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Experimental measurements used to validate previous electronic band structure calculations for olivine
LiFePO4 and its delithiated phase, FePO,4, have been re-investigated in this study. Experimental band
gaps of LiFePO,4 and FePO4 have been determined to be 6.34 eV and 3.2 eV by electron energy loss
spectroscopy (EELS) and UV-Vis-NIR diffusion spectroscopy, respectively. X-ray
photoemission (XPS) and Raman spectroscopy show that the surfaces of very carefully synthesized
LiFePO, display Li-depletion, which affects optical reflectance determinations. Based on these
experimental measurements, functionals for density functional theory (DFT) calculations of the electronic

reflectance

properties have been revisited. Overall, electronic structures of LiFePO4 and FePO,4 calculated using sX-
LDA show the best self-consistent match to combined experimentally determined parameters.
Furthermore, the open-circuit voltages of the LiFePO,4 half-cell have been interpreted in terms of both
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DOI: 10.1035/c8ra09154d Fermi levels and Gibbs free energies, which provides additional support for the electronic band
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1. Introduction

Concerns about greenhouse gas emissions, global warming and
fossil fuel depletion are driving increased vehicle electrification
as well as storage of renewable energy." Rechargeable Li-ion
batteries (LIBs) are currently the preferred choice for hybrid
electric vehicles (HEVs) and electric vehicles (EVs), due to their
high energy density and relatively long cycling stability.>* Since
the original work of Goodenough et al.,* olivine LiFePO, has been
considered as one of the best cathode materials for commercial
LIBs due to its high structural stability afforded by phosphate
bonds. However, the high-rate performance of LiFePO, is greatly
inhibited by its poor electronic conductivity (~10~° S em ™) and
low ionic diffusivity (10™ " to 107 '® cm® s71).°
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T Electronic supplementary information (ESI) available: Additional optical
absorption spectra, band structure calculations with NM and AFM GGA and
with NM hybrid functionals, PDOS of GGA and GGA+U for LIMPO,, energy
schematics of LIB systems, PDOS of Fe in LiFePO, and FePO, with various
functionals, UPS spectra for LiFePO, and FePO, and brief summary on previous
band gap estimation of LiFePO, with GGA+U. See DOI: 10.1039/c8ra09154d
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structures determined by this research.

In order to improve these properties, a range of experimental
and theoretical techniques have been deployed to understand
the electronic band structure and conduction mechanisms of
LiyFePO, phases (0 =< x =< 1). To optimize the materials for LIBs,
theoretical computational approaches can be applied to provide
guidance for experimental developments.

Calculations within the framework of density functional
theory (DFT) have been widely used to explain the electronic
band structure, Li insertion voltage, Li diffusivity and phase
stability for Li-ion intercalation materials.*® However, for
a predictive use of DFT attempting to enhance battery proper-
ties using modified compositions and structures, it is impera-
tive to carry out a thorough experimental validation of the
theoretical approaches, checking on the overall consistency of
a variety of complementary pieces of experimental information.
In addition, the theoretical approaches need to be truly self-
consistent, that is, they cannot rely on parameters that may
require adjustments for each structural modification.

The band gap is a major factor determining the electronic
conductivity of a solid, and it is an important characteristic of
battery materials. In the case of LiFePO, and FePO,, a wide
range of experimentally determined band gap values have been
reported in the literature®*® (these are summarized and
compared in detail in Discussions Section 6.1). Along with the
disagreement on experimental determinations, various DFT
functionals and parameters have been applied in the electronic
structure calculations in previous studies with varying results.

This journal is © The Royal Society of Chemistry 2019
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Antiferromagnetic transitions at 52 K and at 125 K for
LiFePO, and FePO,, respectively, have been confirmed experi-
mentally.*** Accordingly, antiferromagnetic (AFM) configura-
tions have been set up in some DFT calculations,® since DFT is,
in principle, a ground state theory (valid at absolute 0 K).
However, in terms of the battery applications, we are more
interested in properties at room temperature, where the
magnetic order is paramagnetic for both LiFePO, and FePO,. As
a consequence, calculations with alternative ferromagnetic
(FM) and non-magnetic (NM) configurations have also been
reported in previous literature.>”"** By using the local density
approximation (LDA) with ferromagnetic configuration, Xu
et al.”* claimed that LiFePO, is a half metal with spin-down Fe-
3d states across the Fermi level, while the generalized gradient
approximation (GGA) with antiferromagnetic configuration
showed a band gap of 0.5 eV.*

It is well established that the LDA and GGA functionals
generally underestimate band gaps for semiconductors, insu-
lators and strongly correlated systems, to the point that it is
usually referred to as ‘the band gap problem’.>” Because of the
presence of partially filled highly localized 3d-orbitals in Fe*"/**
ions, LiFePO, and FePO, are grouped with the strongly corre-
lated systems, for which the band gap would be severely
underestimated using LDA and GGA.>*"** Therefore, DFT (LDA
or GGA) with Hubbard U corrections (DFT+U), as a low-cost
correction method, has become the most popular functional
used in the electronic structure calculation of LiFePO, and
FePO,. Hubbard U is a Coulomb parameter, which introduces
a repulsion between the localized electrons in d or f orbitals,
which can cause a split of these orbitals and thereby can open
up a gap.”® Therefore, the choice of Hubbard U is critical to
obtain a theoretical band gap close to the experimentally
determined values.

Cococcioni et al* reported a Hubbard U of 3.71 eV for
LiFePO, and 4.90 eV for FePO, with olivine structure calculated
by a self-consistent method. Zhou et al.” achieved good agree-
ment with the most accepted experimental optical gap of 3.8 eV
for LiFePO, using GGA+U with U = 4.3 eV (the average of U
values obtained in the literature® for LiFePO, and FePO,). More
recently, the hybrid functional Heyd-Scuseria-Ernzerhof
(HSEO06) has also been used in the investigation of the electronic
structure of LiFePO,.”**' Improved accuracy on the prediction
of the band gap and the character near the Fermi level was
found compared with GGA+U, along with an increase in
computational cost.

In this study, LiFePO,, and its delithiated phase, FePO,, with
low residual carbon were prepared using various synthesis
approaches. Their band gaps were studied experimentally by
UV-Vis-NIR diffusion reflectance spectroscopy and electron
energy loss spectroscopy (EELS) to provide a solid basis to
validate the DFT calculations. Particle surface characteristics
were also examined using X-ray photoemission spectroscopy
(XPS) and Raman spectroscopy. Based on results from our use
of simultaneous experimental techniques, a range of func-
tionals for DFT calculations of the band structure of olivine
LiFePO, and FePO, have been re-evaluated, including GGA,
GGA+U and HSEO06. The effect of magnetic configuration and
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Hubbard U on the estimated band gaps and band structures
near the Fermi level were investigated in detail. Calculations
with screened-exchange LDA (sX-LDA, CA-PZ),*>* which is
another recommended hybrid functional for more accurate
band gap calculations, not used or reported previously as
extensively as HSE06, were also carried out. An interpretation of
open-circuit voltage of a LiFePO, cell system has also been
attempted from combined experimental inputs and electronic
band structure calculation perspectives.

2. Experimental methods
2.1 Sample preparation

To investigate the band gap experimentally, LiFePO, with low
residual carbon was prepared by both hydrothermal and
solution-based synthesis methods. For hydrothermal synthesis,
the raw material handling was conducted under Ar atmosphere
inside purged glove bag. FeSO,-7H,0 (=99%, Sigma-Aldrich)
and H;PO, (85 wt%) were dissolved in 25 mL deionized water
with magnetic stirring. 25 mL of LiOH-H,O (99%, Sigma-
Aldrich) solution was then slowly added to the above solution
to bring the concentration of Fe> to 0.3 M and the molar ratio
Li:Fe:P = 3:1:1. The resulting mixture was deoxygenated
using bubbling Ar for 30 min and then transferred into
a 100 mL stainless steel autoclave with Teflon lining. The sealed
autoclave was placed into a muffle furnace and heated up to
170 °C for 12 h under Ar. Subsequently, the autoclave was
cooled down to room temperature before opening. The precip-
itates were washed six times by immersing them in deionized
water and ethanol and separating the precipitates via centri-
fuge. For solution-based synthesis, oxalic acid dihydrate
(=99%, Sigma-Aldrich) and Fe oxalate dihydrate (99%, Sigma-
Aldrich) were mixed in deionized water first. 30 wt% H,O,
was slowly added into the mixture under magnetic stirring to
dissolve Fe oxalate. The temperature was controlled below 65 °C
during this process to avoid the formation of impurities. Stoi-
chiometric amounts of Li,CO; (=99%, Sigma-Aldrich) and
H3PO, (85 wt%) were added into the solution. A very small
amount of polyethylene glycol (PEG) was added to obtain nano
particles. The resultant clear green solution was drawn into
a vessel and reacted under vacuum. The resultant precursors
were ring milled and calcined at 710 °C under Ar atmosphere to
form the LiFePO, phase. A fraction of the powders was mixed
with 8 wt% sucrose and calcined in an Ar atmosphere for carbon
coating. FePO, was obtained by chemical delithiation of
LiFePO,. H,0, was used as oxidant for LiFePO, powder
dispersed in water, as the stability of LiFePO, in water has been
reported previously.**

2.2 Microstructural characterization

The structure and morphology of the samples were character-
ized by X-ray diffraction (XRD) and scanning electron micros-
copy (SEM). XRD was collected on a PANalytical X'Pert pro
diffractometer with Co-Ka radiation, over a 26 range between
15° and 90° with a 26 step size of 0.017. The morphology and
microstructure of the samples were investigated with a JEOL
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7001 SEM. Carbon analyses were conducted using a LECO
TruMac CNS analyser. The furnace temperature for the sample
was 1300 °C. The oxidation state of Fe was investigated with X-
ray photoelectron spectroscopy (XPS, Kratos AXIS Supra
photoelectron spectrometer) using a focused monochromated
Al K, radiation (hv = 1486.6 eV). The spectra were calibrated
using the C 1s peak at 285.0 eV. Particle surface characteristics
were also examined with Raman spectroscopy with a Renishaw
invia Microscope equipped with a long working distance 50x
objective lens and a 534 nm Ar" laser light source. The power
was controlled at 1% to avoid damaging the sample during
measurement.

2.3 Band gap measurements

To validate the DFT functionals, the band gaps of LiFePO, and
FePO, were investigated using various techniques. UV-Vis-NIR
diffusion reflectance of the synthesized LiFePO, and deli-
thiated FePO, were measured by a double-beam spectropho-
tometer Agilent Cary 5000. The wavelength range was set to 175-
2800 nm. Data were collected at a scan rate of 600 nm min "
with a data interval of 1.0 nm, a signal bandwidth of 2.0 nm and
signal averaging time of 0.1 s in the UV-Vis range. In the near IR
range, the signal bandwidth was set at 4.0 nm. During the
collection, the grating and detector were changed over at
800 nm, and the light source was changed over at 350 nm.
Electron energy loss spectroscopy (EELS) of the LiFePO,
phase was conducted on an FEI Tecnai F20 scanning trans-
mission electron microscope operating at 80 kV. At this oper-
ating voltage, the resolution was determined to be 0.6 eV.
Lowering the acceleration voltage can minimize the beam
damage and eliminate the peak caused by Cherenkov losses.** A
short exposure time of 0.5 s was used during the acquisition of
the low energy loss spectrum. To eliminate the overlap of
plasmon peaks in the low energy loss spectra, the powders were
pressed into pellets and ion milled to ~20 nm in thickness
using a precision ion polishing system (Gatan, Model 691).

3. Theoretical calculations

All the calculations were performed within the framework of
DFT using the CASTEP module in Material Studio 2017.
Approaches with GGA-PBE,* GGA+U (U= 0, 1, 2, 3, 4, 5, 6 €V),
HSE06 and sX-LDA (CA-PZ) functionals were conducted. The
calculated Hubbard U in the literature (U = 3.71 eV for LiFePO,
and U = 4.90 eV for FePO,)*” were also used for comparisons.
The electronic wave functions at each k-point were expanded in
terms of a plane-wave basis set and an energy cut-off of 900 eV
was chosen. The separation of k-points in GGA and GGA+U was
set to 0.03 A~, while that for HSE06 and sX-LDA was set to 0.07
A" to reduce the computational cost. Norm-conserving pseudo
potentials and density mixing schemes were used in the
calculations when the method allowed it, otherwise, ‘All Bands/
EDFT’ was applied. The chosen parameters guaranteed that the
total energy of the system could be evaluated accurately and the
energy convergence is within 1.0 x 107° eV per atom. Sche-
matics of the crystal structures of olivine LiFePO, and FePO, are
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Fig. 1 Crystal structure of olivine (a) LiFePO4 and (b) FePO,4 obtained
from the PDF-4 database.

shown in Fig. 1. The crystal structure and lattice parameters
used for calculation were obtained from the PDF-4 database.
The lattice parameters for LiFePO, at room temperature (RT)
are a =10.32525 A, b = 6.00594 A and ¢ = 4.69246 A with a space
group of Pnmb (group number 62),*” while those for FePO, are
a=9.8142 A, b = 5.7893 A and ¢ = 7.4820 A with a space group
of Pnma (group number 62).*® Given that both LiFePO, and
FePO, are antiferromagnetic with Neel temperatures 52 K and
125 K, respectively,"* ground state antiferromagnetic config-
urations are set up for all calculations with magnetic moment
alignment based on previous literature.*” Calculations are often
undertaken in the Energy setup of the calculation, where lattice
parameters remain constant at the chosen RT values. Since
paramagnetism is expected at RT, non-magnetic (NM) config-
urations have also been explored.

4. Experimental results

4.1 Microstructure characterization

The XRD pattern of the synthesized LiFePO,, together with the
reference peak positions, are shown in Fig. 2a. No other peaks,
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Fig. 2 (a and b) XRD patterns, (c—e) SEM micrographs and (f) XPS
spectra for synthesized LiFePO,4 and FePO, samples respectively.
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except those of olivine LiFePO,, were detected for samples
synthesized with both the solution-based (LFP-S) and hydro-
thermal (LFP-H) methods. The crystallite size calculated from
XRD using the Scherrer equation was 64 nm for LFP-S and 74 for
LFP-H. SEM micrographs are displayed in Fig. 2c and d. The
LFP-S samples consisted of nano particles of ~350-400 nm in
diameter and the LFP-H samples consisted of plate-like parti-
cles of ~3-6 pm indicating that the particles were poly-
crystalline. The XRD pattern, together with the reference peak
positions, and a SEM micrograph for the LFP-S samples after
48 h delithiation are shown in Fig. 2b and e, respectively. Pure
olivine FePO,, within the detection limits of XRD (about 2%)
was obtained without obvious change of the morphology of the
particles and labelled as FP-S. Therefore, this delithiated
sample was used to study the band structure of FePO,. 0.08%
residual carbon was detected in both LFP-S and FP-S.

The surface oxidation states were investigated via XPS. The
Fe-2p high-resolution spectra are illustrated in Fig. 2f. Around
50% of Fe ions were detected to be Fe** on the surface of both
LFP-S and LFP-H particles, even though XRD indicated phase
purity. In order to achieve charge neutrality, 50% Li vacancies
must appear on the LiFePO, surface, which has been proven to
be the most stable surface arrangement by energy minimization
calculations and annular bright field (ABF) imaging in
aberration-corrected scanning transmission electron micros-
copy (STEM) in the literature.* On the other hand, no Fe*" 2p
peaks were detected on the surface of delithiated samples.

Raman spectroscopy has also been conducted to confirm the
surface state of the samples. As shown in Fig. 3, the peak at
1068 cm ™' appears accompanied by a tiny peak at 1082 cm ™" in
both LiFePO, samples. According to the investigation of Burba
et al.,*" these peaks originate from the antisymmetric stretching
mode of PO,®~ anion in LiFePO, at ~1072 cm ! due to defi-
ciency of Li. These two peaks red-shift along with the extraction
of Li. The 1063 cm™ " and 1078 cm ™' peak are assigned to the
antisymmetric stretching mode of PO,*” anion in FePO,.
Therefore, the existence of Li depletion and Fe*" on the surface
of LiFePO, has been confirmed by both XPS and Raman
spectroscopy.

4.2 Band gap measurements

The band gaps of LiFePO, and FePO, were initially investigated
via UV-Vis-NIR diffusion reflectance spectroscopy. The
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Fig. 3 Raman spectra for the synthesized samples.
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measured absorbance spectra and the corresponding Tauc
plots** obtained for LiFePO, and FePO, are shown in Fig. 4. The
steps in the absorbance spectra at ~1.55 eV (800 nm) were
caused by the changeover of the detector. Unlike the results
reported in previous literature,>'* the absorbance rose gradually
in the range of 1.7-5 eV and no obvious absorbance edge in the
measured energy range could be found for LFP-S. More
pronounced absorption features were observed for LFP-H
samples, as a peak at ~0.3 eV and as a sharpened edge rising
up at ~2.8 eV, which may be caused by increased signal from
(020) facets (as illustrated in the XRD spectra in Fig. 2a).

To further understand the role of residual or added carbon
on the gradual absorbance increase or the position of the
absorbance edge, 2.8 wt% carbon was coated around (labelled
LFP-S/2.8C-C) or mechanically blended with (labelled LFP-S/
2.8C-B) the LFP-S particles. An estimate of the average thick-
ness of the carbon coating, assuming spherical LiFePO, parti-
cles of uniform 350-400 nm diameter (consistent with SEM
images (see Fig. 2)), results in about 2.5-2.9 nm thickness.
Thus, as demonstrated in Fig. 4a, a thin carbon coating (<3 nm
thick) largely erases the hump-shaped gradual absorption of
LiFePO, from 2.5 to 4.5 eV. Similar erasing of the absorption
feature was also found in LFP-H samples, as shown in ESI
Fig. S1.7 It appears that there may be an absorption edge in
LiFePO, when the energy is higher than 6 eV (undetectable in
FePO,). However, the optical spectrum beyond 6.5 eV could not
be obtained due to limitations of the equipment. In contrast to
the LiFePO,, FePO, had a main absorption edge at 3.2 eV with
a small peak at 2.7 eV, as shown in Fig. 4b. This result is
consistent with the measurements of Furutsuki et al.™® reported
recently. These two characteristics became less prominent but
didn't disappear or shift position with the addition of carbon,
suggesting they are inherent properties of the bulk of FePO,.

Tauc plots of (@hv)" vs. photon energy, are widely used to
interpret the UV-Vis diffusion reflectance results, where @ = (1
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Fig. 4 UV-Vis-NIR absorbance spectra and corresponding Tauc plots
for (@ and b) LiFePO,4 and (c and d) FePO,.
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— R)’/(2R) is the Kubelka-Munk (KM) function,*** R is the
reflectance and n = 2 and n = 0.5 (ref. 11) have been previously
used for LiFePO, and FePO,, respectively. In Fig. 4band d, n =2
is used for both LiFePO, and FePO,, which appears to produce
a sharper and more linear edge compared to n = 0.5. The
spectra of FePO, shows clear linear edges. Extrapolation the
linear part of the Tauc plot to the x-axis results in a band gap of
3.24 eV, which is close to the value obtained directly from the
absorbance spectra. On the other hand, the Tauc plots of
LiFePO, samples show gradual absorption edges and more
pronounced Urbach tails** compared with those of FePO,
samples. Further, while the addition of carbon didn't have
a significant effect on the positions of the Tauc plot edges in
FePO,, the coated carbon produced a significant shift of ~3 eV
toward lower energies in the Tauc plot absorption edge of
LiFePO, (see Fig. 4b), indicating that a nm-scale carbon coating
has a more complex interaction with the surface of LiFePO,
particles than just producing an increased background
absorption. This also opens the question as to what complex
effects a nano-scale delithiated surface layer will have on the
absorbance spectra of LiFePO,. It thus appears that absorption
humps and tails are not part of the inherent absorption edge for
the core of the LiFePO, material, but a result of a combination
of nm-scale surface layers of lithium depletion and carbon. The
Tauc plots of LFP-H samples are displayed in ESI Fig. S1.f
EELS was utilized to obtain the energy absorption beyond
6 eV and to determine the band gap of LiFePO,. Fig. 5 illustrates
the low electron energy loss spectrum (LEELS) for LFP-S. The
small downward slope before 3 eV is the tail of the zero-loss
peak (ZLP). The main energy absorption starts at 6.34 eV (as
shown in Fig. 5b), indicating a band gap of 6.34 eV, which is
much larger than previously reported optical results.>"* It is
worth noticing that there is a small amount of absorption
before the onset of the main absorption peak, which was
consistent with the slow rise in the range of 1.55-5 eV of the UV-
Vis-NIR absorbance spectrum of LiFePO, in Fig. 4a. Although
not measured in this paper, the LEELS spectrum for FePO, can
be found in several ref. 35 and 46-48. An energy absorption
peak below 5 eV can be found in all of the FePO, results,
although because of the existence of ZLP at 0 eV (whose width is
usually ~0.2-2 eV), the onset of the absorption is usually
merged with the tail of ZLP and hard to be determined. So EELS
is not very suitable for the band gap determination when the
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Fig. 5 (a) Low electron energy loss spectrum (LEELS) for LiFePOy,. (b)
Magnification of the onset of energy loss in LEELS.
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value is less than 5 eV. However, those absorption features in
the 3-6 eV region in the EELS of FePO, are clearly absent in the
EELS of LiFePO,.****® Thus, this is not attributable to limita-
tions of the technique, but more likely to the fact that those
peaks are not representative of the bulk, core LiFePO, materials.

5. Electronic structure calculations

Since band gaps of 3.8 eV and 1.8 eV have been generally
accepted for LiFePO, and FePO,, respectively, many of the
validations in previous literatures of the DFT functionals for the
electronic band structure calculations of LiFePO, and FePO,
have been conducted based on those values. As larger band
gaps, 6.34 eV for LiFePO, and 3.2 eV for FePO,, have been
determined in this study, the validity of the currently used DFT
functionals is questionable. Therefore, the electronic band
structure calculations with various different DFT functionals,
such as GGA, GGA+U and HSE06, have been revisited. The val-
idity of sX-LDA, which has not been applied to LiFePO, and
FePO, to our knowledge, also has been studied.

5.1 (Semi-)local functionals

Although the band gap underestimation for GGA has been
widely reported before, the calculations on LiFePO, and FePO,
have been revisited in this study. As both LiFePO, and FePO, are
antiferromagnetic at 0 K and paramagnetic at room tempera-
ture, GGA with antiferromagnetic (AFM) and non-magnetic
(NM) configurations were established to determine the effect,
if any, of magnetic order on the calculated band gaps. The
resulting electronic band structures are displayed in ESI
Fig. S2.7 Similar electronic band structures with gaps of 0.50 eV
and 0.63 eV were obtained for LiFePO, with NM and AFM
configurations, respectively, while FePO, showed a metallic
feature with NM configuration and a semiconductor feature
with a band gap of 1.31 eV with AFM configuration. Therefore,
the band structure prediction of FePO, is more affected by the
inclusion of spin polarization.

Although the inclusion of spin polarization can open up the
band gap to some extent, GGA is incapable of producing rela-
tively accurate electronic structure calculations for both
LiFePO, and FePO,. The impact of the correction parameter,
Hubbard U, has also been studied. Due to the necessity of spin
polarization in GGA+U, AFM was set up in all of these calcula-
tions. The changing trends of estimated band gaps with respect
to Hubbard U are demonstrated in Fig. 6. The estimated band
gap increased almost linearly along with the increase of Hub-
bard U for both LiFePO, and FePO, when U was below 4 eV and
increased more gradually when U was beyond 4 eV. The band
gap of LiFePO, showed more sensitivity to Hubbard U than that
of FePO,. Even though the maximum estimation of 3.96 eV was
achieved when U = 6 eV in this work, the estimated band gap for
LiFePO, was much smaller than the experimental value of
6.34 eV. The largest gap of 2.53 eV was obtained between the
VBM and unoccupied localized Fe-3d states for FePO,,
approaching the experimentally determined band gap, but still
somewhat underestimated.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Changing trends of estimated band gaps with respect to
chosen Hubbard U parameters. Due to the requirement of GGA+U,
only AFM configuration was carried out.

In addition to the significant underestimation of the band
gap, the orbital character of LiFePO, near the Fermi level also
changed along with the increase of Hubbard U. As shown in
Fig. 7a, for olivine LiFePO,, the unoccupied d states were
pushed upwards from the Fermi level to open up a wider band
gap with the inclusion of a larger Hubbard U. In the meantime,
the occupied O-2p states were also moved towards the Fermi
level with the increase of U. When U was above 4 eV, the occu-
pied d states started to align with the O-2p states. The VBM for
LiFePO, changed from occupied Fe-3d states to hybridized Fe-
3d-0O-2p states. O-2p states even became the majority states in
the VBM when the Hubbard U was 6 eV, which is physically
unrepresentative for LiFePO,,"* as it will be discussed in detail
later. Although the composition of the VBM and CBM didn't
change, the proportion of Fe-3d in the VBM also decreased with
the increase of Hubbard U for FePO, (Fig. 7b).

5.2 Hybrid functionals

As mentioned above, HSE06 has recently been applied to
LiFePO, and related olivine phosphates and has been proven to
be superior to GGA+U.***' However, as another most reliable
functional for electronic structure calculations and band gap
determinations,***® sX-LDA does not appear to have been used

3
2
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e —+—Fe-p
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173 o Pp
5 O-p
z
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&
a

3
Energy (eV)

Fig.7 Partial density of stats (PDOS) calculated in GGA and GGA+U for
(a) LiFePO4 and (b) FePO4 with AFM configuration.
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as extensively for electronic band structure calculation for either
LiFePO,/FePO, or other olivine phosphates. In this study, sX-
LDA and HSE06 with NM and AFM configurations have been
conducted for comparison. The estimated band structures and
DOS with NM configurations are shown in ESI Fig. S3.1 Similar
to GGA, FePO, showed metallic features with valence states
crossing the Fermi level when excluding spin polarization
within hybrid functionals, while band gaps of 3.55 eV and
6.19 eV between occupied and unoccupied Fe-3d states were
observed for LiFePO, within HSE06 and sX-LDA, respectively.
Fig. 8 illustrates the band structures obtained by HSE06 and sX-
LDA with AFM configurations. The magnetic order did not have
a significant effect on the electronic band structure for LiFePO,
(compare Fig. 8a, b and Fig. S3a, b¥). The calculated band gap of
about 6.2 eV within sX-LDA showed better agreement with the
experimental value of LiFePO, (6.34 eV) than that obtained by
HSEO06 (3.35 eV). Hybridized Fe-3d-O-2p states were predicted
for the VBM, indicating that there was partial charge transferred
from oxygen to iron during delithiation, which is consistent
with a recent experimental study.® In the meantime, the
inclusion of AFM order opened up a band gap of 3.34 eV for
FePO, within sX-LDA (Fig. 8c), which also matched well with the
experimental measurement. HSE06 exhibited a relatively small
band gap of 1.89 eV and a Fe-3d-dominated VBM for FePO,,
which is in conflict with the experimental fact.*®

For further scrutiny, the calculated DOS of HSE06, sX-LDA
and GGA+U have been compared to the experimental XPS
valence band spectra in Fig. 9. The Hubbard U used here is
taken from prior calculated values in the literature.>” Both of the
hybrid functionals reproduce the valence band structures of
LiFePO, and FePO, better than GGA+U. The relative peak
positions are better reproduced using HSE06 and sX-LDA,
although the spectra are slightly compressed in the range of
0-10 eV for both compounds. The spectra using GGA+U are

e

Energy (eV)
Energy (eV)

Energy (eV)
Energy (eV)

b & b b o N &2 oo @

U Ry © 20 G zT Y s x
DOS (electrons/eV)

U Ry 10 20
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Fig. 8 Estimated band structure and DOS of (a and b) LiFePO,4 and (c
and b) FePO,4 within HSEO6 and sX-LDA respectively. AFM configura-
tion was applied. The blue and red lines represent the alpha and beta
spin.
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Fig. 9 Comparison of experimental valence band structure of (a)
LiFePO4 and (b) FePO4 to the DOS of DFT calculations.

compressed in the whole measured energy range leading to
underestimation of the binding energy.

6. Discussions

The following discussion first revisits the wide range of reported
band gaps in Section 6.1, opening the question why such
a variability exists and if there is a possible connection with
some kind of undetected or uncharacterized microstructural
feature. This is followed by Section 6.2, where clear evidence of
delithiated surfaces in very carefully synthesized LiFePO,
samples is discussed and connected to the possibility of
significant absorption edge shifts (of several eVs) by such thin
layers. These results are shown to allow for a more consistent
and coherent picture of combined experimental observations,
both previously reported and obtained in the present study.
Section 6.3 then re-assesses the DFT calculations of band gaps
for LiFePO, and FePO, phases, in light of the extensive,
combined experimental evidence, that surface delithiation is
a very likely source for impurity-like in-gap states.

6.1 Comparison of experimental band gaps

As summarized in Table 1, the band gaps of LiFePO, and FePO,
have been measured by several techniques. Zhou et al.® first
studied the band gap of LiFePO, by UV-Vis-NIR diffusion
reflectance spectroscopy, and a band gap of 3.8-4.0 eV was
obtained. The results by Zhou et al. had an enhanced slope
around 4 eV, which looks similar to the absorption of our LFP-H
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samples. Unfortunately, Zhou et al.'s spectrum was truncated
below 2.1 eV, not allowing full comparison with our results. We
clearly see that sharpening of the 4 eV edge is accompanied by
the rise of a peak feature at about 0.6 eV (see Fig. 4 above). Zhou
et al.’s result was in good agreement with the investigation of
Zaghib et al.,'* which also displayed a truncated spectrum (1.8-
6.2 eV). A band gap of 1.88 eV for FePO, was also determined in
Zaghib et al.’s study and became the generally accepted value in
following studies. However, an absorption edge at 1.88 eV would
likely result in an orange or red colour of the material, which is
not consistent with the greyish colour of FePO, powders.
Recently, the band gap of FePO, reported by Furutsuki et al.*
was ~3.0 eV, which is close to the result in this study. They also
claimed that the band gap of LiFePO, was 4.8 eV, but no
significant absorption was found before 5.8 eV. The features
labelled as the band gap appears to be equivalent to the
beginning of the Urbach tails and not the linear part of the Tauc
plot. So the linear absorption, corresponding to the 5.8 eV
absorption, is more in line with our claim that the true band gap
absorption edge is at 6.34 eV (see Fig. 5).

XAS, combined with RIXS" or XES," were also applied to
study the electronic band structure of LiFePO, and FePO,.
Unfortunately, no specific value of band gap was clearly re-
ported. Augustsson et al.**> claimed that the band gap could not
be determined easily because of the uncertainty identifying the
CBM from XAS spectra, due to the presence of a small bump
between the VBM and the high intensity absorption peak. Thus,
it appears that Augustsson et al. had issues with the relatively
weak absorption nature of the pre-edge feature around 4 eV, and
decided to label this value as the band gap, just because the
absorption was detected, not further questioning a possible
localized or impurity-like nature of the detected absorption.
Similar pre-edge bumps have also been reported in soft X-ray
absorption spectra of the O-K edge of LiFePO, nanoparticles
by Liu et al.®* They identified them as a result from surface
effects, due to the absence of this pre-edge feature in the spectra
from single crystal LiFePO4. A band gap of 6.2 eV for LiFePO,
could be obtained if we boldly assume the main absorption
peak (A4 in Fig. 2 of ref. 12) in X-ray absorption-emission
spectra represents the CBM, which matches well with our
band gap obtained by EELS.

As mentioned above, increase of absorbance for LiFePO, at
~4 eV was also found, but not considered as the absorption

Table 1 Comparison of band gap measurements in previous studies the present work for LiFePO,4 and FePO,

Method Band gap Reference
LiFePO, UV-Vis 3.8-4.0 eV 9

UV-Vis 3.84 eV 11

UV-Vis 4.8 eV, but no significant absorption before 5.8 eV 13

XAS and RIXS <0.95 eV 10

XAS and XES 4.0 or 0.5 eV 12

EELS 6.34 eV This work
FePO, UV-Vis 1.88 eV 11

XAS and XES 1.7 eV 12

UV-Vis ~3.0 eV 13

UV-Vis 3.2 eV This work
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edge in this work. Small amount of carbon coating or addition
totally eliminate the bump in the absorption spectra of LiFePO,,
or shift the linear region of the Tauc plot to lower energies by
several eVs (for the coating case), making the bump look like
a surface related absorption, as discussed further below.

6.2 Surface delithiation

As mentioned above, the surface delithiation of the LiFePO,
particles has been confirmed by XPS and Raman spectroscopy
in both LFP-S and LFP-H. It is tempting to associate the surface
delithiation to poor quality samples or to loss of Li from high
temperature or initial off-stoichiometry in the raw material mix.
However, hydrothermal samples are prepared in an excess of
lithium hydroxide and at a temperature limited to <200 °C.
Therefore, it appears that delithiated surfaces are a preferred
equilibrium condition for good quality LiFePO, samples.
Similar surface delithiation has also been observed in other
investigations.>*>*

A schematic of a LiFePO, particle surface is illustrated in
Fig. 10. As detected by XPS, nearly half of Fe ions on the surface
were Fe®", suggesting a solid-solution Li,(Fe,>"Fe, _,**)PO, outer
layer around the LiFePO, core. Intervalence charge transfer has
been confirmed experimentally and explained theoretically in
the literature® for Lig ¢(Feos Feq s> )PO, solid-solution, as the
Fe®*-3d states fell in the gap between Fe®'-3d states. Similar
situation can also be expected that the mixed oxidation states of
Fe on the surface result in localized Fe-3d impurity states inside
the band gap of bulk LiFePO, (as shown in Fig. 10), leading to
the gradual increase in optical absorption spectra in the range
of 1.7-4 eV. A similar effect of a solid-solution surface on the
optical absorption spectra has also been found for HfO, with
well-controlled Al and N surface diffusion.”® Nanometer-scale
diffusion profiles were responsible for substantial reductions
in the onset of optical absorption edge energies and for much
more gradual slopes, very closely resembling the in-gap features
observed in LiFePO,.

6.3 Comparison of DFT functionals

GGA+U, HSE06 and sX-LDA, the most practical DFT functionals
for electronic band structure calculations with more reliable
band gap determinations, are being compared in this section. It
is worth pointing out that the dispersion of the dense VBM and

Li,(Fe?* Fe3*, PO,
solid-solution

%

Conduction bands

W Localized
e {3 impurity

—_—— states
LiFePO, core

Valence bands

Fig. 10 Schematic of LiFePO,4 particle surface and resulting electronic
band structure. The existence of Fe** ions on the surface introduces
localized impurity states in the band gap of bulk LiFePO4 which results
in the gradual increase in optical absorbance spectra.
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CBM regions appear similar in all the calculations and that the
main differences are related to the position of the localized
d states and to the band energy separations that define the band
gaps.

Since being developed in the 1990s,”® DFT+U has become
a well-accepted functional to deal with electron correlation in
transition metal and rare earth compounds. With this func-
tional, the delocalized states are treated by conventional LDA/
GGA while the localized states are treated by inclusion of
a Hubbard-like term. According to its basic features, the Hub-
bard model accounts for the electronic ground states through
balancing two competing energies: the hopping energy and the
Coulomb energy. The hopping energy includes motion of elec-
trons with the same spin between different atoms, while the
Coulomb energy represents the repulsion of electrons with
opposite spin on the same site as a function of the Hubbard U
parameter.®” Therefore, the choice of Hubbard U is critical in
DFT+U calculations. However, the value of Hubbard U varies
with atomic species, valence states of ions, lattice structures and
coordination polyhedral, limiting its ab initio applications. It is
thus difficult to determine a self-consistent U value for a specific
material. Despite this, DFT+U has been extensively used in
electronic structure investigations of olivine phosphates.
Although Hubbard U of 3.71 eV and 4.0 eV were calculated by
Cococcioni for Fe*" and Fe** in the olivine structure,” widely
different values of Hubbard U have been chosen depending on
the specific purpose (as summarized in Table S1t). In recent
studies, U = 4.5 eV for Fe in LiFePO, has become most popular
because of the high accuracy based on the optical energy gap of
3.8 eV.

In this study, since the band gap of LiFePO, was determined
to be 6.34 eV, GGA+U resulted in band gap underestimation
even if Hubbard U of 6 eV was applied. Moreover, the major
atomic states character at the VBM changed with respect to the
increase of Hubbard U, which also leads to problems with
physico-chemical interpretation. The same changes in VBM
also happens for other olivine phosphates. ESI Fig. S41 shows
the PDOS of LiMPO, (M = Fe, Mn, Co and Ni) estimated with
GGA and GGA+U. The Hubbard U was taken from previous
calculations by Cococcioni et al.,*”” which were obtained by
a self-consistent linear response method. Except for LiFePO,,
the dominant states of the VBM for all other three olivine
phosphates changed to O-2p states after the application of
Hubbard U. For LiMnPO,, even GGA provides dominant O-2p
states at the VBM. In the scenario of battery application, the
electrons leave the cathode with the extraction of Li* during
charging, while the reverse process occurs during discharging.
Accordingly, the composition of the VBM for the cathode
material determines which electrons take part in the charge
transfer during charging and discharging. ESI Fig. S5t illus-
trates schematic energy levels for a LIB system with different
types of VBMs in the cathode. The partially filled transition
metal 3d states (TM-3d) represent the transition metal redox
couple. If the TM-3d states locate at the top of O-2p states and
dominate the VBM as shown in Fig. S5a,f it indicates the
oxidation/reduction of the transition metal ions will occur along
with the extraction/insertion of Li* during charging and
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discharging. This interpretation is consistent with the LiMPO,/
MPO, phase transformation observed in previous studies.** If
O-2p states take control of the VBM of the cathode, the oxida-
tion of O will lead to the release of O, in the process of
charging, which eventually leads to the collapse of the lattice
structure, contradicting experimental evidence. Similar discus-
sions have been made in previous literature.”®** Therefore, it
can be concluded that GGA+U may provide values that match
some experimental determinations of band gaps, however, it
does so at the expense of the DOS character, which is very
important for physico-chemical interpretation. Therefore, as
a whole, GGA+U may be inadequate as a DFT functional for
electronic structure calculations for olivine phosphates LiMPO,
(M = Fe, Mn, Co and Ni).

Improvements in band gap calculations of a wide range of
semiconductors and insulators have been reported previously
for HSE06 and sX-LDA.*>** Both functionals mix a portion of
Hartree-Fock (HF) exchange with (semi-)local functionals to
achieve improved results. HSE functional separates the local
potential into long- and short-range with the application of 25%
HF exchange.’®* For HSE, the exchange-correlation energy is
determined as

1
_) E§BE'SR(w) + E§BE,LR + EgBE

1
BEE = B+ (1- 4

4

where Ex"® is the short-range HF exchange energy, Ex>°F and

EX®“R are the short- and long-range PBE exchange energy and
is the PBE correlation energy.>® The screening
parameter w represents the separation range, which has been
determined to be 0.11 bohr ' for HSE06.* Compared with
HSEO06, sX-LDA includes 100% of HF exchange, which is
screened to moderate the correlation effect, into LDA. This
nonlocal potential is achieved by the inclusion of a factor which
decays exponentially with electron separation. Its contribution
to the total energy is

PBE,SR
Ec™™

drdr’

, 1 o5 (N oy <r’> CXp( —kg|r — /D(p;q (ﬂ) @, (1)
@i
2 ij.kq |}" - V/|
where 7 and j label electronic bands, k and g are k points and £;
is the Thomas-Fermi screening length,** which determines the
screening range of the electron interaction and is usually eval-
uated from the average electron density. Thus, the screening
plays a similar role to U in DFT+U, by providing self-interaction
correction and repulsion (or less attraction) for electrons with
opposite spin at the same point.**** It is worth noting that sX-
LDA can achieve the correct asymptotic limit of the free elec-
tron gas and the sX-LDA functional is closer to the Coulomb-
hole and screened-exchange (COHSEX) in the first-order GW
method,** indicating a better performance can be expected.
Although both HSE06 and sX-LDA give relatively reasonable
valence band structure compared with GGA+U, HSE06 is still
not efficient enough to open up the larger band gaps of LiFePO,
and FePO,. It has been reported that the calculated band gaps
are closer to experimental results when o gets smaller in the
range of 0.11-0.20 bohr™'.*® However, further decrease of w
makes the calculations difficult to converge, which leads to
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extremely increased computational cost. Therefore, we can
conclude that sX-LDA is superior for the electronic band
structure calculation of olivine LiFePO, and FePO,. Its effec-
tiveness on the other olivine phosphates will be further studied
and reported separately.

Although hybrid functionals show overall superiority in
electronic band structure calculations, their weakness is more
apparent in magnetic structure identification. High spin
configurations for Fe** (3d1)°(3d )" and Fe** (3d1)*(3d | )° have
been confirmed experimentally in previous literature.'>**% As
the Fe PDOS illustrated in ESI Fig. S6, low or intermediate spin
configurations [(3d1)*(3d|)* or (3d1)*3d|)* for Fe**, and (3d
1)%(3d1)* or (3d1)*3d|)" for Fe*'] have been obtained within
hybrid functionals for both LiFePO, and FePO,, even though
the high spin configurations was set as input for calculations.
This change in spin configuration may result from the usage of
‘All Bands/EDFT’ minimizer, which will ignore the atomic
configurations during calculations.® In comparison, the pre-set
high spin configurations are ‘stabilized’ during GGA+U calcu-
lations by spin orientation and allowed transitions rules
imposed as part of the construction of the methodology, which
leads to a good match with experimental results.

6.4 Open-circuit voltage

Since the electrons transfer between cathode and anode
through an external circuit along with the Li movement through
the electrolyte during charging and discharging, the open-
circuit voltage (Voc) of a Li-ion battery system can be inter-
preted from both the perspective of the Fermi level and Gibbs
free energies.®>°¢

It has been generally accepted that the average voltage for Li
insertion/extraction is given after appropriate electronic band
structure alignment by:

G[Li,,Host] — G[Li, Host] — (x» — x)G[Li]
Xy — X1

V=—

where G is the Gibbs free energy of the materials. x; = 0 and
x, = 1 were typically taken in as the composition limits. Hence,
the energy of LiFePO,, FePO, and Li metal was calculated to
determine the voltage for Li intercalation. As shown in Fig. 11,
sX-LDA shows the highest accuracy on the estimation of Li
intercalation voltage among the compared functionals, while
GGA and HSEO06 underestimate and GGA+U overestimates the
Li intercalation voltage for LiFePO,.

From the Fermi level perspective, the Vo can be related to
the difference of Fermi levels between the cathode and anode in
a cell system, after appropriate work functions alignment (with
respect to the vacuum level), as shown in the equation in Fig. 12.
Because the electrons flow from the cathode with lower Fermi
level to the anode with higher Fermi level during charging,
driven by the external charging potential, they flow back to the
cathode during discharging.®® In the case of the LiFePO, half-
cell, the V¢ at the fully discharged or charged states are
related to the energy difference between the Fermi level of
LiFePO, or FePO, and that of Li metal, respectively. Fig. 12
shows a typical charging curve of a LiFePO, half-cell and the
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Fig. 11 Estimated Li intercalation voltage for LiFePO4 with different
DFT functionals.
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Fig. 12 Typical charging curve of a LiFePO, half-cell with relative
phase diagram and energy alignment at different charging states.

relative phase diagram. The V¢ of LiFePO, and FePO, were
obtained experimentally in a previous investigation.®” As the
Fermi level (or electrochemical potential) of Li metal does not
change during charging, the V¢ differences of the fully charged
and discharged state refer to the Fermi level position difference
of FePO, and LiFePO,. The Fermi energies of LiFePO, and
FePO, (Erirp and Er pp, respectively) have been obtained with
GGA theoretically, which is considered more useful for the
determination of the Fermi level®® and is in reasonably good
agreement with the experimental V¢ difference (~1.8 V in the
literature®”). The work functions of LiFePO, and FePO, have also
been determined by ultraviolet photoelectron spectroscopy
(UPS) with He I radiation (21.21 eV) experimentally. As shown in
ESI Fig. S7,1 the work functions of 5.98 and 6.82 eV have been
determined for LiFePO, and FePOy, respectively. The result for
LiFePOy, is in a good agreement with previous measurement by
Kelvin Probe Force Microscopy (KPFM).* Though the relative
alignment of Fermi levels for LiFePO, and FePO, has been
confirmed experimentally, the relatively smaller difference in
experimental work functions for the two phases may be related
to the morphology, atmospheric exposure during sample
handling, crystal orientation, difficulties with poorly conduct-
ing materials, etc.”” Moreover, a work function lower that the
value of the band gap appears unfeasible at first sight, however,
it is not uncommon for materials with large band gaps to
display negative electron affinities.”*”

This journal is © The Royal Society of Chemistry 2019
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A two-phase reaction has been confirmed to be responsible
for the voltage plateau at ~3.45 eV for LiFePO, in a previous
study.” From the perspective of the Fermi levels and work
functions, the voltage plateau corresponds to the Fe*"Fe**
redox couple, which sits approximately at the average Fermi
levels of xLiFePO,4/(1 — x)FePO, (Er miscibility), Detween Eg ; pp and
Ey pp, regardless of the proportion of the two phases. Further-
more, the plateau also provides a few hints about the relative
position of E 1; and the electronic bands of LiFePO, and FePO,.
Er1; must be located in the forbidden gap of xLiFePO,/(1 — x)
FePO,, below unoccupied d states, to achieve the flat working
voltage. If the conductive bands of the cathode are located
below the Fermi level of Li, a second voltage plateau with lower
electrochemical potential difference would be expected to
appear in the charge-discharge curve. It is also worth noticing
that the Vo in the solid-solution regions (0 <x <e,0r1 — f<x <
1) changes substantially with respect to any small change of x in
Li,FePO,. It indicates that small changes in Li concentration at
the solid-solution ends have a significant impact on the posi-
tion of Fermi level for Li,FePO,.

7. Conclusions

In this study, electronic band gaps of 6.34 eV and 3.2 eV for
LiFePO, and FePO, were experimentally determined, respec-
tively. The continuous energy absorption for LiFePO, starting
from ~1.7 eV was shown to be a likely consequence of the
existence of Fe**/Fe®” and Li deficiency on the LiFePO, surface.
Such lithium deficiency exists at the nm or sub-nm scale and
appears to be a preferred equilibrium feature, since it is present
in all, including the most carefully synthesized, samples. The
DFT functionals, GGA, GGA+U, HSE06 and sX-LDA, were re-
examined according to the experimental band gaps. (Semi-)
local functionals, GGA and GGA+U, show difficulties to achieve
self-consistent prediction of the electronic structure of LiFePOy,
FePO, and other olivine phosphates (LiMnPO,, LiCoPO, and
LiNiPO,), but succeed in stabilization of AFM configuration
with high spin states. The inclusion of HF exchange within
hybrid functionals can improve the valence band evaluation
during electronic band structure calculation. Compared with
HSEO06, sX-LDA shows highest accuracy in electronic structure
prediction for LiFePO, and FePO, with acceptable computa-
tional cost. However, both of the hybrid functionals compro-
mise the atomic magnetic high spin order of the materials. The
open-circuit voltage and charge-discharge curve of LiFePO,/
FePO, were interpreted from a Gibbs free energy and from
a Fermi levels/work functions perspective. Both of them show
good agreement with experimental facts, it thus gives indirect
proof of the effectiveness of sX-LDA for the theoretical calcula-
tions of LiFePO, and FePO,. Therefore, sX-LDA can be used as
an appropriate guide in future compositional and structural
modifications of LiFePO, to achieve improvements in proper-
ties such as higher power rate capability.

Besides optical diffuse reflectance measurements (which is
limited to about 6 eV with standard light sources) and EELS
mentioned in the paper, large band gaps (>6 eV) can be exper-
imentally determined using UV ellipsometry or photo-
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conductivity measurements with a vacuum ultraviolet (VUV)
monochromator.””® Unfortunately, these suitable light sources
are more specialized and not as readily available. Mirror
reflectance spectra in the VUV region using synchrotron light or
a deuterium lamp as an excitation source” can also give an
energy range beyond 7 eV, but single crystal samples are
needed. Further clarification on the band gap of LiFePO, and
other olivine phosphates will be pursued, as soon as one of
these alternative experimental techniques can be accessed or
outsourced.
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