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Influence of Oxidation System on Chemical Delithiation of LiFePO,
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Abstract: Chemical delithiation is widely used in literature to study the structure-property-performance relationship
of olivine LiFePO, before/after lithium extraction, but the influence of oxidation system on the structure, morphology
and electrochemical performance of the resulted Li,FePO, (0 <x<1) is seldom noticed. In this paper, large particle
LiFePO, is synthesized via a modified solid-state reaction method and is chemically delithiated by NO,BF, in ace-
tonitrile or by K,S,05 in an aqueous solution. Solvents are found highly involved in chemical delithiation of LiFePO,,
and significant O-H groups are identified in FePO, derived by K,S,05. Moreover, proton insertion into the crystal lat-
tice of Li,FePO, (0<x<1) is demonstrated possible in such highly oxidative aqueous solutions. The synergism of
dispersion, dissolution, delithiation, and more importantly protonation induces serious structure and morphology
change to so-obtained FePO, and makes the particle size much smaller. Consequently, the specific discharge capaci-
ty is dramatically decreased with increased charge transfer impedance, and the charge/discharge curves are trans-
formed to slope-like profiles. Although these protons (including residual water and hydroxyls) could be removed by
low temperature annealing, the battery performance can’t be fully recovered due to the irreversible structure and
morphology change. On the contrary, there is no obvious proton incorporation during chemical delithiation of LiFe-
PO, by NO,BF, in organic solutions, which leads to FePO, with almost invariant structure, morphology and perfor-

mance comparing to pristine LiFePO,.
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0 Introduction

Since the pioneering work by Padhi et al.™ in
1997, olivine LiFePO,* has been intensively studied
as a promising cathode material ™ for lithium ion
batteries (LIBs) due to its unique advantages such as

(theoretically 170 mAh -g™),

high energy density, low cost and environmental

high specific capacity

benignity. Moreover, the olivine structure is stable
during charge/discharge because of the inductive
effect of PO~ polyanions ), which endows LiFePO,
the high safety merit and long-life cycling trait when
used in high efficiency energy storage applications!!
such as electric vehicles (EVs), hybrid electric
vehicles (HEVs) and plug-in hybrid electric vehicles
(PHEVs) Bl However, the low intrinsic conductivity
industrial ~ commercialization.

hinders its further

[9-11]

Particle downsizing™'", surface coating" and bulk

U317 are then employed to overcome this

doping
shortcoming. And a high power LiFePO, with excellent
rate performance has already been reported'®,

On the other hand, it is of great importance to
understand the structure-property-performance
relationship before and after charge/discharge, so as to
design novel materials for high performance LIBs
accordingly. Lithium ions (Li*) were predicted™®*! to

diffuse [010]

direction™), which was later verified experimentally by
[23]

in one dimensional tunnels along

Yamadas group . Meanwhile, shrink-core™!, platelet

type
successively  to

[24-25] [26]

| domino cascade ™ models were introduced

interpret the two-phase reaction

charge/discharge. Moreover, solid

[27-28]

process during

solution phase was found at the beginning of
charge/discharge. Gu™® et al. also observed the lithium
staging phenomenon in partially delithiated LiFePO,
analogously in layered intercalation compounds by
aberration-corrected scanning transmission electron

(STEM).

computation ! revealed the suppression of phase

microscopy Recently, ab-initio
separation due to the non-equilibrium Li incorporation
during discharging.

Therefore, it is vital to get reliable intermediate

Li,FePO, (0O<x<1) as well as the end FePO, for above

research. Electrochemical lithium extraction is ideal
but constrained by the low yield and complex process
with contamination from binder and conductive

additives. As a simple approximation, chemical
delithiation ® has been successfully applied to get
(0 =x <1) with desired

compositions. On basis of that, the lithium diffusion

large quantity LiFePO,

path and the two-phase reaction during charge/
discharge as well as the solid solution behavior were
able be verified. Besides, Lin et al. ' showed
inhomogeneous phase progression in single crystal
LiCo0O, by chemical delithiation, and Wu"" et al. found
the vanishing of super lattice in (1—z)Li|[Li;;Mny3]Op-zLi
[Mngs_,Nigs,Co,]O, on extracting a significant amount
of lithium during chemical delithiation due to the loss
of ordering between the Li* and the transition metal
ions. Among the family of this powerful technique,
(NO,BF,)P* in acetonitrile

(K;S,09) ™! in an aqueous

nitronium tetrafluoroborate
and potassium persulfate
solution are the two common oxidation systems in
literature because of the appropriate redox potential in
addition with easy operation. To our knowledge, the
difference between FePO, delithiated by the two
oxidation systems is seldom identified. In this paper,
we report the structure, morphology and performance
difference of FePO, delithiated from large particle
LiFePO, by NO,BF, in acetonitrile and K,S,04 in water
respectively for the first time. Moreover, proton
insertion into the crystal lattice of Li,FePO, (0=x=<1)
is found possible in highly oxidative aqueous solutions
although previous calculation indicates that olivine

LiFePO, is unfavorable of protonation®®,

1 Experimental Section

1.1 Materials Preparation

Pristine LiFePO, was prepared by a modified
solid-state reaction route. The precursors of lithium
carbonate Li,CO;, iron oxalate FeC,0, -2H,0 and
ammonium dihydrogen phosphate NH H,PO, were
mixed together stoichiometrically and were ball-milled
for 12 h in acetone. After drying at 80 °C for 4 h, they
were grounded in a mortar for 1 h. The mixture was

then thermally decomposed at 350 °C for 6 h under an
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argon (Ar) flow. The obtained powder was regrounded
and mixed manually again for 2 h. In order to get
large particle LiFePO,, it was pressed into pellets
followed by heating at 800 °C for 24 h under Ar
protection.

The pristine LiFePO, was chemically delithiated
either by NO,BF, or by K,S,03 When the former was
used as the oxidant, 1.7 g NO,BF, (100% excess) was
dissolved in 100 mL acetonitrile and 1 g LiFePO, was
added in dropwise. The mixture was vigorously stirred
for 30 h at ambient temperature. The products were
(CH;0H) for several times and
were dried at 80 °C for 12 h under vacuum. The so-

filtered by methanol

obtained sample is denoted as FePO,<N hereafter.
Similar process was used to delithiate LiFePO, by
K;S,05. 1.7 g K;S,05  (100% excess) and 1 g LiFePO,
were dissolved in 100 mL deionized water. The
mixture was stirred for 30 h allowing the equilibrium
to be reached. It was then filtered alternatively by
water and ethanol for several times with the latter at
the end, and was dried in a vacuum oven at 80 °C for
12 h. The collected sample is designated as FePO,-K
hereafter. In order to remove the inserted protons
including residual water and hydroxyls, FePO,-K was
post annealed at 300 °C for 24 h in Ar atmosphere
and was cooled naturally to room temperature. It is
assigned as FePO,~K-AN in the rest of the paper.

1.2 Materials Characterization

(XRD) was conducted
on an Xpert Pro (PANalytical) with Cu K« radiation.

Powder X-ray diffraction

Rietveld refinement on the XRD data was performed
by the High Score Plus software. The particle
morphology was observed by electron
(SEM, VEGA3 LMH) and transmission
(TEM, JEM 2100). The particle

size distribution was obtained by laser particle size

scanning
microscopy

electron microscopy

analyzer in Xi’an Maxsun Kores New Materials Co.,
LTD. The Li/Fe/P ratio was
inductively  coupled

spectroscopy  (ICP-AES) also with the help of Xi’an

characterized by

plasma  atomic  emission

Maxsun Kores New Materials Co., LTD, and was
double checked by energy dispersive X-ray detection

(EDX, INCA ENERGY250) attaching to the

aforementioned SEM. Fourier transform infrared

spectroscopy (FTIR, Bruker, VERTEX 70) was carried
out with pellets made of KBr and the samples. The
thermal behavior of FePO,K was investigated by

thermogravimetry-differential calorimetry

(TG-DSC, STA 449C) at a heating rate of 5 °C +min™

from room temperature to 400 °C under N, protection

scanning

while the cooling process was recorded at 10 “C-min™.
1.3 Battery Performance

A homogeneous slurry of the active material
(LiFePO, or FePO, 70wt% ), conducting carbon
(acetylene black, 20wt%) and binder (PVDF, 10wt%)
in N-Methyl-2-Pyrrolidone (NMP) was casted onto a
pretreated blade
technique. The cathode was then dried under vacuum
at 80 °C for 12 h. CR2016 coin cells were fabricated

in an Ar-filled glove box. Lithium metal was used as

aluminum foil by the doctor

the anode, and the electrolyte was 1 mol - L™ LiPFy in
EC/DMC (1 :1, V/V). The batteries were charge/
discharged on a CT2001A Land Battery Testing
System  to

evaluate  their  performance. The

(EIS) was
carried out on a Versatile Multichannel Galvanostat 2/
7 (VMP2, Princeton Applied Research). An ac voltage
signal of £5 mV was used in the frequency range from

102 to 10° Hz.

electrochemical impedance spectroscopy

2 Results and Discussion

Lithium could be
delithiation

removed from LiFePO, by
with NO,BF, and K,S,04
according to equation (1) and (2), respectively.
LiFePO,+NO,BF, — FePO+LiBF,+NO, 1)
2LiFePO+K,S,05 — 2FePO+Li,S04+K,S0,  (2)
Fig.1 shows the XRD patterns of pristine
LiFePO,, chemically derived FePO, by NO,BF,
(FePO,N) and that by K,S,0; (FePO,-K). Each sample

agrees well with its

chemical

reference pattern  without
detectable impurities. Belonging to the space group of
Pnma, the as-prepared LiFePO, occupies a slightly
distorted hexagonal close packing with LiOg octahedra,
FeOg octahedra, and PO, tetrahedra. After delithiation,
it can be seen by ICP-AES (Table 1) that almost all

lithium are removed taking into account of the
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Table 1 Li/Fe/P ratios of LiFePO,, FePO,N and FePO,K characterized by ICP-AES and EDX, respectively

Samples Li/Fe/P ratio(ICP-AES) Fe/P ratio(EDX)
Pristine LiFePO, 1.04:0.97:1 0.97:1
FePO,N 0.01:0.96:1 0.96:1
FePO,K 0.01:0.95:1 0.94:1
@ « Observed ) « Observed
—— Calculated —— Calculated
Background Background
—— Difference —— Difference
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Rietveld refinement on XRD patterns of pristine LiFePO, (a), FePO,-N (b), FePO,-K (¢) and FePO,-K-AN (d).

The calculated lattice parameters are summarized in (e). The vertical lines in the bottom of (a)-(d) indicate

the reference patterns of LiFePO, and FePO, correspondingly

technique error, which is in reasonable agreement
with the EDX result. The delithiated materials are
isostructural orthorhombic FePO, from XRD patterns
despite of the oxidant species. Rietveld refinement
(Fig.1e) shows that the as-prepared LiFePO, has a
larger crystallographic cell comparing with reported
(24 h)
sintering at the high temperature of 800 °C. Such a

nano materials " because of the long time

synthesis condition therefore produces very large
particle LiFePO, as shown in Fig.2a where the Dy in
Fig.3a is about 12.61 pm. After chemical delithiation
by NO,BF,, the particle size is slightly decreased as
shown in Fig.2b and is further confirmed by laser
particle size analyzer in Fig.3b where the Ds, is about
10.28 pwm with a narrower particle size distribution.

Note that the particle size is dramatically decreased
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Insets exhibit their TEM images

Fig.3 Particle size distributions of pristine LiFePO, (a), FePO,-N (b) and FePO,-K (c)

for FePO, derived by K,S,05. The Dy is only 3.54 pum small and thin plates/whiskers on the particle surface

with a much narrower size distribution as shown in of FePO,K in Fig.2c. TEM images
Fig.3c. This is consistent with Rietveld refinement

that FePO,-K has a smaller crystallographic cell than

(insets of Fig.3)
clearly reflect the morphology difference of these
samples. FePO,-N nearly retains the round particle

FePO,N (Fig.le). More interestingly, there are many shape of pristine LiFePO,, but the particle surface of



1408

xoH Ak

#o% 4R %30 &

FePO,-K seems seriously corroded or dissolved leaving
many thin plates/whiskers on its surface. Structural
fractures even crystallographic disorders and texture
defaults® are then thought very probably formed in
FePO,-K.

CR2016 coin cells with Li metal as the anodes
were fabricated to investigate the battery performance
of these materials. Fig.4a shows the charge/discharge
curves of pristine LiFePO,, FePO,&N and FePO,K at
the current of 1C (means charged or discharged in 1
h) with a CC/CD mode (constant charge/constant
discharge at the same rate) between 2.0 V and 4.3 V
(vs. Li/Li* hereafter) at room temperature. The specific
discharge  capacity and  coulombic efficiency
(discharge capacity divided by charge capacity) of
pristine LiFePO, are 63.12 mAh -g ™ and 91.72%
respectively, which are reasonable considering the
ultra large particle (12.61 pwm vs. nano) without any
modification such as surface coating or bulk doping.
Moreover, it shows a flat charge/discharge plateau at
3.5/3.4 V in good agreement with literature™¥. The
specific discharge capacity of FePO,N is a little
promoted to 64.80 mAh :g ™' with the coulombic
efficiency of 96.29% probably due to its smaller
particle size. However, FePO,-K shows totally different
For both the

discharge curves are changed to slope-like profiles; for

behavior. one thing, charge and
another, the specific discharge capacity decreases
drastically to only 31.50 mAh -g . The prototype
batteries were further tested by a CCCV/CD mode
between 2.5 V and 4.0 V at room temperature. They

were charged constantly at C/5 rate to 4.0 V followed

. (a) 1CRate /
‘/

——LiFePOy4
—¥—FePO«N
o FePO+K
— —FePO+K-AN

3.01

Voltage / V (vs.Li'/Li)
N
W

0
=3

0 10 20 30 40 50 60 70
Specific capacity / (mAh-g")

by a constant voltage charging to the current of C/25,
and were discharged at C/5 again to 2.5 V. The
results are shown in Fig.4b. At a lower rate plus
constant voltage charging, the specific discharge
capacity of pristine LiFePO,, FePO,N and FePO,K
are increased to 75.71 mAh-g™, 77.98 mAh-g™ and
39.75 mAh -g ™' respectively exhibiting a similar
change trend in capacity and voltage profiles as shown
in Figda by CC/CV tests. Fig.5 shows the room
temperature EIS of different samples at fully charged
state. The impedance spectrum is generally composed
of a semicircle at high frequency and a sloping line at
low frequency region roughly corresponding to the
(R.) and the Warburg

impedance related to lithium diffusion in the active

charge transfer impedance

material, respectively "L It therefore can be seen that
the charge transfer impedance of FePO,K(R,=600 ()
is much larger than that of pristine LiFePO, (R.,=61
Q) or that of FePO,N (R,=64 (1), which agrees
reasonably with the battery performance in Fig.4.
Remember that pristine LiFePO, is chemically
delithiated by NO,BF, in an

(acetonitrile) but by K,;S,0g3 in an aqueous solution

organic  solution
(deionized water), the abnormal structure, morphology
and electrochemical performance of FePO,-K is
probably correlated with solvent H,O since partially
hydrated olivine phase could lead to performance loss
of LiFePO,/*". Even moisture or trace oxygen!” ™! could
induce structure change and performance degradation
of LiFePO,, not to mention the long time (30 h)
immersion of Li,FePO, (0<<x<1) here in H,O under a

highly oxidative environment. Fig.6 shows the FTIR

4.04 . (b) C/S Rate —
L
= 354 =
Z
>
9,301} ——Lvirepo,

8 —+—FePOs-N
o —o—FePOs-K
> 2.5 o ——FePO+K-AN

0 10 20 30 40 50 60 70 80
Specific capacity / (mAh-g*)

Fig.4 Charge/discharge curves of pristine LiFePO,, FePO,-N, FePO,-K, and FePO,-K-AN. The prototype batteries are
tested by the CC/CD mode at 1C rate in (a) while by the CCCV/CD mode at C/5 rate in (b)
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spectrum of FePO,K in comparison with that of
FePO,-N. In agreement with Juliens work ", the
peaks ranged from 940 cm™ to 1 095 ¢cm™ correspond
to the stretching modes of PO,’~ units while that at
1 237 em™ corresponds to the vibration mode of PO
The peaks at 1 471 em™, 2 855 em™ and 2 921 em™
are the deformation mode, symmetric stretching mode

mode of -CH,
They are mainly found in FePO,-N

and  asymmetric  stretching

respectively .
because of the residual -C-H groups from acetonitrile.
There is also a little -CH, in FePO,-K because it was
filtered alternately by water and ethanol. As can be
seen in Fig.4, -CH, has little influence on the battery
(0 =x <1) since the

electrodes are soaked in organic electrolytes. The

performance of LiFePO,

peak at 1 642 cm™ shows the deformation mode of
liquid HyO with only a little amount that was not fully
removed during drying. Note that the broad peak band
at 3 500 cm™~2 500 cm ™ implies significant O-H
groups in FePO,<K, which is similar with layered
oxide cathodes during chemical delithiation ™.
Manthirams group®™ found that layered compounds are
favorable of protonation while olivine LiFePO, doesn’t
encounter such a problem in organic solutions as in
the case of FePO,-N. However, the large content of O-
H groups in FePO,K indicates that it is possible for

protons to incorporate into the crystal lattice of

@ Synergism
.

Dispersion

Dissolution

Li,FePO, (0<x<1) in aqueous solutions.

Considering  protonation  during  chemical
delithiation, there are mainly three types of hydroxyls
in FePO,-K:

removed by drying, lattice O-H groups in FePO, due

the residual H,0O that was not fully

to the inserted protons, and the adsorbed -OH
concomitant with proton incorporation. There should
be only a little residual H,O as FTIR indicates at
1 642 cm ™ because the sample was dried under
vacuum at 80 °C for 12 h, therefore, the significant O-
H groups are mainly related with protonation during
delithiation. Scheme 1 gives an illustration of the
structure and morphology change along with chemical
delithiation in aqueous solutions. When LiFePO, and
K,S,05 are mixed together, the loose coupled particles
are dispersed by vigorous stirring in addition with

B This causes the initial particle

partial dissolution
downsizing and roughening of LiFePO,. While lithium
is being removed, some protons are incorporated into
the crystal lattice of LiFePO, (0 =<x <1) either by
proton-lithium exchange or by proton insertion into
lithium vacancies leading to surface corrosion
(dissolution) and further decrease of the particle size.
At the same time, the isolated -OH could be possibly
adsorbed on the coarse surface of LiFePO, (0<x<1).
Note that these processes take place simultaneously

and  multidimensionally, and  their  synergism

)

%

Delithiation

q@ Prothonation ‘ElEIE

@, x, and < represents Li*, H*, and OH™ respectively while the circles indicate LiFePO, particles with different sizes and morphologies along with

delithiation. The lithium channels are parallel to (010) indicating their diffusion path

Scheme 1

Schematic illustration of chemical delithiation of LiFePO, in aqueous solutions
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Fig.5 Room temperature EIS of LiFePO,, FePO,N,
FePO,-K and FePO,-K-AN at the fully charged
state. The inset magnifies the high frequency

region for clear illustration

accelerates the overall structure and morphology
change of FePO,-K as shown in Fig.2 and Fig.3. As a

result, its battery performance is dramatically
deteriorated, and the charge/discharge curves are
changed to slope-like profiles. On the contrary, there
are not much protons in acetonitrile, thus protonation
is rarely involved in chemical delithiation of LiFePO,
by NO,BF,. This comes to be the main difference of
chemical delithiation of LiFePO, by the two oxidants.
The slight particle size decrease of FePO,N is mainly
caused by the long time dispersion of LiFePO, (0<
x =<1) under vigorous stirring and its light dissolution
during chemical delithiation.

Post annealing was conducted to eliminate the
residual water, hydroxyls and inserted protons in
FePO,K. Tt is reported ® that orthorhombic FePO,
could be rearranged FePO,
temperatures higher than 450 °C. Therefore, FePO,-K

was annealed at 300 °C for 24 h under Ar protection

into  trigonal at

in this paper. The content of O-H groups in FePO,-K-
AN is indeed decreased as shown in Fig.6. The XRD
pattern in Fig.ld and the SEM image in Fig.2d
demonstrate that the phase structure and particle
morphology of FePO,K-AN have no much change
comparing to FePO,<K. Due to the removal of protons
that could possibly block the 1D lithium diffusion
channels, the specific discharge capacity is now
improved to 48.81 mAh-¢™ in Fig.4a and 59.35 mAh-
g in Figdb, which are both higher than that of

FePO4,-K but are still not as good as pristine LiFePO,
(and FePO4N). The irrecoverable performance might
be related with the irreversible changes such as
structure fractures, crystallographic disorders and
texture defaults during chemical delithiation. The R,
value of FePO,K-AN is 360 () sitting between
pristine LiFePO, (FePO,-N) and FePO,K as shown in
Fig.5. TGA-DSC (Fig.7) shows an intensive weight loss
at 100~200 °C with an endothermic peak indicating
the removal of H,0O and protons from FePO,-K. There
is still a gradual weight loss slowly extending to
higher temperatures demonstrating further extraction
of protons. The heat treatment is stopped at 400 °C to
avoid phase transformation at higher temperatures®™. Tt
can be seen from TGA that the total weight loss is
about 2% which is lower than the reported value
(5.5%)"" of Li,_NigsMngs0, because of the large
distortion of the Fe and P coordination polyhedra in
LiFePO,*.

In is

very LiFePO,

synthesized in this paper to investigate the structure,

short, large particle
morphology and performance difference of FePO,
derived by chemical delithiation of LiFePO, with
different oxidation systems. Large particles could give
the intrinsic difference without the interference of size
effects"”. Tt is found that solvents are highly involved
in chemical delithiation of LiFePO,. Moreover, proton
insertion into the crystal lattice of Li,FePO, (0<=x=<1)
identified in FePO, derived by K,S,0s. The

synergism of dispersion, dissolution, delithiation and

is

more importantly  protonation  during chemical

delithiation makes the structure and morphology of

71

T T T
2500 2000 1500

Wavenumber / cm™!

T T
3500 3000

Fig.6 FTIR spectra of FePO,-N, FePO,-K and FePO,-K-AN
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Fig.7 TGA-DSC curves of FePO,-K from room
temperature to 400 °C and backwards

under a N, flow

FePO, dramatically deviate from pristine LiFePO,.
Consequently, the battery performance is seriously
deteriorated. This work promotes careful control of

133531 into  battery materials

chemical intrusion
especially those are very subtle to atmosphere (such
as LiFePO,). At the same time, it indicates that proton
insertion into the crystal lattice of Li,FePO, (0<x<1)
is possible in aqueous solutions when any ecritical
condition such as oxidizability, pH, concentration, and

immersion time is reached.
3 Conclusions

Solvents are found highly involved in chemical
delithiation of LiFePO, and proton incorporation into
LiFePO, (0=x=<1) is demonstrated possible in highly
oxidative aqueous solutions. The synergism of
dispersion, dissolution, delithiation and protonation
causes serious irreversible structure and morphology
change to the derived FePO,. As a result, the battery
performance is dramatically degraded with increased
charge transfer impedance and the charge/discharge
curves are transformed to slope-like profiles. Further
work needs to understand the detailed interaction
between proton and LiFePO, (0 <x <1) during

charge/discharge.
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