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To achieve higher power and energy density batteries, electrodes are often designed towards increased current
densities and thicknesses. Under such conditions, electrode microstructure can become animportant factor, Elec-
trode microstructure is dependent on many factors, but one factor that can facilitate anisotropic microstruc tures
iz having anisotropic lithium-ion battery active material particles. Thus, robust methods to produce active mate-
rials with anisotropic particle morphologies are desirable. This manuscrpt will descaribe the use of aninhi bitor to
direct anisotropic morphologies of lithium-ion battery precursor particles. This anisotropic secondary platelet
morphology was retained after conversion to final active materal particles. The synthess method should be gen-
erally applicable to producing a varety of transition metal oxide compositions with anisotropic morphologies,
however, the inhibitor can have significant impacts on the rate of precipitation of the transition metals during
precursor synthesis. Three exemplar materials will be described towards targeted synthesis of anisotropic cath-
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1. Introduction

The increasing power demands of portable electronics, the need for
high performance energy storage for electric vehicles, and the desire for
low cost and reliable large-scale energy storage systems for utilities
have motivated the development of new battery materials and technol-
ogies[1]. Desired attributes for these batteries include high energy den-
sity, high power density, and long cycle life [1-4], Due to advantages
especially with regards to those atiributes, lithium-ion { Li-ion ) batteries
have been the dominant technology in recent deployments for the ap-
plications above. Due to its relative contribution to the weight and
cost of Li-ion battery cells, cathode materials and electrodes have re-
ceived significant attention [5-7]. Much research in improving Li-ion
battery performance with regards to the electroactive materials in the
cathode has been in the materials chemistry, which indudes both new
chemistry and crystal structures (eg, layered LiCo0O;, olivine LiFePO,,
and spinel LiMn;0;) and modifications in the composition of the
electroactive materials (e.g, layered LiNiggMng ;Cog 0-) [8,9].

In addition to the exploration of new materials chemistry, composi-
tion, and phase, modification and control over the microstructure of
battery electrodes also can improve the energy and power density of
battery cells [10-14]. In particular, alignment of the pore microstruc-
tures within Li-ion electrodes in the direction of Li™ flux reduces the
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tortuosity in the electrode microstructure, improvinge ffective transport
properties and reducing concentration polarization in the cell
[11,12,15]. Aligned pores in the electrode microstructure can be
achieved using a variety of methods, induding using external applied
fields to create aligned voids during electrode processing and using
etching processes after fabricating electrodes to induce vertical chan-
nels [16]. Another strategy to template anisotropic microstructures
and aligned pores is to start with anisotropic electroactive particles
and align the particles within the electrodes. In an example of using
this strategy, Billaud etal. successfully aligned graphite flakes in an elec-
trode with the goal of improving Lit transport [16]. This report demon-
strated increased capacity at high charge/discharge rates with the
aligned particle/poreelectrodes. Asa keyfirststepin applying this strat-
egy there must be an anisotropic morphology of the secondary particles
of the electroactive materials, Thus, the goalin this manuscript will be to
produce anisotropic electrode active material particles using a robust
synthesis approach.

The synthesis approach used in this study to produce anisotropic
secondary battery active material particles was copredpitation of pre-
cursors with defined morphologies followed by calcination to final ma-
terials. Coprecipitation has been previously demonstrated as a method
to synthesize precursors for multicom ponent transition metal (TM) ox-
ides, Coprecipitation has the advantages of lab accessibility, scalability,
morphology tunability [ 17-24], and mixing homogeneity of multiple
TM components throughout the secondary particles [25-27]. Precursor
particle morphologies can be adjusted by tuning the reaction condi-
tions, and subsequently these morphologies have been demonstrated
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to be well-retained after the calcination process to produce final active
materials [ 28,29]. For this report, the coprecipitation anion chosen was
oxalate {C;037). Oxalate has advantages relative to choosing other
systems such as carbonate and hydroxide in that most oxalate
processes are stable in air atmosphere and the phase purity of the
crystals formed is high for a wide range of compositions, particularly
for compositions using popular battery TMs Mn, Co, and Ni
[21,30-36]. Additionally, oxalate ions in the solution play a dual role
as both a precipitation reagent and a complexing agent [37-39]. The
formation of metal complexes with oxalate ions as the ligand slows
down the precipitation rate and makes the nucleation and growth
processes for the particdles more controllable. According to previous
reports, oxalate coprecipitation can be used to synthesize precursor
particles of narrow size distribution, and particle morphologies were
successfully runed by careful control over solution conditions [30,40].

In this work, oxalate coprecipitation was used to produce aniso-
tropic precipitate particles containing single or multiple TMs, T he
precipitates were then used as precursor templates to produce
Li-ion battery active material particles with anisotropic morphol-
ogies, To demonstrate the generality of this approach, elecirode ma-
terials of LIMn;04 (LMO) [41], LisMns0,> [42], and LiMn; sNig 04
(LMMO) [43] with anisotropic platelet particles of the desired phase
and composition will be reported. However, the techniques for
particle synthesis reported herein are not limited to manganese-
based materials and should be translatable to produce a variety of
anisotropic multicomponent TM oxides. In this manuscript, the
precursor and electroactive final materials will be characterized and
considerations in their synthesis will be discussed.

2. Experimental
2.1. Transition metal oxalate dihydrate coprecipitation synthesis

Oxalate precipitate particles containing TM of either pure Mn or
Mn/Ni blends were synthesized using an ad apted procedure from previ-
ous reports [44], 100 mM of sodium oxalate {Na;C50y, Fisher Chemical)
was dissolved in 400 mL of deionized (DI) water and heated to 60 °C. In
some cases, 10 mM of sodium citrate dihydrate (Na;Cg0-H5*2H,0,
Sigma-Aldrich) was added to the dissolved Na;C;0, solution,
Separately, 100 mM of soluble TM were dissolved in another 400 mL
of Dl water. The soluble TM composition was either 100% of manganese
sulfate monohydrate (MnSO,+H-0, Fisher Chemical) or 81.7% of
MnSOyH2 0/ 18.3% of nickel sulfate hexahydrate (NiSO4=6H:0, Fisher
Chemical ). The two solutions were then combined all at once (thus
having 5 mM citrate during the reaction for cases where citrate was
added) and allowed 30 min reaction time with 300 RPM stirring at
60 “C. The precipitate was collected via vacuum filtration followed by
rinsing of the filter cake with 1.6 L DI water. The resulting powder was
then dried at 80 "C ovemight in air atmosphere,

The resulting powders were TM oxalate dihydrates [44,45]. For the
Mn,/Ni blend precursor, note that the target was an overall total 3:1
Mn:Ni stoichiometry in the predpitate particles. As will be discussed
in further detail later, an excess of Mn in the solution feed was necessary
to achieve this stoichiometry in the resulting particles precipitated in
the presence of the citrate additive.

2.2, Tracking of transition metal concentration during synthesis

For some experiments, the soluble concentration of each TM (Ni,
Mn) was monitored as a function of time during the coprecipitation re-
action using a method previously reported [44). To determine the solu-
ble TM concentration as a function of time, 1 mL of solution was drawn
and filtered by 200 nm syringe filter attime points of 1, 2,3, 5,10,15, 20,
25, and 30 min after initiation of the copredpitation reaction, The total
volume of the reactor was 800 mL, and thus the sum of the volumes
of the samples drawn was less than 1.5% of the total reactor solution
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andwas not expected to have a significant impact on the mixing profile
or total reagent available in the reactor. After forcing the drawn liquid
from the reactor through the filter, the solutions which passed through
were then added to a 27.75 vol® hyd rochloric acid (Sigma-aldrich) /
9.25 vol% nitric acid { Macron) aqueous solution to eliminate the possi-
bility of precipitate formation in the filtered solution. The TM ion con-
centrations were then measured by ICP-OES (PerkinElmer Optima
B000). Solutions evaluated using ICP-0ES had been diluted to concen-
trations of a few ppm of the TMs.

23, Hectrode material synthesis

Precursor produced via coprecipitation, MnCz0,2H;0 and
Mg 75Mip 25C20,4+2H;0 (relative TM composition in the solid confirmed
via ICP), were blended with LizCO5 (Fisher Chemical) at 5% extra
stoichiometry of added Li. Blending was done by hand using mortar
and pestle for 10 min. The mixed powder was then transferred into
the furnace ( Carbolite CWF 1300) and fired in an atmosphere of ambi-
ent lab air. For LMO, the temperature profile was 700 °C for 20 h, For
LisMns0y2, the temperature profile was 500 °C for 72 h. For LMNO, the
temperature profile was at 800 °C for 6 h followed by a hold at 700 °C
for 10 h. The heating rate to reach the hold temperature for all cases
was 1 °Cmin~", and the cooling rate back to ambient temperature
was not controlled.

24. Material characterization

Scanning electron micrographs (SEM) and energy dis persive x-ray
spectroscopy ( EDS) was conducted on powders using a FEI Quantum
650. Powder x-ray diffraction (XRD) patterns for materials were col-
lected using a PANalytical X'pert ProMPD. Tap density was measured
using a tap density analyzer (AUTOTAP, Quantachrome Instruments)
by tapping 1000 times and then averaging 3 independent measure-
ments. Brunauer-Emmett-Teller (BET) surface area was determined
from N adsorption isotherms collected using a NOVA 2200e Surface
Area & Pore Size Analyzer (Quantachrome),

2.5, Eectrochemical characterization

The electrode materials were mixed with acetylene black {Alfa
Aesar) and polyvinylidene difluoride { PVDF, Alfa Aesar) into a slurry
using N-methyl-2-pyrrolidone as a solvent with a weight ratio of 8:1:1
active material:PVDF:acetylene black. The slurry was blended in a
mixer (Thinky AR-100) and then coated onto an aluminum foil using
a doctor blade with 200 pm gap size. The coated film was then dried
in air overnight at 80 °C, followed by vacuum drying at 80 °C for 3 h.
Cathodes used in electrochemical cells were punched from the compos-
ite coated on the aluminum foil and a circular punch was used that
resulted in a geometric area of 133 cm?,

The cathode was paired with a Lifoil anode of anareaof 1.6 cm?, and
the electrodes were kept apart using Celgard 2325 separator. The elec-
trolyte used was 1.2 M LiPFg in 3:7 ethylene carbonate:ethyl methyl
carbonate (BASF). A coin cell (CR2032-type) was then fabricated in a
glove box filled with argon (<1 ppm H;0 and 0) and evaluated
electrochemically using a multichannel batery cycler (MACCOR).
Charge/discharge rates used were determined in advance using C
rates based on the mass of cathode in the cells, where 1C was assumed
to correspond to 148 mA g~' LMO, 163 mA g~' LisMns0,, and
147 mA g~ LMNO. The electrode active material loadings were
approximately 2.5 mg cm~2 for LMO, 2.4 mgcm™ for LigMns 0,5, and
4.5 mg cm~? for LMNO. The voltage windows used were 3.5 Vio 43V
(s, Li/Li* ) for LMO, 1.9V to 3.5 V (vs. Li/Li*) for LiyMns0y2, and 3.5V
to 4.9V (vs. Li/Li*) for LMNO. Cyclic Voltammetry (CV) experiments
with the same voltage range as those used for galvanostatic charge/
discharge cycle tests were performed using a Biologic SP-50.
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3. Resuls and discussions

One method to direct precipitate particles towards anisotropic mor-
phologies is to incorporate additives during the coprecipitation reaction
which inhibit particle growth by selective binding to crystal facets
[46-48]. Of particular relevance to this study, works from Farmanesh
et al. have shown that the addition of inhibitors can direct anisotropic
partidle growth during the predpitation of calcium oxalate
monohydrate {COM) [46]. Originating from both electrostatic and ste-
reochemical effects, the dtrate ion, which is non-planar and has three
carboxylic groups, preferentially docks onto the (100) facet of the
COM because of the alignment of the oxalate molecules, Mimicking
the oxalate anions, the dtrate ions with carboxylic groups binding to
the calcium bridge could impede other oxalate ions depositing onto
this plane [46,49-51]. While the predpitate in the referenced study
was not the same composition as the work presented here, the phase
of the resulting particles was still monoclinic structured with same
chain arrangement of divalent cations and oxalate anions [52-54].
Thus, it was hypothesized that such inhibitor molecules, in particular
citrate, would also slow the growth of Mn or Mn/Ni blend oxalate pre-
cipitates and result in anisotropic particles through similar inhibition
processes via mimicking the oxalate anion.

3.1. Single electrode materials (LMO and LizMns0;;) with anisotropic
moiphology characterization

Fiz. 1ab shows the SEM images of pure manganese oxalate
dihydrate synthesized in the presence of 5 mM citrate inhibitor during
the precipitation reaction. The oxalate particles were highly anisotropic,
with long dimensions of ~25 pm and thickness dimensions of ~0.7 pm
(Fig. 1a,b). It is noted that the citrate-free MnC204-2H-0 also had a
plate morphology, although the length to thickness ratio was much
less (for SEM of these materials see the Supporting Information,
Fig. 51). Powder XRD patterns can be found in Supporting Information,
Fig. 52. XRD patterns were consistent with the presence of only the
MnCz0, - 2H20 without im purity phases [4455]. The material forms a
(Z/c phase.

The morphology of the corresponding electrode materials (LMO and
LisMns 0y ) synthesized using the Mn oxalate precursor can be found in
Fig. 1c-f After lithiation, the secondary platelet morphology of the
precursor was maintained, although there was increased internal
porosity of the particles for both LMO (Fig. 1cd) and Li;Mns04z
(Fig. 1e,f) due to the oxalate decomposition and loss of water from the
solid precursor particle structure [3033,44]. The tap densities of LMO
and Li;Mns0,; were 081 + 0.02 g cm™? and 0.95 + 0.02 g cm™
(standard deviations of three independent measurements). The BET
surface area for LMO and LiyMnsO,; were calculated from M.
adsorption isotherms (Fig.53ab)tobe 53 m” g '"and 205 m* g~ ".

For LMO, the resulting powder XRD pattern was consistent with
prior reports for a Fd-3 m phase material without any impurity phase
(Fig. 54) [56]. However, it is noted that for LiyMnsO4> the main peaks
were consistent with prior literature reports of the formation of a Fd-
3 m phase, although a small impurity peak was noted at ~33°, which
was attributed to Mny0O5 (Fig. S4) [57,58]. The LiyMns0;; also had
broader peaks than the LMO material, suggesting relatively lower crys-
tal grain size and/or the presence of lower crystallinity and,/or defects in
the material.

32, Anisotropic morphology controlled multicomponent TM
{LiMm, sNigs04) electrode material

Fig. 2 displays SEMs of oxalate precipitates containing Ni and Mn,
where the reaction conditions were identical except for the absence
(Fig. 2a) or presence (Fig. 2b) of 5 mM of added citrate during the syn-
thesis. The molar feed ratio of both oxalate:citrate and TM:citrate was
20:1. Precipitate particles formed in the absence of citrate (Fig. 2a)
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had an octahedral morphology, while precipitates formed with citrate
present (Fig. 2b) had a platelet morphology. These plates were highly
anisotropic, with thicknesses of ~05 pum and widths of ~10 pm. While
the particles inFig. 2 were all collected after 30 min, it is noted that par-
ticles collected during the synthesis containing ctrate at 5, 15, and
30 min after initiating precipitation all had platelet morphologies, sug-
gesting that the platelet structure was directed through selective
growth of the precipitates form the early stages of the reaction (SEMs
of these particles can be found in the Supporting Information, Fig. 55).
The width of the platelet particles increased as a function of time,
from 5.05 4+ 0.80um at5 minto 726 + 0.87 um at 10 min (uncertainties
are standard deviations based on a minimum of 30 inde pendent particle
measurements ), This significant increase in the width as a function of
time suggested that the crystal growth was mainly in the radial direc-
tion, which resulted in the anisotropic platelet morphology (measured
widths from SEM images as a function of reaction time can be found
in Supporting Information, Fig. 56). The results above, when combined,
suggested that the ctrate inhibited the growth of the Mn and Nioxa-
lates, and that the inhibition selectively guided the growth of the parti-
cles in the radial direction resulting in anisotropic platelet particles,

33. Composition of precipitates during coprecipitation reaction

Previous studies have shown that the TM composition of precipi-
tates can significantly deviate from the feed, in particular in low concen-
tration regimes [44]. Compositional deviations can be due to different
solubilities for different TMs and/or different rates of coprecipitation
[44]. Thus, experiments were performed to track the concentration of
each TM as a function of time during the coprecipitation reaction for
the case where both Mn and Ni were present to provide insights into
the expected compositional homogeneity of the resulting particles.
These experiments were performed both in the presence and absence
of sodium ditrate inhibitor that was found to direct the particles into
an anisotropic platelet morphology (Fig. 2) to provide insights into
whether the inhibitor had selective impacts on the rate of precipitation
of the individual TMs. As mentioned in the Experimental section, the
dissolved Mn:Ni ratio in the feed to the coprecipitation reaction was
4.475:1. This ratio was used because it resulted in particles with the de-
sired total Mn: Ni 3:1 ratio for the coprecipitation process with inhibitor
included after 30 min of reaction.

When the coprecipitation reaction was performed without inhibitor
present, the soluble concentration of both Mn and Ni was measured to
drop very quickly (Fig. 3a). Greater than 90% of the Mn and Ni had pre-
cipitated within 3 min of initiation of the coprecipitation reaction
(Fig. 3b). At early times during the reaction, the Mn and Ni precipitated
with the same stoichiometry as the feed solution. Howewver, at later
times there was a plateau in the extent of precdpitation, and the extent
of precipitation of the Ni was greater than the Mn. The greater precipi-
tation of Mi oxalate at longer times was consistent with the lower solu-
bility of Ni oxalate relative to Mn oxalate [44]. In addition, the
observation of precipitation at the feed stoichiometry during early
times of the reaction was consistent with previous measurements of
TM oxalate precipitation [44]. Even if the TM oxalates have different
precipitation rates in isolation, seed particles of the faster forming pre-
cipitate can facilitate accelerating the precipitation rate of the slower
forming precipitate.

The addition of 5 mM sodium citrate inhibitor resulted in significant
changes to the loss of Mn and Ni from the solution phase (Fig. 3c). Both
TMs precipitated much slower, confirming that the inhibitor did indeed
slow the growth of the Ni and Mn oxalate particles. After 3 min, where
=90% of the TMs had precdipitated in the absence of inhibitor, only 11% of
Mn and 8% of Ni had precipitated (Fig. 3d). At the 30 min time point
where particles were collected, the precipitation reaction done in the
presence of inhibitor was still slowly proceeding, as opposed to having
plateaued in the absence of inhibitor. In addition, while at the earliest
times the Niand Mn precipitated at the same stoichiometry as the TM
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Fig 1. Scanning eledron micrographs of (a, b) MaCz0e2Hz0, (¢, d) LMO, and (&, ) LisMnsOyz at relatively low (a, ¢ e) and higher (b, d, ) magnification.
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Fig. 2. Scanning eledron micrographs of transiion metal oxalate precipitate partickes (a) without and | b) with the addition of 5 mM sodium atrate inhibitor, Particles were collected

30 min after iniiaton of the copred pitation readion.

feed, starting at ~5 minand later in the process the solid that was de pos-
ited was enriched in Ni. The observation that at early reaction times the
Mn and Ni precipitated at nearly the feed stoichiometry and that as time
proceeded that the composition of the precipitate deposited became in-
creasingly enriched in Ni, coupled with the observation that that the
precipitate particles were platelet shaped at very early times and that
the plates preferentially grew radially as a function of time (Figs. 55
and S6) suggested that the platelet precipitate particles would have a
gradient in composition from Mn-rich towards the center to Ni-rich

towards the edge. Further analysis was conducted to confirm whether
these TM gradient particles were formed.

The root cause of the increased relative Ni precdipitation is an area
for future investigation. One possible explanation was the lower intrin-
sic solubility of Ni oxalate (18 mg kg~' water) than Mn oxalate
(310 mg kg~ " water) [30,44]. Ancther possible contributing factor is
the ionic radii of the Mn®™ {83 pm) and Ni** (69 pm) in the oxalate lat-
tices [59]. As mentioned earlier in the discussion of Ca axalate precipi-
tate formation in the presence of citrate, the non-planar citrate ions

50 U Tkt it
7, 40 | (a) gg_g ! Mn (b)
£ £
2 E 30 IMn Eﬁ.ﬁ -
o o
£ 8 20 £04
28 g
[E 510 } = 0.2
=] :
E ﬂ t‘if..__. 2 g 1 i u 2 M M M g
oNis 10 15 20 25 30 0O 5 10 15 20 25 30
Reaction time (min) Reaction time (min)
50 1
45 Zos | @
o =1 i -_.“___...--'
EE-» Zos | Ni_.e-
=8 & et
£ E g 04 | o v
= g .7
E 10 fppe. Ni =02 b 7
U L L L --T-_-:------T ----- . G I g g I g
0 5] 10 15 20 25 30 0 5 10 15 20 25 30
Reaction time {min) Reaction time (min)

Fig. 3. (a) Soluble Mn and Ni concentration as the copredpitation reaction with oxalate progressed in the absence of inhibitor, (b) The fraction of the individual Ni and Mn pred pitated
based on (a). (c) Soluble Mn and Ni concentration as the coprecipitation reaction with oxalate progressed with 5 mM sodium citrate present. (d) The fraction of the individual Ni and
Mn precipitated based on (). For all plots, Mn is solid red lines and Niis black dashed lines, with the nes added to guide the eye. Error bars are induded at the measurement data
points and repres=nt the standard deviations of 3 measurements from 3 independent predpitation experiments.
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are hypothesized to bind to the TM atoms and mimic the oxalate ions
via the enriched carboxylic moieties. The TM atoms aligned in chain ar-
rangement at the oxalate crystal surface with smaller size may impact
the citrate binding, for example due to steric effects. Atoms with larger
size may not only have modified steric interactions (e.g., more favorable
for binding), but also might provide a more favorable surface (slightly
larger and/or different surface energy) for binding by the citrate inhibi-
tor, Crystallization growth is a dynamic processof dissolution and depo-
sition, 50 TM atoms bound by oxalate ions less likely to dissolute back to
solution phase than those bound by citrate ions, Thus, it may be that Ni
tends to be bound and/or complexed less with citrate ions compared to
oxalate ions, In addition, if we examine the nudeation phase in the first
3 min, the predpitation rates for both Mn and Niwere roughlythe same,
suggesting that in this stage the citrate behaved much less selectively,
and the selectivity was more pronounced during later precipitation
phases where crystal growth would be expected to play more of a role
than initial nucdeation with regards to loss of TM from solution
[4649-54]. The detailed solution chemistry is outside the scope of this
present work, however, understanding the interactions between the
ditrate and the crystal and the complexation different TM species in so-
lution would aid in even more explicit control over TM oxalate precipi-
fation processes,

To provide further evidence that the platelet precipitate particles
had compositional gradients from the center to the edge of the particle
in the radial direction, EDS analysis was conducted on individual parti-
cles, First, EDS was averaged over individual platelets that were found
lying flat in the SEM on paricles collected at different reaction times
(Fig. 4a). As the platelet width dimension increased from 5.7 to
10.5 pm, The average Mn:Ni stoichiometry decreased from 3.8:1 to
29:1, Note that the Mn:Ni stoichiometry dips below the 3:1 value mea-
sured for the final collected particles confirmed by dissolving the parti-
cles and conducting ICP, It was suspected this outcome was due to
relatively enriched Ni deposition in the slower growing thickness direc-
tion of the particles as well. The higher sensitivity of EDS to the surface
composition of the material would result in enriched Ni surface also
resulting in lower Mn:Ni ratios [60,61]. In any case, the growth of the
particles in the radial direction coupled with the decreasing Mn:Ni
ratio for the flat presented surface of the particles further supported en-
richment in Ni moving from the center to the edge of the plates. In ad-
dition, EDS line scans were conducted on individual particles collected
at the end of the 30 min of reaction. As shown in Fig. 4b, the relative
Mni:Ni was lower towards the edges of the platelet and higher in the

(a)
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center of the platelet, providing further support that these platelet par-
ticles had a gradient in TM composition from the center to the edge of
the particles. Coprecipitation precursor particles for battery cathode
materials have previously beenintentionally synthesized to take advan-
tage of different desirable properties of the compositions of the core re-
gion compared to the surface [60,62-64]. In these previous reports, the
composition gradient was tailored by modifying the dissolved TM feed
stoichiometry as a function of time, However, in this present case the
gradient resulted from differences in the intrinsic rates of precipitation
of the different TM for the solution conditions present The synthesis
strategy reported herein may provide a new route towards TM precur-
sor particles with both compositional gradients and diverse morphol-
ogies.

Itis noted that while there was a gradient observed in the radial di-
mension in the Mn and Ni distribution, EDS maps on individual particles
suggested that the Mn and Ni were co-located throughout the particles
(see Supporting Information, Fig. 57 for a representative EDS map). In
addition, the ¥RD pattern of the Mng 75sNip 250204+ 2H50 predpitates
did not have any noticeable impurity phases (pattern can be found in
Supporting Information, Fig. S2) [53,55]. These results provided
evidence that there were not local impurity phases or local grains
with deviating Ni and Mn compositions, and that while there was a
compositional gradient for the overall particle that at a more local
level that the phase and composition was uniform. It is possible that
the distribution of Mn and Ni formed a solid solution throughout the
precipitate particle,

While the anisotropic platelet precursors with compositional gradi-
ents could be beneficial for some materials, the target composition in
this study was a 3:1 Mn:Ni ratio throughout the particles to produce
the desired LMNO active material. Achieving the 3:1 Mn:Ni target is es-
sential to achieve high electrochemical capacity at high voltage for the
LMNO [44,55). The high voltage capacity in LMNO results from the Ni*
4% redox couple [44,65]. If the material was enriched in Mn, then
the excess Mn would result in M+ redox couple participation at
a lower voltage than the Ni redox. It is noted that in some cases Mn
redox has been reported to be desirable to LMNO due to increased
rate capability of the active material [66]. If the active material was
enriched in Ni { holding the total TM content constant ), theexcess Ni in-
creases the likelihood of the formation of rock salt impurity phases,
which has previously been demonstrated to degrade electrochemical
performance and structural stability of the material with intercalation/
deintercalation [67]. Although a gradient in composition was found in
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Fig 4 ( a) Average Mn:MNi molarratio determined from EDS on oxalate partides collected at 5, 10, and 30 minafter initiationof the copredpitation reaction inthe presence of inhibitor. EDS
was averaged over the area of individual platelet partides which we e found lying down flatin SEM images. Emor bars represent the standard deviations of a minimum of 3 independent
particle mesurements. (b ) EDS ling scan composition for Mn [ red squares) and Ni (black cirdes) on a MngzsMig 5260, 2H0 platelet collected at 30 min and preapitated with inhibitor
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scan. The total width of the SEM image in (b) is 12 pm.
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Fig. 5. (a) SEM image of LiMni sMias0s partides after firing. (b) EDS line scan on LiMng sMios0s platelet particle with Mn (red squares) and Ni (black dreles) composition shown
independently. The SEM image showing the line scan collecion region on the particke analyzed is above the composition data, with arrows pointing to the corresponding positions for
the lne scan. The total width of the SEM image in (b) is 10 pm.

the precursor material, the overall total Mn:Ni TM ratio was still 3:1.
Thus, when the precursor was blended with a Li source and fired in
air, the firing time was chosen to be long enough to fadlitate migration
of the TM spedes to achieve homogeneous distribution in the TM oxide

active material [ 27].

After firing and converting the precursor to LMNO active material,
the resulting XRD pattern was consistent with reported references
(ICDD card No.04-016-3556 [68], the sample and reference XRD pattern

can be found in the Supporting Information, Fig. S4). No peaks were ob-
served that suggested the formation of impurity phases, induding rock
salt impurities [67]. The lattice parameter, assuming the P4,32 crystal
structure, was calculated tobea=b=c= 81643 Aandau =P =

v = 90°, The LMNO retained the anisotropic platelet secondary particle
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morphology of the precursor, although the firing process resulted in in-
ternal porosity in the particles (Fig. 5a). This porosity has been previ-
ously observed with precipitate precursor particles and oxalates in

40
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Fig. 6. (a-c) Volage profiles for cathode materials paired with Li metal anodes, with the curves taken from the second charge/discharge process at each rate (rates used were C/20, C10,
/5,02, 1C, and 2C). The electroactive materials used were (a) LMO, cycled between 3.5 and 4.8 V (vs. LVLI ), (b) LisMns0h2, coycled between 19 and 3.5V (vs, LiLi* ), and [c]) LMMNO,
cyded between 35 and 49V (vs. LijLit ). Discharge capacity from the rate capability tests for each material can be found in (d) (LMO green, LisMn-0,; blue, and LMNO red ). For
Crates, 1C comesponded to 0.49 mA (036 mA em™ ) for (a), 051 mA (038 mA cm ) for (b), and 087 md (065 mA cm2) for (e} Charge and discharge cydes wens both conducted

at the same noted C rate.
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respectively.

particular [27], and has been attributed to voids formed when the water
and oxalate leave the precursor during firing as also mentioned for the
LMO and LisMnsO,z materials earlier. The bulk composition of the
LMNO was confirmed to have a 3:1 Mn:Ni TM stoichiometry using ICP,

To provide support thatthe firing conditions homogenized the com-
positional gradient in the platelet particles, EDS line scans were con-
ducted on particles that were found lying flat in the SEM. As can be
seen in a representative example in Fig. 5b, the compositional profile
was much more consistent from the core towards the edge compared
to the precursor particles {Fig. 4b). The material spent a total of 16 h
at tcemperatures exceeding 700 °C, allowing the gradient in com position
to relax and become more homogeneous, Itis noted that the edges of
the line scan appear to have gradients in composition, although the ef-
fects of being near the edge of the particle and having increasing contri-
butions from the background substrate in the SEM make it difficult to
conclude that there was a gradient remaining in these regions. The tap
density for the material powder was measured to be 061 +
0.02 g cm™ (standard deviation of 3 independent measurements),
and the BET surface area was 29 m* g~' (FAg. 53c).

34. Electrochemical evaluations of IMO, LigMns0; 2 LMNO

The voltage profile taken from the second cycle at each rate of the 3
materials paired with Lifoil during rate capability cycling experiments is
provided in Fig. 6. The discharge profile of LMO at C/20 had 2 distinct
characteristic voltage plateaus at 4.1 V ( two-phase reaction between
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A-MnO; and Lip sMn;04) and at 4.0 V (single phase reaction between
LipsMn;04 and LiMn;0y4) [69,70], reducing the averaged Mn oxidation
state from 4+ back to 3.5+ [70]. The slow rate capacity reached more
than 130 mAh g~" LMO with first cycle coulombic effidency of ~97%,
and at 2C, the capacity still maintained -85 mAh g~" (Fig. 6a).

For Liz;Mns0,3, the single discharge voltage plateau at ~2.9 V was
consistent with previous literature, suggesting that with partially
substituted Mn by Li at 16c sites and increase in initial oxidation state
of Mn (ideally 4+), the electrochemical activity shifted from 4 V
down to ~3 V [71]. The first C/20 discharge reached over 150 mAh g—!
{ out of theoretical 163 mAh g—") with coulombic efficiency of ~96%
[72], and at 2C, ~85 mAh g~ ! was retained (Fig. 6b). Both single Mn-
based cathode materials exhibited good capacity and rate capability.

For multi-TM-based material LMNO with high compositional unifor-
mity (Fig. 6c), at C/20, a very high fraction ( >94%) of the discharge ca-
pacity was >4.5V and there was a relatively small amount of capacity
near ~4.1 V, indicating that most of the capacity resulted from Ni
redox and not Mn redox [4344]. The high amount of Ni redox and
high voltage capacity indicated achieving the desired 3:1 Mn:Ni ratio
in the active material and a high level of ordering of the Niin the struc-
ture [73]. At C/2, the low capacity was afttributed to (i) the upper cutoff
voltage (49 V wvs, Li/Li") was close o the operating volrage
(4.7 V - 48 V) to prevent electrolyte decomposition (and thus the
greater polarization at higher charge rates hit the cutoff voltage before
extracting high fractions of the capadty) [74]; (ii) the high operating
voltage resulted in more electrolyte degradation and thicker solid-
electrolyte interphase formation relative to LMO and Li;Mns0O,-,
which likely contributed to the relatively lower initial coulombic
efficiency compared to the other electrode materials in this report of
84% [5]: and (iii) the high degree of cation ordering in the material
may have lowered the relative rate capability [73].

CV profiles at four different scan rates for each material can be found
in Fig, 7. For LMO and LiyMns0 4, the peaksin the CV profiles were con-
sistentwith the voltages where plateaus were observed during galvano-
static charge/discharge of the same materials (Fig. 6). For LMNO, only
one reduction peak was observed in CV, which was attributed to the rel-
atively fast scan rate and the small voltage interval between the two
voltages associated with the Ni* 7 and Ni* 7** redox couples [75].
A dQ/dV plot calculated from the second charge/discharge cycle for
LMMNO at C/20 can be found in Supporting Information, Fig. S8. Twodis-
tinctive peaks were observed, as well as a small lower voltage peak at-
tributed to a small amount of Mn®*" redox capacity. Thus, the
individual redox processes being observed in dQ/dV suggested the
lack of distinguishing them in CV may have been due to the scan rate ap-
plied. The peak current densities versus square root of scan rates were
plotted (these can be found in Supporting Information, Fig. 59) to esti-
mate the solid state diffusivity of Lit for each material [76,77]. LMO,
LisMns043, and LMNO were calculated using the slope of these fitted
plots o be 44 x 107" ¢m? s7!, 29 = 107" em? s7', and
3.9 % 107" em? s—', which were in the range of values previously re-
ported in the literature [78-82]. The peak current densities versus
scan rates were plotted (Fig. 510) to provide insights into the relevant
electrochemical processes (either capacitive with slope of 1 or Faradaic
with slope of 0.5) [76,77]. The slopes for LMO, LiyMns 043, and LMNO
were 0.65, 0.51, and 0.56, which would suggest primarily faradic
reactions.

Cycle life tests with lithium foil anode were conducted at both C/5
and 2C rate, with the same rate applied for both charge and discharge.
These results can be found in Supporting Information, Fig. 511 and
512, although LMNO at 2C has not been provided because its capacity
was so low at that rate. For LMO, at /5, the capacity at the 50th dis-
charge was ~119 mah g~ !, ~96% of the peak capacity in the cycle life
test; at 2C, the capacity at the 500th discharge was -84 mAh g~
~75% of the peak capacity in the cycle life test. For LijMns0y2_ at C/5,
the capacity at the 50th discharge was ~111 mah g~', ~73% of the
peak capacity in the cycle life test; at 2C, the capacity at the 500th
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discharge was ~63 mAh g~ !, ~-59% of the peak capacity in the cycle life
test. For LMNO, at C/5, the capacity at the 50th discharge was ~116
mah g~', ~93% of the peak capacity in the cyde life test. These results
suggest good cycle life for the LMO at both rates, and also for the
LMNO at relatively low rates of charge/discharge.

4. Conclusions

Herein was reported a route towards the synthesis of anisotropic Li-
ion battery active material particles. These particle morphologies were
desired as the first step needed for producing anisotropic particle as-
semblies towards potentially processing into anisotropic microstruc-
tures. The particles were produced from precursor materials
synthesized using coprecipitation reactions in the presence of inhibi-
tors. Evidence was provided that the addition of the inhibitor facilitated
a transition of the precipitate to an anisotropic platelet morphology for
all materials synthesized. In addition, for a multicomponent blend solu-
tion of Ni and Mn, evidence was provided that there was the develop-
ment of a gradient in the composition of the transition metals
deposited to form the particles, in particular in the radial direction.
While gradient precursor particles have been previously reported, typi-
cally such gradients are achieved via control of the feed composition
and not through differences in rates of deposition of transition metals,
In this particular report, a gradient in composition was not desired,
and thus high temperature annealing was used to facilitate relaxation
of the compositional gradient for the nmulticomponent transition metal
material. The precipitation synthesis for the precursors is scalable and
translatable to multiple transition metal compositions, and thus it is ex-
pected that the methods reported can be used to produce a variety of
compositions of cathode transition metal oxide active materials with
anisotropic morphologies. Attention must be paid, however, when
using such inhibitor to achieve anisotropic precursor morphologies be-
cause the coprecipitation reaction rate will likely be reduced and the
transition metals do not necessarily deposit at the ratio of the feed
when more than one transition metal is desired.
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