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Abstract We have studied LiFePO,/C nanocomposites pre-
pared by sol-gel method using lauric acid as a surfactant and
calcined at different temperatures between 600 and 900 °C. In
addition to the major LiFePO, phase, all the samples show a
varying amount of in situ Fe,P impurity phase characterized
by x-ray diffraction, magnetic measurements, and Mdssbauer
spectroscopy. The amount of Fe,P impurity phase increases
with increasing calcination temperature. Of all the samples
studied, the LiFePO,/C sample calcined at 700 °C which con-
tains ~15 wt% Fe,P shows the least charge transfer resistance
and a better electrochemical performance with a discharge
capacity of 136 mA h g 'atarate of 1 C, 121 mA h g ' at
10 C (~70 % of the theoretical capacity of LiFePQ,), and
excellent cycleability. Although further increase in the amount
of Fe,P reduces the overall capacity, frequency-dependent
Warburg impedance analyses show that all samples calcined
at temperatures >700 °C have an order of magnitude higher
Li" diffusion coefficient (~1.3x 1073 ¢cm? s") compared to
the one calcined at 600 °C, as well as the values reported in
literature. This work suggests that controlling the reduction
environment and the temperature during the synthesis process
can be used to optimize the amount of conducting Fe,P for
obtaining the best capacity for the high power batteries.
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Introduction

Lithium iron phosphate (LiFePO,) has been used as a cathode
material in commercially available rechargeable batteries for
nearly two decades. LiFePOy is intensely investigated since it
was proposed by Padhi et al. [1] as a possible cathode material
for Li-ion rechargeable batteries. It is one of the most prom-
ising cathode material for the next generation Li-ion batteries
for military, electric vehicles, and aerospace applications, due
to its high theoretical capacity (170 mA h g_l), availability of
inexpensive starting materials, its environmental friendliness,
and excellent thermal stability [2—6]. However, the main lim-
itation of LiFePO,4 has been its low electronic conductivity
(~107? S em™"), which leads to high impedance, low capacity,
and low rate capability. Many researchers have been investi-
gating on improving the performance and safety aspects of
LiFePOy. The methods of improving the performance includ-
ing carbon coating [7—10], particle size reduction [11-13], and
metal doping [14—-16] have been proposed. Incorporation of
conducting metal fluoride phases such as FeF, into LiFePQO, is
reported to be a viable method for enhancing the electronic
conductivity of this material [14, 17, 18]. The presence of iron
phosphide (Fe,P) has also been found to increase the perfor-
mance of Li-ion batteries [15].

Fe,P is known to be a very good electronic conductor [15].
An olivine phosphate, particularly LiFePO,, has been known
to undergo carbothermal reduction at high temperatures to
form Fe,P and other metal phosphides. In presence of a suit-
able carbon-containing surfactant, at high temperatures, car-
bon reacts with LiFePO, to form CO, or CO, which leads to
the formation of a two-phase system: Li;PO,/Fe,P [19]. Thus,
the conducting Fe,P phase can form intrinsically in LiFePO,.
Fe,P-incorporated LiFePO,4 has shown an improvement in
electrochemical performance, as it provides a conducting net-
work that enhances the electron transport through the material.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-016-3239-y&domain=pdf

2276

J Solid State Electrochem (2016) 20:2275-2282

It has been known that even a small amount of Fe,P can
enhance the electronic conductivity by 4 orders of magnitude
[20]. However, excessive amount of this conducting phase
may result in loss of capacity, as it forms at the expense of
LiFePO,, which is responsible for lithium insertion/de-
insertion reactions [21]. There are several studies which have
reported the effect of addition of Fe,P on the electrical and
electrochemical properties of LiFePO,4 [22-24]. Liu et al. [25]
prepared LiFePO, by co-precipitation method using poly-
acrylamide as carbon source that provided a reducing environ-
ment for the formation of Fe,P. They found Fe,P impurity was
formed at 750 °C, and LiFePO,4 with Fe,P impurity exhibited
better electronic conductivity and improved electrochemical
performance. Although the amount of Fe,P was not reported,
they found the amount of Fe,P increased with increasing cal-
cination time. Rahman et al. [26] synthesized LiFePO,-Fe,P-
C material using solvent-assisted solid-state reaction with var-
ious amounts of citric acid as a source of carbon. They found
that the use of solvent assists in the formation of Fe,P in the
proximity of LiFePOy particles, which provides a percolating
network resulting in a very high electronic conductivity. They
claimed a very high capacity 136 mA h g ' at 10 C rate. Kim
et al. [27] prepared LiFePO,4/Fe,P composites by mechanical
alloying in order to improve the electrical conductivity. The
sample containing 8§ % of Fe,P in LiFePO4/Fe,P composite
showed a high capacity ~160 mA h g ' at rate of C/20, and
~110mA h g ' ata rate of 1 C with good cycleability. Rho et
al. [28] studied the surface chemistry of four LiFePO, sam-
ples, prepared by heat treatment under increasing reducing
environment, using Mdssbauer and x-ray photoelectron spec-
troscopy. When the samples were treated for a longer period
from 15 to 24 h in 7 % H,/N, atmosphere at 600 °C, the
authors found Fe,P impurity phase between 4 and 18 wt%,
along with Liz;PO, formed on the surface of the parent
LiFePQO,. Their results suggest that an optimum amount, be-
tween 5 and 10 wt%, of Fe,P gives rise to a greatly enhanced
electrochemical performance of the composite. Another study
reported that the presence of FeP is more favorable over Fe,P,
and indicated that 16 % of Fe,P greatly lowered the discharge
capacity [29].

From the review of the literature, it is clear that the presence
of Fe,P phase influences the performance of LiFePO, cath-
ode. However, several questions still remain unanswered. It is
important to know (1) how does the calcination temperature
affect the amount of Fe,P phase produced in a reducing envi-
ronment? (2) what are the effects of the presence of Fe,P
impurity phase on diffusion of Li" ions through LiFePO,4
and the electrochemical performance of LiFePO, cathode ma-
terial? and (3) what is the optimum amount of Fe,P required to
obtain the best performance of LiFePO, cathode? To answer
these questions, we have performed an extensive temperature-
dependent study on LiFePO,/C prepared by a simple and cost-
effective sol-gel method followed by calcination in reducing
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Ar/H,. We have synthesized samples at various temperatures
between 600 and 900 °C and quantified the Fe,P content (5—
37 wt%) using magnetic and Mdssbauer spectroscopy mea-
surements. We found that the sample calcined at 700 °C yields
an optimum amount of Fe,P (15 wt%) phase that shows an
enhanced capacity with high rate capability of 136 mA h g ' at
rate of 1 C and 121 mA h g ' at 10 C. We further demonstrate
that although the excessive amount of Fe,P decreased the
overall discharge capacity, all samples calcined at tempera-
tures >700 °C have an order of magnitude higher Li" diffusion
coefficient (~1.3x 107" em? s™") compared to the one cal-
cined at 600 °C as well as the values reported in literature.

Experimental details
Synthesis

LiFePO,/C samples were synthesized by the sol-gel method
[29]. CH3COOLIi-2H,0, 99 % (Alfa Aesar), FeCl; (Fisher
Scientific), and P,Os5 (Fisher Scientific) were used as precur-
sors. FeCl; and P,Os were dissolved in 200 proof ethanol in
two separate beakers, then mixed and stirred for 3 h in a three-
neck flask under constant flow of nitrogen. Then lithium ace-
tate dissolved in ethanol was added to the solution and was
allowed to stir for additional 3 h. Lauric acid dissolved in
ethanol was added as a source of carbon and the solution
was kept for 3 more hours of stirring under the same condi-
tions and the resulting solution was dried at 90 °C to form a
dry gel, which was subsequently calcined at 600, 700, 800,
and 900 °C for 10 h under the flow of Ar/H, (90 %/10 %).
Carbon content of the samples was measured by CHN ele-
mental analyses, where the sample is combusted in a pure
oxygen environment and found to be ~4 % in the first three
samples and ~2 % in the fourth sample. Hereafter, these sam-
ples will be referred as LFP-600, LFP-700, LFP-800, and
LFP-900, respectively.

Characterization

X-ray diffraction (XRD) measurements were performed using
a Rigaku Minflex-600 diffractometer using Cu Ko«
(A=1.54 A) x-rays to determine the phase purity of the sam-
ples. Electrical conductivity of the composite samples was
measured by preparing pressed pellets and attaching elec-
trodes using conducting silver epoxy in a Van der Pauw ge-
ometry. Magnetic measurements were done using a Physical
Properties Measurement System (PPMS). Temperature-
dependent ac magnetization measurements were done at
500 Oe and saturation magnetization (M) was measured by
varying the magnetic field () from —5 to +5 T. The morphol-
ogy of the samples was investigated using JSM-6510-LV-
LGS SEM and JEOL 2010 TEM.
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>’Fe Mossbauer spectroscopy

>"Fe Mossbauer spectra were recorded in the transmission
geometry using both sides of a (Wissel) transducer coupled
to >’Co in Rh matrix source of about 50 mCi and 256 channels
of a multichannel analyzer. The velocity calibration and the
linearity verification were performed using a thin iron foil. For
Mossbauer measurements, approximately 70 mg of the sam-
ple was uniformly distributed in a Teflon circular cell of
1.7 cm diameter. The isomer shift values are reported with
reference to o-Fe foil. The spectra were least square fitted with
MossWin program.

Electrochemical measurements

The electrochemical characterization of the samples was per-
formed in a standard coin cell geometry with lithium metal as
an active anode. The active cathode materials and Super P as a
conducting material were mixed (95:5 ratio) and ground for
20 min (without a binder). The homogenous mixture was put
on an aluminum mesh (current collector) and was then hand
pressed between two steel cylinders [30]. The prepared cath-
ode was cycled against Li metal electrode as a counter elec-
trode separated by a polymeric separator soaked in a binary
electrolyte consisting of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (50:50) containing 1 M LiPF4. The room
temperature galvanostatic charge and discharge measurements
were carried out at different C-rates in the voltage range 2.2—
4.2 V. Electrochemical impedance spectroscopy measure-
ments were carried out using a Gamry electrochemical system
in the frequency region of 0.01 Hz-100 kHz with AC ampli-
tude 10 mV.

Results and discussion

Figure 1 shows the XRD patterns of all LiFePO, samples
calcined at 600900 °C for 10 h. All the observed Bragg peaks
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Fig. 1 XRD patterns of LiFePO, samples annealed for 10 h

in the LFP-600 sample can be indexed to the olivine LiFPO,
structure with a space group Pnma, which implies the absence
of any detectable impurity phase. Additional peaks, which
were indexed to iron phosphide (Fe,P) and Li;PO,, are ob-
served in the XRD patterns of samples annealed at 700 °C and
higher, and the amount of these phases steadily increases with
calcination temperature. These impurity phases result from
carbothermal reduction of LiFePO, at higher temperatures in
reducing environment provided by the lauric acid (carbon
source) and the flowing forming gas. As the formation of
Li;PO4 requires three Li ions, this phase does not grow as
quickly as Fe,P because dissociation of LiFePOy, is not fast
enough up to 700 °C. Only at calcination temperatures of
>700 °C their amount begins to appear considerably accord-
ing to following carbothermal and/or hydrogen reduction re-
actions [28]:

6LiFePO, + 8C—3Fe;,P + 2 LisPO, + P14 8CO,1 (1)
6LiFePO, + 16H,—3Fe,P + 2 LisPOy + P17
+ 8CO,1 (2)

In order to find the weight fraction of impurity phases, we
have performed Rietveld refinement of XRD data of LFP-600,
LFP-700, LFP-800, and LFP-900 samples. As an example, we
show the Rietveld fitting of XRD data of LFP-700 sample in
Fig. 2. The crystallite size of LiFePO,, obtained from Rietveld
fitting, showed an increase from ~99 nm in LFP-600 to
~125 nm in LFP-900, as expected. Further, Table 1 lists the
weight percentage of LiFePO,, LizPO,4, and Fe,P in the sam-
ples studied in this work. We note that amount of Fe,P in-
creases with the calcination temperature, but the weight ratio
between Fe,P and LizPOy, is less than the expected ratio of
~2:1 (molar ratio 3:2) in first three samples, very similar to the
observations in ref. [28], implying the presence of amorphous
or nano-sized impurity phases. The room temperature electri-
cal conductivity measured on the pressed pellets of the LFP-
700, LFP-800, and LFP-900 samples showed 2 orders of mag-
nitude higher conductivity (0.8-2.0x 10" S cm™") compared
to that of LFP-600 sample (~2 x 10> S cm ') which is attrib-
uted to the presence of conducting network of Fe,P impurity
phase.

R =12.1%
wp

Counts (x103)

Fig. 2 Rietveld fitting of XRD pattern of LFP-700 sample
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Table 1 The weight

percentage of LiFePO,, Sample LiFePOs  Fe,P  LisPO4

FezP, and LI3P 04 wt% wt% wt%

obtained from

multiphase Rietveld LFP-600  96.6 00 34

refinement of XRD data LEP-700  93.2 36 30
LFP-800  85.3 79 6.8
LFP-900  73.6 176 94

Figure 3 shows SEM images of the samples. The grain size
of LFP-600 and LFP-700 samples appears to be very similar.
Both of them contain grains of uniform size, estimated to be
~100 nm, with some agglomeration. However, the samples
calcined at higher temperatures (LFP-800 and LFP-900) show
noticeably larger grain size and increased nonuniform size
distribution (Fig. 3¢, d). The EDXS measurements on the
LFP-900 sample showed relatively more Fe-rich regions
(see inset Fig. 3d), indicating the presence of more Fe,P re-
gions compared to LFP-600 sample (see inset Fig. 3a).

We further investigated the particle morphology and size
distribution using TEM. Figure 4 shows the TEM images of
LFP-700 sample at two different magnifications, revealing
particles in the size range of ~80—100 nm. The particles show
a rough morphology due to decomposition of LiFePO, into
Fe,P and Li;PO, on the surface. The arrow marks in Fig. 4a
show the inter-particle regions consisting of possibly carbon,
Fe,P, and Li;PO, very similar to the observations reported in
ref. [26]. Under higher magnification, the particle surface fur-
ther reveals the formation of sub-nanoregions of 2—4 nm (see
Fig. 4b) of the decomposed products, which may not be de-
tected by XRD but could influence the electrochemical prop-
erties of the composite material [26].

Fig. 3 SEM images of LiFePO,
samples: a LFP-600; b LFP-700;
¢ LFP-800; and d LFP-900. The
scale bar is 1 yum. The insets in a
and b show EDX spectra as
described in the text

SEl  25kV

SEI 25k WDSmm  SS30
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Since Fe,P is magnetic with a first order ferromagnetic
transition at ~220 °C [31, 32], we measured the magnetic
properties to confirm its presence in the samples. Figure 5a
shows the zero field cooled (ZFC) temperature dependence of
magnetization at an applied field of 500 Oe and Fig. 5b shows
the measured hysteresis loops of magnetization vs applied
field for the samples. Although Fe,P is not detectable in the
XRD (Table 1), its first order ferromagnetic transition at
~220 °C is seen in all the samples, albeit it is rather weak in
LFP-600, whereas it is quite clear in samples calcined at
higher temperatures due to the presence of considerable
amount of Fe,P. Thus, the magnetization measurements con-
firm the presence of Fe,P in all the samples and demonstrate
an increase in the amount of Fe,P with increasing calcination
temperature (see Fig. 5b). Although the magnetization is not
saturated at an applied field of 10 kOe, the maximum mag-
netization achieved in each sample was compared with the
saturation magnetization value, 32.1 emu g ', observed for
nanocrystallites of Fe,P reported in literature [33].
Considering this value as 100 %, the estimated amount of
Fe,P in LFP-600, LFP-700, LFP-800, and LFP-900 samples
is 6, 12,28, and 56 %, respectively. As a result, the amount of
active material for Li insertion/de-insertion is substantially
reduced in LFP-800 and LFP-900, which is expected to lower
the overall specific capacity.

To further confirm the amount of Fe,P, as determined by
magnetization measurements, Mossbauer spectra (see Fig. 6)
of the samples were recorded. Summary of the Mdssbauer
parameters is given in Table 2. The >’Fe Mdssbauer spectra
of LiFePO, with Fe,P impurity consists of three quadrupole
doublets. First, a symmetric and dominant doublet with an
isomer shift ~1.22 mm/s and a quadrupole splitting of

x15,000 1pm
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Fig. 4 TEM images of LFP-700
sample at two different
magnifications. The arrow marks
in a show inter-particle regions
consisting of possibly carbon,
Fe,P, and LizPOy4; b magnified
image of the circled region
showing the sub-nano features on
the surface of the particle

100kx-3.t4 £
Print Mag: 147000x 87.0 in

~2.97 mm/s arises due to high spin configuration of 3d elec-
trons in Fe*" ion and charge asymmetry around Fe in parent
LiFePO, [28, 34]. The second doublet with an isomer shift of
0.61 mm/s and a quadrupole splitting of 0.43 mm/s is due to
Fe*" occupying 3/ site in Fe,P and the third doublet with an
isomer shift of 0.19 mm/s and a quadrupole splitting of
0.1 mm/s is due to Fe’" at the pyramidal 3 g site for Fe,P
structure [28, 35]. In the present study, we did not observe
any FeP phase as reported in ref. [28]. It is reasonable to

a ' ' L ol LFP-600
—e—LFP-700
5 —A—LFP-800
- M —a— LFP-900]
) ,
3
e
2
S 1
0 " 1 1 . 1 N 1 " 1 N 1
50 100 150 200 250 300
T (K)
b 20
10
o
3 0
5
S —o— LFP-600 1
S ia —e—LFP-700
il —a—LFP-800 ]
—a— LFP-900 |
20 Lt R L i i 1 i 1
-10 -5 0 5 10

H (kOe)

Fig.5 a Magnetization vs. temperature of LiFePO, samples; b hysteresis
loops of LiFePO, samples measured at 10 K
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assume that the FeP phase may have transformed into Fe,P
phase due to higher annealing temperatures and reducing en-
vironment. A very small signature of one of the two doublets
for Fe,P in LFP-600 indicates an insignificant amount of Fe,P
occupying Fe-3fsite only. We have estimated the amount of
Fe** and Fe’* from the relative area under the respective peaks
in the Mdssbauer spectra. The percentage of Fe** and Fe**
phases in the samples is given in Table 2, and corresponding
mol% and wt% of LiFePO,, Fe,P, and LisPO,, calculated
using Eq. 1, are listed in Table 3. It is interesting that the total
amount of Fe,P calculated from the Mossbauer spectroscopy
(Table 3) and magnetic measurements are close to each other
in first three samples, but differ from those estimated by

2.58 [ LFP-600

252+

1.40 FLFP-700
1.33

1.26
1.35 FLFP-800

1.30 -

Absorption (x 10600unts)

-6-4-|2246
Velocity (mm/s)

Fig. 6 Mossbauer spectra of LiFePO, samples measured at room
temperature
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Table 2 Mossbauer parameters of the LiFePO, samples

Sample Doublet 1 Doublet 2 Doublet 3 Total Fe,P (%)
IS Qs % IS Qs % IS Qs %

LFP-600 1.22 297 94.7 0.61 (0.1) 0.43 (0.1) 5.3 - - - 53

LFP-700 1.22 297 83.9 0.61 (0.1) 0.43 (0.1) 4.8 0.19 0.10 (0.03) 11.3 16.1

LFP-800 1.22 2.97 67.6 0.61 (0.1) 0.43(0.1) 16.3 0.19 0.10 (0.03) 16.1 324

LFP-900 1.22 2.97 50.3 0.61 (0.1) 0.43(0.1) 25.2 0.19 0.01 (0.03) 24.5 49.7
Fe** Fe(l) site of Fe,P Fe(ID) site of Fe,P

Rietveld refinement of XRD data (Table 1). As explained in a
previous section, this is due to the presence of amorphous or
sub-nanoregions of Fe,P and Li;PO,4 as shown in TEM im-
ages (Fig. 4).

The galvanostatic charge—discharge voltage profiles of the
samples measured at a rate of 1 C are shown in Fig. 7. The
observed capacity of 136, 102,and 78 mA h g_l, for LFP-700,
LFP-800, and LFP-900 samples, respectively, are very close
to the expected capacity calculated using the wt% of LiFeOy,
(Table 2) deduced from Mgssbauer measurements. However,
LFP-600 sample shows a significantly lower capacity of
120 mA h g~ ' compared to the expected capacity of
158 mA h g'. All the samples show a potential plateau at
~3.4 V corresponding to Fe**/Fe*" redox couple. The poten-
tial plateau of LFP-700 is wider compared to the other sam-
ples, which indicates that Li can be inserted and de-inserted
more efficiently.

Figure 8a shows the impedance spectra (Nyquist plots) of
the samples. The spectra display typical characteristics of an
electrochemical cell consisting of a small intercept in the
higher frequency region, a depressed semicircle in the inter-
mediate frequency region, and an inclined line in the low-
frequency region. The small intercept corresponds to the ohm-
ic resistance, representing the resistance of the electrolyte. The
depressed semicircle is related to the charge transfer resistance
and the double layer capacitance between the electrolyte and
cathode. The inclined line is related to the frequency-
dependent Warburg impedance associated with Li" ion diffu-
sion in the cathode active particles. The values for the charge

transfer resistance (R.;) extracted from fitting the impedance
data as described below are listed in Table 4. LFP-700 exhibits
the lowest charge transfer resistance and hence highest specif-
ic capacity suggesting that the amount of Fe,P present in this
sample may be the optimum amount to provide highly
conducting network, which enhances the electron transport
in the sample. Although the samples LFP-800 and LFP-900,
calcined at 800 and 900 °C, have lower charge transfer resis-
tance compared to the LFP-600 sample, their specific capacity
is lower due to the presence of less active material for Li
intercalation and deintercalation process.

To further understand the above behavior, the diffusion
coefficient of lithium ion (D ;) was determined by the Z' de-
pendence on w in the low-frequency region, which is de-
scribed by [36],

) -1 / 2
Z = Ry + Ry + ow (2)
where, o is the Warburg coefficient and R and R are the
solution and the charge transfer resistances. o is related to
D Li bya
Dy = RT? / 242 F*C2,0%s (3)
where, R is the gas constant, 7'is the absolute temperature, 4 is
the surface area of the cathode (0.28 cm? in our case), 7 is the
number of electrons per molecule during oxidation, F is the
Faraday constant, and Cy; is the concentration of lithium ion
(0.0228 mol/cm®). As expected, a plot of Z' versus w '/ (see

Table 3 Percentage of LiFePOy,

Fe,P, and LisPO,in LFP samples Sample LiFePO, Fe,P LizPOy Capacity (mA h gfl)
deduced from Mgssbauer
measurements mol% wt% mol% wt% mol% wt% Expected” Measured at 1 C°
LFP-600 91.5 92.8 5.1 4.7 34 2.5 158 120
LFP-700 75.8 78.9 14.5 13.7 9.7 7.4 134 136
LFP-800 55.6 60.0 26.6 259 17.8 14.1 102 105
LFP-900 37.8 42.1 37.3 37.6 24.9 20.4 72 78
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10 % due to uncertainty in mass determination
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Fig.7 Charge-discharge profiles of LiFePO, samples measured at a rate
of 1C

Fig. 7b) shows linear behavior with values of slope o. The
diffusion coefficient and apparent exchange current density

) [36],
I, = RT / nRy F (4)

along with other relevant parameters for the samples are given
in Table 4. The LFP-600 sample has the lowest diffusion co-
efficient (3.5 % 10'* cm? s™') while LFP-700, LFP-800, and
LFP-900 samples have similar value, (1.3
+0.1)x 10" cm? 57!, which is about an order of magnitude
higher than that of LFP-600 and values reported in the litera-
ture [37-39]. Of four samples studied in this work, the LFP-
700 sample has the least R  and the highest exchange current

a
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Fig. 8 a Nyquist plots of LiFePO, samples; b a plot of the Z' vs. w " in

the low-frequency region

Table 4  Electrochemical impedance parameters and the exchange
current density of the LiFePO,4 samples

Sample  Ry(Q) R (Q) o(Qs") Dyi(em’s™") I, (mAgh
LFP-600 6 155 157 35x10 1 178
LFP-700 6 43 79.9 13x10°1 479
LFP-800 5 85 79.1 14x10"1 259
LFP-900 4 110 81.7 13x107"3 261

density compared to other carbon-coated LiFePO, samples
reported in literature [40], perhaps due to the presence of
conducting nanoregions of Fe,P on the surface LiFePO, par-
ticles. This result corroborates with an earlier study on
LiFePOy/Fe,P-C composite cathode [26].

Figure 9 shows the discharge capacity y of the LiFePO,
samples at various rates from 1 to 10 C. Clearly, the LFP-700
sample not only shows the best capacity at 1 C rate but also
retains more than 70 % of its capacity when tested at higher
rate of 10 C (faster charging and discharging). This sample
also retains nearly 100 % of its initial capacity even after
350 cycles at a rate of 5 C (see inset in Fig. 9). We attribute
the enhanced electrochemical performance of LFP-700 to
faster kinetics of the cell reactions (higher diffusion constant)
along with higher catalytic activity (higher exchange current
density) compared to other samples. We have also calculated

the characteristic diffusion length, Ly, i = \/TDLl-Li [41],
where 7 is the diffusion time constant. It has been shown that
at higher C-rate (faster charging/discharging), the characteris-
tic diffusion length decreases with diffusion time constant
(taken as the discharging time) [38], and the particle size com-
parable to the characteristic diffusion length is indicative of
better electrochemical performance at higher charge/discharge
rates. The estimated characteristic diffusion length for
LiFePO, samples annealed at higher temperatures, using dif-
fusion time constant equivalent to the discharging time for
10 C rate, to be=70 nm. This means we can obtain maximum
possible capacity from the sample, after accounting for

160 + 1C P Xe ]
~ 140 + o-o-0-“‘\0—0—0-0"\._._.3—0 10C
= ool 0-0—0-0'0\0_0_0_0,0 Ne-0-0-0-0 -

A-A-D-A-
< 100 ANA-A-A-A-A 0-0-0-0-0 B
A-A-A-A-A O-0-0-0-0

E 8o} AAAAA, s abd,4paaDD000
2 2 A-A-A-A-A ]
% 60 | < 150 1
S 4ol & —0—LFP-600 |
s g1 —e—LFP-700 ]
O 20| § %% 760 200 300 —4—LFP-800 _
Cycle Number —A—LFP-900 |
0 n 1 n 1 n 1 n 1
0 5 10 15 20

Cycle Number

Fig. 9 Capacity of LiFePO, samples during continuous cycling at
different charging rates. The inset shows the capacity retention for LFP-
700 sample at 5 C rate
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inactive components, at lower charging/discharging rate of
1 C. This result is in agreement with our observations (see
Table 3).

Conclusions

In summary, we have prepared several LiFePO,/C samples
calcined at different temperatures between 600 and 900 °C
and studied their structural, magnetic, and electrochemical
properties. The impurity phase Fe,P was analyzed by XRD,
magnetic measurements, and Mossbauer spectroscopy. We
found that the amount of the impurity phase strongly depends
on the calcination temperature. LiFePO,/C samples calcined
at 600 and 700 °C consist of LiFePOy particles with size ~90—
100 nm and contain 5 % and 16 wt% Fe,P phase. The amount
of Fe,P grows considerably in the samples calcined at 800 and
900 °C. Comparing all the properties of the LiFePO,/C sam-
ples, the sample calcined at 700 °C exhibits better electro-
chemical performance with a capacity of 136 mA h g™' at
1C, 121 mAhg'at10C (~70 % of theoretical capacity of
LiFePO,), and excellent cycleability. With ~15 wt% of Fe,P, it
exhibits the least charge transfer resistance of 43 €2 with an
electronic conductivity of ~10"" s cm ™' and Li" diffusion
coefficient of ~1.3 x 10”3 cm® s~'. This indicates the impor-
tance of controlling both the reduction environment and tem-
perature during the synthesis process to produce the proper
amount of Fe,P phase necessary for enhancing the electro-
chemical performance of LiFePO,/C nanocomposites.
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