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LiFePO4 has been extensively studied in recent years because of superior thermal stability for the next
generation of lithium-ion batteries. Nevertheless, LiFePO4 still undergo iron dissolution at high temperature or moisture-contaminated electrolyte, and the detailed mechanism is still not clear. Few efforts
have been devoted to the correlations between surface chemistry and aging mechanisms. Here, we
present a direct visual observation of surface corrosion process at olivine LiFePO4, and found the direct
relationship between impurity phases and LiFePO4 corrosion. By using the LiFePO4 ingot sample with a
ﬂat surface as model materials, two types of impurity phase (iron-rich and phosphorus-rich) can be
clearly observed and their inﬂuences on LiFePO4 corrosion were investigated in detail by SEM, Tof-SIMS,
and electrochemical Tafel analysis. Similar to the electrochemical cell mechanism in a common metal
corrosion process, an oxidationereduction mechanism was suggested at the impurity phases-relevant
corrosion behavior. Iron-rich impurity phases are seriously corroded due to the lower corrosion potentials, which inhibit the corrosion of the adjacent LiFePO4 bulk. On the contrary, phosphorus-rich impurity
phase is stable due to higher corrosion potentials, which evokes the serious corrosion occurring at the
adjacent LiFePO4 bulk. These ﬁndings provide the deep understanding the underlying mechanism in the
LiFePO4 aging.
Ó 2013 Elsevier B.V. All rights reserved.
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1. Introduction
LiFePO4 olivine has been extensively studied and developed in
recent years for the next generation of lithium-ion batteries because
of its high structure stability and superior cycle performance since
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its discovery in 1997 [1e3]. Compared with some conventional oxides cathodes such as LiCoO2 which suffers the structural change or
detrimental interaction with electrolyte at high charging potentials,
LiFePO4 can undergo full lithiationedelithiation process without
obvious structural change due to a strong covalent PeO bonds in
(PO4)3 polyanion, which makes them the excellent stable and safe
cathode materials [4,5].
Nevertheless, it was reported that LiFePO4 still suffered fast
capacity fading at high temperature and/or moisture-contaminated
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Fig. 1. SEM images of the ingot LiFePO4 surface (a), iron-rich impurities (b), and phosphorus-rich impurities (c), (d) XRD patterns of the ingot sample, (e) a schematic illustration of
ingot LiFePO4 with impurity phases.

electrolyte [6e10]. For example, Amine et al. revealed that no signiﬁcant capacity loss for LiFePO4 was found after 100 cycles at room
temperature, but over 60% capacity fading occurred when it was
operated at 55  C [10]. The accelerated capacity loss was attributed
to iron dissolution from LiFePO4 attacked by acid species such as HF
in moisture-contaminated LiPF6 electrolyte [11e13]. Moreover high
operating temperature will further accelerate the HF formation and
the iron dissolution process. Along with the iron dissolution, the
irreversible structural change occurs at the active material, and
some inactive phases could be formed on the active material,
affecting the kinetic process of lithium lithiationedelithiation.
Further, the transition metal can move to the negative and be
reduced to metallic clusters, resulting in the formation of solid
electrolyte interphase, further capacity loss and serious safety issues [14,15].

Considering iron dissolution and related material stability, aging
study of LiFePO4 has attracted more and more attentions. There are
more and more studies working on the evaluation of LiFePO4 cell
performance fading subject to operating conditions such as various
electrolytes, temperatures and cell structure as well as detailed
degradation mechanism [16e20]. While these outstanding work
are necessary and critical for understanding the aging behavior of
LiFePO4 based cell, however, few studies worked on the surface
chemistry of LiFePO4 material itself and especially the relationship
between surface aging process and inhomogeneous surface
chemistry (impurity phases). It is well known that some common
impurity phases (e.g. Fe2O3, Fe2P, Li3PO4, etc.) often exist accompanying with LiFePO4 synthesis and production [21e24]. As inactive materials, the presence of these impurity phases decreases
utilization of LiFePO4, and it also affects signiﬁcantly the physical
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Fig. 2. SEM element mapping of iron-rich impurity phases.

and electrochemical property of LiFePO4 such as the material stability. Therefore, the study of impurity phases and their inﬂuence
on the stability of LiFePO4 is critical for application of this promising
material.
One critical challenge to understand these questions is lack of
suitable model LiFePO4 material and tools to directly observe the
surface change. We recently overcome this challenge by using
molten technique to achieve an ingot sample with a big ﬂat surface.
While the ingot sample produced by molten technique can be
further ball-milling to various grades of LiFePO4 particles for practical applications in Li ion batteries [25e27], the big ﬂat surface of
the ingot sample allows us to directly study the surface aging process. This paper is to present a direct evidence of the relationship
between impurity phases and LiFePO4 corrosion under moisturecontaminated electrolyte which is an accelerated corrosive medium to simulate the practical application conditions. By applying
various materials characterization tools and working on a model
LiFePO4 material, the impurity phases were directly observed and

identiﬁed. The aging experiments indicated that the presence of
impurity phases or the inhomogeneity of surface chemistry has
signiﬁcant inﬂuence on LiFePO4 corrosion. The further electrochemical techniques such as Tafel analysis helped us to understand
the correlations between impurity phase and LiFePO4 bulk material.
The possible aging mechanism with the presence of impurity phases was also proposed.
2. Experimental section
2.1. Materials and aging experiments
LiFePO4 ingot sample was provided by Phostech Lithium Inc. The
ingot sample was prepared by a melt casting process recently
developed by Phostech [25]. Here, to get a ﬂat surface on the ingot
sample, the melt sample was cut into small size (cm) by a manual
saw, and then the surface was polished by various Aluminum Oxide
sand papers from coarse (Grit 120) to ﬁne grades (Grit 1500). After
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Fig. 3. SEM element mapping of phosphorus-rich phases.

ultrasonic cleaning in ethanol several times, LiFePO4 ingot sample
with a clean and ﬂat surface was thus obtained.
The aging experiment was carried out in a moisturecontaminated electrolyte at room temperature. In order to accelerate the aging process, 400 ppm of water was added into the
commercial 1 M LiPF6 in ECeDMC 1:1 mixture to promote the HF
formation. The polished LiFePO4 ingot sample was stored in this
water-contaminated electrolyte for corrosion observation.
2.2. Physical characterizations
The morphology and microstructure of the samples were characterized with an S-4800 scanning electron microscope (SEM,
Hitachi) equipped with an energy-dispersive X-ray microanalysis
system and a ﬁeld-emission gun. To conﬁrm the surface chemistry
change after aging process, the aged LiFePO4 materials were
examined using a time-of-ﬂight-secondary ion mass spectroscopy

(ToF-SIMS, ION-TOF-SIMS IV) surface analyzer. The surface was
cleaned by sputtering 10 keV C60þ for 2 min. A 25 keV Bi3þ primary
was used to generate the secondary ions to be analyzed by ToFSIMS.
2.3. Electrochemical measurements
The electrochemical measurements were performed in a traditional three-electrode system in the moisture-contaminated
(400 ppm H2O) commercial 1 M LiPF6 in ECeDMC 1:1 mixture
solution utilizing Pt wire as the reference electrode, another Pt wire
as the counter electrode, and the sample of several typical commercial impurity phases as the working electrode. A glassy carbon
disk electrode was used as a substrate for the working electrode.
Prior to test, the electrode was polished with alumina (diameter
0.05 mm) to obtain a mirror ﬁnish. A typical suspension of the
sample ink was prepared by dispersing an amount of the impurity
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Fig. 4. SEM and EDX with LiFePO4 ingot grain boundaries (iron-rich phases) during surface aging process at 0 h (a), 8 h (b), 24 (c) and 32 h (d).

powder in an isopropanol þ Naﬁon solution. Then 10 mL of this ink
was pipetted onto the surface of the electrode and dried in air at
room temperature. Prior to the electrochemical test, the electrode
was immersed in commercial LiPF6 electrolyte to allow the formation of Li-ion-exchanged Naﬁon dispersion. The variation of
open circuit potential with time was measured since the ﬁrst minutes of electrodes immersion in the electrolyte solution. The polarization curves were obtained at a scan rate of 0.2 mV s1. All
these electrochemical measurements were performed at an Autolab Potentiostat/Galvanostat (PGSTAT-30, Brinkmann Instruments)
at 25  C.

3. Results and discussion
A model LiFePO4 material (Phostech LiFePO4 ingot) with ﬂat
surface polished by sand papers was investigated in this work. This
polished surface of LiFePO4 makes it feasible to directly observe its
surface aging process. Here some impurity phases can be also
directly seen and their effects on surface aging of LiFePO4 were
investigated. Fig. 1 shows the SEM image of a fresh polished ingot
sample. It is clearly seen that some grain boundaries are distributed
on the surface, which is associated with one type of the impurity
phase. As shown in Fig. 1b, the ﬁrst impurity phase with bright
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Fig. 5. TOF-SIMS maps of grain boundaries (iron-rich zones) at the aged LiFePO4.

color and irregular shape (marked with dashed rectangle) was
mainly located at local defects or porosities around the grain
boundaries on the ingot sample where lithium could be lost and the
crystal surface is reduced to iron phosphides. The other impurity
phases (Fig. 1c) with dark color and ﬂat surface were found to be
distributed at the regions near to grain boundaries, as marked with

dashed rectangle. In order to identify these impurity phases, microX-ray diffraction pattern was collected and shown in Fig. 1d. The
pattern indicates that the ingot is mainly LiFePO4 containing a small
amount of impurity phases such as Li4P2O7 (P-rich phases) and Fe2P
(Fe-rich phases), and other possible negligible phases. A schematic
illustration of LiFePO4 ingot with impurity phases was shown in
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Fig. 6. SEM of P-rich zones and EDX of the adjacent LiFePO4 bulk zone during aging process at 0 h (a), 8 h (b), 32 h (c), and a schematic illustration of corrosion process (d).

Fig. 1e. These typical impurity phases are also detected by other
studies using various synthesis methods [28e30].
These impurity phases can be further identiﬁed by element
mapping and EDX. Fig. 2 shows the element maps and the EDX
analysis of the ﬁrst type of impurity phase. From the element mapping, it can be clearly seen that both oxygen and phosphorus are
deﬁcient at the phase. Instead, iron is rich at these phases. The EDX
result indicates that the relative atomic ratio for Fe, P, and O is
56:15:29. Therefore, we call this impurity as iron-rich impurity phase
(mainly Fe2P). Fig. 3 shows information of the other impurity phases
(mainly Li4P2O7). The element mapping shows that this dark zone is
an impurity phase with iron-deﬁcient and phosphorus-rich (low Fe/P

ratio) while oxygen element was found to be homogeneously
distributed on the entire surface. EDX analysis further indicates that
the dark zone shows 5:30:65 for the relative atomic ratio of Fe, P, and
O. Detailed characterization of these impurity phases in this ingot
sample has been reported in our previous work [31].
All the above observations conﬁrm that the existence of these two
types of the impurity phase on the surface of ingot sample. The
formation of these impurity phases is related to the metallurgical
processes of molten technique [25,26]. During the cooling process, a
fractional crystallization from melt of the remaining liquid phase
present when LiFePO4 crystallizes, and the excess nonstoichiometric
reactants are rejected from LiFePO4 crystals, thus making these
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Fig. 7. Open circuit potential and Tafel plots of the samples.

impurity phases separated from LiFePO4 and located at the boundaries [25]. These impurity phases often appear during the LiFePO4
synthesis by other methods especially in solid-state condition. The
presence of these impurity phases deﬁnitely affects the surface
chemistry and property of LiFePO4, and a visualization study of the

Fig. 4 shows SEM images of the surface corrosion process at
LiFePO4 ingot sample with various stored time. The polished fresh
LiFePO4 shows a smooth surface with some grain boundaries
(bright zone) where iron-rich impurity phase generally exist
(Fig. 4a), as discussed above. After 8 h storage in H2O-contaminated
LiFePO4 (Fig. 4b), obvious corrosion phenomenon began at these
iron-rich grain boundaries, and iron began to dissolve (EDX analysis). With 24 h aging process, more serious corrosion occurred at
these impurity phase, as the brighter and coarser image shown in
these boundaries in Fig. 4c. EDX also showed more iron loss. After
32 h aging process, the grain boundaries got deeper and deeper,
some new boundaries were created along the initial boundaries on
the surface (marked in green in the web version), further aggravating the corrosion process. Although the overall surface of the
ingot sample was also corroded by the possible chemical reaction
with HF, the more serious corrosion only occurred at the iron-rich
grain boundaries while the adjacent LiFePO4 bulk underwent
negligible change, indicating the iron-rich impurity phase may
“protect” the adjacent LiFePO4 from serious corrosion. This will be
explained later on.
The further chemistry of the corroded surface at iron-rich zone
was characterized by TOF-SIMS analysis. Fig. 5 shows the highlighted TOF-SIMS map collected from the aged sample surface,
showing the distribution of chemical species on the surface. The
selected zone comes from the grain boundaries (marked in Fig. 5a)
where iron element is rich. As shown in Fig. 5b, the brighter color
follows the same shape in marked zone in Fig. 5a, indicating that
iron element rich was indeed found at the boundary. Interestingly,
much more F element was also found along the boundary due to

a

b

Fig. 8. The possible corrosion mechanism at the iron-rich (a) and phosphorus-rich (b) phases on LiFePO4.
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the corrosion process, matching well the iron element distribution.
At the same time, FeF fragment was also rich at this area. This SIMS
map information further conﬁrmed that the corrosion process is
much worse at iron-rich zones, which is consistent with the above
EDX results.
In addition to iron-rich phases, the effects of the other impurity
phases (phosphorus-rich phases) on surface corrosion were also
investigated. Compared with iron-rich phases, these phosphorus-rich
phases reveal a completely different corrosion mechanism. As SEM
image and EDX shown in Fig. 6, with the aging time, more and more
serious corrosion behavior was observed at the bulk LiFePO4 zone
near to the phosphorus-rich phase’s gain boundaries. Interestingly,
EDX results indicate that the adjacent bulk LiFePO4 shows no obvious
iron loss (dissolution) although an increase of F peak was found at this
phosphorus-rich impurity phases. The increase of F peak indicates a
serious corrosion occurred at these zones, but, interestingly, iron was
not dissolved much here. Therefore, a different corrosion mechanism
from the above iron-rich phase may be presented here, which may be
attributed to the different corrosion potentials among the different
impurity phases due to the inhomogeneous chemistry composition.
In order to elucidate the different corrosion mechanisms and the
relationships between impurity phase and LiFePO4 bulk materials,
an electrochemical Tafel analysis is carried out on the standard
commercial samples (LiFePO4, Fe2P and Li4P2O7 powders) (Fig. 7).
The open circuit potentials (OCP) in the electrolyte where the rates
of the anodic and cathodic processes are balanced for the samples
were ﬁrstly recorded. Theoretically, the corrosion potential Ucorr is
equal to the OCP measured in dependence on exposure time prior
to the polarization experiment. The OCPs for Li4P2O7, LiFePO4 and
Fe2P were revealed to be around 0.20 V, 0.15 V, and 0.53 V,
respectively. The Tafel curves were obtained by sweeping the
voltage from the OCP using a low scan rate of 0.2 mV s1. Compared
with LiFePO4, it is notable that the curve of Li4P2O7 is shifted to
higher potentials and signiﬁcantly lower corrosion current while
Fe2P sample is quite the reverse. Remarkably, among the three
commercial samples, Li4P2O7 is the most stable in electrolytes
while Fe2P is the least.
Considering the different corrosion potentials among the above
impurity phases, Fig. 8 shows the possible corrosion mechanisms of
the above two types of impurity phase in LiFePO4. The iron-rich
impurity phases (Fig. a) were more easily attacked directly by HF
arising from Eq. (1) through the following reaction,

Fe  rich impurity phases þ HF ¼ FeFx þ H2 O
and=or

Fe2þ ¼ Fe3þ

(3)
(4)

Therefore, the iron-rich impurity phase undergo serious corrosion process due to the lower corrosion potential while the adjacent
shows less change, which is supported by the wide detection of F
element on those two areas with EDX and SIMS techniques.
For the phosphorus-rich phases, it shows a different corrosion
mechanism. The impurity phase is more stable due to higher
corrosion potential compared to LiFePO4; thus the aging process
occurs through the following oxidationereduction mechanism,

at P  rich phases;

Hþ þ e ¼ H2

at the adjacent bulk LiFePO4 zones;

(5)
Fe2þ ¼ Fe3þ þ e

(6)

Here, the product of Fe3þ in olivine system could be some
common chemical states such as FePO4, LiFePO4(OH)x, Li3Fe4(PO4)3.
Based on the above EDX results, lots of F signals were detected and
no obvious iron was lost at this adjacent bulk LiFePO4 zones.
Therefore, the most possible Fe3þ in this study is from LiFePO4(OH)

because only this alkaline product reacts with HF and produce F
signal while keeps iron unchanged, with a mechanism such as

LiFePO4 þ H2 O ¼ LiFePO4 ðOHÞ þ 1=2H2

(7)

Lix FeðPO4 ÞðOHÞx þ xHF ¼ LiFePO4 F

(8)

The increasing F signals and the stable iron peak in the EDX
support this hypothesis.
The above study indicates that serious corrosion occurs at
LiFePO4 through Fe dissolution or oxidations, which are directly
related to the presence of those impurity phases. These undesirable
reactions will lead to irreversible changes in the LiFePO4 structure
and the formation of inactive phases, contributing to the capacity
fade. In addition, the dissolved iron ions could be reduced to
metallic clusters and deposited on negative electrodes, bringing
more safety issues. In this study, we provided the comprehensive
understanding of the reaction mechanisms related to the impurity
phases. It should be mentioned that the practical commercial
LiFePO4 may not undergo such a serious corrosion due to the relatively low impurity phases amounts and especially the protection
role from a surface carbon coating layer. The carbon protective role
has been symmetrically studied and conﬁrmed in our work [34].
4. Conclusions
In summary, for the ﬁrst time, we provided the direct visual
observation of surface corrosion process at olivine LiFePO4 and the
signiﬁcant effects of typical impurity phases on LiFePO4 corrosion.
The moisture-contaminated LiPF6 electrolyte was applied as the
corrosion medium due to the presence of HF, which attacks LiFePO4
surface and results in iron dissolution. The ingot sample with a ﬂat
surface was used as the model material to allow us to investigate the
surface corrosion process in detail. Two types of impurity phase,
iron-rich and phosphorus-rich phases, were identiﬁed at the surface
of LiFePO4 ingot. The presence of these two types of impurity phase
has signiﬁcant important effects on LiFePO4 corrosion process. In the
case of iron-rich impurity phase, the surface corrosion began from
these impurity phase, and more serious iron dissolution was found,
which also affects the overall surface stability. For the phosphorusrich phases, the corrosion underwent an oxidation-reaction process,
similar to an electrochemical cell in a common metal corrosion
process. Therefore, the adjacent bulk LiFePO4 of these phosphorusrich impurity phases underwent an oxidation process from Fe2þ to
Fe3þ. Our results provide a comprehensive understanding the
fundamental corrosion process of LiFePO4, and indicate that the
presence of impurity phases has critical inﬂuence on the LiFePO4
stability. Therefore, in addition to better control of LiFePO4 purity, it
is more desirable to avoid high-corrosion-potential impurity phases
during synthesis and production. Moreover, applying effective surface protective layers (i.e. carbon, metal oxides) especially ultra-thin
coatings deposited by advanced coating techniques such as atom
layer deposition technique is essential for LiFePO4 and other cathode
materials in future better safe batteries [35].
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