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Broader context

Lithium-excess olivine electrode for lithium
rechargeable batteriest

Kyu-Young Park,? Inchul Park,?® Hyungsub Kim,?°“ Gabin Yoon,? Hyeokjo Gwon,®
Yongbeom Cho,? Young Soo Yun,® Jung-Joon Kim,® Seongsu Lee,” Docheon Ahn,'
Yunok Kim,® Haegyeom Kim,° Insang Hwang,® Won-Sub Yoon® and Kisuk Kang*®°

Lithium iron phosphate (LFP) has attracted tremendous attention as an electrode material for next-
generation lithium-rechargeable battery systems due to the use of low-cost iron and its electrochemical
stability. While the lithium diffusion in LFP, the essential property in battery operation, is relatively fast
due to the one-dimensional tunnel present in the olivine crystal, the tunnel is inherently vulnerable to
the presence of Fe; anti-site defects (Fe ions in Li ion sites), if any, that block the lithium diffusion and
lead to inferior performance. Herein, we demonstrate that the kinetic issue arising from the Fe; defects
in LFP can be completely eliminated in lithium-excess olivine LFP. The presence of an excess amount of
lithium in the Fe ion sites (Lire) energetically destabilizes the Fej;-related defects, resulting in reducing
the amount of Fe defects in the tunnel. Moreover, we observe that the spinodal decomposition barrier is
notably reduced in lithium-excess olivine LFP. The presence of Lig. and the absence of Fey; in lithium-excess
olivine LFP additionally induce faster kinetics, resulting in an enhanced rate capability and a significantly
reduced memory effect. The lithium-excess concept in the electrode crystal brings up unexpected
properties for the pristine crystal and offers a novel and interesting approach to enhance the diffusivity and
open up additional diffusion paths in solid-state ionic conductors.

This work provides a fresh perspective on LiFePO, olivine, one of the most important cathode materials for next-generation lithium rechargeable batteries, by

introducing a new class of ‘lithium-excess Lij..Fe; ,PO,. The lithium-excess olivine shows unexpected physical and chemical properties remarkably
distinguishable from conventional LiFePO,, such as near-zero Fey; related defects, a new [101] lithium diffusional path, a lower spinodal decomposition

barrier and a reduced memory effect. Most importantly, our work demonstrates that the lithium-excess concept can be applied to not only layered type electrode

materials but also polyanion-based electrodes, suggesting that the lithium-excess strategy could be adopted for various crystal structures and would open a new

unexplored area even in other well-known electrode materials. The discovery of a new olivine type would greatly attract broad readership among researchers in
the energy and materials science fields, and it is most likely to reinforce the position of LiFePO,-based cathodes as a material of choice for practical

applications.
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Introduction

The basic principle of modern rechargeable batteries relies on the
reversible intercalation of guest ions in the electrode materials.
The intercalation reaction is possible because numerous guest
ions can diffuse in and out of the electrode crystal." The diffusivity
of the guest ions in the electrode, therefore, strongly affects the
electrochemical properties, such as the power density, round-trip
efficiency, and energy density. The crystal structure primarily
determines the diffusivity of guest ions, providing specific diffu-
sion paths. However, a deviation of the local atomic configuration
around the guest ions also sensitively affects the ionic mobility.>*
For example, the presence of immobile defects in the diffusion
paths, which may originate from impurities or anti-site defects,
can significantly retard the mobility of ions. In particular, crystals
with only one-dimensional diffusion pathways are susceptible
to the presence of defects that may significantly impede Li-ion
diffusion. In this respect, careful selection of the synthesis route
or post-treatment of the electrode materials is often required to
control the defect concentration.”™®

LFP has been intensely studied for the last two decades as a
practically important cathode material for lithium rechargeable
batteries and as a model system for thermodynamic and kinetic
studies of lithium intercalation.”* In the ideal case, LFP can
deliver a specific capacity of 169 mA h g™ via relatively fast
lithium diffusion through a channel along the [010] direction of
the crystal structure (Pnma).">">'® However, in practice, approxi-
mately 5% Li-Fe cation site exchange (Lig.—Fer; anti-site defects)
typically occurs, depending on the synthetic routes, which results
in immobile Fe ions in the lithium diffusion channel.*"”~>* Malik
et al. demonstrated that the presence of 0.1% Lig.—Fe;; anti-site
defects in a micron-sized LFP particle statistically reduced its
energy density to almost half of the original value>'” and
decreased the lithium ionic conductivity by two or three orders of
magnitude."” In this respect, many researchers have attempted to
minimize Fey; anti-site defects from various synthetic routes.>"'”>*>>
Among these researchers, the Whittingham group succeeded in
systematically analyzing Lig.—Fe;; anti-site defects in LFP by
controlling various synthetic conditions such as the hydrothermal
methods and demonstrated that LFPs with high Lig.—Fe; anti-site
contents suffer from inferior electrochemical performances.>*?>
Also, Hoang and Johannes investigated various point defects in
LFP, calculating that the formation energy of the Fe ;" defect is the
highest among various defects under possible lithium-excess
environments, ie. LiFePO,, LizFe,(PO,4); and LizPO, equilibrium
states.”® The Masquelier group attempted to synthesize a highly
defective LFP powder through a modified synthetic procedure,
showing unexpected electrochemical behaviors. They revealed
that a high concentration of defects could provide alternative
lithium ion diffusion paths offering stable electrochemical per-
formance based on distinct reaction mechanisms.””>° Although
the nano-sizing of LFP is an indirect approach to reducing the
effect of immobile Fe;; defects because of the shortened diffu-
sion length, nano-synthesis leads to other problems, such as
reducing the tap density of the electrode,”® generating more
surface defects accompanying side reactions because of the
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large surface area,***' and creating additional cost problems in
synthesis and electrode fabrication.*”

Incorporating additional charge-carrying guest ions in a
crystal structure sometimes leads to unexpected results in their
electrochemical properties,®*** which was recently demonstrated
in layered-type lithium transition metal oxides. Armstrong et al.
demonstrated that a slight excess of lithium (x = ~3%) in
Li;+,V1_O, could switch on lithium-ion intercalation, delivering
a higher theoretical specific capacity and volumetric energy density
than graphite, whereas pristine LiVO, exhibits no evidence of
intercalation into its structure.*® In addition, lithium-excess deri-
vatives of Li(Ni,Co,Mn,Ru,Sn)O, layered-type electrode materials,
i.e., Lij+»(Ni,Co,Mn,Ru,Sn); ,O,, exhibit distinctive electro-
chemical responses during battery cycling, triggering oxygen
redox reactions and delivering extra capacity beyond the expected
value for the pristine materials.>*™° Furthermore, recently, Lee
et al. revealed that even fully disordered lithium transition metal
oxides (100% anti-site ratio in the layered structure) can utilize
the de/intercalation of almost all the lithium in the structure if a
sufficient amount of excess lithium is present in the structure to
provide a percolation path for lithium diffusion.*" Also, earlier
attempts on synthesizing Li;.,FePO, (x < 0.03) exhibited better
electrochemical properties than pristine LiFePO,.*>** This series
of new findings in lithium-excess layered electrode materials
naturally motivated us to examine the strategy of lithium exces-
siveness in the olivine with Li,,Fe; ,PO, compositions, which is
an important electrode material and a class of crystals that could
be more vulnerable to lithium kinetics because of the restricted
diffusion path.

Based on this simple question, we attempted to adapt the
lithium-excess concept to LFP (Li;.,Fe; ,PO,) and successfully
synthesize a lithium-excess phase by carefully controlling the
synthetic conditions (see Fig. S1 in the ESIt for details).
Structural analysis revealed that some Fe octahedral sites sub-
stitute with some Li ions. And, surprisingly, it is observed that
the Lig.—Fer; anti-site defect concentration is remarkably
decreased from Li ion diffusion channels in lithium-excess
olivine. The near-zero Lip.-Fey; anti-site phenomenon is con-
firmed by DFT calculations and it is attributed to the fact that
lithium-excess environments destabilized the formation of
Fep;related defects. Moreover, the lithium-excess local configu-
rations could open new alternative diffusion paths through the
[101] direction, lower the spinodal decomposition barrier and
induce a significantly reduced memory effect in olivine cathode
electrodes. Our results suggest an easy and cost-effective way
toward developing a fast charge/discharge behavior of olivine
cathode electrodes.

Results and discussion
Structural characterization of lithium-excess olivine

First, LFPs containing various lithium-excess compositions
(0, 2.5, 5, 7.5, and 10%) were synthesized using solid-state
methods at 600 °C in an Ar atmosphere to determine how much
excess lithium could be incorporated into the olivine structure.

Energy Environ. Sci., 2016, 9, 2902-2915 | 2903
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Although less than 5% lithium-excess LFP compositions result
in a pure olivine phase without any crystalline impurities, com-
positions containing more than 7.5% excess lithium begin to
develop a second phase corresponding to LizFe,(PO4);, as
observed in the X-ray diffraction (XRD) patterns in Fig. S1 (ESIT).
To verify the presence of additional lithium in the LFP crystal, a
more detailed analysis was conducted using both high-resolution
synchrotron XRD and neutron diffraction (ND), and the results
were compared with those for normal LFP. Neutron analysis is
necessary to trace the lithium occupancy in the crystal because of
its low scattering with X-rays.** Fig. 1(b) presents the ND pattern
of 5% lithium-excess LFP along with a calculated pattern using
the olivine structure model, which shows low Bragg R-factors,
indicating the reliability of the structural refinements. Detailed
structural information from the refinements is provided in
Fig. S2(a—c) (ESIt). In addition, as a reference, an ND pattern of
the normal LFP along with the results of the refinement is
presented in Fig. S2(d-f) (ESIt). Note that the 5% lithium-
excess targeted LFP contains 4.2(2)% lithium in Fe octahedral
sites (Lige), and all the lithium sites are occupied solely by lithium
(Liy;) according to the neutron refinements in Fig. 1(c). On the
other hand, the normal LFP contains ~ 0.6(2)% Lig.—Fey; anti-site
defects according to the refinements under identical conditions,
which agrees well with previously reported values of Lig.—Fey;
anti-site defects in conventional LFPs.">"® The refinements of two
samples using high-resolution XRD reproduced the same result
for the two samples, as demonstrated in Fig. S3 (ESIt). The
systematic modeling of the relative intensities of the XRD peaks
as a function of the excess amount of lithium also agrees with the
ND results given in Fig. S4 (ESIt). For a better comparison of the
two samples, a few physical properties are tabulated in Fig. 1(c).
The compositional analysis of two samples using inductively
coupled plasma (ICP) supported the presence of an extra amount
of lithium for the lithium-excess LFP phase, revealing a Li: Fe: P
ratio of 1.08(3):0.94(1):1.00(0) and 0.99(2):0.98(2):1.00(0) for
the lithium-excess and normal LFPs, respectively. The surface
area is comparable for both samples but is slightly smaller for the
lithium-excess LFP according to the Brunauer-Emmett-Teller
(BET) measurements. The scanning electron microscopy (SEM)
images in Fig. S5 (ESIT) show that the particle size of the lithium-
excess LFP is slightly larger (~150 nm) than that of the normal
LFP (~100 nm).

The excess amount of lithium in LFP leads to a slightly
higher oxidation state of the transition metal (Fe) in the sample
to maintain charge neutrality based on the substitution of the
monovalent Li* for divalent Fe** (Li(Lig.o5 Feo.05 > °**)PO,). The
X-ray absorption near edge structure (XANES) analysis in
Fig. 1(e) compares the oxidation states of Fe in three samples
of Li(LigosF€o.05)POs, LiFe"*PO,, and Fe"*PO,. Although the
quantitative determination of the Fe valence in the lithium-
excess LFP was not trivial, it was clear that the Fe pre-edge
spectra of the lithium-excess LFP (7112.19 eV) are positioned
between those of LiFePO, (7111.85 eV) and FePO, (7114.35 eV),
indicative of a Fe valence higher than +2.*>*® Furthermore, a
small increase of the pre-edge peak intensity is observed at the
Li(Lig.05Feo.05)POy4, implying that the lithium-excess LFP contains

2904 | Energy Environ. Sci., 2016, 9, 2902-2915
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a more distorted Fe-O octahedron than that of the normal LFP.*®
The higher oxidation state and distorted local structure of the Fe
ion of the sample also serve as indirect evidence of the excess
lithium present in the structure.

Even though the crystallographic information and composi-
tional analysis indicate the presence of the excess lithium in the
olivine, the possibility of the formation of an amorphous impur-
ity phase remains. According to previous reports, the synthesis of
LFP using a slightly off-stoichiometric amount of precursors can
result in LFP coated with a highly conductive amorphous phase,
enhancing the rate capability.*’~*° To identify any possible amor-
phous phase, we conducted surface analysis of the lithium-excess
LFP using high-resolution transmission electron microscopy
(HR-TEM), X-ray photoelectron spectroscopy (XPS), and Fourier-
transform infrared spectroscopy (FT-IR). The HR-TEM images
(Fig. 1(d) and Fig. S8, ESIt) reveal the high crystallinity of the
lithium-excess LFP both at the surface and in the bulk without an
amorphous phase on the surface. In addition, the XPS and FT-IR
results show no difference between the surface and bulk of the
lithium-excess LFP. Both the pristine and 10 nm surface-deep-
etched lithium-excess LFPs exhibited identical XPS and FT-IR
profiles, as observed in Fig. 1(f) and Fig. S9 (ESIY), respectively,
implying no traceable amount of the amorphous phase on the
lithium-excess LFP surface.

Further confirmation of the excess lithium in the LFP could
be obtained from the °Li-NMR measurement using ®Li-labeled
samples. Fig. 2(a) presents the NMR spectra of °LiFePO, and
°Li(°Lig osFeo.05)PO4. Except for the side bands marked with
asterisks, a single Li signal is observed between 0 to —100 ppm
for both samples. In the zoomed-in view in Fig. 2(b), the normal
LFP shows a lithium signal at —49 ppm, which is in good
agreement with previous reports.’®>' However, a less-negative-
shifted major NMR signal is observed for the lithium-excess
LFP at —18 ppm. In addition, the asymmetric nature of the major
signal strongly suggests that a small positive-shifted minor peak
(+47 ppm) is present based on the spectral deconvolution. In the
olivine LiFePO, crystal, the Lij; (octahedral, M1 site) is coordinated
with six oxygen atoms, which also coordinate with six different
iron atoms (octahedral, M2 site), as illustrated in Fig. 2(c). The
Li-O-Fe bonds around Liy; result in near-90° Li-O-Fe angle
contacts, inducing a strong paramagnetic interaction (marked
by the red dashed line in Fig. 2(c)), and 120°-angle contacts,
inducing a relatively weak paramagnetic interaction (marked by
the blue dashed line in Fig. 2(c)). The major NMR peak at
—49 ppm in normal LFP or —18 ppm in lithium-excess LFP
primarily originates from the strong near-90° Li-O-Fe inter-
action resulting from the geometry-dependent delocalization of
the unpaired electron spin density of Fe*".>>*! However, the
less-negative shift of the major peak for lithium-excess LFP
(—18 ppm) is most likely due to the slightly higher average
oxidation state of Fe ions around Li; ;. Previous NMR reports on
LiFePO,, Liy ¢FePO,, and Li, 5,FePO, indicated that the major
NMR peak gradually shifts to higher frequency (less negative
values) with decreasing lithium content and increasing Fe** con-
tent in the olivine, which is consistent with our results.****>* The
excess lithium residing in the Fe site (Li. anti-site) results in an

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) Schematic picture of crystalline lithium-excess LFP. Green: Li atoms, purple: PO, tetrahedral unit, gray: Fe?*Og octahedral unit. (b) Rietveld
refinement of the neutron diffraction pattern of lithium-excess LFP. Detailed crystal structure information is provided in Fig. S2 and S3 (ESI). (c) Lattice
parameters, M1 and M2 site occupancy, ICP results and surface area of lithium-excess and normal LFPs. (d) TEM image of the lithium-excess LFP surface.
(e) Fe XANES measurements for three samples of lithium-excess LFP, normal LFP and normal FP (delithiated LFP). The lithium-excess LFP olivine shows a
slightly higher Fe oxidation state than that in the normal LFP as shown in the inset figure for zoomed-in pre-edge range. (f) Surface analysis of 5% lithium-excess
LFP (red line) and normal LFP. (black line) 10 nm etched surface of lithium-excess LFP is marked by blue lines (left to right, Li 1s, Fe 2p, P 2p and O 1s XPS).
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Fig. 2 (a) ®Li NMR resonance of lithium-excess LFP (red) and normal LFP (black) with side bands (asterisk). (b) Spectral deconvolution of °Li NMR peaks.
The normal LFP contains single resonance at —49 ppm, and the lithium-excess LFP contains two resonances at —18 and +47 ppm. (c) Local atomic
configuration around Li ions in the M1 site in normal LFP and (d) excess Li ions in M2 in lithium-excess LFP calculated by the DFT method. The red and
blue dashed lines indicate strong and weak paramagnetic interactions between Li and Fe ions, respectively. (e) Lire—Fe(; anti-site defect formation
energies in lithium-excess LFP as a function of distance from Lig.. The red dashed line indicates the lithium-excess formation energy (340 meV). (f) The

most stable anti-site configuration in lithium-excess LFP.

additional minor peak at +47 ppm in the lithium-excess LFP.
According to the previous NMR report on the normal LFP that
contains a significant amount of Lig.—Fey; anti-site defects, the
lithium in Fe sites (M2) with a similar environment to the Lig, ions
in our lithium-excess LFP exhibited a positive NMR peak shift at
+75 ppm.** Our density functional theory (DFT) calculations
(Fig. 2(d) and Fig. S10, ESIt) regarding the local atomic configu-
ration around the excess lithium revealed that the four Fe ions are
bonded with the Lig. ion through oxygen atoms via a near-120°
Li-O-Fe angle, whose configuration leads to the comparatively weak
paramagnetic shift. This unique environment of the Lig. ions
generates a relatively lower paramagnetic shift, yielding a positive
chemical shift at +47 ppm. Also, we could confirm the local struc-
ture change of lithium-excess LFP by Fe K-edge extended X-ray
absorption fine structure (EXAFS) analysis (Fig. S11, ESIt).

2906 | Energy Environ. Sci., 2016, 9, 2902-2915

To understand the thermodynamic feasibility of the lithium-
excess LFP phase, we attempted to estimate its relative forma-
tion energy against the segregation into thermodynamically
stable phases of LiFePO,, LizPO,, and Liz;Fe,(PO,); as follows:

Li;.Fe; PO, (x < 0.5) —» (1 — 2x)LiFePO, + 0.5xLizPOy4
+ 0.5xLizFe,(PO,)s.

Based on this equation, we calculated the formation energy
of 5% lithium-excess LFP using the Liys/p4(Lii/24F€3/24)(PO4)24
model (168 atoms in a unit cell) at zero temperature excluding
the entropic effect. The formation energy for one excess lithium
(Lige) was observed to be approximately 340 meV per event,
indicating that the excess lithium ions formed an ‘anti-site
defect’ state in their structure. Considering the relationship

This journal is © The Royal Society of Chemistry 2016
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between the defect formation energy and its concentration, the
comparison of various defect formation energies would provide
a rough idea of the feasibility of the excess lithium ‘defects’ in
the olivine, particularly for defects in an olivine framework.>
It is noteworthy that the formation energy of Lig.—Fer; anti-site
defects in typical olivine LiFePO, is approximately 420 meV per
event, and depending on the synthetic routes, olivine LFPs with
~5% Lige—Fer; anti-site defect concentration can be easily syn-
thesized.” Thus, the synthesis of the olivine LFP with ~ 5% excess
lithium, which requires ~340 meV defect formation energy, may
be plausible. However, as is the case for the typical olivine LFP,
which generally shows low defect concentrations with higher
temperature post heat treatments,”> we also observed that the
5% lithium-excess LFP was not stable under such conditions. For
example, at the temperature above 700 °C where normal LFP
could be synthesized, lithium-excess LFP decomposed into nor-
mal LFP, LizFe,(PO,); and LizPO, phases. Similarly, a sintering
time longer than 20 hours gave rise to the decomposition of
lithium-excess LFP into normal LFP and an impurity phase (see
ESIt and Fig. S12 for a detailed synthetic process). Thus, a very
narrow range of heat treatment temperature and duration hours
was allowed for the synthesis of a lithium-excess concentration in
LFP. It indicates that the lithium-excess concentration in the LFP
crystal structure is a kinetically trapped meta-stable system
caused by the relatively low temperature and sintering time
during the synthesis process.

Origin of decreasing Lig.—Fe;; defect concentration

Given the structural analysis of lithium-excess LFP, most notably, it
contains near-zero Fep; anti-site defects in the M1 sites. A reduction
of the number of transition metal defects in lithium sites was also
similarly observed in lithium-excess Li(Li,,(Ni,Mn); ,)O, (x > ~0.2)
with less Li/Ni site disorder up to 2%,>® however, the complete
disappearance of Fe ions in the lithium diffusion channel with
only 5% excess lithium is quite remarkable. To further under-
stand the role of the excess lithium present in the structure in
reducing the concentration of Fe;; defects, we calculated the
defect formation energies in local atomic configuration con-
taining Fe;; defects around excess lithium (Lig.) using DFT
calculations. (Note that the Lip.—Fer; anti-site defect has the
lowest formation energy among the possible Fey;-related
defects in LFP in a lithium-excess environment according to
previous theoretical work,>® therefore, we only considered the
local lithium-excess configuration effect on Lig.—Fe;; anti-site
defects in this calculation.) In this calculation, we considered
17 different Lir.~Fey,; anti-site defect configurations around the
excess lithium up to the second-nearest transition metal neigh-
bors along each axis (Fig. S13, ESLt shows detailed atomic
configurations). All defect formation energies of the 17 differ-
ent configurations are shown as a function of the distance from
excess Lig. ions in Fig. 2(e). It is observed that the Lig.—Fey; anti-
site energy generally increases as it approaches the excess
lithium, indicating that the presence of excess lithium energe-
tically disfavors the formation of a Lig.—Fey; anti-site defect near
itself. We also observed that even the lowest defect formation
energy (Fig. 2(f)) was as high as 0.823 eV, which is 2 times larger

This journal is © The Royal Society of Chemistry 2016
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than the typical Lig.—Fe;; anti-site formation energy (0.42 eV,
see Fig. S14, ESIt) observed in normal LFPs.* Because the defect
formation is inversely proportional to the exponential value of
the formation energy, an increase in the formation energy by
~0.4 eV would reduce the probability of Lip.~Fe;; anti-site
formation near the excess lithium (Lig.) by 7 orders of magni-
tude at room temperature. This remarkable reduction arises
from the unfavorable electrostatic interaction among Fe ions
around the excess lithium (Lig), as shown in Fig. 2(f). When the
Lig.—Fey; anti-site is introduced near the excess lithium (Lig.),
the neighboring Fe ion becomes oxidized to Fe*" in the locally
lithium-rich region. In addition, under this condition, the site-
exchanged Fe®" ion (Fey;) suffers from a stronger repulsion
force from the neighboring Fe** ion (Fig. 2(f), red arrow), which
significantly increases the formation energy of the Fey; anti-
site. In this respect, when the Lir.~Fe;; anti-site configuration
becomes close to the lithium-excess configuration, the site-
exchanged Fe?" ion has a strong repulsion force towards Fe**
ions which leads to an increase in the anti-site defect formation
energy as shown in Fig. 2(e). Considering that the one excess
lithium event affects at least 17 neighboring Fe ion sites among
the second-nearest neighbors we considered, approximately 4%
excess lithium would result in all the Fe ion sites being affected
if the excess lithium ions were homogeneously distributed in
the olivine crystal. Thus, the overall Lir.—Fey; anti-site concen-
tration in the lithium-excess LFP would be 1.2 x 10 times less
than that in normal LFP at room temperature. This finding
implies that the excess lithium in the olivine reduces the
Lir.—Fer; anti-site by energetically disfavoring the formation
of anti-sites near the lithium-excess, suggesting that this
approach could be effective in producing a near-zero Lir.—Fey;
anti-site olivine. Our results also partly agree with a previous
theoretical work by Hoang and Johannes. They investigated the
LFP defect profile under various atomic chemical potential
spaces, calculating that undesired Fe;;-related defect formation
energy increases in a lithium-excess environment.>® The under-
standing of the decrease in Fep; concentration in the lithium-
excess LFP can also be aided from the overall pictures of the
defect profile of the LFP in their work.

Possibility of alternative diffusion paths

The occupancy of excess lithium in the Fe site can open up a new
lithium diffusion pathway by connecting the nearby lithium
channels. It is well known that the olivine crystal has only one
diffusion channel along the [010] direction with a low activation
barrier (~0.44 V), whereas lithium diffusion across the channels
in other directions such as [101] or [001] requires too high of an
activation barrier because of the strong electrostatic repulsion
from the Fe and insufficient space for lithium hopping, as listed
in Fig. 3(a).”””® The replacement of the high-valent Fe ions by
lithium ions reduces the electrostatic repulsion, thus facilitating
lithium hopping around the lithium (Lig.), as observed in the
reduction of the activation barriers along [001] and [010]. Also,
the lowered lithium ion diffusion activation energies could be
confirmed by electrochemical impedance spectroscopy (EIS)
measurement (see Fig. S15, ESIT). It is noteworthy that the excess
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Fig. 3 (a) Activation barriers for lithium ion hopping for normal and lithium-excess LFPs. The schematics of Li ion diffusion along the (b) [010] direction in

lithium-excess LFP, (c) [101] direction in normal LFP and (d) [101] direction in lithium-excess LFP with activation energies. (Green: Li atoms, purple: PO4
tetrahedral unit, dark gray: FeOg octahedral unit, yellow: vacancy.) The lithium-excess LFP shows lower activation energies than normal LFP in both the
[010] and [010] directions. (e and f) A close view of vacancy diffusion along with the energy profiles. (Vacancy in the highest energy state marked by bright

yellow. Red: O, gray: Fe).

lithium in the Fe site can also be mobile and may diffuse into
the nearby lithium channel along [101], participating in the
overall diffusion process in the crystal. Our DFT calculations
reveal that the presence of lithium in the Fe site opens up a
new alternative diffusion path along the [101] direction with a
significantly reduced activation barrier of ~0.82 eV (Fig. 3(d))

2908 | Energy Environ. Sci., 2016, 9, 2902-2915

compared with more than 2 eV for normal LFPs (Fig. 3(c)) along
the same direction.’® The calculated activation barrier is also
similar to the value reported by Dathar et al. along the [101]
diffusion channel containing Lig.—Fey; anti-site defects.®® Fig. 3(e)
and (f) present a schematic illustration of lithium vacancy hopping
along the [101] direction and the corresponding energy profile
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for normal and lithium-excess LFPs. In the normal LFP, the
lithium-ion hopping along the [101] direction is under severe
electrostatic repulsion from the nearby corner-sharing Fe ions,
and the lithium ion is forced to pass through the oxygen
dumbbell, as shown in Fig. 3(e). The narrow space between the
two oxygens (~ 3.05 A) disfavors the lithium hopping, resulting in
an activation barrier of more than 2 eV. In the lithium-excess LFP,
however, the corner-sharing Fe is replaced with lithium, which
also participates in the diffusion. Thus, the diffusing lithium ion
no longer needs to bypass the high-valent Fe and can hop
through the space provided by Lig. (Fig. 3(f)). Since the lithium
occupation in the Lig, site is more favorable than in the Liy; site
(Fig. S16, ESIY), lithium-ion hopping along the [101] direction in
lithium-excess LFPs could be described by a two-step process;
(1) migration of Lig. to vacant Liy; (rate-limiting step) and
(2) consecutive diffusion of Liy; to vacant Lig, (Fig. S16(b), ESIT).
Compared with normal LFP, where the lithium ion squeezes into
the narrow oxygen dumbbell, the new intermediate state offered
by the Lig. site provides sufficient space, thus lowering the activa-
tion barrier for hopping. Also, the additional diffusion paths in
lithium-excess LFP are experimentally visualized by the maxi-
mum entropy method (MEM) using high temperature neutron
diffraction, which strongly supports our calculation results on the
[101] diffusion path (see Fig. S17, ESIt).

The activation barrier of ~0.82 €V is slightly higher than that
observed for fast lithium pathways but is comparable to that of
diffusion paths observed for NaFeSO,F®' and LiMnPO,,** imply-
ing feasible lithium diffusion along the new path. The [101] route
may not be a main diffusion path during fast charge/discharge
cycling at room temperature considering the higher activation
energy compared with that of the [010] diffusion path and a
relatively low concentration of lithium-excess, but would support
the main [010] diffusion channel as an alternative route, parti-
cularly in the presence of immobile impurities in the [010]
channel. It is noteworthy that a similar phenomenon was
observed in rock-salt-type lithium-excess Lij»11MO0g 467Cr.30,,
which exhibited remarkably enhanced ionic conductivity and
capacity with the introduction of an excess amount of lithium,
implying that the ‘excess-lithium strategy’ can be used as a
general method to open multiple new lithium diffusion paths
in solid-state lithium ionic conductors.*!

Electrochemical performance of lithium-excess LFP

The electrochemical properties of lithium-excess LFP were inves-
tigated using a Li metal counter electrode in a 2032 coin-type cell.
Fig. 4(a) presents the galvanostatic electrochemical profiles of
lithium-excess LFP compared with that of normal LFP at a
10 mA g ' current rate (red: lithium-excess LFP, black: normal
LFP). The lithium-excess LFP electrode delivers a slightly lower
capacity of ~157 mA h g~' compared with the normal LFP,
~166 mA g ', which is due to the higher oxidation state of Fe
and the smaller number of available Fe*”** redox couples in
Li**(Li'"o.05[Fe**0.00F€> 0.05])PO4. In addition, the voltage plateau
region of the lithium-excess LFP (~130 mA h g™ ) is slightly
wider than that of the normal LFP (~115 mA h g~ '). We infer
that the different two-phase region of lithium-excess LFP is
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attributed to larger particle size and reduced lattice misfit as
described in Fig. 1(c).**** Nevertheless, it is notable that a lower
polarization gap between charge and discharge was observed for
lithium-excess LFP compared with normal LFP under the same
electrochemical conditions. The smaller polarization was con-
sistently observed with varying current densities from 30 mA g~ *
t0 0.17 mA g, corresponding to a C/1000 rate of LFP, as shown
in Fig. 4(b). With the extrapolation of the curve toward zero
current, the minimum values of the hysteresis gaps reach
20 mV and 30 mV for lithium-excess and normal LFP, respec-
tively. As the near-zero-current polarization of LFP is related to
the delithiation mechanism of single-particle LFP and has been
regarded as a thermodynamic property, the different values of
the two LFPs imply distinguishable delithiation behaviors, as
will be discussed in further detail. Additional experiments and
discussion regarding the zero-current polarization is provided
in Fig. S18, ESL.}

The rate capabilities of lithium-excess LFP were measured
at various current rates as shown in Fig. 4(c). (The charge/
discharge profiles are provided in Fig. S19, ESL.t) The lithium-
excess LFP electrode exhibited a notably improved rate cap-
ability compared with that of the normal LFP even though the
particle size of lithium-excess LFP is slightly larger, as pre-
viously illustrated. Lithium-excess LFP delivers a discharge
capacity of 78 mA h g™ at a current density of 8 A g™, which
is equivalent to approximately 50C (Fig. 4(c)). Compared with
normal LFP electrodes, this value represents an approximately
2-times-higher capacity. The specific power density calculated
at 8 A g~ ' is approximately 20 kW kg~', which is comparable
with other previously reported LFPs that have underwent surface
chemical modification, nano-sizing processes or graphene com-
posite LFPs, as shown in Fig. 4(d).*>"* In addition, the lithium-
excess LFP electrode still exhibits higher rate capability than that
of the normal LFP at a lower temperature of 0 °C. The lithium-
excess LFP delivers a discharge capacity of ~66 mA h ¢ * at a
current density of 2 A g, which is ~30% higher than that of
normal LFP (~49 mA h g ") at the same current density (see
Fig. S20, ESI¥). After 500 cycles at 0.5 A g™, the lithium-excess
LFP still exhibited 82% retention of the initial capacity, main-
taining a high charge/discharge efficiency as shown in Fig. 4(e).
(The capacity retention of the normal LFP at the same current
rate (0.5 A g~ ') and the XRD pattern comparisons on both LFPs
before and after cycling are exhibited in Fig. S21, ESL.¥)

Lowering the spinodal decomposition barrier

A single-particle solid-solution equilibrium model was recently
proposed and is now widely accepted for LFP electrode
systems.””®”%”! According to the model, the free energy of
small-size LFP particles is significantly modified by the inter-
facial and coherency energy, which comes as a positive energy
penalty,®® leading to the lithium chemical potential profile of
LFP single-particles changing from a two-phase to single-phase-like
feature. The collected behavior of single particles in the electrode
containing numerous LFP particles is the origin of the thermo-
dynamic hysteresis gap between the charge and discharge.”®”"
The lower hysteresis gap (~20 mV) compared with that of
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at around 30 mV and 20 mV, respectively. (c) Rate capability of lithium-excess LFP (red) and normal LFP (black). (d) Ragone plot of various surface or
chemical modified LFPs. The lithium-excess LFP shows lower gravimetric energy density than other modified LFPs at a low current rate, however,
improved energy and power density are exhibited at higher current rates. (Ref.: nano-sizing,®° carbon structure,®® double carbon coating,®” PEDOT
coating®® and graphene/LFP composite.®®) (e) Cycle life test of lithium-excess LFP with a current density 0.5 A g~*. (Corresponding to 2.95 C of normal
LFP.) The capacity after 500 cycles maintained 81.5% of the initial charge/discharge capacity. (f) Mixing free energy and atomic configuration of lithium-
excess LFP (orange) and normal LFP (black, ref. 70, copyright 2011, Nature Publishing Group) as a function of lithium contents. Mixing energies of lithium-
excess and normal LFP at zero-temperature. Black dots and blue line are taken from the work of Ceder et al.”° The free energies were calculated by DFT
calculations using 245 atoms. The dash line is a predicted curve of whole mixing free energy. (Lithium-excess LFP: orange, normal LFP: blue dash line.)
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normal LFP (~30 mV) that we observed in Fig. 4(b) indicates
that lithium-excess LFP is likely to possess a distinct single-
particle characteristic. To understand this phenomenon in
detail, we investigated the preference toward the single-phase-
like behavior changes resulting from the presence of excess
lithium in LFP by calculating the free energy of mixing using
DFT methods, as shown in Fig. 4(f). For reference, the phase
mixing energies of normal LFP were taken from the work of the
Ceder group in ref. 70 (black dots) and plotted together with
those of excess-lithium LFP (orange dots) as a function of the
lithium content. Compared with the minimum mixing free
energies of normal LFP at each lithium composition (blue line),”
those of the lithium-excess LFP (red line, see Fig. S22, ESI{ for
detailed energy calculations and atomic configurations) lie well
below, indicating that the lithium-excess LFP is energetically
much closer to the single-phase energy over all the lithium
compositions, ie., it deviates less from the tie-line of the LFP
two-phase reaction.”® This relation between the energy and
lithium content of Fig. 4(f) can be roughly converted into a plot
with respect to the lithium chemical potential, as presented in
Fig. 4(g). The figure presents a schematic energy profile of a
single-particle electrode that undergoes a solid-solution for both
cases of lithium-excess (red line) and normal (black line) LFPs.
The spinodal energy per lithium to overcome for lithium-excess
LFP (Apiri-excess Lrp) Was approximately 6.5 mV according to DFT
calculations and ~10 mV according to experiments. These
values are only two-thirds of those of normal LFPs (Apygp,
~15 mV),”%”" which implies that the energy to overcome is
much less for the single-phase-like reaction in the case of
lithium-excess LFP. According to the particle-to-particle intercala-
tion model,”* discrete one-by-one filling of many particles occurs,
and the energy barrier for the single particle results in the voltage
hysteresis between the charge and discharge plateau, as illus-
trated in Fig. 4(g). The smaller hysteresis gap in lithium-excess
LFP derived from this figure agrees well with the results in
Fig. 4(b). It is speculated that the lower phase-transition energy
barrier for lithium-excess LFP stems from the defective nature of
lithium in the Fe site (Lig.) that destabilizes the pristine phase
and promotes the mixing as a “phase mixing seed”. In addition,
the reduced lattice misfit between lithium-excess LFP and
delithiated lithium-excess LFP as listed in Fig. 1(c) is also believed
to be affected on reducing the phase transition barrier.””*

Reduced memory effect of lithium-excess LFP

Another aspect that we investigated for lithium-excess LFP was
how the reduced energy barrier for the transition affects the
(i) ‘overshooting’ of voltage during charge/discharge and (ii) the
memory effect that has recently been reported for normal LFP.”
T. Sasaki et al. demonstrated that the electrochemical profile of
LFP exhibits an anomalous polarization increase depending on
the relaxation time and is affected by the history of the cycling.”
This increase was explained using a particle-by-particle charge/
discharge model with non-uniform chemical potentials of LFP
single particles after relaxation.” When the LFP electrode stops
at certain charge or discharge states, the active LFP particles
begin to separate into Li-rich and Li-poor particles. The active
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particles not reaching the most stable state during relaxation
do not show additional polarization, whereas those that have
reached this state have to climb up the energy barrier again,
inducing higher polarization.” We also observed an anomalous
polarization increase after relaxation in the galvanostatic inter-
mittent titration technique (GITT) compared with the constant
current (CC) measurements for normal LFP, as observed in
Fig. 5(a). Also, consistent with the observation of T. Sasaki et al.,
the memory effect is clearly observed for normal LFP after the
memory writing cycle (Fig. 5(b)). However, it was noted that
lithium-excess LFP exhibits a much smaller increase in the
polarization after relaxation in the GITT, as observed in Fig. 5(c),
and does not exhibit any detectable memory effect even after we
applied the same memory writing cycle as that of the normal LFP
electrode, as shown in Fig. 5(d).

Considering the memory effect model proposed by Sasaki
et al., we could infer that the lithium-excess LFP particle has a
different relaxation behavior from the normal LFP. To further
compare the relaxation behavior and polarization increase of
lithium-excess and normal LFP electrodes, we designed an addi-
tional experiment of rest-time-dependent partial GITT. Before
performing the partial GITT, the open-circuit voltage (OCV) at
50% state of charge (SOC) was measured during relaxation after
charge or discharge with a current rate of 10 mA g~ as a function
of time, as shown in Fig. 5(e). Although the OCV of normal LFP
required more than 100 min to obtain a charge and discharge
gap of 30 mV, the OCV gap of lithium-excess LFP was reduced to
10 mV in less than 20 min. This result indicates that the
relaxation process occurs much faster for lithium-excess LFP,
which is attributed to the higher degree of lithium diffusion in
the lithium-excess LFP. For a qualitative comparison, measure-
ment of the diffusion coefficients for the two LFPs was performed
as illustrated in Fig. $23-S25 (ESIt), indicating that the lithium-
excess LFP has one-order higher conductive properties than the
normal LFP. The difference in the relaxation kinetics affects the
behavior of the GITT experiment. Fig. 5(f) and (g) show the partial
GITT profiles of both LFPs during charge and discharge. The
black dotted lines represent the equilibrium voltage of LFP vs.
Li/Li*. Consistent with the GITT measurement above, lithium-
excess LFP shows considerably lower polarization from the
equilibrium potential for both charge and discharge regardless
of the duration of the rest time. However, with increasing rest
time, the voltage profiles of lithium-excess LFP start to show an
overshooting in the charge or discharge. In addition, the over-
shooting profile becomes more pronounced with additional
rest time, as clearly observed in the insets of Fig. 5(f) and (g).
The origin of the overshoot in LFP has not yet been clearly
revealed yet, but it is believed that it results from the resistance
involved in spinodal decomposition or nucleation formation
from the pristine and electrochemically activated particles.”
During the relaxation step, both LFPs would either undergo
spinodal decomposition or relax back to the original state by
exchanging lithium among each other or with particles in the
Li-poor phase.””" Since it is reported that the overshoots appear
just before the sequential particle-by-particle process occurs
and the full relaxation of particles is the triggering condition of
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Fig. 5 Charge and discharge profile in CC (constant current) and GITT (galvanostatic intermittent titration technique) modes of (a) normal LFP and
(c) lithium-excess LFP at a current rate of 10 mA g~*. The rest time of GITT is about 20 minutes. (b and d) Show the memory effect test of both LFPs.
Memory writing cycles (first cycle) are conducted to SOC 50% with one-hour rest time between charge and discharge. Memory releasing cycles (second
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the overshooting, the predominant overshooting is attributed to
the faster relaxation kinetics of the lithium-excess LFPs. Never-
theless, the overshoot in lithium-excess LFP is relatively small. It
is believed that the energy penalty that the particle needs to climb
again would be less for lithium-excess LFP because of the reduced
spinodal decomposition barrier, as indicated in Fig. 4(g), which
would also reduce the overshooting during charge/discharge.
The results of the relaxation time vs. polarization experiments
give us a hint as to why the memory effect is not observed in
lithium-excess LFP. Sasaki et al. demonstrated that as the rest time

2912 | Energy Environ. Sci, 2016, 9, 2902-2915

increases between the memory writing and memory releasing step,
the memory effect is notably reduced because of sufficient time for
homogenization of the lithium chemical potential among LFP
particles.” This finding implies that how fast the electrode material
relaxes to the stable state at zero current will sensitively affect the
dominance of the memory effect. Accordingly, we designed an
experiment on lithium-excess LFP to impose a shorter interval
between the memory writing and releasing cycles. As we system-
atically decrease the interval from 10 min to 1 min in Fig. S26
(ESIt), the memory effect begins to appear. When the interval time
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becomes less than 5 min, the signature of the voltage protrusion
is observed even though the magnitude is significantly smaller
than for normal LFP under the same conditions, indicating that
the memory effect is a universal effect in olivine LFPs. However,
because lithium-excess LFP allows much faster lithium kinetics,
the homogenization of the lithium chemical potential among
particles will also be significantly quicker after the memory
writing step. Therefore, within the same interval, the homo-
genization would be far more efficient for lithium-excess LFP,
and a detectable memory effect would not be observed.

Conclusions

In summary, we successfully synthesized a lithium-excess LFP,
Li(Lig osFeg.05)POy4, using a solid-state method. The lithium-
excess LFP exhibited unexpected physical and chemical proper-
ties that are remarkably distinguishable from those of normal
LFP, which is primarily due to near-zero Fey; anti-site defects.
The origin of the decreasing Fe;; anti-site defect concentration
is attributed to the destabilization of the Fep;related defect
formation in lithium-excess environments in the olivine frame-
work. We demonstrated that the local lithium-excess configu-
ration (i) provides additional lithium diffusion paths along the
[101] directions, (ii) lowers the spinodal decomposition point
and (iii) significantly weakens the memory effect. We believe
that unlocking the restrictive lithium ion diffusion in the olivine
electrode is expected to affect other intrinsic thermodynamic and
kinetic properties of olivine LFPs, such as the phase boundary
configuration, intermediate phase, and relaxation behavior,
which requires further investigation. Notably, all of these physical
changes in olivine cathodes originate from only a small change in
Li/Fe compositions. Our results suggest that a simple lithium-
excess concept in the electrode crystal not only enhances the
power capability but also leads to unexpected properties for the
pristine crystal and offers a novel interesting approach to tune
solid-state ionic conductors.

Experimental
Materials and characterization

LFPs with various compositions were synthesized using Li,CO;
(Sigma Aldrich, 99.9%), FeC,0,-H,O (Sigma Aldrich, 99%), and
(NH,4),HPO, (Aldrich, 98%). Each precursor was pulverized as
fine as possible, separately using high-energy ball-milling in an
Ar atmosphere to avoid oxidation. The fine precursors were
mixed by wet ball milling using acetone for more than 24 hours.
After drying the mixture, the powder was, again, pulverized as
fine as possible using dry ball milling to obtain uniformity and
calcinated at 350 °C with 5-6 °C min~" heating rate for 10 hours.
The calcinated powders were reground and pelletized under
more than 300 bar. The final sintering process was conducted
with a heating rate of 5-6 °C min~ ' in an Ar atmosphere for
10 hours. High-resolution powder diffraction patterns were
recorded using synchrotron X-ray radiation (the 8C2-HRPD
beam-line at the Pohang Accelerator Laboratory, Korea). ND data
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were collected using a high-resolution powder diffractometer
(HRPD) at the HANARO facility of the Korea Atomic Energy
Research Institute.

Calculation details

DFT calculations were performed using the Perdew Burke Ernzerhof
(PBE) exchange—correlation parameterization with the spin-polarized
generalized-gradient approximation (GGA). A plane-wave basis set
and the projector-augmented wave (PAW) method as implemented
in the Vienna ab initio simulation package (VASP) were used.
We used a Hubbard U parameter of Ueg = 4.3 eV for Fe ions.”>7*
A kinetic energy cut-off of the plane-wave basis set was 500 eV
and appropriate numbers of Monkhorst-Pack k-points were
used. The calculation details are described in the ESI.{

Electrode preparation

Electrochemical cells were assembled in an Ar-filled glove box
using a CR2032-type coin cell with Li metal as the counter
electrode. A separator (GFF) and 1 M LiPF in ethyl carbonate/
dimethyl carbonate (Panax, EC/DMC, 1:1 v/v) as the electrolyte
were used in cell fabrication. The electrodes’ slurry was cast on Al
foil using polyvinylidene fluoride (PVDF, as a binder, 10 wt%),
super p (carbon, as a conductive agent, 20 wt%) and active
materials (70 wt%) with a ~3.1 mg cm™ > active materials density.
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