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An attempt has been made for the possible augmentation and exploration of partially substituted
LiFePO, material as a positive electrode for lithium battery applications. In this regard, cationic
substitution of Cu and Sn (2%) to the native LiFePO,/C electro active material has been carried out
via. ball milling, with a view to understand the effect of respective transition and non-transition metals
upon LiFePO, individually. Uniformly distributed particles (SEM) of LiMxFe;.xPO,/C (M= Cu, Sn)
with phase pure nature (XRD) and finer crystallite size (<1mm) were obtained. Further, it is interesting
to note that irrespective of the nature of the dopant metal, the simple route of ball milled LiMyFe;.
xPO4/C [M= Cu, Sn] cathodes endowed with improved conductivity and stable reversible capacity
values (chare-discharge). In other words, the LiCugo2FepssPO4/C cathode delivered a reversible
capacity of ~105 mAh/g with an excellent capacity retention characteristic. On the other hand
LiSng 02Fep.9sPO4/C cathodes exhibited an average specific capacity of ~100mAh/g with progressively
enhanced efficiency values. Results of Fourier Transform Infra Red (FTIR) spectroscopy and Cyclic
Voltammetric studies of LiMyFe;.xPO,/C (M= Cu, Sn) composites are also appended and correlated
suitably.
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1. INTRODUCTION

Over the past few years, phosphate based olivine compounds have created substantial interest
as battery active materials for rechargeable Li-ion batteries. Among the phospho-olivines of
composition LiIMPO, (M= Fe, Mn, Co & Ni) [1-3] that belong to the general class of polyanionic
compounds, LiFePO, has gained paramount importance due to the easy availability of iron resources,
eco benign nature and economically viable preparation methods. LiFePO,, with a theoretical capacity
of 170mAh/g, possesses very good electrochemical stability (even when it is used with common
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organic electrolyte systems) [2-7], structural stability due to the strong covalent bonding of oxygen
with P°* to form the (PO,) * 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 electrical conductivity [8] associated with the material makes it difficult to exploit
the entire capacity of LiFePO, made available for rechargeable Li-ion battery applications.

Basically, investigations to improve the local cation structure and environment of LiFePO,
material for conductivity enhancement [6,9-10] are well documented in terms of Mossbauer
spectroscopy [6, 9], XAFS [10], magic angle spinning nuclear magnetic resonance techniques [11],
FTIR and Raman studies [12]. On the other hand, efforts to improve the conductivity and
electrochemical properties of LiFePO, by surface modification [13,14] or by acting on the phase
composition through cationic substitution [15-17] are also reported.

Among the two methods of improving the electrochemical performance, the former has led to
the formation of composite electrodes by the addition of conducting carbon [6], sucrose [13] etc., that
has exhibited capacity values closer to 170mAh/g and with high rate capability [18]. However, it is
necessary indeed to gain a complete understanding of effect of various parameters upon the
performance of LiFePO,[19]. In this regard, literature is replete with the finding that factors such as
phase purity of the active material [6], particle size [6], amount of added carbon [19], form/type of
carbon added [20] and also the structure of the surface carbon [21], play significant role independently
in determining the electrochemical performance of the battery, wherein the said factors are mainly
synthetic route dependent. Further, it is quite interesting that Y amada etal ., have recently demonstrated
the possibility of realizing >95% of the theoretical 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]. Thisin 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 characteristics of LiFePO, material.

Therefore, it is quite obvious that not only the approach being adopted to improve the overall
performance of LiFePO, electrode material gainsimportance, but aso the selection and deployment of
suitable synthesis methodology. Because, variety of synthesis methods that include mixing of
precursor salt with a carbon gel, addition of sugar as carbon source [19], deployment of sol-gel [22],
co-precipitation [23], emulsion drying [24], and microwave assisted synthesis methods [25] and the
dispersal of carbon powders via. aqueous gelatins [20] are reported to have favorable impact over
LiFePO, material.

Recently, our group has reported on the possible anode characteristics of the native and
substituted LiFePO,/C composite for lithium battery applications [26,27]. As a sequel to that work and
with a view to explore the maximum possible electrochemical performance of substituted LiFePO,
derivatives, the present study has been designed. Towards this attempt, a transition (Cu) and a non-
transition (Sn) metal have been chosen as dopants to be incorporated into the native LiFePO,/C matrix
individually. Hence, a set of two compounds viz., LiCugg2Fep9sPO4/C and LiSng o2Fen ssPO4/C have
been synthesized and characterized for the present study. Correlation of enhanced specific capacity
values as a function of cation substitution and the chosen category synthesis methodology is aso
reported.
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2. EXPERIMENTAL PART

2.1. Synthesis procedure

Stochiometric amount of Li,COs, Fey(Cy04)3. 6H,0, (NH4)HPO, and CuCOs. Cu(OH), or
SnCl; (for substituted LiFePO,4) were mixed thoroughly with 10wt.% carbon and the mixture was ball
milled for about 12h. to ensure intimate and homogeneous mixing. The added carbon 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 powders of the precursor mixture was subjected initially to alower calcination temperature
of 450° C for 6 h. and subsequently to 750° C for 3 h. (rate of heating: 5° C per minute) with the
deployment of periodical and intermittent grinding 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 systematic characterization studies.

2.2. Sructural and morphological characterization

TG-DTA (thermogravimetry and differential thermal analysis) curves were obtained with a
thermo balance model STA 409PC in the temperature range 0-600°C, using alumina crucibles with
31mg of samples, under dynamic nitrogen atmosphere at a heating rate of 20°C/min. Phase
characterization was done by powder X-ray diffraction techniqgue on a Philips 1830 X- ray
diffractometer using Ni filtered Cu Ka radiation (I = 1.5406 ) in the 2q range of 15-60 at a scan rate
of 0.04°/s. Surface morphology 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
400-1400 cm™. Electrochemical studies such as cyclic voltammetry and charge-discharge studies were
carried out using Autolab electrochemical analyzer and MACCOR charge — discharge cycle life tester.

2.3. Electrochemical characterization

Cyclic Voltammetry and Charge discharge studies were carried out with crimp sealed 2016
coin cells. Lithium metal was used as the anode and 1M LiPFg in 1:1 v/v ethylene carbonate (EC) and
dimethyl carbonate (DMC) as the electrolyte. The cathode was prepared by mixing 80% active
material with 10% super-P black and 10% poly(vinylidene fluoride) (PVdF) binder in N-methyl-2-
pyrrolidone (NMP), which was coated on an aluminum foil and dried at 120° C for 12 h. in an oven.
The resulting slurry coated aluminum foil was roll-pressed and the electrode was punched out to the
required dimension with a punching machine. 2016 coin cells were assembled in a glove box, crimp
sealed and subjected further to CV and Charge-discharge studies.

3. RESULTSAND DISCUSSION

3.1. Thermal analysis- TG-DTA
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Thermoanalytical curves obtained by the decomposition of LiMxFe,.xPO, (M= Cu, Sn; x =
0.02) precursor are shown in Figs.1la-b. The initial weight loss of about 2.7% observed in the range of
75-170°C may be assigned to the process of dehydration that results in the complete removal of water
molecules [28] from the precursor mixture, along with the individual dehydration of Fe,(C,04)3.6 H,0
salt. However, the dehydration of Fey(C,04)3.6 H,O salt, which has a melting point of 100°C, is
believed to be accompanied by the process of decarboxylation also to result in the formation of CO..
Because, thermal decomposition of Fe(ll) oxalate in N, atm. can proceed through two different paths

[29]:
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Figure 1. TG and DTA curves of @) LiCug2Fep 9sPO4and b) LiSng g2Fep 0sPO4.
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Among the two possible paths, it is believed that the decomposition of Fe(ll) oxalate will
follow reaction 2 in the present study based on the following reasons. Since the prolonged furnace
calcination of the precursor mix up to 850° C has not encountered the formation of metallic Fe even in
trace levels, as confirmed from XRD results, it is presumed that the thermal decomposition of
Fe(11)C,04 will follow reaction 2 only. Even in the reaction 2, the formed CO will further be oxidized
catalytically to evolve CO, [30, 31] and thus the initial weight loss could be attributed to the combined
elimination of H,O and CO,, Following the decomposition of Fe;(C,04)s. 6 H,0 salt, an endothermic
peak at 175° C in Fig. 1a and an exothermic peak at 189° C in Fig. 1b are observed, which may be
correlated to the decomposition of cupric carbonate and stannous chloride respectively. Further, a
substantial weight loss of about 6.8% in the temperature range of 175 and 210° C is seen and the same
could be ascribed to the combined decomposition of ammonium phosphate monobasic and cupric
carbonate/stannous chloride mixture. Similarly, the weight loss recorded around ~415° C may possibly
be correlated to the decomposition of lithium carbonate. Further, it is evident from Figs. 1aand b that
the DTA curve above 415° C is accompanied by a slow decrease in weight along with an apparent
inflection in the TG curve at 516 and 540° C (Figs. 1a-b). Such a slow and continuous decrease in
weight of the precursor mix may be attributed to the process of crystallization of newly formed oxide
particles. As a result, the total weight loss of ~20% detected at 600° C can be assigned to the
monophasic formation of LiMxFe;.xPO4 (M= Cu, Sn; x= 0.02) compounds.

3.2. Sructural results-PXRD studies

The XRD pattern of LiMxFe.xPO4/C [M= Cu, Sn]/C composites synthesized via. mechanical
ball milling method is shown in Figs. 2a-b. The existence of sharp and well-defined Bragg peaks
ensures the presence of phase pure and crystalline products. No peak due to carbon is visible in the
PXRD pattern of the resultant LiMxFe;.xPO4/C composite material (Figs. 1la-b), an indication for the
presence of carbon in an amorphous or disordered state [32]. Both the Cu and Sn doped LiFePO,/C
composites have exhibited standard orthorhombic olivine type LiFePO, structure with Pnma space
group (a =10.35, b = 6.028 and ¢ = 4.703). Particularly, peaks due to LisPO4 and Fe (I, 1II)
pyrophosphate that co-exist normally at temperatures above 700° C has been eliminated in the present
study [26]. On the other hand, the existence of 101 (Fig. 2a) plane (2q = 27.7°) and 202 & 133 (Fig.
2b) planes (29 = 44.7 and 45.2°) is due to the presence of Cu and Sn, irrespective of the individual
concentration (2%) of the dopants.

Table 1. Physical parameters of LiCug 2Fep.gsPO4and LiSng g2Fey 0sPO,4 cathodes

Lattice Constants

Cell Vol. Cryst. Size Stokesstrain
Compound aA)  bA) cA) (A3 (nm)

LiCugoF€ngsPO4 1035 6.02 470 293.4 1.10 1.02

LiSnoeoFepesPOs 1035 6.02 470 293.4 0.93 1.23
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The average crystallite size (D) calculated using Scherer’s formula and appended in Table 1
was found to remain around 800nm and 1rmm, which was further confirmed by the scanning electron
micrograph images, obtained for the LiMxFe;.xPO4 M= Cu, Sn) samples. In addition, it is understood
from the study that the peak broadening in XRD is due to the finite crystalite size only (Table 1) and
not due to the instrumental effect or strain, based on the smaller Stoke's strain values cal culated using

the formula:

where gran = Weighted average strain and = the integral breadth of a reflection ( in radians 2q )
located at 2q. The calculated strain values are found to be very small (1.02 for LiCugo2FepgsPOs and
0.96 in case of LiSngg2FeyesP0O,) and based on the same, it is further substantiated that the Cu and Sn
substituted LiFePO,/C composites have been synthesized with preferred physical properties such as

strain free crystal lattice, purity and crystalinity.
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Figure 2. XRD pattern of a) LiCUO_02F90_98P04 and b) LiS|’]0_02Feo_98PO4_

3.3. Morphological results-SEM analysis

Surface morphology of LiMxFe;.xPO4/C [M= Cu, Sn] composites and the nature of the carbon
coating have been investigated by Scanning Electron Microscopy. Figs. 3a&b show the scanning
electron micrographs (SEM) of LiCugoFepgsPO4/C and LiSnggFepgsPOJ/C composite powders
synthesized from the solid-state ball milling technique. Unlike the literature evidence that supports the
formation of irregularly shaped larger particles via. solid-state technique [33], the present study has
demonstrated the presence of well-defined spherical particles with finer particle size (Figs 3a-b). Such
an observation of absence of particle agglomeration is a preferred property of any electrode material to
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exhibit better electrochemical property [34] and thus the present study demonstrates the possibility of
synthesizing a variety of doped derivatives of LiFePO,/C cathodes by adopting solid state ball milling
technique with duly modified synthesis parameters.

Figure 3. Scanning Electron Micrographs of a) LiCug o2Fep gsPO4 b) LiSng g2Fep 9sPOx.

Generally, sintering the precursor above 700° C makes the individual particles to fuse together
partially to form large porous agglomerates [33], regardless of the method of grinding / grinding time
after the decomposition step. On the other hand, neither an increased particle size nor particle
agglomeration was found to be present with the set of chosen category LiMxFe;.xPO,/C materials,
which is the highlight of the synthesis approach with systematically adjusted sintering sequence and
duly controlled rate of heating. Further, micrographs obtained for both the metal substituted
LiFePO,/C powders show similarity in grain structure with an average grain size of ~1nmm, which
agrees with the average crystallite size cal culation deduced from XRD, using Scherer’s formula.
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3.4. Local cation environment- FTIR study

Basically, 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/PO,* host
matrix [35], and hence, the local environment of the cations can be studied by FTIR spectroscopy [36].

The FTIR signatures for the LiMxFe;.xPO,/C [M= Cu, Sn] materials are displayed in Fig. 4.
The tetrahedral PO, ion has its fundamental vibrational frequencies at 1082, 515, and 980 and 363
cm™ [37], wherein the later pair being normally infrared inactive [38]. Since the orthophosphates show
main bands at 1060-1000 cm™ [39] and at 580-520 cm™ [40], the FTIR spectra of LiMxFe,.xPO,/C
[M= Cu, Sn] obtained in the present study (Fig. 4) has been correlated with those of the reported
results of certain other phosphate based compounds. In addition, the entire FTIR spectral pattern of
LiMxFe;.xPO4/C [M= Cu, Sn] compounds matches well with that of the standard LiFePO, pattern
[41], which is the significance of the study.

Figure 4. Room temperature FTIR spectrum.

3.5. Electrochemical characterization results

3.5.1. Cyclic voltammetric studies

CV study was performed on Cu/Sn substituted LiFePO, electrodes with an aim to investigate
upon the diffusion kinetics [42] of lithium in the substituted olivine composites. Figs. 5a-b show the
cyclic voltammograms of LiCug FepesPO4/C and LiSng g2Fey 0sPO4/C composite at room temperature
under a scan rate of 1mV/s between the potential range of 2.5to0 4.5V.
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A pair of peaks, consisting of an anodic and a cathodic part has been observed respectively
around 3.65V and 3.26V vs. Li /Li* for both the first and second cycles of  LiCuggFen.esPO4/C
cathode (Fig.4a). Similarly, a set of redox peaks appeared at 3.67 (1% cycle) or 3.97V (2™ cycle) and
3.26V (1% & 2™ cycle) vs. Li/Li* for LiSngeaFenssPO4/C composite (Fig. 5b). The presence of such
redox pairs in the said potential range is attributed to the two-phase charge-discharge reaction of
Fe**/Fe** redox couple [42].

Figure 5. Cyclic voltammogram of a) LiSng g2Fep 9gPO4 b) LiCug g2Fep.0sPOs.

It is quite interesting to note that among the two cathodes, perfect reproducibility of anodic
(3.65V) and cathodic (3.26V) peaks exactly in their respective positions observed upon successive
cycles (Fig. 5a) arbitrates the augmentation of excellent reversibility of insertion / extraction of Li in
the LiCug 02Fep.9sPO4/C composite electrode. Similarly, the difference between the potential separation
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of anodic and cathodic peaks (0.12V) corresponding to LiSnggoFep0sPO4/C seems to be meager
(<0.2V). Such an electrochemical behavior is an indication for good electrode or diffusion kinetics,
especially while considering the electrochemical process that involves the diffusion of lithiumionsina
solid phase and electron jumping across a poorly or fairly conducting compound [43].

Further, the CV profile of the first cycle in LiSngoFepesPO4 (Fig. 5b) corresponds to an
obvious polarization with a potential separation of 0.53V between anode and cathode peaks, whereas
the potential separation encountered in the second cycle was only 0.40V. This phenomenon is ascribed
to the morphology changes that possibly occur during the first formation cycle [44]. Based on this,
either the generation of a mosaic structure [45] or the breakdown of crystal aggregates [45] could be
suggested as possible mechanisms involved in the electrochemical cycling process of LiSng o2Fep.gsPO4
cathode. Moreover it is worth mentioning here that Padhi etal., [2] have reported that the
electrochemical lithium insertion/extraction reactions of LisFex(POg)s, LiFeP,O; and Fey(P,O7)s occur
at 2.8, 2.9, and 3.1V vs. Li/Li* respectively. However, no such peaks corresponding to lithium
insertion/extraction reactions of mentioned category undesirable iron phosphates were observed, (Figs.
5a-b) thereby confirms the phase purity of the synthesized metal substituted LiFePO,/C composites of
the present study [8]. Thus, the results obtained from XRD related to the phase purity of synthesized
LiCug02Fep.9sPO4/C and LiSng oFen9sPO4/C compounds could be substantiated further through CV
studies also.

3.5.2. Charge discharge studies

The capacity vs. cycleability behavior of metal substituted LiFePO,/C composite cathodes
examined at room temperature under a constant current drain of 0.5mA and at a potential window of
25-4.2V isshowninFigs. 6&7.

Figure 6. Capacity vs. cycle number of LiCugoF€p.osPOs.
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Figure 7. Capacity vs. cycle number of LiSngo2Fep.9sPOs.

It is well known that the discharge capacity of LiFePO,/C composite decreases significantly
with an increase in discharge current because of its poor electronic conductivity [8]. On the contrary,
reasonably high specific capacity values of ~112 and 110 mAh/g have been exhibited (Table 2) by the
LiCug 02Fen.9sPO4/C and LiSng g2Fey 0sPO4/C composite cathodes, which are relatively higher than the
specific capacity of native LiFePO,, when discharged at the rate of 0.5 mA. In addition to the
enhanced initial capacity, the synthesized cathodes have demonstrated a better reversibility and steady
state capacity around 105 and 100 mAh/g corresponding to LiCupoFengsPO4/C and
LiSng.02Fep.9sPO4/C electrodes. In particular, LiCugg2Fep 9sPO4/C has exhibited an excellent reversible
capacity characteristics (Qqu/Qc), such as improved capacity retention behavior (>90%) and excellent
coulumbic efficiency values (96-98%). Similarly, LiSngg2Fep.9sPO4/C cathode has shown fairly stable
charge discharge capacity behavior (in the range of 100-110 mAh/g) up to 50 cycles, with
progressively enhanced Ah efficiency values (90-96%), as evidenced in Table 2.

Table 2. Electrochemical parameters of LiCug gz2Fep.9sPO4and LiSng o2Fep 0sPO4 cathodes

Discharge capacity Qd (mAh/g) vs. Cycleslife Charge capacity Qc (mAh/g) vs. Cycleslife  Efficiancy (%)

Compound 1 10 20 30 40 50 1 10 20 30 40 50 1 50
LiCupooFeesPO, 112 110 108 107 106 105 107 105 104 104 103 10295 97
LiSnoeFepesPO, 110 109 107 105 102 101 101 99 98 97 9% 96 91 95

LiFePO, 105 - 100 - 98 97 9% - 92 - 91 91 90 94
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Hence, it is understood from the present study that the effect of transition metal (Cu) is found
to enhance the readlizable specific capacity values (>100mAh/g) even at 0.5mA discharge rates.
Similarly, the doped non-transition metal (Sn) is found to minimize the capacity fade significantly
upon cycling, especially at the said discharge rate.

4. CONCLUSIONS

LiCug 02Fen.9sPO4/C and LiSng 0Fep.9sPO4/C cathodes were prepared by asimple solid state ball
milling technique with duly modified synthetic conditions and carefully monitored sintering sequence.
As a result, phase pure and crystalline powders of LiCugoFeygsPO4/C and LiSngoFepgsPO4/C
cathodes with preferred physical characteristics such as sub-micron particle size (<1 m) and uniformly
distributed spherical grains with proper grain boundaries were obtained at 750 C. Further, the
synthesized LiCuggoFep0sPOJ/C & LiSngoFepgsPO4/C cathodes have exhibited apparent specific
capacity values (>100mAh/g) with excellent reversibility and Ah efficiency values under the influence
of 0.5mAdischarge rate. The enhanced reversible capacity values (~105 mAh/g) and minimized
capacity fade values upon extended cycling (<5%) are realized as the effect of Cu and Sn dopants
respectively upon LiFePO, matrix.
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