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Abstract

An attempt, for the first time, has been made to explore the possible electrochemical activity of partially substituted LiFePOy as neg-
ative electrode for lithium battery applications. In this regard, cationic substitution of Cu and Sn to the native LiFePO,/C electroactive
material has been made individually via. ball milling treatment. This simple procedure has resulted in the formation of metal substituted
LiFePO, powders of phase pure nature and finer crystallite size (<1 pm) with better distribution of particles. Herein, 2% of metals such as
Cu (transition) and Sn (non-transition) were chosen as dopants with a view to understand the effect of transition and non-transition met-
als upon LiFePOy individually. It is interesting to note that irrespective of the nature of the dopant metal, the simple route of cationic
substitution via. ball milling endowed with improved conductivity of LiFePQOy, as evidenced by the augmented reversible specific capacity
values of substituted LiFePO, anodes. In other words, the LiCug o,Fe( 0gPO4/C anode delivered a reversible capacity of ~380 mAh/g
with an enhancement in the capacity retention behavior and excellent coulumbic efficiency value compared to that of LiFePO,. In con-
trast, LiSng ¢>Feg 9sPO4/C anode displayed an appreciable reversible capacity of ~400 mAh/g with a significant steady discharge profile.
Results of Fourier Transform Infra Red (FTIR) spectroscopy and Cyclic Voltammetric studies of LiM yFe; _ yPO4 (M = Cu, Sn)/C

composites are also appended and correlated suitably.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past few years, phosphate based olivine com-
pounds have created substantial interest as battery active
material for rechargeable Li-ion batteries. Among the
phospho-olivines of composition LiMPO4 (M = Fe, Mn,
Co and Ni) [1-3] that belong to the general class of polyan-
ionic compounds, LiFePO,4 has gained paramount impor-
tance due to the easy availability of iron resources, eco
benign nature and economically viable preparation meth-
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ods. LiFePQ,, with a theoretical capacity of 170 mAh/g,
possesses very good electrochemical stability (even when
it is used with common organic electrolyte systems) [2-7],
structural stability due to the strong covalent bonding of
oxygen with P*"to form the (PO4)*~ tetrahedral polyanion
[1], and better thermal stability [8]. It is quite unfortunate
that despite the mentioned advantages, certain critical
and hampering issues such as poor rate capability and elec-
trical conductivity [8] associated with the material makes it
difficult to exploit the entire capacity made available for
rechargeable Li-ion battery applications.

Basically, investigations to improve the local cation
structure and environment of the material for conductivity
enhancement and to have better understanding of the elec-
tro active LiFePO,4 material [6,9,10] are well documented
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in terms of Mossbauer spectroscopy [6,9], XAFS [10],
magic angle spinning nuclear magnetic resonance tech-
niques [11], FTIR and Raman studies [12] of native
LiFePO,. On the other hand, efforts to improve the con-
ductivity of LiFePO4 by surface modification [13,14] or
by acting on the phase composition through cationic sub-
stitution [15] are also reported. Among the two methods
of improving conductivity, the former has led to the for-
mation of composite electrodes by the addition of con-
ducting carbon [6], sucrose [13] etc., that has exhibited
capacity values closer to 170 mAh/g and with high rate
capability [16]. However, addition of more amount of con-
ductive carbon would result in the decreased volumetric
energy density and tap density to an unacceptable level
that may disqualify LiFePO, for battery applications
[17]. Therefore, it is necessary indeed to gain a complete
understanding of effect of various parameters upon the
performance of LiFePO,. Literature is replete with the
finding that factors such as phase purity of the active
material [6], particle size [6], amount of added carbon
[17], form/type of carbon added [18] and also the structure
of the surface carbon [19], play significant roles indepen-
dently in determining the electrochemical performance of
the battery, wherein the said factors are mainly synthetic
route dependent.

The alternate method to enhance the electrochemical
behavior of LiFePO,4 cathodes [20] via. cationic substitu-
tion has been reported whereas no such doped derivative
of LiFePO,/C composite has been investigated for possible
anode characteristics till date. Hence, exploring the possi-
bility of enhancing the -electrochemical behavior of
LiFePO, anodes via. introduction of suitable dopants is
an entirely newer approach and the same is the highlight
of the present study.

It is quite interesting that Yamada et al., have recently
demonstrated the possibility of realizing >95% of the theo-
retical capacity of LiFePO, by sintering the precursor
materials at an optimum temperature, say 550 °C, for the
production of smaller particles with larger surface area
available for the intercalation of Li-ions [6]. This in turn
has directed a newer pathway of deployment of suitable
synthesis method with optimized synthesis conditions to
modify both the physical as well as electrochemical charac-
teristics of LiFePO,4 material. Therefore, it is quite obvious
that not only the approach being adopted to improve the
overall performance of LiFePO, electrode material gains
importance, but also the selection and deployment of suit-
able synthesis methodology. Because, variety of synthesis
methods that include mixing of precursor salt with a car-
bon gel, addition of sugar as carbon source [17], deploy-
ment of sol-gel [21], co-precipitation [22], emulsion
drying [23], and microwave assisted synthesis methods
[24] and the dispersal of carbon powders via. aqueous gel-
atin [18] are reported to have favorable impact over
LiFePO, material.

Recently, our group has reported on the possible anode
characteristics of native LiFePO,4 with a reversible capacity

of ~300 mAh/g for lithium battery applications [25]. As a
sequel to that work, the present study has been designed
mainly to examine the anode characteristics of partially
substituted LiFePO4/C composite electrode material and
towards this attempt, a transition (Cu) and a non-transi-
tion (Sn) metal have been chosen as dopant to be incorpo-
rated into the native LiFePO,4 matrix individually. Hence, a
set of two compounds viz., LiCugg>FeqosPO4/C and
LiSng g,Feg 0sPO4/C composite anodes have been synthe-
sized and characterized for the present study. Correlation
of enhanced specific capacity values as a function of both
cation substitution and the chosen category synthesis
methodology is also reported.

2. Experimental
2.1. Synthesis procedure

Stochiometric amount of Li,COj, Fe,(C,04); - 6H50,
(NH4),HPO,4 and Cu(CH3COO);5 or SnCl,(for substituted
LiFePO,) were mixed thoroughly along with 10 wt% car-
bon and the mixture was ball milled for about 12 h. to
ensure intimate and homogeneous mixing. The added car-
bon is expected to form an uniform surface coating over
the reactant mixture which may prevent the formation of
unacceptable impurities, developed along with the required
LiFePO, product at the final step. The ball milled fine pow-
ders of the precursor mixture was subjected initially to a
lower calcination temperature of 450 °C for 6 h and subse-
quently to 750 °C for 3 h (rate of heating: 5°C per min)
with the deployment of periodical and intermittent grind-
ing after every 3h duration. The ultra fine powders
obtained after the high temperature calcination of 750 °C
was collected from furnace and subjected further to system-
atic characterization studies.

2.2. Structural and morphological characterization

Phase characterization was done by powder X-ray dif-
fraction technique on a Philips 1830 X-ray diffractometer
using Ni filtered Cu Ka radiation (1= 1.5406 A) in the
20 range of 15-60 at a scan rate of 0.04°/s. Surface mor-
phology of the particles was examined through SEM
images obtained from Jeol S-3000 H scanning electron
microscope. Fourier Transform Infra Red spectroscopic
study was performed on a Perkin—Elmer paragon-500
FTIR spectrophotometer using KBr pellets in the region
of 400-1600 cm~'. Electrochemical studies such as cyclic
voltammetry and charge—discharge studies were carried
out using Auto lab electrochemical analyzer and MAC-
COR charge—discharge cycle life tester.

2.3. Electrochemical characterization

The anode electrode was prepared and used as described
elsewhere [25].
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3. Results and discussion
3.1. Structural results — PXRD studies

The XRD pattern of LiM yFe; _ yPO,4/C [M = Cu, Sn}/
C composites synthesized via. mechanical ball milling
method is shown in Fig. 1a-b. The Bragg peak pattern of
native LiFePO, is given as an inset for comparison. The
existence of sharp and well-defined Bragg peaks ensures
the presence of phase pure crystalline products. Despite
the fact that carbon has been added to improve the conduc-
tivity, no peak due to carbon is visible in the PXRD pattern
of resultant LiMFe,_yPO4,/C composite material
(Fig. 1a-b), which is an indication for the presence of car-
bon in a disordered or amorphous state [26]. Similarly, irre-
spective of the nature of the metal dopant (Cu/Sn), there
exists a striking similarity in the PXRD pattern of the par-
tially substituted LiFePO4/C composites synthesized
through the present study. In other words, both the Cu
and Sn doped LiFePO,/C composites have exhibited stan-
dard orthorhombic olivine type LiFePOystructure with
Pnma space group (a =10.35, b =6.028 and ¢ =4.703).
The miller indices (ikl) of the peaks of doped LiMy-
Fe; _ yPO4 powders are also indexed in the XRD pattern
of the samples (Fig. la-b). The deployment of optimum
synthesis temperature (750 °C) with an intermittent grind-
ing has resulted in the formation of phase pure product
without any undesirable peaks due to lithium ortho phos-
phate (LizPO,). Similarly, the peak due to Fe (II, III) pyro-
phosphate that co-exist normally when the sintering
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temperature is raised above 700 °C has been eliminated in
the present study, as reported elsewhere [25]. Besides, the
presence of sharp peaks with definite boundary authenti-
cates the positive impact of sintering temperature over
enhanced crystallinity of the synthesized material in the
preferred range. Similarly, all the peaks of doped
LiFePO,/C composite powders were indexed against stan-
dard JCPDS pattern (No: 83 2092) and the existence of 101
(Fig. 2a) plane (20 = 27.7°) and 202 & 133 (Fig. 2b) planes
(20 = 44.7° and 45.2°) may be attributed respectively to the
presence of Cu and Sn, irrespective of the individual con-
centration (2%) of the dopants.

The average grain size (D) calculated using Scherrer’s
formula (1) was found to remain around 800 nm and
1 um, which was further confirmed by the scanning elec-
tron micrograph images, obtained for the LiM yFe; _ yPOy4
samples.

D=092/fcos0 (1)

where 4 = X-ray wavelength (A); 0 = Bragg angle (in radi-
ans); f = FWHM (in radians, values corrected for instru-
mental line broadening) and the calculated D values are
furnished in Table 1.

As it is well known that Scherrer’s calculation does not
take into consideration of lattice strain, it has been decided
to calculate the Stoke’s strain independently, with a view to
understand the effect of crystallite size and lattice strain on
the synthesized powders individually. Because, it is also
reported that apart from the finite crystallite size, peak
broadening may be correlated to instrumental effects and
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Fig. 1. XRD pattern of (a) LiCug o Fe9sPO,4 and (b) LiSng g Feq 9sPO,4 (shown inset is the XRD pattern of native LiFePO, [25]).
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Fig. 2. Scanning electron micrographs of (a) LiCug 0,Fe(9sPO4 and (b)
LiSng 0> Fep 9sPO4 (shown inset is the SEM image of native LiFePO,

[25).

atomic deformation from ideal position in a non uniform
manner which is usually called as the strain that becomes
extended defects [27] in certain cases. However, in the
present study, it is understood that the peak broadening
is due to the finite crystallite size only (Table 1) and not
due to the instrumental effect or strain, based on the smal-
ler Stoke’s strain values calculated using the following
formula:

Estrain = f/4tan 6

where &g.5n = Weighted average strain and f = the inte-
gral breadth of a reflection (in radians 20) located at 20.
The calculated strain values are found to be very small
(102 for LiCu0_02F60_98P04 and 0.96 in case of Lisn().()z_
Fey.9sPO4) and based on the same, it is further substanti-
ated that the Cu and Sn substituted LiFePO,/C
composites have been synthesized with preferred physical
properties such as strain free crystal lattice, purity and
crystallinity.

Table 1

Physical and electrochemical parameters of LiSng pFep9sPO4 and LiCug goFeg 9sPO4

Electrochemical performance

Crystal size (um) Stokes strain (&g,
Qal

Cell vol (A%

Lattice cons

ah

Compound

cA
4.70
4.70

bA
6.02
6.02

730
99
99

0:30
379
380

0430
380
396

nls
99
92

0.15

Qal5
389
422

nl

0.l
402

387
415

76

66

527
795

1.02
1.23

1.10
0.93

2934
Q. — discharge capacity in mAh/g, Q4 — charge capacity in mAh/g and 5 — % efficiance sas per cycle number.

10.35
10.35

LiCug g2Feg.9sPO4
LiSng p2Feg 9sPO4

529

293.4

623
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3.2. Morphological results — SEM analysis

Surface morphology of LiMyFe;_ yPO,/C [M = Cu,
Sn] composites and the nature of the carbon coating have
been investigated by scanning electron microscopy.
Fig. 2a and b shows the scanning electron micrographs
(SEM) of LiCuO'02F60'98PO4/C and Lisn0'02F60.98P04/C
composite powders synthesized from the solid-state tech-
nique. Unlike the literature evidence that supports the for-
mation of irregularly shaped larger particles via. solid-state
technique [28], the present study has demonstrated the
presence of well-defined spherical particles with finer parti-
cle size (Fig. 2a-b). Also, it is oblivious that the synthesized
doped derivatives of LiFePO,/C composites have encoun-
tered the absence of particle agglomeration, which is a pre-
ferred property of any electrode material to exhibit better
electrochemical property [29]. In general, sintering the pre-
cursor above 700 °C makes the particles to fuse together
partially to form large porous agglomerates [28] regardless
of the method of grinding/grinding time after the decom-
position step. However, neither an increased particle size
nor particle agglomeration was found to be present with
the set of chosen category LiM yFe,_ yPO,/C materials.
Further, micrographs obtained for both the metal substi-
tuted LiFePO,/C powders show similarity in grain struc-
ture with an average grain size of ~lum, which agrees
with the average crystallite size calculation deduced from
XRD, using Scherer’s formula.

3.3. Local cation environment — FTIR study

Generally, vibrational modes that are attributed to the
motion of cations with respect to their oxygen neighbors

are sensitive to the point group symmetry of the cations
in the oxygen host matrix [30], and hence, the local envi-
ronment of the cations in a lattice of close-packed oxygens
can be studied by FTIR spectroscopy [31]. Consequent to
the first major study on the spectra-structure calculations
of phosphorus based compounds undertaken by Daasch
et al. [32], the spectral correlation of the study was
extended by Bellamy et al. [33], apart from the additional
correlations that have been made from solid state studies
of certain phosphate salts, whose absorption is highly char-
acteristic of the type of anion present [34]. It has already
been demonstrated that the resonant frequencies of alkali
metal cations in their octahedral interstices (LiOg) that
are present in inorganic oxides are located in the frequency
range of 200400 cm ! [31,35]. However, it is generally not
possible to assign specific IR frequencies to vibrations,
which involve a single cation and its oxide neighbors [36]
as the resultant vibrations of any transition metal oxide
involve contributions from all possible atoms [37]. Because,
it is only the differences in mass, charge and covalency of
lithium and the transition metal cation that lead to the
motion of lithium ions and the respective vibrational spec-
trum [38]. Besides, it is customary that the middle fre-
quency region of FTIR is mainly considered for the
analysis, and hence the present study is restricted to the
assignment of various vibrational modes of metal oxide
compounds within the frequency range 4002000 cm ™.
The FTIR signatures for both the native and doped
LiFePO,4 materials are displayed in Fig. 3. The tetrahedral
PO, ion has its fundamental vibrational frequencies at
1082, 515, and 980 and 363 cm™! [39], wherein the later
pair being normally infrared inactive [40]. Since the ortho-
phosphates show main bands at 1060-1000 cm ™' [41] and
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Fig. 3. Room temperature FTIR spectrum of (a) LiFePOy, (b) LiCug ¢,Fe 9sPO4 and (c) LiSng g,Feq 9gPOy.
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at 580-520 cm ™! [42], the FTIR spectra obtained in the
present study (Fig. 3) can be correlated with those of the
results obtained in the earlier studies on the phosphate
based compounds. In addition, the FTIR spectrum of the
native LiFePO, compound matches well with that of the
standard pattern [43], which is the significance of the study.

3.4. Electrochemical characterization results

3.4.1. Cyclic voltammetric studies

Generally, kinetics of lithium intercalation in any com-
posite electrode material can be studied using cyclic vol-
tammograms (CVs) [44] and so CV analysis was
performed for the LiM yFe;_yPO,4/C composite anodes at
a slow scan rate of 1 mA/s. Fig. 4a—c shows the cyclic vol-
tammograms of the Cu/Sn substituted and native
LiFePO,/C composite electrodes, in the potential range
of 3.5-0 V versus Li/Li" in the cathodic direction and back
to 3.5 Vin the anodic direction. This potential range covers
all the irreversible interactions between the host, lithium
and the electrolytes and also the lithium interaction reac-
tion into the composite [44]. In addition, this potential
range is representative of the process at the anode under
the normal battery operating conditions.

It is noteworthy that all the LiFePO, electrodes (native
and doped) exhibited almost similar voltammograms, with
one oxidation and reduction peak. This is an indication
that only one redox reaction is proceeding during the inser-
tion and extraction of Li-ions, which is the reported behav-
ior of LiFePOy electrode [26]. Basically, the reduction peak
for the native LiFePO,4 occurs at a potential of 0.8 V as
obvious from Fig. 4a also. In contrast, the reduction peak
of LiCug >Feg 9sPO4 occurs at a potential of 0.7 V and that
of LiSng pFeposPO4/C at a much more lower potential

(0.5V). However, kinetics of Li intercalation for all the
LiFePO, samples remains low up tol.5 V, beyond which,
a sharp increase in the current is observed. According to
Gnanaraj et al. [45], electrolyte decomposition starts at a
potential of 1.1 V versus Li/Li" and continuous reduction
of the solvent molecules and the formation of the ionically
conducting and electronically insulating SEI (solid electro-
lyte interface) layer occurs around a potential of 0.56 V.
Similar shift towards a lower potential region, for the
LiM o>Feg 0sPO,4/C composite is observed in the present
study, as for the oxidation peak is concerned. The reason
for such a shift may be attributed to the difference in the
mechanism of the intercalation—deintercalation reaction
and the electrochemical property of such oxide materials
essentially depends upon other factors viz. crystallinity,
morphology and microstructure [46]. Since the present set
of chosen category LiM, ¢,Fe(9sPO4/C materials possess
good crystallinity (XRD), preferred morphology and
microstructure (SEM) and excellent reversibility (CV), it
is thus believed that the approach of partial substitution
of Cu and Sn individually to LiFePO,/C matrix via. ball
milling has a remarkable role in improving both the phys-
ical as well as electrochemical characteristics of native
LiFePO, compound. The same is further demonstrated
through charge—discharge studies.

3.4.2. Charge—discharge studies

The capacity and cycleability behavior of metal substi-
tuted LiFePO4/C composite anodes examined at room
temperature under a constant current drain of 0.5 mA
and at a potential window of 0-3V is shown in Fig. 5.
The capacity versus cycleability behavior of native
LiFePO,/C composite [25] is given as an inset for compar-
ison of results. A maximum capacity of 527 and 790 mAh/g
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8 430 -6~ Ah. Efficiency (%) lgo
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Fig. 5. Capacity versus cycle number of LiCug gFenogPOy.
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Fig. 6. Capacity versus cycle number of LiSng ¢,Fe( 9sPO4 (shown inset is the cycle life behavior of native LiFePO, [25]).

has been exhibited by the LiCuggFeqosP04/C and
LiSng xFe( 9sPO4/C composite anodes, which are almost
twice the capacity of the existing LiFePOy,cathodes
(170 mAh/g) or LiFePO4anodes (~300 mAh/g) and carbo-
naceous anodes (~370 mAh/g) [47]. In addition to the
enhanced initial capacity, the composite anodes have
demonstrated a better reversible and steady state capacity
of ~380 and 400 mAh/g corresponding to LiCug ,Feg og-
PO,/C and LiSng o,Feg 9sPO4/C electrodes.

Also, it is noteworthy that the composite anodes illus-
trated an improved capacity retention behavior (>86%)
with excellent coulumbic efficiency values (96-98%), which
are greater than the native LiFePO,/C composite anodes
[25], especially upon progressive cycling. As a striking evi-
dence for the possible exploitation of substituted LiFePO,/
C composite materials as anodes in Li-ion battery, the syn-
thesized doped category LiM g,Fe( 9sPO,4 anode materials
showed a nominal first cycle irreversible capacity loss of
(~20% and 25%) with respect to LiCug grFeg0gPO4/C and
LiSng ¢>Feg 9sPO4/C composite materials. However, this
unavoidable initial and minimal fade in capacity may be
attributed to the meager structural variations or loss of
contact between the conductive binder [48] and the active
material particles resulting from volume variation during
lithium extraction [25]. Despite the slight initial capacity
fade behavior, both the Cu and Sn doped LiFePO,/C
anodes exhibited high initial discharge capacity (527 and
795 mAh/g) values and progressive steady state reversible
capacity values (380 and 400 mAh/g), thus qualify them-
selves as probable anode candidates for rechargeable
Li-ion batteries.

Generally, tin based anodes with larger particle size pul-
verize rapidly during charge-discharge cycles due to vol-
ume mismatch, resulting in a rapid drop in reversible
capacity, upon cycling. However, this pulverization would
be less extensive with respect to smaller [micron/sub-

micron sized] particles, because the micron-sized cavities
within the powder can absorb the expansion of materials
during the formation of lithium compounds [49]. On the
other hand , it is understood from the present study that
size reduced particles of the LiSng ¢,Feq 9sPO,4 material syn-
thesized through the present study has reduced the extent
of pulverization and thereby enhanced the electrochemical
behavior of LiFePO,4 anodes upon cycling, as a function of
incorporation of suitable dopant (Sn) and the methodology
adopted Fig. 6.

4. Conclusion

Cationic substitution of native LiFePO4by a transition
(Cu) and a non-transition (Sn) metal was carried out via.
ball milling process. Phase pure sub-micron sized particles
with strain free crystal lattice obtained were investigated
further for possibly enhanced anode performance charac-
teristics against lithium metal. As expected, the effect of
cation substitution was found to enhance the electrochem-
ical performance of the native LiFePOjanode either in
terms of increased specific capacity or maintenance of
steady-state capacity upon progressive cycling, respectively
as a function of Cu and Sn as dopant. In particular, the
LiMg goFe 9sPO4 anodes when discharged at a constant
current drain of 0.5 mA exhibited a specific capacity of
795 mAh/g with Sn and 527 mAh/g with Cu as dopant.
In addition to the enhanced initial capacity, the composite
anodes have demonstrated a better reversible and steady
state capacity of ~380 and 400 mAh/g corresponding to
LiCU0_02F60V98PO4/C and Lisn0.02F60.98P04/C electrodes.
Hence the reasonably improved electrochemical perfor-
mance of LiMg g,Feg 9sPO4 (M = Cu, Sn) makes it feasible
for consideration in high-power lithium-ion batteries
applications.
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