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Ammonia-free synthesis of lithium manganese iron
phosphate cathodes via a co-precipitation
reactionf

Panawan Vanaphuti,@ Kevin Scanlan and Arumugam Manthiram & *

LiMn,Fe; ,PO4 (LMFP) has emerged as a promising cathode material for Li-ion batteries due to its lower
cost, better sustainability, and improved thermal and cycling stabilities compared to layered oxide
cathodes. The incorporation of Mn in LMFP increases the operating voltage, and therefore the
theoretical energy density, compared to LiFePO4. However, with high Mn content, it is difficult to fully
utilize the Mn?*"** redox due to sluggish kinetics, resulting in a lower practical capacity. Atomic-scale
mixing of Mn and Fe is crucial for the optimal electrochemical performance of LMFP, yet the practical
scalability and the ease of synthesizing precursor compositions with different Mn contents through co-
precipitation reaction remains underexplored. We present here for LMFP manufacturing a novel, scalable
precursor (Mn, Fe)s(PO4)2(HPO,),-4H,0O, which is air-stable and is synthesized without the use of
ammonia, for the first time. The role of the reactants, pH, and temperature in controlling the phase
purity and morphology of the precursor are explored. Particularly, it is found that phase purity is highly
sensitive to the Mn: Fe ratio and temperature during co-precipitation. The LMFP cathodes synthesized
with the precursor exhibit excellent cycling stability, retaining over 95% capacity after 150 cycles at a C/3
rate. However, while higher Mn content (>60%) increases the average voltage, the specific capacity
decreases due to sluggish kinetics, limiting the benefit to energy density. This work presents an
industrially scalable method to synthesize mixed precursors for LMFP cathodes with a wide range of Mn
contents providing a pathway to fine-tune the Mn content and particle morphology for optimal
electrochemical performance.

The importance of scarcity, cost, and environmental impact of battery materials urge us to reconsider the synthesis procedure and cathode compositions to
enhance sustainability. In this regard, LiMn,Fe; ,PO, (LMFP) cathode is emphasized in this work due to its sustainable and low-cost raw materials as well as
excellent capacity retention and thermal safety. LMFP cathode utilizes Mn and Fe as a major component, which are inexpensive and earth-abundant compared
to the heavily used Ni and Co in commercial lithium-ion batteries. In addition, our synthesis procedure offers a scalable, ammonia-free approach, which can

promote an environmentally benign manufacturing of LMFP. Overall, the work is well-aligned with the goal of UN's Sustainable Development Goals (https://

sdgs.un.org/goals) in terms of affordability and a cleaner environment.

1 Introduction

Lithium-ion batteries (LIBs) have improved our life quality since
their first commercialization in 1991."* They are widely utilized
in portable electronics, electronic vehicles (EV), and stationary
energy storage. Among the different components in LIBs,
cathode materials are an important factor in determining the
overall cost and energy density of the battery.*” The increasing
demand for high-energy and low-cost LIBs for EV applications
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necessitates the development of improved cathode materials.
Although layered oxide cathodes such as LiNi;_,,Mn,Co,0, can
provide high specific capacity, they suffer from bulk and surface
instabilities, which lead to poor cycle life and thermal
stability.'*** Moreover, these layered oxide cathodes usually
contain large amounts of Ni and/or Co, which increases their
cost and environmental impact.***¢

In this regard, LiFePO, (LFP) is being recently revisited due
to its excellent capacity retention, sustainable and low-cost raw
materials, and high thermal stability."”>* However, the low
energy density of LFP compared to layered oxide cathodes
makes it challenging to fulfill the demanding performance
requirements of EVs.'#?123 By partially substituting Mn>" for the
Fe** to form LiMn,Fe,_,PO, (LMFP), the energy density can be
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enhanced due to the higher operating voltage of Mn>"** redox
(~4.0 V) compared to Fe*"** redox (~3.4 V).>*** While LMFP can
theoretically provide a 10-20% improvement in energy density
compared to LFP, such improvement is difficult to achieve in
practice due to the kinetic limitations of Mn?"*" redox, which
results in low practical capacity with high Mn contents (>50%).
These kinetic limitations arise from the Jahn-Teller distortion
of the Mn** ion, which leads to increased lattice strain and
worsened Li* diffusion kinetics.

Multiple approaches have been pursued to overcome the
kinetic limitations of Mn?"*" redox in LMFP, including cation
doping, surface coating, and morphology engineering.””**
Doping with electrochemically inactive elements, such as Mg and
Co, has been shown to reduce the lattice strain arising from the
Jahn-Teller distortion of Mn>" and increase the solid-solution
behavior, which improves the diffusion kinetics.***® Surface
coating with higher valence ions, such as V**, is also a common
method to improve the performance of LMFP; this forms an
amorphous layer with three-dimensional diffusion channels,
which promotes a rapid diffusion of Li" ions across the LMFP
surface.’”** Controlling the particle morphology and ensuring
a uniform mixing of Mn and Fe at the atomic level are also critical
for mitigating the kinetic limitations of Mn*"** redox.*4

The primary particle size and morphology both impact the
Li" diffusion path length in LMFP since diffusion occurs
primarily along the b-axis of the crystal lattice.'®**** While
reducing the primary particle size of LMFP to <100 nm can
greatly improve the diffusion kinetics, this generally results in
a low tap density of the LMFP powder, which translates to a low
press density of the electrode, thus reducing the cell-level
energy density. Ensuring uniform mixing of Mn and Fe is also
critical, as a non-uniform distribution would form Mn-rich
regions that experience more severe kinetic limitations.>>*4344
Overall, the synthesis process plays a critical role in deter-
mining the performance of LMFP cathodes.

In particular, the industrial scalability and ease of synthe-
sizing different compositions make the co-precipitation reaction
stand out among other methods for LMFP synthesis. Based on
previous studies, one of the most common precursors for LMFP
is the (Mn;_,Fe,)3(PO,),-x*H,O phase, which forms by reacting
MnSO,-H,0, FeSO,-7H,0, and H;PO, or NH,H,PO, at pH 7 in
NH,OH solution. Different Mn : Fe ratios such as 50: 50, 60 : 40,
and 80:20 have been examined.******** While the electro-
chemical performance of LMFP synthesized from this precursor
is promising, the tap density is typically low (<0.8 g mL ') and
the co-precipitation reaction generates large amounts of
ammonia-containing wastewater. Another precursor that has
been reported is Mn, ;Fe, 3C,0,4-2H,0, which yields even lower
tap density than (Mn,_,Fe,);(PO,),-¥*H,O phase.”” Additionally,
this precursor typically requires the use of NH,H,PO,, which
generates large amounts of ammonia gas during heat treatment
and impacts the environment.

Herein, we introduce a scalable, ammonia-free co-
precipitation process for the synthesis of LMFP with a novel
precursor phase: (Mn, Fe)s(PO,4),(HPO,),-4H,0 (MFP). We
investigate the impact of reaction parameters, including the
type of base solution, pH, temperature, and Mn : Fe ratio, on the
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morphology and phase purity of the resulting precursor. The
crystal structure and morphology of the precursors are analyzed
with X-ray powder diffraction (XRD) and scanning electron
microscopy (SEM), while the phase purity is quantitatively
determined with thermogravimetric analysis (TGA). The LMFP
cathodes are synthesized with the MFP precursors by a simple
process of ball milling, spray drying, and heat treatment. The
electrochemical performances of the LMFP cathodes with
different Mn : Fe ratios are examined by rate capability testing,
cycle life testing, electrochemical impedance spectroscopy
(EIS), and galvanostatic intermittent titration technique (GITT).
Altogether, the work introduces an industrially scalable and
ammonia-free method to synthesize air-stable precursors for
LMFP cathodes with uniform mixing and adjustable Mn: Fe
ratio. The optimal amount of Mn is also suggested to achieve
optimal performances.

2 Experimental
2.1 Materials preparation

All precursors were prepared based on a conventional co-
precipitation reaction. Initially, the precursor phase was tar-
geted as (Mn, Fe);(PO,),. Three solutions were prepared as
follows: (1) a transition-metal solution consisting of 0.15 mol
MnSO,-H,O (Thermo Scientific), 0.10 mol FeSO,-7H,0
(Thermo Scientific), and 0.167 mol HzPO, (Sigma-Aldrich,
=85 wt% in H,0) in 250 mL aqueous solution, (2) a concen-
trated base solution of 0.5 mol in 100 mL of either NH,OH or
KOH or NaOH, and (3) a precipitation solution of 0.0167 mol
NH,OH or KOH or NaOH in 350 mL aqueous solution. The
transition-metal solution was slowly dropped into the precipi-
tation solution with a peristaltic pump at a constant feed rate of
5 rpm under an N, atmosphere. The pH was precisely controlled
by the addition of the base solution at a constant feed rate of
2 rpm. The reaction condition was maintained at a temperature
of 60 °C and a pH of ~6-8 with a stirring speed of 450 rpm
where the pH was measured with a pH meter (Pinnacle series
313P pH/Temp.). Since a pure (Mn, Fe);(PO,), phase could not
be obtained based on the XRD data, the synthesis parameters
were modified accordingly to aim for (Mn, Fe)s(PO,),(HPO,),-
-4H,0 phase. Similar to the aforementioned procedure, the
transition metal solution with a stoichiometric ratio of 0.10 mol
or 0.15 mol or 0.20 mol MnSO,-H,O, 0.15 mol or 0.10 mol or
0.05 mol FeSO,-7H,0, and 0.20 mol H;PO, in 250 mL aqueous
solution were dropped into the precipitated solution composed
of 0.02 mol H;PO, and 0.02 mol NaOH in 350 mL aqueous
solution at a constant feed rate of 5 rpm. Here, a small amount
of ascorbic acid (0.001 mol) was added to the transition metal
solution to prevent the oxidation of Fe** to Fe*". The pH was
controlled by adding the base solution of 0.5 mol NaOH in
100 mL aqueous solution at a constant feed rate of 1.5 rpm. The
reaction condition was maintained at a temperature of 60-75 °C
and a pH of ~4-5 with a stirring speed of 450 rpm. The obtained
precipitate was filtered and washed thoroughly with deionized
water before being dried in an oven in air at 100 °C overnight.

The precursor was then homogenously mixed with carbon
sources (lactose (ChemCenter) : maltodextrin (Sigma-Aldrich):

© 2024 The Author(s). Published by the Royal Society of Chemistry
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vapor grown carbon fiber (VGCF) in a ratio of 0.65:0.10:
0.25 wt% carbon where the total carbon content is 3.5 wt%), Li
source (Li,CO3, MP Biomedicals, 6 mol% excess), and P and Li
sources (LizPO,, Thermo Scientific) stoichiometrically to obtain
LiMn,Fe; ,PO, (x = 0.4, 0.6, and 0.8). Carboxymethyl cellulose
(CMC) (1.5 wt% in water) was employed as a dispersant.
3 mol% V, 1 mol% Co, 2 mol% Mg were added as dopants with,
respectively, NH,VO; (Acros Organics), Co(C»04),-2H,0 (Acros
Organics), and MgC,0,-2H,0 (Alfa Aesar). To be specific,
a mixture of 0.84 g lactose, 0.21 g maltodextrin, 0.11 g VGCEF,
0.40 g 1.5 wt% CMC, 0.61 g Li,CO;, 2.74 g Li;PO,, ~10 g MFP
precursor, 0.25 g NH,VO3, 0.11 g Co(C,0,),-2H,0, and 0.22 g
MgC,0,-2H,0 were prepared in 26 g deionized water. All
reactants were milled together at 500 rpm for 2 h in a planetary
ball mill (FRITSCH Pulverisette 6) with a media size of 5 mm.
The solid loading of slurry before the spray-drying process
(LABFREEZ SD-501) was maintained to 35 wt%. The as-prepared
slurry was then pumped into the gun at a pumping rate of 2 rpm
during the spray-drying process. The inlet temperature, outlet
temperature, air flow rate, and nozzle pressure were, respec-
tively, kept at 130 °C, 102 °C, 18 cfm, and 0.16 MPa. The nozzle
size is 0.7 mm. The collected powder was sintered at 350 °C for
1 h and followed by 650 °C for 2 h under an argon atmosphere
with a ramping rate of 10 °C min ™" to obtain the LMFP cathode.
Then, the LMFP cathode was passivated for 30 min in 10% air at
room temperature (RT) to slowly expose the carbon coating to
air, helping create a thin uniform oxidation product on the
outermost carbon coating.

2.2 Materials characterization

XRD (Rigaku Miniflex 600, Cu Ko. target, A = 1.54 A) and SEM
(Tescan Vega3) coupled with energy-dispersive X-ray spectros-
copy (EDS, Bruker XFlash Detector 630M) were conducted to
observe the structural and morphological information of the as-
prepared precursors and LMFP cathodes. The XRD patterns
were collected at 26 = 5-80° with a step size of 0.02° and scan
rate of 1.5° min~'. FullProf Suite software was employed to
determine the structural information of the LMFP cathodes
with respect to the reference pattern of COD# 2300354. The
phase purity of the precursors was confirmed by TGA (Netzsch
STA 449 F3) under argon atmosphere with a temperature range
of 40 °C to 700 °C and ramping rate of 5 °C min ™" in an alumina
crucible. Meanwhile, the carbon content was determined by
carrying out TGA over a temperature range of 30 to 700 °C under
an air atmosphere, with a ramping rate of 5 °C min~" in an
alumina crucible. The decomposition of LMFP at high
temperatures yields Fe,Oz;, Mn3(PO,),, and Li,O byproducts.
Depending on the Fe content, the resulting weight gained from
the decomposition byproducts are ~3.0, ~2.0, and ~1.0 wt%,
respectively, for the 40: 60, 60 : 40, and 80: 20 samples. Hence,
the carbon content was calculated from the weight gained
minus the mass change measured from TGA (%). The elemental
ratio was confirmed with inductively coupled plasma optical
emission spectroscopy (ICP-OES Agilent 5800). The ICP-OES
samples were prepared by dissolving the precursors in
a mixture of nitric acid and hydrochloric acid in a 1:1 ratio.
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Then, the solutions were diluted to appropriate concentrations
for ICP-OES measurement in the parts-per-million (ppm) range.

2.3 Electrochemical measurement

The LMFP electrodes with different ratios of Mn and Fe were
composed of the active material, Super P : VGCF (weight ratio of
3:1), and 10 wt% polyvinylidene fluoride (PVDF) dissolved in N-
methyl-2-pyrrolidone (NMP) in a weight ratio of 94:3:3. The
slurry mixing was carried out with a Thinky mixer and then cast
onto a carbon-coated Al foil current collector with a slurry solid
loading of 40 wt%. After drying at 120 °C overnight under
a vacuum atmosphere to remove excess NMP and moisture, the
electrodes were calendared to ~1.8 ¢ cm > and punched into
12.7 mm diameter disks with an areal active material loading of
~1.8 mA h cm™>. All 2032-type coin-cell assemblies were per-
formed inside an argon-filled glove box with the LMFP cathode,
Celgard 2325 separator, Li-metal anode (~500 pm in thickness),
and 60 pL electrolyte. The electrolyte was composed of 1.0 M
LiPF¢ dissolved in a 3 : 7 weight ratio of ethylene carbonate (EC)/
ethyl methyl carbonate (EMC) with 2 wt% vinylene carbonate
(VC). The cells were tested with a Land Battery Testing System
(CT2001A) at room temperature (~25 °C) after a 5 h rest. For the
cycle performance, three formation cycles were collected at C/10
rate with the subsequent charge-discharge cycles at C/3 rate
with a nominal capacity at 1C rate of 155 mA h g~ . The voltage
range was 2.0-4.4 V and there was a constant voltage hold at
4.4V at each charge cycle until the current dropped below C/50
rate. EIS data of the LMFP||LMFP symmetric cells were collected
with a Biologic VMP3 potentiostat in the frequency range of 100
mHz-500 kHz and an amplitude of 10 mV. The test was per-
formed at the OCV state (~0.00 V). For testing the contact
resistance of these symmetric cells, 1.0 M tetraethylammonium
tetrafluoroborate (Et,NBF,) in acetonitrile was employed as the
electrolyte to prevent ionic diffusion and to only measure elec-
tronic conductivity. To examine the ionic conductivity, GITT
was conducted after running three formation cycles at C/10 rate
between 2.0 and 4.4 V with a current pulse time of 10 min fol-
lowed by a rest period of 3 h. Dy; values were calculated based
on the equation below (eqn (1)) where r is the average radius of
the LMFP particle (7.5 pm based on this work), 7 is the current
pulse time, AE, is the total transient voltage change during the
current pulse period, and AEj is the change in the steady-state
voltage of the electrode for the corresponding step. This equa-
tion assumes that the electrode is homogenous, the current is
small with a short duration time, and the cell voltage should be
linear with (duration time)'/2 44

42 (AE\*
Dy = Fopu (AEt) (1)

3 Results and discussion
3.1 Synthesis of precursors with different base solutions

Initially, the (Mn, Fe);(PO,), phase was targeted during the co-
precipitation reaction with various base solutions including
NH,OH, KOH, and NaOH in order to down-select the most
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suitable reaction conditions. According to previous research, an
appropriate pH to form this phase is ~7.%* Therefore, all three
reactions were controlled at a pH of 6-7, 60 °C, and a stirring
rate of 450 rpm with a target Mn: Fe ratio of 60:40. A high
temperature of 60 °C was selected to facilitate the co-
precipitation of Mn and Fe, since if the reaction was run at
room temperature and a pH of ~6, the pure Fe;(PO,), was
kinetically more favored.’>** The SEM images of the precursors
precipitated with each base solution (Fig. Sta-ct) show signif-
icant differences in particle morphology. While NH,OH solu-
tion gives plate-like particles, KOH and NaOH solutions,
respectively, form very fine spherical particles and block-like
particles. However, with the corresponding reaction parame-
ters, pure (Mn, Fe)3(PO,), phase could not be obtained as
indicated by the XRD (Fig. S1d and et). Although it may be
possible to optimize the synthesis parameters to achieve a pure
(Mn, Fe);(PO,), phase, approaches to obtain alternative
precursor phases is also attractive; this is because the (Mn,
Fe);(PO,), phase is prone to oxidize in air and form a thin
platelet particle morphology, which can reduce the tap density
of the resulting LMFP cathode. Additionally, residual potassium
impurities (from KOH) were found to be difficult to wash from
the precursor after co-precipitation; also, NH,OH is unattractive
for large-scale manufacturing due to its toxicity. Thus, a NaOH
base solution was selected for further investigation to form the
MFP phase for LMFP synthesis.

3.2 MFP precursors in NaOH with different synthesis
conditions

Co-precipitation reactions involve various parameters to control
the particle morphology, structure, and uniformity of the final
product, such as pH, temperature, reaction time, stirring speed,
concentration of the reactants, and an addition of a chelating
agent.*»***¢ To gain insight into the impact of synthesis
conditions on the formation of MFP precursors, the pH,
temperature, and addition of chelating agent were explored
during the co-precipitation reaction. First, the reactions were
conducted at different pH from 4 to 7 at a constant reaction
temperature of 60 °C and a stirring speed of 450 rpm. The
findings suggest the particle morphology and uniformity of Mn
and Fe atomic-scale mixing are heavily dependent on the pH of
the reaction. In Fig. 1a, ¢, S2-S5,F samples prepared at pH = 4
and 5 show a pure MFP phase with a homogenous distribution
of all elements based on the EDS mapping. However, Fe tends
not to be entirely involved in the final product for the pH = 4
sample as the Fe ratio is slightly off by ~7% according to ICP-
OES analysis (Table S1t). Meanwhile, pH > 5 displays the
formation of Fe;(PO,),-8H,O phase and segregated Fe region
across the samples under EDS mapping (red dotted circles). The
Fe3(PO,4),-8H,0 phase seems to have a distinct morphology
compared to the MFP phase, which consists of plate-like
particles. In contrast to a pH of 6, a pH of 7 shows no MFP
phase and contains more platelets with lower crystallinity than
the other pH values. Here, it can be deduced that the MFP phase
prefers an acidic reaction condition. Therefore, pH of 5 was
selected to study further the effects of chelating agents. Citric
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Fig. 1 Morphological and structural analysis of the MFP precursors
obtained with the co-precipitation reaction with an Mn to Fe ratio of
60 : 40. SEM images of the MFP precursors with (a) different pH values
and (b) citric acid and different temperatures. XRD patterns of the MFP
precursors with (c) different pH values and (d) citric acid and different
temperatures.

acid (CA) can act as a chelating agent in this case since it tends
to coordinate with Fe.*®** Although the particle morphology is
more spherical with CA (Fig. 1b), there is not much difference
when compared to a pH of 5 without CA. This may relate to the
block-like and dense morphology of MFP particles that are
difficult to aggregate together. Although the addition of CA does
not impact the formation of the MFP phase (Fig. 1d), CA forms
Fe complexes and reduces the amount of Fe ratio in the final
product (~10% lower) as verified by ICP-OES (Table S1+).

Different reaction temperatures and solution-feeding rates
were investigated. By doubling the feeding rate of the reactants
from 5 to 10 rpm, the morphology changes from all block-like
particles to a mixture of some flake-like particles at 60 °C.
When the temperature decreases to room temperature and 40 °©
C, pure MFP phase could not be obtained as indicated by XRD.
This implies that a slow feeding rate and high temperature are
necessary for the formation of the MFP phase, completion of the
co-precipitation reaction between Mn and Fe, and a homoge-
nous particle distribution. Based on this, it implies that
Fe;(PO,), is preferable to precipitate rather than MFP at this
condition. The SEM-EDS mapping (Fig. S6-S8t) of these
samples shows a homogenous mixing of all elements except for
at 40 °C.

TGA was conducted to confirm the phase purity of the as-
prepared precursors, based on the mass change during
thermal decomposition. Fig. 2a-f shows the TGA profiles of the
precursors synthesized at different conditions. By comparing
the XRD patterns (Fig. 1c and d), each phase has a distinct TGA
profile, where the onset temperature is also different depending
on the phase presented. Regarding this, TGA can also be applied
as a simple and useful tool to verify the phase purity of
precursors. For the MFP phase, two characteristic temperatures

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 DSC profiles of the MFP precursors synthesized at different reaction conditions, indicating the onset decomposition temperature and the
mass change for (a—c) different pH values, (d—f) different reaction temperatures, and (g—i) different Mn to Fe ratios.

can be observed at ~260 °C and ~324 °C with a mass change of
~13%. This corresponds to the following decomposition reac-
tions due to the removal of a total of five water molecules where
reaction (1) happens at a lower onset temperature than reaction

()

(Mn, Fe)s(PO4),(HPO,)>(H,0), (728.73 g mol ') —

(Mn, Fe)s(POy4)2(HPOy), + 4H,0 &Y
(Mn, Fe)5(PO,),(HPO,), (656.73 ¢ mol™') —
(Mn, Fe)s(POy)> (P207) (638.73 g mol ™) + H.O  (2)

Both the pH of 4 and 5 samples show a consistent result of
mass change, confirming the formation of pure MFP phase.
Meanwhile, the other reaction conditions have much different
thermal decomposition reactions and onset temperatures,
indicating the presence of other phases, such as Fe3(PO,),.

3.3 MFP precursors and LMFP cathodes with different
transition metal ratios

To observe the performance of the as-prepared MFP precursor,
LMFP cathodes were synthesized via a spray-drying process
followed by a solid-state reaction. The synthesis process is
outlined in Fig. 3a. The precursors with different Mn : Fe ratios
were successfully prepared by the co-precipitation reaction at
a pH of 5 in NaOH solution, including an Mn : Fe ratio of 40 : 60,

© 2024 The Author(s). Published by the Royal Society of Chemistry

60:40, and 80:20. Fig. 3b shows the morphology of the as-
prepared precursors with block-like particles where a greater
amount of Mn has a smaller primary particle size where the
particle size is between 5 and 12 um. Results suggest that Mn
content can impact the particle nucleation and growth, where
increasing the Mn amount favors the nucleation of new crys-
talline facets or planes rather than growing from the same
particle or direction (high surface energy).>>*” Both the 60 : 40
and 80:20 samples were synthesized at 60 °C while the
temperature for the 40 : 60 sample was adjusted to 75 °C. At 60 ©
C, not all Mn reacts to form the precipitates and the higher
amount of Fe ratio makes the Fe;(PO,), formation even more
favorable as shown in Fig. S9a.t The distribution between Mn
and Fe across the particles is also nonuniform (Fig. S9b¥). This
suggests that the reaction temperature needs to increase to
promote co-precipitation with higher Fe contents. All the
precursors with different ratios could be indexed to the pure
MFP phase with a uniform distribution of Mn and Fe (Fig. 3e
and S10%). The TGA profiles in Fig. 2g-i also further verify the
formation of pure MFP phase according to the decomposition
reactions described in reactions (1) and (2), except for Mn : Fe =
40: 60 sample at 60 °C.

After ball-milling the MFP precursors to nm-size particles,
spherical particles were formed with a spray-drying process.*®
During this process, the injected slurry was sprayed through
a small nozzle to form small droplets. Then, these droplets were
rapidly dried with heated air into solid powder under specific
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Fig. 3 Morphological and structural analysis of the MFP precursors
and LMFP cathodes obtained with the co-precipitation reaction with
different Mn to Fe ratios: (a) Overview of the synthesis process of MFP
precursors to LMFP cathodes, SEM images of (b) the precursors and (c)
the LMFP cathodes, and (d) cross-sectional view of LMFP particles. The
XRD patterns of (e) the MFP precursors and (f) LMFP cathodes.

temperature and pressure, as described in the experimental
section. It is worth noting that the synthesis parameters during
spray drying, such as slurry viscosity, temperature, and pres-
sure, play an important role in determining the characteristics
of the final product. The morphologies of the LMFP cathodes
after the spray drying and calcination processes are shown in
Fig. 3c. The average secondary particle size is ~6-10 pm with
a homogenous distribution of all expected elements (Fig. S11-
S137). All the samples also display some amount of carbon
coating on the particle surface. The ball-milling process reduces
the MFP precursor (regardless of its initial particle size and
morphology) to nanoparticles with a size of ~100 nm. From the
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cross-sectional images (Fig. 3d), the 80:20 sample reveals
slightly higher voids within the secondary particle due to the
larger particle size of the 80:20 precursor. This can lead to
a greater variation in particle size after the ball-milling process.
It is worth noting that the tap density of all samples is ~1.0 g
mL~, which is considered to be higher than other phases
synthesized via co-precipitation route. From the TGA profile in
Fig. S14,7 the amounts of carbon content are 2.89, 2.80, and
2.19%, respectively, for the 40: 60, 60 : 40, and 80 : 20 samples.
These comparable amounts of carbon content allow for a fair
comparison of the electrochemical performance. Although
3.5 wt% carbon was targeted for all samples, there might exist
a small variation in carbon content in the final product
depending on the particle morphology and reproducibility of
the spray-drying process in each run.

The XRD patterns of all the samples (Fig. 3f) confirm the
phase purity of the LMFP cathodes. To see the impact of
different Mn:Fe ratios on the lattice parameters of LMFP
cathodes, the Rietveld refinement was performed and the
refined results are presented in Table 2. The corresponding
refinement profiles and crystallographic information are shown
in Fig. S15, Tables S2 and S3.1 With the increasing amount of
Mn content, the lattice parameters and volume increase due to
the larger ionic radius of Mn>* (81 pm) compared to Fe** (76
pm). Furthermore, the elemental ratios in all the synthesized
MFP precursors and LMFP cathodes are close to the targeted
values as shown in Table 1.

3.4 Electrochemical performance of as-prepared LMFP
cathodes with different transition metal ratios

Prior to the electrochemical testing of LMFP electrodes,
LMFP||LMFP symmetric cells were assembled to examine the
efficiency of carbon coating. With tetraethylammonium

Table 2 Rietveld refinement parameters for the as-prepared LMFP
cathodes from FullProf Suite software with respect to the LMFP pattern
(COD#2300354) as the reference

Sample a(A) b(A) c(A) Cellvolume (A%) x>  Rup (%)
40:60 10.371 6.041 4.716 295.449 1.94 1041
60:40 10.390 6.058 4.724 297.330 1.88 10.2
80:20 10.411 6.075 4.732 299.244 1.43 13.5

Table 1 Elemental ratio in the MFP precursors and LMFP cathodes obtained from ICP-OES analysis with FePO,4 as the reference

Sample Li Mn Fe P

Target ratio 1.00 0.40-0.80 0.20-0.60 0.80 for MFP precursors
1.00 for LMFP cathodes

FePO, (reference) — 0.001 0.999 1.055

MFP-40: 60 — 0.434 0.566 0.825

MFP-60 : 40 — 0.620 0.380 0.828

MFP-80: 20 — 0.836 0.164 0.797

LMFP-40: 60 1.080 0.432 0.568 1.163

LMFP-60: 40 1.060 0.621 0.379 1.098

LMFP-80:20 1.055 0.827 0.173 1.097
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tetrafluoroborate (Et,NBF,) in acetonitrile as an electrolyte, this
allows a direct measurement of electronic conductivity by pre-
venting Li-ion diffusion in and out of the electrode.* All
samples display a low contact resistance and good electronic
conductivity as can be confirmed, respectively, with a small
semicircle at the high-frequency region and a steep, constant-
phase element at the low-frequency region (Fig. 4a). In addi-
tion, three different packing densities of 60 : 40 electrodes were
initially examined to find the optimal parameter. From
Fig. S16,T a packing density below 1.8 g cm ™ is preferable since
over-calendaring of the electrodes can hinder the Li-ion diffu-
sion pathway in these porous secondary particles. The first
charge-discharge profile in Fig. 4b shows two distinct voltage
plateaus, respectively, corresponding to Fe>'/Fe*'redox couple
at ~3.5 V and Mn*"/Mn** redox couple at ~4.1 V. The ratio
between these two plateaus occurs with respect to the amount of
Mn and Fe presented in the samples.

It is worth noting that Mn contents of =60 wt% have
a downside on the specific capacity. This can relate to the Jahn-
Teller effect of Mn*" and sluggish redox kinetics of Mn that
makes the full utilization of Mn redox challenging.®®** In
particular, the sluggish Mn*?" redox kinetics of LMFP with
high Mn content is caused primarily by the Jahn-Teller distor-
tion of Mn**, which results in a large anisotropic lattice strain
between the Li,Mn,Fe; ,PO, and Mn,Fe;_,PO, phases.**** In
contrast, Fe*" does not experience Jahn-Teller distortion, so the
Fe®"** redox kinetics in LMFP is rapid. Moreover, Mn**** redox
occurs through a two-phase reaction in LMFP with Mn = 40%.%
This two-phase reaction limits Li* diffusion during Mn*"3*
redox to the phase boundary between Li,Mn,Fe; ,PO, and
Mn,Fe, ,PO,, whereas Li" diffusion occurs throughout the bulk
of the olivine phase during Fe*"”** redox. The large lattice strain
along the phase boundary during the two-phase reaction
thereby impedes Li* diffusion during Mn>"** redox.

As a result, the rate performance of 80 : 20 sample (Fig. 4c) is
the lowest when compared to 40 : 60 and 60 : 40 samples. Based
on the data, the volumetric capacity of the LMFP samples in this
study is 265, 234, and 221 mA h cm ™3, respectively, for the 40:
60, 60:40, and 80:20 samples. In contrast, the value for
commercial LFP is ~320-360 mA h cm >, depending on the
synthesis and preparation processes.””** This is because LFP
usually has a higher press density than LMFP. As the particle
morphologies of the LMFP cathodes reported in most studies
have a high porosity and surface area, this results in a low tap
density. Hence, the low press density remains a challenge for
LMFP and an optimal synthesis procedure is still needed in
future studies. Meanwhile, if the specific energy density is being
considered, LMFP can outperform LFP as Mn has a higher
operating voltage (~4.0 V) than Fe (~3.4 V).

The cycle performances for different Mn ratios were analyzed
in a half-cell configuration. From Fig. 4d and e, both the 40: 60
and 60 : 40 samples show a decent cycle performance even after
150 cycles with a capacity retention of ~100% compared to 80 :
20 sample (95%). The charge-discharge profiles (Fig. 5a—c) and
dQ/dV plots (Fig. 5d-f) after the 4th, 50th, 100th, and 150th
cycles provide a clearer comparison in terms of the decrease in
discharge voltage and specific capacity as the Mn content
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Fig. 6 GITT profiles of the LMFP cathodes with different Mn to Fe
ratios for the (a) 40 : 60, (b) 60 : 40, and (c) 80 : 20 samples.

increases, indicating a greater cell polarization. The polariza-
tion growth is further confirmed by the large change in the
charge and discharge voltages as the number of cycles increases
(Fig. 52) and thus, reduces the energy efficiency.

Although Mn can increase the operating voltage window
compared to the LFP cathode, too high Mn content does not
make a valuable improvement on the overall LMFP performance,
which can be supported by the energy density plot in Fig. 5h.
Furthermore, the GITT technique was applied to examine the
effect of Mn content on Li-ion diffusion as shown in Fig. 6. With
a current pulse time of 10 min, followed by a rest period of 3 h,
the GITT profiles in Fig. 6a—c prove that a high Mn content leads
to a more sluggish kinetics of Li-ion diffusion compared to low
Mn content, especially towards the end of the charging step. This
can be seen from the extent of voltage drop during the rest
period. Due to the nature of the LFP and LMFP cathodes that can
undergo two-phase reaction rather than solid-solution behavior
like in layered oxide cathodes, it is difficult to see abrupt changes
and obtain quantitative results from the GITT analysis. Thus, the
Li-ion diffusion coefficient is not reported in this work.

4 Conclusions

In summary, this work presents a novel precursor phase (Mn,
Fe)s(PO,),(HPO,),-4H,0 for LMFP synthesis without involving
ammonia, which can enable a low-cost, sustainable, scalable
production of LMFP cathode materials with reduced environ-
mental impact. Our results suggest that the reaction conditions,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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such as pH, type of base solutions, and temperature play a vital
role in the phase purity and atomic scale mixing between Mn
and Fe. The optimal conditions to obtain the pure MFP phase
are at pH = 5 and 60 °C with NaOH as the base solution.
Reaction temperatures below 60 °C or pH > 5 can lead to the
formation of Fe;(PO,),-8H,O phase as this phase is kinetically
favored compared to Mn precipitation. From this method,
phases-pure MFP precursors with Mn : Fe ratios ranging from
40:60 to 80:20 can be prepared by carefully controlling the
reaction conditions. The MFP precursor reported here is
advantageous for commercial production compared to previ-
ously reported precursors for LMFP, due to the ammonia-free
synthesis and improved air stability of the precursor. The
improved particle morphology of the MFP precursor also leads
to a higher tap density LMFP cathode, which improves the
volumetric capacity of the battery.

After the spray-drying and calcination processes, the LMFP
cathodes from these precursors show a consistent electro-
chemical performance in half cells with capacity retentions of
=95% after 150 cycles at a C/3 rate. Based on the electrochemical
analysis, the 80 : 20 sample shows the worst performance due to
the high content of Mn which leads to low capacity and high
polarization. Although a high amount of Mn can increase the
operating voltage, the lower capacity and higher polarization due
to the sluggish kinetics of Mn redox reduce the useable energy
density. An optimal amount of Mn content in the LMFP cathode
is required to achieve the best performance, which is between
40% and 60% based on this work. The synthesis methods pre-
sented in this work will allow for the fine tuning of the Mn: Fe
ratio to obtain optimal electrochemical performance. Overall,
these findings show that the reaction parameters have a great
effect on the phase purity and homogeneous mixing of the as-
synthesized MFP precursors and that the Mn content is a key
factor in determining the electrochemical performance of the
LMFP cathodes. This work also offers a scalable and ammonia-
free approach to synthesize MFP precursors via a facile co-
precipitation reaction, which can serve as a guideline towards
a sustainable synthesis route for LMFP cathodes.
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