Improving thermodynamic stability of nano-LiMn204 for Li-ion battery cathode
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Abstract

Nanomaterials,can exhibit improved electrochemical performance in cathode.applications,-but
their inherently high surface areas cause unconventional instability, leading to capacity fading
after a limited number of battery cycles. This is because of their high surface reactivity which
makes them more susceptible to phenomena such as grain growth, sintering, solubilization, and
phase transformations. Thermodynamically, these can be attributed to increased contribution of
interfacial enthalpies to the total free energy of the system. The lack of experimental \ data on
interfacial thermodynamics of lithium-based materials has hindered strategies to mitigate such
degradation mechanisms. In this study, interfacial energies of LiMn2O4 nanoparticles were
directly measured for the first time using calorimetry, and the possibility of thermodynamically
manipulating both surface and grain boundary energies using a dopant (scandium) was explored.
We show that undoped LiMn>O4 nanoparticles have a surface energy of 0.85 J/m? which is

significantly lower than that of LiCoOz. Moreover, introducing scandium further lowered



LiMn,0O4 surface energy, leading to demonstrated improved stability against coarsening and
reactivity to water, which can potentially reflect in more stable cathode materials for battery

applications.

Introduction

LiMn2O4 (LMO) finds application as cathode material for Li-ion battery as an alternative to
LiCoOz, which shows significant drawbacks related to instability. Although LMO has its own
disadvantages, its application in the form of nanostructured cathodes has been shown effective in
enhanced Li" transport due to its increased electrode to electrolyte contact area.!™> However,
capacity fading after extended cycling is still a challenge, which is largely associated with the
intrinsic chemical and structural instability exacerbated at the nanoscale.?*° These instabilities
include dissolution of Mn.ons from. the surface, Jahn-Teller distortion of LMO.spinel.structure,
and mechanical failures initiated by intergranular cracking, which affect Li" mobility and
reversibility of charge/discharge reactions.”

In general, at the nanoscale, properties and processes, such as fracture toughness, reactivity,
phase transitions, and coarsening, are strongly dependent on interfacial characteristics.!*! In
particular, interfacial energies, which include both solid-vapor (surface) and solid-solid (grain
boundaries, resulting from aggregation or partial sintering), are key parameters controlling
coarsening??, phase equilibrium?, and other physical properties >*. For instance, the stability of
MgAl>0O4 as a catalytic support is strongly affected by its surface energy, and the material shows
improved resistance to coarsening when the surface energy is lowered by the addition of
dopants.? This is attributed to a reduction in the driving force for the process, and has been

discussed in this context for many different oxide systems.!®> The impact of surface and grain



boundary energy can also be seen in the polymorphism of TiO», in which the relative stability of
anatase to rutile is impacted by the relative fraction of each interface.?*?° It was later
demonstrated it is also possible to control such transformation by targeting interfacial energies®’~
29 which is a concept that could be better explored in the context of design of more stable LMO
nanostructures for cathode application.

Experimental studies on the interfacial energies of Li-ion battery cathode materials are
very limited, and the available data is mostly restricted to simulation efforts, which require
experimental benchmark.>*3? A calorimetry study on nanostructured LiCoO> revealed its surface
energy to be in the range of 1.12 — 1.23 J/m?, which is considered low when compared to other
isostructural materials.> It was claimed that this relatively low energy suppresses undesirable
side reactions in batteries, explaining why LiCoO; finds widespread application as cathode. This
further indicates.the design of nanostructured.cathodes with low interfacial energies. may be an
effective strategy to improve cathode stability.** In fact, negative effects of high surface energies
in cathodes have been demonstrated in other compositions, such as LizVO4.*®

The surface energy of LMO has been studied by a number of simulation techniques. Li-

terminated (001) surfaces has been reported as the most stable surface plane’*-!

, similarly to the
equivalent Mg-terminated surfaces in the isostructural MgA1,04.**3! Going beyond the
assumptions that the stoichiometric composition of crystal volume extends to its surfaces, Kim et
al. studied environmental effects on LMO surfaces, noting that (001) and (111) are fairly close in
energy and are the most thermodynamically favorable surfaces, with energies in the order of 0.75
J/m? for Li-terminated reconstructed surfaces.>> Warburton et al. further studied surface energies

of LMO under a range of Li and O chemical potentials in which bulk LMO is stable, showing

Li/O and Li-terminated (111) surfaces are energetically favored.*®



As a novel strategy to manipulate functional properties of nanomaterials, Hasan et al.
demonstrated by atomistic simulations and experiments (calorimetry) that surface energies of
MgA1>0O4 can be reduced by using dopants prone to segregation.>>*” The segregation was in fact
a spontaneous formation of surface excess>? where trivalent dopants substituted AI*" at the
surfaces, leading to surface energy decrease due to better satisfied coordination of local ions.
While all surface energies were generally reduced, some surface planes were more affected
strongly than others, resulting in an increase in the fraction of (111) surface.?’ Similar effects on
the thermodynamics of grain boundaries were observed when doping MgAl,O4 with rare-earth
elements.*® £3 (111) grain boundaries were studied by atomistic simulation and indicated the
segregation of trivalent rare-earths such as La**, Y**, and Gd*", leading to grain boundary energy
reduction, as confirmed by calorimetry.>®

Recently, the role.of grain boundaries.in cathode degradation mechanisms have been
investigated®, supporting evidences that nanoscale crack formation at grain boundaries are
critical barriers for high voltage applications.®3!1:12 A relationship between grain boundary
energetics and fracture toughness in nanoceramics has been proposed by Bokov et al.*’. The
concept indicates that doping of LMO grain boundaries could be an effective strategy to reduce
excess energies and increase fracture toughness. Some studies have shown that doping LMO
with small concentrations of metal ions, such as AI**, Gd**, Dy*", or Nd**, can indeed mitigate
capacity fading during extended cycling by inhibiting Jahn-Teller distortion and dissolution of
Mn ions.!%*"#3 The dopant effects were attributed to changes in the crystalline structure,
including cell dimension, atomic arrangements, and bonding strengths. The effect of ‘dopants’
on interfacial properties are typically only considered when they are applied as ‘surface

coatings’, which have themselves shown significant improvements in cyclability.” However, to



the best of our knowledge, the impact of spontaneous segregation of dopants to LMO interfacial
energies has not been addressed in depth.

In this study, the average surface and grain boundary excess energies of fully oxidized spinel
LMO nanoparticles, synthesized via flame spray pyrolysis (FSP), were experimentally assessed
using calorimetry. The data enabled a comprehensive and quantitative description of the total
excess energies in nanocrystalline LMO. In order to investigate the effect of an interfacial
segregant, Sc-doped LMO nanoparticles were synthesized and both interfacial energies were
quantified. Scandium was observed to significantly lower the surface energy of nanoparticles,
increasing the overall stability against thermal coarsening and reducing surface reactivity. We
then discussed how this surface energy lowering have potential implications on LMO

polymorphic stability during Li" deintercalation in Li-ion battery.

Experimental
Synthesis

LMO nanoparticles were synthesized using a custom-built FSP reactor using natural gas as
fuel and a mixture of air and oxygen as carrier and oxidizing gas. FSP is a one-step, scalable
process which enables production of nanoparticles with a variety of compositions through fast
evaporation of the liquid precursor followed by nucleation of oxide particles in a high
temperature flame.***® Previous studies report that nanoparticles of battery cathode materials
such as LMO, LiCoO; and LiFesOg with consistent electrochemical properties can be
synthesized using FSP.*¢ Lithium nitrate (LiNO3, Sigma-Aldrich, >98.0 %) and manganese
nitrate hydrate (Mn(NO3)2.xH20, Sigma-Aldrich, >98.0 %) were dissolved in deionized water to

produce 0.1 M nitrate solution which was used as precursor to the reaction. For the synthesis of 2



mol% Sc203-doped LMO, scandium nitrate hydrate (Sc(NO3)3.xH20, Sigma-Aldrich, 99.9%)
was added to the precursor solution to obtain the desired molar ratio of Sc to Li and Mn ions. In
this reactor, ultrasonic atomizers generated microscopic droplets of the precursor solution which
were introduced to a torch by a carrier gas (~16 L/min) and were evaporated and oxidized
rapidly in the flame. The fuel flow rate was 1 L/min. The oxidized nanoparticles were deposited
in the sample collector placed around the flame. The obtained nanoparticles were further
annealed under pure oxygen at 450 °C for 2 hours in a tube furnace (GSL-1700X, MTI

Corporation, California, USA) and grinded.

Characterization

Crystallographic phase and crystallite size analyses of the synthesized nanoparticles were
carried out using X-ray diffraction (XRD, Bruker AXS Inc. Madison, USA) with. Cu Ko
radiation (A = 1.5406 A) operated at an accelerating voltage of 40 kV and an emission current of
40 mA. Crystallite size was calculated using whole profile fitting in JADE 6.1 (MDI) software.
The chemical composition was analyzed using inductively coupled plasma mass spectrometry
(ICP-MS) with GLI procedure ME-70 by Galbraith Laboratories, Inc. to quantify Sc, Li and Mn
in the samples. Surface area was analyzed by Brunauer-Emmet-Teller (BET) method with
nitrogen adsorption using a Gemini VII Surface Area Analyzer (Micromeritics Instrument Corp.,
Norcross, USA). Grain size and morphology of sintered samples were analyzed using a scanning
electron microscope (SEM, FEI 430 Nano-SEM instrument, FEI Company, Hillsboro, Oregon)
and the obtained images were analyzed using Image J software. For structural details of the
samples, X-ray photoelectron spectroscopy (XPS) was performed using a conventional XPS

spectrometer (ScientaOmicron ESCA+) coupled to a high-performance hemispheric analyzer



(EAC2000) with a monochromatic radiation excitation source of Al Ka (hv =1486.6 ¢V). The
measurements were carried out in an ultra-high vacuum, 10~ Pa, in an appropriate chamber
(UHV). The high-resolution XPS spectra were recorded with a constant pass energy of 20 eV

with 0.05 eV per step and later analyzed with Origin.

Surface and grain boundary energy measurement

Surface and grain boundary energies of undoped and Sc-doped LMO were measured using
the nanoparticles’ heats of sintering and microstructure analyses of the samples before and after
sintering. This methodology has been validated for various metal oxide systems and is based on
the concept that the exothermic heat of sintering is quantitatively related to the change in surface
and grain boundary areas and their associated energies.!”*~>* The energy released during
sintering.can be-expressed with the following equation;

AH = AA® X yg + AA®E X yep (D)

sintering

where AH is the heat of sintering, which corresponds to the energy released by the

sintering
system as a result of thermally induced coarsening, AA4® and AA®E are the change in surface area
and grain boundary area during sintering, and y; and y.g are surface and grain boundary
enthalpies, respectively. In equation (1), y; and y.g are unknowns, while the other parameters

can be experimentally quantified. AH was measured using a differential scanning

sintering
calorimeter (DSC) and AA® was measured by nitrogen adsorption (BET). AA“E was calculated
by deriving the total interfacial area of all particles using grain size and morphology data,
subtracting the BET area (i.e. surface area) from this value, and dividing by two (because two

).54

surfaces create one grain boundary during sintering).”” The actual shape of the particles analyzed

by microscopy was considered in the calculations as it affects the area to volume ratio.>* Based



on this concept, a set of at least two DSC sintering experiments and microstructure analyses
allowed solving Eqn. (1) for surface and grain boundary energies.

Noteworthy, during sintering itself, changes in entropy are added driving force of the process,
affecting coarsening behavior. However, the experiment for measuring interfacial energies is
performed within a DSC. Calorimeters only measure the enthalpic effects of reactions by
thermodynamic principle. Therefore, the measured heat released can be directly related to
interfacial enthalpies. In this work, we further assume interfacial ‘enthalpies’ and ‘energies’ to be
the same because of the negligible effect of entropy to the total thermodynamics. Entropic effects
on oxide nanoparticles have been studied by a number of researchers, and the most prominent
ones suggest most entropic effects comes from chemisorbed water, rather than the surface
chemistry itself.>> During sintering, the amount of water is negligible. Nevertheless, the surface
entropy in oxide surfaces.should be rather small, <1.5 J-K™'-mol!.*®, meaning that at
temperatures below 800°C, its contribution 1s deemed negligible and interfacial energies and
enthalpies can be safely considered the same *’.

For AH measurements, the synthesized nanoparticles were pressed into 5 mm

sintering
diameter pellets using a hydraulic press at 100 MPa. The pellets were then sintered inside of a
DSC (DSC 404 F1 Pegasus, Netzsch Instruments, Selb, Germany, calibrated with heat capacity
of sapphire single crystal) which recorded the heat effects during the process. Sintering
temperatures for the DSC tests were determined using thermogravimetry (TG) in a SETSYS
Evolution TGA/DSC, Setaram, Inc., Caluire, France. This was done in order to ensure the heat
effect due to sintering does not overlap with other possible energetic processes, such as

reduction/oxidation of Mn, evaporation of Li, or water desorption — which is of prime

importance for the validity of Eqn. (1). For the sintering experiments using DSC, the instrument



was set to heat up to the target temperature at 20 K/min, followed by a 10 min isotherm and
controlled cooling. The same cycle was repeated three times without removing the sample. To

calculate AH the DSC signal from the third run was used as baseline and was subtracted

sintering’
from the signal from the first cycle. We used the third run as baseline because at that point no
heat effect related to sintering was observed, i.e. as particles were already coarsened and only
heat capacity is observed during the subsequent DSC heating cycle. Exothermic DSC peaks were
then integrated and corresponded to AH;, ering-
For interfacial energy measurement of undoped LMO, samples with varying initial crystallite
sizes were prepared by calcining the as-synthesized LMO nanoparticles at 625 °C, 650 °C and
675 °C for 1 hour, respectively. Three sets of DSC sintering experiments were also performed
for Sc-doped LMO, but using a fixed initial crystallite size, achieved by calcining nanoparticles

at 625 °C for 1 hour, and varying the maximum DSC sintering temperature (770 °C; 775 °C, and

780 °C) to allow for distinct interfacial evolution and solvability of Equation (1).

Dopant distribution in Sc-doped LMO nanoparticles

Spatial distribution of Sc in doped LMO nanoparticles were analyzed using scanning
transmission electron microscopy coupled with electron energy loss spectroscopy (STEM-EELS)
using JEOL 2100F (S)TEM. The TEM was operated with accelerating voltage of 200 kV and the
EELS spectrum images were acquired with a Gatan Tridiem post-column Spectrometer. The
obtained EELS data was processed with digital micrograph 3.0 using a power-law function to
remove the background, and the integration window widths used for creating the spectrum

images were 25 eV for O and Mn and 10 eV for Sc.



Surface reactivity and stability against coarsening evaluation

In order to evaluate the correlation between surface energy and surface reactivity of the
synthesized nanoparticles, water adsorption calorimetry was carried out on as-synthesized
undoped and Sc-doped LMO. Water adsorption calorimetry technique involves an experimental
setup consisting of a water vapor dosing system (3Flex, Micromeritics Instrument Corp.)
attached to a DSC (Sensys Evo, Setaram Inc.). The 3Flex is used to (1) dry samples under
vacuum and heat to achieve an anhydrous surface state and (2) to dose controlled amounts of
water vapor (in pmoles) to gradually cover the surface. The system records the quantity of
adsorbed water on the sample as a function of relative pressure, while the DSC records the heat
released at every water dosage. From a thermodynamic point of view, the measured heat
represents the energy of water adsorption to the surface of the sample. This is a quantitative
measure of the extent-at which the anhydrous-surfaces can be stabilized by water-adsorption,*>
80 Larger heats of adsorption indicate higher reactivity and, therefore, higher surface energies.
Recently, this technique combined with a theoretical model has been used to directly quantify the
absolute surface energy of nanomaterials, but this is not being performed here.%°¢2

Stability of undoped and Sc-doped LMO samples against coarsening at elevated temperatures
was also studied to evaluate the effect of Sc-doping. The as-synthesized undoped and Sc-doped
LMO nanoparticles were coarsened by heating up to 450 °C, 550 °C, 650 °C and 750 °C for 1
hour in a tube furnace (GSL-1700X, MTI Corporation, California, USA) and the crystallite sizes

and specific surface areas of the resulting samples were analyzed using XRD, BET and SEM, as

described in this characterization section.

Results and Discussion



Synthesis and nanoparticle characterization

Figure 1 shows the XRD patterns of the as-synthesized LMO powders, with respective crystallite
sizes and stoichiometry listed in Table 1. The data confirms FSP produces nanoparticles with
grain sizes around 20 nm, slightly rich in Li, possessing the characteristic spinel structure and
with no detectable second phases or impurities. The XRD pattern for Sc-doped LMO (Figure 1)
shows a similar spinel structure, revealing that the small concentration of Sc did not change the

crystallographic phase, while the ICP result (Table 1) confirmed the presence of Sc at 3.4 mol%.
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Figure 1. XRD patterns of undoped and Sc-doped LMO calcined at 450 °C for 2 hours and after

sintering.



Table 1. Crystallite size and stoichiometry of the undoped and Sc-doped LMO.

o Stoichiometry
Crystallite size (nm) -
Sc Li Mn
Undoped LMO 450
°C2h 20.8+ 1.0 - 1 1.88
Sc-doped LMO
450 °C 2 h 19.8+ 1.0 0.034 1 1.83

Figure 2. SEM images of undoped and Sc-doped LMO calcined at 625 °C for 1 hour.

The scale bars indicate 200 nm.

Figure 2 shows SEM images of undoped and Sc-doped LMO calcined at 625 °C for 1 hour.
The images show isotropic grains with dimensions consistent with the crystallite size obtained by
XRD (Figure S1, Table 2). Fairly homogeneous size distribution is observed, with some clear
agglomerations. Such agglomeration is often observed in samples synthesized using FSP and is

related to the formation of microscale secondary particles consisting of the nanoscale primary



ones.**® The size of such secondary particles reflects the dimensions of the liquid precursor

droplets introduced to the flame (atomized aqueous solution).®?

Surface and grain boundary energy measurement of undoped and Sc-doped LMO
The method to measure surface and grain boundary energies relies on the quantitative

recording of the heat flow resulting from the microstructural evolution occurring during
thermally activated sintering. As detailed in the experimental section, it is necessary to avoid any
parallel reactions other than coarsening itself during the test, so that the heat effect can be
reliability attributed to the interfacial area evolution alone (see equation 1). TG/DSC results
(Figure S2) indicated a high temperature limit is required for this condition to be met. The
temperature for sintering of undoped LMO in the DSC cannot not exceed 800 °C, which is the
temperature-at which a mass loss associated with Mn.reduction.is.observed in.the TG/DSC.54
No other parallel reactions were observed below 800 °C.

Figure 3(a) shows the DSC peaks for three representative undoped-LMO specimen with
different initial crystallite sizes (Table 2). The exothermic effects were observed for all samples
to start at temperatures above their calcination temperatures. The integrated data shows

AH decreases with the increase in the temperature of calcination prior to sintering. This is

sintering
a consequence of the different initial crystallite sizes (Table 2) and results from the fact that
larger grains present lower driving force for sintering due to their reduced interfacial areas (A%
and AL ). Confirming that the measured heat effect could be attributed to sintering alone, ICP
and XRD analyses on samples after DSC sintering showed no change in Li to Mn ratio or crystal

structure (Figure 1), indicating that there was no loss of Li or phase transitions during the DSC

experiments. Additionally, the surface chemical composition of LMO nanoparticles before and



after DSC was investigated by XPS and are summarized in Figure 4 and Figure S3. Li 1s core
level spectrum was observed for both samples (before and after sintering) centered at 53.0 £ 0.2
eV and attributed to Li* in LMO.%7 This corroborates with the ICP results showing that the
ratio of Li to Mn is not affected by the heating profile in DSC run. Mn3p spectra (Figure 4) was
also detected and evaluated in terms of Mn oxidation states. The doublets energies present in the
Mn 3p orbital centered at ~50 and 48 eV are signatures for the Mn*" and Mn>" states,
respectively. Figure 4(a) shows that before and after DSC sintering of the undoped samples, both
Mn*" and Mn*" are present, which is in agreement with the literature®®® but with a particularly
higher concentration of Mn*" (a feature claimed by Reddy et al. to have a possible relation to
improved cycling performance®). No significant differences in terms of Mn** to Mn** ratio was
observed when comparing samples before and after sintering, which indicates the absence of
oxidation state.changes during the test.”’.

Figure 3(b) shows DSC peaks obtained from sintering Sc-doped LMO up to 770 °C, 775 °C
and 780 °C. Equivalent characteristic exothermic heat effects associated with sintering were
observed here. Consistently with the undoped LMO, no parallel reactions, such as phase
transitions and Mn reduction, were observed during the sintering experiments, as shown by the
collective data in Figure 1, Figure 4 and Figure S3. XPS data performed on the Sc-doped
samples (Figure 4(b)) showed a mixed valence of Mn** and Mn**, which, consistently with
undoped samples, showed a higher population of Mn*" state and remained unchanged before and
after sintering. A slightly higher ratio of Mn*" states on Gauss-Lorentz deconvolution for Sc-
doped when compared to undoped samples was observed and is likely related to the presence of

Sc changing the Mn surrounding environment.



0.03

0.02

0.01

Normalized heat signal (mwW/mg)

0.00 .~

—— 625°C 1h
650°C 1h
—== 675°C 1h

a !
- Temperature .f [/,

.,

o550

......

~1800

1750

]
=)

(=)] [%)]
o w
[=] o
(Do)ainiesadwa

1500

175 180
Time (min)

185

850

Normalized heat signal (mW/mg)

450

0.020
0.015
0.010
0.005
0.000

—0.005

—0.015

—0.{)2965

-0.010} =

170

175

Time (min)

180

185

Figure 3. Exothermic DSC peaks of sintering of (a) undoped and (b) Sc-doped LMO.

Table 2. Initial crystallite size (D), initial surface and grain boundary area (AL and AL ), final

surface and grain boundary area (AZ and AL ), and AH

grain boundary energy measurements of undoped and Sc-doped LMO.

sintering

of samples used for surface and

Sample | Calcination/ D (nm) | Ak (m¥g) Alg AR Afg AH gintering Vs VB
Sintering (m¥g) (m?%/g) (m¥/g) J/g) (J/m?) (J/m?)
temperature

Undoped 625 °C 1h/ 42121 | 17.7+0.1 52+14 | 40£0.1 | 1.2+0.2 | 12.8+04 | 0.85£0.04 | 0.27+0.07
800°C

Undoped 650 °C 1h/ 48.0+2.0 | 12.5+0.1 7612 | 59+£0.1 | 1.7+0.3 7.4+04
800°C

Undoped 675 °C 1h/ 534422 | 129+0.1 7.0+1.1 6.5+0.1 | 0502 | 7.0+0.8
800°C

Sc-doped 625 °C 1h/ 40£0.1 | 93£0.5 | 53+05 | 048+0.17 | 0.24+0.02
770 °C

Sc-doped 627575(2(131’1/ 348419 | 99401 18.9+2.7 39+£0.1 | 56£02 | 57+04

Sc-doped 625 °C 1h/ 39+0.1 | 46+£03 | 6.6+0.6
780 °C
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Figure 4. Mn3p core level XPS for (a).undoped and (b) Sc-doped LMO samples. before and after

sintering.

Figure 5 shows the SEM images of the undoped and Sc-doped samples after the DSC
experiments. While there is not much difference in the grain sizes and morphologies between
undoped and doped samples, there is an obvious heterogeneity in the grains with two distinct
morphologies and apparently bimodal size distribution. This is likely due to the agglomeration of
nanoparticles prior to sintering as was observed in Figure 2. While grain sizes are known to be
correlated with sintering rate following Herring scale law, high packing density within
agglomerates often leads to faster local sintering, introducing larger particles in the sintered
product.”! Although the bimodal grain sizes in Figure 5 resemble characteristics of abnormal

grain growth, which is typically caused by variations in grain boundary characteristics, such as



roughness, anisotropy in grain boundary energies, and presence of impurities, !’ this is less
likely in the present case as the grains before sintering showed isotropic morphology with no

signs of chemical impurities.

Figure 5. SEM images of samples after DSC sintering. (a) undoped LMO sintered up to 800 °C

and (b) Sc-doped LMO sintered up to 780 °C. The scale bars represent 500 nm.

In order to enable proper determination of interfacial areas for calculation of the respective
energies from the integrated heat of sintering (equation 1), the heterogeneity in morphology was
mathematically considered using shape factors representing different grain morphologies. Based
on the SEM images (Figure 5), the larger grains were approximated as octahedrons and smaller
grains as tetrakaidekahedrons. The octahedral grains are commonly observed in LMO and the
morphology has been identified as one of the equilibrium shapes of LMO consisting of 8 (111)
planes of the spinel structure.?!*7> The shape factor was calculated from the surface area to
volume ratio of each morphology and was 8638 for octahedrons and 7100 for
tetrakaidecahedrons, respectively.>* In addition to the shape factors, volume fractions of each

type of grains were quantified from the SEM images to calculate the total interfacial area in the



samples after DSC sintering. This was done by converting the areal fraction of each grain from at
least 10 SEM images per sample to volume fraction, which was possible due to the isotropic
morphologies of the grains.

Using the obtained data, surface and grain boundary energies of undoped LMO were
calculated to be 0.85 £ 0.04 J/m? and 0.27 = 0.07 J/m?; and of Sc-doped LMO to be 0.48 = 0.17
J/m? and 0.24 £ 0.02 J/m?, respectively. While surface and grain boundary energies can depend
on temperature and properties of interfaces such as crystallographic planes, atomic
configurations and stoichiometry, the used method provides average values representing existing
orientations of interfaces and the temperature range used in the DSC experiments. While there is
limited to no experimental data on surface and grain boundary energies of LMO in the literature,
the present results were compared to some computational studies on LMO surface energy data.>%
323642 For example, Kim et al./derived (001) and (111) surface energies using dénsity functional
theory (DFT) as 0.72-0.82 J/m* and 0.77-0.84 J/m?, respectively, which varied depending on
different approaches used to define surface structures.*? Benedek et al. and Karim et al. also
reported similar values for (111) surfaces which are in good agreement with the present
experiment value.>**! While the distribution of different surface orientations in the samples is not
known in our work, the surface energy result may indicate that (001) and (111) surfaces are the
dominant ones, as demonstrated by the observed octahedral morphology after sintering (Figure
5).7%75 When compared to the experimental surface energy of another cathode material, the
present surface energy of LMO is lower than that of LiCoO> (1.12 J/m?) measured using a
combination of water adsorption and drop solution calorimetry.>® This lower surface energy of
LMO may support the advantages of LMO over LiCoO especially in nanostructured cathode,

indicating its higher thermodynamic stability.



Both surface and grain boundary energies in LMO are also lower as compared to other
isostructural spinel materials. The values are almost half of spinel MgAl,O4 and ZnAl,O4
interfacial energies reported using similar methodologies, indicating high stability of LMO
interfaces.’®”” It is tempting to speculate that this is related to the localized presence of excess
Li" at both interfaces, as suggested by computational studies on surface reconstruction in LMO
and other Li* containing materials.?!*® Calculations of LMO surface energies at various
orientations have shown that Li-terminated surfaces are indeed thermodynamically more
favorable than those terminated with other species (O* and Mn ions).3%31364278 Moreover, DFT
calculations showed that Li" diffusion can play a major role in reconstruction, thus enabling
stabilization of LMO (111) surfaces through a mechanism with very low kinetic barrier even at
ambient condition.*® Similar results have suggested that low charge cations localized on
interfaces, can lead to more stable surfaces in-other materials, including LiFePOg4.and LiCoQo.
For instance, the surfaces with Fe ions were reported to be more reactive (higher energy) than
those with Li" in LiFePOs; similarly, Co ions localized at interfaces with lower coordination
number as compared to bulk Co in LiCoO> were shown to be more energetic than Li"
accommodating similar lower coordination.’”®" This suggests that the presence of Li" in LMO,
rather than the cations with valence of 2+ or 3+ in MgAl,04 and ZnAl>O4, may contribute to the
stabilization of interfaces, leading to their lower energies. The effect of Li" in lowering surface
energy of LMO is also reflected in the much higher surface energy of Mn3O4 (1.62 J/m?) despite
being isostructural to LMO.® The same mechanism might be responsible for the low grain
boundary energy of LMO. As suggested by Li* diffusion studies in LMO, the diffusion
coefficient of Li" at the grain boundaries is significantly higher than in the bulk, indicating high

mobility of Li" to better accommodate high energy grain boundary defects.®!



The effect of Sc in lowering the surface energy of LMO is evident from the data in Table 2,
showing a decrease of about 50 %. Meanwhile, the grain boundary energy remained almost
unchanged. Similar effects have been observed in other spinel systems, such as MgAl,O4, where
the trivalent dopants lowered its surface and grain boundary energies by interface segregation
directly detected using STEM-EELS.?*7 Figure 6 shows the STEM-EELS data obtained from
Sc-doped LMO nanoparticles visualizing the spatial distribution of Sc. The image shows a grain
and an associated grain boundary. The color maps for O and Mn show that these elements are
distributed throughout the bulk of the grains homogeneously. The concentrations of O and Mn
appear lower near the surface and the grain boundary as the electron beam interacts with less
volume of the grains in those regions. On the other hand, the color map for Sc shows its localized
concentration at the grain boundary as well as a small enrichment at a portion of the surface and
throughout the bulk.of the grains. This.suggests that Sc preferentially segregates to.grain
boundaries despite the dopant’s negligible effect on grain boundary energy, and that the direct
cause of surface energy lowering is likely not only dopant segregation to surfaces.

Higher degree of dopant segregation at grain boundaries as compared to surfaces has been
observed in other doped nanoparticles, such as CeO2 doped with transition metals and Mn-doped
yttria-stabilized zirconia (YSZ).?!#* According to the theories of stability of nanomaterials, ionic
dopants can either segregate to interfaces, form solid solution with the host, or precipitate as
second phases depending on the thermodynamic favorability of each phenomenon.?*2%#* The
present results reflect the low solubility of Sc into LMO, the absence of second phase
precipitation, and higher affinity of the dopant to grain boundaries over surfaces. The possible
explanation for the limited effect of Sc on the grain boundary energy of LMO is that Sc is

replacing Li" at the grain boundaries. As discussed before, Li" excess at interfaces is likely



responsible for energy lowering in undoped LMO, and therefore, the exchange of Li* by a
dopant that can also lower the grain boundary energy may have limited the overall energetic
impact of Sc-doping. We admit that this is speculative and hope that further computational

studies on the ion distributions in LMO may support this theory.

Figure 6. STEM image of the Sc-doped LMO nanoparticles and color maps representing the

concentrations of elements O, Mn and Sc around a grain and its grain boundary, as indicated in

the figure.

Evaluation of interface stability — water adsorption calorimetry and coarsening study



The stability of the interfaces in undoped and Sc-doped LMO nanoparticles were evaluated by
using water adsorption calorimetry and coarsening experiments. Water adsorption calorimetry
can be used to directly quantify the surface reactivity of nanoparticles by introducing water
molecules to anhydrous surfaces and measuring the heat evolution during the process.®®¢! Figure
7 shows water adsorption isotherms for undoped and Sc-doped LMO nanoparticles (a) and
differential enthalpy of water adsorption (kJ per 1 mol of adsorbed H>O) as a function of water
coverage (number of H,O per nm? of sample surface area) (b). Each data point represents a water
dosing event where 2 umol of water was introduced to the samples starting from anhydrous state
with zero water coverage. The anhydrous surfaces (zero water content) were achieved after
degassing the samples at 250 °C for 12 hours followed by exposing them to high purity oxygen
while cooling down to room temperature. Such treatment led to ~1.5 % mass loss, which is
equivalent to the maximum mass loss observed at-higher temperature in thermogravimetry.and
confirms the anhydrous condition. The oxygen was used to oxidize any Mn ions that may have
been reduced during the degassing process.®® The adsorption isotherms have similar shapes for
both undoped and Sc-doped samples, both presenting type II isotherm. This is typically obtained
for monolayer adsorption followed by multilayer adsorption on non-porous surfaces. The
enthalpy of water adsorption was most exothermic at the first water dosages, reflecting the
highest reactivity of anhydrous surfaces, and became less exothermic as the water coverage
increased.?-?76134 Figure 7(b) shows that the first enthalpy of water adsorption of undoped LMO
was -75.2 £ 0.5 kJ/mol and that of Sc-doped LMO was ~13 % smaller at -65.8 + 0.5 kJ/mol. The
enthalpies of water adsorption of Sc-doped LMO following the first dosage were consistently
lower than those of undoped LMO, indicating lower reactivity. Smaller enthalpy of adsorption

has been previously observed in samples with lower surface energies, which is an obvious



correlation from a thermodynamic perspective.!**-7 These water adsorption calorimetry results

show that the lower surface energy of LMO indeed led to decreased surface reactivity with

water, suggesting that the dopant would be effective in increasing the cathode stability and

suppressing reactions that adversely affect the battery performance, including dissolution. This

remains to be tested.
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Figure 7. Water adsorption calorimetry results on undoped and Sc-doped LMO as-synthesized

nanoparticles. (a) Adsorption isotherm and (b) enthalpy of water adsorption.

While interfacial energies serve as indicators for interface reactivity, in the context of

coarsening they act as driving force.!>!”-’! In fact, cycling induced coarsening of cathodes is

known as a common degradation mechanism in Li-ion batteries, as it increases resistance at

cathode surfaces with decrease in surface potential, while reducing the available surface area for

ion exchange with the electrolyte.®> The phenomenon is a result of the system’s lowering the

total energy by minimizing surface and grain boundary areas. Therefore, the effect of Sc as an

LMO stabilizing dopant was evaluated through a coarsening study, analyzing the microstructure



evolution of undoped and Sc-doped samples when calcined up to 450 °C, 550 °C, 650 °C and
750 °C for 1 hour. Figure 8 shows the evolution of crystallite size calculated from XRD (Figure
S4) and BET surface area as a function of temperature. For all studied temperatures, the
crystallite sizes for Sc-doped samples were smaller, which is reflected in their consistently larger
BET surface areas. The calculated crystallite sizes from XRD were consistent with the SEM
observations (Figure S5). This indicates that the lowered surface and grain boundary energies in
Sc-doped LMO nanoparticles indeed limited the driving force for sintering and the nanoparticles
gained increased stability against coarsening at elevated temperatures, an effect previously
observed in other doped nanoparticles.>>”8¢ Moreover, the microstructure (crystallite size and
surface area) difference between the undoped and Sc-doped systems remained mostly constant
through all temperature range rendering parallel sets of curves. This proportionality (i.e. the
growth mechanism remains the same) suggests that.the microstructure evolution.process. is-more
dominantly controlled by thermodynamics than the kinetics as represented in various grain
growth models, highlighting the effect of the lowered interfacial energies.'’

In addition to lowered surface reactivity and increased stability against coarsening, previous
studies suggest that the lowered interfacial energies may introduce other benefits to the
functional properties of LMO nanoparticles. For example, mechanical failure, such as
intergranular cracking, of cathodes is known to be one of the causes of capacity fading in Li-ion
batteries.®®%11:12 Recently, Bokov et al. showed that doping YSZ nanoparticles with La** lowers
their surface and grain boundary energies, influencing the material’s crack propagation behavior
in ways that increased its toughness.*® Crack propagation, from a thermodynamic perspective, is
determined by the energy required to produce two surfaces from one grain boundary, and

therefore, was strongly influenced by the engineered interfacial energies.*°
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varying temperatures.

The effect of Sc-doping on LMO stabilization can also be highlighted by a phase diagram
plotting enthalpies of formation and how they are influenced by its surface energy in
nanomaterials. Navrotsky et al. has shown that surface energy of materials can play a significant
role in thermodynamic stability of various transition metal oxide phases in the form of
nanoparticles, creating separate phase diagrams for bulk and nanoscale systems.!® Figure 9 is a
phase diagram plotting the enthalpy of formation of LMO and isostructural spinel Mn3O4 as a
function of surface area, where the energy at zero surface area is the bulk enthalpy of formation
found in literature which increases with the slope equivalent to surface energy of the respective

phase.5>#788 Comparing the stability of LMO to Mn3O4 can be relevant as it represents the phase



transition occurring on the surface of LMO in Li-ion batteries, particularly when takes place.”’
While the thermodynamic stability of A-MnO», a manganese phase oxide formed by full
delithiation of LMO, could be more relevant in understanding the cathode stability during
cycling (varying Li content), its surface energy value was not available for the construction of
nanoscale phase diagram.”

The phase diagram (Figure 9) shows that even though the thermodynamic stability of bulk
LMO and Mn304 are comparable, after the crossover at 4000 m?/mol (roughly translates to grain
size of ~14 nm) LMO becomes increasingly more stable because of its lower surface energy.
This effect is even more prominent in the case of Sc-doped LMO, shifting the crossover at which
LMO becomes more stable than Mn3O4 to smaller surface area by about 1500 m?/mol (around
~28 nm). This means that the introduction of the dopant enabled a wider surface area and grain
size range of LMO to.be stabilized over Mn3O4. Recently, Idemoto.et al. showed. that cathode
materials with higher thermodynamic stabilities represented by more exothermic formation
enthalpies exhibited improved cycling performance, directly correlating the thermodynamic
properties of cathodes with their stability as a battery component.”’*> They have also shown that
the formation enthalpies of LMO become less exothermic, indicating their increased instability,
with increasing degree of delithiation (i.e. increasing x in Li1-xMn204), suggesting that lowering
the surface energy of delithiated LMO may be an effective strategy in further stabilizing the

cathode during charge/discharge reactions in batteries.”
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doped LMO was assumed to have the same bulk enthalpy of formation as undoped LMO.

Conclusion

Surface and grain boundary energies of nanostructured LMO were experimentally quantified
by analyzing the heat effects and microstructure evolution during sintering. Sc-doped LMO
showed surface energy significantly lower than undoped LMO likely due to the dopant’s
segregation to grain boundaries affecting the distribution of Li" across the material. The effect of
the dopant in stabilizing the surfaces of nano-LMO was evaluated using water adsorption
calorimetry and coarsening studies which showed that the surfaces of Sc-doped LMO were

indeed less reactive and more stable against coarsening at elevated temperatures than undoped



LMO. The study suggests that this strategy of interface engineering using dopants may be an
effective novel approach for improving the stability of Li-ion battery cathode, and therefore,
generating batteries with improved capacity retention. This remains to be tested with proper

electrochemical tests which are beyond the scope of this work.
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