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Abstract LiFePO,/C has been synthesized by polymer gel
combustion method. Of aniline monomer, 0.5 and 1.0 ml were
used for the different amount of gel formation. The particle
sizes of LiFePO,/C composites designated as lithium iron
phosphate (0.5) (LFP(0.5)) and LFP(1.0) were estimated as
~400 and ~100 nm for the powders synthesized with 0.5 and
1.0 ml of monomers, respectively. The final particle size of the
LiFePO,/C depends on the initial monomer content used in
the synthesis process. Thicknesses of carbon coating on the
particles of LFP(0.5) and LFP(1.0) powders, as revealed by
TEM observation, are ~3 and ~7 nm, respectively. The sample
LFP(1.0) delivers discharge capacities of 72 and 60 mAh g '
which are higher than those of LFP(0.5) at fast discharging
rates of 5 and 10 C. The higher rate capability of sample
LFP(1.0) was due to small particle size, low charge transfer
resistance, and higher Li" diffusion coefficient as compared to
LFP(0.5).

Keywords LiFePO, - Coating - Raman spectroscopy -
Electrochemical properties - Polyaniline

Introduction

Olivine-structured lithium iron phosphate (LFP) has attracted
a great interest as a cathode material for the Li-ion battery
since the study on this material was reported by Padhi et al.
[1]. The LFP has several advantages as compared to the other
commercially available cathode materials. But the main draw-
back of this material is the low conductivity and slow Li"
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diffusion [2]. These shortcomings restrict this material from its
commercial applications in the field of lithium ion battery. In
order to overcome these drawbacks, several attempts viz. (1)
doping the material with foreign atoms, (2) surface coating of
the powder, and (3) particle size reduction, have been made
[3-5]. The doping increases the conductivity of material but
the presence of foreign atom in the crystal lattice of LiFePO,
may be deleterious if it occupies on the Li" sites [6]. Particles
size reduction improves the kinetics of intercalation/de-
intercalation processes. Lowering the particle size reduces
the diffusion length resulting in reduction of the diffusion time
according to the relation, T :L2/2D, where L is diffusion
length and D is diffusion coefficient. All these factors enhance
the discharge capacity of the material at a faster current rate
[6]. However, particles having a size smaller than a certain
limit in nano-size range show poor cycling performance be-
cause of difficult processability to mix conducting carbon
black with LFP active material for cathode fabrication [7].
The conductive surface coating (such as with carbon and
conducting polymer) has been widely used to increase the
electronic conductivity [8—10]. Although carbon coating im-
proves the rate capability of LiFePOQy,, it effects adversely on
the tape density. So, the amount of carbon must be optimized
to achieve the higher rate capability and higher tap density
[11]. As the Li" intercalation/de-intercalation takes place only
along [010] direction, continuous/complete coating is required
to produce LFP-based cathode materials for high C-rates [12].
A rate of 1 C is defined as the rate at which a cathode of
capacity X mAh, while discharging under ideal condition
should deliver a current of X mA for 1 h. However, a contin-
uous or complete surface coating is difficult to grow [13]. The
continuous/complete carbon coating was achieved by in situ
polymerization restriction method [14] in which the authors
have demonstrated to grow polyaniline to cover the primary
crystallites of FePOy, and the polyaniline further decomposes
to yield residual carbon on the surface of LFP.
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In the present work, the carbon-coated LFP was prepared
by in situ polymerization of polyaniline on sol-gel-
synthesized LiFePO, and completely decomposing the
polyaniline to convert into carbon coating. The present pro-
cess differs from the earlier reported work [14] that no addi-
tional carbon sources such as sucrose or glucose were added to
assist the process of complete polymer decomposition into
carbon for continuous carbon coating. The process adopted in
the present work has yielded relatively well graphitized and
uniform carbon coating.

Experimental
Synthesis

The synthesis of LiFePO,/C (LFP/C) was performed in two
steps. In the first step, two solutions were prepared separately
with 0.5 and 1.0 ml of aniline monomer (99.5 %, GR, Merck)
containing 2.62 g of (NH4)H2(PO4) (99 %, GR, Merck) in
200 ml of millipore water. The mixing was carried out on a
magnetic stirrer for 30 min, and during the process, 3.7 g of
FeCl; (98 %, Merck) dissolved in 100 ml of millipore water
was added dropwise into the solutions. FePO, precipitates
(white) starts forming instantaneously in the solution. The
solution, initially white in color, turns into light green due to
the formation of polyaniline on the surface of FePO, particles
4 h after the addition of aqueous solution of FeCl;. The
solution was further heated for 2 h at 65 °C to increase the
growth of polyaniline and color of the solution changes from
light green to dark green. The solution was heated between 95
and 100 °C under continuous stirring to evaporate the water
content, and after 6-8 h of heating, a dark green residue of
solid polymer gel was formed on the surface of
NH4Fe(HPQOy,),. The formation of NH4Fe(HPO,), particles
takes place during the evaporation of water content. In the
second step, the synthesized material was ground in a pestle-
mortar with Li(CH;COO) (99 %, Loba Chemie) maintaining a
molar ratio of 1:1 between Li and Fe. The mixture was heated
at 400 °C for 4 h under the Ar(90 %) + H,(10 %) gas flow and
was further grinded in a pestle-mortar for 30 min to homog-
enize. The material was heated at 700 °C for 15 h under
Ar(90 %) + H,(10 %) atmosphere. The calcined material
was further washed thoroughly with deionized water and
acetone to remove chloride impurity to get pure LFP/C
powder.

Characterization
The morphology of polymer gel and LFP was observed by
using field emission scanning electron microscope (FESEM)

(FEL, Quanta 200F). The energy dispersive X-ray analysis
(EDAX) was performed to obtain the elemental composition
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of the samples. The polymer gel of polyaniline was character-
ized using Fourier transform infrared spectroscopy (FTIR)
analysis (UV-1500, Shimadzu Japan). The carbon coating on
the LFP particles was confirmed by transmission electron
microscopic (FEI-TECHNAI-20) observation at an operating
voltage of 200 kV. Raman confocal micro-spectrometer
system (inVia, Renishaw) was used to characterize the
carbon for its graphitization. He-Ne LASER with a 514-
nm wavelength as the excitation source was used to obtain
Raman spectra of the material. The X-ray diffraction pat-
tern of polymer gels and LFP were obtained on X-ray
diffractometer (Bruker AXS, D8 advance) using CuK,
radiations (A=1.5418 A) with a scanning rate of
1.5° min' and the phase analysis of the pattern was
performed using X-ray diffraction software (PANalytical,
X’Pert HighScore Plus 2.2.0). The weight fraction of the
carbon in the LFP/C composites was determined by
thermogravimetric analysis of the samples using thermal
analyzer (Seiko Instruments, EXSTAR TG/DTA 6300).

Cathode fabrication and testing

Cathodes were prepared with LFP active material
(70 wt%), PVDF binder (15 wt%), and carbon black
(15 wt%). Initially, the active material and carbon black
were dry mixed and then slurry was made by adding
binder and NMP. The slurry was spread uniformly on
aluminum foil using doctor blade technique. The mate-
rial on foil was dried at 80 °C for 48 h under a vacuum
and was further pressed using a hydraulic press for
30 min at a pressure of 500 kN m 2 to develop good
adherence of the cathode material with the foil. The foil
coated with the material was punched in a circular disk
having an area of 1 cm® containing the 1-3 mg cm > of
the material. Teflon cell was assembled for the electro-
chemical testing of the cathodes prepared with a lithium
foil as counter electrode separated by polypropylene
microporous separator membrane. The movement of
Li" was through the electrolyte solution of LiPFg
(1 M) in a solution of ethylene carbonate and dimethyl
carbonate (EC/DMC=1:1). The cell was assembled in
an argon gas-filled glove box with a controlled atmo-
sphere. The electrochemical impedance spectroscopy
was performed on electrochemical testing system
(Gamry Instruments) in the frequency range of
100 kHz-0.1 Hz by applying AC oscillations of ampli-
tude 5 mV. The galvanostatic charging/discharging and
cyclic voltammetry tests were performed in the respec-
tive voltage ranges of 2.2-4.2 V and 2.2-4.1 V on a
battery testing system (BT2000, Arbin Instruments).
Cell assembling and testing were performed in argon
gas-filled glove box (MBRAUN, MB 200G) maintaining
oxygen and moisture level of <0.1 ppm.
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Results and discussion

The reaction during the synthesis of LFP/C is shown below:
(NH4)H2 (PO4) + FeC13 + H20—> FCPO4 + 3HCI

+ NH,OH (1)

2FePO,4 + 3HCI
+ NH4OH — (NH4)Fe(HPO4), (polyaniline coated)
+ FeCl; + H,O (2)

(NH4)FC(HPO4)2 + FeCl3
+ 2Li(CH3COO)—>2LiFePO4 + NH31 +4CO1
+ 3H,1 + 3HCl(vap) (3)

The product of Reaction (2) is the polymer gel containing
(NH4)Fe(HPO,), and FeCl;. The polyaniline-coated
(NH,4)Fe(HPQOy,), was calcined with Li(CH3COO) at 700 °C.
The calcined material was thoroughly washed with deionized
water and acetone to remove the residual chlorine to get the
pure LFP/C compound. The schematic diagram of complete
synthesis process of LFP/C was shown in Fig. 1.

Structural analysis

The XRD pattern of polymer gel-coated (NH4)Fe(HPO,), is
shown in Fig. 2. The polymer gel formation was considered in
two cases of 0.5 ml aniline and 1.0 ml of aniline additions. The
samples synthesized with 0.5 ml aniline and 1.0 ml aniline are
designated as aniline(0.5) and aniline(1.0). The diffraction
peaks of the XRD pattern correspond to (NH4)Fe(HPO,),
matched with data base file JCPDS no. 01-085-1141 implying
the formation of single-phase material. The broad and low
intensity peak of the polyaniline which appears at ~25° is not
observed in the XRD patterns (Fig. 2) [15]. This is perhaps
due to negligible contribution of the polyaniline content to
give rise to perceptible intensity in the pattern.

Figure 3 shows the XRD pattern of LiFePO,/C composites
designated as samples LFP(0.5) and LFP(1.0) synthesized
using 0.5 and 1.0 ml of aniline monomers, respectively. The
peaks in XRD pattern match well with the pattern of LiFePO,
(JCPDS card 01-081-1173) having orthorhombic crystal
structure with space group Pnma (62). The cell parameters
were calculated using XRD data and the values are a=
10.3154 A, b=5.9949 A, and ¢=4.6808 A giving a unit cell

volume V,;=289.4597 A for sample aniline(0.5), and a=
10.3212 A, b=6.0041 A, and c=4.6794 A giving a unit cell
volume V,;=289.9802 A* for aniline(1.0). No peak corre-
sponding to carbon is present in the XRD patterns and this
may be due to negligible amount of the carbon present in the
sample to give rise to perceptible intensity in the pattern.
Moreover, the carbon seems to be in disordered form, as was
also evident by the Raman spectra of the materials.

Morphology studies

The FESEM micrographs of the solid polymer gel are shown
in Fig. 4 which reveal the layered morphology of the
polyaniline formed on the surface of (NH4)Fe(HPO,), parti-
cles. The FESEM micrograph confirms that the average par-
ticle size of the sample aniline(1.0) is <100 nm and is smaller
than sample aniline(0.5) having a particle size in the range of
200 to 400 nm. This is due to the fact that larger quantity
(1.0 ml) of polyaniline have posed a size limit on the inorganic
oxide particles grown. Agglomeration of (NH4)Fe(HPO,),
particles is also evident from the FESEM micrographs of both
aniline(1.0) and aniline(0.5). If the amount of initially added
aniline monomer is higher, then the amount of the polyaniline
becomes high and particle size limitation takes place early.

Beyond an optimum amount (=1 ml) of monomers, the
separate polyaniline rod formation takes place as confirmed
by SEM microstructure Fig. 4c. With the aniline monomer
limited to <0.5 ml, the formation of polyaniline is insufficient
and partial coating develops as observed under SEM Fig. 4d.
The polymer films subjected under SEM often leads to the
development of film cracking at the operating voltage suitable
for inorganic oxide material characterization. The cracking in
the polymer coat as indicated by the arrow mark in one of the
micrograph is an indirect evidence of the polymer films that
was formed during the synthesis.

Figure 5 shows the FESEM micrograph of synthesized
LFP/C. The micrograph confirms agglomeration of particles
through the carbon present on the surface of LFP particles.
EDAX confirms the presence of Fe, P, O, and C. As estimated
by EDAX, the molar ratio of Fe, P, and O is near to 1:1:4. The
FESEM micrograph shows that the crystallites of LFP syn-
thesized using sample aniline(0.5) have a larger particle size
(~500 nm) than that synthesized using aniline(1.0) (~100 nm)
and this fact was further confirmed by TEM images. The
particle size of (NH4)Fe(HPO,), before calcination and of
LFP after calcination was nearly the same, showing that final
particle size of LFP remains unchanged during calcination
process at 700 °C.

FTIR spectra of polymer gel-coated (NH4)Fe(HPO,),

FTIR spectra of aniline(0.5) and aniline(1.0) samples prepared
with KBr are shown in Fig. 6, which confirm the formation of
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Polyaniline

FePOy
After 4hrs rise the temperature

to 65 °C to increase rate of_
polymerization to produce

more polyaniline !
¢/ H20 content

Particles of FePO4 grows

to 300-500 nm before they
were restricted by 0.5 ml
polyaniline

Polyanil

Fig. 1 Formation of polymer gel coating on (NH4)Fe(HPO,), phase

polyaniline. The spectrum of the sample aniline(0.5) shows
the peaks at 507, 614, 898, 1,055, 1,134, 1,240, 1,426, and
1,625 cmfl, whereas 508, 614, 891, 1,053, 1,133, 1,244,
1,422, and 1,625 cm " are the peak positions for the sample
aniline(1.0).

The bands at 507 and 508 cm ™' are due to bending defor-
mation in polyaniline aromatic ring [16]. The 614 cm™' peaks
for aniline(0.5) and aniline(1.0) were assigned to C—H out of
plane bending vibration in benzene ring of polyaniline [17].
Vibration corresponding to C—H out of plane bending in 1,2,4-
tri-substituted ring gives rise to the peaks at 898 and 891 cm ™,
and the peaks occur when synthesis is done in ammonium-rich
solvent [16]. The peaks at 1,055 and 1,053 cm ™ are attributed
to internal mode of vibration of PO, > ions [18]. The charac-
teristic shoulder peak of polyaniline at 1,134 and 1,133 cm™'
due to O=N=Q (Q is quinoid benzene ring of polyaniline)
stretching was observed and appears to be very weak due to
PO, group [19]. The peaks at 1,240 and 1,244 cm ' are due
to C-N stretching in polyaniline (BBB) ring [16]. The broad
peaks at 1,426 and 1,422 cm ! are one of the three deforma-

tions due to v, mode. The absorption band at 1,625 cm™" is

Polyaniline

2hrs later heat the
|} solution to evaporate

Hard Organic Gel

FePOy

Well crystallize
LiFePO4

(NHy)Fe(HPO4)2 Carbon

Heat treatment at 700°C
under Ar+H: after

mixing with CH3iCOOLi
e N ———

Early growth of
sufficient polyaniline
(0.1ml) restrict
FePO4 growth

attributed to the bending vibration of oxygen in water molecule
[20].

Raman spectroscopy of LFP/C

The structure of carbon formed due to the decomposition of
polymer is of great importance as the electrochemical proper-
ties of LFP are greatly affected by the structure of carbon. The
structural formation of carbon on the surface of LFP was
characterized by using Raman spectroscopy. The Raman spec-
tra of LFP(0.5) and LFP(1.0) are shown in Fig. 7. The two
broad bands at 1,350 and 1,590 cm ™! represent D-band and G-
band of graphitic carbon vibration. The G-band originates due
to the formation of highly ordered graphitic carbon and
assigned to E, optical mode. The E,, mode is doubly degen-
erate Raman active optical mode where carbon atoms move in
graphene plane toward and away from each other [21, 22].
The D-band occurs due to breakage of symmetry viz. finite
size of graphite with edges treated as defects and stacking
disorder [23]. The different forms of carbon growth can be
assessed by the shape of D-band. Iy and /5 are defined as

Fig. 2 XRD patterns of (/)
aniline (0.5) and (2) aniline (1.0)
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Fig.3 XRD patterns of LFP(0.5)
and LFP(1.0) showing all the
peaks indexed
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intensities of defect and graphitized bands, respectively; the
intensity ratios (R=Ip/lg) have been calculated from the pat-
tern given in Fig. 7. The R values are 0.70 and 0.74 for carbon
coatings generated with 0.5 and 1.0 ml aniline monomer used
in the synthesis of LFP/C, showing that the amount of graph-
itized carbon is more than the carbon in disordered form [24].
The formation of graphitic carbon in the coating is essential as

Fig. 4 The FESEM micrograph
of a aniline(1.0), b aniline(0.5),
showing the crack in thin polymer
coating on the (NH4)Fe(HPO4)2,
¢ polymer-coated
(NH4)Fe(HPO,), synthesized
using 1.5 ml aniline showing in-
dividual polymer rods formation,
and d polymer-coated
(NH4)Fe(HPO,), using 0.2 ml
aniline showing partial coating

25

T rrr+rrrrrrrrrrrorsrnr 1
30 35 40 45 50 S5 60 65 70

20(degrees)

it favors the electronic conductivity through the carbon net-
work during charging/discharging of cell.

TEM analysis of LFP/C

The transmission electron microscopy was performed to ob-
serve the carbon distribution and particle morphology of
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Fig. 5 a FESEM micrograph of
LFP(1.0), particle size ~100 nm,
and b FESEM micrograph of
LFP(0.5), particle size ~500 nm,
and EDAX spectra showing
presence of C, O, P, and Fe

LFP(0.5) and LFP(1.0) samples. TEM images in Fig. 8a and ¢
show the particles of LFP(1.0) and LFP(0.5) are nearly of
spherical shape. The particles of LFP(1.0) are <100 nm and
particles of LFP(0.5) lie in the size range of 300-500 nm. The
TEM images in Fig. 8a and c¢ show that LFP particles are
joined with each other under the cover of continuous and
complete carbon coating. However, the degree of particle
agglomeration is more in the case of LFP(1.0) compared to
LFP(0.5). The HRTEM images clearly show the amorphous
carbon shells form a continuous coating on LFP particles
having shell thicknesses of ~3 and ~7 nm for samples
LFP(0.5) and LFP(1.0), respectively. Interconnectivity of the
particles via carbon coating helps to enhance the electrical
conductivity of bulk materials. The graphitized carbon shell is
the path of electrons movement through the surface of parti-
cles during charge/discharge cycles of the electrode prepared
with the synthesized materials LFP/C.

Thermogravimetric analysis LFP/C

Thermogravimetric (TG) analysis of samples LFP(1.0)
and LFP(0.5) was performed in air atmosphere from
room temperature to 750 °C. Oxidation of LFP starts
at 300 °C and the reaction completes at 600 °C to
produce two phases LizFe(PO4); and Fe,O; [25]. Due
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Element  Weight% Atomic%
CK 25.51 41.89
oK 31.13 38.36
PK 15.66 9197
FeK 27.70 9.78

Totals 100.00

Atomic%
34.57
46.89

Element

Weight%
CK 21.22
OK 38.33
PK 15.50 9.80
FeK 24.95 8.74

Totals 100.00

to the oxidation, weight gain by the material LFP was
estimated to be 5.07 %. Further, in the temperature
range between 350 and 500 °C, carbon combustion
from the surface of LFP/C also takes place. Hence,
the total carbon content in LFP/C material can be esti-
mated by taking into account of the weight gain due to
oxidation.

Carbon content (wt%) = Total wt. loss(wt%) + 5.07 (4)

From the TG traces (Fig. 9) of samples LFP(1.0) and
LFP(0.5), a minor weight loss of ~0.50 and 0.16 % was
observed by heating the samples up to 150 °C due to moisture
release. The net weight loss between 300 and 600 °C was
estimated to 4.60 and 0.45 wt% for LFP(1.0) and LFP(0.5)
samples and according to above equation; the estimated
weight percent of carbon was 9.67 and 5.52 for the samples
LFP(1.0) and LFP(0.5), respectively. Carbon combustion that
occurs between 350 and 500 °C is also evident from the TG
trace of the samples. The weight loss between 360 and 450 °C
is quite significant for the sample LFP(1.0), whereas nominal
in the case of LFP(0.5). The marginal weight gain by the
samples beyond 450 °C shows the oxidation process



Ionics (2015) 21:673—685

679

1053

¢l
o
o
-

Absorbance
1055

/1134

1500 1000 500
Wavenumbers (cm-1)

Fig. 6 FTIR spectra of aniline(1.0) and aniline(0.5)

2000

continues even after the completion of the complete carbon
removal.

In a control experiment, 1.0 and 0.5 ml aniline monomers
were made to undergo polymerization in the presence of FeCly
to find out the polymer yields which were found to be 0.8671
and 0.4386 g, respectively. The yields were estimated to be
~85 and ~86 % for 1.0 and 0.5 ml aniline, respectively. The
experimental results are summarized in Table 1. So,

decomposition of 0.8671 and 0.4386 g of polyaniline yields
~0.3686 and 0.2076 g of carbon as coating material on the
surface of LFP.

Electrochemical impedance spectra

The electrochemical impedance spectra of samples
LFP(1.0) and LFP(0.5) were performed to know the
conducting behavior. Figure 10a shows that the impedance
spectra are semicircle profile in high to middle frequency
and inclined straight line on real impedance axis in a low-
frequency region. The profiles of impedance spectra can
be explained by equivalent circuit of the Nyquist plot
shown in the inset of Fig. 10a. The high frequency
intercept on real impedance axis corresponds to bulk re-
sistance (R,) of the electrochemical cell, offered by the
separator, electrode, and electrolyte. Medium frequency
intercept on real impedance axis corresponds to R is
attributed to charge transfer resistance on the interface of
electrode and electrolyte [26]. The straight line starting
from the edge of medium frequency side of semicircle to
low-frequency region corresponds to Warburg impedance
which reflects the Li" diffusion in the cathode electrode
[27]. The sample LFP(1.0) and LFP(0.5) shows R values
of 500 and 710 €, respectively. Low charge transfer
resistance deliver by sample LFP(1.0) is due to good
electronic conductivity provided by carbon rich LFP(1.0)
sample. Although the carbon layer is also present on the
surface of LiFePO, particles for sample LFP(0.5), the
particle of sample LFP(1.0) have a sufficient amount of
carbon in the coating region to give better coverage. The
better coverage of LiFePO, particles by carbon provides
enhanced conductivity to the electrode.

The electrochemical reversibility of the electrode material
can be determined by a current density factor which can be
calculated by using the following relation [28]:

Fig. 7 Raman spectra of the
samples LFP(0.5) and LFP(1.0)
showing the D- and G-bands

Raman Spectra Intensity

PO

+3
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Fig. 8 LFP(1.0): a particle
morphology and b lattice image
of the LFP overlapped with
partially graphitized carbon;
LFP(0.5): ¢ particle morphology
and d lattice image of LFP
overlapped with partially
graphitized carbon

_ RT4
" nFRy

]

where R is gas constant (8.314 Jmol ' K™'), 4 is surface
area of the electrode, F is faraday constant (96,487 Cmol "), T

Fig.9 TG traces of LFP(1.0) and
LFP(0.5)
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is working temperature (300 K), and n is number of Li"
transferred per LiFePO4, molecule (=1). The sample
LFP(1.0) reflects good electrochemical reversibility by show-
ing better exchange current density(ip) of 6.94x 10> mAcm >

as compared to 5.17x 10> mAcm 2 for LFP(0.5).
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Table 1 Showing weight of carbon in LFP/C by addition of aniline monomer

Aniline Aniline Polyaniline Polymerization Weight of LFP (g) Wit% of carbon Weight of
(volume, ml) (weight, g) (weight, g) (yield, %) in LFP/C carbon (g)
1.0 1.02 0.8671 85 3.84 9.67 0.3686
0.5 0.51 0.4386 86 3.81 5.52 0.2076

The diffusion coefficient of Li" can be calculated using the
following equation [29]:

R2T?
- 24214 Fto?

(6)

Li*

where C is the concentration of Li" (~1.57x
1072 mol cm ) and o is Warburg factor. The value of ¢ can
be calculated from the slope of linearly fitted Z,eu vs w ' line
(Fig. 10b) in the low angular frequency region. The diffusion
coefficient as calculated from Equation (3) for the samples
LFP(1.0) and LFP(0.5) were 6.82x107' and 1.35x
107" ecm? s7', respectively. The higher diffusion coefficient
for sample LFP(1.0) reflects the better kinetic to Li" during
charging/discharging of electrode.

Fig. 10 a Electrochemical

(@

Electrochemical performance

The galvanostatic charging/discharging of LFP(1.0) and
LFP(0.5) samples were determined between 2.2 and 4 V at
various current rates of 0.1, 0.2, 0.5, 1, 2, 5, and 10 C. The
discharge profiles of samples are shown in Fig. 11a. The
highest discharge capacities of 159 and 152 mAh g~ were
gained at 0.1 C rate for the samples LFP(0.5) and LFP(1.0),
respectively. At 0.1 and 0.2 C rate, the sample LFP(0.5) shows
a higher capacity as compared to LFP(1.0). As the rate of
charging/discharging further increase to 1 C, both the mate-
rials show nearly the same discharge capacity. Sample
LFP(1.0) shows higher discharge capacity of 94 mAh g ' as
compared to 82 mAh g for LFP(0.5) at 2 C rate. The sample
LFP(1.0) shows higher rate capability of 60 mAh g ' at 10 C
rate. Figure 1 1b shows the cyclability of the samples at various
current rates (0.1, 0.2,0.5, 1,2, 5, and 10 C) for 35 cycles. The

impedance spectra of LFP(1.0) 500
and LFP(0.5), and b linear fitting |
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Fig. 11 a Discharge profile of
LFP(1.0) and LFP(0.5) at
different current rates, b discharge
capacities delivered by LFP(1.0)
and LFP(0.5) for every cycle at
different current rates up to

35 cycles, and ¢ cyclic
performance of LFP(1.0) and
LFP(0.5) at 1 C (20 cycles) and
2 C (50 cycles)

poor rate capability of sample LFP(0.5) is attributed by the
low electronic and ionic conductivity as confirmed by elec-
trochemical impedance spectroscopy. Figure 11c shows the
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cyclic stability of the samples at 1 C (20 cycles) and 2 C
(50 cycles) rates for 70 cycles. The sample LFP(1.0) shows
good cyclic stability as compared to LFP(0.5).
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Fig. 12 a Cyclic voltammogram
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At slow rate (0.1 C), the Li" diffusion is slow enough that
the particle size and carbon coating do not have a significant
effect on conduction so that the discharge capacity of both
materials are nearly comparable. Though at 0.1 C rate, the
composite LFP(0.5) shows better discharge capacity due to
lower fraction of inactive carbon present in the composite
material [11]. For the charging/discharging rate of 0.2 C dis-
charge capacity of sample LFP(1.0) was reduced due to the
presence of less LFP oxide material. The carbon network
formed on the LFP particle was electrochemically inactive to
storage Li". So, overall effect of higher carbon weight at a
slow current rate was to decrease the specific capacity of
sample LFP(1.0). At a faster rate of charging and discharging,
carbon coating thickness, particle size, quality, and uniformity
of coating play a major role [30, 31]. Raman spectroscopy
confirms the same quality (level of graphitization) of carbon
present in both the materials. But the thin carbon coating and
larger particle of the sample LFP(0.5) affect adversely the
material capacity when charging/discharging occurs at a faster
rate. Thin carbon coating may not be sufficient to give better
coverage to LiFePO,4 which results to less conductivity. Elec-
trochemical impedance analysis reveals that the sample

Voltage(V)

LFP(1.0) shows better kinetics to Li" and better electronic
conductivity. The larger particle size of LFP(0.5) enhances the
diffusion length resulting to increase in the diffusion time for
Li" due to which the material is not able to charge/discharge to
its full capacity. So, the net effect is the decrease in discharge
capacity of material LFP(0.5) at faster 2, 5, and 10 C rates. The
better reversibility as reflected by exchange current density for
sample LFP(1.0) electrode reflect the good cyclability of the
material.

Cyclic voltammetry test

Figure 12a and b shows the cyclic voltammogram of samples
LFP(1.0) and LFP(0.5) for 2 cycles at a constant voltage rate
of 0.1 mV s™', respectively, showing the single reduction and
oxidation peak between 2.2 and 4.1 V. The good overlapping
of graph for cycles indicates a very low or little capacity fade
of material per cycle. The peaks in the cyclic voltammogram
reveal fast conduction of Li" at 3.56 and 3.31 V for sample
LFP(0.5), and 3.53 and 3.33 V for sample LFP(1.0), respec-
tively. From the cyclic voltammogram curves, it was found
that the potential difference between the oxidation/reduction
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peaks is 0.25 and 0.18 V for samples LFP/C(0.5) and LFP/
C(1.0), respectively. The narrow potential difference between
oxidation/reduction peaks for sample LFP/C(1.0) reflects the
small polarization of electrode resulting higher reversibility
[32].

Conclusions

Polyaniline gel-coated (NH4)Fe(HPO,), was synthesized by
polymerization of aniline monomers. The growth of
(NH4)Fe(HPO,), particle was restricted due to the polymeri-
zation. The decomposition of the polymer coating has resulted
in uniform coverage of carbon coating on the LFP particles
surface with coating thickness of ~3 and ~7 nm for LFP(0.5)
and LFP(1.0), respectively. Raman spectroscopy has revealed
that the carbon coating has a good graphitized form. The
weight percent of carbon as estimated from the TG analysis
is in accordance with the initial amount of aniline monomer
used for preparation of both the samples. Discharge capacities
of the samples measured up to 105 cycles shown in Fig. 11b
(for 35 cycles) and 11c (for 70 cycles) for LFP(1.0) and for
LFP(0.5)at0.1,0.2,1, 2,5, 10, and 20 C rates. The discharge
capacities of synthesized materials are found to vary with
carbon coating thickness and particle size of LFP. At a slow
C rate, the sample LFP(0.5) shows higher discharge capacity
as compared to LFP(1.0), but at the faster C rate, LFP(1.0)
shows better cyclic stability and discharge capacity as com-
pared to LFP(0.5). The higher capacity and cyclability of
LFP(1.0) is attributed by the (1) fine particle size, (2) higher
Li" diffusion coefficient, and (3) electronic conductivity as
confirmed by microscopy and electrochemical impedance
spectroscopy analysis. Cyclic voltammetry tests reveal the
narrow voltage difference between peak currents in a cycle
confirms sample LFP(1.0) shows better reversibility at
0.1 mV s ' scan rate.
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