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ABSTRACT

LiFePO, materials synthesized using FePO4(H,0), and Li,CO; blend were optimized in view of their use as positive
electrodes in Li-ion batteries for hybrid electric vehicles. A strict control of the structural properties was made by the
combination of X-ray diffraction, FT-infrared spectroscopy and magnetometry. The impact of the ferromagnetic clus-
ters (y-Fe,Os or Fe,P) on the electrochemical response was examined. The electrochemical performances of the opti-
mized LiFePO, powders investigated at 60°C are excellent in terms of capacity retention (153 mAh-g ' at 2C) as well as
in terms of cycling life. No iron dissolution was observed after 200 charge-discharge cycles at 60°C for cells containing

Li foil, Li4TisO,,, or graphite as negative electrodes.

Keywords: Olivine; Nanostructured Compounds; Local Structure; Magnetometry; Lithium-Ion Batteries

1. Introduction

Since the introduction of lithium-ion batteries based on
lithium cobaltate (LiCoO;) by Sony in 1991, great efforts
have been addressed to find an alternative material with
both sides of the battery. However, the expansion of their
applications from the portable market to the electric (EVs)
and hybrid vehicles (HEVs) requests lower cost and bet-
ter safety characteristic electrode material. Among the
well-known Li-insertion compounds, the olivine LiFePO,
(LFP) compound is being extensively investigated as a
positive electrode material for Li-ion batteries because of
its low cost, low toxicity, and relatively high theoretical
specific capacity of 170 mAh-g ' [1,2]. The current de-
bate for the utilization of LiFePO, in large-size batteries
(for HEV, for instance), is mainly focused on the per-
ceived poor rate capability because of a low electronic
conductivity. Another aspect concerns the material purity
and the non-migration of iron ions through the electrolyte.
The high-temperature performance is also a critical issue
because batteries may be operated at elevated tempera-
tures (around 60°C). The early drawback of highly resis-
tive LiFePO, has been resolved by painting the particle
surface with carbon [3-6].

Recently, significant effort has been underway to im-
prove LiFePO, by developing a new synthesis route via
carbon coating [7]. The 1D Li channels make the olivine
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performance sensitive not only to particle size, but also
to impurities and stacking faults that block the channels.
Various types of iron-based impurities have been identi-
fied in the olivine framework: for examples p-Fe,0s,
Fe304, Li3Fe2(PO4)3, F62P207, FCQP, FegP, Fe75P15C10, etc.
Critical quality control of the product is necessary to ob-
tain a complete understanding of synthesis conditions
using combination of experiments such as Raman spec-
troscopy and magnetic measurements [8-12].

In this paper, we report the results obtained on several
samples of LiFePO, (LFP) with special attention to the
new generation of phospho-olivine materials used in
lithium cells operating at 60°C. The magnetic properties
are correlated with the electrochemical performance of
the positive electrode materials. Magnetization and sus-
ceptibility measurements appear to be a powerful probes
for impurity detection at very low concentration of triva-
lent iron (<1 ppm). Electrochemical performances of Li-
ion cells with LiyTisO;, (LTO) negative electrode are
reported with a strict control of iron dissolution by post-
mortem analysis.

2. Experimental

The optimized LiFePO, material was synthesized by solid-
state reaction. Samples were prepared from FePO4(H,0),
and Li,CO;. A stoichiometric amount of precursors was
thoroughly mixed together in isopanol. After drying, the
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blend was heated at 500°C - 800°C for 8 h under reducing
atmosphere. Four samples have been considered heated at
carbon-coated LiFePO, (C-LFP) was prepared with su-
crose and cellulose acetate as the carbon precursors in
acetone solution according to the following procedure.
The carbon-free powder was mixed with the carbon pre-
cursors. The dry additive corresponded to 5 wt% carbon
in LiFePO,. After drying, the blend was heated at 700°C
for 4 h under argon atmosphere. The quantity of carbon
coat represents about 1 wt% of the material (C-detector,
LECO Co., CS 444). It should be noted that the choice of
this moderate sintering temperature minimizes the amount
of Fe’* ions present in the powder since the presence of
Fe’" has been detected by Mossbauer experiments at sin-
tering temperatures below 500°C, and both trivalent
Fe,05 and LizFe,(PO,); are formed in such large quanti-
ties that they are detected by X-rays by sintering above
800°C [13]. Nevertheless, we know from our prior work
[10,11] that LiFePO,, even with an intermediate sintering
temperature in the range 500°C - 800°C, does contain
Fe,0; nanoparticles, although in such small quantities
that they can be detected only by investigation of mag-
netic properties.

X-ray diffractometry (XRD) was carried out with a
Philips X’Pert apparatus equipped with a CuKa X-ray
source (A = 1.5406 A). Slice views were examined with a
scanning electron microscope (SEM, Philips XL30). Fou-
rier transform infrared (FTIR) absorption spectra were
recorded with a Fourier transform interferometer (model
Bruker IFS113v) in the wavenumber range 150 - 1400
cm ' at a spectral resolution of 2 cm'. Magnetic meas-
urements (susceptibility and magnetization) were carried
out with a fully automated magnetometer (MPMS-5S
from Quantum Design) using an ultra-sensitive Super-
conducting Quantum Interference Device (SQUID) in the
temperature range 4 - 300 K. The experimental details
are given elsewhere [11]. The electrochemical properties
of LiFePO, were measured at 60°C in cells with metallic
lithium as the negative electrode. The electrolyte was 1
M LiPF¢ in EC/DEC (1/1) solvent. The measurements
were carried out following the experimental procedure
previously described [14] using the coffee-bag technol-
ogy developed at Hydro-Québec. Coffee-bag or lami-
nated battery technology was described by Zaghib and
Armand [15].

3. Results and Discussion

3.1. Structure and Morphology of LiFePO,

Figure 1 shows the typical XRD patterns of the LiFePO,
electrode material. The XRD pattern of sample synthe-
sized from the mixture FePO4H,0), + Li,CO; agrees
very well with that of phospho-olivine LiFePO, [16] and
no impurity was detected. The XRD diagram of the new
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Figure 1. XRD pattern of as-prepared LiFePO, material
(lower curve) and positive electrode after 200 cycles (lower
curves). Bragg lines are indexed in the Pmna space group.
Notice that the olivine framework remains intact after cy-
cling at 60°C.

generation of LFP after 200 cycles (47 days) at 60°C are
also shown in Figure 1. There is no change in the olivine
structure after cycling at 60°C. We observed Bragg lines
with the same intensity as that for the pristine material.
The capacity loss was below 3% in 100 cycles for this
optimised electrode material, which also displays excel-
lent capacity retention. First, we present an overview of
the high-temperature performance for an optimised LFP
sample. The coffee-bag cell was charged and discharged
at C/8 for the first cycle followed by 12 cycles at C/4
with 1 h rest before each charge and discharge. This high
temperature test was made at 60°C, which is the appro-
priate condition to investigate possible iron dissolution in
non-aqueous electrolytes.

The local structure of LFP materials was studied by
FTIR in the spectral range 150 - 1400 cm ). Figure 2
presents the FTIR spectra of several LiFePO, samples in
the low-wavenumber region (300 - 600 cm') involving
bending modes and in the high-wavenumber domain (600
- 1300 cm ') involving stretching vibrations. A compari-
son can be established between impurity-containing sam-
ples (A-type) and the optimised phospho-olivine material
(B-type). In the low-wavenumber region of the active
symmetric and asymmetric (v, - v4) bending modes of
P-O bonds, we observe two well-resolved doublets at 349
- 377 and 468 - 500 cm ' for the optimised C-LiFePO,.
When an impurity such as Li;PO, (sample A) is present,
the FTIR spectrum displays some modifications in the
shape of the doublets and an additional IR band grows at
424 cm™'. The presence of an impurity was also observed
in the high-wave number region of the symmetric and
asymmetric (v; - v3) modes of PO, groups. Introduction
of LiFeP,0; is detected by the appearance of two sets of
IR bands at 762 and 1180 cm™'. The band at 762 cm ' is
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Figure 2. FTIR spectra of LiFePO, samples. Patterns show
bands due to Li;PO, (0) and LiFeP,0; (o) impurity. The
best LiFePO4 material is the B-10 sample (upper curve).

due to the symmetric stretching mode of P,O; pyrophos-
phate groups, while the high-frequency band at 1180
cm ' is assigned to the vibration of the PO; terminals
[17-19]. These two spectral features are fingerprints of
the diphosphate impurity. The inclusion of Li;POy is ob-
served by additional spectral features such as enhance-
ment of the asymmetric stretching (vs) vibration of (PO4)*
oxo-anions. It is worth noting that FTIR measurements
(like X-ray diffractometry) are not sensitive to detect of
low concentrations of impurities (at the ppm level). The
FTIR features show that the carbon does not penetrate
significantly inside the LiFePO, particles, although it is
very efficient in reducing Fe’", which prevents y-Fe,O;
clustering, thus pointing to a gas-phase reduction pro-
cess.

Figure 3(a) presents the typical SEM image of the
prepared LiFePO,4 material. The powders are composed
of agglomerated crystallites of size 150 nm in average.
The existence of the carbonaceous film is also indicated
by the bright-field TEM image presented in Figure 3(b).
This image displays representative primary particles with
a network of carbon in the interstitial grain-boundary
region. In the micrograph, the LFP crystallites appear as
the darker regions while the carbon coating is surround-
ing the primary particle as the grayish region.

3.2. Iron(III) Nanoclusters in LiFePO,

LiFePO, undergoes a transition to antiferromagnetic (AFM)
order at a Néel temperature 7y = 52 K [20]. Figure 4
shows the temperature dependence of the reciprocal mag-
netic susceptibility for three samples. While nano-sized
ferromagnetic particles were evidenced in previously
prepared LiFePOy, such clusters do not exist in the opti-
mized LiFePO, [10,11]. Magnetic measurements illus-
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Figure 3. SEM image (a) of the carbon-coated sample show-
ing the shape of the secondary particles. HRTEM image (b)
showing the amorphous carbon layer deposited onto the
LiFePO, crystallite. Particle size is expressed in nm.
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Figure 4. Temperature dependence of the reciprocal mag-
netic susceptibility of different LiFePO, samples. (a) Opti-
mized pure LiFePO,; (b) Fe,0;-containing sample; and (c)
x(T) Fe,P-containing sample.
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trate that the magnetization M(H) is the superposition of
two contributions M(H) = x,,H + Meyin. The intrinsic part,
x,,H, is linear in the applied magnetic H and an extrinsic
component, Meyin = Nnu£($), is easily saturated by the
application of H due to ferromagnetic impurities. Here,
£(&) is the Langevin function, N is the number of mag-
netic clusters made of » magnetic moments u.

Analysis of the magnetic properties gives an average
separation of the magnetic clusters that is too large for
interaction between particles (superparamagnetic model).
This hypothesis must be released where the number 7 of
magnetic clusters is so large that magnetic interactions
between the ferrimagnetic particles become important [9].
At high fields, My, saturates to Nnu so that this quan-
tity is readily determined as the ordinate at H = 0 of the
intersection of the tangent to the magnetization curves at
large fields. As a result, we find that Nny does not de-
pend significantly on temperature below 300 K. We are
in the situation where the cluster magnetization is tem-
perature independent, which amounts to say that the Cu-
rie temperature 7¢ inside the clusters is much larger than
300 K. This is important information on the nature of the
ferromagnetic clusters. In particular, this feature pre-
cludes the existence of Fe,P clusters in some LFP sam-
ples prepared according to a different procedure [10],
since the Curie temperature of these clusters is only 220
K. The nature of the strongly ferromagnetic clusters in
the present case is most likely maghemite (y-Fe,O;).

It is remarkable from Figure 4 that the A-type sample
displays different magnetic features i.e. with a magnetic
moment u.r = 5.72up, due to the existence of Fe(Ill)
containing impurities. The first consequence is an ambi-
guity in what is called the magnetic susceptibility x,,
since M/H is distinct from dM/dH. The magnetic suscep-
tibility measured with a SQUID at H = 10 kOe shows the
non-linearity of the magnetic moments attributed to the
presence of y-SFe,Os. The best material shows the lowest
Curie constant 3.09 emu-K/mol. The effective magnetic
moment u.;= 4.98up is close to theoretical value 4.90u5
calculated from the spin-only value of Fe** in its high-
spin configuration. Departure from the spin-only value
may reflect the presence of Fe’ ions and/or an orbital-
momentum contribution from the Fe*" jons [12].

3.3. Influence of the Fe,P Nanoclusters

The electrochemical properties of LFP are known to be
sensitive to the mode of preparation and the structural
properties [21]. This can be an advantage for potential
applications since it allows for an optimization of the
material if we can correlate the mode of preparation with
the structural and the physical properties. To address this
issue, we investigated this relationship in LiFePO, sam-
ple that were grown at different conditions. Undesirable
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impurities in the lattice can be introduced during the
growth process. For instance, the presence of Fe,P can
increase the electronic conductivity, but on the other
hand it also decreases the ionic conductivity so that both
the capacity and cycling rates are degraded with respect
to C-LFP. The presence of a small concentration (>0.5%)
of Fe,P is evidenced in Figure 4 by the appearance of an
abnormal x(7) behaviour with the occurrence of a shoul-
der near T¢ = 265 K, the Curie temperature of the ferro-
magnet Fe,P. Figure 5 shows the Arrhenius plot of the
electronic conductivity, ogje., of three LiFePO, samples: a
pure material, a Fe,P-containing sample, and a C-LFP. It
is obvious that addition of either iron phosphide or car-
bon enhances greatly o but to the detriment of the ca-
pacity for the former compound, as it will be discussed
next.

Furthermore, we know that hydrogen, carbon monox-
ide, or carbon can reduce Fe,O; through different reduc-
tion steps that depend on temperature and other physical
parameter such as particle size. Although we anticipate
that over 1000°C carbon might reduce Fe’* ions or through
the formation of CO gas to prevent the formation of
y-Fe 03, other factors may be involved. We believe that
the carbon deposition process, which was organic pre-
cursors to make C-coated samples, generates a reductive
gas such as hydrogen that is more kinetically active and
reduces Fe*" impurities in the 400°C - 700°C temperature
range used in our studies. This model is also favoured by
the fact that the organic precursor is usually mixed with
the LFP material or with the LiFePO, chemical precur-
sors by solution processes at a molecular-size level.
However, as presented in Figure 5, the carbon coating
greatly enhances the electronic conductivity of the LFP
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Figure 5. Electronic conductivity of LiFePO, samples. (a)
Pure material; (b) Fe,P-containing sample; and (c) Carbon-
coated LiFePO,.
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particles that allows high rate for the charge discharge
process.

Figure 6 displays the electrochemical charge-discharge
profiles of Li//LFP cells cycled at room temperature with
pure LiFePO, and with Fe,P-containing electrode mate-
rial. It is obvious that at the rate 2C, the capacity reten-
tion decreases significantly for the material containing
few% of Fe,P. A close examination was made for the
detection of any iron dissolution that could occur after
long-term cycling. The analysis of iron species was in-
vestigated at the separator/lithium (SL) interface by SEM
cross-section (slice view) as shown in Figures 7(a) and
(b). The micrograph (Figure 7(a)) obtained from evalua-
tion of the earlier generation material shows the presence
of iron islands at the SL interface. Obviously, some iron
particles (or ions) migrate through the electrolyte from
the LiFePO, positive electrode to the lithium negative.
The net effect of this migration is a large decrease in ca-
pacity retention of the Li//LFP cell. Figure 7(b) shows
the post-mortem micrograph obtained from tests with an
optimised electrode in a Li cell with a lithium foil nega-
tive. In this case, there is no iron detected at the SL in-
terface, which remained intact after 100 cycles. In fact,
this high performance was possible not only because the
optimised synthesis of the LFP powders, but also because
of strict control of the structural quality of the materials.
Several physical methods were utilized to analyse the
local structure and the electronic properties of the phos-
pho-olivine framework.

3.4. Electrochemical Properties of Optimized
LiFePO4

To study the capacity fade of LiFePO, at 60°C, we used
three different negative electrodes, namely lithium metal,

graphite, and LiyTisOy,. A lithium metal anode gave ex-
act capacity during charge-discharge process with Li
metal excess 2.5 times to LiFePO, cathode material. Due
to the large excess of lithium metal, it was difficult to
observe the capacity fade with this anode at 60°C. Gra-
phite anode was 5% of excess to LiFePO, cathode. This
type of anode can detect easily the dissolution of iron
because the passivation layer of graphite anode is ionic
conductor and electronically insulator; so the dissolution
of iron from the cathode side to the anode increases the
electronic conductivity of passivation layer of graphite
that results on the capacity fade of the cell. LTO has been
used because is passivation layer free and zero strain
material. The anode has 0% excess to the cathode that
gives the high stability of the cycling and also prevents
side reactions or reduction of electrolyte to the potential
of LTO (1.5 V vs Li"/Li").

Figures 8(a)-(c) present the electrochemical perform-
ance of cell in several configurations using LFP as posi-
tive electrode. The typical electrochemical profile of the
C-LFP/1 mol-L"" LiPFs-EC-DEC/Li cell at 60°C is
shown in Figure 8(a). The charge-discharge curves were
obtained by cycling at C/4 rate (about 35 mA/g) in the
voltage range 2.2 - 4.0 V vs Li”/Li". The optimized LFP
exhibits a reversible capacity that is maintained over
many charge-discharge cycles. The 10th and 120th cycle
shows a similar specific capacity of 160 mAh-g™'. These
results illustrate the excellent electrochemical perform-
ance of the carbon-coated olivine material. The electrode
can be fully charged up to 4 V, which is its most reactive
state. This remarkable performance is attributed to the
optimized carbon-coated particles and their structural
integrity under a large current in the electrode. Even at
such a high cycling rate, C-LiFePO, exhibits rapid kinet-
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Figure 6. Electrochemical charge-discharge profiles of Li//LiFePQOy, cells cycled at room temperature. (a) With pure LiFePO,;

and (b) With Fe,P-containing electrode material.
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iron cluster

Figure 7. Post-mortem SEM images of the detection of iron
species at the separator/lithium interface. (a) Formation of
iron islands at the interface with an earlier generation of
LiFePQy; (b) No iron was detected at the surface of Li foil
with the optimized LiFePO,.

ics of lithium extraction, and realizes most of its theo-
retical capacity (170 mAh-g'). The discharge profile
appears with the typical voltage plateau (at ca. 3.45 V vs
Li%Li") attributed to the two-phase reaction of the (1 — x)
FePO, + xLiFePO, system.

To investigate the impact of the crystallization of the
surface layer of LiFePO, particles on the electrochemical
properties, we have reported the first charge/discharge of
a coin cell in Figure 8(b), in which the active cathode
element was non-coated LFP heated at 700°C during 4 h
and C-LFP for comparison. The same powder (particles
of average thickness 40 nm) was used to avoid any size
effect of the particles on the electrochemical particles.
The experiments were performed at rate C/12 at room
temperature. The results show that the capacity of the
cell prepared with LFP heat treated at 700°C is very
small despite the crystallization of the surface layer of
the LiFePO, particles. However, the capacity only reaches
ca. 55% of its theoretical value, while, after carbon coat-
ing, the capacity of these particles is close to the theo-
retical value. This is indeed the evidence that, even in the
case of nano-scaled particles, the carbon coating alone is
far from sufficient to recover the full capacity of C-LFP,
for the reasons we have recalled in the introduction. In
our previous exploration of the surface properties of the
LFP particle, we have shown by Raman spectroscopy
that the deposit is a disordered graphite-type carbon [22].

Copyright © 2012 SciRes.

The small amount of carbon (<2 wt%) can be viewed as a
film of irregular thickness, 3 nm thick on average, with
gaps. The above experimental condition (ca. 60°C) has a
severe impact on the kinetics of the Fe*'/Fe’" redox reac-
tion, but the recent report from Hydro-Québec Research
Labs showed that this type of C-LFP electrode can be
cycled at 60°C without significant capacity loss for over
200 cycles [7]. Optimized particle size in the range 200 -
300 nm agrees well with the average diameter of grains L
that validates the characteristic diffusion time 7 = L*/4n’D"
[23], where D" is the chemical diffusion coefficient of
Li" ions in the LiFePO, matrix (typically 10'* cm*s™)
when compared with the experimental discharge rate up
to 5C.

The electrochemical performance of optimized LFP
and LTO electrode materials has been tested separately
in half cell with respect to Li metal anode, using the
same electrolyte mentioned above. The voltage vs capac-
ity curves recorded under such conditions at 25°C are
reported in Figure 8(c) at low C-rate C/24 to approach
thermodynamic equilibrium together with the potential-
capacity curve of the LTO//LFP lithium-ion battery. The
voltage window is 2 - 4 V for LiFePOy, 1.2 - 2.5 V for
Li4TisO,,. Note in this figure (and the following ones),
we have kept the conventional rule, i.e. the capacity is in
mAh per gram of the active element of the cathode. That
is the reason why the maximum capacity for the LFP//Li
and LFP//LTO cells are the same. For LFP//Li, the first
coulombic efficiency is 100 % and the reversible capac-
ity is 148 mAh-g'. For LTO, the first coulombic effi-
ciency is 98% and the reversible capacity is 157 mAh-g .
The well-known plateaus at 3.4 and 1.55 V are charac-
teristics of the topotactic insertion/deinsertion of lithium
in the two-phase systems LiFePO,-FePO, and LiyTisO,-
Li;Tis0,, respectively.

The electrochemical performance of C-LiFePO, was
tested in various conditions of temperature. At 2C rate,
the capacity retention was 153, 136 and 93 mAh-g ' for
cells discharged at 60°C, 25°C and —10°C, respectively
[24]. The Ragone plots of cell cycled at 25°C and 60°C
are shown in Figure 9. The cells were cycled in the po-
tential range 2.5 - 4.0 V. The discharge capacity and
electrochemical utilisation, i.e. the ratio discharge/charge,
vs cycle number are excellent for the C-LiFePO4/LiPF¢-
EC-DEC/Li cells. At 10C rate, these Li-ion cells provide
coulombic efficiencies 85% at 60°C.

4. Conclusion

In this work, we compared the physico-chemical and
electrochemical properties of a series of carbon-coated
LiFePO, samples. A major effect of the carbon deposi-
tion process has been to reduce Fe’, most probably
through a gas-phase reduction process involving hydro-
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Figure 8. (a) Electrochemical performance of the C-LiFePQ,//Li cell operating at 60°C. Charge-discharge cycling was con-
ducted at the C/4 rate; (b) Electrochemical profiles at C/12 of LiFePQ,//Li cells. Positive electrodes were (i) non-coated and
heated at 700°C (c) carbon-coated; (c) Voltage-capacity cycle for LiFePO,//Li, LisTisO,//Li and Li-ion cell LiFePO4/Li;TisO;, at
C/24 rate. The capacity is in mAh per gram of the positive electrode element (LiFePQO,, Li;TisO,, and LiFePO,, respectively).
The larger hysteresis in the LiFePQ,//Li TisO;, cell comes from the fact that the cell in that case was a button cell instead of
the more elaborate 18650-cell, but the plateau at 1.9 V is well observed. All the cells used 1 mol-L™ LiPF4 in EC:DEC (1:1) as

electrolyte.

gen from the organic carbon precursor. The hydrogen
prevents formation of y-Fe,O; nanoparticles in which
iron is in the trivalent state. The magnetic measurements
indicated the presence of nanoclusters, i.e. Fe,P or/and
y-Fe,05 in non optimized samples. Thus, this study dem-
onstrates that magnetic measurements (combination of
M(H) and x(T) data) are beneficial for detecting ferric
and/or ferrous impurities, as well as for the quality con-
trol of LiFePO,. Electrochemical tests have been con-
ducted under various conditions to assess the influence of

Copyright © 2012 SciRes.

the electrolyte on stability and the influence of electrode
processing. Post-mortem analysis showed that no iron
species were detected at the separator-negative electrode
interface in cells with lithium metal, graphite and C-
LisTi5s0,. This result is attributed to the high quality of
the “optimised” LiFePO,, impurity-free materials used as
positive electrodes. The discharge capacity and electro-
chemical utilisation, i.e. the ratio discharge/charge, vs
cycle number are excellent for the C-LiFePO,/LiPF¢EC-
DEC/Li cells. At 10C rate, these Li-ion cells provide
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Figure 9. Ragone plots of the C-LiFePQ,/LiPF¢-EC-DEC/Li
cells as a function of the working temperature 25°C and
60°C.

coulombic efficiencies 85% at 60°C.
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