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Triphylite-structured lithium iron/manganese phosphates have captured rapt attention as prospective
positive electrodes for Li-ion batteries, targeted to automotive applications. Here we report on a
strategy to improve the power characteristics of Mn-doped LiFePO, cathode materials by introducing
extra Li at the transition metal site (Li-rich) via a facile solvothermal synthesis route. The crystal structure
refinement based on joint synchrotron and neutron powder diffraction data unambiguously confirmed
the formation of a Li-rich phase, with additional validation coming from scanning transmission electron
microscopy, electron energy loss spectroscopy, and 5’Fe Mossbauer spectroscopy. The particularly
created defect structure of the Li-rich Lij,s(FegsMngs)i_sPO,4 with additional Li* ions residing at the
3d-metal site enables the extended solid solution region of the Li ion de/intercalation mechanism
established using operando synchrotron X-ray powder diffraction. The suggested strategy offers an
advanced electrochemical behavior of the materials that exhibit specific capacities of over 158 mAh g~*

rsc.li/energy-advances

Introduction

The triphylite-structured LiFePO, (LFP) as a positive electrode
(cathode) material for Li-ion batteries (LIBs) was first suggested
by Goodenough’s group." It has an attractive theoretical capa-
city of 170 mAh g, a high chemical and thermal stability due
to covalently bonded oxygen in the PO, groups, a relatively low
volume change during Li" de/intercalation, and low cost owing
to the abundancy of iron." At the same time, the pristine
LFP material reveals a medium working potential of 3.43 V vs.
Li*/Li, low but tunable Li* diffusion coefficient (10 '°-
10~"? em® s 1)** and poor electronic conductivity (10° S-em™*)?*
resulting in sluggish kinetics of Li' de/insertion limiting
high-power applications. The main reason for the hindered
kinetics in LFP is a significant contribution of the two phase
mechanism with a slow phase boundary propagation that
occurs via a hybrid regime of slow diffusion and charge transfer
process.” In this sense, the improved Li* de/intercalation
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at C/10 and 120 mAh g~* at 10C, with retention of 84 =+ 4% after 500 cycles at 10C.

kinetics can be reached by extending the solid solution regions
of Li ion de/insertion.

The LFP crystal structure is formally represented as a
hexagonal oxygen close-packing where Li is located in edge-
sharing octahedra (the M1 site) and Fe is positioned in corner-
sharing octahedra (the M2 site).” This structure easily accom-
modates various point defects: lithium (Vy;) and iron (Vge)
vacancies, Fey; and Lip. antisite pairs, hydroxyl defects asso-
ciated with the P substitution, or a combination of these,” *°
with all of them drastically influencing the electrochemical
performance.’” The antisite defects are the most abundant
due to their low formation energy.® On the one hand, the
anti-site defects might block the main diffusion pathway of
Li ions along the b axis'* thus significantly deteriorating the
electrochemical properties. On the other hand, recent compu-
tational studies have revealed that in a highly disordered LFP,
the defects reduce the ‘diffusion anisotropy’ and activate the
so-called 2D diffusion mechanism with enhanced migration
along the [100] direction."® As a comparison, diffusion coeffi-
cients for the [010] and [100] directions containing 0.5% of
Fe/Li antisite defects differ by four orders of magnitude, while
introducing up to 25% of the defects results in almost equal-
izing the diffusion coefficients along the two directions.'®
Experimentally, the 2D-diffusion mechanism was confirmed
by means of operando transmission electron microscopy tomo-
graphy coupled with XANES in single-crystal LFP microrods.**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In the case of the 2D-diffusion mechanism, the preferred
orientation of particles (and their shape) has fewer effects
on the electrochemical performance compared to the 1D
diffusion case.

Taking into account the role of antisite defects in Li-ion
diffusion, the partial Li substitution at the d-metal site could be
beneficial to overall Li* diffusion coefficients. According to the
computational studies, it is possible to introduce up to 12.5%
of additional Li ions at the M2 site with oxidation of the d-metal
for charge compensation in the triphylite structure." This
results not only in a higher concentration and diffusivity of
charge carriers, but also in switching the diffusion network
dimensionality from 1D to 2D or even 3D depending on the
degree of substitution.’® In a recent study, the energy barriers
for three different directions were calculated and compared
between those of a conventional LFP and Li-rich LFP material
manifesting a reduction by 15% and 63% for the [001] and [101]
directions, respectively, for the latter material.’® Thus, the
presence of additional Li ions at the M2 site might improve
both Li-ion diffusion and kinetics.

The attempts of synthesizing Li-rich materials resulted in
Li; osFeg.05PO,4 (Li-rich LFP) obtained via solvothermal synth-
esis, which demonstrates an attractive electrochemical perfor-
mance at high C rates (140 mAh g~ at fast charge - 10C and
slow discharge mode - C/10). An extended solid solution region
related to the presence of additional Li ions in the structure
inhibits nucleation of the FePO, heterosite during charge/
discharge.'” A similar effect was described in ref. 18: it was
possible to alter significantly the de/intercalation mechanism
from a conventional two-phase to a full-range solid solution in
Li-rich Mn spinels via changing the Li content.

In order to enhance the operating potential, electronic and
ionic conductivities of LFP, a partial substitution for the 3d-
metal at the M2 site is applied.”®*° The Mn>*/Mn*" pair having
its working potential of 4.1 V vs. Li'/Li in the triphylite-type
structure seems to be a prospective candidate. Among various
chemical compositions of LiFe,Mn,; ,PO, (0 < x < 1), LiFe 5-
Mn, sPO, (LFMP) is worth mentioning as it demonstrates the
synergetic effect of the Mn substitution resulting in a higher
operation potential, and the presence of Fe reducing the impact
of Jahn-Teller distortion and sluggish kinetics at the Mn*"/*
redox transition.”?> LFMP has the lowest charge transfer
resistance among the LiFe,Mn,_,PO, solid solutions and, as
a result, the most attractive electrochemical performance and
cycling stability.>® For this reason, a number of LEMP materials
have been synthesized exhibiting specific capacity close to the
theoretical one.>* However, no data on Li-rich LFMP can be
found in the literature to the best of our knowledge.

In this work, we report on a novel Li-rich Li;s(Feq sMng 5); POy
(Li-rich LFMP) positive electrode material prepared by an easily
scalable solvothermal method with attractive electrochemical
performance due to an extended solid solution region of Li"
de/intercalation. To validate the formation of a Li-rich system we
performed a multi-modal analysis of the crystal structure and
chemical composition by synchrotron X-ray (SXRD), electron
(ED) and neutron diffraction (ND), scanning transmission

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electron microscopy, and Fourier transform infrared (FTIR)
and *’Fe Mdssbauer spectroscopies. The de/intercalation mecha-
nism was studied by a combination of the diffraction (SXRD) and
electrochemical (PIT) techniques. Both methods revealed the
prolonged solid solution regions during Li" de/insertion com-
pared to the published research results for stoichiometric LFMP
samples.

Experimental part

Li-rich LFMP was synthesized via solvothermal treatment of a
LizPO, precursor followed by high-temperature annealing of
the resulting product. Prior to the synthesis, the water content
of the crystal hydrates was measured by means of thermogravi-
metric analysis. In a typical procedure, LIOH-H,0O (Komponent
reactive, 99%, 3.5405 g) was dissolved in 40 ml of an H,O-
ethylene glycol mixture (3:7 volume ratio). After the complete
dissolution, 1.8 ml of H;PO, (Komponent reactive, 85% aqu-
eous solution) was added. This led to immediate formation of a
white suspension of Li;PO,. At the same time, ascorbic acid
(Ruskhim, 99%, 0.45 g), MnS0O,-0.99H,0 (Komponent reactive,
98%, 2.3808 g), and FeS0O,-6.97H,0 (Komponent reactive, 98%,
3.9272 g) were dissolved in 10 ml of deionized water and mixed
with the Liz PO, suspension. The concentration of ascorbic acid
is much lower compared to the Mn>" and Fe** concentrations
so that, along with the excess of Li* from the LizPO, precursor
in the reaction media, enables the formation of a Li-rich
material. The mixture was transferred to a 125 ml stainless-
steel reactor (Parr Instruments), and then it was sealed and
kept at 190 °C for 1 hour with stirring. The obtained material
was mixed with glucose in a 10:1 mass ratio in ethanol and
dried at 40 °C for 1 hour using a rotating evaporator (Heidolph
Instruments). The resulting powder was heated up to 650 °C
and annealed for 3 hours under a purified Ar flow to get the
carbon-coated Li-rich LFMP.

The chemical composition was determined by means of
ICP-OES analysis with an Agilent 720 spectrometer. For the
experiment, a weighed sample (ca. 20 mg) of material was
placed in a volumetric flask of 50.0 ml, and 15 ml of aqua
regia (concentrated nitric (HNO;z) and concentrated hydro-
chloric (HCI) acid (Panreac) (1:3) by volume) was added. All
the samples were vigorously shaken for 2 min and deionized
water was added to the mark.

Synchrotron X-ray powder diffraction (SXRD) experiments
were carried out at the PETRA III synchrotron facility (beamline
P02.1)*® at the Deutsches Elektronen-Synchrotron (DESY) in
Hamburg at a wavelength of 0.20736 A. The powder data were
collected between 1 and 21° 20 at 298 K in rotating glass
capillaries. 2D images obtained from a Varex XRD 4343CT
detector (2880 x 2880 pixels with 150 x 150 pm pixel size)
were integrated in the pyFAI software.>® The calibrant was LaB,
(660a NIST powder). The neutron powder diffraction (ND)
patterns were collected with the high-resolution powder dif-
fractometer SPODI”” in Forschungs-Neutronenquelle Heinz
Maier-Leibnitz (FRMII) at Technical University of Munich at a
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wavelength of 1.5482 A. The data were collected in the 2-152°
20 range at room temperature. Si standard data were used for
calibration. The joint Rietveld refinement was performed
with the use of TOPAS software with routines of the TOPAS-
Academic package.”® X-ray diffraction can distinguish between
Mn/Fe and Li, whereas neutron diffraction helps in contrasting
Mn and Fe and locating Li. A combination of these methods
makes it possible to determine the accurate atomic composi-
tion on both crystallographic sites. Both M1 and M2 sites were
allowed to contain any amounts of Li, Mn, and Fe with total
occupancy per each site constrained to 1. The P site occupancy
was refined freely. Anisotropic atomic displacement parameters
were used.

’Fe M{ssbauer experiments were carried out in a transmis-
sion geometry with a 1500 MBq y-source of >’Co(Rh) mounted
on a conventional constant acceleration drive. The spectra were
fitted using the SpectrRelax program.?® The isomer shift (0)
values are referred to that of o-Fe at room temperature.

The Fourier transform infrared (FTIR) spectra were collected
with an ALPHA II compact FT-IR spectrometer. The spectra
were recorded in the 4000-400 cm ™' range with 2 cm ™" resolu-
tion and averaging 3 scans. The reproducibility was checked by
probing different spots of the same powder sample.

For transmission electron microscopy (TEM) investigation, a
small amount of the powder sample was ground with an agate
mortar and pestle in ethyl alcohol followed by depositing the
suspension onto a carbon film supported by a copper grid. The
selected area electron diffraction (SAED) patterns, high angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) images, and energy-dispersive X-ray (EDX) and
electron energy loss (EELS) spectra were acquired on a probe
aberration-corrected Titan Themis Z (ThermoFisher Scientific)
electron microscope at 200 kV equipped with a Super-X system
for EDX analysis and with a Gatan Quantum ER965 spectro-
meter. The EELS maps were recorded in STEM-mode with 1 eV
energy resolution. To measure the Mn oxidation state, the core-
loss EELS spectra of Mn were recorded using a monochromated
electron beam with the energy resolution of 0.15-0.17 eV at
120 kv.

The slurry for electrode preparation was produced by mixing
the active material (90%), PVDF (5%), carbon black (5%) and
N-methylpyrrolidone (NMP) as a solvent in a SPEX 8000M ball
mill and then applied on a carbon-coated aluminum foil
using an automatic film applicator ZAA 2300 (Zehntner) with
thickness of 150 um and calendered at 70 °C. Round-shaped
electrodes with an area of 1.54 cm® and an average mass
loading of active material of 4-5 mg cm™ > were cut and dried
in a vacuum oven at 120 °C overnight. The two-electrode
CR2032 coin-type half cells were assembled in an Ar-filled
glovebox (MBraun, p(O,) = 0.1 ppm, p(H,0) = 0.1 ppm) with
Li metal (Gelon Lib, 99.9%) as an anode and a commercial
electrolyte consisting of 1 M LiPF, dissolved in a mixture of
EC:DEC (1:1 by vol). Galvanostatic cycling was carried out in
the potential range of 2.5-4.3 V vs. Li'/Li using a battery testing
system (Neware). For high C-rate and long-term cycling experi-
ments a CC-CV charge protocol was used with a current cutoff
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of C/10. For 1C and 10C-rate experiments, a set of 5 coin cells
were used. Potentiostatic intermittent titration (PIT) measure-
ments were performed in three-electrode cells with Li metal as
counter and reference electrodes in the potential range of
2.5-4.3 V vs. Li'/Li with a step voltage of 10 mV, and a cutoff
current equal to C/50 using a potentiostat-galvanostat (Biologic
VMP-3) for the experiments of one-time measurements was
considered. Li" diffusion coefficients were determined as it was
discussed elsewhere.’®?" The current transients were analyzed
in the single phase regions (3.52-3.55 V and 3.60-3.65 V vs.
Li*/Li during charge and 3.53-3.56 V and 3.60-3.65 V vs. Li*/Li
during discharge processes). All electrochemical measurements
were conducted at room temperature.

For the operando SXRD experiments, modified CR2032 coin
cells with Kapton windows were assembled in an Ar-filled
glovebox (MBraun, p(O,) = 0.1 ppm, p(H,0) = 0.1 ppm). The
electrochemical cycling was carried out at a constant current
density (C/5) for both charge and discharge. The data were
collected between 1 and 21° 26 at 298 K (Varex XRD 4343CT
detector). The background was subtracted from the integrated
data using Derivative Peak-Screening Asymmetric Least Squares
Algorithm (derpsalsa)®* as implemented in pybaselines.>® The
sequential Rietveld refinement was done in GSAS II software.**

Results and discussion
1. Structure refinement and morphology

According to ICP-OES measurements, the Fe: Mn ratio is equal
to 1:1 (Table S1, ESIt), while STEM-EDX shows slightly higher
Fe concentration over Mn (1.05:1). The d-metal ratio was
obtained by averaging a set of 5 spectra (Table S2, ESIT), the
typical EDX spectrum is depicted in Fig. S1 (ESIt). The room
temperature *>’Fe Mossbauer spectrum of the Li-rich LFMP
sample (Fig. 1a) shows a dominant symmetric doublet Fe(1)
with isomer shift (6) and quadrupole splitting (4) (Table 1)
corresponding to the high-spin ferrous Fe*" ions in an octa-
hedral oxygen environment.*” These parameters are in agreement
with the literature data for Fe** in the triphylite LiFePO,.***’
In addition, we notice another paramagnetic doublet Fe(2) with
asymmetric and broadened components indicative of a non-
uniform crystal environment of iron ions. The isomer shift for
the Fe(2) doublet corresponds to the ferric ions with a formal
oxidation state of 3+. The large average quadrupole splitting
suggests that the Fe*" ions are distributed over positions with a
strong electric field gradient at >’Fe nuclei. Thus, >’Fe Méssbauer
spectroscopy suggests a noticeable amount of Fe*" (11.8(4) %),
which can be deduced to 0.06 Fe*" per chemical formula if all
ferric ions are considered to be oxidized to restore the electro-
neutrality upon Li substitution at the M2 site. No presence of
characteristic bands of -OH or H,O was observed by means of
FTIR spectroscopy, which in combination with chemical analysis
validates the absence of hydroxyl defects in place of the PO,
groups. The wide signal around 1600 cm™" can be assigned to
the C—C stretching band attributed to carbon coating of the
composite (Fig. 1b).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Spectroscopic measurements. (a) The >’Fe Mdssbauer spectrum,
and (b) the FTIR spectrum of Li-rich LFMP.

Table 1 Material characterization by >Fe Mdssbauer spectroscopy

Component J, mm s A, mm s ! I, mms* I, %
Fe(1) Fe*" 1.22(1) 2.94(1) 0.25(1) 88.2(4)
Fe(2) Fe** 0.43(1) 0.77(1) 0.58(3) 11.8(4)

The STEM-EELS measurements were performed to estimate
the oxidation state of Mn in Li;.s(Feo sMng 5);_sPO, (Fig. 2).

The Mn L-edge demonstrates two well-resolved maxima
corresponding to the L, and L; transitions (see Fig. 2c).
In addition, both the L, and L; peaks reveal a complex multi-
plet structure, whereas each component was assigned in Fig. 2¢
as a-d and e-f for the L; and L, transitions, respectively. It can
be clearly seen that as the concentration of the oxidized Mn
species increases, the c-component of the L; line gains its
intensity, while the b-component keeps the same intensity.
Thereby, we used the 641-642 eV and 642.5-643.5 eV energy
loss windows, corresponding to the b- and c-components of the
L; line, to map the location of the reduced and oxidized Mn
species, respectively. The corresponding color-coded maps were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The ADF-STEM image of Lii;s(FegsMngs)1_sPO4 particles with

(b) the corresponding color-coded STEM-EELS Mn oxidation state map.
(c) The Mn-L, 3 edge EELS spectra for Lijis(FegsMngs);—sPO4 integrated
over the regions 1 and 2, outlined on the image in (b) with green and red
rectangles, respectively.

superimposed to generate the Mn valence maps presented
in Fig. 2b.

Moreover, in order to get a quantitative estimation of the Mn
oxidation state, we used the Mn L3/L, “white line” intensity
ratio as was suggested by Tan, H. et al.>® As a result, the Mn
oxidation state was estimated to vary from 2+ (region 1 in
Fig. 2b) to 2.09+ (region 2 in Fig. 2b). This once again indirectly
confirmed the presence of extra Li in the M2 positions, which is
caused by partial oxidation of both Fe and Mn, albeit also
revealing the slight local inhomogeneity of the Li/Mn*" distri-
bution at the atomic scale.

An overview HAADF-STEM image (Fig. 3a and b) demon-
strates rod-like crystallites of the as-prepared material with a
thickness of ~45-50 nm. [010] high-resolution HAADF-STEM
imaging (Fig. 3c) was performed in order to directly analyze the
Lire/mn antisite defects. Due to the large difference between Li
and Mn/Fe atomic masses, the bright dots in the HAADF-STEM
image (Fig. 3c) correspond to the Fe/Mn/Li atomic columns at
the M2 sites, whereas the dark area between them represents
atomic columns of Li at the M1 site. Since no HAADF signal is
observed at the M1 site, the number of Fe/Mn atoms in the M1
columns (antisite defects) is supposed to be negligible. The
indexation of the three SAED patterns (Fig. 3d) clearly demon-
strates Okl:k + [ = 2n, hkO:h = 2n and hkO:h = 2n reflection
conditions, in agreement with the space group Pnma.

The crystal structure was refined using the Rietveld method
using the joint powder SXRD and ND data (Fig. 4a and b).

Energy Adv,, 2023, 2, 328-337 | 331
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Fig. 3 (a) An overview and (b) the [100] HAADF-STEM image of Li-rich
LFMP particles. The minimal thickness along the b-axis (denoted with a
double sided arrow) is ~45 nm. (c) The low-pass filtered [010] HAADF-
STEM image of a Li-rich LFMP crystal; in the magnified area, Fe/Mn atomic
columns and Li positions are represented as red and blue circles respec-
tively. (d) The [100], [010] and [001] SAED patterns for Li-rich LFMP.
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Fig. 4 Crystal structure refinement results. Observed, calculated and
difference plots of (a) SXRD and (b) NPD refinement of Li-rich LFMP.

Taking into account the results of *’Fe Mdssbauer and FTIR
spectroscopy as well as HAADF-STEM imaging, a model with Li
at the M2 site was chosen as the most probable. For the
refinement procedure, the Li fraction at the M2 site was refined
and Fe and Mn had the total site occupancy equal to 1, while
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Table 2 Cell parameters and refined composition for Li-rich LFMP
determined by joint ND and SXRD refinement

Formula Liy 07(2)Mng.456(3)F€0.473(2)PO4
Space group Pnma

a, A 10.3853(6)

b, A 6.0507(3)

o A 4.7187(3)

v, A® 296.515(3)

z 4

GOF 4.94

Rexpy % 0.52

Ry, Rup, % 0.84,1.15

Table 3 Structural parameters obtained for Li-rich LFMP from joint
refinement on SXRD and ND data

Wyckoff
Atom position x/a y/b z/c Occupancy
Li1 4a 0 0 0 1
Li2  4c 0.28204(4) 1/4 0.97386(11) 0.0723(16)
Fe2  4c 0.28204(4) 1/4 0.97386(11) 0.474(2)
Mn2 4c 0.28204(4) 1/4 0.97386(11) 0.454(3)
01  4c 0.09724(17) 1/4 0.7377(3) 1
02  4c 0.45537(15) 1/4 0.2077(3) 1
03 8d 0.16361(13) 0.04790(16) 0.2812(2) 1
P1 4c 0.09407(8)  1/4 0.41261(15) 1

the P and Li at the M1 site occupancies were set to 1. Atomic
displacement parameters were refined anisotropically. The
model converged at Ry, = 1.15% and GOF of 4.94. This model
suggests a 7.23(16)% excess of Li at the M2 position resulting in
the Li; o;Mng 46Fe( 47PO4 chemical formula (Tables 2-4). Addi-
tionally, a Li-stoichiometric model was chosen for comparison,
and the model results in the following chemical composition
LiFey 5,Mng 45PO,4 and reliability factor Ry, = 1.396%, which
makes it less plausible. Furthermore, neither *’Fe M&ssbauer
spectroscopy experimental results, nor EELS data on the
Mn-L, ; edge corroborate with the Li-stoichiometric model.

SXRD and ND (Fig. 4a and b) data confirmed the formation
of a single-phase orthorhombic triphylite-type material (S.G.
Pnma), thus validating the SAED data, which reveals the Pnma
space group. The morphology of the as-prepared material
represents rod-like nanoparticles with the mean particle length
of 50-100 nm and thickness of ~50 nm according to the SEM
observations (Fig. S2 and S3, ESIt). In the case of the triphylite-
type cathode, such morphology is beneficial due to shortened
mobile ion diffusion pathways along the b-axis having the
lowest activation barriers in the structure.'”

2. Electrochemistry

The prepared composites demonstrate a decent electrochemical
performance and exhibit 158 mAh g™ at C/10 and 120 mAh g *
at 10C at discharge as depicted in Fig. 5a. The maximum
achieved discharge capacity is close to the theoretical value
(158 mAh g™ '). The theoretical capacity was calculated with
consideration of the decreased concentration of active M>" ions
caused by the charge compensation of Li* excess. Two distinct
plateaus can be observed in the galvanostatic curves, which are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Atomic displacement parameters (A%) obtained for Li-rich LFMP from joint refinement on XRD and ND data

Atom Un U Uss Uiz Uiz Uss

Lit 0.020(2) 0.019(2) 0.028(3) —0.0058(16) ~0.005(2) 0.002(2)
Li2 0.0040(3) 0.0061(3) 0.0071(3) 0 0.0001(3) 0

Fe2 0.0040(3) 0.0061(3) 0.0071(3) 0 0.0001(3) 0

Mn2 0.0040(3) 0.0061(3) 0.0071(3) 0 0.0001(3) 0

o1 0.0145(8) 0.0095(8) 0.0102(10 0 0.0018(8) 0

02 0.0087(9) 0.0126(8) 0.0113(9) 0 0.0008(7) 0

03 0.0119(6) 0.0061(5) 0.0102(6) 0.0046(5) 0.0012(7) 0.0025(5)
P1 0.0078(5) 0.0072(4) 0.0100(5) 0 ~0.0036(4) 0

attributed to the Fe?"**and Mn*"*" transitions during the charge
process.*® As for discharge, an additional plateau appears at
approximately 3.6 V and becomes more pronounced at current
densities higher than C/5. This phenomenon was observed for
the first-time by Wang et al,*® where the authors relied on a
phase-separated model and claimed that the possible reason
behind this is an electrochemical-chemical reaction between
delithiated MnPO, and lithiated LiFePO, since the Li" intercala-
tion in MnPO, displays slower kinetics compared to that of
FePO,. The speculation was made by analyzing GIT curves, where
the additional plateau was attributed to the Mn®" reduction.
An alternative opinion was later expressed by researchers in
ref. 41 where DFT calculations were performed for phase-
separated and solid solution LiFe, sMn, sPO, cases. The authors
argue that only for a true solid solution material without domain
structures is this appearance of the third plateau legit.

The capacity retention of Li-rich LFMP of 80-88% was
observed during long-term cycling for 500 cycles at 10C and
92-97% at 1C during 280 cycles (Fig. 5b and c), which is highly
beneficial for practical implementation of the material in
high-power application areas. A slight deviation in the electro-
chemical response is observed as the discharge capacity and
coulombic efficiency decrease during cycling. The possible
reason behind this is Li dendrite crystallization-dissolution
during a high current density loading. Extraction of the maxi-
mum amount of Li during charge is possible by a combination
of CC and CV charging protocols.

As it can be deduced from the processed experimental PIT
data (Fig. S4, ESIT), the de/intercalation process occurs via a
solid solution mechanism covering state of charge (SOC)
regions of (0-0.03, 0.31-0.7, and 0.96-1) during the charge
and (1-0.93, 0.76-0.39, and 0.02-0) SOC during the discharge,
correspondingly (Fig. S5, ESIt). Li" de/intercalation undergoing
via a two-phase mechanism was extracted by summing up the
charge values accumulated during a phase transition and
divided by the total charge amount during insertion or extrac-
tion of Li". The two-phase region boundaries were established
by analyzing the shape of the current transients (Fig. S6, ESIT)
during charge and discharge near the phase transitions. Cur-
rent transients in the solid solution region could be recognized
by a characteristic fast decrease of current in the short time
region in current vs. time coordinates. When a phase transition
occurs during the chronoamperometric measurements, the
current transients typically show very slow current decays
corresponding to a large charge passing through the electrode

© 2023 The Author(s). Published by the Royal Society of Chemistry

at the phase transformation potential, and sometimes a char-
acteristic nucleation-induced maximum can be detected."?
Taking into account the above-discussed features, transients
at 3.48-3.49 V vs. Li'/Li are assigned to the two-phase phase
transitions that accompany the Fe?"** redox. Applying the
same concept, the potential for the Fe**" transition is
observed at 3.47 V vs. Li'/Li. Taking into account PIT condi-
tions, the experimental error of the phase transition potential
determination lies within 10 mV. As the potential range of Li"
de/intercalation was extracted, the exact SOC values for the
solid-state and two-phase mechanism were calculated as the
charge accumulated during the process divided by the total
charge.

Li" diffusion coefficients were determined in the single
phase regions near the phase transition potential, where the
intercalation charges were high enough to allow for a quanti-
tative data treatment. For the Mn?"3" transition it was impos-
sible to extract reasonable transients for diffusion coefficient
estimation as the kinetics of Li" de/insertion in the Mn activity
region is extremely sluggish and the insertion/extraction pro-
cess requires too much time.** The diffusion coefficients
for Li,FMP obtained from the PIT data were 2 x 10 > ecm? s~ !
for the charge process and 2 x 10" em? s~ for the discharge,
which are comparable with the recently reported values for LFP
and LFMP.">*

3. Operando SXRD

The influence of the Li* excess on the phase transitions and Li"
de/intercalation mechanism was studied by means of operando
synchrotron X-ray diffraction (Fig. 6). The Pnma space group
was assigned to each SXRD scan in the whole range of Li
concentrations during cycling, which is in agreement with the
SAED analysis and the previous works on LFMP.*>*® The
material experiences two-phase transitions during (dis)charge
designated by jump-like shifts of the peak positions (Fig. 6a and
Fig. S7, ESIt). According to the results, the two-phase regions
are enclosed between 0.94 (0.93) and 0.75 (0.80) and between
0.38 (0.40) and 0.13 (0.14) SOC during charge (discharge)
leading to 57 (61)% of solid solution mechanism during
cycling. A less pronounced volume change during the inter-
mediate phase L,FMP to the lithiated LFMP phase transition
was observed for the discharge process. This slight asymmetry
can be explained by mechanical strain and defect accumulation
during operation of the material and by different nuclea-
tion rates of the corresponding phases.” As it was stated by
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Fig. 6 Synchronized results of operando SXRD study of Li-rich LFMP. (a) Evolution of peak positions and phase weights during cycling. (b) The unit cell

volume change during cycling and charge-discharge profile at C/5.

Ravnsbzk et al., the volume mismatch between Li,FMP and
FMP and the resulting mechanical strain are much higher than
those for LFMP and Li,FMP, stabilizing the solid solution
behavior of Li* insertion during discharge,*” while for the lower
LFMP and Li,FMP volume mismatch the nucleation of an
intermediate phase is more preferable than the solid solution
behavior.”

The previous research on conventional LFMP reported a
similar phase transformation behavior, but narrower solid
solution regions were observed.*>*” The comparison between
the solid solution ranges extracted from the SXRD and PIT data
for LFMP and Li-rich LFMP is presented in Fig. S8 (ESIT).

334 | Energy Adv, 2023, 2, 328-337

The main difference between the current work and the pub-
lished data is a larger overall length of the solid solution
regions: the operando SXRD detected the presence of solid
solutions near lithiated (LFMP, 0.00-0.07 SOC) and delithiated
(FMP, 0.9-1.0 SOC) phases. Although, in the paper*® where the
stoichiometric LiFe, sMn,sPO, was studied, the PIT experi-
ment also discerns short solid solution ranges near the LFMP
and FMP phases. The solid solution range retrieved from the
PIT experiment is less extended than the one defined from the
operando SXRD data. The reason behind this is that in contrast
to the SXRD experiments, the redox processes during the PIT
measurements are closer to the equilibrium pathway and thus

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the mechanism of Li" de/intercalation during material opera-
tion could be determined more precisely.

No assumption on the defect chemistry influence on the Li
de/intercalation mechanism was made in most of the operando
LFMP experiments, which makes this paper a good reference
for the estimation of additional Li" effects on the de/intercala-
tion mechanism.*>™*” Ravnsbzk et al.*’ carried out an oper-
ando SXRD study of LiFe, 4Mn, ¢PO, composites with various
particle sizes prepared via a solid-state reaction. Such a synth-
esis scheme inevitably results in negligible amount of Fe(Mn)/
Li antisite defects,*® and hence one may consider the reported
material as close to the stoichiometric one. The authors stated
that the reduction of particle size from 106 to 50 nm increases
the propagation of the single-phase mechanism from 17% to
51% of the total Li* insertion process.’”” Though the particle
length of Li-rich LFMP obtained in our work is larger than
50 nm (~80 nm) the observed solid solution range is compar-
able with the reported results for 52 nm particles, Fig. S8 (ESIT).
The only significant difference between the compared materials
is the Li-rich structure. Thus we may conclude that additional
Li ions at the M2 site could be a significant factor affecting
the solid solution propagation upon Li de/intercalation in
the material. A supportive confirmation of our hypothesis is
provided by Drozhzhin et al,"” where it was speculated that
additional Li at the M2 site in Li-rich LFP prevents nucleation
of the heterosite phase thus increasing the contribution of the
solid solution mechanism to the overall process. It seems that
the same effect is reasonable for the Mn-containing Li-rich
LFMP system. Further supporting evidence comes from ref. 18
where a similar effect was described for Li-rich Mn spinels.
It was possible to switch the de/intercalation mechanism
from a conventional two-phase to a full-range solid solution
by introducing additional Li ions in the spinel structure.
Despite the positive role of additional Li* ions on the increase
of the solid solution range, the drawback of the current
approach is that the Li-rich phase’s electronic conductivity
falls-off. In order to reduce the impact of the conductivity drop,
the material’s particles were covered with a conductive carbon
coating produced by glucose decomposition. The TEM images
and EELS mapping of the carbon coating are presented in
Fig. S9 (ESIY).

The above-mentioned role of Li-rich defects in spinel- and
triphylite-type structures confirms that the extended solid-
solution region in the Li-rich LFMP material is affected by
introducing additional Li ions at the M2 site.

Conclusion

In a quest for a commercially viable, safe, low-cost positive
electrode material for high-power batteries, we designed a
novel Li-rich Liyss5(FeqsMngs); sPO, cathode material and
synthesized it via a facile solvothermal route. The crystal
structure of the obtained material was precisely refined based
on the joint neutron and synchrotron X-ray diffraction data.
The refined amount of additional Li" at the M2 site was found

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to be 7%, which corroborates with the results of >’Fe Moss-
bauer spectroscopy, clearly identifying the presence of Fe*" and
EELS data yielding slight oxidation of Mn>". At the same time,
according to the HAADF-STEM imaging and IR spectroscopy,
no Fe(Mn)/Li antisite defects were detected and no phosphor-
ous non-stoichiometry was revealed. It is assumed that creating
the defect structure with additional “off-stoichiometric” Li ions
residing at the M2 site improves the high-C rate capabilities of
the material extending the solid solution de/intercalation
regions for both charge and discharge processes. The possible
explanation behind this could be that (i) Li* can migrate along
more than one crystallographic direction due to lowered
energy barriers resulting in a pseudo-2D diffusion mecha-
nism, (ii) extra Li* at the M2 site prevents nucleation of
the heterosite-type Fe, sMn, sPO,, hence extending the solid
solution region of Li de/intercalation. The synthesized mate-
rial demonstrates a superior cycling stability corresponding to
80-88% capacity retention after 500 cycles at 10C. The future
steps for enhancing the properties of the material should
include modifying the morphology with the production of
microspherical secondary particles in order to increase the
volumetric energy density and surface modification with the
optimization of the carbon coating technique for ramping up
the capacity retention even more during high current density
load. To sum up, substituting d-metals at the M2 site in LFMP
with Li comprises a viable strategy in either modification or
optimization of triphylite-type cathode materials for high-
power applications.
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