. Thus,
the irreversible capacity loss observed in LiFeSnO, for
the first cycle is less compared to that of simple tin based
oxides. LiFeSnO, displays a reversible capacity of
~100mAh/g in the voltage range 0.05-2.0V. A new
compound LilnSnO,4 with ramsdellite structure has been
synthesized and the voltage profile of LilnSnO, is
qualitatively different compared to LiFeSnO,. LilnSnO4
cycled in the voltage window 0.05-2.0 V shows severe
capacity fading, whereas good cycling performance
(~90mAh/g) is observed between 0.75 and 2.0 V. The
low capacities obtained in these materials limit their use
as anodes in lithium batteries.
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