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Abstract

Three types of olivine compounds were prepared by three different routes: sol—gel, solid-state, and hydrothermal syntheses, showing the expected
structure and containing a small amount of carbon and iron phosphide for maintaining sufficient intrinsic electrical conductivity. These materials
were tested in LiClOy, and in dry and wet LiPFg solutions in mixtures of ethylene and dimethyl carbonate (EC-DMC, 1:1) at 30 and 60 °C. Iron
dissolution from these materials, upon storage in the three solutions at these two temperatures, was measured by ICP. Aged electrodes were measured
by XRD and SEM: the electrochemical performance of the three types of olivine compounds in the three solutions and at the two temperatures was
measured by voltammetry and impedance spectroscopy. The behavior of pristine and aged electrodes was systematically compared. It was found
that there is a strong correlation between the rate of iron dissolution and the performance of these systems in terms of high capacity, low capacity
fading, and low and stable impedance upon aging. The material prepared by sol-gel synthesis demonstrated a low iron dissolution rate, even in a
corrosive solution such as wet LiPFg solutions, and high performance, even in these solutions. When the solutions contain no acidic contaminants,
all the compounds demonstrated negligible iron dissolution rates, even at 60 °C, and a good electrochemical performance. The electrochemical
comparison described herein shows a pronounced impact of the solution composition on the electrodes’ impedance, due to the unique surface

chemistry developed in each solution.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the search for new positive electrode materials for
lithium-ion batteries, research has concentrated on developing
inexpensive, environmentally benign and safe materials that
can also meet the demands of high-rate devices. With respect
to the first two criteria, layered lithium metal oxides such as
LiMnO; and LiFeO; have been intensively investigated. How-
ever, LiMnO, is difficult to prepare in its layered form and
converts to the spinel upon cycling [1]. LiFeO, shows little
ability for lithium extraction due to the difficulty in accessing
the Fe*t/Fe3* couple [2]. Hence, several compounds have been
explored as possible alternatives, especially those obtained by
introducing large polyanions of the form (X04)’~ (X=S, P,
As, Mo, W; y=2 or 3) into the lattice. This approach came to
prominence in 1997, radically changing the focus of the lithium
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battery community, when Goodenough’s group determined that
(PO4)>~ and (SO4)*~ polyanions stabilize the structure and raise
redox energies, compared to those in oxides [3]. In the case of
iron, the phosphate and sulfate compounds display potentials
in the range of 2.8-3.6 V versus Li/Li*. The presence of the
polyanion (XO4)’~ with strong X-O covalent bonds stabilizes
the metal (M) antibonding state, which is accomplished through
an M-O-X inductive effect that has now been thoroughly stud-
ied for many transition metal phosphates. Currently, lithium
transition metal phosphates such as LiFePO4 [4], LiMnPOy4
[5], LizV2(PO4)3 [6], and LiVPO4F [7] have all been recog-
nized as exciting positive electrodes for these systems because
of their energy storage capacity combined with electrochemi-
cal and thermal stability. Among these, the olivine LiFePOy4 has
exhibited the most promising properties (and is also found in
nature as the mineral triphylite). It is made from amply-available
elements, thus reducing the potential cost of production of this
compound, which has a theoretical capacity of 170mAh g~
This very well studied structure adopts an orthorhombic
lattice with the space group Py, (#62) and reported lattice
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parameters of typically a=10.333A, b5=6.004A, and
c=4.692A. Each unit cell accommodates four LiFePOy4
formula units. There are two unique octahedral sites in the
olivine structure: the M1 site (occupied by the lower valent
cation) and the M2 site, occupied by the higher valent cation.
Structural calculations have shown that for olivines consisting
of two metals of different valences (Li* and Fe** in LiFePOy,
for example), there is no mixing of the constituents of these
octahedral sites [8]. The synthesis of LiFePO4 at low temper-
ature has, however, been reported to lead to some disorder,
leading to poor electrochemical performance [9]. The M1
sites form linear chains of edge-sharing octahedra along the
direction of the b-axis, while the M2 sites form staggered chains
of corner-shared octahedra, also in the direction of the b-axis.
These chains are bridged by edge- and corner-shared phosphate
tetrahedra, creating a stable three-dimensional structure.

The electronically insulating effect of the phosphate groups
on which the inductive effect relies results in the isolation of the
redox centers within the lattice, and increases the band gap vis-a-
vis the oxide to values that are in the range of 3.7 eV in LiFePO4,
based on both calculations and experiments [10]. Electron trans-
port in this very poor semiconductor (o~ 1072 Scm™!) is
dependent upon the small polaron hopping of Fe** holes within
the lattice. Recent calculations predict an activation energy of
0.185 eV for a “free polaron” carrier in the absence of ionic inter-
actions [11]. The consequence of electronic transport limitation
has led to significant efforts to overcome it, including methods
to coat the phosphate particles with carbon [12], to embed them
in a carbon matrix [13] and lay down metal particles to form a
composite [14].

Since such surface structures can only partially solve the
transport problem, a key issue in these materials is to disentangle
the factors governing ion and electron transport within the lattice.
For example, calculations of “free” ion transport suggest that the
ion mobility along the M1 chain direction is high (1078 cm? s~!
[15], similar to that calculated and determined for LiCoO, [16]),
but the material does not exhibit the properties of a fast ion con-
ductor [9]. Important to this is the creation of solid solutions
over a wide lithium concentration range to facilitate coupled ion
and electron transport. In the LIMPOy4 family of materials, the
extraction of lithium forms a two-phase LiMPO4/MPO, mix-
ture that is, in part, driven by the volume change between the
structures. The solubility of the two phases at room temperature
is not accurately known. Some reports suggest a pure two-phase
coexistence with no mutual solubility [17], whereas others give
evidence for very narrow single-phase regimes, Li,FePO4 and
Lij_gFePOy4 [18,19]. Very recently, neutron diffraction data
have been reported, which claim a somewhat wider region of
solid solution at room temperature, with @ and 1 — 8 of 0.05 and
0.89, respectively [20]. Naturally, in the absence of any solid
solution domains, lithium-ion extraction, and Li*-ion transport
within the pure parent members are difficult to explain. Nonethe-
less, the very limited solubility is probably responsible for the
electrochemical limitations of the material owing to the low
intrinsic ionic and electronic conductivity, and hence, the low
mobility of the phase boundary. However, it was recently demon-
strated that a transition to a Li,FePO4 solid solution (SS) phase

occurs at about or above 485 K, where lithium occupation is ran-
dom within the lattice [21]. The onset temperature of electron
delocalization is also correlated to the state of lithium disorder,
suggesting that the two transport mechanisms are coupled [22].
Thus, the transport is limited not by carrier alone, but by their
concerted mobility through the lattice.

The limited phase solubility, and coupled ion/electron trans-
port, makes the electrochemical response fascinating to study
by transients. However, because the transition between LiFePOg4
and FePOy is essentially a first-order phase transition, standard
electrochemical tools may not be applicable to a wide poten-
tial range. In particular, although a strong correlation between
structure and rates has been established, what has not yet been
explored, relates to behavior at high temperature.

In this work, we examined the effect of the synthetic
route, solution composition, temperature, and aging, on the
performance of LiFePOy electrodes. Olivine compounds were
prepared by sol-gel, solid-state, and hydrothermal synthetic
routes. LiClO4 solutions were chosen as electrolyte systems
containing no acidic species. Dry and wet LiPFg solutions were
tested as standard and pronouncedly contaminated solutions,
containing acidic species (HF). Electrodes were measured soon
after contact with the electrolyte solutions (pristine), and after
aging during 2-3 weeks at 30 and 60 °C. ICP, XRD, and SEM
were applied in conjunction with standard electrochemical tech-
niques.

2. Experimental

The LiFePO4 materials used in this work were prepared by
three different routes:

1. Sol-gel synthesis: LiFePO4 was prepared by a sol-gel
method using LizPO4, phosphoric acid (0.85H3PO4-
0.15H,0) and ferric citrate n-hydrate (FeCqHgO7-nH,0) as
starting materials. Lithium phosphate (0.03 M) and phospho-
ric acid (0.06 M) were dissolved in 200 ml of water. Ferric
citrate n-hydrate (0.09 M) was dissolved in 500 ml of boiling
water, and the two solutions were combined and concen-
trated on a hot plate until a wet gel with high viscosity was
formed. The wet gel was placed in an oven and heated at
140 °C for 12h. The dried gel was ground before firing at
a heating rate of 10°C min~! under Ar up to 600 °C, held
for 24 h, and the samples were then air quenched to obtain
crystallized LiFePOjy. The final product contains 5% carbon
and 4% iron phosphide. Carbon content was determined by
chemical analysis, and the iron phosphide contribution was
estimated by Mossbauer analysis [23].

2. Solid-state synthesis: The reaction mixture comprised
FeC,04-2H,0, NH4H,>POy4, and 0.5Li,CO3 that were com-
bined in stoichiometric molar amounts. The reaction mixture
was ball milled in silicon nitride media for 2 h, then fired at
600 °C under nitrogen, followed by heating at 700 °C under
7% Hy/N» during 30 min. The final product contains 1%
carbon and 2% Fe,P.

3. Hydrothermal synthesis: The reagents H3POs, (NHa)2
Fe(S04)-6H,0, 3LiOH-H;0, and ascorbic acid were placed
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in an 45 ml Parr autoclave, and the container was filled to 67%
with distilled water. The autoclave was heated to 190 °C for
5h, and then cooled. The product was isolated by filtration,
and fired at 600 °C for 6 h under Ar. The final product con-
tains 1.8% carbon. None of the pristine powders contained
any Fe** compound. The only contamination in the as syn-
thesized materials includes carbon and/or iron phosphide, as
specified above.

The composite electrodes contained LiFePOy4 as the active
mass (=80% by weight), carbon black, an additional conductive
additive, and a polyvinylidene difluoride (PVdF) binder (~10%
each by weight) on Al foil current collectors. For the spectro-
scopic measurements, we used electrodes comprising aluminum
foil in which LiFePO4 particles were embedded by pressure.
LiFePO4 powder was pressed onto the foil by a hydraulic press.
The exact load of the active mass per cm? could be easily mea-
sured by weight. Two- and three-electrode coin-type cells were
prepared under highly pure Ar atmosphere in VAC Inc. glove
boxes, using standard 2032 cells from NRC Inc. (Canada), in
which metallic lithium foils were used as counter and reference
electrodes. Their preparation is described elsewhere [24].

The electrolyte solutions included 1 M LiClO4 and 1 M LiPFg
in EC-DMC 1:1 mixtures, Li battery grade, from Merck Inc.
and Tomiyama Inc., and could be used as received. We also used
LiPFg solutions that were deliberately contaminated by 100 ppm
of water. Storage and electrochemical measurements were car-
ried out at 30 and 60 °C using the appropriate thermostats.

The techniques and instrumentation included elemental anal-
ysis by inductively coupled plasma (ICP), by an Ultima 2,
Jobin-Yvon-Horiba spectrometer; a FTIR spectrometer from
Nicolet Inc. (Magna 860), placed in an HO- and CO,-free atmo-
sphere in a glove box, in reflectance mode; an HAxis XPS system
from Kratos; a SEM (JSM-840) from Jeol Inc.; a D8 Advance
X-ray diffractometer from Bruker and standard electrochemi-
cal techniques (voltammetry and EIS) using a Solartron Inc.
multichannel system, model 1470A; and a frequency response
analyzer (FRA), model 1255, from the same company. For iron
dissolution tests, 50—100 mg of the olivine compound was stored
in closed vials containing 1 ml of an electrolyte solution under Ar
atmosphere. The solution was removed after a period of storage
at30orat 60 °C and was analyzed by ICP for the presence of iron.
Electrodes comprising LiFePO4 powder on Al foil were treated
electrochemically in coin-type cells. The electrodes (contain-
ing no additives) were removed from the electrolyte solution,
washed several times with highly pure THF, and were trans-
ferred under a pure Ar atmosphere to the FTIR or the XPS

Table 1

spectrophotometers. The FTIR measurements were carried out
in reflectance mode using a grazing angle attachment (FT80)
from Spectratech Inc. The electrodes were sufficiently reflec-
tive to provide a valuable spectral response. A nickel mirror was
used for the reference spectra. Samples of XPS were transferred
from the glove box (highly pure At atmosphere) to the high vac-
uum system of the spectrometer, using a home made transfer
system that contains a magnetic manipulator and a gate valve.
(The samples cannot be exposed to atmospheric gases, except
for the impurities in the glove box atmosphere that are at the
ppm level.)

3. Results and discussion

The scope of studies described herein includes a matrix
of three types of LiFePOg4 olivine compounds synthesized by
three different methods: sol-gel, solid-state, and hydrothermal
syntheses (see Section 2), three electrolyte solutions based on
EC-DMC (1:1) mixtures that differ from each other by the
amount of acidic/protic contaminants, by the choice of salt
and the level of water contamination, and two temperatures,
30 and 60 °C. The LiClOy4 solutions used herein can be consid-
ered as uncontaminated solutions (H,O contamination below
10 ppm), since LiClO4 can be purified very easily by heating it
in vacuum. This salt does not bring with it any acidic contamina-
tions to the solution. In contrast, LiPFg solutions always contain
traces of HF (can reach several hundreds of ppm [25]). LiPF¢
decomposes to LiF and PF5 at elevated temperatures [26]. The
latter reacts readily with any protic moiety to form HF (e.g.,
PF¢ + H,O = 2HF + POF3). We used herein two types of 1 M
LiPFg solutions, a regular standard one (the same that is cur-
rently used in Li-ion batteries), and a solution contaminated by
100 ppm of water. Both solutions should be considered as ‘cor-
rosive’ for lithiated transition metal oxides (i.e., transition metal
ions from the oxide are dissolved in the solutions, followed by
possible surface and/or bulk changes in the active mass), as was
clearly demonstrated [27]. Samples of LiFePO4 synthesized by
the three different methods were stored in LiClO4, LiPFg, and
LiPFs/100 ppm H,O solutions at 30 and 60 °C. The iron disso-
lution from these samples upon storage was measured by ICP
analysis to the solutions. Note that in these experiments about
100 mg of sample was stored in 1 ml of solution. This means that
there is a very high ratio between the solution and the sample
masses, which may be orders of magnitude higher than those
in practical batteries, but ensure a clear distinction between the
effect of the sample type, solution, and temperature on the rate
of iron dissolution.

Percent of iron dissolution from LiFePO4 powders after 20 days of storage in the three solutions indicated, at 30 and 60 °C

Synthesis LiClO4 1M EC/DMC LiPFs 1 M EC/DMC LiPFs 1 M EC/DMC + 100 ppm H,0
30°C 60°C 30°C 60°C 30°C 60°C

Sol-gel synthesis 0.2 0.7 1.6 2.7 33 5.3

Solid-state synthesis 0.5 14 2.2 1.8 4.5 424

Hydrothermal synthesis 0.4 0.6 1.5 37.6 53 65.9
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Fig. 1. XRD patters of LiFePO4 powders. (a) Pristine material prepared by a
sol—gel synthesis. (b and ¢) Powders measured after aging during 2 weeks in
1 M LiPFs EC-DMC (1:1) solutions. The synthetic route is indicated near each
pattern, and the arrows mark new pronounced peaks that appear after storage.
The XRD patters of all the pristine materials are very similar to pattern (a).

Table 1 shows the percentage of iron dissolution after 20
days of the samples’ storage in solutions, as a function of the
type of sample (i.e., its synthesis method), solution and temper-
ature. The data in this table reflect the clear effect of the type of
sample, solution and temperature on Fe dissolution from these
compounds. For all the samples, Fe dissolution was negligible
in LiClOy4 solutions, even at elevated temperatures. Significant
Fe dissolution was always observed in the water-contaminated
LiPFg¢ solutions, and was the highest at 60 °C. The dissolution
rates of iron in the LiPFg solutions usually had intermediate
values between those of LiClO4 and the water-contaminated
solutions. The LiFePO4 produced by sol-gel synthesis seems to
be the most stable among the three types of samples examined
herein. Samples after storage were examined by several meth-
ods, including XRD, SEM, and surface sensitive techniques.
Typical results of the surface analysis of LiFePO4 powder after
storage in LiPFg solutions were demonstrated in a parallel publi-
cation [28] and some conclusions drawn from these studies will
be mentioned later.

Fig. 1 compares XRD patterns of LiFePO4 samples syn-
thesized by the three different methods after aging at 60 °C in
LiPFg solutions with a sample of pristine material, as indicated.
The four XRD patterns presented in Fig. 1 are very similar to
each other and reflect the typical and well-known structure of
LiFePO4 olivine. However, all the patterns of the aged sam-
ples show two new reflections at 26 =22° and 43° (indicated by
arrows in Fig. 1). So far, we have been unable to identify the
origin of these new peaks.

As can be seen in Table 1, aging LiFePO4 prepared by
hydrothermal synthesis in LiPF¢ solutions (dry) at 60 °C can
lead to pronounced iron dissolution, which should be accompa-
nied by parallel pronounced changes in the bulk of the material
although these are not evident by XRD. Hence, iron dissolution
from LiFePO4 may form mostly amorphous phases under these
conditions. For instance, one of the possibilities is the disso-
lution of Fe?* by exchange with H*, which forms a LiH,PO4
phase. Reaction between HF and LiFePOj, can also form H3PO4
that may dissolve in the organic solvents.

Sol-gel synthesis
@ — 0 2 [

AN

Hydrothermal synthesis
YRR (e) -

Fig. 2. SEM micrographs of powders prepared by sol-gel (a and d), hydrother-
mal (b and e) and solid-state (c and f) syntheses, as indicated. The pictures (d—f)
relate to powders aged during 2 weeks in dry 1 M LiPFg solutions. Pictures (a—c)
belong to the pristine powders. A scale appears in each picture, corresponding
to 2 pm.

Fig. 2 compares SEM micrographs of pristine LiFePO4 pow-
ders (synthesized by the three methods) with those of the same
powders after aging in LiPF¢ solutions at 60°C. The SEM
micrographs of the pristine powder reflect their morphological
differences, as expected for materials synthesized from differ-
ent precursors in different routes. These studies also show some
morphological differences between pristine and aged samples. It
seems that aging leads to the roughening of the particles’ facets.
(This is very clear in the comparison between the SEM micro-
graphs of pristine and aged powders prepared by sol-gel and
hydrothermal syntheses.) Hence, these morphological studies
correlate with iron dissolution from these materials upon aging
in LiPFg solutions at elevated temperatures.

Studies of powders aged in LiPF¢ solutions at 60 °C by XPS
and FTIR (some data are presented in a parallel publication [28])
showed clearly that surface films are formed on LiFePO4 pow-
ders in EC-DMC/LiPFg solutions at 60 °C, which comprise LiF
(obvious detection by XPS, F 1s spectra, a pronounced peak at
685 eV), and organic compounds with carbonyl groups (obvious
detection by both XPS and FTIR). To date we have not been able
to achieve an exact identification of these organic species. How-
ever, they may be alkyl carbonate species formed by nucleophilic
attacks on the electrophilic solvent molecules by the negatively
charged oxygen at the active mass surface. A similar formation
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Fig. 3. Electrochemical data related to electrodes comprising LiFePO4 prepared by sol-gel synthesis, measured at 30 °C. (a) Comparison of CVs measured in 1 M
LiClOy solutions from pristine and aged (20 days) electrodes, capacity and scan rate indicated. (b) Impedance spectra measured at 3 and 4.05 V (Li/Li*) from pristine
and aged (20 days) electrodes in LiClO4 solutions (Nyquist plots). (c and d) Same as (a and b), respectively, 1 M LiPF¢ solutions.

of ROCO,Li or ROCO,>M was formed for LiNiO; and LiCoO,
aged at elevated temperatures in alkyl-based solutions [29]. This
information is important for understanding the electrochemical
results presented below.

Figs. 3 and 4 show cyclic voltammetry and EIS data
(Nyquist plots) related to pristine and aged electrodes compris-
ing LiFePOy4 synthesized by a sol-gel route, and measured/aged
in LiClO4 and LiPFg solutions at 30 and 60 °C (Figs. 3 and 4,
respectively). It should be noted that this active mass demon-
strated the highest stability (a very low iron dissolution, even
in wet LiPF¢ solutions at 60 °C). The data presented in Fig. 3
related to 30 °C reflect a stable behavior upon storage in terms
of both capacity and impedance. In general, capacities close to
theoretical were obtained upon prolonged cycling or after weeks
of aging, in both solutions. There is a question with respect to
the use of impedance spectroscopy for insertion electrodes that
undergo first-order phase transition during the course of their
main redox activity, the latter being irreversible (as reflected by
the hysteresis in the CV peaks of these electrodes, Fig. 3a and
c¢). However, the high frequency response of impedance spec-
troscopy of these electrodes is always relevant. This part of the
spectra reflects the fast processes: Li-ion migration through sur-
face films, interfacial charge transfer, etc., which precede the
much slower phase transition. As seen in all the EIS charts
presented herein, the high frequency impedance of LiFePOy4

electrodes is lower as Li deintercalation proceeds (i.e., the high-
est for LiFePQO4 and the lowest for FePOy4). A clear feature of
these electrodes is their higher impedance in LiPFg solutions,
compared to that measured in LiClO4 solutions. This result
can be well explained by the formation of surface LiF (e.g.,
due to the reaction of LiFePO4 with trace HF, which is always
unavoidably present in LiPF¢ solutions [25]). LiF films are very
resistive to Li-ion migration [29] and, thereby, their presence
should increase the charge transfer resistance of Li insertion
electrodes. This is in turn reflected by an increase in the high
frequency semicircle in the Nyquist plots (Fig. 3b and d). The
electrochemical behavior of these electrodes in wet LiPFg is
similar to that in the dry solutions. However, their impedance in
the wet solutions is at least twice as high. There is obviously a
higher concentration of HF in the wet solutions, which will react
quickly with LiFePOy4 to form resistive surface films comprising
LiF.

Fig. 4 compares data from electrodes measured at 60 °C in
LiClO4 and wet LiPFg solutions (a, b and c, d respectively,
as indicated). It is important to note that the electrochemical
behavior of the sol-gel LiFePOy4 electrodes at 60 °C is similar
to that measured at 30 °C. The full capacity can be obtained upon
cycling, and the CVs reflect fast kinetics upon prolonged aging.
As expected, the impedance of these electrodes is lower at 60 °C,
as expected for activation-controlled, charge transfer behavior.
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Fig. 4. Electrochemical data measured with electrodes comprising LiFePOy4 prepared by sol—gel synthesis, at 60 °C. (a) CVs of pristine and aged (15 days) electrodes
in LiClOy4 solutions. Capacity and scan rate are indicated. (b) Impedance spectra (Nyquist plots) measured and 3 and 4.05 V (Li/Li*) in LiClO4 with pristine and
aged (20 days) electrodes, as indicated. (c and d) Same as (a and b), respectively, 1 M LiPF¢ solutions containing 100 ppm H>O.

The electrodes’ impedance in LiClOy4 solutions increases during
aging at 60°C, which can be explained by the slow nucle-
ophilic surface reactions between the negatively charged oxygen
of the LiFePO4 and EC molecules (which are highly elec-
trophilic). As mentioned above, surface spectroscopic studies of
LiFePOy, electrodes showed evidence for the formation of sur-
face species originating from reactions of the solvent molecules.
The impedance of these electrodes in dry LiPFg solutions (not
seen here) is twice as high as that in LiClO4 solutions, while
the impedance measured in wet LiPFg solutions at 60 °C may
be five-fold higher than that measured in LiClOy4 solutions (see
Fig. 4b and d), due to the formation of surface LiF in the LiPFg
solutions, as explained above. However, the impedance of elec-
trodes at 60 °C in the wet solutions is steady during storage.
This results from the high reactivity of LiFePO4 with solutions
containing a relatively high concentration of HF at elevated tem-
peratures, which leads to the quick formation of LiF films that
then passivate the electrodes. Under such conditions, the elec-
trodes’ surface reaches a steady state during a short period of
contact with the solution, and hence, further aging cannot lead
to additional changes.

Figs. 5 and 6 relate to electrodes comprising LiFePOg4
prepared by solid-state synthesis, measured at 30 and 60 °C,
respectively. Fig. 5 shows the impedance spectra of these
electrodes measured in LiPFg and LiClOy4 solutions, as indi-
cated. Upon aging at 30 °C in LiPFg solutions, the electrodes’
impedance pronouncedly increases and is considerably higher
that that measured in LiClO4 solutions (see Fig. 5). The behav-

ior of the electrodes comprising LiFePO4 prepared by solid-state
synthesis is quite different from the much more stable behav-
ior of the electrodes made of LiFePO4 synthesized by the
sol—gel route. Fig. 6a and b presents data related to electrodes of

Solid state synthesis
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1
L
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Fig. 5. Impedance spectra measured with pristine and aged (20 days) electrodes
comprising LiFePO4 prepared by solid-state synthesis, at 30 °C in 1 M LiPF6
solutions, and at 3 and 4.05 V (Li/Li+), as indicated. A spectrum measured with

a similar electrode at 3 V after 20 days of storage in LiClO4 solution (marked)
is also presented for comparison.
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Fig. 6. Electrochemical data measured at 60 °C from electrodes comprising LiFePOy4 prepared by solid-state synthesis. (a) CVs of pristine and aged (15 days)
electrodes in 1 M LiClOy4 solutions (capacity and scan rate are indicated). (b) Nyquist plots measured from pristine and aged (20 days) electrodes in 1 M LiClO4
solutions at 3 and 4.05 V (Li/Li*). (c) Same as (b), 1 M LiPFg¢ solutions.
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Fig. 7. Electrochemical data obtained at 30 °C with electrodes comprising LiFePO4 prepared by hydrothermal synthesis. (a) CV of pristine and aged (20 days)
electrodes measured in LiPFg solutions. Capacity and scan rate are indicated. (b) Nyquist plots measured in 1 M LiPFg at 3 and 4.05V (Li/Li*) with pristine and
aged (20 days) electrodes, as indicated. (c and d) Same as (a and b), respectively, 1 M LiPF¢ solutions contaminated with 100 ppm of water.
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solid-state synthesized LiFePO4 measured at 60 °C in LiPFq
solutions. There is a remarkable difference between the CV
curves of this system, to those obtained with the same elec-
trodes at 30 °C, or with electrodes comprising LiFePOy4 prepared
by the sol-gel synthesis in all the solutions at both 30 and
60°C.

The CVs presented in Fig. 6a have very broad peaks, which
reflect sluggish kinetics. Upon aging, the CV peaks are even
broader and reflect a lower capacity. The impedance spectra of
this system (Fig. 6b) reflect very high surface impedance. The
fact that the high frequency semicircles in the Nyquist plots
thus obtained are incomplete, is a strong indication for the slow
kinetics of these electrodes, due to impeded charge transfer. As
seen in Fig. 6c, the impedance of these electrodes at 60 °C in
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LiClOg4 solutions, while increasing upon aging, is at least one
order of magnitude lower than that measured in LiPF¢ solutions.
The high frequency semicircles of the Nyquist plots all their
regular, expected shapes (a closed loop).

Fig. 7 presents electrochemical data related to electrodes
comprising LiFePO4 prepared by hydrothermal synthesis mea-
sured in dry and wet LiPF¢ solutions at 30 °C. The capacity of
these electrodes in dry LiPF¢ solutions is close to the theoretical
one and does not fade upon aging. The impedance of these elec-
trodes in dry LiPFg becomes lower upon aging and they show
a much higher impedance in the wet solutions, which is only
slightly affected by aging (see the explanation of the data pre-
sented in Fig. 4d). The capacity of these electrodes fades upon
aging in the wet solutions (Fig. 7c).
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Fig. 8. Electrochemical data obtained at 60 °C with electrodes comprising LiFePO4 prepared by hydrothermal synthesis. (a) CVs of pristine and aged (15 days)
electrodes measured in 1 M LiClOy4 solutions. Capacity and scan rate are indicated. (b) Nyquist plots of pristine and aged (20 days) electrodes measured in 1 M
LiClOy4 solutions at 3 and 4.05V (Li/Li*). (c and d) Same as (a and b), respectively, 1 M LiPFq solutions. (¢) Same as (a and c), | M LiPFg solution containing

100 ppm of water.
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Fig. 8 shows the electrochemical data related to these elec-
trodes (hydrothermal synthesis) measured at 60 °C in LiClO4
and in dry and wet LiPF¢ solutions, as indicated. These results
reflect the pronounced effects of the solutions, as well as the sig-
nificant difference between the behavior of these electrodes and
that of the electrodes comprising LiFePO4 prepared by sol-gel
synthesis (compare Figs. 8 and 4). We attribute the broad CV
peaks presented in this paper (e.g., Figs. 7 and 8) to surface
phenomena which lead to development of high impedance and
not to a possible existence of more then one extraction—insertion
process (based on XRD measurements of aged materials). The
behavior of these electrodes in LiClOg4 solutions at 60 °C can be
considered as ‘normal’: sharp CV peaks that reflect initial capac-
ity close to theoretical one and fast kinetics. Upon aging, some
capacity fading may be observed. However, the basic electro-
chemical response of these electrodes remains steady (Fig. 8a).
The impedance of these electrodes in the LiClO4 solutions at
60°C is, as expected, low, and increases slightly during stor-
age (Fig. 8b). In contrast, their voltammetric behavior in dry
LiPFg solutions reflects very sluggish kinetics, as demonstrated
by the very broad peaks (Fig. 8c). The impedance of these elec-
trodes is initially high (by one order of magnitude compared to
that measured in LiClO4 solutions), and remarkably increases
upon storage (Fig. 8d). In the wet solutions, these electrodes
show a very sluggish initial kinetics (very broad CV peaks), and
completely lose their capacity on aging (Fig. 8e).

The results described above show the very strong influence
of the synthetic mode of the olivine compounds on the stabil-
ity and electrochemical behavior of their electrodes, especially
at elevated temperatures. The difference in the electrochemical
behavior of the electrodes in the various solutions correlates very
well with the stability of these active materials in solutions upon
storage, as reflected by iron dissolution. The material synthe-
sized by the sol—gel reaction, that contains the highest fraction
of iron phosphide on the surface shows the lowest rates of iron
dissolution. This is true even in wet LiPF¢ solutions that can be
considered as ‘corrosive’ for Li,MO,, electrodes (M = transition
metals such as Mn, Ni, Co). All the materials demonstrate sta-
bility in LiClO4 electrolytes, even at elevated temperature (i.e.,
very low rates of iron dissolution). This correlates well with the
fact that all three materials demonstrate normal electrochemical
behavior and relatively low impedance in LiClO4 solutions, even
at 60 °C. The increase in the electrodes’ impedance seen upon
storage in LiClOg4 solutions at 60 °C is inevitable, and relates to
possible reactions between the LiFePO, and the alkyl carbonate
solvents. Hence, the stability of LiFePO, electrodes and their
electrochemical performance depends strongly on the possible
presence of acidic species in the solutions, which is unavoid-
able when the salt is LiPFg, especially, when the solutions are
contaminated by trace water.

4. Conclusion

LiFePOy4 electrodes demonstrate high stability at elevated
temperatures, in solutions that contain no acidic or protic con-
taminants. In LiPFg solutions, which unavoidably contain trace
HEF, LiFePOy4 electrodes are stable at 30 °C, but can also be

unstable at elevated temperatures, especially if the solutions
are HyO contaminated. The stability of LiFePO, electrodes in
the ‘corrosive’ solutions, e.g., wet LiPFg solutions, definitely
depends upon the synthetic route, and conditions used for pro-
cessing. In this study, we found LiFePO4 synthesized by a
sol-gel method to be very stable in LiPFg solutions at elevated
temperatures, possibly due to higher iron phosphide content on
the surface. There is a very strong correlation between stability
measured by the rates of iron dissolution upon storage and the
electrochemical performance of LiFePOy electrodes. In systems
(electrodes/solutions/temperatures) in which iron dissolution is
significant, the electrodes’ impedance is high and increases upon
aging. The kinetics are sluggish and the capacity fades. The
electrode’s impedance is the highest in wet LiPFg solutions,
and much higher in LiPFg solutions than in LiClO4 solutions.
This can be explained by the formation of highly resistive LiF
surface films, due to reactions between LiFePO4 and HF traces,
which are present in LiPFg solutions. Since capacity fading upon
aging at 60 °C was also found for electrodes and solutions that
showed very low iron dissolution rates (e.g., LiFePO, synthe-
sized by a hydrothermal route at LiClOy4 solutions), we suggest
that capacity losses of Li,FePO, electrodes do not necessarily
result from bulk changes in the active mass, but rather from sur-
face phenomena. For instance, surface film formation, when is
intensive, can lead to the electrical isolation of particles, thus
excluding them from the electrode’s electrochemical activity.
These studies show that the stability and very high performance
of LiFePOy electrodes can be achieved by the appropriate choice
of synthetic mode, processing conditions, and uncontaminated
solutions.
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