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Figure 1. Schematics for structures of SLFP (a) and aLFP (b), and morphology of synthesized SLFP. Lithium ion is shown in green, [FeOq]
octahedron is shown in dark gray, [PO,] tetrahedron is shown in light gray, and [LiO,] tetrahedron for SLFP and [LiOg] octahedron for aLFP is
shown in light green. (c) Scanning electron microscopy (SEM) of SLFP. Scale bar, 1 um. The inset illustrates the size of an individual nanorod. Scale
bar, 50 nm. (d) High-resolution transition electron microscopy (HRTEM) of SLFP with (110) and (112) crystal planes marked. (¢) Charge/

discharge profiles and (f) CV curves of SLFPC-0.

olivine-structured aLFP is octahedral [LiOg], the SLFP is
tetrahedral coordinated, and tetrahedral [LiO,] ions share a
corner with the nearest octahedral [FeOg] and a corner with
the nearest tetrahedral [PO,] (Figure 1a,b). As a result, the 1D
migration channels for Li-ion diffusion in aL.FP along the b-axis
direction disappear in the g phase in which the Fe ion in the
octahedral [FeOq] is oriented similar to the 1D arrangement
along the c-axis instead. The Li ions in SLFP stay in a captive
state and are surrounded by octahedral [FeOg] and tetrahedral
[PO,]. As a result, the Li ions almost cannot migrate from
inside of the crystal to surfaces because of the very long
diffusion distance between two adjacent Li-ion sites and very
high energy barriers for lithium migration.® Previous
experimental studies also proved that SLFP exhibits almost
no electrochemical activation with low capacity (10—20 mAh
g~%, which was attributed to the small amount of residual
alFP?). As a consequence, SLFP has not been pursued as a
cathode material for LIBs.”>?

Here we report a simple method to activate SLFP by
introducing disorder (such as Fe;Li, antisite defects, crystal
distortion, and amorphous domains) into the structure and
creating new lithium migration passages. A high capacity of 128
mAh g~ at a rate of 0.1 C (17 mA g™?!) is obtained in this
activated materials with extraordinary cycling performance of
no obvious capacity fading (retaining more than 94% of initial
capacity) after 1000 cycles at 1 C and high rate performance of
65 mAh g~tat 10 C (1.7 A g7%). Further experimental tests and
density functional theory (DFT) calculations were employed to
get insight of the mechanism on how the storage and effective
migration of Li-ions in SLFP created by optimized disordering
for the electrochemical activation.

Experimental Methods. Synthesis of Nanocrystals of
Beta Lithium Iron Phosphate. Nanocrystals of beta lithium
iron phosphate were synthesized by a solvothermal method.
Precursor was made by mixing ethylene glycol solution of
ferrous sulfate and phosphoric acid under an Ar atmosphere,
then adding lithium hydroxide solution by drop under stirring.
The resulting dark green gel was transferred into a Teflon
autoclave under Ar environment. Reaction for 8 h at 180 °C
resulted in green nanocrystals of SLFP, which was collected by
washing with ethanol and water, and dried in a 80 °C vacuum
oven overnight.

Treatment for Controlled Disorder. The as-made nano-
crystals of SLFP were mixed with a type of conductive carbon
(acetylene black carbon with mean sizes of about 40 nm), then
ball milled with zirconia balls at 350 rpm for difterent times in a
zirconia vessel. As a result, the SLFP nanocrystals would closely
stick with the conductive carbon.

Characterizations of Materials. Powder X-ray diffraction
(XRD) was carried out on a Bruker D8-Advantage powder
diffractometer using Cu—Ka radiation from 26 = 10—120° at 1
s per step of 0.02°. Morphology of the samples was determined
by field-emission scanning electron microscopy (SEM, ZEISS
SURPA 55) operated at 5 kV and transmission electronic
microscopy (TEM, FEI G? F30). X-ray photoelectron spectra
(XPS) were obtained by using ESCALAB 250Xi. Soft X-ray
absorption spectra (XAS) were obtained at the undulator
Beamline 8.0.1 of the Advanced Light Source (ALS) at
Lawrence Berkeley National Laboratory (LBNL). Elemental
analysis was carried out by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES, JY2000-2).

Electrochemical Properties Characterization. For coin-cell
tests, cathodes were prepared by coating aluminum foil (2 cm?)
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Figure 2. Morphology of ball-milled sample SLFPC-8 and characters illustrating partial lithium migrating to carbon during ball-milling. (@) HRTEM
of SLFPC-8 illustrating the partially distorted domain. Inset shows the fast Fourier transform results of the selected region marked with a yellow box.
Scale bar, 3 nm. (b) HRTEM of SLFPC-8 showing ordered domains and disordered domains. Inset shows the fast Fourier transform results of whole
region. Scale bar, 4 nm. (¢) X-ray diffraction results of ball-milled samples SLFPC-x. (d) Soft X-ray absorption spectra of SLFPC-n (n = 0, 2, and 10)
illustrating that Fe?* (around 698.5 eV) changes to Fe®* (around 7015 eV) after ball-milling. (€) XPS of milled SLFPC-8. Fe is bivalent in bulk
(measured with different etching time) while trivalent in the surface. (f) Li_1s XPS spectra of pLFPC-8 with peak of 57 eV belonging to Li,C
demonstrating that partial lithium (surface region mostly) was extracted and resided in the covered carbon.

with a slurry of SLFP, polyvinylidene fluoride, and acetylene
carbon black with thickness of 20 um in a total weight of 2 mg
at a ratio of 50:15:35. This material was dried at 80 °C in a
vacuum oven overnight, cut into circles, and assembled in a
lithium coin cell. Cyclic voltammetry (CV) was carried out
using an electrochemical workstation (ParStat 2273). The
capacity of pLFPC-n (where # is the ball-milling time in hours)
was calculated to take into account that of the ball-milled
conductive carbon [Section S1 in Supporting Information].

Theoretical Calculations. All calculations are performed
with the Vienna ab initio simulation package (VASPg, using the
plane-wave projector-augmented wave method”® with an
energy cutoff of 450 eV. The Perdew—Burke—Ernzerhof
(PBE)* form of the generalized gradient approximation
(GGA) was chosen as the exchange-correlation potential.
Considering the strong on-site Coulomb interaction (U)
present in the localized 3d electrons of Fe, the PBE+U
approach™® is employed with the same U value of 5.3 eV** for
LiFePO, and FePO, To obtain reliable optimized structures
and the total energy all the atomic positions and cell parameters
are fully relaxed by use of a conjugate gradient algorithm, and
optimized structures are assumed to be reached when the force
on each atom is smaller than 0.03 eV/A. A 2 x 1 x 2 k-point
grid within the Monkhorst—Pack scheme is used to sample the
Brillouin zone of the 2a x 2b x 2c¢ supercell. The climbing-
image nudged elastic band (cNEB) method®® was chosen to
calculate the energy barriers for Li-ion diffusion in the bulk
LiFePO,, performed in the 2 x 1 x 2 supercell.

Results and Discussion. Synthesis and Characterization
of BLFP Nanocrystals. The XRD patterns of the fresh SLFP
nanocrystals synthesized by the solvothermal method are

shown in Supporting Information Figure S1. The structure is
found to be SLFP with the orthorhombic Cmcm Space group.
Lattice parameters are calculated to be a = 5.627 A, b = 8.366
A and ¢ = 6.219 A from Rietveld refinement, which are in good
agreement with our calculated values from density functional
theory (DFT) calculations and those in the literatures™?*’
(Supporting Information Table S1). Figure 1c,d exhibits SEM
and high-resolution TEM images of the fresh material. As
illustrated in Figure 1c, the synthesized SLFP nanoparticles
form a spiky ball with a 3D porous microstructure. The
particles exhibit a size distribution of 4—6 um. Each individual
particle is composed of self-assembled nanocrystals with
dimensions of 20 x 20 x 120 nm® The TEM image shows
the crystalline pattern of a nanorod clearly (Figure 1d). The
120 nm long side is in the [001] direction, and the other two
sides (width of 20 nm) are in the [100] and [010] directions.
The (110) and (112) crystal planes are also labeled.
Electrochemical Performance of Fresh LFP Nanocrystal
Samples. The fresh SLFP nanocrystal samples were mixed with
conductive carbon (named as pLFPC-0) and investigated in a
standard half-cell configuration. The initial capacity is 21 mAh
g~ at a rate of 0.1 C (Figure 1e), where the method to
calculate the capacity is described in Section S1 of the
Supporting Information. In a previous report, the capacity of
the prepared SLFP sample was attributed to the small amount
of residual aLFP.?> However, this explanation does not account
for the obtained capacity of SLFPC-0 in Figure le. First, an
XRD analysis did not detect any alLFP in our sample
(Supporting Information Figure S1). Second, the redox peaks
of SLFPC-0 appear around 2.9 V in the cyclic voltammogram
(CV) curves (Figure 1f), corresponding to redox couple of
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Fe?*/Fe3*. This voltage is much smaller than the typical value of
35 V for aLFP. Finally, the slope of the capacity—voltage
curves of SLFPC-0 (Figure 1e) do not show the typical plateau
of aLFP at about 3.5 V, similar to the behavior of solid solution
materials, such as layered LiNi,Mn,Co,O,, with a single phase
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volumetric change degree compared with the theoretical value.
Further XRD analysis demonstrates that Fe ;Lig, antisite defects
(Supporting Information Table S4) are detected experimentally
after the ball-milling. A most likely cause of Fe;Liz, maybe that
the extraction of Li ions during the ball-milling process would
induce the Fe atoms to migrate to Li vacancy sites and thus
forming Fe Lir, and Vg, (Fe vacancies). The following DFT
study demonstrates that FeiLig, could significantly decrease the
volumetric change of SLFP and activate the SLFP.

A DFT Study of the Dependency Relationship between
Fe,Lir, Antisite Defects and Volume. On the basis of the
above results, we studied the volumetric change as a function of
the content of FeLie. (Figure 4b). Our calculations
demonstrate that Fe Lir antisite defects are energetically
favorable, and they tend to cluster (details in Sections S2 and
S3 in Supporting Information). The system with FejLig
antisite defects can be represented as g-
(LigeFe. ), (LiFe),_,PO,, where x indicates the content of
Fe iLiz. As x increases from 0 to 1, the parameters a and b
increase and ¢ decreases for g-(Fe,;),Fe;_.PO, while 4, b, and ¢
remain almost constant for p-(LieFe,;),.(LiFe),_,PO, (Sup-
porting Information Figure S12). If x is in the range of 0 to 0.3,
variations of a, b, and ¢ between f-(Lig.Fe.;).(LiFe),_.,PO, and
p-(Fey;).Fe._,PO, all decrease. Meanwhile, the volumetric
variation between p-(LigFe;),(LiFe),_,PO, and p-
(Fey),Fe,_,PO, decreases from 8% at x = 0 to about 0% at
x = 0.3. When « is larger than 0.3, the volume of delithiated -
(Fe).(Fe),_,PO, becomes larger than that of lithiated g-
(LigeFe ). (LiFe),_,PO,. This volumetric change is contrary to
that of ordered SLFP. Therefore, the FeLig, antisite defects
weaken the volumetric change between lithiated and delithiated
states in the range of 0 to 0.3. Thus, the small volumetric
change could be partly attributed to the Fe,;Lig. antisite defects.

A DFT Study of Li-lon Migration in Pure and Defective
PLFP. For every Liion in SLFP, there are two kinds of adjacent
Li ions. As shown in Figure 5a, one is Li ion A adjacent to Li
ion B, with the path A—B connected with a red arrow, and the
other is the Li ion A adjacent to Li ion C, with the path A—C in
the ac plane marked by a blue arrow. The activation barriers are
calculated to be 1.2 and 1.4 eV for a Li vacancy to migrate to
the adjacent Li sites in the A—B and A—C paths, respectively
(Figure 5b).These activation barriers are about 5 times higher
than that of aLFP (0.27 eV),? so that Li ion migration is
forbidden. Hence, theoretical results indicate that ordered
PLFP is inactive, which is consistent with previous experimental
reports®>?> and our experimental results.

The most common disorders in SLFP are point defects such
as Fey; (Fe at Li site) or Vg, (Fe site vacancy). When a Fe site is
occupied by a Lig, oOr Vg, there are two kinds of newly
generated Li migration paths, denoted as Li'—Vg, (path A) and
Li"-Vg, (path B), respectively (denoted with red and blue
arrows in Figure 5¢). In addition, when two adjacent Fe atoms
are replaced by two Lig, Or Vi, a new kind of passage Lig,—Ve
(path C) forms (denoted with black arrow in Figure 5c). The
calculated energy barriers for paths A, B, and C are 0.56, 0.39,
and 0.23 eV, respectively (Figure 5d), much lower than the 1.2
eV for ordered SLFP. Thus, defects such as Lig, or Vg, activate
PLFP by creating new Li migration passages with low energy
barriers.

On the basis of above discussions, we propose a disorder
(such as FeLig, antisite defects, crystal distortion, and
amorphous domains) collaborative model to reasonably explain
the Li-ion migration mechanism in the activated ball-milled

Y=}

Figure S. (a) lllustration of two kinds of Li-ion connections in SLFP.
Li ion A has adjacent Li ion B on the side, and adjacent Li ion C is up
or below A. The connection A—B and A—C are marked with red and
blue arrows, respectively. (b) The energy barriers for the hopping of a
Li-vacancy along the path A—B (red line) and the path A—C (blue
line). IS, TS, and FS represent the initial, final, and transitional states,
respectively. (c) lllustration of the three kinds of newly generated Li-
ion migration passages in the defective domain. Path A: migration
passage for the adjacent Li' when a V¢, is present, marked with the red
arrow. Path B: migration passage for the adjacent Li" when a Vg, is
present, marked with the blue arrow. Path C: generated when a Lig, is
adjacent to a Vg, marked with black arrow. (d) The corresponding
energy barriers for Li vacancy hopping along the three kinds of newly
generated Li-ion migration passages.

samples (Figure 6). In this model, the defective and amorphous
domains activate Li-ion effective migration from the storage of
the tetrahedral [LiO,] with low activation barrier, so that Li

Pure crystal

’ (inactive) ’ ’ ’

Defective domain

’ ' ” ’ " (active) ’ [ :
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Figure 6. Schematic illustration of the defects/amorphism collabo-
rative model. The gray cube denotes the pure crystal, the blue cube
denotes the defective domain, and the yellow cube denotes the
amorphous domain. The blue arrows represent the active lithium ion
passages, while the red arrow with X means that lithium ion migration
is forbidden.

electrolyte
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ions near the interface of pure crystalline domains can be
extracted through activated defective or amorphous domains
due to the nanosurface effects. Once these defective and
amorphous domains are linked to generate an optimized
network, the Li ions will migrate easily from the inner parts to
the surface of nanoparticles and then to the electrolyte. As a
result, the JLFPC-n (such as JLFPC-8) can achieve a excellent
electrochemical performance.

Conclusion. In summary, we synthesize SLFP and activate
it with greatly improved electrochemical performance by
introducing disorder into the structure. The optimized ball-
milled material achieved a high capacity of about 128 mAh g~*
at a rate of 0.1 C and a high cycling stability to retain 94.5% of
the initial capacity after 1000 cycles at the 1 C (170 mA g™).
Using experimental tests combined with DFT calculations, it is
demonstrated that the disorder introduced by the ball-milling,
such as defects (Lig, Fey;, and Vg) in the residual crystalline
parts, crystal distortion, and amorphous domains, can create
effective Li-ion migration passages, which free the captive
stored lithium and facilitate their intercalation/deintercalation
from the cathode, thus to activate the gLFP. Such fundamental
understanding of Li-ion storage and effective migration would
enable the design of disordered-electrode materials with high
capacity and high energy density.
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