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The effect of H,O on carbon-coated LiFePO4 particles was investigated by chemical analysis, structural
analysis (X-ray diffraction, SEM, TEM), optical spectroscopy (FTIR, Raman) and magnetic measurements.
Upon immersion in water, part of the product floats while the main part sinks. Both the floating and the
sinking part have been analyzed. We find that the floating and sinking part only differ by the amount of
carbon that partly detaches from the particles upon immersion in water. Exposure to H, O results in rapid
attack, within minutes, of the surface layer of the particles, because the particles are no longer protected by

ﬁiﬁ‘:\frﬁijon carbon. The deterioration of the carbon coat is dependent on the synthesis process, either hydrothermal or
Cathode solid-state reaction. In both cases, however, the carbon coat is permeable to water and fails to protect the
LiFePO, surface of the LiFePO4 particles. The consequence is that this immersion results in the chemical attack of
Aging LiFePOy, but is restricted to the surface layer of the particles (few nanometers-thick). In case the particles
H,0 are simply exposed to humid air, the carbon coat protects the particles more efficiently. In this case, the

exposure to H,O mainly results in the delithiation of the surface layer, due to the hydrophilic nature of Li,
and only the surface layer is affected, at least for a reasonable time of exposure to humid air (weeks). In
addition, within this timescale, the surface layer can be chemically lithiated again, and the samples can

be dried to remove the moisture, restoring the reversible electrochemical properties.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The utility of lithium iron phosphate LiFePO4 as a positive elec-
trode material in lithium-ion batteries was reported 10 years ago
[1]. The main controversy with this material is its the low elec-
tronic conductivity, for reasons that were discussed elsewhere [2].
It was observed that coating of the LiFePO4 particles with con-
ductive carbon [3-5] solved this problem, and now LiFePO4-based
Li-ion batteries are found in commercial products where they have
definitive advantages in some applications [1,4,5]. In addition, it
is non-toxic compared to compounds including cobalt. Currently,
LiFePO, is prepared without impurities that have hindered its elec-
trochemical performance in the past [6,7]. Thus LiFePOy is produced
on a large scale with a capacity close to theoretical, 170 Ahkg~!
[1].

The extensive use of LiFePO4 worldwide, however, requires fur-
ther investigation of abuse tolerance, which requires expensive
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protections for Li-ion batteries. LiFePO,4 already has a remarkable
thermal stability, but its aging properties need to be explored fur-
ther. The impact of ambient air exposure has been investigated
recently. In particular, degradation of the voltammetric perfor-
mance of LiFePOy4 in air was detected after a few weeks and up
to 1 year [8]. The presence of impurities that may be produced,
not only during sintering, but also during storage in ambient air
[7,9], is responsible for aging and a decrease in the specific capacity
[10]. More recently, changes to the surface of the LiFePO4 parti-
cles on the time scale of 1 day in air [11,12] was observed. On this
shorter time scale, the changes are expected to only cause partial
de-intercalation of lithium rather than the formation of an impurity
phase, so that only the first cycle of the battery is affected [11]. It is
not clear, however, whether these effects are due to the humidity
of the ambient atmosphere, or oxygen, inasmuch as lithium reacts
with many components of the atmosphere. The best evidence for
the reactivity of Li metal exposed to ambient atmosphere is the
formation of a mixture of lithium hydroxide (LiOH), lithium carbon-
ate (Li;CO3), and lithium nitride (LisN) [13]. We show in this work
that the reactivity of lithium with formation of LiOH and Li; CO5 is
still observed for Li in LiFePO4 in contact with water, although the
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kinetics and thermodynamics are certainly different from the case
of Li metal.

It is well known that all lithium-ion batteries need to be pro-
tected against humidity. The main reason is that lithium is very
reactive with water, according to the chemical reaction:

Li + H,0 — LiOH + 1/2H> 1)

Lithium hydroxide (LiOH) is a corrosive alkali hydroxide that crys-
tallizes to a white hygroscopic material. It is soluble in water, a
property that has been used to investigate aqueous LiOH as a poten-
tial electrolyte in Li-ion batteries with a LiFePO4 cathode [14]. Since
the carbon coat is not a barrier for Li* ion transport (the reason for
the success of C-LiFePO4 as a cathode element of Li-ion batteries),
we expect reaction (1) to be effective, implying extraction of Li from
LiFePOy4 to interact with water. As we shall see in the present work,
delithiation is observed in the case of exposure to H, O in air, and yet,
it affects only the disordered surface layer of the LiFePO4 particles.

Despite the reaction of lithium to humidity, we immersed the
LiFePOg4 particles in water to check the effectiveness of the carbon-
coating process by separating coated and uncoated particles [15].
This means of characterization is based on the fact that, when the
C-LiFePO4 powder is exposed to liquid water, part of the carbon
that links the particles detaches and floats to the surface, retaining
with it some LiFePO4, while the major part sinks. More recently,
Porcher et al. determined that exposure of C-LiFePOg4 particles to
water results in the formation of a thin layer of LizPO,4 (few nm
thick) at the surface of the particles [16], as a result of the migration
of Fe into the water. In the present work, we investigated the effect
of water on carbon-coated LiFePO4 particles and analyzed both the
particles that have sunk and the particles that float on water.

A strong interaction between LiFePO4 with H,O molecules was
not necessarily expected. After all, corrosion protection of iron is
an industrial process that amounts to dropping iron into a hot bath
including manganese phosphide, which results in the formation
of a thin layer of FePO, at the surface. Since iron phosphate is
hydrophobic, this layer protects the iron against oxidation and cor-
rosion. Intuition would suggest that, upon immersion of LiFePO,4
into water, delithiation in a thin layer at the surface would lead
to the formation of a FePO4 layer that would protect the particles
against any other damage. [17,18]. The carbon coating might also
play an important role in determining the stability of the underly-
ing LiFePO4 sample in humid conditions. We actually have detected
that the carbon coating changes very much the surface layer, as
reported in Ref. [19]. Our present investigations, however, show
that the situation is slightly more complicated.

The contents of this paper are arranged as follows. In the next
section, experimental details are reported, together with the sam-
ple preparation. The next section is devoted to the characterization
of the sample before and after immersion in water. Both the float-
ing parts and the sinking parts were characterized by XRD, scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM). Their composition was analyzed by FTIR and magnetic
measurements in relation to the electrochemical properties, as a
function of the time exposed to water. We also report the chemi-
cal analysis of the aqueous solution provide us with some insight
into the reaction of LiFePO4 with water. Since immersion in water
is a rather dramatic event that does not give any opening to the
carbon coat to isolate the LiFePO4 surface from H,O molecules, we
have also explored the case where the material is only exposed to
humid ambient air. Finally, we also report on the hydroscopic nature
of LiFePO,4 and the consequence on the degradation of the electro-
chemical performance of this material upon exposure to ambient
atmosphere for a few months.

2. Experimental
2.1. Sample preparation

The C-LiFePO4 samples used were prepared by two different
chemical routes: solid-state reaction (hereafter called sample SSR),
and hydrothermal (HTR). The SSR-LiFePO, was prepared from
FePO4(H,0), and Li,CO3. The stoichiometric amounts of precur-
sors were thoroughly mixed in isopropanol. After drying, the blend
was heated at 700 °C under a reducing atmosphere, i.e., argon +5%
hydrogen, for 6 h. C-LiFePO4 was prepared from the LiFePO4-SSR
sample, with sucrose and cellulose acetate as the carbon precur-
sors in acetone solution according to the procedure described by
Ait Salah et al. [21].

In the second method, LiFePO4 (HTR) was synthesized using
the hydrothermal process pioneered by Zaghib and Armand [22]
and in subsequent publications [23]. Equimolar amounts of FeSO4
and H3PO,4 were mixed in deoxygenated and deionized water. A
small amount of citric acid was added to the mixture to prevent
iron oxidation. A 0.19-M LiOH solution was added slowly to give
Fe:P:Li equal to 1:1:3. After stirring under nitrogen for about 5 min,
the reaction mixture was transferred to a Parr reactor, which was
purged with nitrogen and held at 180-220°C for 3-5 h. On cooling
to room temperature, the precipitate was filtered and thoroughly
washed with deionized water and dried at 85°C for 24h in a
special glove box using vacuum-nitrogen scan. The particles that
floated in water were referred to as “floating particles”. The other
particles that were removed from the bottom of the water con-
tainer are referred to as “sinking particles”. The carbon contents of
the hydrothermal and solid state LFP products were measured at
11wt%.

2.2. Apparatus

The crystal structure of LFP samples was analyzed by X-ray
diffractometry (XRD) using a Philips X'Pert apparatus equipped
with a Cu Ko X-ray source (A =1.5406 A). XRD measurements were
collected in the 26 range 10-80°. FTIR absorption spectra were
recorded with a Fourier transform interferometer (model Bruker
IFS113v)in the wavenumber range 150-1400 cm~! at a spectral res-
olution of 2cm~!. The samples were ground to fine powders and
dispersed into a Csl pellet in the proportion (1:300).

Scanning electron microscopy (SEM) coupled with an energy
dispersive X-ray analyzer (EDX) was used to study the morphology.
The SEM images were collected using a Hitachi S-4700 micro-
scope in the ultra-high-resolution mode. Transmission electron
microscopy (TEM) images were obtained with an electron micro-
scope (Hitachi model H-9000) working at a potential of 300 kV. The
TEM samples were ultrasonically treated in a solution of isopropylic
alcohol and then deposited on silica substrate.

The granulometry of the powder was measured with the Partica
LA-950V2 Laser Diffraction Particle Size Analyser (HORIBA Instru-
ments).

FTIR absorption spectra were recorded with a Fourier trans-
form interferometer (model Bruker IFS113 vacuum interferometer)
in the wavenumber range 150-1400cm~! with spectral resolu-
tion 2 cm~!. In the far-infrared region (400-100 cm~'), the vacuum
bench apparatus was equipped with a 3.5-pm thick Mylar beam
splitter, a globar source and a DTGS/PE far-infrared detector. For
such measurements, the powders were grounded with Csl and
pressed into translucent disks.

Magnetic measurements (susceptibility and magnetization)
were carried out with a fully automated magnetometer (MPMS-
5S from Quantum Design) using a ultra-sensitive Superconducting
Quantum Interference Device (SQUID) in the temperature range
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4-300K. Powders were placed into small plastic vial, placed in a
holder and finally inserted into the helium cryostat of the SQUID
apparatus.

The moisture of the material in air was measured with a Com-
putrac moisture analyzer (Arizona Instruments LLC).

The electrochemical properties were measured in cells with
metallic lithium as the negative electrode. The electrode was 1M
LiPFg in ethylene carbonate (EC) + diethylene carbonate (DEC). The
electrochemical studies were conducted at different temperatures
(25,45 and 60°C).

3. Results
3.1. Structural properties

Before immersion in water, the XRD data (not reported) only
shows spectral lines characteristic of LiFePO, in the olivine struc-
ture. The SEM images of the samples are shown in Fig. 1. The powder
of the HTR sample consists of ellipsoidal-shaped particles with a
typical size of the order of 0.4 wm. The non-spherical shape of sub-
micron particles was previously observed and explained as a result
of the geometry of the olivine structure [18,19]. Bigger particles,
however, can also be seen in the picture, suggesting aggregation
of the former particles stuck together. Sub-micron particles can
also be seen in SEM images of the SSR sample. The main differ-
ence between the two samples is the larger amount of aggregates
in the HTR sample, so the average size of these particles is larger.

This image of the LiFePO,4 particles was confirmed by the gran-
ulometry of the samples, shown in Fig. 2. The size distribution of

S-4700 HQ 5.0kV 11, 1mm x35.0k SE(U) 3/9/06

Fig. 1. SEM images of SSR and HTR LiFePO4 samples before immersion in water.

10 ——

size distribution q (%)

211l L "

0.1 1.0 10.0

diameter (um)

Fig. 2. Granulometry of the SSR and HTR LiFePO4 samples.

HTR particles shows a first peak centered at 0.39 pm, followed by
a tail that goes through a secondary maximum at 10 wm. On the
other hand, the size distribution of the SSR sample is very broad,
extending continuously from 0.25 to 20 pm. The shape of the larger
particles is complex, and is the best evidence that they are formed
from smaller particles of ellipsoidal shape that are stuck together,
rather than individual large particles that have a more spherical
shape.

The high-resolution TEM image of one particle before immer-
sion (see Fig. 3) shows the carbon coat, a few nm-thick, on top of
the surface of LiFePO,4. The TEM shows the presence of a disordered
layer nearly 3.5-nm thick, in agreement with other results [20].

After immersion of LiFePO,4 particles in water, most of the par-
ticles sink, as expected for particles that have a density higher than
one. However, part of the sample floats. This is illustrated in Fig. 4.

3.5nm

Fig. 3. TEM image of a carbon-coated LiFePO4 particle before immersion (particle
of SSR sample, but the same is observed for HTR sample).
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Fig. 4. SSR and HTR LiFePO4 samples after immersion during 2 days in water.

Since the Brownian motion for such big particles is negligible, the
floating part cannot be attributed solely to LiFePO,4 particles. We
investigated its composition by EDX suitable to chemical analysis
of insulating materials. The results are illustrated in Fig. 5 for the
sample SSR, together with the EDX spectrum of the sinking part,
for comparison. Similar results (not reported) were obtained for
the HTR sample. The chemical elements are readily identified by
the EDX peaks corresponding to the binding energy of the C(1s),
O(1s) Fe(2p) electrons [24]. The ratios of the Fe, O and P elements
as determined from the peak intensities are in agreement with the
chemical composition of iron phosphate with the formula LiFePOy,.
The only difference is the larger amount of carbon in the float-
ing part, as evident from the much larger intensity of the carbon
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Fig. 5. EDX spectra of the floating (upper curve) and sinking part (lower curve) of
the SSR LiFePO4 sample after immersion during 2 days in water.

peak in the EDX spectrum. The HRTEM image of the floating part
reported in Fig. 6 shows that it is essentially carbon fibers to which
are attached LiFePOy4 particles that have lost part of their carbon
coat upon immersion in water. This observation provides an expla-
nation of why these particles float. Before immersion in water, the
carbon holds the particles together (the very reason why it insures
the electronic conductivity between the particles), and coats the
particles. Upon immersion in water, the adherence of the carbon
coat to the particles decreases, at least on part of the surface. As
a result, part of the carbon detaches and floats to the surface of
the water due to its surface tension. Some particles, remain stuck
to the floating carbon, but are too small to sink. However, the TEM
images show unambiguously that the LiFePO,4 particles, even in this
carbon-rich medium, have lost their carbon coating, and are tied to
the carbon only locally on their surface.

Fig. 7 shows the SEM images of the SSR and HTR samples that
sink in water. Both of these images indicate a less dispersed size-
distribution of the particles. For the majority of particles smaller
than 1 wm in the SSR sample, it appears that the bigger particles
prior to immersion are actually aggregates of smaller ones that sep-
arated from each other during the immersion process. However,
few aggregates subsist. This is expected, and a general property
that is not specific to LiFePO4. Brownian motion of nm-sized par-
ticles, and surface treatments that favor their stability in colloidal
suspension, is not sufficient to prevent the formation of aggregates
that reduces the formation of mono-disperse particles [25].

The XRD spectra of SSR-LiFePO, particles, illustrated in Fig. 8,
indicate samples from the floating and sinking part after 1h in
water do not differ significantly from the XRD spectrum before
immersion in water. The lattice parameters are not significantly
modified either, as illustrated in Fig. 9, where the crystallographic
parameters a and b are reported after different times of exposure
to water. For all samples, irrespective of the time spent in water,
a=10.333(5)A, b=6.006(4) A, c=4.703(5) A, while the unit cell vol-
ume is 291.8(7) A3. These parameters are evidence that the bulk of
the LiFePO4 particles is unaffected by water, only the surface layer
is affected. However, XRD is not sufficiently sensitive to probe this
surface layer for two reasons: the surface/volume ratio is too small
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200nm
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Fig. 6. TEM image of the floating part of SSR LiFePO4 sample.

for these big particles, and the surface layer is disordered. There-
fore, detecting changes in the surface by water will require other
types of experiments.

3.2. Water analysis

LiFePO4 reacts with H,O, particularly with the SSR sample,
which is evident by the yellow color in the water (see Fig. 4). The
HTR sample appears to be less reactive, since the water remains
uncolored. Note, however, that this attack is not related to impu-
rity phases, because we know how to detect impurity phases when
they exist, from magnetic plus FTIR experiments (see our prior work
[2] and refs herein). From these analyses that we performed before
exposure to moisture, we know that there is no impurity phase in
these samples (except for a residual concentration of Fe, O3 for one
sample only, as will be shown below).

A more quantitative characterization of the reaction of the
samples with water is provided by inductively coupled mass
(ICM) spectroscopy analysis of the liquid in which the SSR- and
HTR-LiFePO4 samples are immersed. For comparison, the same
experiments were performed with the samples immersed in N-

1.00um

Fig. 7. SEM images of the sinking part of SSR and HTR LiFePO, samples.
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Fig. 8. XRD spectra of the floating part and sinking part of SSR LiFePO4 sample, after
spending 1 h in water.
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Fig. 9. Lattice parameters a and b for both SSR and HTR LiFePO, particles. The data
labeled “SSR” and HTR” are obtained before immersion in water. The other results
have been obtained after different treatments indicated in the figure. When the label
“floating” is indicated, it means that the result has been obtained for the floating part
of the sample, otherwise the result is for the sinking part.

methylpyrrolidone (NMP), since this solvent is generally used to
dissolve poly(vinylidene fluoride) (PVdF) which is widely adopted
as a binder for electrodes manufactured for Li-ion cells. The results
are summarized in Table 1. The same amount of sample and volume
of liquid (either NMP solvent or water) were used in all experi-
ments, so the results can be compared quantitatively. The amount
of P and Fe ions in the liquid is negligible (a few ppm only) in the
case of immersion in NMP, from which we conclude that LiFePO4
does not react. On the other hand, the amount of P and Fe detected
in the liquid increased by almost two orders of magnitude when
NMP is replaced by water.

The water analysis (composition) is quantitative, and itis already
an improvement, since it has not been done before. However, the
data are still not sufficient to identify the nature of the chemical
products that have been formed. Nevertheless same hypotheses can
be made based upon general considerations. The water in which
the HTR sample was immersed remains transparent despite the
presence of soluble Fe and P species. If the phosphate [PO43~] ion
is conserved in the dissolution process, the formation of lithio-
phosphate Li3PO4 cannot be the dominant process because it is
not soluble in water. There are different iron phosphate complex
ions, either ferric or ferrous. As mentioned above, ferric phos-
phate [FePO4] is ‘waterproof, and should stay at the surface of
the particles to protect them against further dissolution. This
will be confirmed by an analysis of its physical properties. Fer-
rous phosphate [Fe3(PO4);], which is found in numerous minerals
[Fe3(POg4),-nH,0, ludlamite (n=2.4), vivianite (up to n=_38)], is also
unexpected because the ratio of P:Fe in water is [P]/[Fe]=2.5+0.2
(see Table 1), and ferrous phosphate has a ratio less than one.
The large value of [P]/[Fe] does not preclude the formation of
such materials, but it actually requires that P is dominantly in

Table 1
Inductively coupled mass spectroscopy analysis of the liquid in which the SSR and
HTR LiFePO4 samples have been immersed

Sample NMP after 24 h H,0 after 24h

Fe (ppm) P (ppm) Fe (ppm) P (ppm)
SSR 6.2 6.3 150 400
HTR 0.3 2.3 130 300

The same amount of product, and same volume of liquid (either NMP solvent or
water) has been used in both cases, so the results can be compared quantitatively.
These results have been obtained in a standard procedure according to which 50g
of initial C-LiFePO4 product is immersed in 600 ml of liquid (water or NMP).

lower-charged complex ions that form in aqueous solution: hydro-
gen phosphate ion [HPO42~], dihydrogen phosphate ion [H,PO,4].
Aqueous phosphoric acid [H3POy4] is ruled out by the fact that the
pH of the aqueous solution in which the SSR and HTR samples were
immersed is basic, namely 9.5 in both cases. Indeed, Fe(H,PO4); is
soluble in water. In addition, this material is formed during the
phosphatation of iron, an industrial process used to passivate the
surface of iron compounds [26]. Lithium reacts with the water to
form LiOH that is soluble. In addition, Li can also react with car-
bon to form LiCOs3 that is also soluble. Note that the formation of
Fe(H,PO4);, leads to [P]/[Fe] =2. This value is only slightly smaller
than the experimental value, but still the difference exceeds the
experimental uncertainty. There should then be a residual concen-
tration of another phosphate species that does not involve the iron
element. This may be the footprint a small amount of Li3PO,4 par-
ticles in suspension in the aqueous solution. For instance, in the
aqueous solution with HTR, where [P]/[Fe] =2.3, we can envision a
corrosion reaction that would satisfy this ratio:

L1FePO4 + H20 — FE(H2P04)2(aq) + 1/3[L13PO4] (2)

This reaction is certainly not sufficient to summarize the whole cor-
rosion process, as exemplified by the reaction in Eq.(2) associated to
the formation of LiOH. The amount of lithium phosphate particles,
if any, must be low enough that it does not affect the transparency
of the solution (see right side of Fig. 4).

3.3. Analysis of the deposit after evaporation

Fig. 10 shows the deposit after evaporation of the water in which
the samples were immersed. In this experiment, the floating part
was removed, before evaporating the solution, so the deposit con-
sists of the sample that has sunk, plus the part of material that was
dissolved in water. The color of this deposit is almost black with
blue iridescence in some areas of the SSR sample, but white for the
HTR sample. The significant differences between the two samples
are the distribution size (see Fig. 2), and the carbon deposit (see
the sample preparation). In both samples, the particles are larger
than 100 nm, and no quantum effect on the electronic structure
is expected for such large particles. The particles are considered
big enough that size is not the pertinent parameter. The differ-
ence observed in Fig. 10 must then come from carbon. Since part
of the carbon floats while another part sinks when the samples
are immersed in water, part of the carbon can be in the inter-
mediate position, i.e., in suspension in the water. The presence
of suspended carbon particles in solution is evident from the tur-
bidity of the colored solution in which the SSR sample has been
immersed (see Fig. 4). Upon drying, this carbon in suspension will
deposit at the bottom of the container, forming a black crust. This
is in essence the origin of the black color of the deposit in the
case of the SSR sample. The blue iridescence is also observed at
the surface of iron after phosphatation mentioned earlier, in which
case it is attributed to the diffraction of light in the ultra-thin
layer. The same effect is presumably the cause for the iridescence
observed here. On the other hand, carbon does not form particles
in suspension with the HTR sample, as evident by the transparency
of the solution of the right side of in Fig. 4. The consequence is
that the product decanted by evaporation of the solution in this
case is mainly LiOH, in addition to the iron compounds men-
tioned above. The presence of LiOH and Li,CO3 were also detected
by Raman spectroscopy as reported below. Both LiOH and Li,CO3
are white minerals, and give this color to the residue of the HTR
deposit.

Further support for this analysis is provided by Raman spec-
troscopy which detects the presence of carbon due to the two
characteristic Raman bands in the 1200-1700 cm~! spectral range.
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Fig. 10. Deposit obtained after removing the floating part, and evaporation of the water in which the LiFePO4 samples SSR (left) and HTR (right) have been immersed.

The Raman spectra of the black/blue deposit (SSR) and white
deposit (HTR) were measured with He-Ne laser (wavelength
632.8 nm). The result is illustrated in Fig. 11 for the black/blue SSR
deposit. The spectrum of uncoated LiFePO, particles is also pre-
sented for comparison. While the intrinsic spectrum of LiFePOy is
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Fig. 11. Raman spectrum of the deposit shown in Fig. 10, for SSR LiFePO4 sample.
Black refers to the black part, and blue to the part that shows blue iridescence. The
spectrum of uncoated LiFePO4 is shown for comparison. The vertical broken line
points to the position of the stretching mode of PO4 units.

dominated by the peak at 960 cm~! associated with the stretch-
ing mode of the PO4 unit, the Raman spectrum of the part that
shows blue iridescence is dominated by the two bands characteris-
tic of carbon. The peak centered at 960 cm~!, however, is distinctly
visible, so this part of the specimen also contains phosphate. The
Raman spectrum of the black part that does not show blue irides-
cence exhibited the dominant bands characteristic of carbon, but
not the spectrum at 960 cm~. This series of spectra confirmed that
the blue iridescence is associated with the presence of phosphate
and a phosphatation effect. In addition, three bands are evident
at lower frequencies, 398, 263 and 219cm™!, that are character-
istic of LIOH-H, O [28]. A broad band is observed in the vicinity of
1070 cm~!, which is also detected in the part with blue iridescence.
This broad line has been also detected in the Raman spectrum of
molten LiOH and is attributed to the vibration of the CO3 molecu-
lar unit [28], which confirms the presence of Li, COs, in addition to
LiOH. This is actually expected since Li,CO5 is by-product of LiOH
reacting with the CO, of the atmosphere according to the equation
(2LiOH +CO; — Li;CO3 +H,0).

Of course, the carbon bands are absent from the Raman spec-
trum of the white part of the white deposit for the HTR sample,
and the spectrum (not shown here) is flat in the 1200-1700cm!
spectral range.

3.4. Physical properties of the LiFePO4 particles

FTIR is a useful tool to probe the local composition of the surface
layer because the vibrations of the molecular units of the LiFePO,4
lattice are responsible for absorption bands in the spectrum even
when the material is disordered [29]. In the present case, however,
we could not detect significant variations upon immersion in water.
For sinking particles, the spectrum remains unchanged after the
sample was immersed in water for 1 h. This result is illustrated in
Fig. 12 for the SSR sample. This spectrum is characteristic of LiFePO,
and is described in detail elsewhere [30]. All the bands can be iden-
tified as intrinsic vibrations in LiFePO4 [31,32]. For the case of the
floating particles, the spectrum in the figure shows very little dif-
ference. The larger amount of carbon associated with the floating
particles generate an additional diffusion. As a consequence, the
spectrum is slightly noisier, which affects the band intensities of



K. Zaghib et al. / Journal of Power Sources 185 (2008) 698-710

2.0
. 1.6+
E floating
o 1.2 -
[$)
=
38
o 08+ sinking
w
e}
<
0.4
WNW\J\J\A SSR
0.0 & T T T T T T
200 400 600 800 1000 1200 1400

Wavenumber (cm'1)

Fig. 12. FTIR spectra of the SSR LiFePO,4 sample before immersion in water (lowest
curve), and for the sinking and floating parts after 1 h immersion in water.

the POy vibrations. The only additional structure is a band of small
intensity extending from 1220 to 1250 cm~. This band is charac-
teristics of C—O—C stretch and asymmetric C—O stretch [33], and
can then be attributed to the excess of carbon linked to oxygen in
the floating part of the product (Fig. 4). The lack of sensitivity of
the FTIR spectra in these experiments is further evidence that the
reaction of the particles with water remains a surface effect. We
observe the presence of Li3POy4 at the surface of the particles, iden-
tified by the characteristic band around 460 cm~! [28]. However,
even if such a layer exists, its detection by FTIR is unlikely for two
reasons. First, the vibrations of the PO,4 units dominate the spec-
trum of LizPOy4 [27], and they are in common with LiFePO4. Second,
the surface/volume ratio for these big particles is probably too small
to be detected by this technique.

Magnetic measurements are known to be a more sensitive tool
to detect surface effects [20]. The magnetization M(H) of the SSR
sample before immersion is linear in field H up to 30 kOe, and the
magnetic susceptibility is trivially defined as x=M/H. The x~1(T)
curve (not shown here) is similar to the curves that we have already
published for this material (see for instance Ref. [7] and references
therein), and the Curie-Weiss-law:

C

-1
X (1) = T+6
is satisfied in the paramagnetic regime, i.e., at temperature greater
than the Néel temperature Ty =52 K [34]. For the HTR sample, the
magnetization curves are linear in H for H> 1 kOe, but at contrast,
with the SSR case, they extrapolate to a finite magnetization My in
the limit H— 0, as it can be seen in Fig. 13. This feature is charac-
teristics of a residual amount of y-Fe,; 03 impurity [6,35]. Although
the amount of y-Fe, 03 is very small (less than 0.1% of the product,
this extrinsic contribution to the magnetization must be subtracted
from the total magnetization to determine the intrinsic magnetic
susceptibility that is now defined as x =(M — My)/H. With this def-
inition of x, Eq. (3) is also satisfied, as it can be seen in Fig. 14. The
effective magnetic moment piq5 carried by the iron ions can then
be deduced from the Curie constant [20,35]:

1/2
[heff = [BkBC] —2.84C'2

Nalg

(3)

(4)

with N the Avogadro number, while C is the Curie constant for
one mole of LiFePO4 and up the Bohr magneton. pqs is in Bohr
magneton unit. The result is pef=5.38 and 5.36 for SSR and HTR
samples, respectively. The value of ¢ for the samples that do
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Fig. 13. Magnetization curves of the HTR LiFePO4 sample before immersion.

not contain any Li vacancy is in agreement with the theoreti-
cal value 4.9 of Fe2* in the high-spin state, but values such as
those of SSR and HTR are often met, due a small concentration
(lower than 1%) of Li vacancy in the bulk of the LiFePO,4 parti-
cles [2]. After immersion in water, the magnetic moment of the
sinking part increases by 0.04 wp in both SSR and HTR samples, to
reach pesr=5.42 and 5.40, respectively. This value of the magnetic
moment is obtained very fast. For technical reasons, the shortest
time in which the samples have been investigated is 15 min, where
this limit for peg was already achieved. The magnetic moment
stays as this value even when the samples stay in water for longer
times (up to 1h). This increase of g in the short time limit is
the signature of an oxidation of iron from Fe2* to Fe3* at the sur-
face of the samples, the evidence of a delithiation of the surface
layer.

To quantify this effect, we first need to model the size dis-
tribution of the particles. In absence of aggregation of individual
particles, one would have expected a log-normal distribution f{d),
i.e., a profile with a single peak in Fig. 2 where the diameters d are
reported in abscissa in logarithmic scale. The aggregation, however,
leads to the more complex behavior. Instead of being fit by a sin-
gle Gaussian profile, the distribution is fit as a sum of log-normal
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g ™ H/M
[0} O
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Fig. 14. Inverse of the magnetic susceptibility of the HTR LiFePO4 sample before
immersion in water. The open circles are experimental data H/M, with M the mag-
netization measured in field H=30kOe. The full circles are the slope dM/dH of the
magnetization curves of Fig. 13 in the region H> 1 kOe where the variations of M are
linear in H.
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distributions:

a) = 3 fdimi, o) = 33" Gilin(a)]

(5)

ST G e (In(d) — m;)?
i doi2m 207

We introduced in this equations the distributions G; that are Gaus-
sian profiles, when In(d) is chosen as the variable rather than d. The
advantage is that the experimental data plotted under the form
dq(d) as a function of In(d) can be fit using the same fitting pro-
cedure as the standard one used to fit optical spectra by a set of
Gaussian profiles. The result of this fit is illustrated for HTR sample.
This sample rather than SSR has been chosen for convenience, since
the aggregation is less intricate and three log-normal distributions
f(labeled by i) are sufficient to describe the size distribution nicely,
as it can be seen in Fig. 15. The parameters of the three Gaussians G;
(i=1,2,3) are also reported. The intensity (INT) is the pre-factor of
the exponential; the position labeled POS in the figure is the param-
eter m;, while the last parameter is the full width at half maximum
(FWHM), equal to 20;[21n(2)]'/2. However, only the first Gaussian
G; centered at d=0.39 wm as a physical meaning, the two other
Gaussians only mimic the aggregation of the particles. However,
SEM experiments show that this aggregation is less important after
immersion in water (see Fig. 6), and since the water will presumably
be in contact with the particles even in aggregates, by infiltration
through the interstitial space, the segregation should not play a
significant role in the reaction between particles and water. As a
consequence, we mimic the actual size distribution of the particles
in contact with water by retaining only the first term (i=1) in Eq.
(5), and renormalize the intensity to keep satisfied the condition:

/ f(d)dd =1 (6)
Then, the effective size distribution takes the form:

(In(d) — ml)z}

ge(d) = (7)

20’12

1
dO’1\/27T P |:

The next step is the determination of the surface/volume ratio
r(d) of a particle of diameter d. For this purpose, we follow our pre-
vious work [20], according to which we can map this problem to
the calculation of r(d) for a particle that crystallizes in the simple
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Fig. 16. Surface to volume ratio as a function of the size d of the LiFePO4 particles.

cubic lattice with lattice parameter a=4.17 A. The result of this cal-
culation is reported in Fig. 16. If d is the effective diameter for an
equivalent spherical particle, the s/v ratio is approximated in the
large d limit by 7wd?/(7vd3/6)=6/d (with d measured in a-unit). This
law is also shown in Fig. 16 for comparison. The correction for finite
size effects is indeed important for nanometer-sized particles, but
we are dealing with particles with size large enough so that we
found this correction is actually small for the samples investigated
here. Then it is straightforward to compute the surface to volume
ratio for our sample rs:

rs=/ddqe(d)r(d) (8)

The result for HTR sample is
rs=5x10"3 (9)

In the following equation x is the fraction of iron ions at the sur-
face that switched from Fe2* to Fe3* states near the interface with
water during the immersion process, i.e., switched from magnetic
moment 4.90 to 5.40 (in ug). For the HTR sample, these iron ions
are responsible for the increase of the magnetic moment from 5.36
(before immersion) to 5.40 up (after immersion), which can be
written:

(5.36)% + x[(5.92)? — (4.90)*] = (5.40)? (10)

Hence x=0.04 for the HTR sample. Taking Eq. (7) into account, we
can then estimate the thickness of the surface layer that has been
delithiated:

xalrs = 3.3nm (11)

This is the thickness of the surface layer that we have estimated in
our earlier work [20], and also the typical thickness of the disor-
dered surface layer in the TEM images.

The thickness of the layer damaged by the exposition to water,
however, is slightly underestimated here, because this calculation
deduced from magnetic properties does not take into account the
dissolution of Fe and P ions in the water. Analyzing the amount of Fe
and Pions reported in Table 1, we find that 1.3% Fe and 3% P (actually
PO, ions since this unit is very stable) in the SSR sample has been
dissolved in the water. This is comparable to the value x=4% we
have found for the fraction of iron ions converted from Fe?* to Fe3*
valence states, but still, it is smaller. This result corroborates that
the main effect of exposure to H,O has been the delithiation of
the surface layer to form a FePOy4 layer that protected the particles
against further reaction.
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Fig. 17. Moisture content of several C-LiFePO4 samples, expressed in ppm of H,0
with respect to LiFePO, as a function of time exposure in ambient air at 21°C (55%
relative humidity). The symbols are experimental results. The lines are only guide
for the eyes obtained by smooth fit of the data. None of these samples, however,
correspond to the HTR and SSR samples investigated in the earlier figures.

The exposure to water did not generate any remnant magneti-
zation at low temperature. The magnetization of the HTR sample
remains the same before and after immersion in water, and that of
the SSR sample vanishes before and after immersion. These results
mean that immersion in water did not generate Fe,03. Therefore,
reactions such as:

6LiFePO4 + 3/402 + 3/2H20 — LiF€P207 + F6203 + LiH2P04

+LiOH (12a)

3LiFePO4 + 3/402 — LizFey(POy4)3 + 1/2Fe203 (12b)

are ruled out.
3.5. Exposure to air

The evolution of the LiFePO4 surface with time during exposure
to H,O is better investigated in experiments where the material is
exposed to ambient air rather than immersion in water. The rea-
son is obviously that the concentration of H,O that interact with
the surface of the particles is much lower in air. In addition, we
expect that degradation of the particle surface layer is lower, at
least in the timescale of the experiments, because iron ions dis-
solve in the aqueous solution, but they cannot evaporate. This is
another reason why the main effect will be delithiation in the sur-
face layer, as a consequence of the hydrophilic nature of Li. The
measurement of the moisture content of the samples exposed to
ambient air is an indirect means of investigating this reaction. The
results are illustrated in Fig. 17 for several samples. The measure-
ments were performed in a room maintained at 21°C, in which
the relative humidity was 55%. In all cases, quasi-saturation was
observed after about 24 h of exposure. However, differences as big
as a factor three were observed in the moisture content of samples
placed in the same conditions of relative humidity, even for parti-
cles prepared by the same process. This observation suggested that
the effect of exposure to ambient air also depends on other param-
eters (homogeneity, porosity, thickness) of the carbon layer that we
did not consider in the present work. However, absorption of H,0
is reversible. This is evident in the following experiment. Once the
samples are saturated in humid air (left 24 h or more in ambient
air), the samples were placed in a dry atmosphere at 120°C and the
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Fig. 18. Moisture content of several C-LiFePO4 samples, expressed in ppm of H,O
with respect to LiFePOy4 as a function of time spent in dry atmosphere at 120°C.

moisture content was recorded as a function of time. These results
in Fig. 18 show that the samples are dry after 3 h. If the samples are
exposed again to ambient air with 55% relative humidity at 21 °C,
we recover the results displayed in Fig. 17, and so on. Therefore, the
process of absorption/desorption of water is reversible on the scale
of few hours. However, the material does not stabilize completely,
and exposure of the material to ambient air for a longer timescale
of months shows that the reaction with water does not stop, and
the electrochemical properties still depend on time, even on the
timescale of months.

3.6. Electrochemical measurements

The voltammetry measurements of the SSR and HTR samples
(sinking part) after immersion for 1h in water are reported in
Fig. 19. In these measurements, an initial 3.2V working potential
is applied. Then, the voltage was varied at the rate 1.25mV per
minute, as shown in the figure: increase of the voltage up to 4V,
followed by a decrease to 2.2V, and an increase again up to 3.2V.
Besides the peak associated with Fe2*, the part of the curve obtained
by decreasing the voltage shows a secondary peak at 2.63V that is
characteristic of the Fe3* in iron oxide (versus more than 3.5V in
phosphate) [36].

The presence of Fe3* ions in both SSR and HTR samples con-
firms the delithiation of the surface layer evident in the previous
sections. On the other hand, upon increasing the voltage again, this
signal disappeared, which shows that the voltammetry curve of the
samples before exposure to H,O was recovered. Therefore, the sur-
face layer was lithiated again during Li insertion, and the effect of
immersion in water was reversed. The same holds true for longer
immersion times of a few days. In the following experiments, the
samples were immersed for 63 h. Then, the samples were dried
for 48 h at 85°C. The electrochemical performance illustrated in
Fig. 20 for the HRT sample after drying is the same as that of the
sample before immersion, also reported in the figure for compar-
ison. Moreover, it should be noted that the open circuit voltage
(OCV) also reported in the figure decreased by 2.3% by immersion
in water. Since the OCV is directly related to the state of charge of
the battery, it can be viewed as an indirect measurement of the
delithiation rate of the battery. Indeed, this result is fully consis-
tent with the 4% delithiation rate deduced from the magnetization
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measurements, and the 1 and 3% loss of Fe and P in the immersion
process estimated from the physical and chemical analyses. It thus
fully confirms that the delithiation process is located in the surface
layer.

The effect of H,O on the electrochemical properties was also
evaluated by exposure of the sample to ambient air. This is illus-
trated for the HTR sample in Fig. 21 that shows the change of the
capacity as a function of time at different temperatures in dry atmo-
sphere and in ambient air (55% relative humidity). The degradation

45

i
=
T

o
&)
T

eeee HTR+H20: OCV: 2,93V E
— HTR: OCV: 3.00V

Voltage V
N w
(9] (=)
T T

L
=)
T

K. Zaghib et al. / Journal of Power Sources 185 (2008) 698-710

180 - . v 8
160 frm——— =
-~ — —
QSIS e
@ = ~ =~ -~ T m——
F= T e o —
< 1401 R 25°C -
£ -~ i
£ & "
= ~ ~
g N -
£ ~
g 120 .
o — — — aging in humid atmosphere N "
s i i N
100 - aging in dry atmosphere % =
N\
60°C |
80 1 1 1 1
1 2 3 4 5 6

time (in months)

Fig. 21. Capacity of the C-LiFePO4 (HTR sample)/LiPFg-EC-DEC/Li cells as a function
of time spent in dry atmosphere and in ambient atmosphere (55% relative humidity),
at three different temperatures. The temperatures at which the full curves (in dry
atmosphere) have been obtained (in color in the web version) can be distinguished
by the fact that they do not overlap, and the property that the lower the temperature,
the higher the capacity is.

45 :

40 |

35 -

=== SSR+H20 : OCV: 3.13V

3.0 -

SSR: OCV: 3.33V

Voltage V

25

20

15

10

20

50

1.5

0 10

20

30

40

50

Time (hours)

Fig. 20. Electrochemical performance of the C-LiFePO4 (HTR sample)/LiPFs-EC-
DEC/Li cells at room temperature. The results are shown before immersion of this
sample in water, and after immersion during 63 h, then dried during 48 h at 85°C.

Time (hours)

Fig. 22. Electrochemical performance of the C-LiFePO4 (SSR sample)/LiPFs-EC-
DEC/Li cells at room temperature. The results are shown for a cell prepared with
the sample before immersion in the water for reference, and with the sample after
immersion in water for 63 hand dried during 48 hat 85 °C, but then stored in ambient
air for 6 months, at contrast with the case reported in Fig. 20.

rate increases with temperature and becomes dramatic at the scale
of 6 months. This degradation is evident by the experiments dis-
played in Fig. 20 for samples with the same treatment as before
(immersion for 63 h, followed by drying at 85 °C for 48 h), but then
left for 6 months in the laboratory. The result is illustrated for the
SSR sample in Fig. 22. The material was aged for 6 months, result-
ing in an important loss in capacity and OCV voltage. As far as the
lithiation process cures the degradation in a first charge/discharge
cycle, as it is the case for exposure to H,O during few days, the
inconvenience is minor, but on the long time scale of 6 months, our
results show that the material must be stored under dry conditions
to protect it against moisture.

4. Concluding remarks

The effect of water on the stability of carbon-coated LiFePQy,
prepared by solid-state reaction (SSR), and hydrothermal (HTR)
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synthesis, was investigated by a variety of experimental techniques
such as XRD, TEM, SEM, FTIR, particle size analysis and magnetic
measurements. The samples were contacted with liquid water or
humidity in ambient air. Cyclic voltammetry was used to char-
acterize the electrochemical properties of carbon-coated LiFePO4
in 1M LiPFg in ethylene carbonate (EC)+diethylene carbonate
(DEC).

A major finding of this study is that the carbon coating does not
protect LiFePO4 when exposed to H,O. In the extreme case where
the LiFePO4 particles, which are obtained by SSR and HTR processes,
are immersed in water, part of the carbon detaches from the parti-
cles and floats to the surface. The effectiveness of the carbon coating
to protect LiFePO4 particles against moisture is better tested by the
milder exposure of the particles to humid ambient air. On aver-
age, the carbon-coated LiFePO,4 from solid-state reaction synthesis
produces a carbon coat that is more protective than that from the
hydrothermal process.

The reaction of LiFePO4 with H,O is limited to the surface layer
when the time scale of exposure to water is short (days in case
the material is immersed in water, months in the case of expo-
sure to the moisture of ambient atmosphere). On this time scale,
the main effect is delithiation resulting from the strong reaction
of Li with H,0, however, lithium is lithiated in the first discharge
of the LiFePO4 electrode. However, the reaction of LiFePO4 and
H,0 appears to be more complex than simply a delithiation pro-
cess, since the immersion in water results in the dissolution of
iron and phosphate compounds in the aqueous solution. After
long-term exposure, this reaction definitely alters LiFePO4 and its
electrochemical performance, even when it is only exposed to the
relative humidity of ambient air instead of being immersed in
water.

Similar effects of water and air exposure were observed with
other cathodes for rechargeable lithium batteries, but not on the
lithiated phosphates. The interaction of unlithiathed phosphates
with water has been investigated in many works in different con-
texts, but the comparison with the present case is mixed because
the reaction of our product with water is clearly due to the pres-
ence of Lithium (FePO4 das not react). Among Lithium compounds,
the exposure to moisture of LiNi;_,_,CoxMn,;0,, an active material
known for this ability to reach capacities larger than 2400 mAh g~!
with a 4.2-V cut-off, was investigated. For 1 —x —y>0.8, the rapid
reaction of this product with air results in the formation of Li;CO3
and LiOH on the surface [37-39]. The formation of LiOH was
observed on the surface of LiNiO, as well [40]. In the present work,
the presence of LiOH on the LiFePO4 surface exposed to air and/or
immersed in water is clearly evident. In the case of LiNiO,, the
formation of LiOH was attributed to the reaction:

LiNiO, +yH,0 — Lij_yNiO,_y; +yLiOH (13)

which involves the evolution of oxygen. With LiFePOy, the evolution
of oxygen is precluded because of the strong covalent bending in
the phosphate PO43~ unit. The formation of LiOH then presents a
more general trend of Li-intercalation compounds that does not
necessarily require the migration of oxygen ions [40]. The surface
reaction mechanism of LiNiO,:

2Li* + C032~ /20H™ — Li,C0O3/2LiOH (14)

was attributed to the presence of NiO impurity, indicating this reac-
tion is specific to this Ni-compound [41].

Zuhang et al. reported the presence of Li;CO3 on the surface of
LiNig gCog15Alg 00502 powder exposed to air [39], and long-term
exposure produced a dense Li;CO3; coating approximately a few
nm thick, which severely reduces the capacity in an irreversible
manner [39]. However, physical and chemical analysis of the sur-
face of LiFePO, in the present work was focused on samples that

were exposed to moisture for rather short times where the electro-
chemical properties remain reversible. Similar analyses are being
considered with LiFePO4 cathodes that are exposed for a long time
(i.e., few months) to assess if the irreversible loss of capacity has
the same origin as in LiNiggCog15Alg,0050>. That is, a Li, CO3 coat-
ing of LiFePOy, or a different coating more specific to the phosphate
compound, such as a Li3PO4 coating, for instances.

The hygroscopic character of LiFePO4 can be compared with
that of LiNiO.g3COO.]5A10‘00502 [42] When LiNi0.83COO.15A10.00502
is exposed to air with relative humidity 50% for 48 h, the mois-
ture content was 1270 ppm. When this air-exposed material was
heat-treated at 700 °C for 2 h, the moisture content in the powder
decreased to 250 ppm, but increased to 2576 ppm after expo-
sure to air again. This moisture content is in between the value
we found for LiFePO4 prepared by hydrothermal and solid-state
reactions (see Fig. 15). For comparison, the moisture content mea-
sured for LiCoO, is in the range 100-300ppm [42]. Therefore,
LiFePO4 must be protected against humidity when stored for a few
months.

After this work, we recommend the storage of LiFePO4 in a glove
box for university and academic research, and in a dry room at less
than 5% RH. We also recommend drying the electrode in vacuum
at 120°C for industrial use.
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