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Phosphorous acid route synthesis of iron tavorite
phases, LiFePO4(OH),F, , [0 = x = 1] and
comparative study of their electrochemical
activitiest

Hooman Yaghoobnejad Asl and Amitava Choudhury™

New synthesis routes were employed for the synthesis of three derivatives of iron hydroxo-, fluoro-, and
mixed hydroxo-fluoro phosphates LiFePO4(OH),F;_, where 0 = x = 1 with the tavorite structure type,
and their detail electrochemical activities have been presented. The hydrothermal synthesis of the pure
hydroxo-derivative, LiFePO4OH, using phosphorous acid as a source of phosphate yielded good quality
crystals from which the crystal structure was solved for the first time using SC-XRD (single crystal X-ray
diffraction). The fluoro derivative, LiFePO4F, was prepared as a very fine powder at low temperature in a
solvent-less flux-based method employing phosphorous acid and mixed alkali metal nitrates. A mixed
anionic hydroxo-fluoro iron tavorite phase, LiIFePO4(OH)q 32F0.68. Was also synthesized by a hydrothermal
route. The electrochemical performance of the three phases was studied with galvanostatic charge—
discharge tests, cyclic voltammetry, and electrochemical impedance spectroscopy (EIS). All three phases
showed facile Li-insertion through the reduction of Fe** to Fe?* at an average voltage in the range of
2.4-2.75 V, through the variation of the anion from pure OH to pure F. An increase of 0.35 V was
observed as a result of F substitution in the OH position. Also, good cyclability and capacity retention
were observed for all three phases and a reversible capacity of more than 90% was achieved for

www.rsc.org/advances

Introduction

Polyanion-based compounds of transition metals have been
actively investigated as cathode materials for Li-ion batteries
since the discovery of electrochemical activity in LiFePO, by
Goodenough's group.” The polyanions, especially phosphates,
sulfates, silicates and borates are capable of forming a wide
variety of 2-dimensional (2D) and 3-dimensional (3D) structures
with transition metals, which are stable and amenable for facile
electrochemical Li-ion insertion.”> There are several other
advantages of polyanion based materials over simple oxides.
The electronegativity of the central atom of the polyanion due to
its inductive effect increases the potential of the transition
metal redox couple M™"/M"~V" with respect to Li*/Li compared
to pure oxides.* Secondly, the polyanion-based cathodes are
inherently safer due to the strong covalent bond between the
central atom (P, Si, S, and B) and the oxygen, which prevents
them from dissociation when the cell is fully charged or fully de-
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LiFePO4F. The results of EIS indicated that lithium ion mobility is highest in the mixed anion.

lithiated. All these characteristics have made these materials
excellent candidates for motor vehicle application where safety
is of utmost importance. In this regard olivine LiFePO, has been
touted as an excellent candidate for hybrid electric vehicle
application due to its reasonably high energy density with an
average voltage of 3.5 volt vs. Li'/Li and a theoretical capacity of
170 mA h g’l.“ However, olivine LiFePO, also suffers from
limitations due to poor electronic conduction and 1-dimen-
sional Li-ion diffusion channel.” To overcome this drawback,
carbon coating and nano-structuring are essential to achieve
near theoretical capacity at fast discharge rate, which eventually
reduces the cost effectiveness of the material.*” Recently,
attention has been paid to another structure type namely,
tavorite, with 3-D intersecting channels conducive for facile Li-
ion transport.® The sulfate version of iron tavorite, LiFeSO,F,
showed excellent performance which can potentially outper-
form olivine LiFePO,.° The iron tavorite phosphate phases show
an average voltage of 2.6-2.8 volts for the hydroxo and fluoro
derivatives, which is lower than LiFePO, and is caused by the
structural differences with LiFePO,.'*""> However, iron tavorite
phases can be competitive for stationary application such as in
smart grid, where safety, long cycle and calendar life, environ-
mentally friendliness and low cost of the cathode materials
supersede the need of high specific energy and energy density

RSC Adv., 2014, 4, 37691-37700 | 37691
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constraints of mobile applications.'® Although tavorite iron
phosphate, especially the fluoro derivative, fulfils all the above
criteria, they still require an inexpensive and scalable synthesis
route for large scale industrial production. High temperature
ceramic methods,'” ionothermal,"* and solvothermal® routes
reported so far for the synthesis of iron phosphate fluoro
tavorite are cost prohibitive. In this article we report an
innovative synthesis of fluoro (LiFePO,F) and hydroxo
(LiFePO,4(OH)) iron tavorite phases employing phosphorous
acid as a source of phosphate in a low temperature flux and
hydrothermal reactions, respectively. In addition we also report
the synthesis of mixed fluoro/hydroxo phase, LiFePO,(OH), 3,F0 65,
by a hydrothermal reaction. The products were characterized by
powder and single-crystal X-ray -crystallography, IR and
Mossbauer spectroscopic techniques and thermogravimetric
analysis. Although structure of full hydroxo tavorite has been
reported from powder X-ray- and neutron diffraction data,' the
single-crystal X-ray structure determination is reported here for
the first time. Finally we present a comparison of the electro-
chemical Li-ion activities of the three phases with respect to
charge-discharge, cyclic voltammetry, and electrochemical
impedance measurements.

Experimental

Materials

LiNO;, KNO;, LiOH and H;PO; were purchased from Acros
Organics, Fe(NO;);-9H,0 from Alfa Aesar and Li foil from
Sigma-aldrich. All the chemicals used without further
purification.

Synthesis

LiFePO,F has been synthesized employing a low melting flux
consisting of KNO,;-LiNO; eutectic mixture and phosphorous
acid (H;PO3). In a typical synthesis 8.08 g of Fe(NO;);-9H,0
(20 mmol), 0.52 g (20 mmol) of LiF, and 1.64 g (20 mmol) H;PO;
were added in 14 g of KNO;-LiNO3; mixture (0.56 : 0.44) in a
23 mL Teflon-lined stainless steel Parr acid digestion bomb. The
Parr reactor containing the reaction mixture was placed in a
200 °C oven and heated at that temperature for 72 h, after that
the bomb was removed from the oven and allowed to cool
naturally. The product which consisted of white fine powder
was washed with chilled water several times to remove LiF
completely and then dried in air.

LiFePO,(OH) was prepared hydrothermally employing
H;PO; as source of phosphate. In a typical synthesis 16.16 g
(40 mmol) of Fe(NO3);-9H,0, 2.87 g (120 mmol) of LiOH, and
9.84 g (120 mmol) of H;PO; were added in a beaker containing
40 mL of deionized water. The reaction mixture was stirred for
several minutes to form a homogeneous solution. The reaction
mixture was then transferred to a 120 mL capacity Teflon-lined
stainless steel Parr reaction vessel. The reaction vessel was then
placed in a 200 °C oven and heated at that temperature for 96 h,
after that it was removed from the oven and allowed to cool
naturally. This process yielded bright green color product
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containing good quality crystals suitable for single-crystal X-ray
structure determination.

LiFePO,(OH)y 3,F¢ 65 Wwas prepared by hydrothermal method
from a well homogenized reaction mixture of 1.35 g (5.0 mmol)
of FeCl;-6H,0, 1.04 g (25 mmol) of LiOH-H,0O, 0.34 mL
(5.0 mmol) H3PO, (85%), 0.35 mL (10 mmol) HF (49-51%) and
9 mL of deionized water in a 23 mL Teflon-lined stainless steel
Parr reaction vessel. The Parr reaction vessel was heated at
175 °C for 72 h. The product, pale green powder was filtered,
washed with hot water and acetone and subsequently dried in air.

Material characterization

Single-crystal X-ray diffraction. Single-crystal X-ray diffrac-
tion studies of LiFePO,(OH): crystal structure of LiFePO,(OH)
was solved from single-crystal intensity data sets collected on a
Bruker Smart Apex diffractometer with monochromated Mo Ko
radiation (A = 0.7107 A). Suitable crystal was selected and
mounted on a glass fiber using epoxy-based glue. The data were
collected at room temperature employing a scan of 0.3° in
with an exposure time of 20 s per frame. The data sets were
collected using SMART" software, the cell refinement and data
reduction were carried out with SAINT,' while the program
SADABS™ was used for the absorption correction. The structure
was solved by direct methods using SHELX-97 (ref. 19) and
difference Fourier syntheses. Full-matrix least-squares refine-
ment against |F*| was carried out using the SHELXTL-PLUS
suit of programs. The structure of LiFePO4(OH) was solved in P1
space group. The positions of two Fe atoms, Fel and Fe2 were
located in 1c and 1a Wyckoff positions, respectively; one P and 5
O atoms were located in 27 positions from the difference Fourier
maps. These positions were then refined isotropically and
immediately the position of Li (27) clearly appeared around 2 A
away from the oxygen atoms. At this point anisotropic refine-
ment was carried out and a g peak appeared around 1 A away
from the oxygen (03), which was bridging the two Fe-atoms.
This peak was assigned as hydrogen and refined isotropically
without any constraints. After the refinement O-H bond
distances changed to 0.778 A. Details of the final refinements
and the cell parameters for LiFePO,(OH) are given in Table 1.
The final atomic coordinates and the isotropic displacement
parameters are given in Table 2. Selected inter-atomic distances
are listed in Table 3.

Powder X-ray diffraction (PXRD). Phase purity for all samples
was evaluated by X-ray powder diffraction patterns obtained
from a PANalytical X'Pert Pro diffractometer over a 26 range of 5
to 90° with scanning rate of 0.0236° s~ .

Mossbauer spectroscopy. >’Fe Mossbauer experiments were
performed in transmission geometry at room temperature
using a conventional constant acceleration spectrometer. The
data were collected using a >’Co (50 mCi) gamma-ray source
embedded in a Rh matrix. Velocity calibration and isomer shifts
are given with respect to alpha-Fe foil at room temperature. The
Mossbauer data was analyzed by Lorentzian line fitting using
RECOIL software.*®

Thermo-gravimetric analysis. Thermo-gravimetric analysis
of the samples was done using a TA instrument Q50 TGA from

This journal is © The Royal Society of Chemistry 2014
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Table 1 Crystal data and structure refinement for LiFePO,OH
Empirical formula LiFePO,OH v 174.81(6) A®
Formula weight 174.77 g mol ! Z 2
Crystal system Triclinic Peale 3.320¢g cm
Space group P1 F(000) 170
5.3506(10) A Temperature 293 K
7.2877(14) A GOF on F* 1.265

)
5.1174(10) A
109.237(2)°
97.878(2)°
106.397(2)°

R ™R T Q

Table 2 Atomic coordinates and equivalent isotropic displacement
parameters for LiFePO,OH

Atoms  x Y z U (eq.) SOF
Fe(1) 0 0.5 0 0.0064(3) 0.5
Fe(2) 0 0 0 0.0062(3) 0.5
P(1) 0.6373(3)  0.7688(2) 0.3245(3)  0.0055(3) 1
o(1) 0.6588(7)  0.8802(6) 0.1146(8)  0.0082(10) 1
0(2) 0.3397(7)  0.6626(6) 0.3103(8)  0.0086(10) 1
0(3) 0.9529(8)  0.2774(6) 0.1579(8)  0.0086(10) 1
0(4) 0.7869(8)  0.6160(6) 0.2682(8)  0.0088(10) 1
o(5) 0.2456(7)  0.0689(6) 0.3670(7)  0.0075(10) 1
Li(1) 0.613(2) 0.1826(19)  0.254 (2)  0.024(3) 1
H(1) 1.027(14)  0.326(10) 0.319(16)  0.007(16) 1

Table 3 Selected bond lengths for LiFePO,OH

Bonds Distances (A) Bonds Distances (A)
Fe1-02 1.996(4) Fe2-05° 1.959(3)
Fe1-03° 2.009(4) Fe2-03° 2.018(4)
Fe1-04” 2.027(4) Fe2-01/ 2.042(4)
Fe1-02¢ 1.996(4) P1-O1 1.543(4)
Fe1-03/ 2.009(4) P1-02 1.541(4)
Fe1-04" 2.027(4) P1-04 1.523(5)
Fe2-05 1.959(3) P1-05% 1.538(4)
Fe2-01¢ 2.042(4) 03-H1 0.78(8)
Fe2-03” 2.018(4)

C1+x,-1+y,2." —1+x5,9,2.° —x, -y, -2 —x,1-y,-2.°1—x, ), —2
f1-x1-y —2f1-x1-y,1-2z

room temperature up to 800 °C with a heating rate of 10 °C
min~' in N, atmosphere.

IR spectroscopy. IR spectra were obtained using a Thermo
Nicholet Nexus 470 FT-IR spectrometer on KBr pellets in the
wavenumber range of 400 to 4000 cm ™.

SEM. The morphology of the powders was studied by scan-
ning electron microscopy (Hitachi S570) at 10 kV with a LaBs
thermionic electron gun.

Fluorine analysis. For determination of fluorine content in
the mixed hydroxo-fluoro iron tavorite, LiFePO4(OH), ,F,, a
dried and accurately weighed sample was digested in acid and
the fluoride ion concentration was subsequently measured with
fluoride ion selective electrode calibrated against different
concentrations of a standard (NaF) solutions; accordingly x was
found to be 0.68.

This journal is © The Royal Society of Chemistry 2014

R factors [T > 24(1)] R, = 0.0393 WR, = 0.1126

R factors [all data] Ry = 0.0437 WR, = 0.1145

Electrochemical testing. For electrochemical studies cathode
mixture was prepared by mixing the active cathode material
(tavorite) with Super P conductive carbon and poly-vinylidene
fluoride (PVDF) as binder in 75 : 15 : 10 weight ratio. First, the
mixture of active material and carbon was ball milled in a SPEX
8000D ball mill for 1 to 2 h. PVDF was then added to this fine
mixture followed by an appropriate amount of N-methyl-2-pyr-
rolidone (NMP) to dissolve the PVDF. This slurry was then
further ball milled for about 15 minutes to form a uniform
mixture. The resulting paste was spread into a uniform film on
aluminum current collector foil manually with the help of a
glass rod. The prepared composite cathode sheet was kept in
vacuum oven at 90 °C for 12 h. Circular disks of 3/8 inch
diameter were then cut from the composite cathode film and
moved to argon filled glove box (oxygen level below 3 ppm) for
cell assembly. The loading of the active cathode materials in the
disk was about 4-4.5 mg.

CR2032 type coin cells were assembled with the prepared
composite cathode disks as positive electrode and lithium foil
(thickness 0.75 mm) as the anode. A Celgard® 2325 sheet was
placed between cathode and anode to act as a separator and 1 M
LiPF, dissolved in ethylene carbonate (EC) and dimethyl
carbonate (DMC) solution in 1 : 1 ratio was used as an electro-
lyte. The whole assembly was pressed using a coin cell crimper
to fabricate the cell and aged for 12 h before electrochemical
charge-discharge experiments.

A PAR EG&G potentiostat/galvanostat model 283 was used
for recording the CV over the range of 1.5 to 4.0 V vs. Li/Li" with
a scan rate of 0.02 mV s~ '. Galvanostatic charge-discharge
experiments were carried out on an Arbin Instruments battery
tester model BT2043. Electrochemical impedance spectra were
collected with an Ivum Stat Impedance Analyzer at 30 °C in a
frequency range of 10 mHz to 100 KHz with AC signal amplitude
of 5 mV and the resulting Nyquist plots were analyzed with
ZView software.

Results and discussion
Synthesis, structure and morphology

The method of synthesis is very important for the application of
the material as cathode in Li-ion battery. Different synthesis
methods produce different morphologies, particle sizes, and
crystallinities. The hydrothermal synthesis of LiFePO,(OH)
reported by Marx et al.' and Ellis and Nazar'* are very similar

RSC Adv., 2014, 4, 37691-37700 | 37693
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and yielded product with platelet morphology. On the other
hand our hydrothermal synthesis reported here starting with
completely different starting precursors yielded good quality
single crystals. Similarly, synthesis of LiFePO,F, which was so
far achieved by three different methods namely ionothermal,
high temperature solid-state, and solvothermal synthesis. The
ionothermal synthesis of LiFePO,F reported by Tarascon
group,'* involves expensive ionic liquids, has produced nano-
meter sized particles. A high temperature (575-750 °C) ceramic
method,'> which is not energy efficient, has produced highly
crystalline phase of LiFePO,F with micron sized particles often
requiring extensive ball-milling to produce fine particles for
electrochemical application. The solvothermal route reported
by Nazar group also requires careful drying of the ethanol to
produce OH free LiFePO,F phase of elongated particles."® In this
manuscript we are reporting for the first time a flux based
solvent free method for the synthesis of LiFePO,F starting with
H;PO3;, iron nitrate, and mixed alkali metal nitrates at relatively
low temperature (200 °C). It is to be noted here that in these
reactions the phosphorous acid is acting as a precursor for
phosphate moiety; aided by the strong oxidizing nature of the
reaction mixture due to the presence of nitrate anions in solu-
tion (in the case of LiFePO,OH) or in the molten salt mixture (in
the case of LiFePO,F). The following redox reaction (1) appears
to occur as evident by the evolution of yellow-orange NO, gas on
opening the reaction vessel after completion of the reaction:

2NO;~ + H;PO; — 2NO, + H,0 + HPO,>~ 1)

To compare the electrochemical activities of the two end
members, pure hydroxo and pure fluoro, we have also synthe-
sized a mixed anionic solid solution, LiFePO,(OH), 3,F 5. The
hydrothermal synthesis reported is different from Ellis and
Nazar™ and produces micrometer long bar-shaped crystallites.
Genkina et al first reported the single-crystal structure of a
synthetic tavorite of the composition LiFePO,(OH, F).** Yaku-
bovich on the other hand reported a single-crystal study of a
tavorite related phase with an additional Fe-sites and a mixed
valency of Fe with the composition LiFe**Fe, > [PO,][(OH);_5,0,].>
In the former, Li-site has been described as 6-coordinate, while the
latter has two partially occupied 5 coordinate Li-sites. To our
knowledge there is no report of single-crystal structure solution of
pure LiFePO,(OH) from X-ray data. Recently, high quality X-ray and
neutron powder data has been used to solve the structure of pure
LiFePO,(OH) phase by Marx et al.** and our single-crystal structure
determination fully corroborates with that report. Both Fel and
Fe2 adopt octahedral geometry, where Fe-O distances are in the
range 1.995(3)-2.0274(4) A and 1.958(2)-2.042(3) A, respectively, for
Fel and Fe2. The Li ion is surrounded by 5 oxygen atoms in an
irregular polyhedron, with Li-O distances in the range 1.944(4)-
2.177(5) A. Both Fe-O and Li-O distances are in very good agree-
ment with Marx et al.'s neutron solution. Fel and Fe2 are located
on the center of inversion at (0, 0.5, 0) and (0, 0, 0), respectively, and
FelOg and Fe20, octahedra are connected through the corner (O3)
to form a one-dimensional corner-shared chain along the a-lattice
vector. These chains of octahedra are then cross-linked by the
phosphate tetrahedra to form the three-dimensional structure.

37694 | RSC Adv., 2014, 4, 37691-37700
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Such connectivity also leads to channels in all the three crystallo-
graphic directions (Fig. 1). The Li-ions are located in channels
along the c-axis; on the other hand hydrogen attached to the
bridging oxygen (O3) protrudes in the channels along the g-axis. It
is also interesting to note that anisotropic thermal parameters for
Li (U = 21, Uy, = 31, and U;; = 17 A x 10%) indicate more
vibrations of Li along ab-plane compared to c-axis, an observation
similar but less pronounced compared to the data from neutron
refinement.*

The powder XRD patterns of two as prepared tavorite phases
are shown in Fig. 2. The experimental powder patterns for
LiFePO,(OH) and LiFePO,(OH), 3,F 65 were compared with the
simulated powder X-ray pattern from the single-crystal coordi-
nates of LiFePO,(OH). The excellent agreement between the
simulated and the experimental patterns indicate phase purity
of LiFePO,(OH), however, a small amount of LiF impurity phase
can be seen in the as synthesized mixed anion phase, which
goes away on repeated washing with chilled water.

For the full fluoro derivative, LiFePO,F, a Rietveld refine-
ment has been performed using GSAS-II software on a high
resolution PXRD data.?® Unit cell parameters, space group (P1),
and atomic coordinates for the starting model were taken from
Nazar group publication.”® Unit cell parameters, fractional
atomic coordinates, isotropic thermal displacement parame-
ters, and site occupancy for lithium ion were subsequently
refined. Accordingly, the occupancy of two disordered lithium
sites was refined to a value of each having 50% occupancy,
which is slightly different from that reported by Nazar group.
The refinement was converged with R,, = 2.11% (Fig. 3) and the

Fig. 1 Polyhedral representation of LiFePO4(OH) structure with Fel
and Fe2 at the center of blue octahedra; (a) view along the c-axis; (b)
view along the a-axis.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Observed and calculated XRD patterns for the two prepared
tavorite phases. LiF impurity phase is marked with an asterisk.

resulting cell parameters [a = 5.296(2) A, b = 7.256(5) A, ¢ =
5.140(3) A, @ = 108.43(7)°, 8 = 98.05(6)°, v = 107.16(1)°, V =
173.05(2) A*] are in good agreement with that reported by Nazar
group.”

Fig. 4 demonstrates the typical SEM micrographs of the
samples. The SEM images reveal great differences in the
morphology between the three samples. As synthesized
LiFePO,(OH) particles are composed of polyhedral crystals of
various sizes fused together to form secondary particles, several
tens of micrometers in diameter. LiFePO4(OH)y 3,F6s On the
other hand includes strip like crystals with submicron width
and thickness and the synthesis procedure for LiFePO,F yields
small plate-like crystals which are several hundred nanometers
in thickness.

Spectroscopic and thermo-gravimetric analysis

Fig. 5 shows the FTIR spectra of the three samples with vibra-
tional modes for phosphate in the range of 940-1160 cm ™. The
-OH bending and stretching modes are clearly observed at 795
and 3270 cm ', respectively, for the LiFePO,OH phase. As
expected the intensity of the ~OH vibrational modes decreased

Intensity (a.u)

I T VIR TR |\Il|lHI|IilIIIHI\IHIHHIII 0 OB O

Como
| P 1
N =t

10 20 30 40 50 60 70 80 90
20 (degree)

Fig. 3 Calculated (red line) and experimental (open circles) curves
after Rietveld refinement on XRD pattern of LiFePO4F.

This journal is © The Royal Society of Chemistry 2014
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in LiFePO4(OH), 3,F¢6s compared to LiFePO,(OH) and disap-
pear completely in LiFePO,F.

Fig. 6 exhibits the Mossbauer spectra for the three different
samples, along with the fit parameters in Table 4.

The Mossbauer spectra provide valuable information about
the chemical nature of Fe in the compound. Two important
parameters in Mossbauer spectrum, isomer shift (IS) and
quadruple splitting (QS), are directly related to the total electron
density at the Fe center which in turn gives sensitive informa-
tion about valence and spin state of Fe. For each compound, the
Mossbauer spectrum has been fitted with two doublets corre-
sponding to Fel and Fe2. The ratio of the two doublets (1 : 1)
determined from the fitting is in agreement with ratio derived
from crystal structure of LiFePO,(OH). The values of the isomer
shift and quadruple splitting are signature of Fe in +3 oxidation
state and octahedral coordination. The fitted values of IS and QS
corroborates well with that reported by Delmas and Nazar
groups.'**

More importantly it can be seen that the isomer shift as well
as quadrupole splitting between the doublets increases as the
F/OH  ratio increase. This can be explained based on the
reduction of the covalency of the Fe-X (X = O, F) bond with
increase of fluoride anion®*** and that is reflected in the higher
cathode potential in the case of LiFePO,F (vide infra).
Mossbauer spectra was also indicative of the fact that there was
no other iron-containing impurities in any of the compounds as
evident in the spectra collected over the entire velocity range
spanning from —10 to +10 mm s~ * (data not shown). Mdssbauer
spectrum for LiFePO,(OH), 3,Fo 65 also supports the substitu-
tional solid solution of F and OH in the same crystallographic
site and is statistically distributed throughout the structure. If
LiFePO4(OH), 3,F¢.6s Was a heterogeneous mixture of 32% pure
hydroxo and 68% of pure fluoro derivative or if there were fluoro
or hydroxo rich regions in the structure then signature of both
end member would have been found in the Mossbauer spectra.

TGA was conducted to assess the thermal stability of each
compound and the results are presented in Fig. 7.

LiFePO,OH decomposes at 450 °C to LizFe,(PO,)s, Fe O3,
and H,O in agreement with previous results,”® and approxi-
mately 5.15% weight loss can be accounted for by the removal of
H,0. LiFePO,F is stable up to 550 °C, about 50 °C lower than
that reported by Nazar et al.'* This lower thermal stability can be
assigned to smaller particle sizes of our sample. It is expected
that LiFePO,F would follow a similar decomposition path as
LiFePO,OH according to the following equation, 3LiFeFPO, =
LizFe,(PO,); + FeFs. The sluggish mass loss from 550 to 800 °C
can be accounted for by the decomposition of FeF; through a
reaction with impurity moisture in the N, gas and
subsequent removal of HF (2FeF; + 3H,0 = Fe,0; + 6HF).
LiFePO,(OH)y.3,F¢ 65 shows a trend in between that of the other
two end members of the group with two major mass loss steps.
The first mass loss occurs at 450 °C, which we speculate, is due
to the loss of HF according to the following equation,
3LiFe(OH) 3,F.6sPO4 = LisFe,(PO,); + 1/3FeF; + 1/3Fe,05 + HF.
Above 530 °C the sluggish weight loss may be due to the
decomposition of FeF; due to the presence of impurity moisture
similar to LiFePO,F.
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Fig. 4 SEM images of LiFePO4OH (a); LiFePO4(OH)g 32Fp.6s (b) and LiFePO4F (c).

%T

= LiFePO4F
— LiFePO4(OH)0_3zF0_68
= LiFePO,OH

3900 3400 2900 2400 1900 1400 900 400
wave number (cm)

Fig. 5 FTIR spectra of the three phases of LiFePO4(OH)Fi_, where
O=x=1

Transmittance (a.u.)

== LiFePO4F
=== LiFePO4(OH))3:Fo.6s
== LiFePO4OH

Velocity (mm.s™)

Fig. 6 Mdssbauer spectra of three prepared iron tavorite phases;
experimental data: dots; doublets 1 and 2: dashed and dotted line;
solid line: fitted curve.

Electrochemistry

Cyclic voltammetry. Fig. 8 shows the first cycle of cyclic vol-
tammograms of composite electrodes made from these tavorite
phases.

37696 | RSC Adv., 2014, 4, 37691-37700

Table 4 Values of fit parameters for isomer shift (4), quadrupole
splitting (AE) and site percentage for LiFePO4OH, LiFePO4(OH)g 35F0 68
and LiFePO4F

Doublet 1 Doublet 2
LiFePO,OH 6 (mm s 0.398(9) 0.392(6)
AE (mm s ) 0.469(2) 0.641(1)
%Fe 50.016(4) 49.983(6)
LiFePO,(OH).3:F0.68 6 (mms) 0.404(4) 0.406(4)
AE (mm s 0.483(3) 0.769(4)
%Fe 50.000(4) 49.999(6)
LiFePO,F 6 (mm s 0.425(8) 0.434(6)
AE (mm s ) 0.772(4) 1.173(1)
%Fe 49.947(8) 50.052(2)
100 -
99 + \
98
97 +

Weight %

96 1 === LiFePO4F
95 + — LiFePO4(OH)0_32F0_68

- = LiFePO,OH
94 -+

93 t t t t f f f {
0 100 200 300 400 500 600 700 800
Temperature °C

Fig. 7 TGA plots of three iron tavorite phases.

The open circuit voltage (OCV) values for LiFePO,(OH),
LiFePO,(OH).3,F¢ 65, and LiFePO,F are 3.05, 3.15, and 3.06 V,
respectively. The cathodic (Li-insertion) and anodic (Li-extrac-
tion) peaks are observed at 2.29 and 2.59 V for LiFePO,(OH),
2.43 and 2.94 V for LiFePO4(OH) 3,F¢ 65, and 2.65 and 3.19 V for
LiFePO,F. Besides the main anodic and cathodic peaks,
LiFePO,(OH) shows an additional broad anodic peak centered
at 2.78 V, which may indicate phase transformation during
oxidation. On the other hand LiFePO4(OH), 3,F6s shows low
intensity shoulders in both anodic and cathodic peaks at higher

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c4ra05391e

Published on 12 August 2014. Downloaded on 10/9/2018 1:08:35 AM.

Paper

0.04
0.03 1 = LiFePO4F

R LiFePO4(0H)0_32F0_68
= LiFePO,OH

0.02 -
0.01 -

I(Agh)
(=}

-0.01 ~
-0.02
-0.03

-0.04 f s — f
LS 2 2.5 3 3.5 4

E vs. Li/Li* (V)

Fig. 8 First cycle of cyclic voltammograms for the three tavorite
phases at 0.02 mV s~. Cathodic current is negative.

and lower voltages than the main peaks, respectively. Upon
successive cycling the shoulder peaks as well as the main anodic
and the cathodic peaks shift to higher and lower potentials,
respectively, indicating increased electrode polarization due to
cycling (ESIt). The increasing trend of discharge potential with
increasing fluoride content in conjunction with the results from
Mossbauer spectra suggests that incorporation of fluoride
anion leads to the increased cell potential in the full fluoro
tavorite version. Also notably, the area under cathodic curve is
considerably larger for LiFePO,F compared to LiFePO,(OH),
suggesting higher overall discharge kinetic capabilities of the
former.

Galvanostatic charge-discharge. Based on the results from
CVs, cutoff potentials were set at 4.0 and 1.5 V for running
galvanostatic charge-discharge experiments. The voltage
composition profiles for LiFePO,0OH, LiFePO,(OH)y 3,Fo. 65, and
LiFePO,F are given in Fig. 9.

As can be observed, LiFePO,OH delivers a specific capacity
102 mA h g~ * during the first discharge at C/50, which is 67% of
the theoretical capacity (153 mA h g~') followed by an irre-
versible capacity loss of about 6 mA h g~ (6%) on the second
cycle but stabilizes to almost constant capacity on subsequent
cycles. It is to be noted here that during the 1st discharge the
voltage drop was gradual from 3 volt (OCV) to 2.37 volt and then
discharge curve shows a plateau at 2.32 volt till 0.45 Li insertion
(69 mA h g~ "). However, on the subsequent cycles the discharge
plateau is observed at 2.5 V. This gain of 0.13 V in the discharge
voltage has also been observed by Nazar group™ and has been
attributed to the fact that reductive Li-insertion into LiFePO,OH
leads to an amorphous phase of Li,FePO,OH, which remains
amorphous upon oxidation. Therefore, subsequent discharge-
charge cycles take place from an amorphous phase and results
in an increase of discharge voltage. For assessing the cell
capacity retention, it has been subjected to multiple charge-
discharge cycles at higher C-rates. The results given in inset of
Fig. 9a demonstrate that essentially there is a loss of capacity at
higher C-rate due to electrode polarization. However, upon
slowing down the C-rate, the initial capacity can be fully
recovered at 96 mA h g~ " at C/50. This suggests that the capacity
loss due to fast C-rate was limited by the kinetics of Li-diffusion

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Voltage—composition profiles for the first 3 discharge curves
of: LiFePO4OH (a); LiFePO4(OH)g 32Fg 68 (b) and LiFePO4F (c) at C/50.
First discharge and charge: —; second discharge and charge: —;
third discharge: =—. Inset in each figure shows the achievable specific
discharge capacity at different C-rates on consecutive cycles.

and electron transfer through the poorly conducting tavorite
material and not due to any cathode degradation. On the other
hand, for LiFePO4(OH),3,F¢6s and LiFePO,F the discharge-
charge behavior is different. These two phases demonstrate
good specific capacity achievement for the first cycle at 131
(74% of theoretical capacity) and 146 mA h g~* (97% of theo-
retical capacity), respectively, at C/50 followed by an irreversible
capacity fading of 10 mA h g~' for LiFePO,(OH), 3,Fo6s and 4
mA h g' for LiFePO,F in the second cycle. The difference in
achievable specific capacity for the three phases may be due to
the different particle sizes as can be seen from SEM images.
During the first discharge for LiFePO,F the voltage gradually
drops from 3.2 (OCV) to 2.90 volt which accounts for 0.1 Li
insertion and then the discharge curve shows a flat plateau at
2.65 volt up to 0.7 Li insertion. After this point the voltage
gradually drops to the lower cutoff point (1.5 volt). However,
earlier report from Nazar group on LiFePO,F prepared by
ceramic method has shown solid solution type sloping
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discharge curve up to 0.4 Li insertion.'” Although a good initial
specific capacity was observed for LiFePO,F, it undergoes some
irreversible capacity losses as a result of cycling at different fast
C-rates (inset of Fig. 9c). At 20™ cycle the capacity reduces to a
value of 118 mA h g~ ' when discharge is repeated again at the
initial rate of C/50. On the contrary, LiFePO,(OH)y 3,F 65 €xhibit
a gradual sloping profile in the entire discharge-charge curve,
which may indicate solid-solution type behavior during the
discharge and charging. Again this discharge slope is not as
steep as it was reported for LiFePO,(OH), 4Fo.6,"* which may be
due to higher fluoride content in the current one. Capacity
fading has been observed when cycled at different fast C-rates,
however, the overall irreversible capacity loss after 20 cycles of
charge-discharges at various C-rates is less than 8 mA h g*
when the discharge is repeated again at the initial rate of C/50
(inset Fig. 9b). More importantly the capacity appears to
decrease upon cycling only slightly in the case of
LiFePO4(OH)g 3,F ¢s-

The derivative voltage-composition curves for the three
phases are shown in Fig. 10.

LiFePO,OH shows two distinct phenomena close to 2.4 V
during the discharge and sharp peak at 2.5 V due to the plateau
arising from two phase behavior and broad peak centered
around 2.6 V due to sloping charging curve. On the other hand
LiFePO,F demonstrate rather sharp peaks in the derivative plot,
indicative of two-phase lithium insertion reactions. For
LiFePO4(OH)y 3,F 65, the case is made complicated by the fact
that insertion and extraction curves are broadened considerably
and there is potential overlap of reduction and oxidation peaks
indicating a solid-solution type behavior during Li-insertion
and extraction.

The effect of polarization (n) for the three phases as a func-
tion of C-rate is presented in Fig. 11.

LiFePO,F shows the least polarization in C/50 rate, however,
as the C-rate increases polarization increases abruptly suggest-
ing the slow kinetics of lithium ion transfer in this phase.
However, LiFePO,(OH), 3,Fo¢s exhibit least polarization fol-
lowed by LiFePO,OH and both exhibit similar sluggish increase
in polarization with increasing C-rates. The relationship

== LiFePO,F
10 {  — LiFePO4(OH)0.32F0.68
5= LiFePO,OH
B
>
2
w4
'? 4
-10 :!
15 1
20— -
2.2 24 2.6 2.8 3 32

Potential vs. Li*/Li (V)

Fig. 10 Derivatives of voltage—composition curves for the three
tavorite phases.
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Fig. 11 Polarization as a function of C-rate for the three phases.
Polarization was measured from voltage—composition curves as the
separation between charge and discharge plateaus at their flattest
point.

between polarization (defined as E-Eocy) and current density (/)
treated according to porous electrode theory can be approxi-
mated as:*®

C(AF

JOCFk{x exp(RT

(E — Eocv)) — (1 — x)exp

X (— %(E - Eocv))} (2)

where F is the Faraday constant, k is the adjusted electro-
chemical reaction rate constant, oy and «c are the respective
transfer coefficients for cathodic and anodic reactions on the
working electrode, and x is the fraction of lithiation. Further-
more, according to the Fick's first law of diffusion:

L1 Rohm Rf Ret Diff. Res.

Cell Cap.
1200 - F
0.01 Hz
1000 -
(4" 0.01 Hz

800 -
S)
= 600 4
NI._

400 - —H=— LiFePOF

—©— LiFePO4(OH)o3:Fo6s
—=&A— LiFePO,OH
200

T T

0 200 400 600 800 1000 1200
Zreal (Q)

Fig. 12 Nyquist plot for LiFePO4OH, LiFePO4(OH)p32F06s and
LiFePO4F cells with solid lines representing the fitted curve; inset:
equivalent circuit model used for fitting.
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Table 5 Impedance equivalent circuit fit parameters for LiIFePO4OH, LiFePO4(OH)g 35F0. 68 and LiFePO4F cells
Warburg Short®
Diff. cap. Cell cap.
L, (WH) Rohm (@) R: (Q) R (Q) C¢ (WF) Cee (UF) R, (@) 7 (s) P (mF) (nF)
LiFePO,OH 4.5 9.7 83.9 98.2 12.5 89.5 7719 215 0.72 0.20 27.2
LiFePO4(OH)g 32F .65 3.6 9.1 53.2 99.9 2.93 20.9 2565 134 0.54 3.11 19.9
LiFePO,F 2.6 5.8 199.6 56.8 4404 211 0.46 2.93 31.6

a Rw x tanh(jwr)”
Lys = —————p——
(Jor)

J = —zFD(V¢) 3)

where z is the number of charges per charge carrier (z = 1 for
lithium ion) and Ve is the concentration gradient across the
cathode solid particle. Inspection of (2) and (3) suggests that n
should have an inverse logarithmic relationship with diffusivity
and concentration gradient of the lithium ion in the cathode,
and should not depend on particle size, as can be seen in the
work of Kang et al* Therefore, the higher polarization of
LiFePO,F compared to LiFePO,(OH) or LiFePO4(OH).3,F¢ 65 at
higher C-rate can be attributed to the difference in lithium ion
diffusion coefficients although the particle sizes are larger for
LiFePO,OH and smaller for LiFePO,F.

Electroimpedance spectroscopy. Electroimpedance spec-
troscopy (EIS) was used for further studying the lithium ion
mobility in the three cathode materials and the results of
experimental data and fitted curves using a general lithium-ion
battery equivalent circuit model are shown in Fig. 12.®

In the case of LiFePO,OH and LiFePO,(OH),3,Fo6s twO
parallel R|CPE elements are required to describe the medium to
high frequency region which are usually assigned to solid-
electrolyte interface (SEI) film and charge-transfer resistances
while for LiFePO,F the above two processes have very close time
constant so that they are merged together and only one parallel
R|CPE is sufficient for modeling. Note that the low frequency
tail of the impedance spectra in all cases is characteristic of the
ionic nature of conductivity. Interestingly, of the three deriva-
tives LiFePO4(OH), 3,Fo6s phase exhibits the highest lithium
ion mobility and smallest combined charge transfer and film
resistance, consistent with polarization studies mentioned
above. However, low frequency part of the spectra for LiFePO,F
and LiFePO,OH has comparable absolute impedance magni-
tudes. The reason for comparable absolute impedances for
LiFePO,OH and LiFePO,F at lowest frequencies is that although
LiFePO,OH exhibits a higher lithium ion diffusion coefficient, it
has a higher average particle size as well and the corresponding
relaxation time (7) defined as:

LZ

=2 @)

where L is the diffusion length and D is the diffusion coefficient,
becomes comparable to that of LiFePO,F.

The values of fit parameters for the two systems are given in
Table 5. The combined value for R, + Rf and their related

This journal is © The Royal Society of Chemistry 2014

where t = L*/D and L and D are effective diffusion length and diffusion coefficients, respectively.

capacitance obtained for LiFePO,F are consistent with those
reported by Prabu et al.*®

Conclusions

Novel synthesis routes presented in this work could be used to
expand the inventory of available methods for production of the
iron tavorite family of materials. The crystal structure found
from single crystal X-ray diffraction confirmed the accepted
models which were previously based mainly on powder
diffraction techniques. Moreover, the low temperature, solvent
free phosphorous acid based synthesis route proposes an
economical and scalable way for mass production of LiFePO,F
as a cheap cathode material for lithium ion batteries. The
results of electrochemical tests indicate the importance of the
anion on cell performance; coordination of F~ anion increases
the cell potential relative to OH™ anion by inductive effects.
Both full fluoro and full hydroxo tavorite show a two phase
behavior while the mixed anionic LiFePO,(OH)y 3,F 65 Shows a
solid solution like behavior during the Li-insertion and extrac-
tion. On the other hand, in terms of charge and discharge
dynamics the mixed anion phase exhibited the highest lithium
ion mobility.
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