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ABSTRACT: The spinel LiMn,0, (LMO) is a promising cathode material for rechargeable
Li-ion batteries due to its excellent properties, including cost effectiveness, eco-friendliness,
high energy density, and rate capability. The commercial application of LiMn,O, is limited by
its fast capacity fading during cycling, which lowers the electrochemical performance. In the
present work, phase-pure and crystalline LiMn,O, spinel in the nanoscale were synthesized
using single flame spray pyrolysis via screening 16 different precursor—solvent combinations.
To overcome the drawback of capacity fading, LiMn,0, was homogeneously mixed with
different percentages of AIPO, using versatile multiple flame sprays. The mixing was realized
by producing AIPO, and LiMn,0, aerosol streams in two independent flames placed at 20° to
the vertical axis. The structural and morphological analyses by X-ray diffraction indicated the
formation of a pure LMO phase and/or AIPO,-mixed LiMn,0O,. Electrochemical analysis
indicated that LMO nanoparticles of 17.8 nm (dggr) had the best electrochemical
performance among the pure LMOs with an initial capacity and a capacity retention of 111.4
mA h ¢! and 88% after 100 cycles, respectively. A further increase in the capacity retention to
93% and an outstanding initial capacity of 116.1 mA h g~' were acquired for 1% AIPO,.
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B INTRODUCTION

It is estimated that 10—20 million electric cars/year will enter
the market by 2025 and that the use of rare transition metals
including Co and Ni (main metal groups used for the battery
fabrication) are in the verge of becoming scarce and very
expensive (a car battery with a 100 kg cathode requires 6—12 kg
of cobalt and 36—48 kg of nickel where the price of these metals
has increased by >50% since 2015)." Such electric vehicles
require cost-effective rechargeable batteries demonstrating high
energy density and high charge/discharge rate capability.” To
meet this demand, alternative battery materials based on more
abundant transition metals are extensively researched.'”’
Cathodic materials with inherent high operating potential,
capacity, and rate capability are key to the next-generation safe
and durable rechargeable lithium-ion batteries for their
application in electric vehicles and devices. Among the different
families of lithium-ion batteries, low-cost, high operating
potential, and eco-friendly LiMn,0, (LMO) is a promising
candidate due to the presence of Mn**/Mn** redox couple in its
spinel coordination.””® This LiMn,O, spinel crystallizes in a
cubic system with a space group symmetry Fd3m, where Li, Mn,
and O occupy 8a sites with a tetrahedral coordination by oxygen,
16d sites with an octahedral coordination by oxygen, and 32e
sites, respectively. The ordered Mn,O, edge-shared hosts
possess an open framework channel allowing three-dimensional
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Li diffusion.” The Li (de-) insertion to and/or from 8a sites
occurs at 4 V maintaining the cubic spinel symmetry. It must be
noted that excess Li insertion in cubic LiMn,O, would give rise
to tetragonal Li,Mn,0,. Such a cubic—tetragonal Jahn—Teller
distortion (~6.5% due to increased volume) results in the
collapse of the electrode structure during charge/discharge
cycling and gives rise to rapid capacity decline.”® The
dissolution of Mn*" in the electrolyte via the disproportionation
reaction (2Mn*" — Mn*" + Mn*"), formation of multiple Li—
Mn—O phases, loss of material crystallinity, and microstrain
growth are causes of the capacity decline of LiMn,0, during
cycling apart from Jahn—Teller distortion.”” "

Several approaches are known to tackle such problems, for
instance, mixing or doping and/or surface coating of LiMn,0,
nanoparticles. Such approaches reduce Mn** release in the
electrolyte maintaining its structure activity relationship, that is,
ion and charge transport routes are undisturbed on the
electrochemically active layers.'*™'° During the Li,,,Mn,_,O,
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Table 1. Precursor—Solvent Combinations, Flame Parameters for the Synthesis of Pure and AIPO,/LiMn,0, Cathode Materials

precursor—solvent combinations and flame parameters during particle synthesis

*metal concentration

(L/mol)
liquid flow dispersant O, flow
sample Mn Li Al (mL/min) (L/min) premixed gas flow (CH, + O,) L/min  abbreviation
Single Flame
LiMn,O, 0274 0137 0 3 7 1.5+32 LMO (37)
LiMn,0, 0274 0137 0 S S 1.5+32 LMO (55)
LiMn,0, 0274 0137 0 7 3 1.5 +32 LMO (73)
Double Flame
1% AIPO, + LiMn,0, 0274 0.137 0.002 7 3 1.5+32 1P-LMO
2% AIPO, + LiMn,O,  0.274 0.137 0.004 7 3 1.5+32 2P-LMO
3% AIPO, + LiMn,O,  0.274 0.137 0.006 7 3 1.5+32 3P-LMO
4% AIPO, + LiMn,O, 0.274 0.137 0.008 7 3 1.5+32 4P-LMO
5% AIPO, + LiMn,O,  0.274 0.137 0.011 7 3 1.5+32 SP-LMO
5% AIPO, + LiMn,O, 0.274 0.137 0.011 3 7 1.5+32 SP-LMO (37)
physicochemical properties of particles obtained via FSP
Rietveld refinement of the XRD
physicochemical properties of particles patterns cubic cell parameters (A)
sample SSA (m*g™") dpgr (nm) dyrp (nm) R, R, GOF a=b=c(A)
Single Flame
LiMn,0, [LMO (37)] 175.6 8.0 36 1.10 1.40 1.76 821062
LiMn,0, [LMO (55)] 150.1 9.3 6.7 123 1.56 2.19 822103
LiMn,O, [LMO (73)] 78.6 17.8 12.9 1.15 1.50 2.08 8.22603
AIPO, 85.1 274
Double Flame
1% AIPO, + LiMn,0, [1P-LMO] 79.1 17.8 14.0 1.31 1.64 1.27 823815
2% AIPO, + LiMn,0O, [2P-LMO] 74.2 19.0 13.0 1.35 1.69 1.36 8.23923
3% AIPO, + LiMn,O, [3P-LMO] 67.5 21.0 127 131 1.64 127 823920
4% AIPO, + LiMn,O, [4P-LMO] 72.9 19.5 124 1.32 1.66 129 823911
5% AIPO, + LiMn,0, [SP-LMO] 64.0 22.3 12.3 1.29 1.62 1.24 8.23898
5% AIPO, + LiMn,O, [SP-LMO (37)] 195.5 73

(x = 0 to 1/3) synthesis, the variable composition non-
stoichiometry is possible due to the variable oxidation states of
Mn®** and Mn*" when x = 0 and 1/3, respectively.15 While
unavoidable electrochemically inactive multiple phases occur
during sintering, new synthetic techniques enablin?g highly
crystalline and stoichiometric LiMn,O, are required.'” Besides
hindering Mn ion dissolution, reducing the particle size of
LiMn,O, is also a promising approach to overcome such
capacity decline.'”'®'” In addition, using nanoparticles with
large specific surface areas as electrodes increases the contact
area with the electrolyte and enhances electronic and lithium
transport via short path lengths, which gives rise to the
improvement of charge/discharge rates and si§niﬁcant reduc-
tion of diffusion limitations, respectively.””~>® Flame spray
pyrolysis (FSP) is a single-step technic%ue to strategically design
ultra-pure ener§y storage materials,”***">” mixed, doped or
functionalized,”*** sensing, catalytic,’ and nanomedical
** or high-performance harvesting. In the present

3—-37

materials®®”
work, we report pure and AIPO,-mixed LiMn,O, focused on
reducing inherent properties such as Mn>' release in the
electrolyte and the particle sizes for harvesting enhanced
electrochemical performance.

B EXPERIMENTAL SECTION

FSP Synthesis of Pure LiMn,0, and LiMn,0,/AIPO, Nano-
composites. The cathode materials including LiMn,0O, and
LiMn,0,/AIPO, were synthesized using single and double ESP,
respectively (see Figure S1).
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For the synthesis of LiMn,O, (Li/Mn ratio of 1/2), 6 g of Mn(III)-
acetylacetonate (Mn(III)AA, 99% purity, Sigma-Aldrich) was dissolved
in 20 mL of toluene (99% purity, VWR) and 0.9 g of lithium
acetylacetonate (LAA, 97% purity, Sigma-Aldrich) dissolved in 40 mL
of 2-ethylhexanoic acid (99% purity, Sigma-Aldrich) were mixed
together.*”** The precursor—solvent combination was fed into a two-
fluid nozzle to form a spray flame [see Figure Sla—c].*"*

For the synthesis of AIPO,/LiMn,0, (5% AIPO,/LiMn,O, as a
model example), 0.28 g of aluminum-tri-sec-butoxide (97% purity,
Sigma-Aldrich) was dissolved in 43 g of xylene (97% purity, Alfa Aesar)
followed by mixing with 0.19 g of triethyl phosphate (99.9% purity,
Sigma-Aldrich) dissolved in 43 g of xylene. The Al and phosphate
precursor—solvent combination was combusted in one independent
flame while the Li and Mn precursor—solvent combination was
combusted in the second independent flame [see Figure S1d]. The
synthesis parameters, the sample abbreviation, and the physicochemical
properties are tabulated in Table 1. The commercial LiMn,O, particles
(12057-17-9, MTI Corporation, Richmond, USA) with a specific
surface area of 0.4—1.0 m* ¢! were used to compare with our gas phase-
synthesized particles. Scanning electron microscopy (SEM) images of
commercial LMO and LMO (73) samples are presented in Figure S2.
During the flame synthesis of LiMn,O,, precursor flow rates, namely, 3,
S, and 7 mL/min with the respective flow of dispersant oxygen of 7, 5,
and 3 L/min, were used. In the second flame of synthesizing AIPO,, the
precursor flow rate and dispersant oxygen rate were fixed at S mL/min
and 5 L/min, respectively. For all the samples, the premixed gas flow
rates of CH, + O, were kept constant at 1.5 + 3.2 L/min. The particles
were obtained injecting the feed solution into the premixed gas flames
(single flame in the case of pure LiMn,O, and two independent flames
in the case of nanocomposites) to form a fine spray. The pressure drop
across the nozzle tip/s was kept constant at 1.5 bar during the synthesis
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of LMO (37), LMO (55), and LMO (73), respectively (please see
Table 1 for details). The particles were collected on a glass fiber filter
with 257 mm diameter (Pall Laboratory A/F Glass) placed at a distance
of 60 cm above the nozzle. During the double flame synthesis, the
distance between the two nozzles was 17 cm, and the flame angle of
each nozzle was kept at 20°.**

BET and TEM Measurements. The BET-surface adsorption
measurements were conducted at the liquid N, temperature using a
Quantachrome NOVA 4000e gas adsorption system for acquiring
specific surface areas. The measurement cells with 70—100 mg of each
powder were loaded in the degassing chamber and kept at 200 °C for 2
h. The data were collected by adsorbing/desorbing the known volume
of the gas at a pressure (P/P,) range of 0.01—0.90 and at a temperature
of 77 K. Low- and high-resolution TEM (HRTEM) measurements
were performed using a Titan 80-300 ST microscope (FEI) operated at
300 kV acceleration voltage. The microscope is equipped with an
imaging corrector, an energy-dispersive X-ray (EDAX/EDX) detector,
and a Tridiem Gatan imaging filter (GIF). The specimens were
prepared dispersing the powder in ethanol followed by ultrasonication
for 30 min. A drop of the resulting dispersant was placed on the carbon-
coated Cu grids prior to the analysis. EDX spectra were recorded either
by exposing the electron beam to nanoparticle agglomerates in TEM
mode or by scanning the beam repeatedly over a selected rectangular
region. Electron energy electron loss (EEL) spectra were recorded in
diffraction mode from the regions that were selected using the selected
area diffraction (SAD) aperture with the central beam centered into a
spectrometer using a GIF charge-coupled device. EDX and EEL spectra
were evaluated using the Thermo Fisher Scientific’s TIA software
package and home-written MATLAB-scripts.**

X-ray Diffraction and Rietveld Refinement. For all the samples
listed in Table 1, powder X-ray diffraction (XRD) patterns were
recorded on a PANalytical X'Pert MPD Pro diffractometer, equipped
with a Cu-tube producing Ni-filtered Ke, , radiation, a sample spinner
taking 4 s per rotation, primary and secondary Soller slits (0.04 rad),
and a position sensitive detector (X'Celerator with 127 channels and
aperture of 0.01671°/channel). The samples were prepared in ~0.2
mm deep and ~14 mm wide blind holes on single-crystalline Si holders.
Diffraction patterns were taken from 5 to 90° 26 or 10 to 120° 20 at
steps of 0.01671° and step times of 220 or 200 s, respectively. No
reflections were observed below 10°, so data below 10° were excluded
in the Rietveld refinements using the BRASS2 program.**® For the
evaluation of crystallite sizes (dxgp), the instrumental reflection widths
were analyzed using standard LaB4 data recorded in the same
instrument. The reflection broadening parameters extrapolated to 0°
26 were refined for the crystallite size to match extra reflection widths
using a 1/cos @-law followed by the well-known Scherrer equation.

Electrochemical Measurements. The cathodic slurries of
LiMn,O, and/or LiMn,0,/AIPO, nanoparticles were prepared in a
ratio of 70:20:10 using the cathode active material, carbon C6S
(Timcal, Bodio Switzerland, specific surface area: 62 m*> g”'), and
polyvinylidene fluoride in N-methyl-2-pyrrolidone (Solef S5130,
Solvay), respectively. The slurries were mixed thoroughly using a
ULTRA-TURRAX disperser (IKA) for 30 min followed by 10 min of
stirring. Electrodes with a diameter of 10 mm were prepared by hand
painting the LiMn,0, or LiMn,0O,/AIPO, nanoparticle slurries on a
current collector (carbon cloth, Fuel Cell Earth). The painted
electrodes were dried in a vacuum oven at 120 °C for 24 h.
Electrochemical measurements were performed in a two-electrode
coin-type cell configuration assembled in a glove box with LiMn, 0, as
the working electrode and lithium metal as a counter/reference
electrode [see Figure S3a,b]. The electrolyte was 1 M LiPF4 (Merck
kGA, Darmstadt, Germany) in ethylene carbonate and dimethyl
carbonate (1:1). Electrochemical characterization was performed using
cyclic voltammetry (CV) with a scan rate of 0.1 mV s~ within a voltage
range of 3.5—4.5 V versus Li/ Li* and galvanostatic cycling with
potential limitation (GCPL) on a Biologic VSP-300 instrument [see
Figure S3c].
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B RESULTS AND DISCUSSION

Particle Synthesis. To design phase-pure LiMn,0,
particles, a series of Mn and Li precursor—solvent combinations
were screened. While lithium precursors, namely, lithium
nitrate, lithium tertiary butoxide, and LAA were used for the
preparation of Li solutions,”” manganese napthenate, man-
ganese 2-ethylhexanoate [Mn(II)EHA], and Mn(III)AA were
used as the Mn source (see Table S1). The phase analysis of the
particles after the flame combustion of the 16 different
precursor—solvent combinations produced undesired mixed
phases consisting of major Mn;0, (50—86 mass %) and minor
LiMn,O, phases (see Figures S4 and SS). When a manganese
precursor with Mn** was used for combustion (see Table 1),
phase-pure LiMn,O, was obtained (see Figure S4, blue curve).
While the high-temperature FSP is an extremely fast process,
and in which, the metal vapor remains in the flame only for few
ms,*”™* the oxidation time of Mn?*" to Mn** and Mn*'
(LiMn**Mn*O, spinel) was insufficient. However, when the
precursors with a higher oxidation number, for example, Mn**,
were used, the oxidation time of Mn** leading to LiMn**Mn*"O,
was sufficient (Figure S6). The time scales of manganese
oxidation are also limited by the competing particle nucleation
process, which quenches manganese oxidation owing to the
slower solid phase oxidation compared to fluid phase
manganese. Therefore, two possible ways are proposed in the
future work to promote the formation of pure phase LiMn,O,
from precursors with Mn>*: (1) slowing down the particle
nucleation process by delaying the fast quenching process and
(2) increasing the high-flame temperature residence time to
prolong the oxidation time.

The likelihood of the Mn;O, formation on the LiMn,0O,
surface during cycling is associated with LiMn,O, electrode
degradation and such a Mn** release (33% of Mn in Mn;0, is
divalent) is the highest at the charged state.’”*" Such a metal ion
release is critical while it jeopardizes the battery performance via
unwanted chemical reactions. In the double flame spray
combustion, the aerosol stream of the particles after the
independent combustion of two precursor—solvents in each
flame mix homogeneously. While each independent flame has a
possibility of doping beyond the solubility limit (when flame
intersect), multicomponent particle mixing is possible when
both the independent flames are sufficiently apart. Hence, the
use of multiple flames has advantages including specific design
and controlled particle mixing and dispersion. Such multi-
component mixing can be tailored using nozzle distances as well
as the intersection of the aerosol streams. The typical double
flame in the experimental setting is shown in Figure S1d. The
homogeneous particle mixing during double FSP is realized in
three different flame conditions (1) when two independent
flames intersect with one another (similar to single flame
situation), (2) the two flames are not in contact, but the two
aerosol streams meet at a certain distance above the flame, and
(3) the two flames are very far apart and the aerosol streams
meet with one another when the temperature in the intersecting
point is much lower.””~>* When the flames intersect at the point
where the precursors are still in the gas phase, the atomic mixing
or doping is an outcome. However, the two aerosol streams
mixing in a nucleating zone with a sufficient temperature results
in sintered polycrystalline particles. The longer the intersection
distances, the more favorable situation is realized for the
multicomponent oxide mixtures in the particle scale. When the
temperature of the two aerosol mixing points is relatively lower,
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Figure 1. (A) Rietveld refinement plots of samples LMO (73), LMO (55), and LMO (37). Results show the absence of the minor Mn;0,, phase. (B)
Rietveld refinement of samples of 1A-LMO, 2A-LMO, 3A-LMO, 4A-LMO, and 5A-LMO. Results show the presence of the minor Mn;0, phase
(indicative, yet not the strongest reflections (112), (020), and (013) marked by the small arrows). Although the Mn;0, reflection intensities in the
XRD patterns are hardly visible, the analysis resulted in significant amounts of Mn;0, (2.9, 6.2,9.2, 11.9, and 9.2 mass %) for (1, 2, 3, 4, and S mass %)
AIPO,-mixed LiMn,O,,.

Table 2. Abbreviations of the Samples of Particles Used in TEM, EDX, EELS, and EFTEM Jump Ratio Map Measurements®

sample liquid flow (mL/min) dispersant O, flow (L/min) abbreviation of as-prepared particles abbreviation of particles after battery test
Single Flame
LiMn,0, 7 3 LMO (73) LMO (73)_tested
Double Flame
1% AIPO, + LiMn,0, 7 3 1P-LMO 1P-LMO_tested
5% AIPO, + LiMn,O, 3 7 SP-LMO (37) SP-LMO (37)_tested

“Herein, the precursor flow rate and the dispersant oxygen rate were used in the flame of synthesizing LiMn,O,. In the second flame of synthesizing
AIPO,, the precursor flow rate and the dispersant oxygen rate were fixed at S mL/min and 5 L/min, respectively.

the particle mixture is obtained in the agglomerate scale.”” In very minor reflections at positions typical for tetragonal Mn;O,
this work, we exploited a second independent flame to (indicative, though not the strongest, reflections are marked by
homogeneously mix AIPO, with the LiMn,0, aerosol stream arrows). The starting structural models (ICSD database entries
(the distance between the two flames was kept constant at 17 #89985 and #68174) for the Rietveld refinements were used for
cm) directly above the two flames inclined at 20° to the vertical LiMn,O, and Mn;0,, respectively.”*” Rietveld refinements
axis, aiming at the AIPO,—LiMn,O, electrode material to resulted in significant amounts of Mn;O, [2.9(2), 6.2(4),
outperform the state-of-the-art materials. Hence, the AIPO,- 9.2(4), 11.9(5), and 9.2(4) mass %] for AIPO, (1,2, 3,4, and 5
mixed LiMn,O, electrode material was designed to (1) avoid mass %) mixed LiMn,O,. The Mn;0, fractions are seemingly
AIPO, interacting chemically with LiMn,0O,, (2) stabilize the quite large considering the small reflection intensities being
surface structure, especially to avoid any surface reconstruction hardly visible in the overview diffraction patterns, but the
or diffusion of Mn ions within the electrolyte during the charge/ fraction of a phase is related to its reflection areas, not heights,
discharge process, and (3) exhibit thermal stability with and accordingly, the significant crystallite size-related broad-
enhanced cycle-life.”>*° ening still results in large areas below those reflections explaining
Particle Characterization and Structural Analysis of the significant fractions determined for Mn;O,,. The accuracy of
Pure and AIPO,-Mixed LiMn,0,. The specific surface areas of the calculated standard uncertainties needs to be validated.
the pure-phase LiMn,0, nanoparticles obtained using different Considering a high detection limit for a phase with a strongly
dispersant O, /feed ratios are in the range of 78.6—175.6 m* g™ broadened reflection, uncertainties are expected to be largely
(Table 1 and Figure S7). Increasing the precursor feed rate underestimated in the usual least-squares procedure applied in
resulted in a higher metal concentration in the spray flame and Rietveld refinements. To establish the detection limit of Mn;0,,
thus more nucleation seeds in the gas phase, resulting in a higher under these circumstances, Mn;0, as a second phase (using the
particle number density. Decreasing the dispersion oxygen rate same crystallite size broadening parameters) was included in the
increases the flame height (Figure S1) with a prolonged high- refinements of the patterns with the absence of apparent Mn;0,,
temperature particle residence time. With the increase in the reflections. In one case [LMO (73)], the refinement yielded ~1
particle number density and high-temperature residence time, mass % Mn;0,, in the other [LMO (37)] ~1.8 mass % (Figure
the coagulation and sintering of the particle are promoted giving 1), although the reflections of Mn;O, were invisible in the
rise to a large particle size (low specific surface area).”*” The pattern. Hence, the calculated uncertainties of the mass fractions
specific surface area of AIPO,-mixed LiMn,O, nanoparticles of Mn;0, given above (0.2—0.5%) are slightly underestimated
decreases only slightly with increasing the AIPO, mass fraction and would rather be in the reasonable range of 1 or 2%.
(Table 1 and Figure S7). The diffraction patterns of all samples The significant amounts of crystalline Mn;O,, are present in
(Figures 1 and S6) basically display the reflections of LiMn, O, the AIPO,-mixed LiMn,0,, promoted by AIPO, (although the

However, samples with AIPO, (1, 2, 3, 4, and S mass %) show signals of AIPO, are absent) during the high-temperature gas-
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50 nm

Figure 2. Comparison of TEM micrographs for the samples (a) LMO (73), (b) LMO (73)_tested, (c) 1P-LMO, (d) 1P-LMO _tested, (e) SP-LMO
(37), and (f) SP-LMO (37)_tested. In the first two columns, overview images showing the overall morphology of the particles at medium and elevated
resolution are depicted. The crystallinity of the particles can be seen in the HRTEM images in the third column. Column four displays the FFTs of
approximate HRTEM images. The Debye—Scherrer diffraction patterns in column S were taken from agglomerates as in column 1. The analysis of the
FFTs and diffraction patterns showed good agreement with the ones expected for the LiMn, O, crystal structure.

phase synthesis (see Figure 1). The amount of AIPO, added (1—
5%) during the flame synthesis is insufficient to form a “glassy
hump”, for example, silicate glass at low diffraction angles with a
much broader extent compared to the broadened reflections of
nanocrystalline phases. It must be noted that the match of the
two patterns of pure and AIPO,-mixed LiMn,0O, is of similar
quality, for example, the difference curve in the refinements and
the overall agreement indices, for example, R, = 1.15% for the
left plot and R;, = 1.14% for the right one, respectively, support
the chemical composition of LiMn,0, [Figure 1a,b].

TEM Analysis. In this subsection, TEM, EDX, EEL
spectroscopy (EELS), and energy-filtered TEM (EFTEM)
jump ratio map measurements were conducted on three as-
prepared samples of particles and the respective samples after
the battery test. Abbreviations of the investigated samples are
listed in Table 2 to simplify sample names in the following text
and figures.

Figure 2 shows a comparison of low-resolution images (first
column) and high-resolution images (second and third column)
of the samples LMO (73), LMO (73)_tested, 1P-LMO, 1P-
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LMO _tested, SP-LMO (37), and SP-LMO (37) _tested. In as-
sprayed samples, small crystalline particles with facetted shapes
were observed. They appear to be smaller for the “37” samples
than in “73” samples. Particles in the tested samples were not
only relatively small with facetted habits, but also contained
portions of the material that appeared to be amorphous. The
particle sizes were estimated measuring the diameter (minimum
dpin and maximum d,,, ) for at least 100 particles in each sample
(Figure S8). The particles have a diameter of roughly 19 nm with
a width of the distribution of about 9 nm for LMO (73) (Figure
S8). The particles obtained at a lower fuel feed rate and larger
dispersant oxygen flow rate were smaller (6 nm diameter with
distribution width 2 nm). The mean aspect ratio was determined
to quantify the anisotropy of the particles’ shape. Values of about
1.2—1.3 with a standard deviation of approximately 0.2 were
found, indicating that particles are relatively isotropic in shape.

dmax, i

B= UNY -

min, i
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Figure 3. Comparison of (a) EDX spectra, (b) EELS O K, and Mn L, spectra of particle agglomerates found in different specimens. The spectra
correspond, from the bottom to top, to samples LMO (73) (black), LMO (73)_tested (red), 1P-LMO (73) (green), IP-LMO (73)_tested (blue), SP-
LMO (37) (cyan), and SP-LMO (37)_tested (magenta). Beside the expected Mn and O peaks, the significant additional element of F could be

detected.
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Figure 4. EFTEM jump ratio maps of the C K-, O K-, and Mn L-edge as well as a combined RGB false color map of the ratios (left column) and line
scans through the agglomerates (right column) of the (a) 1P-LMO and (b) 1P-LMO_tested samples.

In order to analyze the phase of the particles, regions
containing a single crystal or a part of a single crystal (similar to
areas depicted in column 3 of Figure 2) were selected and fast
Fourier transformed (FFTed).

The respective FFTs of the regions shown in column 3 are
depicted in column 4. Distances and angles between reflections
were measured for at least 6 reflections in each FFT. A series of
equivalent sets of distances and angles for different zone axes
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were simulated based on the crystallographic information from
the Rietveld refinements. The root mean square percentage
deviation (RMSPD) between each simulated set and the
measured data set was computed. The expected reflection
positions of the set with the lowest RMSPD were superimposed
on the diffractogram in order to visually check the correctness of
the zone axis. Only a small rescaling of approximately 1—2% of
the experimental images was needed to match diffractograms
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Figure S. EDX spectra of the indicated regions for an agglomerate of (a) LMO (73), (b) LMO (73)_CV, (c) 1P-LMO (73), (d) 1P-LMO (73)
_tested, (e) SP-LMO (37), and (f) SP-LMO (37)_tested samples. The STEM—EDX analysis showed lack of Al in most regions. In single images, large

particles could be found that basically consisted of Al and O.

with the expected reflection positions. For the shown diffracto-
grams, we found [1 1 0] and [1 0 0] zone axis orientations for the
samples LMO (73) and LMO (73)_tested. In the remaining
samples, particles that were not aligned in the low-indexed zone
axis orientation were imaged, so the respective zone axis is
missing. However, the measured reciprocal distances of the
systematic rows (lattice fringes) could be matched with the
distances computed from the crystallographic data of LiMn,0O,.
Because such an analysis is challenging to perform for hundreds
of particles, SAD patterns were recorded. The resulting Debye—
Scherrer diffraction patterns are displayed in the fifth column of
Figure 2. Azimuthally averaged radial line scans were performed
and compared to the theoretical reciprocal distances. The
respective indexing of the rings is shown only for the LMO (73)
sample, but is also valid for the other diffraction patterns,
because the distances of the rings were nearly the same,
confirming the LiMn,O, phase.

The elemental composition and distribution were inves-
tigated with EDX spectroscopy, EELS, and EFTEM. Figure 3a
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compares EDX spectra taken in the different specimens
condensing the electron beam to agglomerates of particles, as
depicted in Figure 2, first column. As expected, Mn and O are
presented in all the specimens (Li is quite light and therefore has
only transition energies which are too low to be detected with
the used EDX setup). Astonishingly, Al peaks were invisible in
neither spectrum (besides in SP-LMO (37) _tested). Moreover,
P was detected even in spectra taken from LMO (73)_tested
attributing to the P diffusion from the LiPF, electrolyte after
battery tests.

The Mn Lf peak is quite large compared to its Mn Ka peak in
SP-LMO_ tested, indicating that there might be an additional
element present with transition energy close to the Mn L peak.*’
This additional element could be F, whose K-line overlaps with
the Mn L-line considering an energy resolution of about 135 eV
of the used EDX detector, and that was confirmed by further
EELS measurements. The EELS spectra were recorded in the
same energy range for all the samples [Figure 3b]. The data
show that the additional F K-edge identified for SP-LMO_ tested
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Figure 6. Crystal structure model of LMO viewed along [110] (a) and [111] (c), respectively, with respect to LMO (73) data, showing the
arrangement of LiO, tetrahedra. Li is shown as light green atoms, LiO, tetrahedra in light green transparent, Mn atoms in magenta, and O atoms in red
(severely reduced in size). In both projections, pseudo-hexagonal arrangements are found. However, only the one in the [110] view matches the
absolute size and the distortion of the pseudo-hexagonal arrangements observed in the arrangement of light and dark contrasts in the HRTEM images
of single nanocrystals of pure (b) LiMn,O, and (d) SP-LMO, respectively. (b) Good match is highlighted by the two distorted hexagons superimposed
onto the [110] projection on the HRTEM image of pure LiMn,O,. (d) Observed regular pattern in the HRTEM image of a completely different

sample SP-LMO is again matched perfectly by the [110] projection.

was attributed to the leakage from the electrolyte (LiPF4). The
quantification of the Mn/O ratio from the EELS spectra (using
Gatan’s Digital micrograph) for the samples showed a consistent
ratio of 1:2 for LiMn,0,.'***®" In order to clarify such
observation, EFTEM was applied (Figure 4). The data show
EFTEM jump ratio maps of the C K-, O K-, and Mn L-edge as
well as a RGB false colored map of agglomerates for (a) the 1P-
LMO (73) and (b) the 1P-LMO_tested samples. For the 1P-
LMO, the jump ratio for Mn and O is homogenously distributed
in the visible particles; whereas, it is homogenously reduced for
the C signal (compare also the respective line scan through the
large particle). In contrast, for the 1P-LMO sample, the Mn and
O signals were reduced, for example, in the middle of the
agglomerate as well as in its upper left part. Exactly in these
regions, the C signal increases with respect to other regions
within the agglomerate. Assuming a constant thickness of the
supporting C film from the TEM grid, the amorphous regions
consist of a high fraction of C, which is attributed to leakages
from the electrodes.

The “absence” of Al in the Al containing samples in the EDX
spectra (Figure S) was investigated switching the microscope to
scanning TEM (STEM) mode. This mode has the advantage of
higher sensitivity with increasing atomic number Z (the larger Z
the higher the signal). However, the signal must be interpreted
carefully as the intensity also depends on the thickness of the
transmitted material. The regions within each of the eight
agglomerates per specimen were then selected followed by
moving STEM probes in the region and acquiring EDX spectra
for 60 s (Figure S). For all the agglomerates investigated in the
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LMO (73), the spectra looked similar with only the Mn and O
signals observed [Figure Sa]. In the LMO (73)_tested sample
[Figure Sb], an additional P signal was observed which
originates from the electrolyte (original particles are free from
P). In a region with reduced STEM intensity neither O nor Mn
signals were observed, but a large C signal emerged supporting
the EFTEM data (perhaps via C leakages during electrode
fabrication). While 1P-LMO (as prepared and tested) showed
Mn, O, and P peaks with the absence of Al signals due to only 1%
AIPO, mixed in LMO, few inhomogeneously scattered spherical
particles [indicated by the yellow arrow in Figure 5c], showed an
Al signal (data not shown). In comparison to the 1P-LMO, a
small Al signal was detected next to a P peak for SP-LMO. The
absence of Alin 1P-LMO samples outside the Al-rich particles is
most likely due to the limited detection limit of the used EDX
setup. In fact, EDX—SEM mapping results showed the presence
of Mn, Al, and P elements in SP-LMO (37) all over the sample
(Figure S9), demonstrating the homogeneous mixing of AIPO,
in LiMn,O, particles. The quantification of the EDX spectrum
yielded an atomic ratio of Al to Mn of 0.043, which is almost the
same as the 0.039 in the prepared solutions during double FSP.
The facts, (1) the reasonable Al/Mn atomic ratio determined for
all the samples before and after the flame spray, (2)
homogeneous distribution of Al in LMO particles (1—-5%
AIPO,) observed during the EDX measurement, (3) reasonable
structural match after loading AIPO, in LMO, but completely
different electrochemical performance (see Electrochemical
Performance section), suggest homogeneous mixing of AIPO,, in
LiMn,0O,.
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Figure 7. Cyclic voltammograms of synthesized and commercial LiMn,Oy at a scan rate of 0.1 mV s™" (a) LMO (37) with a dggy of 8 nm, (b) LMO
(55) with a dppr 0f 9.3 nm, (c) LMO (73) with a dggr of 17.8 nm, and (d) commercial LMO with a dygr of 31.5 nm. LMO (73) exhibited a well-defined

peak pair compared to other LMOs and commercial LMO.
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Figure 8. Charge/discharge voltage profiles of synthesized and commercial LMOs at 1 C (a) LMO (37) with a dpgr of 8 nm, (b) LMO (55) with a dpgp
of 9.3 nm, (c) LMO (73) with a dggy of 17.8 nm, and (d) commercial LMO with a dggy of 31.5 nm. LMO (73) with dggp = 17.8 nm had the highest
initial capacity of the synthesized LMO with an initial capacity of 111.4 mA h g™', compared to commercial LMO (114.1 mA h g™). This reduced
initial capacity of the LMO with a particle size below 17.8 nm can be attributed to the reduced fraction of vacancy sites in the bulk LMO.

Matching the Crystal Structure with 2D-Periodic
Arrangements of Light and Dark Contrasts in HRTEM
Images. Highly resolved TEM images of pure LiMn,O, and
LiMn,0,/AIPO, showed nanoparticles in the size range of 5—30
nm. The primary particles of all the samples studied were single
crystals, many of them with clear lattice fringes or 2D-periodic
patterns of light and dark contrasts, respectively [Figure 2]. It is
most striking that the crystal projections have regular shapes
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with straight edges and regular angles between the edges with
2D-periodic arrangements of light and dark contrasts. The
viewing is parallel to a simple crystallographic [uvw] direction
with low u, v, and w indices.

In orthonormal axis systems, such as the cubic case, simple
[uvw] directions are normal to the respective set of lattice planes
[hkl], for example, a projection of (100) can be viewed parallel
to [100]. Small angular deviations about one rotation axis
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normal to a perfect viewing direction will lead to images with
lattice fringes (alternating lines of light and dark contrast) only.
Ablurred image with no regular features is due to misorientation
in two independent in-plane rotations (e.g., the blurred region
outside of the regular crystal in Figure 6). The arrangements of
light and dark contrasts in Figure 6b,d have a more or less
hexagonal appearance because each bright spot is surrounded by
six next-neighbor bright spots. In a cubic crystal, a perfect (yet
trigonal and thus in fact “pseudo-”) hexagonal arrangement
would be expected for the viewing direction (111) looking
normal to (111), as shown in Figure 6c. However, neither the
absolute size of the hexagon shown here, nor its perfect
regularity is observed in the arrangements of light and dark
contrasts in the HRTEM images. The observed hexagons are
quite distorted and larger than the ones expected for a (111)
viewing direction. Viewing the crystal structure of LMO in other
directions, the same distorted hexagon with the same absolute
dimensions was observed in a direction normal to [110] (and its
symmetrically equivalent hkl planes) when highlighting the
arrangement of the LiO, tetrahedra (suppressing display of the
oxygen polyhedra for Mn atoms). This crystal structure view, as
shown in Figure 6a, matches perfectly with the observed contrast
in Figure 6b,d. Note that the structures and the HRTEM images
were first set on the same scale matching the 2 and S nm bars in
the structure plot and in the HRTEM images, respectively.
Then, the structure viewed in the [110] direction matches the
observed contrast patterns without any further scaling.
Accordingly, the much smaller, nondistorted hexagons viewed
in the [111] direction is at mismatch to the observed patterns
and accordingly [111] is a not the viewing direction in Figure
6b,d. The absence of structural mismatch, high and stable
electrochemical performance of LMO based materials suggest
efficient mixing of AIPO, in LMO.

Electrochemical Performance. The electrochemical per-
formance of the synthesized LMO nanoparticles were
investigated using CV and GCPL. Figure 7 compares the
voltammograms of the synthesized LiMn,O, with different
particle sizes and commercial LiMn,O,. In all cases, it is possible
to observe the typical pairs associated with the reversible (de-
)insertion of lithium ions in LMO at ca. 4.2 and 3.8 V versus Li/
Li*.**%® The peak pair in LMO (73) was observed to be better
defined, with peak separations (AE,) of 150 and 180 mV,
compared to the other samples [LMO (37), LMO (55), and
commercial LMO]. The peak current was observed to decrease
upon cycling in all LMO, which is attributed to cycle aging of the
LMO. The stability of the LMO was further investigated using
GCPL.

Figure 8 shows the voltage profiles of the synthesized and
commercial LMO obtained at 1 C in the potential range of 3.5—
4.5 V. It comprises two voltage plateaus, corresponding to the
two peak pairs presenting in the cyclic voltammogram. The
initial discharge capacities of LMO (37) and LMO (SS) were
87.7 and 73.7 mA h g7/, respectively, while LMO (73) had an
initial discharge capacity of 111.4 mA h g_l, which is comparable
to the initial discharge capacity of commercial LMO (114.1 mA
h g!). The reduced capacity observed in LMO (55) and LMO
(37) is consistent with the reports in the literature, where
LiMn, O, exhibits a decrease in the discharge from 106.3 to 84.9
mA h g as particle sizes decrease from 15.0 nm (optimal value
in that case) to 6.8 nm.*” This has been attributed to the reduced
fraction of vacancy sites in the bulk of the cathode materials.*”*
The result indicates that despite the benefits of the smaller
particle size in cathode materials (enhanced charge transfer and
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mass transport in the solid), the reduction of the particle size of
LMO below 17.8 nm tends to limit its practical usage due to the
reduced capacity value. Figure 9 shows the capacity versus cycle
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Figure 9. Cycling performance of synthesized and commercial LMO at
1 C. LMO (73) showed the superior electrochemical performance
compared to the other synthesized LMO, retaining 88% of its initial
discharge capacity (111.4 mA h g™*) after 100 cycles.

number of the synthesized and commercial LMO. LMO (37)
retained 80% of its initial discharge capacity (87.7 mA h g™')
after 100 cycles while LMO (55) had a capacity retention of 86%
after 100 cycles. In the case of LMO (73), its initial discharge
capacities decreased from 111.4 to 98.4 mA h g~', representing a
capacity retention of 88% while the initial capacity of
commercial LMO decreased from 114.1 to 96.0 mA h g™
representing a capacity retention of 84% after 100 cycles.

Thus, LMO (73) had the best electrochemical performance of
the synthesized LMO nanoparticles and has better cycling
stability than commercial LMO. The capacity fading observed in
LMO is attributed to manganese dissolution at the LMO/
electrolyte interface due to the disproportionation reaction of
Mn** 2Mn* — Mn* + Mn**). The Mn?* released from this
disproportionation has been reported to deposit on the anode,
thereby increasing the impedance of the cell and reducing its
electrochemical performances. To circumvent this problem, the
mixing of LMO (73) with different amounts of AIPO, using
double FSP was explored.

Figure 10 shows the cyclic voltammogram of the AIPO,-
mixed LMO. The two peak pairs attributed to the reversible
insertion of LMO were observed in all cases, indicating the
absence of abrupt changes in the electrochemical insertion of Li*
ions in the mixed material.

In Figure 11, the charge/discharge profile and the capacity
versus cycle number for the coated LMO at different
percentages of AIPO, is presented. An additional plateau at ca.
3.7 V versus Li/Li* was observed in the first cycle of the
discharge curve in addition to the two plateaus associated with
the reversible insertion of lithium in LiMn,O, This can be
attributed to the thermodynamically unstable surface of the
coated LMO.” As the cycling continues, the surface attains
thermodynamic stability, and the additional plateau becomes
invisible. This phenomenon was also evident in the voltammo-
gram, where a peak occurs at ca. 3.9 V in the first cycle and later
shifts to ca. 3.7 V upon cycling. This phenomenon was already
observed by Novak et al., who investigated the effect of specific
combustion enthalpy on the electrochemical performance of
LMO made by FSP and attributed the formation of less
crystalline or defective surface due to the cooling of the
particles.”
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Figure 10. Cyclic voltammograms of AIPO,-mixed LMO at a scan rate of 0.1 mV s™' (a) 1P-LMO with a dgpy of 17.8 nm, (b) 2P-LMO with a dggy of
19.0 nm, (c) 3P-LMO with a dggr of 21.0 nm, (d) 4P-LMO with a dgpr of 19.5 nm, and (e) SP-LMO with a dygy of 22.3 nm. In all, the peak pairs
associated with the reversible insertion of Li* in LMO were observed in the voltammogram, indicating no abrupt changes in the electrochemical

insertion of Li* ions in the coated material.

The initial capacity of the mixed LMO decreases with
increasing AIPO,, that is, 1P-LMO, 2P-LMO, and 5P-LMO
having initial discharge capacities of 116.1, 106.4, and 76.31 mA
h g7, respectively (see Figure 11). This reduced capacity with
increasing AIPO, content can be attributed to a decrease in
Mn®* with increasing AIPO, mixing.és’é6 The cycling stability of
AIPO,-mixed LMO is also investigated in this work, and the
results obtained are shown in Figure 11f. The capacity retention
of 1P-LMO after 100 cycles was 93%, superior to the bare LMO
(7/3). Capacity retentions of 87 and 89% were observed for 2P-
LMO and SP-LMO, respectively. The results obtained indicate
that 1P-LMO has an initial capacity similar to the bare LMO and
commercial LMO, while the capacity retention after 100 cycles
is 5% higher than the bare LMO (73). The latter could be due to
the larger size of the 1P-LMO particles with respect to the ones
of bare LMO. The rate capability of 1P-LMO is investigated, and
the obtained results are shown in Figure 12. Discharge capacities
of 107.7,103.1, 88.4, and 3528 mA h g_1 were obtained at 1, 2,
5,and 10 C, indicating that 1P-LMO can be cycled at 5 C at 82%
of its full capacity (116.1 mAh g™'). Hence, the roles of AIPO, in
LiMn, O, are (1) the strong P=0 bond (5.64 eV bond energy)
in the sample prevents an aggressive chemical attack to the active
material during cycling.”®> (2) The high initial capacity, high
retention, and outstanding stability of the AIPO,-mixed
LiMn,O, is due to minimized contact area of the LiMn,O,/
electrolyte interface suppressing the Mn dissolution (reduced
degradation of the active material).>°
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In a recent report, Ni-doped LiMn,O, [Li;,,NigosMn; ¢5_,O4
(0 € x < 0.10)] obtained via solution combustion was
investigated for the electrochemical performance. The data
showed (1) the facets (110),(100),and (11 1) allow favorable
Li* ion diffusion pathways and reduce Mn dissolution, (2) the
Ni-doped LiMn,0, (Li, 4,NiosMn; 4;0,) exhibited reasonable
electrochemical performance with initial discharge capacities of
119.8,107.1,and 97.9 mA h g_1 for 1, 5, and 10 C, respectively,
maintaining a capacity retention rate of 63.1%.°° In another
report, LiMn,O, obtained using the solvothermal-lithiation
process induced preferential facets such as (111), displaying
high cycling stability and rate performance at extreme
temperatures (—S and 55 °C). The LMO-based materials
demonstrated capacity retention and rate capability of 84.3%
and 124.2 mA h g~ at 10 C after 1000 cycles. While the material
in the nanoscale enables Li* mobility for the enhancement of the
rate performance, the porous structure buffers the crystal strain
and unit cell volume change during Li" insertion/extraction. In
addition, it was also reported that the preferential facet decreases
the Mn dissolution during electrochemical reactions.”” In
another report, the LiMn,O, cathode obtained using the
chemical sol—gel process followed by sintering at different
temperatures was tested for electrochemical performance. The
high concentration of Mn* on the LiMn,0, surface, that is,
Mn*rich surface (Mn*/Mn®" was ~2 compared to normal
ratio of ~1), was responsible for high performance. The
discharge capacities at 2 and 10 C over 500 cycles were ~110

https://doi.org/10.1021/acsaem.1c00024
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Figure 11. Charge/discharge voltage profiles of LMO mixed with different percentages of AIPO, at 1 C (a) 1P-LMO with a dggy of 17.8 nm, (b) 2P-
LMO with a dggr of 19.0 nm, (¢) 3P-LMO with a dpgr of 21.0 nm, (d) 4P-LMO with a dgpr of 19.5 nm, and (e) SP-LMO with a dggr 0of 22.3 nm and (f)
cycling performance of LMO mixed with different percentages of AIPO, at 1 C. Increasing the percentage of AIPO, reduces the initial discharge
capacities of the mixed LMO. In all, IP-LMO showed the superior electrochemical performance in its initial capacity and a capacity retention of 93%.
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Figure 12. Rate capability of LMO mixed with 1% AIPO, at 1 C in the
potential range of 3.5—4.5 V. 80% of the full capacity of 1P-LMO was
obtained while cycling at § C.

and ~102 mA h g™, respectively, at room temperature. Similar
experiments performed at 55 °C showed 81.2 and 72% at 200
cycles for 1 and 10 C discharge rates, respectively.”® Yang et al.
synthesized the Al-rich Li; g4AlyosMn; 55C0005O039F0; (LAM-
COF) cathode material using the sol—gel process followed by
sintering. The Mn*" concentration gradient was found to

decrease from the surface to the bulk, which resulted in
delivering high rate capability and good stability. The data
showed 111.1 and 102.5 mA h g™ and capacity retentions of 80
and 70.5% at 55 °C over 850 cycles at 1 and 5 C.* The
aggregated and porous LiMn,0, obtained via ball milling of the
mixture of MnCO;, LIOH-H,O exhibited rate capabilities of
119, 107, and 98 mA h g~" and capacity retentions of 82, 91, and
80% at 2, 10, and 20 C, respectively, for 500 cycles. Such
promising results were due to the porous material, reasonable
primary particle size, high crystallinity favoring rapid Li
insertion/extraction kinetics, and high structural stability during
the reversible electrochemical process.”” The electrochemical
performance of LiMn, O, obtained from the FSP (reported data
from FSP and present investigation) and other synthetic
techniques are tabulated below and discussed (Table 3).

B CONCLUSIONS

The gas-phase synthesis of spinel LiMn,0, nanoparticles and
AIPO,-mixed LiMn,O, nanoparticles was carried out using
single and double FSP, respectively. To synthesize phase pure
and crystalline LiMn,O, nanoparticles, 16 various precursor—
solvent combinations were tested consisting of three lithium
precursors, three manganese precursors, and four solvents, and
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Table 3. State-Of-The-Art Electrochemical Performance of LiMn,0O,-Based Energy Material

material

LiMn,0,

AIPO,-mixed LiMn,0,

LiMn,0,
LiMn,0,
LiMn,O,

LiMn,O,
LiMn,0,

LiMn,0,

lithium-rich Li; ooMn, 4,0,

LiMn,0O,/graphite

LiMn,0,/multi-walled carbon
nanotubes

LiMn,0,/reduced graphene
oxide hybrid

LiMn,0,/carbon
nanocomposites

carbon-coated LiMn,0,
AIPO,-coated LiMn,0,

production technique

FSP*

FSP*

solvothermal lithiation
solid-state reaction

one-pot resorcinol formaldehyde
route

resorcinol formaldehyde route
ESP

solid-state reaction
solid-state reaction
gel polymer electrolyte

low-temperature, one-pot
synthesis

microwave-assisted hydrothermal
method

ESP

solid-state reaction

solid-state reaction, chemical

electrochemical performance (discharge)

1114mAhg,1C
1161mAhg™,1C

103.1mAhg™,2C
884mAhg™,5C
3528mAhg™,10C
1374mAhg™, C/2
112mAhg™, C/s
131mAhg™, C/2

136mAhg™, C/5
1024mAhg™, C/5
108mAhg,1C
1119mAhg™, C/5
116 mAhg™, C/s
105mAhg™, C/S
120mAhg™, C/10

137mAhg,1C
113mAhg™, C/2

105mAhg,1C
118mAhg,1C
1132mAhg™, C/2,30 °C

deposition method
P-doped LiMn,0,
Li; 0oNigsMn, g3 O,

microspheres and tubular

wet method
solution combustion

solvothermal process

78.5mA-g”", 10 C, 55 °C

initial capacity capacity retention ref
88% (100 cycles, 1 C) this
work
93% (100 cycles, 1 C) this
work

82% (100 cycles, S C)
96.4% (100 cycles, C/2) 67
85% (100 cycles, C/S) 11
90% (100 cycles, C/2) 71
79% at 60 C 21
78% (60 cycles, SO C) 39
89.8% (100 cycles, C/S) 51
93% (100 cycles, C/S) 11
90% (100 cycles, C/5) 4
96% at 10 C 16
90% (100 cycles, 1 C) 9
80% at S C 40
90% (100 cycles, 1 C) 13
97.4% (100 cycles, C/2) 56
92.3% (500 cycles, 10 C, S5 °C) 65

119.8,107.1,and 97.9 mA~g_] at1,5,10C  91.7% (1000 cycles, S C) 66

1242 mA-g " at 10 C measured at —5 and ~ 84.3% (1000 cycles, 10 C) 67

LiMn,0O, 55°C
LiMn,O, sol—gel method 110 and 102 mA-g~" at 2 and 10 C, 81.2 and 72% after 200 cycles measured 68
500 cycles, 55 °C at 1and 10 C
Li; ggAlgosMn; 55C000O039F 1 sol—gel method 111.1 and 102.5 mA-g~" after 850 cycles 70.5% after 850 cycles at 1 C 69
atland 5 C
porous LiMn,0, solvothermal method 119, 107, and 98 mA-g " after SO0 cycles at 82, 91, and 80% after SO0 cycles at 70
2,10,and 20 C 2,10,and 20 C

“The performance of our AIPO, mixed LiMn,O, (116.1 mA h g™" at 1 C) is much better compared to the performances of other FSP materials
reported (108 mA h g™}, at 1 C and 105 mA h g™! at 1 C).**** The overall initial capacity obtained in the present investigation ranges from 111.4
to 116.1 mA h g™' for pure and AIPO,-mixed LiMn,0,, respectively. With respect to other synthesis methods, keeping the same C-rate (1 C), the
capability of LiMn, 0O, is limited to typical 120 mA h g~'.”> Compared to the other reported data shown in Table 3, the performance of our material
is at the same level or even better at higher C-rates. All the electrochemical measurements were performed at room temperature and the data in the
literature showing better performance are due to the testing parameter and not because of the intrinsic property of the material. In principle, the
LiMn,0,-based materials obtained from FSP is at the same level or even outperforms the state-of-the-art at a higher C-rate.

the available precursor—solvent combination of Mn(III)AA—
toluene + LAA—EHA was found. The manganese precursor with
Mn*" instead of Mn”* allows phase-pure LiMn,O, in the gas
phase, which is probably caused by the short oxidation time of
manganese ions in the high-temperature flame. In single FSP of
LiMn,O, nanoparticles, liquid feed rate and dispersant oxygen
rate were varied to change the specific surface areas of particles
(BET particle sizes). The slurries containing the prepared
nanoparticles were painted on a carbon cloth current collector,
which acts as the cathode electrode in the battery cell. The
results demonstrated that the discharge capacity of phase-pure
LiMn,O, nanoparticles increase with the increasing of the
particle size from 8.0, 9.3 to 17.8 nm. Moreover, the LiMn,O,
particles with a size of 17.8 nm have an initial discharge capacity
of 111.4 mA h ¢!, which is comparable to the commercial
particles. To overcome capacity fading and improve the
electrochemical property, phase-pure LiMn,O, particles (17.8

4440

nm in size) with the best performance were considered to be
mixed at the nanoscale with AIPO, using the versatile double
FSP. For AIPO,-mixed LiMn,O, nanoparticles, the discharge
capacity increases with the decreasing AIPO, from S, 4, 3, and 2
to 1%. The optimal surface mixing of 1% AIPO, with LiMn,0,
demonstrated an energy density of 116.1 mA h g™' at 1 C
(almost to the typical 120 mA h g™') and a high cycling stability
at 5 C with 82% of its full capacity. This work suggests FSP is a
promising technique to (1) screen highly combustible
precursor—solvent combination for phase-pure functional and
engineered nanoparticles and (2) design ideal cathode materials
for the Li-ion battery with highly promoted electrochemical

performances.

https://doi.org/10.1021/acsaem.1c00024
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