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Why LiFePOQ, is a Safe Battery Electrode:
Coulomb Repulsion Induced Electron-
State Reshuffling upon Lithiation

Xiaosong Liu,*"" Yung Jui Wang,*<" Bernardo Barbielllini,*
Hasnain Hafiz,® Susmita Basak, Jun Liu,® Thomas Richardson,¢
Guojiun Shu,® Fangcheng Chou,® Tsu-Chien Weng,f Dennis
Nordlund,f Dimosthenis Sokaras,’ Brian Moritz,® Thomas
Deveraux,® Ruimin Qiao,? Yi-De Chuang,? Arun Bansil,© Zahid

Hussain® and Wanli Yang®”

LiFePOys is a battery cathode material with high safety standards due to its
unique electronic structure. We performed systematic experimental and
theoretical studies based on soft x-ray emission, absorption, and hard x-ray
Raman spectroscopy of LixFePOs nanoparticles and single crystals. The
results clearly show a non-rigid electron-state reconfiguration of both the
occupied and unoccupied Fe-3d and O-2p states during the (de)lithiation
process. We focus on the energy configurations of the occupied states of
LiFePO4 and the unoccupied states of FePO4, which are the critical states
where electrons are removed and injected during the charge and discharge
process, respectively. In LiFePOs, the soft x-ray emission spectroscopy shows
that, due to the Coulomb repulsion effect, the occupied Fe-3d states with
the minority spin sit close to the Fermi Level. In FePQs, the soft x-ray
absorption and hard x-ray Raman spectroscopy show that the unoccupied
Fe-3d states again sit close to the Fermi Level. These critical 3d electron
state configurations are consistent with the calculations based on modified
Becke and Johnson potentials GGA+U (MBJGGA+U) framework, which
improves the overall lineshape prediction compared with the conventionally
used GGA+U method. The combined experimental and theoretical studies
show that the non-rigid electron state reshuffling guarantees the stability of
Oxygen during the redox reaction throughout the charge and discharge
process of LiFePOs electrodes, leading to the intrinsic safe performance of
the electrodes.

Introduction

Olivine-structured LiFePO4, a positive-electrode (cathode)
material for rechargeable Li-ion batteries (LIBs), has been
commercialized because of its low cost, stable capacity close
to the theoretical value (170 mA h g1)% 2, More importantly,
when compared with other common transition metal (TM)-
based layered compounds, such as LiCoO,, LiFePO4 has long
been found to offer high safety, which is critical for the battery
applications in large-scale power systems like electric
vehicles3. The improvement of safety in LiFePO, is generally
attributed to the so-called “inductive effect” of the PO,
tetrahedron®. Fundamentally, the inductive effect reduces the
covalent character of the Fe-O bond. Consequently, the Fe 3d
and O 2p band overlap is avoided 4. It has been known that
the overlap of transition-metal and O states presents the main
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concern for the safety in LixCoO, since it causes oxygen
liberation under certain circumstances, e.g. x < 0.5 and/or high
temperature’. Commercially, the reversible capacity of the
LiCoO, based electrode is only about half of its theoretical
value® while LiFePO, can achieve almost the full theoretical
capacity?.

However, even in a simplified scheme with non-overlapping
TM-3d and anion-p states, a detailed configuration of the
electronic states is crucial to warrant a safe operation of a
battery. A safe battery electrode material requires that the
occupied (unoccupied) TM d states sit closer to the Fermi Level
in the lithiated (delithiated) states, compared with that of the
anion p states. In this case, the removal (insertion) of electrons
through the delithiation (lithiation) process takes place only to
the TM®. Such scenario has not yet been directly checked in
battery electrode materials, and its experimental detection
requires techniques that could probe the partial density of
state (pDOS) of TM-d and anion-p for both the occupied and
unoccupied bands.

Another important role played by the valence energy levels is
to provide an intrinsic limit for the cathode (anode) voltage by
pinning of a redox couple at the top of an anion p-band (the
bottom of cation conduction band)* 10 11 This scheme is a
generalization of the Zaanen-Sawatzky-Allen (ZSA) method?
13, which uses the parameters of the Hubbard gap and charge
transfer gap for classifying Mott-Hubbard (M-T) and charge-
transfer (C-T) insulators. Therefore, the energy configuration
of the O-p and TM-d electron states is a crucial feature
associated to the safety and performance of the
electrochemical operation. Its relevance for the development
of better cathodes in Li-ion battery has been documented in
several studies® 8 11,14,

LixFePOg is also an ideal candidate to investigate the effect of
the strong Coulomb interaction between 3d electrons with
opposite spin. Calculations and experiments have revealed
that the Fe 3d states in LixFePO, are in the high-spin
configuration since the crystal field splitting is smaller than the
exchange splitting’5-18, Upon Li intercalation, the iron 3d shell
configuration changes from spin saturated 3d° to 3d°®. In a half-
filled high-spin 3d° system, d electrons align their spin because
of the first Hund’s rule, which is explained by a reduction of
Coulomb energy when electrons with same spin are kept apart
by the exchange hole as a result of the Pauli’s exclusion
principle. Therefore, five unpaired electrons per Fe3* ion in
FePO4 fill up the tz; and ey orbitals with the same (majority)
spin state. Upon lithiation, electrons enter the TM 3d states to
compensate the positive charge of Li* ions, leading to a 3d°
system. The injected electron fills the t,, level and adopts the
opposite (minority) spin state to satisfy the Pauli’s exclusion
principle. Such 3d minority-spin electron injection generate a
strong on-site Coulomb energy penalty given by a Coulomb
integral involving a pair of electrons with opposite spin
occupying the same orbital. This Coulomb energy scale
explains the evolution of Fe 3d electronic structure upon
lithiation and plays a crucial role in electronic structure
calculations for several 3d TM oxides cathode materials!4 19,
Incidentally, the same on-site Coulomb integrals are also
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useful to predict magnetic properties of nano-sized quantum
dots20: 21, |j,FePO, thus provides an ideal system for a
comparative study of the high spin 3d® and 3d° systems
involving on-site Coulomb integrals.

To extract the aforementioned electronic states in the vicinity
of the Fermi level, including both the occupied and unoccupied
pDOS of Fe-3d and O-2p states in LixFePO4, we performed soft
x-ray emission spectroscopy (sXES), soft x-ray absorption
spectroscopy (sXAS), and Hard x-ray Raman spectroscopy
(hXRS) on LixFePO4 nanoparticles and LiFePO, single crystals.
The results reveal the reshuffling of the Fe-3d valence states
upon lithiation due to the strong Coulomb interaction between
3d electrons with opposite spin. In order to generate the
theoretical pDOS of Fe-3d and O-2p states, we used density
functional theory (DFT) calculations with the generalized
gradient approximation (GGA) + U and the modified Becke and
Johnson potentials GGA (MBJ-GGA)?22. The GGA provides a
simple yet accurate step beyond the Ilocal density
approximation (LDA) to describe magnetic ground-state
properties of metallic ironZ> while corrections due to strong
Coulomb interactions between localized TM-3d electrons in
LixFePO,4 can be captured with a Hubbard term U?425, Besides,
the MBJ potential offers an efficient way to correct semilocally
quasi-particle energies in insulators and semiconductors.
While the DFT + U has been the most widely used correlation
scheme in the Li-ion battery field 1% 27-29, the MBJ-GGA yields
band gaps?? with an accuracy comparable to sophisticated
quasi-particle methods based on many body perturbation
theory. DFT + U has accurately predicted various key
properties of LiFePOs, such as the band gap3°, the Li
intercalation voltage3%, the phase separation3, the elastic
properties3! and the transport of small polarons32. However,
limitations of the DFT + U approach are still under scrutiny33. In
this work we show that the MBJ-GGA+U by enabling relevant
quasi-particle corrections displays the best overall agreement
with sXES, sXAS and hXRS spectroscopic data, which allows us
to extract the electronic structure that characterizes the safety
and performance of the LixFePO, electrodes.

Experimental and theoretical Procedures

The LixFePO4 (0 < x < 1) nanoparticles and LiFePO, single
crystals are from the same batch used in our previous work, in
which the sample preparation, storage, and transportation
were described in details8. The soft X-ray (sXES, sXAS) and
hard X-ray (hXRS) experiments are performed at the Advanced
Light Source (ALS) of Lawrence Berkeley National Laboratory
(LBNL) and the Stanford Synchrotron Radiation Lightsource
(SSRL), respectively. sXES involves a core-electron excitation
and the decay of this excited state by emission of an X-ray
photon. The spectra provide the information of occupied
valence electrons that fill the core hole during the decay
process34. The sXAS complements sXES since it measures the
absorption of the incident photon by a specific core electron
excited into an unoccupied state. For LiFePO,, sXES and sXAS
directly detect the occupied and unoccupied O-2p and Fe-3d
states, respectively, through dipole allowed transitions34.
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While the probe depth of sXES is about 100 nm, it is only about
10 nm for sXAS collected through the total electron yield
(TEY)?. We thus perform hXRS for the complementary bulk
information on the unoccupied states with probe depth of
several micrometers. hXRS at low moment transfer geometry
is analogous to the sXAS33, but without the self-absorption
issue incurred by the total fluorescence yield (TFY) of sXAS36,
We should mention that other techniques such as the X-ray
photoemission spectroscopy (XPS) are able to map the
occupied total DOS and has delivered important information37,
however, compared with the combination of sXES and sXAS,
they do not resolve the partial contributions of each elements
experimentally, and do not probe the unoccupied states.
Therefore, the combination of sXES, sXAS and hXRS can be
considered the tool-of-choice for studying both the occupied
and unoccupied electronic states of battery materials with
elemental and orbital sensitivity®.

Our DFT calculations were performed within the
augmented-plane-wave (LAPW) method provided by the
WIEN2K package3®. The GGA of Perdew et al3® and MBI
potentials?22 were used to describe the exchange-correlation
potential. Orthorhombic LiFePO4 and FePQ,, containing 28 and
24 atoms respectively, were initialized in antiferromagnetic
configurations. All calculations were performed at the
experimental lattice parameters?®. The largest plane-wave
vector Kmax was determined by setting RurKmax = 7, and the
integrals over the Brillouin zone were performed using a
tetrahedron method on a mesh of 4x4x2 k-points. The charge
convergence of 0.0001e was used for the self-consistency. The
Hubbard term U was introduced for calculating Fe-3d since the
standard DFT in either LDA or GGA implementations is
insufficient to capture strong Coulomb interactions for
localized d-electrons of the TM elements in highly correlated
systems*1. The DFT + U method can be then used as a cure by
adding to the DFT Hamiltonian a term with a site dependent
Hubbard parameter U. While the values of U is found to be
about 4 eV in the previous GGA+U studies3’. 4142, values of U
of 1 eV and 3 eV are used for MBJGGA+U calculations of
LiFePO4 and FePQy, respectively, in order to be consistent with
the band gap values3” 43, While the Fe-L sXES allows the
visualization of the non-rigid electron state reshuffling, the
spectroscopic process involves excitations of electrons and
does not correspond directly to the electronic ground state. In
order to extract the ground state configuration of LiFePO,4 and
FePO,, we simulate our experimental sXES results with DFT
calculations of both the Fe-3d and O-2p pDOS. The theoretical
sXES simulation were performed within a method 4
implemented in WIEN2K.

linear

Results and Discussion

Fig.1 shows the Fe L3-edge sXES spectra of a serial of LixFePO4
with different Li contents. These spectra correspond to the
occupied Fe-3d electrons decaying to the 2p3/2 core holes34.
The overall spectral lineshape of the two end members,

This journal is © The Royal Society of Chemistry 20xx

LiFePO4 and FePQy, is in agreement with previous studies’ 45,
Compared with FePO,, sXES from LiFePO, displays a shift of 1.3
eV on the main emission peak towards lower energy, in
addition to an extra feature at around 709 eV. The intensity of
this hump displays a monotonic damping upon delithiation.
Two isosbestic points could be clearly identified if we stack all
the sXES spectra together (two arrows in Fig.1(b)) They reveal
a two-phase transformation, which has been discussed in
details previously based on Fe-L absorption data!®. Here, we
are able to fit well the sXES data of the intermediate doping
concentrations x=0.3 and 0.7, through a simple linear
combination of the spectra of LiFePOs and FePO,. The fitted
spectra are illustrated in Figure 1(a) (open circles) and they
fully overlap the experimental data. This excellent fitting
confirms again the two-phase scenario in our chemically
prepared LixFePO, samples. The fitting yields quantitative Li
concentration values of x = 0.70 and 0.32, higher than the
values, 0.48 and 0.19, found through the sXAS analysis!8. This
discrepancy is due to the different probing depths of XAS (10
nm) and sXES (100 nm). Thus the comparison between sXES
and sXAS results indicates a higher concentration of Li in the
bulk than that on the surface, which is consistent with the
previous studies*®.

The two isosbestic points in Fig.1(b), at about 706.8 and 709
eV, indicate the presence of three monotonic trends in the
spectroscopy?’, corresponding to three occupied electron
states. These three states can be better visualized through
multi-peak fittings, as shown in Fig. 2(a). The spectrum of
FePO, is well fitted by a single Gaussian function (centroid =
707.1 eV, FWHM = 2.7 eV). The high-energy hump and the
asymmetric lineshape of the LiFePO, spectrum requires the
use of several Gaussian functions to obtain a good agreement.
A good fit is achieved when using three components as 1)
centroid = 706 eV, FWHM = 2.1 eV, 2) centroid = 707.5 eV,
FWHM = 2.7 eV, and 3) centroid = 709 eV, FWHM = 2.3 eV,
with the ratio of the maxima 0.86: 0.1: 0.3. This analysis is
rationalized by the following physics arguments. First, the
FWHM of all Gaussian functions must be comparable because
the broadening effect from the core-hole lifetime and
instrumentation remains the same. Second, the 707.5 eV low-
intensity feature of LiFePO, is close to FePO4, which indicates a
small contribution from the FePO, on the surfacel® 46, The
small energy shift of this feature, compared with the main
feature of FePO, (707.1 eV), is likely due to the chemical
potential shift. Third, the features at 706 and 709 eV
correspond to a “divided” configuration of the Fe-3d (3d°®)
states in LiFePO,, contrasting the “integrated” configuration of
the 3d° states at 707.3 eV in FePO..

It is known that Fe-3d states in LixFePO4 are in the high-spin
configuration!>18, The five Fe-3d electrons in FePO4 half-fill the
five 3d orbitals with the same majority spin state. The extra
electron introduced in LiFePO; has to take the opposite
minority spin, which triggers a strong on-site Coulomb
interaction, resulting in the splitting of the electron state
configuration in LiFePO,. Therefore, by probing the pDOS of
the Fe-3d occupied states, our Fe-Lz sXES spectrum
experimentally visualize a lithiation-induced Coulomb

J. Name., 2013, 00, 1-3 | 3

Page 4 of 13



Page 5 of 13

interaction, which leads to the redistribution of the electron
states. The energy of the on-site Coulomb repulsion is
determine by the gap dividing the Fe-3d features of LiFePO,,
i.e., Uonsite = 3.0 eV.

Fig.2 and Fig.3 show the simulated Fe-L and O-K sXES spectra
of LiFePO4 and FePO, by including dipole matrix elements for
the transition between core and valence states, in comparison
with the experimental data. The Fe-2p and O-1s core energies
can be estimated from atomic calculations, but for the sake of
simplicity, our calculated results are lined up to the
experimental spectra. We compare the calculations with the
GGA+U method with U varying from 0 eV to 8 eV by steps of 1
eV. The results for the Fe-L sXES profiles with nine different
values of U are presented in Fig.2 (c-d). Calculations of sXES
using the MBJGGA+U method for LiFePO, (with U=1 eV) and
FePO4(U=3eV) are plotted with the experimental data at the
bottom of each panel.

For LiFePO, (Fig.2c), the GGA+U calculation with U = 0 eV
shows a mean peak at 706 eV and a clear shoulder at about 2
eV above the mean peak, in qualitatively agreement with the
experiment. However, as the value of U increases, the mean
peak becomes broader and the spectral weight shifts toward
lower energy. For FePO, (Fig.2d), the GGA+U calculation with
U = 0 eV shows a significant spectral weight above 710 eV,
which does not agree with the experimental data. This
discrepancy decreases as the value of U increases.

The pDOS information detected by sXES enables a direct
comparison between the theory and experiments. The GGA
(U=0) bandgap of LiFePOs and FePO, are 0.5 eV and 0.8 eV
respectively and the mean 3d valence states peak of FePO,
corresponding to U =0 eV is 3 eV below Fermi energy (Fig. S1).
The 0.5 eV bandgap of LiFePO, is too small compared with the
experimental gap obtained in optical measurements*®. Using a
finite U improves the band gap evaluation, as also observed in
a previous report3%. However, GGA+U calculations with these
optimal U values are generally not consistent with our
spectroscopic data in terms of the overall lineshapes (Fig. S2),
as also reported previously3’. In contrast, the MBJGGA+U
method optimizes both the bandgap and the overall
lineshape.

Therefore, our comparison between the calculations and sXES
experiments indicate that the Hubbard U correction alone is
not sufficient to explain both the band gap and the overall
band structure. Further quasi-particles has to be included,
through MBJGGA+U, to allow more flexibility to reproduce the
shape of the spectroscopic results.

Fig. 3(a) shows the O-K sXES spectra of all samples. In this case,
the most significant and systematic change is given by the
intensity of the low energy shoulder at 524.5 eV, which shows
a monotonic decrease upon delithiation. The gradual change
on the 524.5 eV shoulder intensity upon lithiation is in
agreement with the two-phase analysis for the Fe-L data
discussed above. As shown in Fig. 3(b-c), the calculated O-K
sXES lineshape in both FePO4 and LiFePO, is less sensitive to
the variation of U. Nevertheless, the MBJGGA+U results, using
the same parameters as for the Fe-L sXES simulations, are

4| J. Name., 2012, 00, 1-3

Physical-Chemistry ChemicalbiPhysics

again in fair agreement with the experimental data. This
agreement between our MBJGGA+U and the experiment
validates the pDOS MBJGGA+U calculations. Besides,
MBJGGA+U calculations predict that LiFePOsand FePO4 have a
band gap of about 3.6 eV in agreement with previous
studies3743.

Fig.4 shows the spin-polarized Fe-3d (4 atoms) and O-2p pDOS
(16 atoms) of LiFePO,4 and FePO4. The Fermi energy is set at 0
eV. As shown in Fig.4(b), the calculated Fe-3d pDOS shows that
the d electrons of FePO4 are all in spin-up states. This is
expected for Fe3* high-spin 3d°> configuration5-18, |n LiFePO,
(Fig. 4(a)), an extra valence electron is needed to neutralize
the intercalated Li ion. This extra electron fills one of t,; orbital
and must be in a spin-down state, which results in a strong on-
site Coulomb interaction. This Coulomb energy penalty lowers
the band of the majority spin-up states and reshuffles the
entire valence electronic structure. Such a non-rigid band
scenario is critical for battery materials since the extra electron
in the Fe-3d minority spin-down state sits very close to the
Fermi level, as clearly predicted by the calculations (Fig. 4(a))
and experimentally observed as a hump located at high energy
(709 eV) in the Fe-L sXES of LiFePO, (Fig.1, Fig.2). Therefore
under such a senario, removing electrons from LiFePO4 during
the delithiation process will take place in the occupied Fe-3d
states, and thus, a direct involvement of O-2p states is
avoided.

The delithiation (charging) process of LiFePO, is fundamentally
regulated by the electronic configuration of its occupied states,
where electrons will be removed. On the other hand, the
lithiation (discharging) process is defined by the unoccupied
states, where the electrons will be injected. The unoccupied
electronic states are measured by sXAS and hXRS34. Previously,
we have studied in detail the Fe-L sXAS of LiFePO,. The Fe-L
spectrum is dominated by atomic multiplet effects with
abundant information on the valence, crystal fields, and phase
transformation®. Our focus in this work is to determine the
relative energy positions of the unoccupied Fe-3d and O-K
states, which is essential for understanding the lithiation
(discharging) process during battery operations.

It has been established that, in 3d TM compounds, the
relatively sharp low-energy O-K sXAS features, the so-called
“pre-edge features” or “in-gap states”4?, are of mainly TM-3d
character. They arise from the covalent mixing (hybridization)
of the TM-d and anion-p states3* 4% 50, Therefore, a well-
defined pre-edge peak in O-K sXAS indicates that the TM-3d
states sit close to the Fermi level and inside the band gap of
the broad O-2p bands. Fig. 5(a) presents the sXAS of O-K edge
collected on the LiFePO, single crystals, nanoparticles, and
FePO,4 nanoparticles. The “pre-edge” hybridization feature at
530-533 eV is obvious for FePO,, but very weak for LiFePO, in
both the nanoparticles and single crystals. This is consistent
with the previous experiments!’, but it has been unclear
whether the weak pre-edge feature of LiFePQO,is intrinsic or
from the surface effect.

As the sXAS in TEY mode detects only the top 10 nm surface,
we perform hXRS experiment to clarify the origin of the weak
pre-edge feature of LiFePO,418 46, The hXRS results with several
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micrometer probe depth, as in Fig. 5(b), shows that the (bulk)
single crystal LiFePO, does not show any pre-edge feature
after integrating the data for more than 2 hours. hXRS of the
nanoparticles displays a low intensity of the pre-edge due to
the large surface to bulk ratio for nanoparticles. Therefore, our
hXRS result of the LiFePO, single crystals clarifies that the weak
0O-K sXAS pre-edge feature observed in LiFePO4 is not an
intrinsic feature, but stems from a surface effect, likely the Li
deficiency. It is important to note that the non-existing pre-
edge feature does not contradict the theoretical calculations,
where the Fe-3d states sit below the O-2p bands for both
LiFePO4 and FePO4 (Fig.4). Introducing Li-ions into the FePO,4
drives the system into a highly ionic state, which greatly
suppresses the Fe-O covalent features. Therefore, it is the
reduction of Fe-O hybridization that results in the
disappearance of the O-K pre-edge feature in LiFePO,. For
FePO,, the pre-edge feature around 530-533 eV remain strong
for both the sXAS and hXRS tests (Fig.5 a,b). Such a consistency
between the FePO4 sXAS and hXRS on the Fe-O hybridization
feature show that, for the unoccupied electron states in FePOy,
the Fe-3d states intrinsically sit close to Fermi level and below
the broad O-K bands.

Fig.6 summarizes our sXES (Fig.1, 2), sXAS and hXRS (Fig.5)
studies into a schematic diagram of the electron states that
are involved in the charge/discharge process of LixFePO,. The
occupied states in LiFePO, are critical for the charging
(delithiation) process, where electrons will be removed. Due to
the Coulomb interactions, the Fe-3d electrons with minority
spins in LiFePO4 are “pushed” up in energy and sit close to
Fermi level. So the electrons will be removed from these Fe-3d
states during the electrochemical charge. This high-energy Fe-
3d state is evidently shown by the sXES experimental data (red
arrow in Fig.6). For the discharging (lithiation) process, the
unoccupied states in FePO, becomes more important. Again,
hard x-ray XRS data show that the intrinsic unoccupied Fe-3d
state sits close to the Fermi level. Therefore, both the charging
and discharging process involve almost purely the Fe-3d states
in the LiFePO,4 system. Because the active electrons are highly
localized to the Fe-3d orbitals, there is minimum involvement
of the Oxygen state, leading to the safe electrochemical
operations. Additionally, the formal valence of Fe is much
better defined in LiFe!"PO, and Fel"PO, with a clear two-
phase distribution, contrasting many other transition metals
used in battery cathodes that display a fluctuation in valences
and/or mixture (solid-solution type) of charges involving a
finite contribution from the anion®’. We would like to
emphasize that such a special electronic state configuration is
not simply due to the number of 3d electrons, i.e., the
valences; instead, it is a result of the interplay of the local
crystal field surrounding the TM and the spin states of the
electrons, as also shown recently in the Mn- and Fe- based
Prussian Blue analogues®2 33, By virtue of the sensitivity to the
electron states with elemental, orbital, and site sensitivities,
sXES and sXAS, with theoretical calculations, are demonstrated
in this work as the tools-of-choice for revealing the detailed

This journal is © The Royal Society of Chemistry 20xx

electronic configuration of both the occupied and unoccupied
states in the vicinity of the Fermi level.

Conclusions

Through the combined spectroscopic and theoretical studies,
we provide a comprehensive understanding of the safe
operation of LiFePO, materials as a battery electrode, from the
electronic structure point of view. For the lithiated state in
LiFePO,, the Fe-L sXES and theory shows an occupied minority-
spin Fe-3d state that is separated from the majority-spin state
and sits at high energy close to the Fermi level. This is due to
an electronic reshuffling induced by strong Coulomb
interactions of Fe-3d electrons with opposite spins. When
LiFePOy is charged (delithiated), only these minority spin Fe-3d
electrons are removed since they are close to the Fermi level.
For the delithiated state in FePO4, the O-K sXAS and hXRS
demonstrate that the unoccupied Fe-3d states sit in the band
gap of the O-2p bands, again close to the Fermi level. When
FePO, is discharged (lithiated), electrons are introduced into
these empty minority-spin Fe-3d states, and reshuffle the
electronic configuration as described for LiFePO4. In both
cases, the charge transfer involves only Fe-3d states. This
mechanism intrinsically stabilizes the oxygen states
throughout the electrochemical operation.

Our work clearly demonstrates that the electronic structure
associated with the electrode charge/discharge process can be
revealed through a combined spectroscopic and theoretical
analysis. The electronic states in the vicinity of the Fermi level
play a crucial role in the design and operation of Li-insertion
cathodes. In fact, such consideration has led to the inventions
of both the LiFePO4 and LiCoO; cathodes, as directly testified
by Goodenough®*. Since most of the Lithium ion battery
cathodes are 3d TM compounds, our results not only clarify
the mechanism leading to the safe operation of the LiFePO,4
cathode from the electronic structure point of view, but also
provide a general scheme with demonstrated techniques for
understanding and optimizing 3d TM based battery electrode
materials.
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Fig.1 Soft X-ray emission spectroscopy of the Fe-L; edges of a series of LixFePO4 nanoparticles. (a) The fittings (open circles) of the
intermediate states are performed by linear combinations of the spectra of x=0 (FePO4) and 1 (LiFePO4). The best fittings of the
spectra are obtained when the concentration of LiFePO,4 is 0.3 and 0.7, which are presented as the x values. Green arrow indicates
the extra emission feature in LiFePO4. (b) Two isosbestic points (blue arrows) are obvious when all the sXES data are stacked
together.
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Fig.2. Peak fittings of the experimental Fe-L; sXES data of (a) LiFePO4 and (b) FePOa. The sXES features of LiFePO, include a low-intensity
FePO, feature at 707 eV, and two spited features at 706 and 709 eV. (c) and (d) are theoretical calculations of Fe-L; sXES of LiFePO4 and
FePO,, respectively. Spectra with the U values of 0 to 8 eV are calculated by GGA+U. The MBJGGA+U calculations are performed with U=1
for LiFePO4 and U=3 for FePO,. Experimental data are plotted on the bottom of (c) and (d) for comparison purpose.
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Fig.3 (a) Soft X-ray emission spectroscopy of the O-K edges of Lix\FePO4 (x=0, 0.3, 0.7, 1). (b) and (c) are theoretical calculations of O-K sXES
of LiFePO4 and FePQy,, respectively. GGA+U and MBJGGA+U are calculated with the same parameters as those for Fig.2.
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Fig.4 Spin-polarized pDOS of Fe-3d (4 atoms) and O-2p pDOS (16 atoms) of (a) LiFePO4 and (b) FePO4. The distinct occupied Fe-3d
state close to the Fermi level (filled) is the state of electrons with the minority spin.
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Fig.5 Soft X-ray absorption spectroscopy (a) and hard X-ray Raman spectroscopy (b) of the O-K edges of FePO, nanoparticles (black),
LiFePO4 nanoparticles (green), and LiFePO, single crystals (red). hXRS of the LiFePO, single crystal show no pre-edge feature, indicating the
very weak pre-edge feature in LiFePO4 is from surface effect. The strong pre-edge feature of FePQ, indicates the Fe-3d unoccupied states
below the broad O-2p bands.

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



cal:-Chemistry ChemicakRPh

Journal Name ARTICLE

on-site Coulomb repulsion
A —

LiFePO,

- |

sXES intensity
(Adeayque) 3

[
!
-
e

§ dl'l d
. — P 0-2p
T05 710 Y
(a] (e’ N
3 Z TR
2 2| FePO, ! i
£ 3 I .
2 't o
= <.
< e
2 0-2p
T T —r—— 92 =
Energy (eV Energy

Fig. 6 Summary of the sXES, sXAS, hXRS results and schematic of the electronic state distributions in LiFePO4 and FePO,. The red arrows
indicate the highest occupied (sXES) states of LiFePOa, where electrons will be removed from during the electrochemical charge process.
The purple arrows indicate the lowest unoccupied (sXAS and hXRS) states of FePQ,, where electrons will be filled into during the
electrochemical discharge process. It is clear that both of these critical states are of Fe-3d character.
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