Journal of Materials Chemistry A

o
-

Journal of

Materials Chemistry A

Scalable, low-cost synthesis of high volumetric capacity
LiMn0.5Fe0.5P04 cathode for lithium-ion batteries

Journal: | Journal of Materials Chemistry A

Manuscript ID | TA-ART-05-2024-003438.R1

Article Type: | Paper

Date Submitted by the

Author: 03-Jul-2024

Complete List of Authors: | Reed, Seth; The University of Texas at Austin
Scanlan, Kevin; The University of Texas at Austin

Manthiram, Arumugam; The University of Texas at Austin, Materials
Science and Engineering

SCHOLA

—

RONE™
Manuscripts




Page 1 of 10

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Journal of-Materials'Chemistry A

Scalable, low-cost synthesis of high volumetric capacity
LiMng sFeq sPO, cathode for lithium-ion batteries

Seth Reed?, Kevin Scanlan? , and Arumugam Manthiram?

LiMn,Fe; PO, (LMFP) cathodes in lithium-ion batteries (LIBs) can improve the energy density by up to 15% compared to
LiFePO,. However, the smaller primary particle size needed to overcome sluggish Mn2*/3* redox kinetics results in lower
electrode density, limiting the practical energy density of LMFP cells. We present here a scalable, wastewater-free synthesis
of high energy density LMFP cathodes by employing a spinel LiMnFeO, precursor obtained by a facile solid-state reaction.
The LMFP synthesized with LiMnFeO4, referred to as S-LMFP, has uniform secondary particles formed via spray drying and
greater tap density than LMFP synthesized with a conventional co-precipitation route, referred to as P-LMFP. While S-LMFP
offers a lower specific capacity (147 mA h g) than P-LMFP (153 mA h g?) at C/5 rate due to inferior Li* diffusion kinetics
during Mn2*/3* redox, it exhibits a ~ 15% higher electrode-level energy density due to its exceptional electrode packing
density (2.6 g cm3). Rate capability testing of LMFP cathodes with different electrode densities reveals that at low rates (<
1C), electrode density is more important than specific capacity in determining the energy density of LMFP cathodes. Overall,
this work highlights the complex tradeoff between Mn2*/3* redox kinetics and electrode density, which dictates the practical
energy density of LMFP cathodes. With further optimization of composition, particle size, and synthesis conditions, LMFP

synthesized from LiMnFeOQ, is promising to improve the energy density of the next genertaion of LIBs.

Introduction

The projected exponential increase in electric vehicle (EV)
production over the next decade will require a commensurate
increase in the production of Li-ion batteries (LIB) that power
them. To ensure the cost competitiveness of EVs, a significant
reduction in the cost of LIBs (i.e., dollars per kWh) is needed,
which demands both further improvement in energy density
and reduction in materials cost.® LiNiiMn,Co,0, (NMC) has
been the dominant cathode chemistry in EV batteries due to its
superior energy density, but its dependence on critical minerals
— namely, nickel and cobalt — presents serious issues for cost,
sustainability, and supply chain security.*’ Due to recent
advances in cell and pack design, LiFePO, (LFP) has emerged as
a leading cathode material for a sustainable production of low-
cost LIBs.®° At approximately one third of the material cost of
NMC due to the use of abundant and inexpensive iron and
phosphorus, LFP can mitigate the economic and supply chain
risks associated with NMC cathodes.’®? LFP also has
remarkable electrochemical and thermal stability, resulting in
LIB cells with much better safety and lifetime than NMC-based
cells.1213 However, with a maximum practical capacity of 160
mA h g at an average discharge voltage of 3.4 V vs. Li/Li*, LFP
offers much lower specific energy compared to NMC.>1213
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Additionally, due to the lower bulk density of LFP along with the
sub-micron particle size required to achieve full capacity, the
maximum packing density of LFP electrodes (e.g., < 2.5 g cm3)
is much lower than that of NMC (e.g., > 3.4 g cm3), which
further reduces practical energy density. To increase the energy
density of LFP, Mn can be substituted for Fe in the olivine
structure to form LiMn,Fe;.,PO, (LMFP).81419 Since the Mn2*/3+
redox in LMFP occurs at a higher voltage of 4.0 V vs. Li/Li*, the
average operating voltage — and thus energy density — can
theoretically be increased by about 15% compared to LFP.814
However, once the Mn content in LMFP surpasses 40%,
kinetic limitations arise during Mn2*/3* redox, which can limit
the accessible capacity and decrease the average discharge
voltage.1*1® The root cause of these kinetic limitations is the
Jann-Teller distortion caused by the high-spin 3d* electronic
configuration of Mn3*. This phenomenon results in an
anisotropic lattice mismatch between the lithiated (Mn?*
containing) and delithiated (Mn3* containing) phases which
hinders the Li* diffusion kinetics along the phase boundary.1820
For example, the apparent Li* diffusion coefficient calculated
from the Atlung Method for Intercalant Diffusion was shown to
be orders of magnitude higher during Fe2*/3* redox compared to
Mn2*/3* redox for LMFP with 50% Mn content.l” These kinetic
issues can be alleviated through various strategies, but each
approach has detrimental effects towards energy density.
Inclusion of electrochemically inactive dopants, such as Mg, can
mitigate the lattice strain and improve the Li* diffusion kinetics
along both the phase boundary and particle surface but with a
penalty to theoretical specific capacity.'*2! Reducing the
primary particle size of LMFP (i.e., to < 100 nm) decreases the
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Li* diffusion path length and greatly improves the Mn2*/3+ redox
kinetics.2#1> However, excessively small particle size typically
results in a low press density of the electrode, which reduces
the cell-level energy density. For example, the tap density of
high-Mn LMFP powders is often < 1.0 g cm3, which results in an
electrode press density of < 2.0 g cm3, while the tap density of
LFP can be > 1.5 g cm3, yielding a press density of > 2.5 g cm-
3.21-23 As the Mn content in LMFP is increased past 60%, the
kinetic limitations of Mn2*/3* redox become severe, requiring
large amounts of inactive dopants (e.g., 5%) combined with very
small primary particle sizes (e.g., 50 nm) to achieve full
theoretical capacity.?”18 As a result, it is highly challenging for
LMFP cathodes to achieve more than a 10% improvement in
cell-level volumetric energy density compared to LFP.

For LMFP to achieve a reduced cost per kWh at the cell-level
compared to LFP, the cost of the LMFP powder must be
equivalent to that of LFP. While the raw material costs of Mn
and Fe are similar, the more complex methods often employed
to synthesize high-performance LMFP (e.g., hydrothermal) can
add significant processing costs. Generally, commercial LFP is
manufactured by one of two methods: (i) a precipitation
reaction of FeSO,4, H3PO4, and H,0, to form FePO,, followed by
solid-state reaction with Li,COs;, or (ii) a direct reaction of Li,CO3
and H3PO, with a Fe source such as Fe,03.242> Spray drying is
often employed, either before or after the synthesis of the
olivine phase, to densely agglomerate the primary particles into
spherical secondary particles, which significantly improves the
tap density.?°> Due to the low synthesis temperature (i.e., 650°C)
and short time (i.e., < 2 h) required to prevent sintering of the
LMFP primary particles, intimate mixing of Mn and Fe at the
atomic/molecular level in the LMFP precursor is necessary. If
not, there is the possibility of the formation of Mn-rich particles
which would experience more severe kinetic limitations. Co-
precipitation of a phosphate precursor, such as NH;Mn,Fe;.
xPO4*H,0, is a viable route to ensure atomic level mixing of Mn
and Fe and can produce LMFP cathodes with high specific
capacity.?1262° However, co-precipitation synthesis produces
large amounts of wastewater, which is expensive and energy
intensive to treat, and typically results in LMFP powders with
low tap density. The direct synthesis of LFP with Fe,O3 has been
shown to yield very high density LFP electrodes while avoiding
waste generation, but such an approach has not been studied
widely for LMFP. This is because achieving a sufficiently intimate
atomic scale mixing of separate oxide precursors (e.g., Mn,0;
and Fe,03) by scalable processes, such as ball milling, is
extremely challenging.

In this work, LiMnFeO, (LMFO), a spinel structure in which
Mn and Fe are mixed at an atomic level, is employed as a
precursor for the synthesis of LiMng sFeqsPO4 cathode, which is
hereafter referred to as S-LMFP. The material properties and
electrochemical performance of S-LMFP are compared with
those of a LMFP cathode with the same composition that is
synthesized with a conventional co-precipitation method,
which is hereafter referred to as P-LMFP. Through rate
performance testing of LMFP electrodes with various press
densities, the maximum achievable electrode-level volumetric
energy density of the two materials is compared. It is shown
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that despite its lower specific capacity, S-LMFP greatly
outperforms P-LMFP in volumetric energy density due to its
much higher achievable electrode density. By electrochemical
testing at different temperatures, the lower capacity of S-LMFP
is found to be a result of sluggish Li* diffusion kinetics during
Mn2*/3* redox, which are caused by the larger primary particle
size. Overall, it is suggested that achieving a maximum energy
density with LMFP cathodes requires a careful balancing
between the electrode density and Mn2*/3* redox kinetics
through a careful selection of precursors and optimization of
synthesis conditions.

Experimental

Materials Preparation

To synthesize the LMFO precursor, first 21.48 g of Fe,03; and
19.35 g of MnO, (both 98%, Thermo Scientific) were mixed with
approximately 125 mL of deionized water in a 250 mL high-
density polyethylene bottle, and the mixture was milled on a
roller jar mill (U.S. Stoneware) with 3—10 mm zirconia media for
72 h. After drying the milled mixture for 12 h at 110 °C, a
stoichiometric amount of LiOH-H,O (99.9%, FMC Corporation)
was mixed with the metal oxides by grinding with a mortar and
pestle to give nominal compositions ranging from LiggoMnFeQO,4
to Li; 1oMnFeOQ,. A composition of Lip 9sMnFeQ,4 was used for the
synthesis of LMFP. The mixture was calcined in a box furnace at
500 °C for 3 h, followed by 900 °C for 6 h, with a heating rate of
5°C per min.

The phosphate precursor, NH;MngsFeqsPO,eH,0  was
synthesized by a co-precipitation reaction. The metal-ion
solution (250 mL) contained 0.50 M FeSO4¢7H,0 (98%, Thermo
Scientific), 0.50 M MnSO4*¢H,0 (99+%, Thermo Scientific), and
1.00 M H3PO,4 (ACS reagent, Sigma-Aldrich). The base solution
(100 mL) contained 5.00 M NH,OH (Certified ACS Plus, Fisher
Chemical). A 2 L reaction vessel was initially filled with 350 mL
of a solution containing 0.07 M H3PO,4 and 0.07 M NH,OH. The
metal-ion and base solutions were added dropwise to the
reaction vessel with a peristaltic pump at flow rates of,
respectively, 3.63 and 1.43 mL min™l. A temperature of 80 °C, a
pH of 8, and continuous stirring at 450 rpm were maintained
during the reaction. After cooling, the precipitated product was
filtered, rinsed thoroughly with deionized water, and dried
overnight at 110 °C under vacuum.

Three separate LMFP samples with a 50 : 50 molar ratio of
Mn : Fe were prepared for this study: LMFP from LMFO (S-
LMFP), LMFP from NH;Mng sFeqsPO4¢H,0 (P-LMFP), and LMFP
from MnO, and Fe,03 (O-LMFP). Each sample had a nominal
composition of Li; gsMng.475F€0.475V0.02M80.02C00.01(PO4)1.025 and
a nominal carbon content of ~ 3 wt%. A two-step carbon coating
synthesis process was used for all three LMFP samples.?!
Specifically, Fig. S-1 depicts this process for S-LMFP synthesis.
For this process, LMFO was combined with LisPO,; (Thermo
Scientific, extra pure) or Li,CO;3; (Sigma-Aldrich, ACS reagent),
NH4H,PO, (Sigma-Aldrich, 98.5%), CoC,04¢2H,0 (Thermo
Scientific, reagent grade), MgC,0,¢2H,0 (Alfa Aesar, 98.5%),
and NH4VO; (Acros Organics, 98%). 50% of the total carbon in
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the synthesis was added during the first milling step in the form
of a 1: 1 weight ratio between citric acid monohydrate (Sigma-
Aldrich, >99.0%) and glucose (MP Biomedicals, molecular
biology grade).

For S-LMFP, 0.060 mol of LMFO was combined with 0.024
mol of LisPO4, 0.104 mol of NH4zH,PO,; 1.25 mmol of
CoC,04°2H,0, 2.50 mmol of MgC,04¢2H,0, 2.50 mmol of
NH;VO3, 1.44 g of citric acid, 0.88 g of glucose, and 13 mL of
deionized water. For P-LMFP, 0.057 mol of
NH4Mng sFeqsPO4eH,0 was combined with 0.032 mol of Li,COs,
4.23 mmol of NH4H,PO,4 0.60 mmol of CoC,04¢2H,0, 1.21
mmol of MgC,04¢2H,0, 1.21 mmol of NH4VO3, 0.55 g of citric
acid, 0.33 g of glucose, and 14 g of deionized H,0. For O-LMFP,
0.028 mol of Fe,03 and 0.056 mol of MnO, were combined with
0.042 mol of LisPO4, 0.040 mol of NH4zH,PO,4 1.19 mmol of
CoC,04°2H,0, 2.38 mmol of MgC,04¢2H,0, 2.38 mmol of
NH,4VO3, 1.37 g of citric acid, 0.84 g of glucose, and 13 mL of
deionized water.

The precursors and carbon sources were milled in solution
in an 80 mL stainless steel ball mill jar with 70 g of 5 mm
diameter stainless steel media using a Fritsch Pulverisette 6
planetary ball mill for 6 h at 450 rpm. The viscosity of this
solution was high to ensure effective milling and a uniform
distribution of precursors. The milled product was dried under
vacuum at 110 °C to evaporate all the water and then calcined
at 550 °C for 3 h under Ar flow to produce an intermediate
product. This powder was combined with the remaining 50% of
carbon in the form of lactose (ChemCenter, reagent grade) with
amass of 1.85 g, 0.70 g, and 1.76 g, respectively, for S-LMFP, P-
LMFP, and O-LMFP. 5.25 mg carboxymethyl cellulose (Nippon
Paper, Sunrose MAC Series) was added to the solution as a
dispersant. After milling for 1 h at 450 rpm in deionized water,
the resultant solution was fed into a Labfreez benchtop spray
dryer at a rate of 0.63 mL min! and a solid loading of 52%. The
spray gun was pressurized to 0.15 MPa with air, and the air flow
rate through the spray dryer was set at 18 scfm. The inlet
temperature was maintained at 130 °C, and the resultant
exhaust temperature remained around 65 °C. The collected
spray dried product was calcined at 650 °C for 2 h under Ar flow
to form LMFP.

Materials Characterization

Structural properties of the various LMFO and LMFP samples
were examined with x-ray diffraction (XRD) with Cu Ka radiation
(Rigaku Miniflex). XRD was conducted at a scan rate of 2° per
min. Rietveld refinement analysis was conducted with Rigaku
PDXL integrated powder XRD software. The morphologies of the
spray dried LMFP samples were examined with scanning
electron microscopy (SEM). SEM was paired with energy
dispersive x-ray spectroscopy (EDS) to examine the metal-ion
distribution in the precursors, and SEM-EDS images were
captured on a Tescan Vega3 SEM. SEM-EDS was conducted at a
beam voltage of 10 kV. SEM was also paired with a focused ion
beam (FIB) to investigate the secondary particle pore structure
of the calcined LMFP samples, and the FIB-SEM images were
captured on a Scios 2 DualBeam FIB SEM. FIB-SEM was
conducted at a beam voltage of 2 kV. Tap density measurement
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was conducted with a Quantachrome Autotap Tap Density
Analyzer. Approximately 7 g of LMFP was massed into a 10 mL
graduated cylinder and allowed to tap for 1 h at a rate of 3 taps
per min. Final volume measurements were taken with *0.01
cm3 precision. Thermogravimetric analysis (TGA) was
conducted with a Netzsch STA 449 F3 Jupiter Thermal Analyzer.
The LMFP samples were heated to 700 °C at a heating rate of 5
°C min-1 under air flow and held at 700 °C for 30 min to obtain
a steady-state value at this final temperature. The carbon
content was measured assuming a 2.5 wt% increase in weight
from the oxidation of LMFP. Brunauer—Emmett—Teller (BET)
surface area analysis based on nitrogen physisorption isotherms
was performed at 77 K with a Micromeritics TriStar Il Plus. The
LMFP samples were dried under vacuum overnight at 120 °C
prior to BET measurements.

Electrochemical Characterization

All the LMFP samples were formed into cathodes via a slurry
casting method. LMFP was dispersed in N-methyl-2-pyrrolidone
(Sigma-Aldrich, 99.5%) with a conductive carbon mixture of
Super C65 (Timcal) and vapor-grown carbon fibres (Resonac) in
a 4 : 1 ratio by weight and polyvinylidene fluoride (Kynar
HSV1800) binder. The compositions of the active material,
conductive carbon, and binder were, respectively, 95:2.5: 2.5
by weight. Slurry mixing was carried out in an ARV-310 Thinky
mixer. The slurry was cast on to a carbon-coated Al foil at an
aerial loading of 1.0 - 1.6 mA h cm™ depending on the test
conducted on the cathode. After casting, the cathode was dried
at 110 °C to evaporate all the solvent and hot calendared at 110
°C between stainless steel shims to a specified press density.
The cathodes were then stored under vacuum at 110 °C
overnight to completely dry the electrode.

The LMFP cathodes prepared were punched into 1/2 in.
(1.26 cm) diameter discs and tested in 2032-type coin cells.
Assembly of the coin cell was carried out inside an argon-filled
glovebox. Half cells were composed with LMFP as the cathode,
50 plL of LP57 electrolyte with 2% vinylene carbonate by weight,
3/4 in. diameter Celgard 2325 separator, and a 5/8 in. diameter
lithium-metal anode. The LP57 electrolyte refers to 1.0 M LiPFg
in ethylene carbonate (EC)/ethyl methyl carbonate (EMC) (3:7
by weight). LMFP half cells were cycled from 2.0 to 4.3 V vs.
Li/Li* at a C/5 rate. A constant current/constant voltage charge
procedure was used; C/5 rate current was applied until 4.3 V
was reached, followed by a voltage hold at 4.3 V until the
current dropped below C/25 rate. The discharge procedure did
not include a constant voltage discharge step. Discharge rate
testing was conducted with a C/10 charge rate, followed by the
specified discharge rate. All cycling and rate testing were
conducted on an Arbin LBT-20084.

Electrochemical impedance spectroscopy (EIS) was
conducted with a VMP3 Biologic potentiostat. A symmetric cell
was built with pristine LMFP as both the cathode and anode
(5/8 in. diameter electrodes). The cell was flooded with 200 pL
of a blocking electrolyte (BE): 1 M tetraethylammonium
tetrafluoroborate (Sigma-Aldrich, 99%) in acetonitrile (Fisher
Chemical, ACS grade). This electrolyte is commonly used in
electric double-layer capacitors, where no chemical reactions
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occur.3% Therefore, BE does not allow intercalation of Li* ions
into either electrode, leaving contact resistance as the sole
variable investigated. In this study, contact resistance refers to
the resistance between the active material and the current
collector, conductive carbon matrix/electronic pathway in the
cathode, and/or other active material particles. EIS was
operated within the frequency range of 500 kHz to 100 mHz.

Results and Discussion

Initially, multiple oxide phases that contain both Fe and Mn
were tested as precursors for high-density LMFP. A rock salt
phase, FegsMngsO, was successfully synthesized by heating a
mixture of Mn,0;, Fe,03, and activated carbon under Ar flow at
800 °C.3! However, when mixed with an aqueous solution of
NH4H,PO,4, the FegsMngsO powder immediately reacted to
form a viscous paste (Fig. S-2). Mn?* dissolution from
Feog.sMngsO occurs rapidly under the mildly acidic pH (~ 4.5) of
the NH4H,PO, solution and the dissolved Mn?* reacts with
oxygen to form MnOOH and Mnz;0,.3%33 The costly synthesis
conditions of FepsMngsO, combined with this unfavorable
reaction during mixing make this phase unsuitable as a
precursor for scalable synthesis of LMFP. Two other ternary
Mn/Fe oxides were also investigated as precursors: spinel
Fe;sMn; 504 and ilmenite FeMnOs. The Fe;sMn;s0; phase
could not be synthesized with conventional solid-state methods
due to the miscibility gap between Fes04 and Mn30,4 below
1,160 °C. Forming Fe;sMny 504 would require quenching from
high temperature to make a metastable phase.3* FeMnO; can
successfully be synthesized by a sol-gel or hydrothermal
synthesis, but it exhibited the same Mn dissolution issues as
FepsMngs0.3>3%  The electronic instability (Jann-Teller
distortion) associated with high-spin Mn3* (3d*) caused a
disproportionation reaction in acidic solutions to form Mn** and
soluble Mn?*.37 To avoid these dissolution issues, an oxide phase
containing Mn** oxide could be employed, but there are no
known ternary Mn/Fe oxides with Mn**. For example, since Fe**
is not chemically stable, the (Fe,Mn)O, phase could not be
formed. Considering that Li is also a necessary precursor for
LMFP synthesis, we next investigated the quaternary Li/Mn/Fe
oxide system. The synthesis of spinel LiMnFeO,4 by solid-state
reaction has been previously reported.?® The atomic scale
mixing of Li, Mn, and Fe in the spinel structure, ease of
synthesis, and greater resistance to dissolution in acidic
solutions due to the absence of Mn3* together make LMFO an
ideal oxide precursor for LMFP synthesis.

SEM imaging shows that the LMFO phase forms truncated
octahedral crystals with a size of 1 — 5 um, while the EDS
mapping reveals a uniform distribution of Mn and Fe
throughout the bulk of the spinel phase (Fig. la-c). For
comparison, a NHz;Mng sFeq sPO4oH,0 precursor synthesized by
a co-precipitation reaction, showing a uniform distribution of
Mn and Fe according to EDS, is given in Fig. S-3. The phase purity
of LMFO was investigated with XRD as a function of synthesis
temperature between 500 and 900 °C (Fig. 1d). At 500 °C, the
two main phases present are LiMn,O; and Fe,0s. The
preferential lithiation of MnO, by LiOH can be attributed to the
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lower decomposition temperature of MnO, compared to
Fe,03.3%40 The gradual disappearance of Fe,0; as the synthesis
temperature increases shows that Fe3* diffusion into the spinel
structure is the rate limiting step in the formation of LMFO. At
800 °C, the powder retains a slight red tint after calcination,
indicating residual amounts of Fe,0s;. Therefore, 900 °C was
found to be the optimal synthesis temperature for LMFO.

The stoichiometry of Li also plays a large role in controlling
the phase purity of LMFO. LMFO was synthesized with varying
Li amounts ranging from 10 mol% deficient to 10 mol% excess
(Fig. 1e), and the phase purity was assessed with XRD. A trace
amount of Li,MnO3 impurity is detected when an equi-molar
stoichiometric amount of Li is used, and the peak intensity of
this impurity increases when excess Li is added. The reason for
Li,MnO3; formation is rooted in Fe3* with a high-spin 3d>
configuration. High-spin Fe3* has a zero octahedral-site
stabilization energy (OSSE), resulting in no preference for either
the octahedral or tetrahedral sites of the spinel lattice.*!
Therefore, some Fe3* ions tend to reside in the tetrahedral sites
of LMFO rather than being completely in the octahedral sites,
displacing out some Li* and Mn* from the spinel structure.
According to XRD, the Li;MnO3 impurity could be completely
eliminated by simply using 5 mol% deficient Li in the synthesis.
Notably, many of the dopants commonly employed for LMFP
can be incorporated into the LMFO precursor as well. For
example, LMFO synthesized with 1 mol% of both Mg and Co is
phase-pure according to XRD (Fig. S-4). However, the
stoichiometry of Li may need to be adjusted according to the
site preference and amount of the dopants. For example, Mg?*
generally tends to go into the tetrahedral sites as known in the
spinel MgAl,O, mineral, while Co3* will tend to go into the
octahedral sites due to its high OSSE. Most other common
dopants for LMFP, such as Al, Zn, Ti, V, Cr, Ni, Zn, and Nb, are

also expected to be soluble in the LMFO spinel lattice.
Employing LMFO spinel as an oxide precursor for LMFP offers
the unique advantage of accommodating a variety of dopants
at an atomic scale along with Mn and Fe. Additionally, the

-

d) 'Fe.0, )

r *Li,MnO,|
* * LiMn;O,/ I ﬂ
| — \| I
= ooc) 1 + ; I!
2 BooC : [102 J"[.,?L,.,,,_,r__Jf__‘}‘L’-f\_
> [50C 5% excess ) e |
ig ) " 5% deficient k
LiMnFe0, 10% de!\cwe-".gi l
‘ 1 ‘ I ‘ l l‘ LiMnFeO, . A
10 20 30 40 50 60 70710 20 Y 40
268 (") 28 (")

Fig. 1 (a) SEM image of LMFO spinel precursor with EDS mapping of (b) Fe and (c)
Mn. XRD patterns of LMFO (d) heated from 500 to 900 °C and (e) with adjusted Li
amounts, from 10% deficient Li to 10% excess Li based on molar ratios. JCPDS #04-
008-1660, #00-035-0782, #00-039-1346, and #00-027-1252 are used to identify the
phases as, respectively, LMFO, LiMn,0,, Fe,0s3, and Li,MnOs.
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After optimizing the precursor synthesis parameters, LMFP
was synthesized either from LMFO, NH;Mng sFeqsPO4oH,0, or
separate oxide precursors via the two-step carbon coating and
spray drying procedure. Fig. 2a presents the XRD patterns of all
three LMFP samples. S-LMFP and P-LMFP are both phase pure,
while O-LMFP shows impurity peaks at 43.5° and 62.4 °, which
can be indexed to metallic Fe. The decompositions of Fe,03; and
MnO, may occur at different rates during the synthesis of O-
LMFP, leading to phase separation in the final product. Notably,
there was no difference in milling procedures among the three
samples. While it is possible that more aggressive milling
conditions could eliminate this impurity, the absence of
impurities in the LMFP synthesized from the spinel LMFO
emphasizes the advantage of an atomically mixed Mn/Fe
precursor; the Mn/Fe distribution is entirely insensitive to
milling conditions, which is beneficial for manufacturing
scalability. The physical and electrochemical properties of S-
LMFP and P-LMFP are compared throughout this work and are
summarized in Table 1. The lattice parameters of both S-LMFP
and P-LMFP are within + 0.02 A for a, b, and ¢ with Rwp values
of 10%, indicating no differences in the bulk crystal structure
(Table S-1). Additionally, S-LMFP and P-LMFP both have very
similar BET surface area (~ 27 m? g') and carbon content (~ 3
wt%) and exhibit minimal electronic resistance within the
porous electrode. (Fig. 2b-d). Therefore, S-LMFP and P-LMFP
can be assumed to be very similar cathode materials chemically,
which is further seen in the SEM micrographs (Fig. 3). Spray
drying causes the primary particles to aggregate into porous,
spherical secondary particles, which have a diameter of 3 — 15
um for all samples (Fig. 3a-c). A low magnification image of each
cathode shows the size distribution of the secondary particles
(Fig. S-5). It is observed that S-LMFP and P-LMFP both have

versatility for
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Fig. 2 (a) XRD patterns of all three calcined LMFP samples synthesized with various

precursors. JCPDS #04-013-7460 and #00-006-0696 are used to identify the phases
of, respectively, LMFP and Fe. (b) Nitrogen adsorption isotherms for S-LMFP and P-
LMFP with calculated surface area values presented. (c) TGA of carbon coated LMFP
samples with calculated carbon amounts presented based on subtraction from the
theoretical decomposition mass of LMFP. (d) EIS of a symmetric cell with a blocking
electrolyte.
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larger primary particles compared to O-LMFP where impurities
could have altered the surface morphology of the material (Fig.
3d-f). With minimal differences in the primary particle size and
surface morphology of S-LMFP and P-LMFP, further
investigation is needed to determine the physical differences
between the cathode materials. The internal morphology of the
secondary particles was characterized with SEM after preparing
cross sections of the secondary particles with a focused ion
beam. S-LMFP and O-LMFP both contain a much larger number
of internal voids compared to P-LMFP (Fig. 3g-i), which are likely
caused by the formation of steam bubbles during the spray
drying process.*? Tuning the spray drying parameters, such as
the solid loading of the dispersion and the inlet temperature,
may be effective at reducing the internal voids within the
secondary particles and optimizing the packing density of
primary particles within the spray dried secondary particles.

Despite the more porous appearance under FIB-SEM, S-
LMFP has a significantly higher tap density of 1.2 g cm™3 than P-
LMFP (1.0 g cm3), which indicates that the primary particles
within S-LMFP are much more densely aggregated than those in
P-LMFP. Upon calendaring the electrodes with 95 wt% active
material content, the maximum press density achieved before
delamination of the electrode coating is much higher for S-LMFP
(> 2.6 g cm3) than for P-LMFP (< 2.2 g cm3), which can be
attributed to the higher packing density of primary particles. It
is likely that the large internal voids present within the S-LMFP
secondary particles collapse during intense calendaring, so
improvements in the spray drying process may further improve
the tap density of the powder, but likely not the press density
of the electrode.

The cycle life of all LMFP samples is excellent, showing little
or no capacity loss after 100 cycles in half cells at a C/5 rate (Fig.
4a). O-LMFP has poor electrochemical performance by
comparison, achieving less than 130 mA h g at a C/5 rate due
to a metallic Fe impurity (Fig. S-6a). On a gravimetric basis, the
electrochemical performance of P-LMFP is superior to that of S-
LMFP, offering both a higher discharge capacity and improved
capacity retention at high rates (Fig. 4b). The discharge capacity
of P-LMFP is 153 and 149 mA h g! at rates of, respectively, C/10
and C/3, compared to 147 and 141 mA h g for S-LMFP. The
discharge rate performance is slightly better for P-LMFP, which
retains 86.6% of the C/10 rate capacity when discharged at 5C
rate, while S-LMFP retains 83.2%. From the discharge voltage
profiles at various rates, it is evident that the reduced capacity
and lower average voltage of both samples at higher discharge
rates is mainly due to the kinetic limitations of Mn2*/3* redox
(Fig. 4c-d). The inferior kinetics of Min2*/3* redox can be generally

Table 1 Physical and electrochemical properties of S-LMFP and P-LMFP. Discharge
capacity, average discharge voltage, and volumetric discharge energy obtained at
C/5 rate.

Average  Volumetric
Tap Press Discharge  Discharge Energy
Density Density Capacity Voltage Density
Sample (g cm™3) (g cm3) (mAhg?) (V) (WhL?)
S-LMFP 1.21 22-26 145 3.61 1210
P-LMFP 1.00 1.8-2.2 151 3.64 1060
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Fig. 3 SEM images of LMFP samples synthesized with (a,d,g) LMFO, (b,eh)
NH4FegsMngsPO,4, and (c,f,i) separate oxide precursors. Spray dried secondary
particles (a-c) in their entirety and (d-f) zoomed into the surface of the secondary
particle to investigate the primary particles. (g-i) FIB-SEM images of the cross-
section of the secondary particles.

attributed to solid-state Li* transport limitations that stem from
the 1-D diffusion pathways of Li* ions.

As mentioned previously, the apparent Li* diffusion
coefficient of LMFP is an order of magnitude lower for Mn2+/3+
redox than for Fe2*/3* redox.'® The diffusion limitations for
Mn2*/3* redox manifest as increased voltage polarization and
lower accessible capacity of the 4.0 V plateau at high rates. It
appears that some additional capacity from Mn2*/3* redox is
obtained between 3.7 to 3.5 V, where Fe2?*/3 redox becomes
active, which is expected to improve the Li* diffusion kinetics.
The kinetic limitations of Mn2*/3+ redox are also evident at C/5
rate: S-LMFP achieves a charge capacity of 147 mA h g'* with 10
mA h gl coming from the CV hold at 4.3 V, while P-LMFP
achieves a first charge capacity of 153 mA h g with only 3 mA
h g* coming from the CV hold (Fig. S-6b). Compared to P-LMFP,
there is a larger portion of the capacity from S-LMFP which can
only be accessed at low rates (i.e., < C/10). Considering that
both samples have the same composition and exhibit low
electronic resistance, it is likely that this difference in apparent
diffusion kinetics is caused by the denser particles of S-LMFP.
Additionally, it isimportant to note that carbothermal reduction
will occur during S-LMFP synthesis. Fe2* and Mn2* are present in
LMFP, while the S-LMFP precursor LMFO contains Fe3* and
Mn#*, Carbothermal reduction will not occur during P-LMFP
synthesis since the precursor already contains Fe?* and Mn2*.
Despite the carbon amount being similar for both cathode
materials, the carbon in S-LMFP will help reduce Mn and Fe,
leading to possible variances in the carbon coating structure
and uniformity when compared to P-LMFP.*3 Carbon coating
variance may present a root cause for the differing kinetics
between S-LMFP and P-LMFP.
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Fig. 4 Electrochemical performances of S-LMFP and P-LMFP samples on a
gravimetric basis. (a) Half-cell cycling performance of LMFP samples over 100 cycles
at C/5 charge and discharge rate, (b) discharge rate testing from C/10 to 5C rate
with a constant C/10 charge rate, and the voltage profiles presented at various
discharge rates for (c) S-LMFP and (d) P-LMFP. Aerial capacities are indicated, and
press densities for S-LMFP and P-LMFP are, respectively, 2.31 and 1.93 g cm.

While the electrochemical performance of LIB active
materials is typically reported on a gravimetric basis, in many
applications, such as electric vehicles, the volumetric energy
density of the battery is much more important than the specific
energy.** The volumetric energy density is determined by the
product of specific capacity, average discharge voltage, and
electrode density. In practical electrode compositions with 95
wt% active material, P-LMFP can only be compacted to a
maximum press density of 2.2 g cm3before delamination of the
electrode coating from the current collector, while S-LMFP can
be compacted to 2.6 g cm3. Notably, the press density of S-
LMFP meets or exceeds that of state-of-the art LFP active
materials, which typically have a press density of ~ 2.5 g cm™3.4>
As a result, despite the lower specific capacity of S-LMFP, it can
achieve an energy density of 1,210 W h L'! on an electrode-level
basis at a C/5 rate, compared to 1,060 W h L*for P-LMFP, which
isa 14% improvement. However, the lower rate performance of
S-LMFP compared to that of P-LMFP would be expected to
reduce the energy density at higher rates. The lower porosity of
electrodes at high press densities, like that in S-LMFP, can cause
electrolyte transport limitations which also limit the rate
performance. Accordingly, rate performance testing was
conducted for both samples across a wide range of press
densities to determine the optimal conditions for maximizing
energy density (Fig. 5).

For P-LMFP electrodes, with an active material loading of
1.0 mA h cm™?, there is essentially no difference in the rate
performance between press densities of 1.81 to 2.15 g cm™ (Fig.
5d). For S-LMFP electrodes with the same loading, the rate
performance is similar between press densities of 2.32 to 2.39
g cm3 but decreases at a press density of 2.49 g cm3 or higher
(Fig. 5a). Since volumetric capacity is directly proportional to
press density, S-LMFP greatly outperforms P-LMFP in
volumetric capacity at low rates when capacity retention is high
(Fig. 5b). S-LMFP has about a 0.05 V lower average discharge

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Discharge rate testing of (a) S-LMFP and (d) P-LMFP up to 10C rate when compressed to varying press densities with a C/10 charge rate. (b) Volumetric capacity,
(c) average discharge potential, and (e) volumetric energy on a cathode level of all S-LMFP and P-LMFP samples tested. (f) Volumetric energy examined as a function
of press density with the P-LMFP projected values until the critical press density is reached.

voltage than P-LMFP, and both samples experience about a 0.4
V drop in average discharge voltage from a C/10 to a 10C rate.
Overall, the press density does not appreciably affect the
average discharge voltage (Fig. 5c). Therefore, the electrode-
level volumetric energy follows essentially the same trend as
volumetric capacity (Fig. 5e). At low rates (i.e., < C/3) where
kinetic limitations are less severe, press density is clearly far
more important than specific capacity or average discharge
voltage in determining the energy density, and S-LMFP greatly
outperforms P-LMFP. At intermediate rates (i.e., 1C), S-LMFP
still outperforms P-LMFP in energy density, but by a smaller
margin. At high rates (i.e., = 5C), both materials exhibit
essentially the same maximum energy density.

Specifically, at a 10C rate, the energy density of S-LMFP
electrodes with a press density of 2.39 g cm3 is equivalent to
that of P-LMFP electrodes with a press density of 2.15 g cm?3,
and S-LMFP electrodes with either a higher or lower press
density exhibit inferior energy density. At high rates, electrolyte
transport limitations within the porous electrode may become
problematic in LMFP electrodes with high press density. These
limitations will be exacerbated at higher electrode loadings of 3
— 4 mA h cm2, which are typical of commercial LIB cells. The
optimal press density of LMFP electrodes to maximize energy
density will, therefore, depend on the specific application
requirements and several aspects of cell design, including the
electrode loading and electrolyte composition. The dependence
of energy density on press density and discharge rate is
summarized in Fig. 5f. In electric vehicle applications where
LMFP is most likely to be used, the continuous discharge rate
typically does not exceed C/3; in this case, it is expected that S-
LMFP would greatly outperform P-LMFP in usable energy
density. More generally, to achieve LIB cells with high practical
energy density, it may be necessary to sacrifice the specific

This journal is © The Royal Society of Chemistry 20xx

capacity and/or average voltage of the LMFP cathode in order
to increase the press density of the electrode.

To achieve the maximum possible energy density, LMFP
cathodes should ideally exhibit excellent Mn2*/3* redox kinetics,
which could enable both high press density and specific
capacity. To understand the extent to which the energy density
can be improved by mitigating the kinetic limitations of Mn2+/3+
redox, S-LMFP and P-LMFP half cells were tested at
temperatures of 0 °C, 25 °C, and 55 °C (Fig. 6). Upon raising the
temperature from 25 °C to 55 °C, the capacity of S-LMFP
increases from 145 to 155 mA h g at a C/5 rate, while the
capacity of P-LMFP increases from 151 to 159 mA h g! (Fig.
6a,c). For both samples, this increase in capacity can be
attributed mainly to an improvement in the Mn2*/3* redox
kinetics, as evidenced by the increased capacity from the 4.0 V
plateau, as well as the decreased voltage hysteresis observed in
the dQ/dV plots (Fig. 6b,d). Notably, for S-LMFP, a long CV hold
is not needed to achieve the full capacity at 55 °C, and
compared to room temperature, the electrode-level energy
density increases by about 8% at 55 °C. Conversely, upon
lowering the temperature from 25 °C to 0 °C, the capacity of S-
LMFP and P-LMFP decreases to, respectively, 102 and 127 mA h
gl. The decrease in capacity at a lower temperature can
likewise be attributed to a worsening of the Mn2*/3* redox
kinetics. However, the lower capacity from Fe2*/3* redox in both
samples at 0 °C indicates that there is also a contribution from
electrolyte transport limitations due to its lower conductivity.

The temperature dependence of the Mn2*/3* redox kinetics
presents both challenges and opportunities for the
development of high-energy-density LMFP cells. The capacity
retention of S-LMFP at low temperatures is poor because of the
combined effects of (i) restricted Mn2*/3* redox kinetics due to
denser primary particles and (ii) increased electrolyte transport
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Fig. 6 Electrochemical performances of S-LMFP (a,c) and P-LMFP (b,d) at varying
temperatures during cycling. (a,b) Discharge voltage profiles and (c,d) dQ/dV plots
at C/5 rate. All electrodes have an aerial capacity of 1.5 mA h cm2.
limitations as a result of the lower porosity of the electrodes.
Depending on requirements, the
temperature performance of high-density LMFP may become

the application low-
problematic and must be considered in the overall performance
evaluation. Conversely, high operating temperatures (40 — 50
°C) experienced during fast (dis)charging could help to
overcome the kinetic limitations of LMFP, the high temperature
lifetime of LMFP cells is much worse than LFP cells, likely due to
elevated Mn?* dissolution induced by the disproportionation of
Jann-Teller active Mn3*ions.%647 Therefore, electrolyte design to
improve transport properties and reduce Mn?* dissolution will
play a critical role in improving the practical volumetric energy
density of LMFP cells. To further improve the energy density of
S-LMFP at the material level, detailed electrochemical kinetic
characterization is needed to better understand the reaction
mechanisms during dis(charge) of LMFP. By understanding the
limiting factors restricting the kinetics and capacity of Mn2+/3+
redox, strategies can be developed by altering the synthesis of
either the LMFO precursor or LMFP cathode without sacrificing
electrode density.

Conclusions

A scalable and wastewater-free synthesis process for high
volumetric capacity LMFP cathodes has been developed based
on a novel quaternary transition-metal oxide precursor, the
LiMnFeO,4 spinel, which is synthesized with a facile, low-cost
solid-state reaction. The LiMnFeO,; precursor ensures a
homogeneous mixing of Mn and Fe at the atomic scale, while
improving the packing density of primary particles compared to
LMFP synthesized from a NH;MngsFegsPO4eH,0 precursor (P-
LMFP). The LMFP synthesized with LiMnFeO, (S-LMFP) achieves
a specific capacity of 145 mA h g at C/5 rate in electrodes with
95 wt% active material content and an exceptional press density
of up to 2.6 g cm™3. The S-LMFP offers a slightly lower specific
capacity and average discharge voltage than P-LMFP due to the

kinetic limitations of Mn2*/3* redox, arising from its larger

8| J. Name., 2012, 00, 1-3

primary particle size. Despite its lower specific energy, S-LMFP
offers 15% higher electrode-level volumetric energy than P-
LMFP due to its much higher electrode density. Rate
performance testing of both materials with various electrode
densities reveals that at low discharge rates (i.e., < 1C), which
are typical of electric vehicle batteries, the electrode density is
much more important in determining the energy density than
the specific capacity and average discharge voltage.
Accordingly, in order to realize high practical energy density in
LMFP cells, it is necessary to synthesize LMFP cathodes which
can achieve comparable electrode density to state-of-the-art
LFP (i.e., > 2.5 g cm3). The synthesis of LMFP cathodes from
spinel LiMnFeO, is a promising route to improve the density of
LMFP electrodes; however, additional optimization of
composition, particle size, and synthesis conditions is needed to
overcome the sluggish Mn2*/3+ redox kinetics.
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