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Soft X-ray XANES Studies of Various Phases Relating to LiFePO4 

Based Cathode Materials 

Songlan Yang, *1,2 Dongniu Wang, 1.2 Guoxian Liang, 3 Yun Miu Yiu, 2 Jiajun Wang, 1 Lijia 

Liu2 , Xueliang Sun, *1 and Tsun-Kong. Sham*2  

1Department of Mechanical and Materials Engineering, University of Western Ontario,  

 London, Ontario, N6A 5B9 Canada 

2Department of Chemistry, University of Western Ontario, London, Ontario,N6A 5B7 Canada 

3Phostec Lithium Inc, 1475 Rue Marie-Victorin, St-Bruno, QC, J3V 6B7 Canada 

LiFePO4 has been a promising cathode material for rechargeable lithium ion batteries. Different 

secondary or impurity phases, forming during either synthesis or subsequent redox process under 

normal operating conditions, can have a significant impact on the performance of the electrode. 

The exploration of the electronic and chemical structures of impurity phases is crucial to 

understand such influence. We have embarked on a series of synchrotron-based x-ray absorption 

near-edge structure (XANES) spectroscopy studies for the element speciation in various impurity 

phase materials relevant to LiFePO4 for Li ion battery. In the present report, soft-X-ray XANES 

spectra of Li K-edge, P L2,3-edge, O K-edge and Fe L2,3-edge have been obtained for  LiFePO4 in 

crystalline, disordered and amorphous forms and some possible “impurities”, including, LiPO3, 

Li4P2O7, Li3PO4, Fe3(PO4)2, FePO4, and Fe2O3. The results indicate that each element from 

different pure reference compounds exhibit unique spectral features in terms of energy position, 

shape and intensity of the resonances in their XANES. In addition, Inverse partial fluorescence 

yield (IPFY) reveals the surface vs. bulk property of the specimens. Therefore, the spectra data 

provided here can be used as standards in the future for phase composition analysis.  

*Email: songlan.yang@lightsource.ca; xsun@eng.uwo.ca, tsham@uwo.ca. 
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Introduction 

The boom in portable telecommunications, computer equipment as well as electric and hybrid 

vehicles has created a growing demand for safe and advanced lithium-ion batteries with high 

energy density, good reversibility, low cost, long lifetime, small size and light weight. Currently, 

the most popular commercial cathode materials for lithium-ion batteries are based on transition 

metal oxide LiCoO2.
1 Unfortunately, LiCoO2 based cathode materials suffer from some 

disadvantages and hence are limited to small scale lithium-ion battery applications. For example, 

LiCoO2 is costly and toxic. And its layered structure undergoes large volume change during 

oxidation-reduction (redox) process, which limits the attainment of full reversibility.2 It is meta-

stable when fully charged, and on overcharging at temperatures above 200 oC. Also they release 

oxygen from the cathodes increasing the possibility of organic electrolytes decomposition, which 

generates undesired heat.  

Intensive research has been focused on developing alternative cathode materials for cost, 

safety, environment and service life concerns. LiFePO4 is one of the promising candidate 

materials in this regard. The reversible lithium insertion-extraction for LiFePO4 was firstly 

reported by Goodenough et al. in 1997.3 This material is environmentally benign, inexpensive 

and thermally stable. Furthermore, it has a relatively high theoretical specific capacity of 170 

mAh·g-1, a good cycling stability, and a flat discharge potential of 3.4 V versus Li/Li+. LiFePO4 

has an olivine structure (space group: Pnma), in which Li, Fe, and P atoms occupy octahedral 4a, 

octahedral 4c, and tetrahedral 4c site, respectively. Like any lithium battery materials, during 

charge, Li+ ions are removed from the LiFePO4 cathode and stored in the anode, often made of 

carbon. During discharge, the Li+ ions leave the anode and return to the LiFePO4 crystal, and the 

electrons flow through an external circuit. It is called delithiation when the Li+ ions are removed 

from LiFePO4. When the Li+ ions are reintroduced to FePO4 to form LiFePO4, it is called 

lithiation. The main problem associated with this material is its poor rate capability, due to its 

low electric conductivity and slow lithium ion diffusion kinetics 4, 5 Fortunately, these problems 

can be partly overcome by optimizing the synthesis route of LiFePO4 through coating the 

material with high conductivity materials like carbon,6-8 and decreasing the grain size of the 

material to nano-scale to shorten the diffusion path length of the electrons and Li+ ions.9 
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To guide the synthesis of LiFePO4 based cathode materials, Ceder and co-workers developed 

the Li-Fe-P-O2 phase diagram as a function of oxidation conditions from first principle 

calculations,10, 11 which agrees  with the experimental results. The key factor to optimize 

synthesis route is the thorough understanding of phase equilibria under both stoichiometric and 

non-stoichiometric conditions.10 To avoid the formation of Fe3+ in the material, practically, 

LiFePO4 is synthesized under reducing conditions. Depending on the synthesis parameters, such 

as precursors used, the synthesis temperature, the synthesis atmosphere (Ar or N2/H2), and the 

degree and nature of non-stoichiometry, different impurities or secondary phases can form in 

addition to LiFePO4, during either the synthesis or the following in-service process.10 For 

example, with the excess of lithium in the system, some lithium phosphates, like Li3PO4, Li4P2O7 

and LiPO3, may co-exist with LiFePO4.
10, 11  

The nature of these impurities or secondary phases in the cathode can have significant 

influence on the performance of the batteries. In case of the presence of undesirable or insulating 

phases, they may degrade the structure and electrochemical reactivity of the material hence the 

capacity of the electrode and have an adverse effect on the electrochemical performance. On the 

other hand, some electronic or ionic conductive secondary phases may improve the performance 

of the electrode, for example, by acting as electron donors to enhance the electrical conductivity 

of LiFePO4 to enable the high charging and discharging rate of the battery. It was reported that, 

Fe2P was formed during the synthesis of phase pure LiFePO4, which may impede the 

performance of the material.12 Latter, Subramanya Herle et al.13 and Xu et al.14 reported the 

beneficial effect of Fe2P on the electrochemical performance of LiFePO4. More recently, Song 

and co-workers15 found the amphoteric effect of Fe2P on the performance of LiFePO4: i.e. that 

when its content was below the critical amount, LiFePO4 cathode displayed an enhanced 

electrochemical performance. However, when its content was above the critical content, the 

electrochemical performance of the LiFePO4 cathode worsened. Later, they reported that the 

degradation of LiFePO4 cathode when the amount of Fe2P above a critical level was due to the 

formation of the insulting phase Li4P2O7, even though, Ceder et al.11 showed the exciting results 

on the positive effect of Li4P2O7 related surface coating on the ion-conductivity of LiFePO4, 

where ultrafast charging and discharging rate had been achieved and a rate capability equivalent 

to full battery discharge in 10-20s was reached. The mechanism for this improvement in rate 

performance has not yet been understood and it is still vigorously debated in the literature 16. 
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Therefore, much more work is desired to be conducted to clarify the impact of the 

impurities/secondary phases, and their assembly on the performance of LiFePO4-based cathode 

materials. For this purpose, accurate characterization is crucial for the possible 

impurities/secondary phases which may appear during the synthesis and the service of LiFePO4 

based materials.  

           

 

 

 

 

 

 

 

Fig. 1 Indexed XRD data for LiFePO4 (JCPDS No. 83-2092), LiPO3 (JCPDS No. 26-1177), 

Li3PO4 (JCPDS No. 84-0046) and Li4P2O7 (JCPDS No. 77-1045) 

The structure and phase purity of LiFePO4 are mostly and often characterized by X-ray 

diffraction (XRD). Fig.1 shows the comparison of theoretical XRD patterns between some 

lithium phosphate, including LiPO3, Li3PO4, as well as Li4P2O7, and LiFePO4. It is apparent from 

Fig.1 that the 2θs (positions) of the peaks for these different compounds are very close, and in 

some cases, peaks overlap with each other. Therefore, it is difficult to discern these phases, 

especially when the content of such impurity phases is low. As mentioned earlier, nano-

structured materials have received much attention recently as potential electrode materials for 

lithium ion batteries. As the grain size becomes nanometer scale, the widening of the peaks in 

XRD patterns will introduce further challenges in phase identification. Ceder et al. used X-ray 

photoelectron spectroscopy (XPS) to distinguish between Li4P2O7 from LiFePO4 by the 

phosphorus 2p binding energy. But the difference in the phosphorus 2p binding energy of these 

two compounds is very small, as a result, the profiles for phosphorus 2p XPS spectra from 
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LiFePO4 and LiFePO4-Li4P2O7 composites are very similar.11 Further, the analysis of lithium 1s 

binding energy through XPS becomes more difficult due to its overlap with the 3p binding 

energy of iron. Besides, when the Mg Kα line is used as the excitation source in XPS 

measurement, the photoionization cross-section of the iron 3p electron is higher than that of the 

lithium 1s electron hampering its sensitivity in Li detection.17 Further still, no systemic study on 

the application of XPS in the characterization of various lithium phosphates, including LiPO3, 

Li3PO4, and Li4P2O7 has been reported in the literature. 

The synchrotron-based X-ray absorption near-edge structure (XANES) spectroscopy 

(sometimes also referred to as near-edge X-ray absorption fine structure (NEXAFS) 

spectroscopy) is a molecular-scale spectroscopy technique that yields electronic and structural 

information on the element of interest by deriving information from the modulation of the 

absorption coefficient above a particular edge of an element using the tuneable, very bright and 

polarized synchrotron light.18 XANES is element and core level specific and is sensitive to the 

local bonding environment and it offers a possibility to overcome the specific limitations of the 

above-discussed methods for the characterization of the phase compositions of LiFePO4-based 

cathode materials with different impurities. Each XANES spectrum, displays the absorption 

coefficient from 10 to 20 eV below to ~ 30 to 50 eV above an absorption edge  of a core level of 

an element (e.g. 1s of Li, L3,2 of Fe) as a function of excitation energy is usually characterized by 

intense resonance features, arising from excitations of core-level electrons to unoccupied orbitals 

that are bound, quasi-bound and continuum levels and from multiple scattering of the emitted 

photoelectrons by the geometrical arrangement of neighbouring atoms around the absorbing 

atom.19 

Although, the application of synchrotron XANES techniques on the study of structure changes 

of LiFePO4 cathode materials during the charge/discharge cycling process have been reported by 

several researchers,20-31 the information is only limited to the LiFePO4/FePO4 two-phase system 

(with the fully charge state, the cathode materials is LiFePO4, while, with the fully discharge 

state, the cathode is composed of FePO4, and in-between the cathode is composed of two phases, 

LiFePO4 and FePO4) on the Fe K-edge,20-26, 28 Fe L-edge,21, 22, 27 O K-edge,21, 22 and P K-edge.29 

No report regarding the XANES spectra of Li K-edge in this system can be found to the best of 

our knowledge. Therefore, exploration of the roles of other impurities or secondary phases like 

LiPO3, Li3PO4, and Li4P2O7 on the battery performance is much desirable.  
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We have recently embarked on a program on the X-ray absorption spectroscopy studies of 

LiFePO4 and related materials. We will use synchrotron-based soft X-ray XANES to 

characterize the electronic and chemical structures of all possible compounds existing in the 

LiFePO4-based cathode materials for lithium ion batteries by XANES of the Li K-, O K-, P L2,3- 

and Fe L2,3-edges under consistent experimental conditions and possibly Fe and P K-edge. The 

first results reported here indicate that each element from different pure reference compounds 

shows specific spectral features, and hence these data can be used as standards for future 

LiFePO4-based phase composition analysis. This information is very useful to the understanding 

of the performance of the batteries and the development of better cathode materials. We report 

here the XANES systematic of a series of LiFePO4 and related compounds of interest. 

Experimental 

Ten reference compounds, including Li2CO3, Li4P2O7, Li3PO4, LiPO3, LiFePO4, Fe3(PO4)2, 

FePO4.2H2O and Fe2O3 have been used for the present study. Of the LiFePO4 (LFP) samples, 

three different polymorphs , crystalline, disordered and amorphous, hence forth denoted c-LFP, 

d-LFP and a-LFP are also studied. The XRD of these samples are shown in Figure 2. From 

Figure 2, judging from the relative intensity and the sharpness of the diffraction peaks, their 

corresponding labeling is immediately apparent; i.e. that the sample with the most intense and 

well defined sharp diffraction pattern is labeled c-LFP, the sample with somewhat broadened 

diffraction pattern, the d-LFP and the one with no diffraction pattern a-LFP. 

 

 

 

 

 

Fig. 2 XRD 2θ scan of the three LiFePO4 samples; from top to bottom: crystalline, disordered, 

amorphous and indexed XRD values of LiFePO4. 
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All the samples are very fine powders from Phostech Lithium Inc. The powder samples were 

spread as very thin films onto double-sized carbon tapes attached to the sample holder, which 

was then inserted into the X-ray absorption vacuum chamber with base pressure of 2×10-8 torr. A 

very thin sample is always desirable to minimize thickness effect (self-absorption) in x-ray 

fluorescence yield measurements (see below). The air sensitive samples, were kept under inert 

atmosphere prior to its introduction into the chamber. The XANES measurements were 

performed at the Canadian Light Source (CLS) on the Variable Line Spacing Plane Grating 

Monochromator (VLS PGM) beamline for the Li K-edge and P L2,3-edge spectra, and the high 

resolution Spherical Grating Monochrometor (SGM) beamline for the O K-edge and Fe L2,3-edge 

spectra. The CLS is a 2.9 GeV, third generation synchrotron light source, a Canadian national 

facility located in Saskatoon, Saskatchewan. The VLS PGM beamline uses a 185 mm planar 

undulator and three gratings to cover a photon energy ranged from 5.2 to 250 eV. It is capable to 

provide 1012 photons per second at 100 mA at the Li K-edge and P L2,3-edge with a resolution 

higher than 10,000 (E/ΔE) with an entrance and exit slit settings of 50 μm.32 In this research, the 

medium energy grating, which covers the energy range was used for Li K-edge measurement 

recorded between 50 and 100 eV. The high energy grating, which covers the energy range from 

90 eV to 250 eV was used for the P L2,3-edge measurement recorded from 125 to 165 eV. These 

gratings have been carefully tested to ensure that they do not present higher order problems. The 

entrance and exist slits were set at 50×50 μm. The SGM beamline uses a 45 mm planar undulator 

and three gratings to cover a photon energy region from 250 to 2000 eV. It offers resolution 

greater than 5,000 E/ΔE at energy below 1500 eV.33 The beamline is capable of providing 1012 

photons per second at 250eV and exceeds 1011 photons per second up to 1900eV at 100 mA ring 

current. The medium energy grating, which covers 450 to 1250 eV was used for both O K-edge 

and Fe L2,3-edge measurement. For the O K-edge, the measurement was recorded from 515 eV to 

580 eV, and for the Fe L2,3-edge, the measurement was recorded from 695 eV to 740 eV. The 

step size was taken as 0.1 eV. In both beamlines, the angle between the incident beam and the 

sample surface was at normal incidence. Spectra were recorded in the fluorescence yield mode 

(FLY) using a microchannel-plate detector and the total electron yield (TEY) mode by 

measuring the sample current with a current amplifier.  
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The power of soft X-ray spectroscopy is its ability to discern surface and bulk signal using 

total electron yield and soft X-ray fluorescence yield, respectively, i.e. when surface and bulk 

have different composition. This comes about as the result of the relatively short inelastic free 

mean path (e.g. universal curve of electron escaped depth) of electrons of relatively low kinetic 

energy; it is the same reason why XPS is generally surface sensitive. The soft X-ray fluorescence 

yield on the other hand has a much longer attenuation length in solid, typically 2 orders of 

magnitude longer in the soft X-region if we compare the probing depth of Auger electrons versus 

corresponding fluorescence soft X-rays.  The only drawback of X-ray fluorescence yield is the 

effect of saturation which tends to broaden the resonance and distort the spectrum. This 

deficiency is corrected by the use of Inversed partial fluorescence yield discussed below.  

It should be noted that FLY measurement often suffers from self absorption, resulting in the 

distortion of the spectral features. This situation can be severe in soft X-ray measurements, 

hampering its application. However, this situation has been amended by employing the Inverse 

Partial Fluorescence Yield (IPFY) technique recently developed by Achkar et al.34 The technique 

is based on a total absorption situation in which all the incident photons are absorbed and two 

different elements are competing for the same photon flux. Thus the fraction of photons absorbed 

below and above an absorption edge of one particular element changes abruptly at the expense of 

the other element but the incident photons are still absorbed 100%. In this particular case of 

LFPO, both the Fe L3,2-edge and the O K-edge are competing for photons, thus at the Fe L-edge, 

the fraction of incident photons absorbed by Fe increases dramatically at the expense of the O K-

edge absorption, leading to a corresponding dramatic decrease in the fraction of photons 

absorbed by O. This behaviour is illustrated in Figure 3 where we show the 2D display of 

excitation energy versus X-ray fluorescence energy with the relative intensity color coded as 

shown on the map. 
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Fig. 3 2-D display of excitation energy across the Fe L3,2-edge (y-axis) vs. fluorescence/scattered 

X-ray energy (x-axis) from O and Fe detected with a silicon drift detector (SDD). The 

fluorescence X-ray energy from O K shell and Fe L3,2 shell, respectively, are marked with a 

vertical dotted line with the intensity colour coded. The Fe L3,2-edge XANES is also shown 

(white trace).  

By monitoring the inverse of the O fluorescence yield (Io/O emission), we can obtain nearly 

self-absorption-free fluorescence yield spectra of the Fe3,2 L-edge. More details have been 

worked out by Achkar et al34. This situation is analogous to previously studied XEOL and 

photoconductivity techniques.35, 36 All spectra reported were normalized to the intensity of the 

incident beam (I0), measured simultaneously as the current emitted from a refreshed gold mesh 

located after the last optical elements of the beamline.  
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For a consistent data treatment, the background correction was carried out by subtracting an 

extrapolated linear curve between the first data point and the starting point of the first pre-edge 

feature using OriginPro8.1 (OriginLab, MA, USA). The non-linear background is caused by 

other excitations (e.g. valence electrons), low-energy electrons and sample charging when the 

sample is a thick non-conductor. They vary somewhat depending on the elements present in the 

system but remain generally monotonic. A polynomial fit was subtracted to straighten the pre-

edge region in front of the first feature. All spectra are presented without additional smoothing.  

 

Results and discussion 

 

XANES spectroscopy of shallow core levels  

XANES concerns with the measurement and interpretation of the X-ray absorption coefficient 

above an absorption edge of an element in a chemical environment. Thus it is element specific 

since all core levels of elements have their unique threshold energy. As the photon energy is 

tuned towards the absorption edge, the absorption coefficient will increase sharply (often 

referred to as an edge jump) when the incoming photon energy is sufficient to excite the core 

electron into previously unoccupied electronic states (e.g. LUMO and LOMO +1, etc. in 

molecules, conduction band in semiconductors and ionic materials with a large band gap, as well 

as the unoccupied densities of states just above the Fermi level in metals). The selection rule is 

dipole to a good approximation, thus Fe M3,2 (3p) and L3,2-edge (2p) will probe the unoccupied 

states of Fe 3d and 4s character, the Li and O K- edge (1s) will probe the unoccupied states of p 

character of Li and O respectively and the P L3,2 edge will probe states of s and d character of P. 

Since the unoccupied electronic states are determined by the molecular potential due to the 

nearest neighboring atoms and the symmetry of the environment of the absorbing atom, XANES 

probe the local structure and bonding of the absorbing atom in a chemical environment. 

As the photon energy increases above the threshold, the excitation will probe the unoccupied 

electronic states of the following nature: bound, quasi-bound and continuum. In the XANES 

region, we deal with transitions to the bound and quasi bound states. The bound states are below 

the vacuum level, thus transition to bound states tends to have longer lifetime, hence sharper 

peaks and more chemically sensitive. The quasi-bound states are best understood as potential 
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barrier states or, virtual molecular orbitals or multiple scattering states. They are states above the 

vacuum level arising from a barrier set up by the molecular potential unique to the chemical 

environment; it can be thought of as a caging effect by the surrounding atoms. Thus transition to 

quasi bound states tends to be short-lived, hence considerably broader than bound state 

transitions, since the excited electrons will ultimately tunnel out of the potential barrier.  Free 

atom does not exhibit any modulation in XANES other than atomic Rydberg transitions (bound 

states) since there are no surrounding atoms and no chemical bonding although high angular 

momentum state can create such a barrier in high Z atoms such as the rare-earth. This situation is 

not relevant to our study here. Hence electron excited to a quasi-bound state has non-zero kinetic 

energy, but to escape into the vacuum, it needs to tunnel out the potential barrier. Another way of 

looking at it is that an excited electron with low kinetic energy will be in-elastically scattered by 

the surrounding atoms multiple times before it escapes into vacuum. This is the reason free atom 

exhibits monotonic coefficient without modulation above the threshold. Molecular systems 

exhibit relatively sharp bound to bound transitions (long lifetime) and bound to quasi bound 

states are broad (short lifetime) and are usually above the ionization threshold (vacuum level in 

molecules). The most common bound to bound and bound to quasi-bound transitions are 

observed as 1s to π* and 1s to σ* transitions in unsaturated molecule of low z atoms, such as CO, 

or in condensed matters such as graphite.35, 37 

 

Li K-edge XANES 

Fig. 4 shows the Li K-edge XANES spectra for lithium-containing compounds, including LiCO3, 

Li3PO4, LiPO3, Li4P2O7, amorphous LiFePO4 (a-LFP), disordered LiFePO4 (d-LFP) and 

crystallite LiFePO4 (c-LFP). The vertical dashed lines mark the features of interest. Compared 

with those reported by Tsuji et al.17 on the Li K-edge XANES spectra for lithium compounds, the 

present results show a much improved signal to noise ratio and energy resolution, due to the very 

high energy resolution of the beamline as well as the high flux. The energy positions for peaks as 

appeared in the spectra are summarized in Table 1. The Li K-edge XANES spectra exhibited 

several features, which is unique for each individual compounds and vary among compounds.  

The spectroscopic details of these model compounds will be described elsewhere together with 

theoretical calculation.38 Here, we have taken a more phenomenological approach to show the 

scope of the information one can obtain from a semi-quantitative analysis. 
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         Table 1 Energy position of Li K-edge XANES spectra of the Li containing compound in 

the LiFePO4 based cathode materials 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Fluorescence yield (FLY) of Li K edge XANES spectra of the Li containing compounds (a) 

Li2CO3, (b) LiPO3, (c) Li4P2O7, (d) Li3PO4, (e) amorphous LiFePO4, (f)disordered LiFePO4, and 

(g) crystallite LiFePO4, which may appear in the LiFePO4 based cathode. 

It is apparent from Fig.4 that even though, Li2CO3 is one of the precursors often used for the 

synthesis of LiFePO4, due to the change in the atomic environment from carbonate to phosphate, 

its Li K-edge XANES looks very different from other compounds. The core excitation peak A at 

around 60.0 eV in spectra of other six phosphates becomes a week shoulder doublet in the 

50 55 60 65 70 75 80

(g)

(f)

(e)

(d)
(c)

(b)

(D')

(C')

(B')

(A') (D)(C)(B)

 

 

A
bs

or
pt

io
n 

(a
.u

.)

Photon Energy (eV)

(A)

(a)

E
n

er
g

y 
&

 E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
es

te
rn

 O
nt

ar
io

 o
n 

01
 M

ar
ch

 2
01

2
Pu

bl
is

he
d 

on
 1

7 
Fe

br
ua

ry
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2E

E
03

44
5J

View Online

http://dx.doi.org/10.1039/c2ee03445j


spectra of Li2CO3. Since this peak is related to the unoccupied density of states of Li 2p character, 

the much reduced intensity of this peak in Li2CO3 confirms that the localized unoccupied level is 

partially filled in Li2CO3, or the interaction between Li+ ion and CO3
2-  is more covalent; this is 

in accord with the shift of the threshold to lower energy (the ~ 59 eV shoulder which was not 

reported previously; it was observed here due to the high resolution of the VLS PGM beamline) 

as is also in agreement with the results of Tsuji et al..17 The edge jump is followed by two intense 

multiple scattering resonance in the spectra of Li2CO3 62 eV and 67.2 eV. These features arise 

from multiple scattering of the p wave by the caging environment. More details of the 

spectroscopic features will be presented elsewhere. 

Among the three lithium phosphates, Li3PO4 exhibits a strong and sharp excitation peak at 

around 59.9 eV which is consistent with the previous report 17 and has totally four detectable 

features in the spectra, while both Li4P2O7 and LiPO3 show a broadened excitation peak at 60.0 

and 60.2, respectively, and show three somewhat broadened main features in the spectra. When 

the threshold resonance (first peak above the edge, sometimes known as whiteline) in the three 

lithium phosphates are compared, it can be found that it shifts to higher energy in the order of 

Li3PO4 to Li4P2O7 and LiPO3. It has been reported that, the energy position of the Li K-edge 

depends on the electronegativity of the binding atom in the lithium compound.39 In our result, it 

has a linear relationship with the atomic fraction of phosphorus in the material, as shown in Fig. 

5, the higher the fraction of phosphorus, the higher is the energy position. Similar trend has been 

observed in sodium polyphosphate systems.40 
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Fig.5 Relationship between the atomic fraction of P in the three lithium phosphates and the 

position of the edge peak in their Li K-edge XANES 

 

For the LiFePO4 (henceforth denoted LFP) materials, except the three peaks, A, B, and C, 

which also appear in the spectra from Li3PO4, a set of three other peaks, marked as A’, B’ and C’ 

at lower energy are also detected. They are from the Fe M3.2-edges (3p -3d, 4s transitions). To 

confirm this, a comparison was made between the XANES of Li K-edge from the c-LFP 

(crystalline) and the Fe M2,3-edge from Fe3(PO4)2 where both Fe are in the Fe2+ oxidation state. 

This is shown in Fig. 6. The Fe M2,3-edge XANES from Fe3(PO4)2 provides convincing evidence 

that all the three peaks, A’, B’, and C’ are not from Li K-edge, but from the Fe M2,3-edge. 

Fortunately, the Li XANES structure can still be revealed by subtracting the Fe3(PO4)2 XANES 

from that of the c-LFP as shown in the difference curve in Fig.6.    
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Fig. 6 Comparison of Li K- edge XANES spectra of LiFePO4 and Fe3(PO4)2, showing that 

the peaks at around 52,55 and 57.5 eV in Li K- edge spectra in LiFePO4 are resulted from Fe 

M-edge 

 

From the above results, it can be seen that the Li K-edge XANES spectra of potential lithium 

phosphate “impurities” as well as LiFePO4 are easily discernible. For example, the A and B peak 

from the c-LFP is much sharper than that of all the three lithium phosphates indicating more 
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localized states of Li p character. Hence Li K-edge XANES is a powerful technique to 

distinguish between different lithium phosphates from LiFePO4. Also among the three LFP 

samples, the c-LFP ( crystalline) and d-LFP (disordered) exhibit spectral patterns much sharper 

than that of the amorphous, a-LFP; this is expected since the lack of long range order and 

chemically inhomogeneous local environment of the Li site in the amorphous materials tends to 

wash out the modulation of the absorption coefficient. 

P L-edge XANES 

Fig. 7 shows the stacked FLY of P L2,3-edge XANES spectra of various phosphorus containing 

reference compounds related to LiFePO4, including LiPO3, Li4P2O7, Li3PO4, c-LFP, d-LFP, a-

LFP, Fe3(PO4)2 and FePO4•2H2O. The energy positions for peaks of P L2,3-edge XANES spectra 

are summarized in a table (see details in Table S1). The TEY data (not shown) are noisy due to 

charging effects. Compared with the P K-edge XANES, which probes the p states, the L3,2-edge 

XANES is more informative since it probes the d and s states and has very high energy 

resolution partly because of the smaller core-hole lifetime broadening, partly because of the high 

energy resolution photons.40 The features of a P L2,3–edge spectrum are generally described by a 

doublet resonance,19 labelled as (A) and (B) at the threshold. These two peaks are due to 

transitions from spin-orbit split 2p electrons (the 2p3/2 and 2p1/2 levels), into the first unoccupied 

3s like antibonding state.19 The separation between Peak (A) and peak (B), is the spin orbit 

coupling. The splitting is an atomic property and usually insensitive to the chemical environment 

although they have slightly different selection rule (2p3/2→3d5/2,3/2; 2p1/2→3d3/2), which becomes 

important only for high z elements with nearly filled d bands. A broad peak (peak (C)) is 

observed at ~ 2 eV higher photon energy. The assignment of this peak is still controversial 

although it must be a HOMO +1 state in a molecular description. Ferrett et al. assigned this peak 

to the electron transition to a mixed-valence band.41 However Harp et al. suggested that this peak 

should be due to transitions to the 3p-like antibonding state as is observed in the Si L-edge 

spectrum of SiO2.
42 This assignment is also supported by Hansen et al.43, and others.19 

Transitions to these dipole forbidden 3p orbitals are possible because they are usually mixed with 

characters from other elements, such as O and metal. At even higher photon energy a broad and 

intense peak (peak (F)) owing to 2p to 3d transitions (multiple scattering) can be observed. 
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Fig.7 FLY of P L2,3-edge XANES spectra of the P containing compounds (a) LiPO3, (b) 

Li4P2O7, (c) Li3PO4, (d) crystallite LiFePO4, (e) disordered LiFePO4, (f) amorphous LiFePO4, 

(g) Fe3(PO4)2 and (h) FePO4, which may appear in the LiFePO4 based cathode 

 

Let us return to the spin-orbit doublet resonance at the threshold: peaks (A) and (B) show 

different profiles for different compounds. In the three lithium phosphates, they are narrow, 

sharp with high intensity and are clearly visible. A small shift (about 0.1 eV) to the lower energy 

can be found on these peaks position in the case of Li4P2O7, compared with Li3PO4 and LiPO3. 

Furthermore, the intensity ratio, I(B)/I(A), decreases in the order of LiPO3, Li3PO4 and Li4P2O7 

suggesting different distortion in the crystal field. The change in the intensity of peak (A) and 

peak (B) in these lithium phosphates arises from the distortion of the phosphate tetrahedral and 

this behaviour has been successfully used in the analysis of phosphate tribological films.44 In 

LiFePO4, these two peaks shift to lower energy relative to the lithium phosphates, and with the 

obvious decrease in the intensity, they become weak shoulders. Among the three LiFePO4 

materials, the sharp resonance broadens from c-LFP to d-LFP to a-LFP with a-LFP showing the 

broadest peaks, characteristic of increasing disorder. In Fe3(PO4)2, with the obvious decrease in 
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the intensity, peak (A) becomes a weak shoulder and peak (B) is hardly detectable. In 

FePO4•2H2O, these two peaks also present as weak shoulders, and a 0.5 eV shift to a higher 

energy is observed. This observation indicates that there is more charge redistribution between 

the phosphate ion and Fe than in lithium phosphate. This result is in agreement with previous 

results on the P K-edge XANES measurement, which showed that during charging with the 

extraction of Li+ from LiFePO4,
29 the white line of P K-edge (1s→ 3p) gradually moved to the 

high energy side. The major change in LiFePO4 during Li+ extraction is accompanied by the 

oxidation of Fe2+ to Fe3+, which results in stronger Fe3+-O interaction. In the olivine LiFePO4 

structure, polarization of the electrons of the oxygen ions towards the phosphorous ions weakens 

the covalent bonding to the iron ion toward O by the inductive effect. Similarly, the increase in 

more covalent Fe3+-O bonds makes the P-O bonds less covalent by the same inductive effect. 

The shift of the peaks (A) and (B) doublet to the higher energy side reflects the change in the 

degree of covalence of the P-O bond altered by the presence of the more covalent Fe3+-O bond.29 

The difference in the Peak (C) is also noticeable among these compounds. In the order of 

lithium phosphates, LiFePO4, and iron phosphates, the peak shifts to a high energy position and 

the relative intensity of the peak increases accordingly, while, little difference can be found on 

the broad peak (F). Except the two iron phosphates, this peak is present at the same energy 

position for all other materials. This peak is given rise by multiple scattering and a shift to higher 

energy indicates that in the iron phosphates, especially Fe3+ phosphates, there is clearly a 

distortion of the tetrahedron with shorter P-O bond than in the lithium phosphates. It has been 

shown in simple molecular systems, the energy position of the multiple scattering peaks, or 

sometimes referred to as shape resonance is inversely to the bond length of the moiety of interest, 

in this case the P-O inter-atomic distance.37 In addition, peaks (D) and (E) are prominent in LFP 

but not noticeable in lithium phosphates. These peaks are clearly associated with the presence of 

Fe, which is a better electron scatterer than Li. More work need to be done to understand the 

origin of these two peaks. 

It is clear from the above analysis of these spectra, especially peaks (A) and (B) that they can 

be used to track the presence of various phosphates appeared in the LiFePO4 during the synthesis 

and charge/discharge process. 

O K-edge XANES 
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Fig. 8 shows the stacked TEY of the O K-edge XANES of various reference materials relevant 

to the study of the LiFePO4 system. A table (Table S2) is also given to list the detailed position 

of peaks for the O K-edge. The spectra show a rather broad edge peak with a low intensity pre-

edge feature at around 532 eV arising from 1s→π* transitions. The major peak at ~535 eV has 

previously been assigned to a transition from the O 1s core level to an unoccupied σ* orbital of 

the P-O bond by Nelson et al..45 Since the PO4
- unit exhibits unsaturated P-O bonds and several 

π* (bound) and σ* (quasi bound) are expected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 TEY of O K-edge XANES spectra of the compounds (a) LiPO3, (b) Li4P2O7, (c) 

Li3PO4, (d) crystallite LiFePO4, (e) disordered LiFePO4, (f) amorphous LiFePO4, (g) 

Fe3(PO4)2, and (h) FePO4 

 

The pre-edge peaks at ~532 eV of these spectra correspond to the transition of oxygen 1s 

electron to the hybridized state of the P 4s, 3p 3d and oxygen 2p orbitals via the resonance 

structures of PO3
 -and PO4

3-, thus the unsaturated O-P bond has some π* character modified by 

the presence of Fe. In the iron containing phosphates, including FePO4, Fe3(PO4)2, LiFePO4, the 

main peak locates at a higher energy position compared with that of lithium phosphates without 

iron, including LiPO3, Li4P2O7 and Li3PO4. The reason for the shift is due to the less 

electropositive iron compared with lithium. Even though, not too much change can be detected 
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from the main peak of the spectra in these iron containing phosphates, some difference can be 

found from the pre-edge features, which reflect the degree of un-saturation and polarization of 

the P-O bond. When there is no lithium in these phosphates, like FePO4, Fe3(PO4)2, the intensity 

for the pre-edge peaks increases. Especially, FePO4 shows the strongest pre-edge peak among all 

of these compounds. On the other hand, little difference can be detected from the pre-edge 

features of the three lithium phosphates, but they can be distinguished from the features at above 

535 eV. It is obvious that, at energy above 535 eV, the Li4P2O7 shows the least oscillation, while, 

LiPO3 shows a strong peak at around 537 eV.    

Fe L2,3-edge XANES 

The near-edge structure details of the Fe L2,3-edges for those iron containing compounds, 

including Fe2O3, FePO4, Fe3(PO4)2 and different LiFePO4 are displayed in Fig. 9. Both L3 and L2 

edges show two main peaks and shoulders (see detail position of peaks marked by dotted lines in 

Table S3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 TEY of Fe L3,2-edge XANES spectra of the compounds (a) crystallite LiFePO4, (b) 

disordered LiFePO4, (c) amorphous LiFePO4, (d) Fe3(PO4)2, (e) FePO4 and (f) Fe2O3 

 

Of all the XANES spectra, the Fe L3,2-edge XANES spectra are perhaps most significant in 

that it allows us to track the oxidation state of the iron provided all the iron containing 
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compounds have their characteristic features. The splitting and intensity ratios between the two 

main peaks come from the interplay of crystal-field, spin-orbit and electronic interactions 

(coulomb and exchange)46. In fact a multiplet structure is expected although it is convenient to 

use the most intense peaks for finger print analysis. From Fig. 9, we see that the L3 edge displays 

two main peaks at 707.1 eV and 708.5 eV and this pattern is the same for both Fe2+ and Fe3+ 

although the relative intensity is very different. The energy locations are consistent with the 

results reported in the literature.47 The spectra from c-LFP and d-LFP are almost the same, 

showing the main peak at 707.1 eV and a shoulder structure at ~701.3 eV. For a-LFP however, 

the intensities for these two peaks are almost the same, indicating that it may have some Fe3+ 

character (see below). The intensity for the second peak of Fe3(PO4)2 increases noticeably 

compared with that from c-LFP and d-LFP. When the oxidation states of iron increased from 

Fe2+ to Fe3+, in the case of FePO4 and Fe2O3, the second peak at 708.5 eV becomes the main 

peak. Again, this analysis clearly shows that different compounds exhibit different but unique 

spectral features. Thus it is entirely conceivable that we can track all the components, impurity 

and major components alike. 

To further investigate the near surface and bulk region of the specimen, we have employed the 

IPFY technique as discussed above. It turns out all the IPFY yield exactly the same XANES as 

those of the TEY except in the case of the amorphous sample, a-LFPO where the IPFY clearly 

shows more Fe(II) signal compared with the more surface sensitive TEY XANES which shows a 

significant amount of Fe(III) on the surface. Representative XANES collected from TEY, FLY 

and IPFY are shown in Fig. 10. 

It is apparent from Figure 10 that the FLY is distorted due to self-absorption which is more 

severe at the Fe L3 than the L2 edge while the IPFY for c-LFP and Fe2O3 are identical to those of 

TEY except for a small difference in the background. This result suggests that the samples are 

homogeneous throughout.  In the case of a-LFP, the IPFY also exhibits no distortion but an 

obvious decrease in Fe(III) content indicating that in this particular specimen, the surface is 

oxidized, while the bulk is still largely Fe(II). Thus, we can reveal the different Fe oxidation state 

of the surface and the bulk with IPFY if they are indeed different. 
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Fig. 10 Comparison of XANES obtained from TEY, FLY and IPFY for  c-LFPO, a- LFPO 

and Fe2O3 showing that IPFY exhibits no distortion from self- absorption which is apparent in 
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the FLY spectrum and that the a-LFPO is essentially Fe(II) in the bulk although the surface has 

been oxidized to Fe(III). 

 

 

 

Conclusions 

In this work, we have used synchrotron-based soft X-ray absorption spectroscopy to characterize 

the electronic and chemical structures of various compounds existing in the LiFePO4 based 

cathode materials for lithium ion batteries. The XANES of the Li K-, O K-, P L2,3- and Fe L2,3-

edges have been recorded and analyzed for all these compounds. 

We showed that each element from different compounds displays specific energy positions 

and spectral features at a given edge accessible by soft x-rays, and hence they can be used as the 

fingerprint to identify and quantitatively analyze the phase composition during the synthesis and 

charge/discharge of LiFePO4-based cathode materials, which is useful to the understanding of 

the factors controlling the performance of the batteries and the development of better cathode 

materials. We also showed that the IPFY technique can be effectively used to characterize the 

bulk Fe content of the specimen free from self-absorption. The present paper provides an initial 

glimpse on the unique solution soft X-ray XANES spectroscopy will be able to provide for this 

problem. More detailed analysis of the experimental data and applications of the technique in 

studying mixed phases will be reported elsewhere. 
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Electronic Supplementary Information (ESI) available: Energy position of P L2,3-edge, O-K 

edge and Fe L2,3-edge XANES spectra are listed in Tables.  
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