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Abstracts:

LiFePQ, (LFP) has been developed as a cathode for lithanrbatteries (LIBS) by
solution combustion method. The present work inetudffect of fuel, residual carbon and
graphene oxide on the phase purity and electrodanperformance of combustion
synthesized LiFeP As revealed in XRD, single phase LiFeP® obtained in glycine
assisted combustion (G-LFP) and it delivers 97 nfAdischarge capacity, which is higher
than urea assisted combustion (U-LFP). FurtherGhd-P was calcined for different lengths
of time (4, 5 and 7 hrs). The amount of in-situbcar is observed to decrease from 2.57 to
1.40 % and specific capacity increases from 97r{4ch106 mA.h/g (7 hr). The composites
with 4 wt. % GO were formed and they show enhanekxttrochemical performance.
5LFP/GO delivers discharge capacity of 164 mA.h/@.& C, which is 96 % of its theoretical
capacity.

Keywords. Lithium iron phosphate; Solution combustion; Fugkaphene oxide and

electrochemical performance.

1. Introduction:

Lithium ion batteries (LIBs) are one of the mostpplar secondary batteries for
portable electronic devices due to their high epargd power densities, long cycle life and a
broad temperature range of operat[dh The selection of active materials and electrolyte
especially, cathode material, is very critical gomeg the energy and power densities.
Frequently, oxide materials with layered LiM@V= Co, Ni, and Mn)[2], spinel LiMn,O,

[3] and olivine LiFeP®@[4] type structures are used as cathode for LIBs. Amihrese
materials, LiIFePQ(LFP) exhibits high theoretical capacity (~170 m@H5]. Moreover, it
is stable, low cost and environmentally friendlytemel [6]. Nevertheless, due to its slow Li-
ion diffusion rate (~18* cnf/s) and poor electronic conductivity (<1G/cm)[7], it is

difficult to achieve the theoretical capacity. Ttheee routes to raise the observed capacity to



theoretical one include carbon coating, particie sieduction and metal ion doping. Many
reports are found on decorating the LFP particlgbs tighly conducting carbon like CNTSs,
reduced graphene oxide (r-GO) and grapH@&heAt the same, different techniques such as
solid statd9], co-precipitatior{10], hydrotherma[11], sol-gel[12] and solution combustion
synthesis (SCS)13] have been used to obtain nano-sized LFP partidiks. synthesis
method should be simple, rapid, low cost and safeSCS meets all these criteria. It requires
short reaction time and easy to control metal iopilg and purity of obtained prodyd4-

15].

In SCS, metal nitrates or precursor react with arel oxides are formed. Fuel acts as
a complexing agent as well as it serves as a furghgl auto-ignition16]. The large number
of gases, heat and light energy released durinyigattion affect the physical properties of
the material, which can be controlled by alterinfex type or amount of fuel or bofti7].
Few reports are found on the synthesis of LFP b$ B3, 18] since single phase LFP is
difficult to achieve due to transfer of #eto F€* during combustion. The reducing
atmosphere, for proper combination of fuel andansount, can be generated to avoid the
oxidation of Fe. B. Zhao et f19] varied the amount of fuel and have found thatlsiphase
LFP could be obtained at fuel rich condition. Tipedfic capacity was also found to vary
from 20 to 100 mAh/g. In SCS, carbon coating isgiile both by residual carbon and
carbon additives. The capacity of former 106 mAh/g while that of later is ~164 mAh/g
[20].

The aim of the current article is to investigatéeetf of fuel on the physical and
electrochemical properties of LFP. Two fuels ur€dN,O) and glycine (gHsNO,) with
reducing powers +6 and +9, respectively are usedthé&r, glycine has high negative
combustion heat (-3.24 Kcal/g) than urea (-2.98 Iig¢a leading to different powder
propertied21]. The composite LFP/GO has also been formed amiiestuAn excess residual
carbon resists Li-ion diffusion and hence needsdocontrolled by applying post-heat
treatments. Therefore, electrochemical performarigeowder calcined for different lengths
of time has also been investigated.

2. Experimental:

LiFePQ, powder was synthesized by solution combustion hegis (SCS). Iron
nitrate (FeNOy.9H,0, Alfa Aesar 98-101%), ammonium di hydrogen phasptfiNHH,PO,,
Alfa Aesar 98%) and lithium nitrate (LINAIfa Aesar 99%) were used as metal precursors.
Glycine (GHsNO,, Himedia 99%) and urea (GN.O, Thomas baker 99%) were used as



fuel. The metal nitrates and a phosphate precuvsog dissolved in the minimum amount of
double distilled water and kept on hot plate fonstant stirring and heating. Then fuel
dissolved in water was added into the solution etahnitrate precursor, it helped mixing
metal nitrates at molecular level to make a homegasa mixture. The stoichiometric oxidant
to fuel ratio for glycine was 1:2 and for urea 1T8e gel was formed by removal of excess
water during the process of constant heating aindngt This gel was kept in a pre heated
furnace, it was decomposed and ash was formedpdWwelers were named G-LFP and U-
LFP for glycine and urea respectively. After grimgliand homogenation in agate mortar, the
powders were calcined in the tube furnace. The 8-aRd U-LFP powders were calcined at
700 and 650°C, respectively with heating rate of@min for 4 hr in inert atmosphere. The
temperatures were as deduced from TG-DTA ana[dEThe calcination was performed
under the flow of nitrogen gas to prevent oxidatadrLFP and formation of iron oxide. In
our previous report, 11.57 weight (%) of residualbon was observg@0]. To reduce their
residual carbon, all the calcined powders wererabaat treated for 4 hr in 3 %, H 97 %

Ar atmosphere. The graphene oxide (GO) was syattedrom graphite using modified
Hummers method. The detailed synthesis of GO itaemgd elsewherf23].

The crystalline properties of calcined LiFeP@dwders were carried out by using X-
ray diffractometer (PHILIPS PW-3710) with Cu, Kas radiation source. Morphological
properties were analyzed using scanning electramoscope (SEM, JEOL JSM-6360). The
vibrational spectroscopic studies were carried lmptRaman spectroscopy (Bruker AXE
Analytical Instrument PVT. Germany). The specifiorface area was calculated from N
adsorption desorption isotherms measured usingaamt@chrome Instrument (Model -NOVA
1000E) using the Brunauer-Emmett-Teller (BET) emumat The carbon content in the
calcined LiFeP® was determined by elemental organic analysis (FLAR 1112 series,
Italy).

2.1 Electrode fabrication:

To prepare cathode material, LiFePQvas mixed in a carbon black and
polyvinylidene fluoride (PVDF) with a weight ratié0:20:10 in N-methyl-2- pyrrolidone
(NMP). The resultant slurry was casted on alumitioirby doctor blade method and dried at
120 °C for 12 hr. The dried films were punched inbond plates with diameter 1.6 mm.
Lithium metal foil and celgard 2400 membrane wesedias a counter electrode and
separator respectively, while LipP ethylene carbonate, dimethyl carbonate andhdiet
carbonate (1:1:1) was used as electrolyte. The typi@ half cells were assembled in argon

filed glove box. The electrochemical performancecefls such as galvanostatic charge



discharge and cyclic voltammetry were performedhim voltage range 2.5 to 4.3 V Vs Li
using Biologic-108 battery cycler. The voltages trmred henceforth were recorded with

respect to Li foil.

3. Results and discussion:
3.1: Effect of fuelson powder properties and electrochemical perfor mance:

Fig. 1 demonstrates XRD patterns of calcined G-BR& U-LFP. Both patterns match
well with JCPDS card no. 40-1499 of LiFePOn addition, diffraction peaks at 24.4 and
33.26° corresponding to F@; as well as diffraction peak of JEe(PQy); at 27.43° are
observed in the XRD pattern of U-LFP (Fig. 1b). pitsthe powders were calcined in inert
atmosphere, the U-LFP is not phase pure. CertaihBse secondary phases have formed
during autoignition. On the contrary, G-LFP is ags phase. Glycine being a larger
molecule than urea, it generates more gases, vihis the rise in temperature and avoids
the formation of agglomeratiof4-25]. Moreover, relatively more reducing atmosphere
created during combustion prevents the formatiosemondary phases like &g. But this
leaves behind more carbon in the powder. The amolnésidual carbon in the calcined
powders was estimated using elemental organic sisgl¢HNS) [supporting documents Fig.
1 and 2]. The percentage of residual carbon is arl70.065, respectively in G-LFP and U-
LFP.

Fig. 2 shows Raman spectra of G-LFP and U-LFP. Raspactrum of G-LFP (Fig.
2a) shows three bands in the region 900 to 1106, dhe band at 1050 c¢his assigned to
the symmetric P-O stretching vibration mode whiltheo bands are assigned to the
antisymmetric stretching mode of (p®[26]. In addition, bands observed at 209, 278, 391
and 628 cnt are assigned to the olivine structure of LiFgR2Y]. Apart from vibration
modes of the LFP phase, the presence of ferric oaemt is observed in the U-LFP (Fig. 2b)
at 445 and 579 ci[28].

Effect of fuel on the surface properties and paze distribution are studied by using
Brunnauer-Emmett-Teller (BET) analysis of adsomptisotherms and are shown in Fig. 3.
Both G-LFP and U-LFP show type Il isotherm. Theaswed surface area for G-LFP and
U-LFP is 7.73 and 8.93 7y, respectively. The different surface areas maydbe to
elimination of different amounts of carbon duringlaination. In addition, Barrett-Joyner-
Halenda (BJH) method was used to calculate poredistribution. The average pore radius
of 9 and 5 nm is observed for G-LFP and U-LFP.



The gases evolved during the combustion and tleal ltemperature affect the
morphology as clearly observed in SEM image (Fig.Rbrous, uniform and very small
grains are observed in G-LFP compared to U-LFPjosly, because of large number of
gases released during combustion as compared t6RJ1b U-LFP the least number of gases
are unable to remove heat energy causing particlagglomerate.

3.1.2 Electrochemical performance:

The cyclic voltammetry curves of G-LFP and U-LFP tioe first cycle in the voltage
range 2.5 to 4.3 V at 0.1 mV/s are shown (FigAb%ingle pair of redox peak is observed in
G-LFP (Fig. 5a). It reveals the single electron hagism and it acts as key role during
reversibility of Li-ion insertion and de-insertio®n the other hand, two pairs of well-
separated redox peaks are clearly observed for RI{Ekg. 5b), indicating two step Li-ion
insertion and de-insertion mechanism because ofpteeence of electroactive secondary
phases as detected in the XRD pattern. These lpeaklls with almost double potential
difference suggest slowed diffusion process duecdpacitive effects. In addition, the
observed peak intensity reveals that G-LFP is morglucting than U-LFP.

The charge discharge profiles of G-LFP and U-LFB.atC as a function of specific
capacity are shown in the Fig. 6. The G-LFP andRB*ldeliver the specific capacity of 97
and 55 mA.h/g, respectively. In the charge disobgmgfile of U-LFP, two distinct plateaus
are observed. The second plateau is due to thermme®f an electroactive impurity. On the
other hand, a single plateau is observed in G-LKR wminimum polarization and faster
lithium ion diffusion. Thus the presence of secaogdzhase with Fe in +3 state restricts the
capacity in U-LFP.

3.2 Effect of calcination time:

It is inferred from the aforementioned results ttiegt phase purity as well as residual
carbon content is governed by the fuel. Glycineegigingle phase powder but with excess
residual carbon, which can be minimized by applyatcination for longer lengths of time
(> 4hour). Therefore, G-LFP powders were calciredsfand 7 hour at 700°C. The samples
were named as 4LFP, 5LFP and 7LFP.

XRD patterns of 4 LFP, 5LFP, and 7 LFP are showrign 7. No major change in the
crystal structure is detected as shown in Fig.ny ©rystallanity is observed to enhance with
increase in calcination time. It is 18 nm for 4LAP, nm for 5LFP and 22 nm for 7LFP. In
addition, intensity ratio of the highest intensara (131) with (111) plane§l/1111) IS
observed to increase with the calcination time. THNS analysis showed that [Supporting
documents Fig. 1, 3 and 4] the carbon content/i8 % for 5LFP and 1.47 % for 7LFP. SEM



images (Fig. 8) reveal that grain size as well @@ty increase with the increase in length
of calcination time. The observed average graia §20.25.um for 4LFP, 0.34um for 5LFP
and 0.39um for 7LFP (Fig. 5 in the supporting document).

3.2.1 Electrochemical performance:

The charge-discharge profiles of 4LFP, 5LFP andFP’aFe shown in Fig. 9 and the
discharge capacity at 0.1 C is 97, 106 and 106 rfgfahd the coulombic efficiency is 97, 96
and 94 %, respectively. In addition, charge-disgbarofiles at various C rates from 0.1 to 2
C were recorded to investigate the effect of caliam time on the rate performance (Fig.
10). With increasing C rate, the discharge capasitybserved to decrease due to the rise of
electrode polarization. At higher current, 5LFPmsere stable than 4LFP and 7LFP. The
capacity fading after 40 cycles in 4LFP, 5LFP amnrH is 95, 94 and 97 %. From these
results, it is observed that proper amount of carl® imperative for the optimum
electrochemical performance of LiFeRO
3.3 Effect of graphene oxide:

Although, the powder with residual carbon lotivered the highest discharge
capacity of 106 mA.h/g, it is too low than its tihetical capacity (170 mA.h./g). Obviously, it
is due to low electronic as well as ionic condutyivin our earlier articld20], 4 wt. % of
graphene oxide (GO) has been found to enhancddbeazhemical performance of LFP. So
composites of 5LFP and 7LFP with 4 wt. % of GO wknened, named as 5LFP/GO and
7LFP/GO, respectively.

3.3.1 Electrochemical performance:

The cyclic voltammetry profiles of 7LFP/GO and 5U6® at 0.1 mV/s are shown in
Fig. 11. As compared to 5LFP/GO, sharp redox peakts improved current densities are
observed in 7LFP/GO. However, the potential diffee between cathodic and anodic peak
is observed to increase in 7LFP/GO, due to theeas® in polarization. In addition,
7LFP/GO has small tail at the lower potential sittereveals the presence of minute
electroactive impurity, not observed in XRD, whiehhances the electronic conductivity of
material but it restricts Li-ion diffusion.

The charge discharge profiles of 5LFP/GO and 7LEPI@& charging up to 4.3V and
discharging up to 2.5 V at the cycling rate of 0dr€ compared in Fig. 12. An improvement
in the specific discharge capacity is observed #ffie addition of GO. The specific discharge
capacity at 0.1 C for 5LFP/GO is 164 mA.hftd for 7LFP/GO is 154 mA.h/g, higher than
that of 4LFP, 5LFP and 7LFP. These results revea due to the higher Li-ion diffusion



5LFP/GO composite has higher specific dischargeacfp In view of all the results,
5LFP/GO is optimum composite.
4. Conclusion:

In summary, a single phase LiFefP® obtained for glycine assisted combustion (G-
LFP) while secondary phases are found in the usssstad combustion (U-LFP). These
respectively leads to single electron mechanisnh @ischarge capacity of 97 mA.h/g and
two step diffusion mechanism with discharge capazit55 mA.h/g. Further, the amount of
residual carbon in the powder can be controlleddbsation of post heat treatment. It is
decreased from 2.57 (4 hr) to 1.40 % (7 hr). ltaerdes the crystallanity, grain size and
porosity. However, almost equal discharge capacdire obtained for 5SLFP and 7LFP. The
composites 5LFP/GO and 7LFP/GO exhibit dischargpaciéies 164 and 154 mA.h/g
respectively. Higher Li-ion diffusion and sufficiealectronic conductivity makes 5LFP/GO
an optimum composite.
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Figure caption

Fig.1: XRD patterns of (a) G-LFP and (b) U-LFP

Fig. 2: Raman spectra of (a) G-LFP and (b) U-LFP

Fig. 3: Nitrogen adsorption and de-absorption isotherms for (a) G-LFP and (b) U-LFP
Fig. 4: SEM images of (a) G-LFP and (b) U-LFP

Fig. 5: Cyclic voltammetry profiles of (a) G-LFP and (b) U-LFP at 0.1 mV/s.
Fig. 6: Charge discharge profiles of (@) G-LFP and (b) U-LFP at 0.1C

Fig. 7: XRD patterns of (a) 4LFP (b) 5LFP and (c) 7LFP

Fig. 8: SEM images of (a) 4LFP (b) S5LFP and (c) 7LFP

Fig. 9: Charge discharge profiles of (a) 4LFP (b) 5LFP and (c) 7LFP at 0.1C
Fig. 10: Rate performance of (a) 4LFP (b) 5LFP and (c) 7LFP

Fig. 11: Cyclic voltammetry profiles of (a) 5LFP/GO (b) 7LFP/GO at 0.1 mV/s.

Fig. 12: Charge discharge profiles of (a) SLFP/GO and (b) 7LFP/GO at 0.1C
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Highlights:

v" Fuel controls the combustion atmosphere, temperature and particle size
v Single phase LiFePO, delivers discharge capacity of 97 mA.h/g at 0.1C
v Heat treatment affects the amount of residual carbon, grain size and porosity

v Composites 5L FP/GO and 7LFP/GO exhibit enhanced discharge capacity



