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A hydrothermal method was used to synthesize LiFePO, to explore the effect of the rate of addition of
the Li* precursor to a mixture of the Fe?* and PO, precursors. Both the average and local structures
were investigated using powder X-ray diffraction, M&ssbauer spectroscopy and X-ray absorption spec-
troscopy. Slower addition rates led to increased oxidation of Fe?* to Fe®* despite purging all solutions
constantly, as well as increased defects. The local structure as determined by extended X-ray absorption
fine structure displayed far less variation between the samples. The formation of a LizPO4 impurity
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Introduction

Lithium iron phosphate (LiFePO,) has been under investi-
gation as a cathode material following the initial insightful
work conducted by the Goodenough research group.' LiFePO,
has been commercialized and used in electric vehicles such as
the Model EV and the Spark from Coda and Chevrolet,
respectively.>® This material is attractive due to its thermal
stability, high specific capacity, good cyclic stability and excel-
lent cycle life, as well as the low cost and environmentally
friendly aspects. Unfortunately it also exhibits low electronic
and ionic conductivity at room temperature, where the latter is
due to the one dimensional diffusion path of the Li" ions
(Fig. 1a).* These drawbacks have been largely overcome by
doping on the metal sites to improve ionic conductivity,® and
coating the particles with carbon®® or adding conductive
metals to improve electronic conductivity.'°

The LiFePO, structure consists of two different octahedral
sites, namely, the FeOg (M2) site that hosts the Fe>" ion and
the LiOg (M1) site that hosts the Li* ion, as well as a tetra-
hedral site that hosts PO,*>~ *°(Fig. 1b)." Ideally the iron and
lithium atoms are ordered between the M2 and M1 sites,
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appeared to be independent of the Li* addition rate.

respectively. Oxygen atoms are shared between iron and phos-
phorus atoms which causes the FeOg octahedra to be slightly
distorted,"""* which is important for the thermal stability of
the material."*"*

LiFePO, can be synthesized using an array of different
methods including solid state, mechano-chemical activation,
carbo-thermal treatment, sol-gel, co-precipitation and hydro-
thermal processes.'® Syntheses such as solid state, mechano-
chemical activation and carbo-thermal treatment produce
good crystalline and mostly uniform products, but are time
consuming and energy intensive due to the heat treatment
steps. Sol-gel and co-precipitation methods produce high
purity small particles with increased surface area and
decreased Li" diffusion distance.”” A hydrothermal synthetic
route, such as the one employed here, reduces cost as well as
energy usage due to lower temperatures being utilized. A dis-
advantage of using lower temperatures is the formation of anti-
site defects where lithium is replaced by iron on the M1 site
which could cause blockages in the one dimensional diffusion
channels." Studies, using a co-precipitation route, have shown
that an optimal lithium ratio with respect to the other precur-
sors is required. A lithium deficient system could inhibit the
formation of LiFePO,'® and if LiFePO, forms, it could nega-
tively affect the electrochemical properties by forming lithium
vacancies or the presence of iron on the lithium site.’” On the
other hand, a large excess of lithium readily produced the
Li;PO, impurity."” By using a Li:Fe:PO, ratio of 3:1:1,
LiFePO, is produced and the formation of the Li;PO, impurity
is generally suppressed.'®

In this work a hydrothermal synthesis of LiFePO, using
homemade Teflon bombs, rather than the conventional stain-

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Crystal structure of LiFePO,4. FeOg octahedra are represented in blue, PO, tetrahedra in pink, Li* by the grey spheres or LiOg octahedra in
grey and the green spheres represents oxygen. (@) The one-dimensional lithium channels are parallel to the b-axis. (b) The two octahedral sites,

namely the M1 LiOg sites and the M2 FeOg sites, are indicated.

less steel autoclaves, and adding a threefold excess of lithium
as recommended was employed. The dropwise addition of the
lithium precursor solution has been suggested by other
researchers when synthesizing LiFePO,, but the addition rate
has not yet been investigated.’®'® The effect of the addition
rate of the lithium ion precursor to the solution mixture of the
Fe** and phosphate precursors was investigated here and is
shown to influence the product obtained to an extent. Of inter-
est was whether a faster addition rate would cause Li;PO,
nucleation and hence favour the formation of the Li;PO,
impurity, as well as whether a slower addition rate with longer
waiting periods between drop additions would increase Fe*"
oxidation. Both the average structure (using powder X-ray diffr-
action (PXRD)) and the local structure around the Fe (using
Mossbauer spectroscopy and X-ray absorption spectroscopy
(XAS)) were probed. Mossbauer spectroscopy and X-ray absorp-
tion near edge structure (XANES) were also used to investigate
the oxidation state of Fe, and parameters such as the intera-
tomic distances and the Debye-Waller disorder factors were
determined from extended X-ray absorption fine structure
(EXAFS).

Experimental

LiFePO, was synthesised in homemade Teflon bombs
(Fig. S1t) with a total volume of 18.5 mL using a hydrothermal
synthetic route. The precursors used were LiOH (98%, Sigma
Aldrich), FeSO,-7H,0 (99%, Sigma Aldrich) and 85 wt% H;PO,
(Merck). Deionised water (Milli-Q, 18 MQ cm) which was
purged with nitrogen was used to make all solutions. A 1.2 M
LiOH solution was added dropwise to a FeSO,/H;PO, aqueous
mixture ensuring a 3:1:1 Li:Fe:PO, molar ratio. Purging
and stirring of the solutions were carried out throughout the
synthesis to reduce the oxidation of Fe*" to Fe** and to ensure

This journal is © The Royal Society of Chemistry 2022

proper mixing of the precursors, respectively. The addition
rate of the LiOH solution to the FeSO,/H;PO, solution was
varied by adding one drop every 1, 3, 4 and 5 seconds using a
glass Pasteur pipette and a rubber bulb (the samples produced
are thus referred to as 1 s, 3 s, 4 s and 5 s, respectively). In
general, it took ~1 minute for all the solution to be added for
the 1 s addition rate, and likewise it took ~5 minutes for the 5
s addition rate. Once addition was complete for each sample,
the mixture was thoroughly mixed and purged for another five
minutes before transferring it to the Teflon bomb, which had
also been flushed with nitrogen to remove air from the empty
vessels. The solution occupied 25% of the total volume of the
bomb. The bombs were sealed and placed in an oven for
48 hours at 120 °C, following this they were removed from the
oven and left to cool to room temperature. The samples were
filtered and washed 4-5 times with deionised water before
being placed in the oven to dry at 60 °C for 1 day and then
ground using an agate mortar and pestle.

PXRD

Powder X-ray diffraction data were collected at room tempera-
ture for all samples which were loaded in Kapton capillaries at
the 28-ID-1 beamline of the National Synchrotron Light Source
II (NSLS-II) at Brookhaven National Laboratory (BNL),
New York. Phases were identified using the software DIFFRAC.
SUITE EVA version 4.2.1.10 that is linked to the crystallography
open database (COD).* Jedit 4.3.1. was used to construct the
structure files and Rietveld refinement was performed using
Bruker AXS TOPAS version 5> over a 2theta range of 1.7-8.5°.
The simple axial divergence model®* was used to described the
asymmetry due to divergence and the peak shape was
described using the Thompson-Cox-Hastings Pseudo-Voight
function (TCHZ).>* The NIST 660c (LaB,) standard was used to
determine the X-ray wavelength (0.167057(4) A) in the refine-
ments and a 4™ order Chebychev polynomial function was

Dalton Trans., 2022, 51,18176-18186 | 18177
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employed to describe the background scattering. The starting
structure used in the refinements was the LiFePO, structure
resolved by Streltsov et al.>* The refined structural parameters
were the scale factor, lattice parameters, the occupancy of iron
and lithium, isotropic thermal displacement, fractional coordi-
nates and both Gaussian and Lorentzian strain.

Mossbauer spectroscopy

A ¥’Co y-ray source (30 mCi) and a multichannel analyser was uti-
lised to record the transmission mode Mossbauer spectra at room
temperature. The isomer shift and velocity was calibrated using
an o-Fe foil and Vinda® (version 0.7) in Microsoft Excel was used
to perform the analysis by fitting a sum of Voigt doublets. A Voigt
model was chosen to describe the line shape due to the possible
presence of a range of Fe environments. The line widths were
used to account for slight variations due to disorder and were con-
strained to a minimum value of 0.265 mm s~ as per the cali-
bration. Discrete doublets were used as a way to prevent overfit-
ting of the data. Research conducted by Amisse et al.'® and Li and
Shinno®® were used to identify the major Fe environments.

XAS

Fe K-edge X-ray absorption spectra were collected at the B18
beamline at the Diamond Light Source (DLS), Oxfordshire,
United Kingdom. The storage ring energy was 3 eV with a top-
up mode at nominal current of 300 mA. The monochromator
crystal was [Si(111)] and the mirrors were coated with Pt.
Harmonic rejection mirrors were also utilised. All measure-
ments were made in transmission mode. The first ionization
chamber was filled with nitrogen and the second and third
ionization chambers were filled with argon. The reference
materials that were used to compare the oxidation state and
geometry of the Fe in the XANES region were LiFePO, (>97%,
Sigma Aldrich), FePO,-4H,0 (97%, Sigma Aldrich) and a-Fe,O3
(puriss, Riedel-de Haén). Pellets of the samples and reference
materials were prepared by grinding and mixing with cellulose
(Avicel PH-101, Sigma Aldrich) before being pressed into 13 mm
pellets sizes at 1.5 ton. The energy calibration was done at the
synchrotron using an Fe foil as an internal reference with the
collection of three scans for each pellet. The scans were aligned
and merged using the reference channel and the scan of the
LiFePO, reference material. The background was removed and
normalized with the Ry, = 1, indicating all values below 1
would be considered as part of the background. Strong spline
clamps were used at higher energies. Athena®” was used for
data processing and XANES analysis and Artemis®” was used for
the EXAFS analysis. The multiple peak fitting tool in Origin8
(2016) was used to fit a Lorentzian function to the peaks and to
determine the peak positions and intensities.

Results and discussion
Powder X-ray diffraction

To fully understand and characterize the effects of the Li'
addition rate on the average structure of the product, PXRD

18178 | Dalton Trans., 2022, 51, 18176-18186
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with Rietveld refinements was used. From the analyses the
lattice parameters, occupancies on the M2 and M1 sites and
the interatomic distances were determined. The refinements
of the XRD data for the samples with varied lithium addition
rates are shown in Fig. 2a-d. Full Rietveld refinement data can
be found in the ESI under sections 2 and 3.} The peak intensi-
ties for the 4 s and 5 s samples were lower than that for the 1 s
and 3 s samples indicating a decreased extent of crystallinity.
This was also confirmed by the noisier difference curve in
Fig. 2c and d, also an indication of the decrease in the crystalli-
nity. For the 1 s and 4 s samples only LiFePO, (Pnma, #62) was
detected whereas the 3 s sample contained a small percen-
tage (1.85%) of Li;PO,, a common impurity in LiFePO,,*® and
the 5 s sample had a much higher Li;PO, content (19.17%).
The 5 s sample also had an unidentified impurity phase
present as indicated in Fig. 2d. The structural information of
LiFePO, extracted from the refinements are summarized in
Table 1.

The lattice parameters (Table 1) for all the samples were
very similar indicating that the presence of Li;PO, or the un-
identified impurity phase present did not affect these para-
meters. The unit cell volume for the 4 s and 5 s samples is
similar (~291 A) which is most likely due to an increased
amount of defects present in these samples.'® The presence of
some Fe’" on the M2 site (and possibly some Fe on the M1 site
could also be Fe®*) would cause a decrease in the unit cell
parameters since there is the replacement of the larger Fe**
(0.78 A) (and possibly Li* (0.76 A)) with the smaller Fe**
(0.645 A) in the octahedral environment.>® This is usually
observed with doping when Fe”" is replaced with a metal ion
with a smaller ionic radius.?®?° Overall, the unit cell volumes
for the samples are similar to the ideal and reported unit cell
volume of 291.3 A®.*%3!

The occupancies for both the M2 (Fe**) and M1 (Li*) sites
were refined. To determine if Li* was also present on the M2
site, Li* was included in the refinement at the same fractional
coordinates as that of Fe, however, this led to high occupancy
errors indicating the presence of vacancies rather than Li* on
the M2 site (Table 1). The presence of vacancies on the M2 site
implies that in order to maintain charge neutrality, Fe**
replaced some of the Fe*" in the structure.*> The 5 s sample
had the lowest percentage of Fe on the M2 site, closely fol-
lowed by the 4 s sample, and thus again implying possibly the
highest percentage of Fe’" present in the structure. The M1
site was occupied by Li" as well as partially by Fe (Table 1),
with the 1 s and 3 s samples having similar and the lowest Fe
occupancies and the 5 s sample having the highest percentage
of Fe occupying this site. Since Fe replaced Li" on the M1 site
but no Li" replaced Fe on the M2 site, it implies that these are
antisite defects and not site-exchange defects.*® Chen et al.'®
reported a 7% occupancy of Fe on the Li" site for samples syn-
thesized via the hydrothermal method when also using a syn-
thesis temperature of 120 °C. In their case an autoclave was
used where better temperature control can be implemented.
This may be an indication that the temperature inside the
Teflon bombs used here did not quite reach 120 °C.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Rietveld refinement plots of the XRD data of the (a) 1 s, (b) 3 s, (c) 4 s and (d) 5 s LiFePO,4 samples showing the observed (purple), calculated
(green) and difference (black) plots. Bragg reflections for LiFePO,4 and LizPO4 are indicated with the grey and yellow markers, respectively. Peaks due

to some unidentified impurity in the 5 s sample are indicated by (*).(a—d)

Table 1 The refined structural parameters for LiFePO,, including the lattice parameters (a, b and c), volume and site occupancies for each sample

Sample alA b/A c/A Volume/A® Feoee (M2)/% Li' oee (M1)/% Feoee (M1)/%
1s 10.349(3) 5.9940(2) 4.7066(1) 291.97(2) 99.13(7) 91.14(3) 8.9(3)

3s 10.349(3) 5.9947(2) 4.7064(1) 291.99(2) 99.03(5) 91.18(3) 8.81(7)

4s 10.329(8) 5.9899(5) 4.7022(4) 290.92(4) 96.3(2) 89.89(9) 10.11(9)

58 10.34(2) 5.989(1) 4.6995(9) 291.13(9) 95.3(2) 83.1(2) 16.9(1)

The FeOg octahedra in the LiFePO, structure displayed four
distinct interatomic interactions as shown in Table 2 where
Fe-O(1) and Fe-O(2) correspond to the axial positions and the
four Fe-O(3) interactions are in the equatorial positions.***

The average Fe-O (M2-0) interatomic distance can also be
used to predict the presence of Fe*" (Table 2) since the average
interatomic distance for Fe>*-O in an octahedral structure is
ideally between 2.157-2.172 A (ref. 31, 34 and 35) and for Fe*'-
0 it is between 2.015-2.045 A.>'"® The results in Table 2 show
that the average Fe-O distance in all four samples (in the

Table 2 The M2-0 (Fe-0) interatomic distances (in A) for each sample

1s 3s 4s 5s
Fe-O(1) 2.187 2.194 2.131 2.068
Fe-0(2) 2.057 2.056 2.009 1.994
Fe-O(3) x 2 2.041 2.042 2.004 1.967
Fe-O(3) x 2 2.238 2.240 2.266 2.280
Average Fe-O 2.134 2.136 2.113 2.093

This journal is © The Royal Society of Chemistry 2022

range 2.093-2.136 A) were shorter than the ideal Fe**-O dis-
tance implying that partial oxidation of Fe** to Fe®* had
occurred. This shows that the 4 s and 5 s samples contained
the largest amount of Fe®" which correlates with the higher
number of vacancies on the M2 site (Table 1). The interatomic
distance for the 5 s sample is also the closest to that for Fe*'-
O indicating that Fe** had been oxidized to a larger extent for
this sample.

The bond valence sums (BVS) were also used to more quali-
tatively determine the average oxidation state of Fe for each
sample using the average Fe-O distance in Table S21 (see
section 4 in the ESIT). The BVS was found to be 2.07 and 2.09
for the 1 s and 3 s samples, respectively. For the 4 s and 5 s
samples the BVS was found to be 2.22 and 2.34, respectively,
clearly indicating a higher Fe** content and especially so for
the 5 s sample.

Maossbauer spectroscopy

Mossbauer spectroscopy was used to provide information
regarding the local environment and the oxidation states of Fe

Dalton Trans., 2022, 51,18176-18186 | 18179
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on the M2 and M1 sites. The different Fe environments and
the percentage of each environment were examined for each
sample, thereby giving an indication of the extent of disorder.
Different Voigt doublets were used to fit the measured data
and five different Fe environments (referred to as D1-D5) were
identified in the 1 s, 3 s and 4 s samples. Mdssbauer spec-
troscopy was not performed on the 5 s sample due to the poor
quality of the product. The Mossbauer spectra in Fig. 3 are
deconvoluted to show the extent to which each Fe environment
contributes to each spectrum. The y* values ranged between
1.04 and 1.43 (summarized in Table S8 of the ESI} together
with the Vinda plots in Fig. S7-S97). The isomer shift (§) and
quadrupole splitting (AEqp) were used to determine the
different environments. D1, D2 and D3 are Fe*" environments
and D4 and D5 are Fe’" environments. Both D1 and D2 were
identified as Fe** on the M2 site in LiFePO,; D1 as the normal
distorted Fe** on the M2 site (§ = 1.22-1.23 mm s~ ' and AEq =
2.94-2.95 mm s~ 1)'®3%%7 and D2 is assigned to a more dis-
torted octahedral environment (§ = 1.21 mm s and AEg =
2.64 mm s') as established by the decrease in AE,.'® D2 was
reported by Amisse et al.'® as a more distorted Fe>* environ-
ment, but has not been referred to in other literature. D3 was
identified as Fe®>" on the M1 site that replaced some of the Li*
(6 =1.20 mm s~ and AEg = 1.74 mm s~ ').*® D4 was identified

5
©
~
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o
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©
—
E]
[
2
e
o
[}
o
Experimental
—— Simulation
— D1
D2
— D3
— D4
— D5
T T
-2 0 2 4

Velocity (mm/s)

Fig. 3 Mossbauer spectra of (from the bottom to the top) the 1s, 3 s
and 4 s Li* addition rate LiFePO, samples showing the different Fe
environments present. D1-D5 represents the different doublets used to
described the different environments.
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as Fe’* occupying the M1 (Li*) site in LiFePO, (§ =
0.43-0.45 mm s~ and AEq = 0.70-0.76 mm s~')'****” and D5
was identified as Fe** on the M2 site where Fe®" was replaced
by Fe** (5 = 0.45 mm s™" and AE, = 0.95-1.13 mm s~ ')."®*” D4
and D5 are not always distinguishable as two different environ-
ments and are most commonly referred to only as single a
source of Fe**.>*?® In the LiFePO, samples analyzed here, D1
and D5 were the most common environments detected.

The isomer shifts, quadrupole splitting and the line width,
better known as full width at half maximum (I), for each
environment for the samples are summarized in Table 3 and
the percentage contribution from each environment is sum-
marized in Table 4.

The total Fe content as Fe*" in the 1 s, 3 s and 4 s samples
is 89%, 89% and 78%, respectively, with the remainder
present as Fe*". The higher Fe** content in the 4 s sample was
also evident from the increase in the shouldering compared to
that observed for the 1 s and 3 s samples. Additionally, the
higher Fe®* content on the M2 site confirms conclusions
drawn from the XRD results predicting higher Fe®* content
from the increased percentage vacancies (Table 1) and the
shorter Fe-O interatomic distances (Table 2). Most of the Fe**
is in the less distorted D1 environment on the M2 site and the
4 s sample had the highest percentage of Fe*" in the more dis-
ordered D2 environment.

The presence of D4 confirmed that some of the Fe on the M1
site is Fe*", as suggested by XRD results in Table 1. Contrary to
the findings from XRD, Mossbauer spectroscopy detected more
Fe on the M1 site for the 1 s and 3 s samples as compared to

Table 3 Hyperfine parameters obtained from the analysis of the
Méssbauer spectra, including the full width at half maximum (I') for each
Fe environment. All parameters are given in terms of mm s~*

Environment Parameter 1s 3s 4s
D1-Fe(n) (M2) ) 1.22(1) 1.23(1) 1.21(1)
AEq 2.93(1) 2.96(1) 2.89(1)
r 0.32(1) 0.30(1) 0.33(1)
D2-Fe(u) (M2) 5 1.23(1) 1.26(1) 1.28(1)
AEq 2.47(1) 2.46(1) 2.29(1)
r 0.28(1) 0.34(1) 0.60(1)
D3-Fe(u) (M1) 6 1.25(2) 1.22(3) 1.23(3)
AEq 1.64(4) 1.74(5) 1.74(4)
r 0.60(4) 0.56(2) 0.60(1)
D4-Fe(u) (M1) [ 0.26(1) 0.28(1) 0.39(1)
AEq 0.76(2) 0.77(1) 0.79(1)
r 0.56(4) 0.31(1) 0.28(1)
D5-Fe(u) (M2) ) 0.38(1) 0.30(1) 0.37(1)
AEq 1.02(1) 1.04(1) 1.28(1)
r 0.32(1) 0.28(1) 0.59(1)

Table 4 The area contribution (%) of each environment

D1-Fe(u) D2-Fe(u) D3-Fe(u) D4-Fe(m) D5-Fe()
(M2) (M2) (M1) (M1) (M2)

1s  68(8) 15(3) 6(1) 5(1) 6(1)

3s  67(8) 17(2) 5(1) 6(1) 5(1)

4s  56(8) 21(3) 1(1) 7(1) 15(3)

This journal is © The Royal Society of Chemistry 2022
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that for the 4 s sample which could indicate some amorphous
material present that could not be detected by XRD. Another
explanation could be that there are vacancies on the M1 site
since the occupancies on this site were determined by refine-
ment but assuming the site is fully occupied by either lithium or
iron. The percentage contribution from D5 (Table 4) is signifi-
cantly higher than that expected from XRD results, pointing to a
possible Fe**-containing amorphous phase not detected by XRD.

The line width (I) was refined to account for varying
extents of disorder in the different environments; this para-
meter has not always been considered when studying LiFePO,
and the effects of broadening on a more distorted environ-
ment has not been reported previously. The full width at half
maximum for Fe in a discrete and undistorted octahedral
environment is expected to be 0.2-0.3 mm s '.***” The D3
environment shows the highest disorder across all the samples
(Table 3). The D2 and D5 environments for the 4 s sample
showed a large extent of disorder which is not surprising
based on the range of Fe-O interatomic distances for this
sample found by XRD (Table 2). Interestingly the D4 environ-
ment for the 1 s sample was also more distorted.

X-ray absorption spectroscopy

From the analysis of the Fe K-edge XAS data, information can
be inferred on the local environment (such as changes in the
oxidation state, the geometry and the distortion) and the local
structure around the Fe atom. Both the XANES region (which
incorporates the pre-edge, rising absorption edge and main
edge) and EXAFS oscillations of normalized XAS spectra of the
synthesized LiFePO, samples were scrutinized.

The sharing of oxygen atoms between the iron and phos-
phorus in LiFePO, (Fig. 1b) causes a reduction in the sym-
metry around iron from Oy to Cg by breaking the inversion
centre and mixing of the 3d-4p orbitals. This lower symmetry
produces a crystal-field splitting of the 3d states into two
energy levels.” The 1s — 3d transition thus becomes partially
dipole allowed and the presence of two weak peaks®® can be
observed in the pre-edge region.'"*°** The corresponding
peaks appear at ~7112 €V (t,g) and ~7114 eV (eg).'""* The posi-
tion of these peaks can be used to identify differences in the
oxidation state, with peaks at higher energy reflecting more
Fe** than Fe?*, and the intensity of these peaks indicate differ-
ences in the geometry around Fe, with greater distortion
causing an increase in intensity.!"1%3%43:4

Reference materials are generally used to characterise and
compare features in the XANES region to that of the samples
under investigation and here LiFePO,, FePO,-4H,O and
a-Fe,O; were employed. Enlarged regions of the pre-edge and
main edge are shown in Fig. 4 and the peak positions and
intensities for the three reference materials and the four
samples are summarized in Table 5. A more complete charac-
terization of the LiFePO, reference material was also done and
is given in section 7 of the Supporting Information. The
FePO,-4H,0 and o-Fe,O; reference materials which contain
Fe®* gave peaks at higher energies as expected.'"** The more
prominent pre-edge feature observed for o-Fe,O; at 7115.2 eV

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

signifies a greater extent of distortion around the Fe** as com-
pared to that of FePO4-4H,0.'***® The similar intensities of
the e, peak of LiFePO, and the peak of FePO,-4H,0 indicates a
similarity in the structure and distortion.

The t,; and e, peaks are present in the spectra for all four
synthesized samples (Fig. 4a and Table 5), all having very
similar peak positions. The slight deviations to higher energies
are most likely due to the presence of Fe*" in the octahedral
site as noted in the analyses by XRD (Table 1) for all the
samples, and Mdssbauer spectroscopy (Tables 3 and 4) for the
1s, 3 s and 4 s samples. The differences in the intensity of the
tog and e, peaks for the samples could imply differences in the
distortion around the axes in the t,; and e, positions or any
changes in the Fe** content (Table 5). These different octa-
hedral environments and changes in Fe*" content are clearly
evident in the Mdossbauer spectroscopy data. The 4 s and 5 s
samples produced the lowest intensity t,, peak and an
increased intensity in the e, peak, especially for the 5 s
sample, as compared to the peaks for the 1 s and 3 s samples
as well as the reference sample. This could be caused by the
higher Fe*" content resulting in a slightly different crystal field
splitting and could be moving to a structure more similar to
that of the FePO,-4H,O0 reference material.

0.07
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a-Fe203
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Fig. 4 Comparison of Fe K-edge XANES (a) pre-edge and (b) main edge
region of the different reference materials and the three samples. The
tog and e4 peaks are indicated in (a).
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Table 5 Comparison of the pre-edge and main edge peak positions and intensities for the reference materials and samples

Pre-edge t,, peak

Pre-edge e, peak

Main edge peak

Sample Position/eV Intensity/au Position/eV Intensity/au Position/eV Intensity/au
LiFePO, 7112.9 0.0480 7115.2 0.0457 7127.8 1.59
FePO,4-4H,0 — — 7115.7 0.0469 7133.0 1.46
a-Fe, O3 — — 7115.2 0.0642 7134.3 2.44
1s 7113.2 0.0452 7115.6 0.0477 7127.9 1.52
3s 7113.0 0.0469 7115.6 0.0488 7217.9 1.50
4s 7113.8 0.0423 7115.6 0.0494 7128.3 1.47
58 7113.2 0.0427 7115.5 0.0537 7128.5 1.39
The rising absorption edge and the main edge correspond 10
to the 1s — 4p and 1s — continuum transitions, 1sec
respectively.">*”*® The main edge is usually at a position of

~7126 eV for LiFePO,.”® The positions of both the rising and
main absorption edge can be used to determine the oxidation
state of Fe where the higher oxidation state (i.e. Fe’") would
give a peak at higher energy.'"**>°

There is a slight shift to higher energy in the rising absorp-
tion edge for the samples as compared to that for the LiFePO,
reference material, and more so for the 4 s and 5 s samples
(Fig. 4b) which is also reflected in the peak positions of the
main edge. The larger shift for these samples clearly indicates
a higher Fe*" content and the identical positions for the 1 s
and 3 s samples imply these two samples have very similar
Fe®* content. These observations confirm the results obtained
from the interatomic distances by XRD (Table 2) and
Mossbauer spectroscopy (Table 4).

Data in the EXAFS region were used to probe the local
structure of the reference material and the three samples.
The Fourier transformed spectra were phase corrected and a
k*-Hanning window was used for the three sets. The same
starting model used for the XRD refinements (Streltsov
et al.>*) was used to calculate the initial scattering paths. The
cluster size used for the scattering path calculation was
7.038 A and only paths up to 5.0 A were included. Two
different models were considered for the change in the intera-
tomic distance (AR). For both models the amplitude
reduction factor (S,”) and the energy shift (AE,) were kept as
the same refineable parameter for all the scattering paths,
the Debye-Waller disorder factors (¢°) were unique for every
scattering path and all parameters were allowed to refine
throughout the refinement. For the first model AR was
allowed to be unique for every scattering path, however, this
led to high ¢* errors. To obtain reasonable 6> errors the octa-
hedra of the first coordination shell had to remain undis-
torted, i.e. with six of the same Fe-O interatomic distances.
Since results from both XRD and Mdssbauer spectroscopy
data indicated the clear presence of distorted octahedra
another model was rather considered. For the second model
AR was only allowed to be unique for every coordination shell
rather than every scattering path. This model led to reason-
able ¢ errors, small residual factors and distorted octahedra,
and was therefore used for all the refinements.
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Fig. 5 Comparison of the Fe k*-weighted [k3y(k)] fits for the different
Li* addition rate samples.

The fitted [k*y(k)] function obtained using FEFF6>"> and
employing a fitting range of 3-12.828 A™* is given in Fig. 5.
The radial structure functions together with the Fourier trans-
form (FT) of the real space were fitted over 1.3-5 A (Fig. 6a—d).
The extracted data of the synthesised samples and the
LiFePO, reference material are summarised in Table 6 and
include the coordination shells, interatomic distances (where
1, 2 and 3 refer to the different Fe-O distances) and Debye-
Waller factors which indicate the extent of disorder. Values
for So>, AE, and the R-factors for each sample are given in
Table S9 in the ESI.T From this data the scattering processes
around the absorbing atom (Fe) can be identified. The first
scattering process corresponds to the first and most promi-
nent peak in Fig. 6a-d and was identified as oxygen (using
the interatomic distances and the input file) in an octahedral
arrangement around Fe.'“'*"? This is consistent with the
LiFePO, structure,""'*** the XRD and Mossbauer spec-
troscopy results. From EXAFS modelling, two different Fe-O
interatomic distances were identified rather than the four
determined using XRD (Table 2). The long Fe-O interatomic
distances (Table 6) were longer than that determined when
using XRD, and the short Fe-O interatomic distances were
shorter. The average distance determined using XAS were

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Comparison of the Fe k3-weighted [k%(k)] fits for the different Li* addition rate samples. The experimental FT magnitude (top) and FT real
(bottom) of the EXAFS k3y(k) data and the theoretical FEFF fit (black) of the (a) 1 s, (b) 3 s, (c) 4 s and (d) 5 s LiFePO,4 samples. The fitting window is

indicated by the vertical lines.

shorter for the 3 s and 4 s sample. The average of the shortest
interatomic distances as determined from XRD is comparable
to the shorter interatomic distance determined here. The
second scattering process was identified as the phosphorus
coordination shell and with a coordination number of
13 The third scattering process was identified as the
iron coordination shell with a coordination number of
1113 The interatomic of the LiFePO, reference material
for the Fe-O and Fe-Fe coordination shells is comparable to
that for the 1 s, 3 s and 4 s samples, but greater variation was
noticed for the 5 s sample. Interestingly the interatomic dis-
tances of the LiFePO, reference material and the 5 s sample
for the Fe-P coordination shell is more comparable. The
Debye-Waller factors for the LiFePO, reference material are
smaller than for the synthesized samples indicating the refer-
ence sample has a better ordered structure.

The average interatomic distances (Table 7) are essentially
the same for the 1 s, 3 s and 4 s samples for the different
coordination shells. The 5 s sample exhibited shorter Fe-O
(due to the increase in Fe’" content) and longer Fe-P and Fe-
Fe distances than the other samples. The third coordination
shell produces a much weaker signal compared to that of the
first and second shell and also consists of multiple scattering

five.

four.

This journal is © The Royal Society of Chemistry 2022

process.>* This makes it more difficult to extract reliable struc-
tural information and causes parameters for this shell to
appear to be less sensitive to differences such as the oxidation
state of Fe between samples.

Data from the various techniques used here have clearly
pointed to the 4 s and 5 s samples having more Fe*" present
than the other two samples, but a difference is only apparent
in the Fe-Fe distances for the 5 s sample.

The average Fe-O interatomic distance is only slightly
shorter than those reported in other EXAFS studies'"'*>’
(Table 7) which could result from a higher Fe** content, but
unfortunately the Fe®" content was not recorded in these
studies. More significant differences were found for the Fe-P
and Fe-Fe distances where the former were shorter and the
latter longer than that in literature. The disorder as deter-
mined in this work is larger than that found in similar EXAFS
studies (Table 7).""'**3 The disorder determined for the refer-
ence material is similar to that of the synthesized samples
except for the disorder for the Fe-Fe coordination shell which
was within the reported range. The greater disorder in the
samples could arise from (i) some disorder in the cation distri-
bution between the M1 and M2 sites® as indicated from the
analysis of the Mdssbauer spectroscopy data (Tables 3 and 4)
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Table 6 Structural parameters from the [k®(k)] and radial structure function determined using FEFF for the first, second and third coordination
shell of the Li* addition rate samples

Sample Shell Coordination number Interatomic distance/A Debye-Waller factor/A®
LiFePO, reference material Fe-O1 3 2.15(2) 0.011(4)
Fe-02 3 2.06(2) 0.008(2)
Fe-P 1 2.83(1) 0.008(3)
Fe-P 4 3.25(1) 0.007(1)
Fe-Fe 2 3.83(1) 0.007(2)
Fe-Fe 2 4.65(1) 0.008(3)
1s Fe-O1 2 2.21(1) 0.013(5)
Fe-03 4 2.07(1) 0.010(1)
Fe-P 2 2.835(7) 0.012(1)
Fe-P 3 3.259(7) 0.007(1)
Fe-Fe 2 3.84(1) 0.011(2)
Fe-Fe 2 4.66(1) 0.013(4)
3s Fe-02 4 2.12(1) 0.020(5)
Fe-03 2 2.08(1) 0.009(2)
Fe-P 2 2.836(7) 0.014(2)
Fe-P 3 3.261(7) 0.007(1)
Fe-Fe 2 3.83(1) 0.011(2)
Fe-Fe 2 4.65(1) 0.015(6)
4s Fe-O1 2 2.20(1) 0.015(6)
Fe-03 4 2.06(1) 0.011(1)
Fe-P 2 2.835(7) 0.013(1)
Fe-P 3 3.260(7) 0.007(1)
Fe-Fe 2 3.83(1) 0.011(1)
Fe-Fe 2 4.65(1) 0.015(4)
55 Fe-02 1 2.09(9) 0.008(4)
Fe-O1 5 2.05(9) 0.017(3)
Fe-P 1 2.817(6) 0.009(2)
Fe-P 4 3.241(6) 0.0089(9)
Fe-Fe 1 3.81(1) 0.011(4)
Fe-Fe 3 4.64(2) 0.017(3)

Table 7 The average interatomic distances and average Debye—Waller disorder factors for this work as well as from work done by Haas et al.,**
Deb et al.'* and Hsu et al.>®

Average interatomic Average interatomic distance/A Average Debye-Waller Average Debye-Waller disorder

Shell Sample distance/A (ref. 11, 13 and 53) disorder factor/A” factor/A? (ref. 11, 13 and 53)
Fe-O LiFePO, 2.12 2.13-2.15 0.010 0.0028-0.0082

1s 2.11 0.010

3s 2.11 0.020

4s 2.11 0.010

5s 2.06 0.016
Fe-P LiFePO, 3.17 3.15-3.25 0.007 0.0045-0.0049

1s 3.09 0.009

3s 3.09 0.010

4s 3.09 0.009

58 3.16 0.009
Fe-Fe LiFePO, 4.24 3.94-4.00 0.007 0.0054-0.0096

1s 4.25 0.012

3s 4.24 0.013

4s 4.24 0.013

58 4.43 0.016

and (i) the presence of Fe** in the samples. The information
extracted from EXAFS show no differences in the local struc-
ture between the different samples unlike the structure infor-
mation determined from XRD and Mdossbauer results.

18184 | Dalton Trans., 2022, 51,18176-18186

Conclusions

The effect of the addition rate of the Li* precursor solution to
the mixture of the Fe>* and PO,>~ precursors when using a low
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temperature hydrothermal method to synthesize LiFePO, was
investigated. The effect on both the average and local struc-
tures of the resulting product (for the 1's,3 s, 4 s and 5 s
samples) were considered to determine if there was an
optimum addition rate. The 1 s and 3 s samples showed many
similarities, including the occupancies on the M2 and M1
sites, the interatomic bond distances, and the Fe*" and Fe*"
content. The 4 s and particularly the 5 s samples showed less
promising results with a higher percentage of defects present
on the M2 and M1 sites. The Fe** content in the 4 s sample, as
determined from Mdssbauer spectroscopy, was about double
the amount present in the 1 s and 3 s samples. Even though
this analysis was not run for the 5 s sample, it was clear from
all other analyses that the Fe** content was even higher than
that in the 4 s sample. The pre-edge region showed a decrease
in intensity of the t,, peak and an enhancement of the e,
peak, likely due to the increase in Fe*" content. The EXAFS
results showed only slight variation between samples (except
for the 5 s sample) and the local structure remained essentially
the same for the different samples (again, except for the 5 s
sample). Compared to the local structure, the average structure
showed a lot more variability between the samples.

It is evident that for faster Li" addition rates (adding one
drop of solution between every 1-3 s) less Fe** to Fe®" oxi-
dation occurred and there were fewer defects in the structure.
The extent of oxidation then increased with slower addition
rates which corresponds to an increased duration of addition.
The formation of Li;PO, does not appear to be dependent on
the Li" addition rate, with 1.85% detected in the 3 s sample
and 19.17% in the 5 s sample. This also shows that contrary to
the initial hypothesis, Li;PO, formation is not promoted by
faster addition rates. From this work it is clear that the Li"
addition rate of one drop every 1-3 s, using solutions with the
specified concentrations and nitrogen purging, was optimal.
The presence of Fe*" on the M1 site and the presence of Fe*"
in all samples, however, could still negatively affect the electro-
chemical performance. Synthesising pure LiFePO, with
minimal defects is important for optimising the cathode
material’s electrochemical performance, especially when
defects and impurities obstruct the Li* movement in the one-
dimensional channel. By understanding the effects of various
steps in the synthetic process, such as the Li" addition rate
looked at here, more insight can be gained on how to improve
the methodology to ensure defect and impurity formation is
kept to a minimum.
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