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Executive Summary

The fast increasing requirement of portable electronics, as well of the demanding of
electric vehicles as a substitute for the robust engines that burn fossil fuels and cause warning
impacts on the environment and of stable large scale energy storage systems for grid, all put a
great pressure on the development and commercialization of high performing batteries with
high energy capacity, high power density, and long cycle life. Besides the exploration of new
chemistries and materials, modifications of current known battery materials is also an important
and reliable direction of extracting higher and more stable energy. And lithium-ion batteries
have been and will be considered as the most promising chemistry of batteries for further study.

Composition deviation of multicomponent transition metal (TM) oxides active
materials have been found to result in decrease of structural stability and energy capacity, and
particle morphologies are reported to determine the electrode packing density and thus the
energy density. The synthesis process of the active materials has a profound but also
complicated influence on the materials structure and electrochemical performances, which
requires fundamental knowledge about the synthesis process itself. As a widely used synthesis
method in both lab and industrial environment, coprecipitation reaction is well-known for its
advantages of homogenous mixing of different ions and particle morphology tunability; the
obtained precursor particles from coprecipitation reaction are directly fired with lithium salt to
produce final TM oxide as cathode active materials, which means the properties of the
precursors are determinant for the performance of the final active materials. While many
different particle morphologies have been gained from coprecipitation synthesis to leverage the
electrochemical performances of the cell, the knowledge of relationship between solution
conditions and particle composition and morphologies is still lacking for a precise design and

control of the precursors and final active materials properties, majorly because that
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coprecipitation is a complex process where many different factors including temperature,
reaction initiation method, solution mixing method and status, will influence the reaction. In
addition, most synthesis processes for producing battery cathode materials requires
multicomponent coprecipitation where more than one TM are involved and co-existing in the
solution, which makes the process more complicated with potential interactions between
different ions precipitations. More advanced tools are in need to enable the study of the
multicomponent coprecipitation reaction, towards a more precise control of the synthesis
procedure.

This dissertation addresses this knowledge gap in the literature by studying about the
coprecipitation reaction mechanism via in-situ tracking the ion concentration and particle size
distribution along the reactions, and also via conducting apparent reaction activation energy
among the whole multicomponent composition rang. It also confirms the advantage of local
mixing of different TM ions in the precipitates on the final materials phase purity and other
properties. Attempt also has been made to design and tune the particle morphology of the
precipitate by adding chemical inhibitors, and to align the particles with special shapes in the
electrode with an external magnetic field. In these studies, we aimed to synthesize lithium-ion
cathode active materials with controllable composition and particle morphology via
coprecipitation reaction by using the knowledge gained through the solution chemistry study
of coprecipitation reaction. The tools we developed along the process are expected to be useful
techniques for studying nucleation and particle growth processes in general and can be applied
to other single or multicomponent coprecipitation reactions for applications which requires

accurate composition and particle morphology control.
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1. Research Background: coprecipitation route for synthesizing battery

active materials

1.1. Overview

This chapter provides the background and scientific basis for the work in this
dissertation. An outline of coprecipitation reaction used as a synthesis method of transition
metal (TM) battery material precursors is reviewed. This is the first review on this topic in the
literature, even though this method has been widely used for both lab scale and manufacturing
scale synthesis of battery materials for over two decades. Technical challenges for precisely
designing and controlling the coprecipitation reactions, for the purpose of optimizing the
particle properties and final electrochemical performances, are discussed in detail. The scope
of the dissertation is then defined after reviewing the technical background. This chapter also
provides the foundation for the arguments presented in subsequent chapters which provide

more focused and detailed discussion on the research progress and achievements.

Elements of this chapter will be submitted soon:
0 Dong, H., G., Koenig, Jr., G. M. Coprecipitation as a Robust and Versatile Method to
Synthesize Precursors for Good-Performing Lithium-ion Battery Cathode Active Materials:

A Review. In Preparation.



1.2. Introduction

Interest in developing high energy, high power, and safe electrochemical energy storage
has motivated research in battery technologies for many decades [1-5]. Lithium-ion (Li-ion)
rechargeable batteries, since their commercialization by Sony in the early 1990s, has received
much attention over the last three decades due to the intrinsically high volumetric and
gravimetric energy density and also excellent charge/discharge efficiency and cycle life [6].
While in most cases commercial cells use similar active material cell chemistry of a graphite
anode and layered transition metal oxide cathode [7—-10], many methods have been developed
to synthesize these electroactive materials with the goal of controlling over the particle
composition, morphology, and surface functionality [11-19]. The motivation to have exquisite
control over active material composition and morphology are that the performance of the final
assembled battery cell is highly sensitive to these parameters — both due to the properties of the
individual particles themselves and due to the sensitivity to their organization within the
electrode [17,20-24].

One of the methods very popular to produce Li-ion battery active materials is
coprecipitation. Coprecipitation is very popular due to its simplicity, scalability, homogeneous
mixing in atomic scale, and particle morphology control [25-27]. The process of using
coprecipitation to synthesize battery active materials usually contains two steps: first the
formation of particles from a coprecipitation reaction which are normally referred to as
precursors; then the blending of the precursor with a lithium source and calcination into final
active materials which can be conducted at a wide range temperatures and atmospheres
depending on specific final material desired [28-32]. Due to homogeneous mixing at the
atomic scale provided by the coprecipitation reaction, relatively mild calcination temperatures
and holding times are needed to form the final product with its target phase and crystallinity
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[28]. The relatively mild calcination conditions are also beneficial for retaining the secondary
morphology of the original precursor particles, although the surface roughness and/or primary
particles that make up the secondary particles are often modified due to decomposition of some
of the precursor particle constituents [33]. The precursor decomposition can also result in
internal porosity, the structure and degree of which is highly sensitive to the precursor material
chemistry and the calcination conditions [17,34,35]. Coprecipitation for production of battery
materials is often conducted in batch processes in the literature, but the process has also been
reported using continuous reactor systems which are highly scalable for mass production of
battery active material powders [28,36]. There are many controllable parameters for
coprecipitation synthesis that can significantly impact the composition and morphology of the
particles, including temperature, pH, concentration of both species that participate in the
precipitation and their counter ions in solution, stirring rate and mixing within the reactor,
mixing method, rate of reactant feed, and the use of additives that modify the particle
morphology such as chelating agents [37-40]. The variety of coprecipitation chemistry and
reaction conditions have resulted in many different particle morphologies including spheres,
cubes, rods, plates, hollow spheres, dumbbells, rhomboids, and others [41-51]. Some of these
particle morphologies are shown in Figure 1. Thus far, detailed knowledge of the fundamental
processes that would enable rational and predictive control of final particle composition and
morphology that includes solution chemistry, process variables, and particle nucleation and
growth has been lacking, but some efforts have been made to tackle some aspects towards
achieve this outcome such as probing the impact of solution chemistry equilibrium on particle

morphology or detailed process optimization reports [37—-40,52,53].
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Figure 1. Different particle morphologies obtained from coprecipitation reactions under
different solution conditions for the use of battery active materials synthesis. a) [48], b,d)

[44], c,f) [51], e) [54].

The study of coprecipitation broadly is very old and has been well used in metal mining,
water treatment, catalyst, pharmacy, et al. [55-58]. However, the use of coprecipitation as a
popular method for the synthesis of Li-ion battery materials has been more recent and largely
followed after the commercialization of the first Li-ion battery. While solid-state and sol-gel
synthesis were among the most common for producing Li-ion materials in the early literature
and are still common today, coprecipitation has grown in popularity in particular over the last
15-20 years. A Web of Science™ topical search including “precipitation”, “lithium”, and
“battery” in February 2019 found 921 publications, with 5 or less from 1995-2001 and rising

to the highest value of 123 in the most recent year of 2018. This review will introduce a brief
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overview of some of the earliest coprecipitation papers in the Li-ion battery literature in the
second section, which often promoted the advantages of coprecipitation compared to more
common synthesis methods such as solid-state and spray pyrolysis. In the third section, the
three most common types of coprecipitation will be discussed and compared: hydroxide,
carbonate, and oxalate. The disadvantages and major concerns when using coprecipitation to
synthesize materials will also be described, and the superiority of oxalate coprecipitation can
be seen. Equilibrium and kinetic studies will be summarized in the fourth section, which also
covered the known mechanisms of particle morphology control by using chelating agent. The
challenge of particle morphology control in oxalate coprecipitation is also briefly discussed. In

the final section, research overview and organization of this dissertation will be provided.

1.3. Coprecipitation of Transition Metals with Different Anions

Hydroxide coprecipitation is the earliest developed coprecipitation method used for TM
oxide battery materials synthesis [59-62]. Chelating agents, such as ammonia and ammonium
salts, were generally used to assist the production of dense spherical particles [63]. Hydroxide
precipitates were reported with homogeneous cation mixing and monodispersity with regards
to particle shape and particle size distribution [28,32,64]. Detailed discussion of particle
morphology control through reaction conditions using coprecipitation will be covered in
Section 4. Hydroxide coprecipitation does have some challenges: 1) Mn?* will be oxidized to
Mn3* and Mn*" in the presence of oxygen in air, forming MnOOH and MnO; impurities; 2) to
prevent the formation of oxidized Mn impurity phases, the coprecipitation must be carried out
in an inert atmosphere which adds complexity to the process; and 3) reproducibility of particle
morphologies can be low due to the sensitivity of the particle nucleation and growth process to
the solution conditions.
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In 2002 Lee et al. published one of the earliest reports using carbonate coprecipitation
to synthesize battery precursor particles [65]. The carbonate precursor was used to synthesize
the high voltage spinel structure cathode material LiMn15Nio504 (LMNO). In the synthesis, an
ammonium carbonate solution and a TM solution containing appropriate stoichiometric feed
amounts of Mn and Ni (3:1 Mn:Ni) dissolved from sulfate salts were poured into a reactor with
heating at 80° C. The precipitates were then filtered, washed, and preheated at 600° C. Then a
stoichiometric amount (1:2 Li:TM) of Li was mixed with the obtained powder and calcined at
properly high temperature to form the final oxide materials. No impurity phase was detected in
the materials synthesized from the carbonate precursors. This was attributed to the
homogeneous mixing between the TM ions from the coprecipitation process, whereas in the
sol-gel process isolated Ni failed to substitute into the Li Mn spinel phase. SEM images showed
the particles from coprecipitation were irregular secondary particles (3-4 um) composed of

nano-sized primary particles (50-100 nm). In a follow up report, carbonate coprecipitation

was applied to synthesize precursors used to make multi-component layered materials [13]. In
these initial reports utilizing carbonate coprecipitations, particle size and shape control was not
well defined. Also, in some cases the secondary particle aggregates would undergo significant
fracture and break up of primary particles after the carbonate decomposition and calcination
processes initiated via exposure to elevated temperatures. In later works relatively uniform
particle shape was obtained with narrower size distribution [33,66]; however process variables
that resulted in the more monodisperse particle morphologies were still under exploration.
These early reports showed the possibility of particle morphology tuning by controlling the
solution conditions from carbonate coprecipitation. And even though many of the precipitate
particles had a relatively wide size distribution with irregular shapes, the aggregates become

more uniform in shape and more densely packed with the aid of chelating agents [67,68]. The
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micrometers-sized secondary particles comprised of hundreds of nanometers-sized primary
particles as the final product exhibited structural stability and highly accessible surface area as
cathode materials, resulting in encouraging electrochemical performance and rate capability
[28,53,69,70].

Carbonate coprecipitation has the following advantages: 1) almost all the commonly
used TM cations remain in the divalent oxidation state in carbonate coprecipitation solution
within typical pH operating ranges; thus inert gas is not needed to assure phase purity of the
product [33]; 2) the solution conditions of carbonate coprecipitation are relatively neutral with
regards to pH. Later studies of carbonate coprecipitation have also mentioned some drawbacks
of carbonate coprecipitation: 1) continuous growth of secondary particle sizes [71] in a
continuous stirred tank reactor (CSTR) makes control of particle size monodispersity
challenging; 2) the large particle size and large surface area makes the precursor samples
vulnerable to moisture [72]; 3) composition deviation from the feed or designed ratio due to
the different solubilities of the precipitates [22]. For example, the relatively stronger
coordination of ammonia with nickel ions cause Ni-deficit in the coprecipitate sample when
using ammonia as chelating agent [73]. 4) At high Ni compositions Ni impurity phases form
[74]; 5) The larger carbonate constituent compared to hydroxide results in increased porosity
on calcination to final active material. While this improves electrolyte accessibility to the
particle interior which has advantages with regards to rate capability, the particle porosity
makes them more susceptible to fracture during calendaring which is an important step in
commercial electrode processing [71,75].

Oxalate has also been investigated as a coprecipitation agent with TM cations to
produce battery precursors. In 2010 Park et al used oxalate coprecipitation to synthesize
precursors for making multi-component olivine materials [31]. In this work the effect of the
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pH, atmosphere, temperature, and aging time was investigated with respect to the impacts on
the atomic ratio of transition metals, phase purity, and morphology of the mixed TM oxalate.
Significant Mn-deficiency was observed in this work due to the relative higher solubility of
Mn oxalate, when oxalic acid and TM sulfate salts were used to produce the precursors;
improvement in obtaining the target stoichiometry was achieved by using ammonium oxalate
as the oxalate source, which increased the solution pH. For Co and Fe, the B-phase oxalate
formation was found to be preferred during room temperature coprecipitation and a-phase
oxalate formation was observed during high temperature coprecipitation (90°C); in contrast
Mn only exhibited a-phase oxalate for all conditions. In order to produce a phase pure precursor
with homogeneous mixing of multiple TM cations, temperature was maintained at 90°C in the
binary system to avoid formation of Mn-rich a-oxalate and Mn-lean B-oxalate. Optimized
samples from oxalate coprecipitation exhibited significant improvements in rate capability,
which confirmed the importance of phase and compositional homogeneity for extracting the
best electrochemical performance from the multi-component cathode materials. SEM images
of final olivine samples from ammonium oxalate system showed nano-size crystals aggregated
into irregular secondary structures. Mn-deficiency of the precipitate samples, especially in low
pH conditions, was also studied by Wang et al. in 2013 [76]. They also reported that by using
ammonium hydroxide as a pH adjuster and shifting the pH to near 7 the Mn to Ni ratio in the
particles was much closer to the feed ratio in the synthesis of Li-rich Mn-rich layered cathode
precursors. The final oxide particles were hierarchical structures with pores of regular patterns
forming from aligned rod-like primary particles; the rod-cluster structure showed superiority
over individual nano-sized primary particles produced after ball milling treatment with regards

to both cycle life and rate capability.
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In 2010 Wu et al. published on the use of oxalate coprecipitation to synthesize
precursors for XLi[LiysMnz3]O2.(1 - X)LiNiz2Mn1202 [77]. The obtained particles showed
irregular shapes, similar to sol-gel materials. In 2013 Zhu et al. developed a novel oxalate-
carbonate composite coprecipitation to synthesize precursors for the production of LMNO [73].
The stronger coordination of ammonia with Ni ions was known to result in Ni-deficit in the
carbonate precipitate materials. Since both Ni and Mn oxalates have very little solubility in
aqueous solution, ammonia had no obvious effect in bonding with either TM cations, and
experimental results showed that with ammonium oxalate as the precipitation reagent the
obtained coprecipitate samples had stoichiometry almost the same as the feed. However,
without the chelating effect of dissolving and modifying the particles from ammonia, the
obtained particles from pure oxalate precipitation were non-spherical; spherical and
stoichiometric particles were obtained by adding small amount of ammonium carbonate to
oxalate coprecipitation.

Oxalate coprecipitation has a few advantages over hydroxide and carbonate
coprecipitation: 1) oxalate ions in the solution play a dual role as both a precipitation agent and
a complexing agent-- the formation of metal complexes slows down the precipitation rate and
makes the nucleation and growth of the particles more controllable [73]; 2) most TMs used in
cathode materials, including Ni, Co, Mn, and their blends, form stable oxalate dihydrates across
the entire range of mixing ratios [76,78], which results in high purity precursors with
homogeneous mixing across a wide range of compositional space. It is important though to be
aware that although the TMs all form oxalate dehydrates, different crystallographic structures
may form under different temperatures and pressures [79-81]. Proper solution conditions must
be chosen to prevent phase separation [18,76]. Oxalate precipitation also has some challenges.
1) Compositional deviations can occur between the precursor and the initial solution feed
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composition. The issue of composition deviation from the feed also occurs for hydroxide and
carbonate coprecipitation [28]; however, hydroxide and carbonate typically operate at higher
total concentrations and higher precipitate yields, which mitigates the compositional deviation
to the extent that it is often ignored in those systems. Compositional deviation from the feed
can be significant when the reaction is conducted in low concentration regimes where slow
precipitation rate is desired to control and tune precipitate growth and morphology [22,51].
Tuning the solution feeding ratio to target on the final desired composition in the precursor has
been used to improve material purity and electrochemical performance [22]. 2) Oxalate salts
have relatively low solubility in aqueous solution, which limits the utility of chelation agents
as particle morphology modifier to make spherical particles [73]. Other chelating agents other
than ammonia may be found which improve the particle morphology [82]; 3) oxalate salts and
oxalic acid have relatively lower solubilities than hydroxide and carbonate species, which may
limit the precipitate yield and production rates. 4) While many TMs are stable for oxalate
coprecipitation in air, others require an inert atmosphere — in particular Fe?* ions were reported
to readily be oxidize to Fe3* and result in iron deficiency for oxalate coprecipitation with this
TM in air [31].

Oxalate coprecipitation has been considered as the next generation coprecipitation
method for synthesis of battery active materials with its obvious advantages over hydroxide
and carbonate coprecipitations especially in structural stability, and particle morphology
tunability. The focus of this dissertation is to systematically probe into the solution chemistry
of multicomponent oxalate coprecipitation reaction with the purpose of solving the problem of

composition deviation and inhomogeneity while exploring its morphology tuning possibility.
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1.4. Fundamental solution chemistry and nucleation and growth studies

Fundamental study of the coprecipitation reaction solution chemistry and complexes
and nucleation and particle growth processes are important to understand and eventually
control the resulting precipitate composition and morphology. Often the target is dense
spherical particles to obtain high tap density and electrode loading, but many other
morphologies have been reported to have desirable electrochemical performance
[24,51,83,84]. In addition, explicit compositional control is needed both to achieve target
compositions with high accuracy and reproducibility and to obtain more complex particles that
have variation in composition within the particles.
1.4.1. Solution equilibrium study

Van Bomme et al. previously reported the use of equilibrium calculations to study the
effect of pH on particle morphologies in a mixed TM hydroxide reaction system with ammonia
as the chelating agent [52]. By using the system of equations that included equilibrium
constants and mole balance equations, they predicted the concentration of metal-ammonia
complexes for both pure and mixed transition metal systems. The experimentally obtained tap
densities from particles synthesized at different pH were then compared in the context of the
regimes where the pH resulted in different extents of TM complexation. Spherical dense
hydroxide is produced in the pH range where ammonia complexation was calculated to be
significant — while at pH values where little complexation was calculated the resulting particles
were very small and irregular and had low tap density. This study was one of the first few that
integrated solution chemistry calculations with predictions on the final physical properties or
morphologies of the resulting precipitate particles. In 2011, Wang et al. used equilibrium
calculations on a carbonate coprecipitation process in a blend solution of Mn and Ni to guide
the selection of solution conditions [71]. The residual TM concentration in the solution was
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calculated as a function of pH and it was determined that the pH range of 7.5 to 8.5 would
minimize the residual TM concentration that did not precipitate to the solid phase. Lower pH
was predicted to inhibit complete carbonate precipitation reaction while higher pH would
increase the residual transition metal due to the formation of ammonia complexes, and even
higher pH would result in hydroxide coprecipitation. These two studies are examples of some
of the few cases where solution equilibrium calculations were explicitly used to guide the
optimization of coprecipitation reaction conditions.

In 2015, Robinson et al. published a work on the tunability of particle morphology in
manganese carbonate coprecipitation [51], in which equilibrium calculations were used to
determine the amount of ammonia complex formation in the solution at different NHsHCOs3 to
Mn?* ratios. It should be noted that NHsHCOj3 could function both as the coprecipitation agent
and as the chelating agent — with NH4* providing the complexing NHz and COs? serving as the
coprecipitation anion. Equilibrium calculations determined that less than 0.1% of the feed Mn
kept in the solution as a soluble complex at equilibrium across a wide range of solution
conditions, and that the residual manganese concentration decreased as the relative or absolute
NHsHCOz amount increased. This outcome was largely due to the relatively neutral pH of the
solution, which resulted in NHs" being the dominant species in the ammonia/ammonium
equilibrium and thus relatively small amounts of NHs were available to form Mn(NH3).?*
complexes. Although the NHs complexation was low as determined by equilibrium
calculations, substitution of NH4sHCO3 with NaHCO3 as the coprecipitation agent changed the
particle morphology changed from cubic to spherical suggesting that even small amounts of

complexation of TM may have significant impacts on the initial particle nucleation stage.
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Figure 2. ICP-MS measured Mn/Ni atomic ratio in the precipitated particles from 3:1 feed

solution as a function of reaction pH. [76]

Wang et al. applied equilibrium calculations to oxalate coprecipitation in a solution
containing both Mn and Ni [76]. Oxalic acid was used as the coprecipitation reagent and either
ammonia or hydroxide was used to control the solution pH. Both equilibrium calculations and
experiments revealed that there was an optimal pH range to maximize the conversion of the
TM cations to the solid phase precipitates. Calculation results indicated that the residual Mn in
the solution phase was four times that of the residual Ni at all pH values due to differences in
solubility, which resulted in the Mn:Ni ratio in the obtained precipitates lower than the feed
ratio (as shown in Figure 2, the higher than feed Mn:Ni ratio at pH of 6 with NiOH as pH
controller was due to the formation of hydroxide precipitates). These composition deviations
were not well compensated by the addition of ammonia even though ammonia coordinates

more Ni than Mn, keeping more Ni residual in the solution as soluble species.
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1.4.2. Kinetic study of coprecipitation

Understanding the kinetics of the nucleation and particle growth for both single and
multicomponent TM solutions are also critical for rational and explicit control of particle
composition and morphology. Some reports have developed models to describe the reaction,
nucleation, and particle growth process of the coprecipitation system [85,86]; however
coprecipitation is a complex process where conditions such as pH, concentration, temperature,
complexing agents, morphology-directing agents, and stirring rate can all significantly impact
final particle yield, composition, and morphology. Changes to the reagent feeding rates and
mixing methods, the composition of the reactants and product particles, smoothness of the
reactor surface and the abovementioned factors may direct the nucleation towards a different
path (homogeneous nucleation or heterogeneous nucleation) or the particle growth towards
different driving forces (diffusion controlled or surface controlled). This complexity likely
underlies why there have been very few studies which develop a model in the coprecipitation
synthesis for battery materials, because developing a broadly applicable model to many
experimental conditions would be challenging [71]. Even experimental studies aimed at
gaining kinetic information are generally qualitative or semi-quantitative. In part this is due to
the disparate length (from nanometers initial or pre-nuclei to submicron primary particles to
tens of micrometers secondary particles) and time (from the rare event and fractions of a second
initial nucleation to the many hours precipitation process; or possibly longer for continuous
reactor operations) scales.

Van Bomme et al. tracked the tap density and particle morphology of Ni(OH). particles
as a function of time in a CSTR coprecipitation reactor [52]. It was found that the tap density
of the particles gradually increased and then plateaued after ~10 hours at ~2 g cm. The gradual
formation of spherical particles which became larger and smoother over the first 10 hours of
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the process, as revealed with SEM, was given as the explanation for the tap density
observations. Wang et al. also used SEMs from particles at different reaction times in a
carbonate coprecipitation study [71], and similarly it was found that the formation of dense,
smooth, spherical particles took ~8 hours. Particles collected <1 hour after initiation of the
reaction were particularly irregular with wide size distributions of the secondary particles from
1 to 80 um. Within the limits of the reaction time in this study in a CSTR, it was also found
that the secondary particles continued to increase in diameter for the entirety of the process.
These studies provided valuable insights into the coprecipitation timescale to achieve dense
and spherical particles with both hydroxide and carbonate processes, although the systems were
limited to a specific subset of experimental conditions. Note that in both of these studies the
CSTR starts with a TM concentration (of both feed or soluble species and precipitates) of zero
and thus part of the increase in particle size and tap density is the reactor reaching steady state
with regards to concentration of total TM and coprecipitation anion.
1.4.3. Particle Morphology Control

Samsung SDI Co. published one of the earlier studies of the impact of ammonia as a
chelating agent in hydroxide coprecipitation [34]. The report took advantage of ammonia to
control the precipitate particle growth, and a patent was also filed on this process [63,87]. The
function of ammonia was explained using the following reaction sequence (rearranged to a
general form, M represents all possible transition metal ions):

M?* + xNH,0H(aq) » M(NH3)2*(aq) + xH,0 [1]
M(NH3)%*(aq) + yOH™ = M(OH),(s) + nNH,4 [2]

In the proposed mechanism, ammonia forms complexes with TM ions in the solution, which

then gradually react with hydroxide ions to form precipitates.
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In the report, the pH was controlled and maintained by adding NaOH throughout the
process. The obtained particles were sphere-like secondary particles composed of primary
particles of sub-micron size, and the particle size of the secondary particles ranged from 5- 30
in a typical population. The next year Ying et al. published a work on ‘Controlled
crystallization’ also using ammonia as the chelating agent in hydroxide coprecipitation to
synthesize Co and Ni hydroxide particles [88]. The paper reported that with the aid of ammonia
it was possible to increase the tap density of cathode materials without sacrificing the specific
capacity by controlling particle morphology and size distribution. The obtained regular
spherical hydroxide particles and final oxide particles were synthesized by using the chelating
agent and the effect of ammonia concentration on particle morphologies was investigated. It
was found that the particles became more spherical and had a narrower size distribution, which
gave higher tap density, when higher concentrations of ammonia were used. The optimized
particles (pH 11.5 Cnnz 0.6 M, having particle size 5-15 um), after conversion to layered oxide
active material, surpassed the tap density and specific capacity of commercial reference
materials when compared in battery cells. A later work published by Lee et al. in 2004 also
reported the most regular spherical particles with the narrowest size distribution resulted in
their study when the highest amount of ammonia, the lowest pH, and the highest stirring speed
was used within their investigation ranges (with the ranges being 0.12-0.36 M ammonia, pH
11-12, and stir rate of 400-1000 rpm) [89].

Chelating agents were also applied in synthesis of battery precursors using the
carbonate coprecipitation system. In 2005 in a paper from Park et al., carbonate coprecipitation
was modified by the addition of NH3.H2O as the chelating agent, and regular spherical-shaped
coprecipitate particles with relatively monodisperse size of around 10 um were obtained. The
particles well-retained the secondary morphology of the precursor after high temperature
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calcination and annealing processes [90]. The improved uniformity of the obtained particles
was explained as resulting from the use of the chelating agent according to similar mechanism
as stated in Samsung’s work [63], functioning to prevent phase separation and to facilitate the
formation of homogeneous and uniform particles.

While many of the previous reports focused on the hypothesis that the slow growth and
dense hydroxide particles resulted from the ammonia complexing TM and slowly releasing the
complex to the hydroxide solid phase (see Equations 1 and 2), Bommel et al. published a study
that highlighted a different process [64]. In this report, the slow growth and high tap density
precipitate particles were attributed to the equilibrium between TM hydroxide particles and
aqueous ammonia TM complexes in solution as shown below:

M(OH), + nNH; < [M(NH3),]?* + 20H™ [3]
It was found that dense spherical particles only grew in the pH range where metal ions
coordinated with ammonia, and the chelation effect was speculated to result in a dynamic
dissolution-recrystallization of the hydroxide that resulted in lower particle internal porosity
and higher tap density. The authors suggested that both the release of the complexed ammonia
to the hydroxide and the dissolution-recrystallization was occurring during the coprecipitation
reaction [51] . And the depending on the bounding strength between the complexes and the
precipitate particles, a certain chelating agent has different effect in tuning the particle
morphologies.

It is noted briefly that while ammonia is the most common chelation agent used in
coprecipitation synthesis of battery precursor particles, others have also been explored. For
example, Zhang et al. used poly(ethylene glycol) (PEG) to facilitate oxalate coprecipitation
[82]. Oxalate itself forms complexes with TMs commonly used in battery precursor
coprecipitation and thus can serve a similar function to a chelation agent at relatively low TM
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concentrations [73]. It should be noted though that ammonia cannot function as an effective
agent for synthesizing spherical precipitate particles in oxalate coprecipitation due to the low
solubilities of most TM oxalate salts which results in minimum ammonium complexes
formation and negligible dissovation and dissolution-recrystallization process. Therefore, other
chemical inhibitors will be needed for particle morphology tuning or modification in TM

oxalate coprecipitation.

1.5. Scope of Dissertation

The goal of this work is to gain deep insights into the solution chemistry that control
the composition and particle morphology of the particles in multicomponent coprecipitations.
Such knowledge would make it possible to design and predictively control the composition and
morphology of the precipitates particles in order to get optimal performances of final active
materials in energy storage application. Even though there have been a lot of reports about the
characterization of TM oxide active materials, limited research has been published about the
study of either the crystallization and particle growth process of coprecipitation reaction or the
properties of the precursor particles. This dissertation focuses on both solution and particle
evolution as a function of reaction time, and also discovers well applicable tools to study
coprecipitation reactions for wide variety of applications. Emphasis is also given to the
optimization of electrochemical performance of battery active materials synthesized from
coprecipitation.

Each of the following chapter is comprised of one of our published work, except for the
last chapter which only contains some preliminary results. Chapter 2 is about in-situ tracking
the solution concentrations as a way to track the reaction extent of each TM ion in the blend
coprecipitation solution. The problem revealed in Chapter 2 about composition deviation is
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further characterized in Chapter 3, and put into context of the homogeneous mixing from
coprecipitation reaction compared to solid-state reaction. Chapter 4 is about in-situ measuring
the particle size distribution along the coprecipitation reaction, which, combined with the
results from Chapter 2, gives insights into the mechanisms of particle nucleation and growth
for different TM ion coprecipitation and their interactions in the blend solution. In chapter 5, a
more quantitative descriptor of the coprecipitation reaction, apparent activation energy, is
measured along the whole composition range of the binary reaction system, and found to be a
promising tool to detect new phase formation in the precipitated particles. Chapter 6 discusses
the possibility of electrode tortuosity control by particle alignment during the process of
electrode assembly, using the special shaped particles synthesized from coprecipitation
solution. Future works that need to be done to achieve the overall goal of predictive control the
composition, morphology, and phase purity of the particles are also talked about in the last

chapter.
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2: Compositional control of precipitate precursors for lithium-ion battery

active materials: role of solution equilibrium and precipitation rate

2.1 Overview

Multicomponent transition metal oxides are among the most successful lithium-ion battery
cathode materials, and many previous reports have described the sensitivity of final
electrochemical performance of the active materials to the detailed composition and processing.
Coprecipitation of a precursor template is a popular, scalable route to synthesize these transition
metal oxide cathode materials because of the homogeneous mixing of the transition metals within
the particles, and the morphology control provided by the precursors. However, the deviation of
the precursor composition from feed conditions is a challenge that has generally not been reported
in previous studies. Using a target final material of the high voltage spinel LiMn15Nio504 as an
example, we show in this study that the compositional deviation caused by coprecipitation can be
significant under certain conditions, impacting the calcined final material structure and
electrochemical properties. The study herein provides insights into the role of solution equilibrium
and rate of precipitation of the transition metals during precipitate formation on precursor, and
thus final active material, composition. Such knowledge is necessary to rationally predict and tune
multicomponent battery precursor compositions synthesized via coprecipitation with high levels

of accuracy.

The content of this chapter has been published in the following journal:
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0 Dong, H., & Koenig Jr, G. M. (2017). Compositional control of precipitate precursors for
lithium-ion battery active materials: role of solution equilibrium and precipitation rate. Journal of

Materials Chemistry A, 5(26), 13785-13798.

2.2 Introduction

Due to their high energy density, lithium-ion (Li-ion) batteries have become a popular
choice for applications ranging in scale from consumer electronics to electric vehicles to stationary
energy storage systems.[1] Especially with regards to cathode materials, Li-ion batteries do not
have a single material structure or composition that dominates but have many different materials
that may be suited to a particular performance or cost objective.[2,3,12-21,4,22-31,5,32-35,6-11]
Many current and future commercial cathode materials are multicomponent transition metal (TM)
oxides including LiNio.g0C00.15Al0.0502,[7,18-22], LiNi1sMn13C01/302,[14-17]
LiNio5Mnos02,[36-38] LiMn15Nios504,[7,23,32-34,24-31] and XLiMn203-(1-x)
LiNizsMn13C01/302.[8,39-42] Such materials have been reported to have material structure and
electrochemical performance that is highly sensitive to the stoichiometry of the final material.

Various routes have been reported in the literature to synthesize multicomponent metal
oxide cathode materials, including direct solid-state conversion of individual precursors, [43-49]
hydrothermal synthesis, [50-53] spray pyrolysis, [54-58] and various deposition techniques. [59—
62] One method that is very popular in the literature is coprecipitation of precursors followed by
calcination to final active materials. Coprecipitation has the advantages that it is relatively easy to
perform in the lab, scalable, allows tunable and monodisperse particle morphologies, [19,63-70]
and provides homogeneous mixing of the multiple TM components throughout the secondary

particles. While coprecipitation has many advantages and there are many reports synthesizing high
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performance materials using this method, one common assumption of materials produced via
coprecipitation is that the particles retain the stoichiometry of the feed solution. However,
depending on solution conditions this may not be a reasonable assumption. Van Bommel et al.
previously showed through equilibrium calculations that the fractions of Ni, Mn, and Co that
remained as soluble species during hydroxide coprecipitation with a chelating agent were highly
variable and pH dependent.[71] While these results suggest that predictive calculations should be
done to adjust the feed stoichiometry to target the desired precipitate stoichiometry, the use of such
analysis has rarely been reported. Many reports of multicomponent TM battery active materials
that used coprecipitation of precursors for the final active material do not confirm the
stoichiometry of the TMs in the precipitate. If calculations were performed, generally only solution
equilibrium was considered; and the calculations were not used to guide decisions on precursor
solution feed conditions. Also, no reports have considered whether the relative rate of
coprecipitation varied for the different TMs. In this paper, a technique for determining the extent
of coprecipitation of each TM independently in solution during synthesis will be described. Rates
of coprecipitation from these measurements were used in combination with equilibrium
calculations to achieve the goal of explicit composition control. We will demonstrate the impact
of such control on material structural and electrochemical properties using an exemplar cathode
material.

For this study, we have chosen the target cathode material LiMn1.5Ni0.504 (LMNO), and
to produce the material an oxalate precursor (Mno.7sNio25C204:2H20) was synthesized via
coprecipitation with a 3:1 target Mn:Ni ratio. LMNO has a high operating voltage of 4.7 V vs. L,
and the power and energy density advantages have made LMNO a good candidate as the cathode

active material for transportation and energy storage [33,35,72—77]. The sensitivity of LMNO
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material properties to TM stoichiometry, [67,78] coupled with the material having only two TM
cations to consider, made this material an ideal candidate for this initial study.

We have chosen oxalate coprecipitation chemistry for LMNO synthesis because in
isolation both Mn and Ni form stable oxalate dihydrate precipitates in aqueous solutions exposed
to air, and oxalates have been previously used as battery precursors. [65,66,69,70,79] Carbonate
coprecipitation is another popular method to synthesize 3:1 Mn:Ni precursor; however, NiCOs is
difficult to form as a stable precipitate.[80-86] Hydroxide coprecipitation is more complex
because of the tendency of Mn to oxidize to MNOOH.[70,71,87-91] Moreover, oxalate ions in the
solution play a dual role as both the precipitation reagent and a complexing agent.[92-94] The
formation of metal complexes with oxalate ions as the ligand slows down the precipitation rate
and thus the nucleation and particle growth process becomes more controllable. According to
previous reports, oxalate coprecipitation can be used to synthesize precursor particles of narrow
size distribution, and particle morphologies were successfully tuned by careful control over
solution conditions.[64,95] Explicit control over particle morphology can be important for battery
active materials due to the role that morphology plays in electrode packing, electrode
microstructure, and active material transport limitations.[26,96-101] However, synthesis that
incorporates morphology control of precursor is often performed at low feed reagent
concentrations where equilibrium and rate of precipitation need to be carefully considered and
predefined. For the particular Mn-Ni blend oxalate coprecipitation reaction, previous reports have
even explicitly noted adjustment of TM feed ratios using an empirical approach to compensate for
the composition deviation.[102]

Equilibrium calculations in this study will show that feed stoichiometry can deviate

significantly from the precipitate stoichiometry, and thus resulting final material composition. In
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addition, we will demonstrate that rate of precipitation of TMs needs to be considered, though
experimental evidence will suggest the formation of seeds of the faster forming precipitate likely
mitigates the impact of different rates of precipitation under some solution conditions. The
techniques in this report should be translatable to other precursor systems such as hydroxides and

carbonates.

2.3 Experimental and Method
2.3.1 Preparation of Oxalate Precursor and Cathode Active Material Particles.

Laboratory grade MnSO4 H20, NiSO4 6H20, and Na2C>04 (all from Fisher) were used for
the coprecipitation synthesis. TM sulfate and oxalate reagents were dissolved separately in
deionized (DI) water to prepare TM solution and oxalate solution, and both solutions were heated
to 60 °C. The TM solution was then poured all at once into the oxalate solution to start the
coprecipitation reaction. The total volumes of the mixed solutions were 0.8 L (withina 1 L beaker)
for all syntheses, and the reagent masses were adjusted to each desired solution concentration and
TM feed ratio. The temperature was maintained during the reaction at 60 °C using a hot plate. The
coprecipitation solution was stirred continuously at 300 rpm with a magnetic stirrer to keep the
solution homogeneous during the precipitate formation and to prevent particles from settling
within the suspension. The particles were collected by vacuum filtration after 30 minutes, and
then rinsed with ~2 L DI water before drying in the oven (Carbolite) at 80 °C overnight. The
precursor particles were mixed with 5% excess LIOH with 1:2 Li:TM ratio using a mortar and
pestle by hand for 5 minutes. This mixture was then fired in the furnace (Carbolite CWF 1300 box
furnace) in an air atmosphere at 850°C for 6 hours to obtain the final active material (with the

target composition generally being LiMn1s5NiosO04). The furnace temperature ramp rate was set at
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1°C / minute, and during the firing process the temperature was programmed for holds at 200 °C
and 350 °C each for 2 hours to complete the individual steps of the structural water loss and oxalate

decomposition, respectively.

2.3.2 Solution Equilibrium Calculations.

Equilibrium calculations were performed using OLI™ Studio 9.2. Calculations were also
performed using an appropriate system of equations including solubility constants and
complexation constants [103] combined with an appropriate numerical optimization package [71].
We noted that the equilibrium concentrations of the various solution species did not deviate
significantly when using literature data and numerical optimization compared to commercial
OLI™ calculations; however, the OLI™ values are the only ones reported in this study because
they incorporated temperature influences, and this information was not readily available in the

literature.

2.3.3 Rate of Precipitation of Ni and Mn.

Experiments were conducted to determine the concentration of each soluble TM remaining
in the solution as a function of coprecipitation time. The reactor vessels were 1L beakers and
solutions were prepared in the same manner as described above. At periodic time intervals during
the coprecipitation, a sample (~2 mL) was withdrawn from the 1L beaker using a 3 mL syringe.
For the withdrawn sample, the aqueous phase was quickly separated from the solid precipitate
particles by forcing the solution through a 33 mm diameter syringe filter with 0.22 [Jm pore size
(Fisherbrand). The agueous phase was further digested using aqua regia and diluted with DI water

into a proper concentration for inductively coupled plasma optical emission spectroscopy (ICP)
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analysis (PerkinElmer Optima 8000). The typical concentration range for ICP analysis was 0.1 to
100 ppm for Mn and Ni. Samples were continuously collected along the course of the reaction and
the TM concentrations remaining in the aqueous phase were obtained as a function of reaction
time. The total volume collected during the experiment for compositional analysis was typically

30 mL, or 3.5% of the total initial solution volume.

2.3.4 Material Characterization and Electrochemical Evaluation.

The chemical compositions of the precursors were measured using ICP analysis after the
powders were digested with aqua regia and diluted to appropriate concentrations for analysis. The
morphologies of the oxalate precursor and calcined final active materials were characterized with
a scanning electron microscope (SEM, FEI Quanta 650). The crystal structure of the materials
were analyzed by powder X-ray diffraction (XRD) with a PANalytical X’pert ProMPD using a
Cu-Ka radiation source. Thermal gravimetrical analysis (TGA, TA Q50) was conducted to confirm
the amount of the structural water and the weight loss profile of the oxalate precursors. All thermal
measurements were performed in air at a heating rate of 10°C min-1. Electrochemical testing was
performed using CR2032-type coin cells. The cathodes were fabricated by blending 80 wt% active
material, 10 wt% acetylene black as the conductive additive, and 10 wt% polyvinylidene difluoride
binder (dissolved in N-methyl-2-pyrrolidone as the solvent) first by hand with mortar and pestle
and then in a slurry mixer (Thinky) for 6 minutes. The mixed electrode slurry was then pasted onto
an aluminum foil current collector with an AFA-3 automatic film coater (MTI) and using a doctor
blade with a gap thickness of 200 pum. The electrode was dried at 80 °C overnight in an oven in
air, followed by another 3 hour vacuum drying at 80 °C prior to punching into 14 mm diameter

electrode disks. The loading of active material in electrodes evaluated were all between 7.2 and
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12.8 mg (4.5 and 8.0 mg cm-2). Coin cells were assembled inside an argon-filled glove box (<1
ppm O2 and H20) with a single thin film of lithium metal as the counter and reference anode. Cel-
gard 2325 trilayer membrane was used as the separator. The electrolyte was 1.2M LiPF6 dissolved
in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (3:7 vol. %). The cells were tested
in the voltage range of 3.6-4.9 V at room temperature using a MACCOR battery cycler. Where C

rates are given, 1C was assumed to correspond to 14.7 mA/g LMNO active material.

2.4 Results and Discussion

2.4.1 Concentration Influence on Deviation between Actual and Feed Ratios.

At equilibrium, stoichiometry deviations of the solid precipitates relative to the stoichiometry ratio
of the feed solutions is primarily a result of the solubility differences between the TMs. [64,104]
As will be shown later, all TMs in this study precipitate as oxalate dihydrates. At room temperature
the solubility of NiC204-2H20 is 0.00189/100g water, whereas MnC204-2H.0 solubility is
significantly greater at 0.0309g/100g water.[64] This solubility difference  between
MnC204:2H,0 and NiC204-2H>0 leads to the prediction that during a coprecipitation of a blend
of Mn and Ni using oxalate the precipitate would be relatively enriched in Ni.[102] The
proportional deviation from stoichiometry of the precipitate would be expected to become more
significant as the total solution concentration of the TMs and oxalate is decreased, because the
solubility limit would have a greater relative impact at lower concentrations. Figure 1 displays the
calculated Mn:Ni ratios in the precipitates at equilibrium as a function of total feed concentrations.
Note that these are detailed calculations with many solution species at 60 °C, and not a result of
only using the TM oxalate solubility values. Tabulated values are also listed in Table S1. In all

cases the Mn:Ni feed solution ratio was 3:1 and the TM:oxalate ratio was 1:1, and if all of the TM
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were to precipitate as oxalate the 3:1 ratio would be retained. It is observed that the Mn:Ni ratio
drops sharply away from the 3:1 feed ratio as the total feed concentration decreases below 50 mM.
The calculated ratio is 1.7 at 10 mM, which is nearly a 50% deviation from the feed ratio. Figure
1 also contains the experimentally measured Mn:Ni ratios of the collected precursor powders
determined by digesting the powders and using ICP analysis. All the precursors were collected 30
minutes after the TM and oxalate solutions were mixed together at 60 °C. In comparison to
equilibrium calculations, all the measured ratios are higher and closer to the feed ratio; and the gap
increases as the total feed concentration decreases. As will be discussed later, our experiments
suggest that this gap reflects the differences in the rate of precipitation of the Mn relative to Ni.
As the concentration increases, the difference between the measured values and the calculated
values decreases because the solution moves closer to equilibrium conditions faster with the rate

of precipitation increasing at higher initial solution concentrations.
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Figure 1. The measured (diamonds) and calculated at equilibrium (circles) Mn:Ni stoichiometric

ratio in the precipitate as a function of total TM feed concentration. The feed ratio of Mn:Ni is 3:1
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in all cases, and a dashed line is added at Mn:Ni = 3.0 for comparison. Lines between data points

added to guide the eye.

a) o.025 b) 0.025
= ---A--- Mn g ---4---Ni
3 0.02 g 0.02
= \ *
£ ' fet " o
c 0.015 < 0.015
* T
[®) 0 e
© A ©
=SCLL B 4(]:_). 0.01 .
[0 \ ~
A )
2 0.005 s onmmncsidiis & € 0.005 | g
o o b S °
©) O
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)
d
C) 0016 ) 100 =
%) t AN R T - — A
3 ‘ ---Ni - 80 | ,;:f’*
goo12 3 £
— \ © i
-
5. |A Sef #
50008 | A S 4
2 A 0
= \ o, 49 F
Coos ™ A £
80-004 \L\ 3 5 it ---A--- Mn
o ' e < L SEPSN
O - A ST — A E !
0 B TSR 4 L 5 " i i i
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)

Figure 2. Residual soluble a) Mn and b) Ni in solution during coprecipitation of pure
MnC204:2H,0 and NiC204-2H0. c) Residual soluble Mn (triangles) and Ni (diamonds) during
coprecipitation of feed with 3:1 Mn:Ni ratio. The total concentrations of TM and oxalate at the
beginning of the coprecipitation for all solutions were 20 mM. d) Fraction of Mn and Ni ions in

precipitate. Dashed lines added to guide the eye.
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2.4.2 Precipitation Timescales for Pure and Blend systems.

The differences between equilibrium calculations and measured stoichiometries for the
oxalate precipitates led to investigations of the concentration of the TM left in solution as a
function of time. Before determining the concentration profile for the 3:1 Mn:Ni feed, first
experiments were conducted with solutions containing only pure Mn or Ni at 20 mM. We chose
to use 20 mM total TM (and oxalate) as the initial feed concentration for these experiments because
1) the concentration was low enough that it resulted in significant deviation between the
equilibrium calculated and measured precipitate ratios (Figure 1), and 2) this concentration was
high enough to provide adequate amounts of precipitate powder for lithiation and calcination to
final battery active material as well as materials characterization. Figure 2a shows the
concentration of soluble Mn as a function of time during coprecipitation of MnC04-2H20. Figure
2b shows the results of the same experiment where the only difference was the substitution of Mn
with Ni. The soluble Mn concentration decreased faster than Ni for the pure TM experiments,
indicating that pure MnC204-2H20 initially precipitated faster than pure NiC204-2H,0. These
results indicated that the manganese coprecipitation reaction had a lower activation barrier,
resulting in MnC204-2H20 crystalizing and precipitating faster than NiC204-2H20 at the early
nucleation stages. As discussed earlier, initial coprecipitation experiments were 30 minutes. The
concentration of residual TM in the pure Ni experiment has not plateaued in this time frame,
indicating that 30 minutes was not a sufficient timescale to approach equilibrium. We also note
that while the pure Mn concentration appears to have reached a plateau in less than 30 minutes,
the residual concentration still exceeds equilibrium (0.0045 mol/L compared to 0.0036 mol/L).

SEMs of the resulting MnC204-2H20 and NiC204-2H20 precipitates collected after 30 minutes
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can be found in the Appendix, Figure S1. The faster precipitating MnC204-2H20 particles were
larger and had rougher surfaces than the NiC204-2H>0 material.

Although MnC;04-2H,0 initially precipitated faster, after a sufficient time period (40
minutes), the soluble Ni concentration was significantly lower than the soluble Mn concentration.
At long times, the precipitation of NiC204-2H>O was more complete, consistent with the
solubilities of the two TM oxalates. Based on the extent of coprecipitation measured for the two
pure TM oxalate systems, the precipitate collected from the blend precipitation after 30 minutes
would be expected to be relatively enriched in Mn; however, the opposite Mn-lean precipitate was
observed experimentally (Figure 1). These results indicated that there were additional
considerations when Mn and Ni were coprecipitated from the same solution. Another interesting
outcome from the experiments in Figures 2a-b is that if the TMs precipitate at different rates, the
resulting precursor would not be expected to be homogenous with regards to TM distribution in
the precursor, which is a commonly cited advantage of coprecipitation synthesis for battery
precursor materials. The pure Mn and Ni coprecipitation data suggests a Mn-rich core and Ni-rich
shell, or separately Mn-rich and then Ni-rich precipitate particles, would likely result. To gain
further insights, we conducted the same residual concentration as a function of time analysis for
both Mn and Ni during the coprecipitation of a 3:1 Mn:Ni feed.

Figure 2c displays the residual soluble Ni and Mn during precipitation of a feed 20 mM
3:1 Mn:Ni TM solution. Due to the difference in initial concentration of Ni and Mn, Figure 2d
shows the extent of Ni and Mn precipitated as a function of time, which is more instructive for
comparing the homogeneity of the coprecipitation. Interestingly, in this synthesis with the blended
TM feed both species precipitate at a nearly 1:1 ratio throughout the synthesis, contrary to

expectations based on the pure Mn and Ni precipitation experiments. This implies an interaction
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between the two TMs and/or the TMs and the oxalate precipitates were facilitating this process.
The precipitation of Ni in the 3:1 blend feed solution proceeds much faster than for the pure Ni
feed, even though the 3:1 blend has the same total TM and oxalate concentration and lower Ni
concentration. The blend coprecipitation resulted in higher overall extent of precipitation for both
species after 30 minutes. Quantitatively, 87% of manganese ion and 92% of nickel ion precipitated,
compared to 77% and 60% in their pure oxalate precipitation reactions, respectively. The resulting
precipitate was now Ni-rich, which was consistent with previous observations (Figure 1). These
results led us to speculate that the faster-forming MnC.04-2H0 particles were providing seeds in
the blend system to facilitate NiC.04-2H20 coprecipitation. To provide support for this
speculation, we then conducted seeding experiments by adding 0.34 g of pure MnC204-2H0 seeds
at the beginning of a coprecipitation of 20 mM pure Ni2+ with oxalate (identical conditions to
Figure 2b except for seed addition). The mass of the seeds was chosen such that the amount of Mn
atoms was 10% of the Ni atoms in the solution. Residual soluble nickel as a function of time during
coprecipitation of pure Ni, pure Ni with MnC204-2H0 seeds, and the Mn:Ni 3:1 system are shown
in Figure 3a. Figure 3b is the fraction of Ni that has been precipitated as a function of time for the
same experiments. It can be seen from Figure 3a that adding MnC,04-2H.0 seeds facilitated faster
coprecipitation of nickel. However, inspection of Figure 3b reveals that the coprecipitation of Ni
in the seeded experiment was still slower than for the Mn:Ni 3:1 blend. We speculate that this
difference was largely due to differences in surface area between the initial particles in the 3:1
blend synthesis and the MnC,04-2H,0O particles in the seeded experiment. We expect that the
initial precipitates that formed in the 3:1 blend synthesis were very small, though detailed
characterization of their size was challenging and is a focus of current investigations in our lab. In

contrast, the seed particles were from pure MnC204-2H,0O synthesis experiments and these
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particles were quite large, with an average size of ~20 um that was consistent with previous reports.
[39,68,105] A SEM image of the seeds can be found in the Appendix, Figure S1. The smaller
particles that form in-situ during synthesis in the 3:1 blend system provide more surface for the
coprecipitation, speeding up the loss of residual Ni in the solution to the precipitate phase relative
to the lower surface area seeded experiments. In summary, the seeded precipitation experiments
provided evidence that the MnC.04-2H20 in the 3:1 blend facilitates faster initial precipitate
formation, which speeds up the precipitation of NiC204-2H>0. These results indicated that at least
in some cases TMs with very different precipitation rates can precipitate almost at the same rate
in blends because seeds of faster forming precipitates will facilitate increasing the precipitation
rate of the slower precipitation compounds. Further investigation is needed to determine how
general this observation is with regards to concentration regimes, TM species, and coprecipitation
anions; however, it provides evidence that coprecipitation does indeed provide homogeneous TM

precipitates — even if the rates of precipitation are quite different.
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Figure 3. a) Measured soluble Ni as a function of time during coprecipitation of 20 mM oxalate
with 20 mM Ni (triangles), 20 mM Ni with MnC.04-2H>0 seeds(diamonds), and 20 mM 3:1
Mn:Ni (circles). b) The fraction of Ni lost to the precipitate phase using the data in a). Dashed

lines added to guide the eye.

53



2.4.3 Oxalates Structural and Thermal Characterization.

According to previous reports, both Mn and Ni oxalates may exist in an a-phase dihydrate
oxalate[94,106] whose prototype is the mineral Humbodtine a-FeC204-2H,O with monoclinic
space group C2/c.[92] Nickel oxalate dihydrates have also been reported to crystallize in the
orthorhombic system in space group Cccm,[94,106] whose X-ray peaks are indexed with f-
FeC204:2H20.[92] Mn oxalate, unlike the other d-block TM oxalates, does not present an
orthorhombic B-MIIC204-2H20 (where M stands for the d-block TM) modification.[94,106] It
has another dihydrate, however, denominated as y-MnC204-2H.O which is also orthorhombic

while belonging to space group P212121 and is found to crystallize under high pH conditions. [68]
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Figure 4. XRD patterns of NiC204-2H20 (red), Mn:Ni 3:1 feed oxalate dihydrate (blue), and

MnC204-2H,0 (black). Miller indices correspond to orthorhombic and monoclinic symmetries

for NiC204-2H20 and MnC204-2H>0, respectively.
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XRD patterns of the pure and blend TM oxalate powders were analysed to determine the
resulting structures (Figure 4). The pure Mn oxalate was indexed with the a-FeC;04-2H,0
monoclinic phase and the pure Ni oxalate was indexed with the B-FeC204-2H,0 orthorhombic
phase.[92] The XRD pattern of the blend 3:1 feed TM oxalate (note: ICP composition was 2.6:1
Mn:Ni) powder was identical to the pattern of Ni oxalate powder, consistent with the B-oxalate,
rather than a co-existence of the two oxalate polymorphs. The peaks in the blend oxalate, however,
are less sharp and intense compared to the pure Ni oxalate dihydrate, which indicates some non-
ideal mixing of the cations in the lattice structure and/or smaller crystallite sizes.[92] The peaks of
the blend powder were also shifted to lower 20 values compared to the peaks of pure Ni oxalate
powder, which indicated expansion of the crystal lattice.[107] The lattice parameters calculated
for the blend oxalate dihydrate were a=11.99 A, b=5.53 A, and ¢=15.62 A, compared with those
of NiC204-2H20 being a=11.75 A, b=5.28 A, and c=15.52 A.[108] The shift in the lattice
parameters with the addition of Mn to the precipitation solution indicated incorporation of larger
size Mn ions (Mn2+ = 0.81 A, Ni2+ = 0.69 A) into the crystal, consistent with homogeneous
precipitation of the TM oxalates and not independent precipitation of individual MnC,04-2H,0
and NiC204-2H0 particles.

Previous studies have also shown Mn-Ni forms a solid solution when precipitated with
oxalate. [102,107,109] Unexpectedly, even though the blend system has 75% Mn and
MnC>04-2H-0 precipitates faster than NiC204-2H-0, the resulting phase was consistent with the
B-NiC204:2H20 instead of a-MnC204-2H20. Thus, the f-NiC204-2H.0 phase was favorable at
these solution conditions. Whether the blend oxalate is a- or -oxalate is dependent on the
synthesis conditions. [92] We are currently exploring the detailed phase diagram for these oxalate

materials and this topic will be the subject of a future publication; however, it appears that under
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the majority of solution compositions in the Mn-Ni blend system, adjusting only the Mn:Ni ratio,
the B-NiC204-2H20 was the preferred structure. The extent of Mn precipitation was greater in the
blend system compared to pure MnC204-2H,0 (Figure 2). This observation also suggested that
the B-NiC204-2H-0 structure facilitated a greater extent of Mn precipitation relative to the o phase
crystal structure that forms in the pure Mn precipitation.

TGA analyses were conducted on the three oxalate samples. The dehydration step, which
occurs below 200 °C, caused a mass loss of ~20% for all samples, which indicated the oxalate
precursors synthesized were dihydrates (Mn and Ni composition of Mn0.72Ni0.28C204-2H20
for the blend precursors from ICP, feed was 3:1 Mn:Ni). Both the dehydration temperature and the
oxalate decomposition temperature are greater for NiC204:-2H.O than for MnC>04-2H0,
indicating that the thermal stability of NiC.04-2H.O was greater. In the case of
Mno.72Ni0.28C204-2H20, the dehydration and oxalate decomposition peaks were between the
values for NiC204-2H>0 and MnC;04-2H20. The relatively broad and high temperature for the
dehydration peak, however, suggested the structural water was in an environment more similar to
that of NiC204.2H20. This observation was consistent with the XRD patterns indicating that the
blend oxalate structure was consistent with NiC204-2H.0. TGA profiles and full discussions can

be found in the Appendix, Figure S2.

2.4.4 Synthesis of Slight Variations of Mn:Ni Ratio Stoichiometry Materials.

As discussed above, solution equilibrium calculations provide insights into selecting feed
stoichiometry, but these calculations alone were not quantitative enough to use for predictive
synthesis, particularly at low solution concentrations desirable for tuneable particle morphologies.

Quantitative predictive models incorporating the precipitation rate will be a long-term goal,
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however, further study and information on particle size distribution as a function of time will be
needed to appropriately normalize the precipitation rate. To further demonstrate the importance of
working towards these predictive synthesis methods, two additional blend oxalate precipitates
were synthesized such that three resulting precursors were made: one that was almost exactly at
the desired 3:1 Mn:Ni stoichiometry, one that was enriched in Ni (<3:1), and one that was enriched
in Mn (>3:1). All oxalates were synthesized using 20 mM total TM and the particles were collected
after 30 minutes to be consistent with earlier procedures. The 3:1 Mn:Ni feed from the earlier
experiments resulted in 2.6:1 Mn:Ni, confirmed using ICP on digested powders, and this served
as the Ni-rich sample. A feed ratio of 3.52:1 resulted in 3.02:1 Mn:Ni (the stoichiometric sample),
and 3.82:1 feed resulted in 3.33:1 Mn:Ni (Mn-rich sample). The compositional deviation between
equilibrium calculations and measurements varied from ~5-15%. After calcination of the oxalate
samples in the presence of lithium, the detailed compositions of the three “LMNQO” materials were
LiMn1.46Nio5404, LiMn1sNiosOs, and LiMn1ssNiossOs which will be referred to as Ni-rich,
stoichiometric, and Mn-rich LMNO, respectively. These listed compositions have Mn:Ni ratios
consistent with ICP measurements on the final active material and assume a Li:TM ratio of 1:2
and TM:O ratio of 1:2. Actual Li:TM ratios and a summary of compositional information

determined by ICP can be found in the Appendix, Table S2.

2.4.5 Characterization of the Stoichiometric and Non-stoichiometric LMNO Materials.

The three LMNO samples were synthesized to demonstrate that small compositional
variations during coprecipitation synthesis, when not accounting for the deviation from feed
stoichiometry, can result in detectable changes to the final active material after calcination. LMNO

is cubic with Li on the tetrahedral sites of the structure. Depending on the distribution of Mn and
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Ni ions in the lattice, LMNO has two different crystallographic structures: with disordered Ni and
Mn on the octahedral sites the cubic spinel has the space group Fd-3m, while with higher ordering
of Ni2+ and Mn4+ it has the space group P4332. In synthesizing spinel LMNO the high calcination
temperature leads to the reduction of manganese from Mn4+ to Mn3+, which results in the Fd-3m
disordered structure.[110] Annealing at 700[1C for extended periods has been reported to reoxidize
the Mn3+ back to Mn4+ and may convert the spinel to the primitive cubic ordered structure.
[34,111]

Achieving the appropriate chemical composition is essential for extracting the maximum
capacity from LMNO materials. For the molecular ratio of Mn:Ni 3:1, theoretically all the
electrochemical capacity comes from the Ni2+/Ni4+ redox couple. When there is Mn:Ni deviation
from 3:1; however, either Mn-rich or Ni-rich materials may result in changes to the oxidation state
and/or the crystal phase, thus influencing the electrochemical performance. Since Ni in
LiNi0.5Mn1.504 is Ni2+, we assume that nickel ions in the whole series of Mn-rich LiNixMn2-
xO4 materials with 0<x<0.5 are also Ni2+. LiNi"Mnj5, Mn}’, O, . Assuming that the 4.7 \ high
voltage capacity comes from the Ni redox, and that Mn®**/Mn** redox gives a ~4.1 V plateau during
cycling, we expect to get 2x Li capacity per formula unit at ~4.7V and (1-2x) Li capacity at ~4.1V,
which have been observed experimentally.[6,72,79,112-114] Within the Mn-rich range, the
material should be stable in the spinel phase, LiMn204 being the extreme case, though more Mn
content results in a higher fraction of Mn3+ ions which potentially results in Jahn-Teller distortion,
being detrimental to the structural stability. For Ni-rich materials (0.5<x<1), we assume the Mn4+

will not be further oxidized, and thus the oxidation state of Ni ions will be increased from Ni2+ to

Ni3+ to meet charge neutrality and the result would be LiNiffXNig;an‘z‘fxoét. Summing up the

Ni2*/Ni** and the Ni**/Ni** couples, the high voltage capacity would be constant through the
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compositional range, LiNi¥**Mn*"O, being the extreme case. Based on the analysis above, if the
compositional deviation was Ni-rich, a reduction in the high voltage electrochemical capacity
would not be expected. However, as the Ni content increases, the risk of forming a rock-salt
impurity phase significantly increases, which potentially deteriorates both the electronic
conductivity, ionic conductivity, and total active material and thus energy density. The end point
material, LiNi**Mn**O4 was previously reported to have a rock-salt structure, showing XRD
patterns consistent with LiNiO2.[72,74,110] This means that there are likely multiple phases
coexisting across some range of compositions in the Ni-rich regime. The formation of layered
structures also presents the risk of phase segregation in the material, because Li-Mn-O has limited
stability as a layered structure.[6,72,79,112,113] SEM images of the three precursors and their
corresponding final oxide samples can be found in the Appendix, Figure S3. All the precursors
exhibit hexagonal platelet secondary particle morphologies and similar secondary particle sizes of
about 20 um. The secondary particles were comprised of multi-faceted primary particles with
length scales of approximately a couple hundred nanometers. The overall morphologies of the
LMNO samples exhibit no significant differences and were not expected to contribute significantly

to any observed differences in electrochemical cell performance.
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XRD patterns for Ni-rich, stoichiometric, and Mn-rich LMNO powders are shown in
Figure 5. The peaks, except those marked with an *, all can be indexed to Fd-3m spinel cubic
structures. The Ni-rich sample contains impurity peaks, and their location was consistent with
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cannot be accommodated in the LMNO structure and thus the Ni enrichment facilitates the
formation of the rock-salt impurity. The impurity phase was not observed in the Mn-rich LMNO
sample.

Rietveld refinements were done using only the Fd-3m space group and the resulting lattice
parameters of the three LMNO samples were 8.2046 A, 8.1909 A, and 8.1934 A for Ni-rich,
stoichiometric, and Mn-rich samples, respectively. The larger lattice parameter for the Ni-rich
LMNO sample was attributed to the higher Ni ion content, since the ionic radius of Ni3+ (0.70 A)
is larger than the average of Mn4+ (0.53 A) and Ni2+ (0.69 A) [30]. Though some of the Ni
distributes into the impurity phase, the high Ni content likely helps to ensure high Ni within the
LMNO structure as well. The slightly higher lattice parameter of the Mn-rich LMNO sample
relative to the stoichiometric sample may have been due to the relatively increased amount of
Mn3+ (0.645 A), whose ionic radius is greater than the average of Mn4+ (0.53 A) and Ni2+ (0.69
A). Relative peak intensities reflect the relative exposure degree of surface orientations in the
spinel structure. [72,115,116] By normalizing to the (311) peak of the three patterns, the relative
intensities were compared of the high-active (111) crystal facet, which were 2.066, 2.100, and
2.186 for Ni-rich, stoichiometric, and Mn-rich LMNO samples respectively. The similar values
implied that the exposure degrees of the high-active (111) facet was not expected to contribute to

differences in electrochemical measurements.
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Figure 6. Discharge profiles of stoichiometric, Ni-rich, and Mn-rich Li/LMNO cells cycled at a

rate of C/10 (147 mA/g LMNO).

The discharge curves of Li/LMNO coin cells, all charged/discharged at a rate of C/10, are
shown in Figure 6. The stoichiometric LMNO had the highest first cycle discharge capacity of 123
mAh/g, while the Mn-rich and Ni-rich LMNO show similar capacities of around 115 mAh/g. The
discharge capacity was divided into the high (4.9 to 4.1 V, vs. Li/Li+) and low (4.1 to 3.6 V, vs.
Li/Li+) voltage ranges for comparison, corresponding to primarily Ni2+/Ni4+ and Mn3+/Mn4+
redox couples, respectively. Table 1 lists the electrochemical capacities of the three LMNO
materials within these potential ranges, and also the calculated Mn3+ and Ni2+amounts based on
these capacities. All the discharge capacities in Table 1 were averages of results from three
different cells for each representative LMNO sample. The low voltage capacities of the Ni-rich
LMNO and stoichiometric LMNO were nearly identical, and thus so were the calculated amounts

of Mn3+. The Mn3+ formation occurs to some extent during the high temperature calcination
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procedure, regardless of the composition of the samples. The Mn-rich LMNO, however, had a
greater Mn-rich LMNO, however, had a greater capacity within the low voltage range, which was
attributed to higher amounts of Mn3+ in the structure. The higher fraction of Mn3+ observed was
also consistent with the larger lattice parameters and expected composition of
LiNij 5sMng hsMnT 40, with 0.08 mol Mn3* per formula, which was close to 0.09 mol Mn3+ per
mole of LMNO calculated based on the low voltage range capacity. In comparing Mn-rich LMNO
and stoichiometric LMNO, the amount of Ni2+ in the materials was calculated by assuming that
all the high voltage capacity came from the Ni2+/Ni3+/Ni4+ redox couple(s) (Table 1). Even in
the stoichiometric sample, the Ni redox couple cannot be fully exploited during charge or
discharge, possibly due to ion diffusion or electron exchange limitations.[25,63,117] The Ni?*
amount calculated from the electrochemical capacities of the Mn-rich material contains 94% the
Ni%* of the stoichiometric sample, close to the theoretical Ni2+ percentage of 92% obtained by
comparing LiNiZ5cMnj bsMn? 560, to LiNiosMn1sOs. This implies that the intrinsic capacity
losses relative to the theoretical capacity appears to be proportionally lost by Ni?* in the materials.
Therefore, the detailed chemical composition of LMNO samples provides insights into the
expected relative capacities in the low voltage and high voltage regions of the material, in
particular when comparing Mn-rich and stoichiometric LMNO materials. This analysis was
consistent with previous reports in the literature and was consistent with analysis of the dQ/dV
plots of the electrode materials (see Figure S4 in the Appendix for the dQ/dV plots and further
discussion).[78,110,114] Detailed comparison between Ni-rich and stoichiometric LMNO was not
quite as straightforward because the impurity phase in the Ni-rich sample complicates the analysis.
The quantity of the impurity phase for the Ni-rich LMNO appears to have been insufficient to

significantly reduce the material capacity, though capacity decreases caused by more substantial
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proportions of the rock-salt impurity for Ni-rich LMNO samples have been previously established
in the literature.[72] Similar levels of exposure of the high-active facet, as aforementioned, and
similar Mn3+ in the stoichiometric and Ni-rich materials (Table 1) likely made identification of
the electrochemical performance differences due to the compositional variation more difficult to

observe.

Table 1. Summaries of the Ni-rich, stoichiometric, and Mn-rich LMNO discharge capacities.

Standard deviations for capacity values were based on 5 discharge cycles of 3 cells for each

material.
Sample Mn:Ni (ICP) Specific Capacity (mAh/qg) TM lon Amount
per Mole of
LMNO based on
Capacities
Total Low High Mn3* Ni2*
Voltage Voltage (mol) (mol)*
Nickel-Rich 1.46:0.54 118.6+5.0 9.9+1.3 108.7£3.7 | 0.07 0.37
Stoichiometri | 1.50: 0.50 121.8+2.4 9.5+1.0 112.3+3.0 | 0.06 0.38
c
Manganese- 1.54:0.46 118.2+1.9 12.6+1.0 | 105.5+1.0 |0.09 0.36
Rich

*The Ni%" amount was calculated assuming all the high voltage capacity was from Ni?*/Ni**

redox couple.
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Cycle life testing of LiI/LMNO coin cells was also conducted and the results can be found
in Appendix Figure S5. All cells had similar capacity fade after 200 charge/discharge cycles at
C/10. The specific discharge capacities after 200 cycles were 112.9 mAh/g, 115.9 mAh/g, and
107.1 mAh/g with capacity retentions of 95.2%, 97.4%, and 91.9% (relative to the 10th cycle) for
the stoichiometric, Ni-rich, and Mn-rich LMNO materials, respectively. All cells appeared to have
an activation-related capacity increase for the first several cycles, thus the 10th cycle was chosen
for relative capacity retention.[63,73,118,119] While the stoichiometric LMNO had encouraging
results both with regards to total capacity and capacity retention, the relatively small differences
between the three materials makes it premature to assign achieving the stoichiometric composition
as improving these two metrics without more extensive cell testing and analysis. Interestingly, the
first cycle coulombic efficiency (CE) was significantly different for the three materials, where the
values were 90.8%, 85.9%, and 88.7% for stoichiometric, Ni-rich, and Mn-rich LMNO,
respectively. The CE of the first few cycles is an indicator of the stability of the electrode-
electrolyte interface and high CE indicates a stable interface.[72] The high CE of the stoichiometric
LMNO suggested it formed a relatively stable electrode-electrolyte interface, though more detailed
investigations would be needed to confirm the stoichiometry at the interface of these materials
with differing bulk compositions and the potential impact on the resulting solid-electrolyte

interphase.

2.5. Conclusion
Coprecipitation is a popular route to synthesize Li-ion battery precursors, and performing
coprecipitation in low solution concentration regimes can enable explicit tuning of morphology of

battery precursor materials. A study was conducted to determine how significant the deviation in
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composition of multicomponent TM precursors may be from feed stoichiometries in a low
concentration condition, using a model system containing Mn2+, Ni2+, and C2042- as
coprecipitation species. Equilibrium calculations suggest deviation between feed and resulting
precursor stoichiometry, which had qualitative but not quantitative agreement. Experiments
tracking the extent of precipitation of each of the TM species suggests that while TMs have very
different rates in isolation, the faster precipitating species results in seed particles that result in
nearly 1:1 precipitation of Ni and Mn when precipitated from the same solution. Synthesis of
precursor particles that were produced using 3:1 Mn:Ni feed (Ni-enriched precipitate), 3:1 Mn:Ni
precipitate, and an intentionally Mn-enriched precipitate demonstrated that even small deviations
in relative Mn:Ni stoichiometry can have detectable impacts on material structure and
electrochemical properties — though for these relatively small compositional deviations the
material properties were not extreme. These results suggested that careful consideration of solution
chemistry, including equilibrium distribution of TM and the rate at which different TM are
precipitated, should be given more careful consideration during the synthesis of battery materials
using coprecipitation methods. While in this study low concentrations of TM were used which was
more relevant to morphology tuning of active materials important for investigating morphology
effects on electrochemical properties, these results are also extendable to some effects observed
with more concentrated solutions. In particular, the incorporation of chelating agents commonly
used in larger scale coprecipitation will intensify compositional deviations between feed
stoichiometry and particle stoichiometry even at relatively high TM concentrations. This topic will

be toughed in the last chapter.
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3: Role of Coprecipitation and Calcination of Precursors on Phase

Homogeneity and Electrochemical Properties of Battery Active Materials

3.1. Overview

Coprecipitation has previously been demonstrated to produce diverse compositions of
battery precursor particles, frequently under the assumption that the precipitation of transition
metals from the solution results in advantages with regards to efficient homogeneous local mixing
of transition metal cations within the solid particles. Such mixing is generally considered as an
advantage relative to solid state reaction of solid powders with the equivalent starting
stoichiometry; however, very few studies have attempted to quantitatively confirm the impact of
this local mixing on the resulting final materials. The extent to which local mixing from
coprecipitation facilitates the mass transport of transition metals during the calcination process,
which would be expected to aid in producing well crystallized single-phase particles, is not clear.
Herein, this study will systematically compare the phase purity and crystallinity of oxide powders
comprised of a blend of transition metals that were produced from either physical mixture of single
transition metal precursors or multicomponent precursors produced via coprecipitation from
solution. These experiments provide quantitative support for the role that local mixing, achieved
via precipitation, plays in forming high crystallinity final materials with the desired phase.

LiMn1sNios04 was used as a model multicomponent target final material after calcination.

The element of this chapter has been published in the following journal:
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Dong, H., Wang, A., & Koenig, G. M. (2018). Role of coprecipitation and calcination of
precursors on phase homogeneity and electrochemical properties of battery active materials.

Powder technology, 335, 137-146.

3.2. Introduction

Multicomponent transition metal (TM) oxides are the most commonly used cathode active
materials in lithium-ion (Li-ion) batteries due to their broad capabilities in power and energy
densities that can be tuned depending on the transition metal stoichiometry [1-5]. Many techniques
have been developed to synthesize multicomponent TM oxides materials at both research and
industrial scales [6-11]. Solid state synthesis is straightforward in that single component powders
of each desired element can be measured at the desired stoichiometry directly and then physically
mixed, but high temperature and/or long calcination times are required due to large diffusion
distances for ions to form homogeneous final active materials [12—-14]. Sol-gel synthesis is a
modified solid state method that achieves very good mixing of the constituent elements, but the
control over particle morphology is relatively limited [15-18]. Spray pyrolysis, a synthesis route
commonly utilized in industry, is very scalable and has local mixing homogeneity but also limited
particle morphology control [19-21]. Coprecipitation is another popular method to synthesize
precursors for multicomponent TM oxides materials. Mixing between different TMs is assumed
to be achieved at the atomic level during coprecipitation reactions, which in principle will reduce
the requirement for aggressive firing conditions. The particle morphologies can be adjusted by
tuning the reaction conditions and the particle morphologies can be well retained after the
calcination process, which makes particle morphology control possible [22-25]. The method is

fast, has low equipment needs, and is scalable. However, there are no reports on quantitative
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confirmation of the advantages of the assumed local mixing of precursors produced via
coprecipitation, or to what extent the mixing facilitates ion diffusion during subsequent
calcination. The focus of this study is to understand to what extent coprecipitation provides an
advantage with local mixing of transition metals in the precursor particles, and for comparison we
will also use solid state synthesis with physical mixing of single transition metal precursors.
LiMn15Nio504 (LMNO) was chosen as the example final calcined material for this study.
LMNO is commonly referred to as high voltage spinel due to its high redox potential at 4.7 V vs.
Li/Li+ and because the material forms a spinel crystalline structure [1,26]. Depending on the
distribution of Mn and Ni ions, LMNO may form two different crystallographic structures: the
ordered P4332 space group and the disordered Fd-3m space group [27]. Correct stoichiometry is
essential for extracting the maximum capacity from LMNO materials. According to previous
reports, either Mn or Ni enrichment relative to the target Mn:Ni 3:1 stoichiometry may cause
decreased material capacity and/or material stability during electrochemical charge/discharge
[17,26]. The sensitivity of electrochemical properties to stoichiometry necessitates good mixing
between Mn and Ni ions in the final active material particles, since localized Mn or Ni segregation
will result in phase impurities and deteriorate resulting electrochemical properties of the materials.
In this study, we will show the influence of local mixing and processing conditions on resulting
final material crystal structure and electrochemical properties. The advantage of local mixing via

coprecipitation relative to solid state physical blends of precursors is quantitatively characterized.
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3.3. Material and Methods

3.3.1. Precursor Synthesis and Calcination

For the coprecipitation reaction, oxalate was used as the precipitation anion for all materials
synthesized. Oxalate was chosen because Mn, Ni, and blends of Mn and Ni form stable oxalate
dihydrates across the entire range of Mn:Ni ratios [17,28]. Other common precipitation anions,
such as hydroxide and carbonate, have challenges with regards to impurity phases in the precipitate
within certain stoichiometric ratios of Mn:Ni [10,24]. The dual functions of oxalate ions as both a
precipitation reagent and a complexing agent also has the advantage of slowing down the
precipitation rate which enables better control over the process within low concentration regimes
[29].

The pure Mn and pure Ni TM precursors and the Mn:Ni 3:1 precursors were synthesized
using coprecipitation via reaction of TM sulfate solutions with sodium oxalate solution. The
synthesis was basically the same as used in the project of chapter 2. In brief, a pre-determined
amount of TM sulfate salts (containing either Mn, Ni, or Mn:Ni 3:1 feed) was dissolved in 400
mL deionized water (DI water) and heated to 60°C. Separately, sodium oxalate was dissolved and
heated to 60°C in 400 mL DI water. The precipitation was initiated by pouring the TM sulfate
solution into the sodium oxalate solution all at once with vigorous stirring. The solution was
assumed to be homogeneous upon mixing, with the total concentrations of TM and oxalate both
0.15 M after the initial mixing step. The reaction was allowed to proceed for 30 minutes after
mixing the two solutions together, at which time the precipitates were filtered and rinsed with DI
water. The initial solution concentrations for TM and oxalate were chosen to mitigate the deviation
of the precipitate composition relative to the feed conditions for the Mn:Ni 3:1 and to result in high

yield of precursor particles [30]. The composition of the resulting precursor from the 3:1 Mn:Ni
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feed was determined by inductively coupled plasma — optical emission spectroscopy (ICP-OES,
Perkin EImer Optima 8000) to be Mn: Ni 2.82:1. As reported in the literature [31,32], the pure Ni,
pure Mn, and 3:1 Mn:Ni precursors all were oxalate dihydrates as determined via thermal
gravimetric analysis. After filtration and rinsing, all precursor material powders were dried in a
vacuum oven at 80°C overnight.

All precursor materials were calcined with a lithium salt to form lithium transition metal
oxides. The obtained blend or pure precursor powders were mixed with 5% stoichiometric excess
of LiOH for a target stoichiometric ratio of Li:TM 1.05:2. The mixing was conducted by hand
using mortar and pestle for 10 minutes, and the mass of the powder for each batch of material
mixed was kept around 3 grams for consistency. The powder mixtures were then transferred into
crucibles and put into a furnace (Carbolite CWF 1300 box furnace) and fired under an air
atmosphere. All the calcination processes used 1°C/minute ramping rate for heating and the
materials were held at the target top temperature for a specified period of time followed by
naturally cooling down to room temperature. The top temperature and hold time were parameters

that were varied and are specified in the manuscript text for a given material.

3.3.2. Materials Characterization

Powder morphologies were characterized using a scanning electron microscope (SEM, FEI
Quanta 650). Over 100 particles from SEM images were counted to determine the average particle
size and standard deviation. The SEM was also equipped with energy-dispersive X-ray
spectroscopy (EDS), which was used to identify elemental composition and distribution in the
particles. The crystal structure of precursors and calcined materials was determined using powder

X-ray diffraction (XRD, PANalytical X’pert ProMPD). Thermal gravimetric analysis (TGA, TA
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Q50) was performed to determine the water stoichiometry in the precipitates and to locate the
temperatures where decomposition processes occurred for the precursors. All the TGA tests were
conducted in an air atmosphere with the ramping rate of 10°C/minute.

Electrochemical characterization of the final calcined active materials was conducted by
using the calcined powders as the cathode active material in Li-ion battery cells paired with lithium
metal anodes. The CR2032-type cells were fabricated with cathodes comprised of a blend of 80
wt% active materials, 10 wt% acetylene black, and 10 wt% polyvinylidene difluoride binder
(dissolved in N-methyl-2-pyrrolidone). The electrode was cast from a slurry onto aluminum foil
with a doctor blade set at a gap height of 250 [1m. The electrode was first dried in air at 80°C for
24 hours, and then subsequently further dried under vacuum at 70°C for 3 hours. From the
electrode foil, smaller disks with 1.6 cm2 area were punched to be used as cathodes in the coin
cells. The cells, with the composite cathodes paired with lithium metal foil anode, were assembled
inside an argon-filled glove box with polymer trilayer membrane as separators and LiPF6
dissolved in 3:7 vol. % ethylene carbonate:ethy methyl carbonate as the electrolyte. The cells were
cycled within a voltage window of 3.6 - 4.9 V at room temperature using a MACCOR multichannel
battery cycler. The cells were cycled galvanostatically at C/10, which corresponded to 14.67 mA
g-1 of active material powder in the electrode, and the total charge/discharge current was adjusted
by the amount of active material within a given electrode. The discharge profiles and dQ/dV
profiles reported in this manuscript were from the fourth charge/discharge cycle, after the capacity

stabilized from material structural activation during the first few cycles [33,34].
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3.4. Results and Discussion
3.4.1. Experimental Results

Thermal gravimetrical analyses (TGA) were conducted on the pure manganese and nickel
oxalates and the blend (3:1 Mn:Ni) oxalate. The TGA profiles can be found in the Appendix, Fig.
S2. Two peaks in differential mass loss were observed for all precursors, one at lower temperature
corresponding to structural water loss, and a peak at higher temperature which resulted from
decomposition of the oxalate structure during formation of oxide. Even with the fast ramping speed
(10°C min-1) in TGA, the dehydration and decomposition processes were completed below 350°C
for all oxalate compounds. The melting point of LiOH is 450-471°C from ICSC data (CAS #:
1310-66-3), thus above this temperature the liquid LiOH should obtain good contact and
distribution with the resulting TM oxide particles. Based on the TM oxalate decomposition
temperatures and LiOH melting temperature, we chose a lowest target calcination temperature of
500°C. The highest calcination temperature was 850°C, which was a common calcination
temperature for similar materials and has been reported to result in good crystallinity while
producing desirable primary particle size [14,33,35]. An intermediate calcination temperature of
700°C was chosen because this temperature has been reported to promote formation of the ordered
phase of LMNO [27,36]. The holding time at the target temperature of 700°C was also varied to
understand how the hold duration impacts the crystallinity of the product materials, with the
extended hold being expected to facilitate more significant ion diffusion which could help to
anneal out metastable phases and enable improved crystallinity. The product samples were named
in the format of M-T-t, where M designates the mixing method which was either physically mixing
of the two precursors (P, which stands for ‘physical’ mixing the two TMs) or coprecipitation of

the blend TM solution (S, which stands for ‘solution’ mixing the TMs); T represents for the target
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top temperature in degrees Celsius, and t is the holding time at the target temperature in hours. For
example, the sample referred to as S-500-6 was obtained by calcining the coprecipitated precursor
from the blend TM solution with LiOH at 500°C for 6 hours; whereas sample P-500-6 was
obtained from calcining the physical mixture of the two pure TM precursors and LiOH at 500°C

for 6 hours.

Figure 1. SEM images of oxalate precursor particles a) Mno.75Nio.2sC204-2H20, b) MnC204-2H-0,

c) NiC204-2H20; and calcined oxide particles of the d) solution mixed sample fired at 850°C for
6 hours (S-850-6) and e) physically mixed sample fired at 850°C for 6 hours (P-850-6). Scale bars

all correspond to 50 um.

The manganese nickel blend oxalate (MnNiOx, chemical formula was
Mno.72Ni026C204-2H.0 from ICP and TGA) particles exhibit octahedral secondary particle
morphologies and average particle size of 10.2 +/- 1.0 um (Fig. 1a). Pure manganese oxalate

(MnOx, chemical formula MnC204-2H20) precursors consisted of larger and more irregular
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particles, with overall particle dimensions of 24.0 +/- 1.9 um (Fig. 1b). The pure nickel oxalate
(NiOx, chemical formula NiC204-2H20) precursors were aggregates of smaller primary particles,
with secondary particle morphologies being roughly spherical with lengths of 3.6 +/- 0.7 um (Fig.
1c). Significant aggregation of countable secondary particles can also be observed from the image.
The SEM images of the solution mixed sample and physical mixed sample after firing with Li salt
at 850 °C for 6 hours (S-850-6 and P-850-6) are shown in Fig. 1d, e, respectively. It can be clearly
seen from Fig. 1d the S-850-6 particles retained the secondary morphology of the precursor (Fig.
1a) after calcination. However, calcination resulted in the formation of nanometers-scale primary
particles agglomerated together, with new pores that resulted from the escape of H20 and CO2
gases from the inner structure during decomposition of the oxalate and shrinkage of the structure
from crystallization [37,38]. SEMs of the calcined physically mixed samples (Fig. 1e), resulting
from calcination of a blend of the precursors shown in Fig. 1b, ¢ revealed secondary morphologies
consistent with the initial morphologies of both MnOx and NiOx precursors. The larger particles
were consistent with the initial morphology of MnOx particles (Fig. 1b) and the smaller irregular
shaped particles were consistent with NiOx particles (Fig. 1c). The segregation of secondary
particles after calcination indicates poor intermixing during firing of the physical mixture. This
clear segregation of particles appeared with all the physically mixed samples, and additional SEMs

can be found in Appendix, Fig. S6.
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Figure 2. EDS elemental compositional maps of a) solution mixed sample fired at 500°C for 6
hours (S-500-6 particles). EDS maps of the same region as a) with individual maps of only b) Mn
and c¢) Ni. EDS elemental compositional maps of d) physically mixed sample fired at 500°C for 6
hours (P-500-6 particles). EDS maps are also shown of the same region as d) with individual maps
for e) Mn and f) Ni. For all images, magenta corresponds to Mn and blue corresponds to Ni. All

scale bars correspond to 10 pm.

For further evidence to support the impact of TM ion mixing in the precursor, EDS was
performed on calcined oxides prepared using precursors that were either solution mixed or
physically mixed, and the results can be found in Fig 2. Fig. 2a shows the EDS elemental map of
the solution mixed sample fired at 500°C for 6 hours (S-500-6) with Fig. 2b, ¢ showing the
individual maps of only Mn and Ni respectively. Fig. 2d shows the EDS elemental maps of the

physically mixed sample fired at 500°C for 6 hours (P-500-6) with Fig. 2e, f showing the individual
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maps of only Mn and Ni respectively. As can be seen in the S-500-6 sample (Fig. 2a), Mn and Ni
were evenly distributed in all the particles in the image region. Any elemental segregation would
be at a length scale that could not be observed in the SEM-EDS. Solution mixed samples fired at
higher temperature also appeared homogeneous in EDS maps (data not shown). In contrast, the
physically mixed P-500-6 sample image (Fig. 2d) had clearly segregated regions of Mn and Ni
within the original particles and there was relatively low inter-diffusion of TMs between
constituent particles. The individual TM maps (Fig. 2e, f) show clear regions that are effectively
pure Mn and pure Ni particles. Raising the calcination temperature and/or time did not
significantly improve inter-diffusion level of TM ions observed in EDS (physically mixed samples
fired at higher temperatures and longer times can be found in the Appendix, Fig. S7). In summary,
EDS observations indicated there was significantly more inter-diffusion between Mn and Ni ions
for samples with solution mixing compared to samples with physical mixing across all processing
conditions. We do note that the physically mixed sample had more Mn and Ni inter-diffusion at
the highest firing temperature (P-850-6) relative to samples fired at lower temperatures (Fig. S7a),
and this observation will be discussed in the context of other characterization observations later in

the manuscript.
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Figure 3. (Top) Powder XRD patterns and (Bottom) the relevant reference patterns from the
literature. Collected patterns from top to bottom correspond to physically mixed sample fired at
500° for 6 hours (P-500-6, red) and solution mixed sample fired at 500°C for 6 hours (S-500-6,
blue). The peak positions of the reference pattern of the potential lithiated TM oxide species are

shown with their PDF card numbers at the bottom.

XRD patterns were obtained to understand the resulting crystal structure of the materials
after different synthesis conditions. Fig. 3 shows the XRD patterns of the solution mixed and
physically mixed samples fired at 500°C for 6 hours. The reference patterns of the potential
lithiated TM oxide species are also shown at the bottom of Fig. 3. Oxide materials resulting from
calcining the precursors in the absence of lithium salt were also obtained and analyzed, and the
XRD patterns for these materials can be found in the Appendix, Fig. S8. The physically mixed

sample fired with no LiOH added can be indexed with the patterns of Mn203 and NiO (PDF card
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codes being 04-007-0856 and 04-007-8202, respectively). This was consistent with the SEM
images where Mn-dominant particles and Ni-dominant particles showed clear segregation,
indicating that that the pure Mn precursor a pure Ni precursor formed pure Mn and Ni oxides,
without much inter-diffusion of the two species. The peaks for these pure TM oxides also were
present in the XRD pattern of the lithiated physically mixed sample (P-500-6, Fig. 3); the two most
intense peaks: 260=33.1° and 26=43.4°, were consistent with Mn2O3 and NiO, respectively. Other
peaks which appeared in the pattern were consistent with the patterns of LiMn204 and LiNiO2
(PFE card numbers being 00-053-0830 and 00-062-0468, respectively). This observation was
consistent with Li diffusing into the individual pure TM particles and converting some of the Ni
and Mn oxides into lithiated oxides of Ni and Mn. LMNO structure may also have formed to an
extent, but it was difficult to confirm the presence of LMNO directly from the XRD due to the
overlap between LMNO and the pure transition metal lithiated oxide— peaks [39]. The failure to
form detectable amounts of target LMNO material for the physical mixture can be explained by
the much greater distance between Mn and Ni TM ions when isolated in their particle domains,
which made inter-diffusion of TM ions difficult. The XRD pattern of the S-500-6 sample, in
contrast, exhibited intense peaks that were consistent with LMNO structures; and any peaks not
consistent with LMNO were in line with those of the LiOH-free calcined control sample, and
aligned well with the peaks from MnNiO3 (PDF card number 04-002-0893, peaks at 26=24.8, 36.6,
and 50.8°) and Mn0s3 (peaks at 26=33.6 and 55.2°). These lithium-free oxide peaks were much
weaker in the lithiated sample. Tiny amounts of LiMn2O4 or LiNiO2 may also exist in the lithiated
material structure due to the incomplete inter-diffusion between Mn and Ni ions, but it is difficult
to distinguish these materials from the LMNO peaks in the pattern. The comparison between the

XRD patterns of S-500-6 and P-500-6 samples was consistent with the picture that better mixing
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between Mn and Ni ions in the solution mixed precursor from coprecipitation reactions facilitated
formation of final active materials with collocated Mn and Ni ions in the final oxide structures
after firing even at the most moderate temperature. The isolation of TM ions in larger particles for
the physically mixed sample rendered the inter-diffusion more challenging to complete due to the
long diffusion distance, and thus there was likely less LMNO formed for an equivalent firing
procedure.

The XRD patterns of both the solution mixed and physical mixed samples which were fired
at 700°C for 6 hours (S-700-6 and P-700-6), 850°C for 6 hours (S-850-6 and P-850-6), and 700°C
for 12 hours (S-700-12 and P-700-12) are shown in Fig. 4, with the solution mixed samples in Fig.
4a and physically mixed samples in Fig. 4b for comparison. The peaks corresponding to the
unlithiated TM oxide species are also marked on the patterns with designated symbols. Within the
solution mixed series, S-700-6 still exhibited peaks corresponding to MnNiOz and Mn,O3 (marked
with a star and triangle, respectively) which had been observed in the S-500-6 sample (Fig 3),
whereas both S-700-12 and S-850-6 no longer contained these impurity peaks and all peaks were
consistent with the LMNO spinel structure. The S-700-12 sample, however, had sharper peaks
compared to S-850-6, which reflected higher crystallinity. The Scherrer formula,
d=KNM(FWHM-cos0), was used to estimate the crystal sizes of the calcined samples, where the
shape factor was set equal to 0.9, A was the x-ray wavelength (1.5406 A), and FWHM is the full
width at half maximum for a peak located at the given 260 [40]. Using the intense peaks at
26=18.88°, the crystal sizes calculated for the three samples S-700-6, S-850-6, and S-700-12 were
31.8, 25.6, and 34.7 nm (listed in Table 1, which were consistent with other reports for similar
materials [41]. (Note that these are estimates of the crystal grain size, which could be significantly

smaller than the primary particle size in the calcined material.) These results indicated that firing
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the solution mixed sample at 700°C for longer times facilitated crystal growth, while increasing
the temperature from 700°C to 850°C may have stressed the material and crystal grains due to
oxygen loss [42,43]. Comparing the XRD peaks of the physically mixed samples shown in Fig.
4b, P-700-6 peaks were at locations consistent with a mixture of both unlithiated TM oxides
(Mn203 and NiO, marked with triangle and cube on Fig. 4b, respectively) and lithiated oxides
(LiMn204 and LiNiO2). P-850-6 and P-700-12 samples resulted in less intense unlithiated oxide
peaks and stronger peaks from the lithiated species; particularly, the unlithiated oxides peaks in
sample P-850-6 almost disappeared (the peaks at 26=33.6 and 55.3° labeled in the pattern of P-
700-6 which belong to Mn203). However, similar to the solution mixed samples, the physically
mixed sample fired for a longer time at 700°C exhibited improved crystallinity, as indicated by
stronger peak intensity. The crystal sizes calculated using the Scherrer formula for P-700-6, and
P-850-6, and P-700-12 are listed in Table 1. The slight increase of grain size of P-700-12 relative
to P-700-6 and the decrease of grain size after increasing the temperature from 700°C to 850°C
followed the same trend as in the solution mixed samples. These results indicated that for the
physically mixed sample higher temperature firing resulted in greater conversion of the unlithiated
oxide to lithiated oxide, while this improved conversion was accompanied lower crystallinity

relative to a longer firing time at a lower temperature.
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Figure 4. XRD patterns of the a) solution mixed and b) physical mixed samples calcined at
different target temperatures (700°C or 850°C, as labeled on the Figure) and for different holding
times at the target temperature (6 or 12 hours, as labeled on the Figure). Peaks of unlithiated oxides
are marked with special labels: Mn203 marked by triangle, NiO marked by cube, and MnNiO3

marked by *

According to conventional theory of crystallization in solid phase, the major driving force
for grain growth results from the reduction of the system energy from decreasing the grain

boundary. The kinetic equation of grain growth can be given by [44]:
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d" —d} =kt (1)
Where d is the average grain size from either calculation or experimental analysis, do is the initial
grain size, n is the scaling exponent, and t is the time that a material is held at a given temperature
where grain growth is occurring. In the equation, k is a temperature dependent constant which
follows Arrhenius scaling, k = Ae~E/RT. Assuming the initial grain size, do, is far less than the

grain size after calcination, d, the equation can be rearranged as:

Ind ==(Int +Ind - =) )
where for Equation 2 there is a linear relationship betweenInd andInt. The plotind vs.Int
using the samples fired at 700°C for 6 hours, 12 hours, and 48 hours for both the solution mixed
and physically mixed samples is shown in the Appendix, Fig. S9. A linear least-squares fit for the
solution mixed sample data resulted in a R2 of 0.996 and a calculated n value equal to 6.5, and this
n value is within the range of typical observations for crystal growth [44]. The fitting of the data
from the physically mixed samples gives a R2 of 0.75 and n of 74.6, which indicates both a poor
fit of a linear function and an unreasonably high value for n to reflect the grain growth behavior —
possibly indicating that the grains were not growing at these conditions, at least within the
resolution of the Scherrer technique. In summary, the solution mixed precursor materials when
fired to 700°C had steady increases in grain size as the dwell time increased, while the physically
mixed precursors had very similar grain sizes for all holding times.

Contrary to the observations of increasing the holding time, increasing the temperature of
both solution mixed and physically materials did not result in increased grain sizes. The calculated

grain size decreased after increasing the temperature from 700°C to 850°C for both cases. One

possible cause for the grain size reduction at 850°C, as mentioned earlier, could have been because
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LMNO and other Mn spinel materials are known to undergo oxygen loss at this high temperature
[42,43] and the loss of oxygen from the structure may have negatively impacted the grain growth
and resulting sizes. We also note that the calculated grain sizes of the physically mixed samples
were larger than those of the solution mixed samples fired under the same condition. This may
have been due to the initially high segregation of the Mn and Ni in the physically mixed samples,
where the highly separated Mn and Ni ions quickly formed very pure regions of Mn oxides and Ni

oxides which were of higher initial phase purity.

Table 1. Grain sizes calculated using the Scherrer equation for samples fired using different target

temperatures and hold times.

Calcination Condition Grain Size (nm)
Solution Mixed Physically Mixed
sample Sample
500°C 6hr 27.9 33.8
700°C 6hr 31.8 54.4
12hr 34.7 55.8
48hr 43.6 56.2
850°C 6hr 25.6 44.3
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Table 2. Total electrochemical gravimetric capacities, capacities within high voltage and low

voltage ranges, and the calculated material amounts from the electrochemical profiles.

Sample Sample | Total Low Voltage | High Calculated | Calculated
mixing Names Capacity | (3.9-4.4V) Voltage LMO LMNO
types (mAh/g) | Capacity (4.4-49V) | amount amount
(mAh/g) Capacity (9/9) (9/9)
(mAh/g)

Solution S-700-6 | 99.3 18.5 80.8 0.12 0.55
mixed S-850-6 | 109.4 155 93.8 0.10 0.64
samples S-700- 103.7 12.6 91.2 0.08 0.62

48
Physically | P-700-6 | 69.5 57.5 121 0.39 0.08
mixed P-850-6 | 103.4 51.2 52.2 0.34 0.36
samples P-700- 81.5 64.8 16.7 0.44 0.11

48

This difference observed in transition metal distribution and crystal structure for final
calcined materials resulting from solution versus physically mixed precursors suggested that the
resulting materials would also have significantly different electrochemical properties. Fig. 5 shows
the dQ/dV curves of the solution mixed (Fig. 5a) and physical mixed (Fig. 5b) LMNO samples,
where the LMNO material was used as the active material in a composite cathode which was paired

with a lithium metal anode. The firing conditions were 700°C for 6 hours, 700°C for 48 hours, and
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850°C for 6 hours — this enabled comparison of the impact of firing time versus firing temperature
on electrochemical properties of the materials. Consistent with the observation of only LMNO-
type peaks for the solution mixed samples processed using firing temperatures higher than 700°C,
the solution mixed samples all show clear dQ/dV peaks in the high voltage range (4.6 — 4.8 V vs.
Li/Li+) consistent with LMNO high voltage spinel (Fig. 5a) [17]. Small peaks in 3.9-4.1 V range
were also observed. The lower voltage capacity may come from either existing LiMn20z or LiNiO>
in the structure or some fraction of Mn ions in the LMNO structure being reduced from Mn4+ to
Mn3+ during synthesis [39]. The total capacities and capacities separated by the high voltage (4.4-
4.9 V) and low voltage (3.9-4.4 V) ranges are listed in Table 2. Compared to S-700-6, both S-850-
6 and S-700-48 had higher capacities in the high voltage range; meanwhile the low voltage
capacities of S-850-6 and S-700-48 were both less than that of S-700-6. This means higher
temperature and longer time both facilitated improved inter-diffusion of Mn and Ni ions, and the
more complete formation of the target high voltage LMNO structure. The slightly higher low
voltage capacity of sample S-850-6 compared to S-700-48 suggests partial reduction of some
Mn4+ to Mn3+ after firing under 850°C, which would be consistent with oxygen loss from the
material at this high temperature [42,43]. Two separate peaks appear in the high voltage range in
the profiles of S-700-6 and S-850-6; the S-700-48 sample, however, is dominate in the higher
voltage peak while the other peak at slightly lower voltage disappeared, which may have resulted

from a larger ordered spinel phase domain in the LMNO structure [45].
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Figure 5. dQ/dV plots of coin cells using a) solution mixed and b) physically mixed LMNO
samples as the cathode active materials paired with lithium metal anodes. dQ/dV was collected
from the 4th cycle, and each cell was charged and discharged at a rate of C/10 in a voltage window

between 3.6 t0 4.9 V (vs. Li/Li+).

There were also clear differences in electrochemical properties for the physically mixed
samples (Fig. 5b). All of the physically mixed samples had much lower total capacity and capacity
in the high voltage range, indicating the initial segregation of the Mn and Ni significantly hindered

the formation of the high voltage spinel phase which requires significant Mn and Ni intermixing
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at local level [45,46]. The P-700-6 sample showed two clear reversible peaks of Mn3+/Mn4+
redox activity in the range of 4.1 V vs. Li/Li+ [47]. We note there were very small peaks in the
high voltage range consistent with Ni2+/Ni4+ redox couples in high voltage spinel structure [17],
but the low capacity in this range indicated the conversion of the material to the high voltage spinel
phase was minimal. The corresponding low voltage capacity and high voltage capacity were 57.4
and 12.06 mAh/g for the sample. In comparison, the P-850-6 sample had higher magnitude peaks
and increased capacity in the high voltage range, which was accompanied by reductions in
intensity and total capacity of the low voltage peaks; the high voltage capacity increased from
12.06 mAh/g to 52.21 mAh/g. The change in the distribution of electrochemical activity was
consistent with the increased temperature facilitating increased inter-diffusion of the two transition
metal ions, and thus the formation of new phases (high voltage LMNO spinel) in the solid samples.
In contrast, the P-700-48 sample had no significant changes in dQ/dV profile relative to the P-700-
6 sample, which indicated that the higher temperature was needed to facilitate the diffusion of the
highly segregated TMs, and that increased time at 700°C was not sufficient to improve the

formation of the high voltage LMNO spinel phase.

3.4.2. Model of Diffusion-Controlled Solid Reaction

Using the simplifying assumption that the precursor particles are all spheres, a model was
applied to describe the ion diffusion and conversion of the particles to the desired LMNO phase
during the solid reaction process initiated at the particle surface [48,49]. The schematic of the
model is shown in Fig. 6. The initial solid component is represented as phase A with original radius
r0. The diffusing species is represented as B and could be in either solid or liquid phase. The phase

AB is the layer of the solid product that builds up as species B diffuses through the layer and reacts
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with A at the interface between A and AB. The growth of AB is assumed to be diffusion controlled,
and at time t the product layer has a thickness of x, which results in the sphere of remaining phase

A having a radius r, where r=ro-x. The resulting volume of remaining A at time t is given by:
_ 4 3
V= gn(ro —x)°. 3)
Therefore, for a converted fraction of A, a, the unreacted fraction of component A is

%”(To -x)3 _ (o -x)3

N @
Rearranging Equation 4 results in an expression for Xx:
x=1,(1-(1-a)"%) (5)

The above manipulation also assumed that the volume change of the product AB compared to
species A was negligible. For the assumption that the diffusion across the product layer was the
rate determining step, the parabolic diffusion law was also applied where the progression of
product formation was proportional to the square root of time [49]:
x2 = 2DV,,Cot = kqt (6)

Where D is the diffusion coefficient of species B, Vm is the volume of product AB formed from
per mole of species B, and Co is the concentration of B outside the sphere; therefore k; = 2DV, C,,
was a constant used for convenience.

Combining Eq. (5) and (6) gives the relationship between reaction fraction and time:

(1-a-a%) =kt ™

kq __ 2DV Gy

where k' = 5 =
To

. Therefore, with estimates for the diffusion coefficient of the

7'02
penetrating species at a given temperature and the original particle size, the reaction fraction can

be calculated for a given firing time.
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3.4.2.1. Solution Mixed Samples

For the case of solution mixed samples, Mn and Ni ions were assumed to be
homogeneously distributed within the precursor particles and lithium ions were diffusing across
the product layer and reacting with the unlithiated TM oxide to form the product LMNO. In other
words, lithium ions were the penetrating species B in Fig. 6 and the sphere of A was a mixture of
all the unlithiated TM oxides. AB in the schematic is the final product LMNO. The dependence of
lithium ion diffusion coefficient through spinel structure can be represented using the Arrhenius
equation:

D(T) = D,e~Fo/kT (8)

Where D, is the pre-exponential factor; E, is the diffusion activation energy; k is the Boltzmann
constant which was equal to0 8.617 x 10~°eV /K and T was the temperature in units of Kelvin.
The pre-exponential factor and activation energy for lithium diffusion were taken from the
literature and listed in Table 3. The original parameters were obtained for lithium ion diffusion
through layered structures containing elements Mn, Ni, and Co, but provide a rough estimation for
the materials in this study [50]. The diffusion coefficients at 700°C and 850°C were thus calculated
using Eg. 8 and the values are listed in Table 3, along with the other two parameters needed to
calculate k', in Eq.7. Further details for calculating these parameters can be found in the Appendix.
Using the secondary particle size measured from SEM images, the original particle size r, =
1.02 x 10~5m, and thus value k’ of lithium ions diffusion-controlled reaction process in Eq. 7 was
obtained as 14.8 S’. Substituting the parameter in Equation 7, we calculated that at 700°C
complete conversion to LMNO, corresponding to a reaction fraction of 1, would require only 0.068
seconds. The influence of the choice of original particle size will be discussed in further detail

later, but has little influence in the current case because the lithium diffuses very quickly at the
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elevated temperature. The pores that develop in the secondary particles during calcination likely

makes this timescale estimate based purely on lithium diffusion an overestimation.

Figure 6. Schematic of model describing the ion diffusion into a sphere of one solid component

and the reaction at the sphere surface producing the layer of product.

Even though the calculation above indicated that lithium diffusion was fast and should be
complete within a second, the experimental LMNO amount in sample S-700-6 calculated based
on the high voltage capacity during discharge, was only 0.55 g per gram of the sample
(equivalently a conversion of only 0.61, the conversion calculation details can be found in the
Appendix). While part of this lack of conversion was because spinel materials generally do not
have complete delithiation during charge [43], the conversion of 0.61 suggested that lithium ion
diffusion does not explicitly determine the conversion to the LMNO phase. We next considered
that the inter-diffusion of Mn and Ni ions could be the process that limits the formation of LMNO
high voltage spinel. To simplify the situation, we used the same diffusion-controlled reaction
analysis and defined nickel ions as the penetrating species as in Fig. 6 and manganese ions along

with other compounds (Li, O) as the static species in a fixed domain in phase A, although in reality
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the manganese ions also diffuse into nickel dominant regions during the inter-diffusion process
[51]. Nickel was chosen as the penetrating species because according to a previous study it has
greater diffusivity [52]. The diffusion coefficient parameters as well as other parameters for this
case were also found in the literature [52] and are listed in Table 3. Given that at 700°C for 6 hours,
the reaction fraction was 0.61, via substitution into Eq. 7 the original domain size was determined
to be 386 nm. This large value relative to the atomic scale assumed for coprecipitation can be
partially explained by the non-stoichiometry and impurity of the final active material - which
hindered the full extraction of capacity and would result in a larger calculated domain size. By
only considering diffusion of a single species, the energy associated with formation of the desired
phase, as well as the formation and distribution of metastable phases and regions, has been ignored.
These factors are essential for more accurate prediction of the reaction process during the
calcination step and need further study. We do note that while the coprecipitation certainly results
in improved local mixing of the TMs, it may not be truly atomic level mixing as has been described
[53]. Further investigation into quantifying the extent of local mixing of TMs in the precursor will

be the subject of future studies.
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Table 3. Parameters used for diffusion-controlled solid reactions forming LMNO analysis [50,52].

Do (M?S) | Eo D7o0°c Dgsoec (M?/S) | Vm (m3/mol) | Co (mol/m?)

(eV) | (m?S)

Li* 1.7 x 107 | 0.53 3.60 7.11 412 %1075 6.10 x 10*
x 10710 x 10710

Ni2* 1.8x107° | 2.10 2.40 6.79 8.23 x 1075 9.52 x 10*
x 10720 x 10719

3.4.3.2. Physically Mixed Samples

In the case of physically mixed samples, the same calculation technique was applied as
discussed above. Similar to the solution mixed samples, the lithium ion diffusion was estimated to
be extremely fast due to the low activation energy and especially the high temperature applied,
which would have completed the reaction in this idealized case within 0.1 seconds, resulting in
lithiated products LiMn204 and LiNiO2. Although the operating voltage for the Mn3+/Mn4+
redox couple in LiMn2O4 and the Ni3+/Ni4+ redox couple in LiNiO2 both have capacity close to
4.1 V vs. Li/Li+, and both could contribute to the low voltage capacity in the discharge profiles,
for simplification of the materials comparison all the low voltage capacity was assigned to
Mn3+/Mn4+ in LiMn2O4. The resulting calculated LMO was 0.39 g per gram of material for
sample S-700-6, as given in Table 2 (all the other samples can also be found in the table). The sum
of the LMO amount plus the LMNO amount, based on the low voltage and high voltage capacities,
was still less than the unity. This indicated that all of the lithium could not be extracted from the
active material. As stated above, we assumed that the nickel ions were the penetrating species

diffusing from the NiO to form the product LMNO layer via reaction with lithiated manganese
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oxide LMO (refer to the schematic in Fig. 6). As in the case of the solution mixed samples, we
used the secondary particle size from SEM image analysis as the original spherical size r0 and
calculated the reaction fraction as a result of nickel ion diffusion for each physically mixed sample.
The calculated values for samples P-700-6, P-850-6, and P-700-48 were 0.013, 0.21, and 0.038.
The amount of final product LMNO per gram of the sample can then be calculated from the
reaction fractions and the values are 0.01, 0.17, and 0.03 g/g. Further details on these calculations
can be found in the Appendix. In order to see the influence of particle size on the reaction fraction
for the three samples, we also used the primary particle size estimated from the SEM images as
the original particle size (~ 1 um) and used this value as the input for the calculation, resulting in
reaction fractions increasing to 0.25, 0.86, and 0.59, and the calculated LMNO amounts were 0.21,
0.83, and 0.53 g/g for sample P-700-6, P-850-6, and P-700-48 respectively. For better comparison,
the LMNO amounts calculated using either secondary or primary particle sizes are listed in Table
4 and are compared to the LMNO amounts determined from electrochemical data from Table 2. It
can be seen that the electrochemically determined LMNO amounts were in between the two values
for particle sizes. Though there were many simplifications to the calculation approach used, these
results suggested that the average original particle size was between the primary and secondary
particle sizes, which would be reasonable given that the secondary particle precursors have pores
that open up during calcination and decomposition of the oxalate, and also that the primary
particles fuse with each other making a network structure within the secondary particle as observed
in the SEM images (Fig. S10) — both of these phenomena result in effective particle sizes between
the observed primary and secondary particle length scales.

Comparing the reaction fractions calculated by using the secondary particle size between

the three samples, we can see that increasing the firing temperature from 700°C to 850°C increased
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the reaction fraction as much as 16 times while expanding the firing time from 6 hours to 48 hours
at 700°C only increased the conversion as much as 3 times, which were consistent with the XRD
analyses. This observation was attributed to the large activation energy of TM ions diffusion which
makes the diffusion coefficient highly sensitive to temperature, in particular the value of D850°C
was more than one order of magnitude larger than D700°C (Table 3). Thus, for poorly mixed
samples greater conversion to LMNO can be achieved with higher firing temperature as opposed
to extended firing time at lower temperature — the P-850-6 sample had much more high voltage
LMNO than the P-700-48 sample. In addition, the reaction fractions calculated from using the
primary particle size decreased the gaps between sample P-850-6 and P-700-6, which indicated
decreasing the initial particle size can aid in overcoming the diffusive intermixing limitation and
promote lower temperature and/or time calcination to higher conversion of LMNO even though

P-850-6 still gave the higher value.
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Table 4. LMNO amounts in the physically mixed samples calculated using different particle sizes

and determined from electrochemical data.

Reaction fraction a LMNO amounts (g/g of sample)

Sample Calculated | Calculated Calculated Calculated Electrochemically
using using using using determined
secondary | primary secondary primary
particle particle size | particle size particle size
size

P-700-6 0.013 0.25 0.01 0.21 0.08

P-850-6 0.21 0.86 0.17 0.83 0.36

P-700-48 | 0.038 0.59 0.03 0.53 0.11

3.5. Conclusion

In this work we provided quantitative evidence that coprecipitation facilitates high levels
of local mixing within precursor particles, and showed via different calcination procedures the
advantages of local mixing from coprecipitation relative to physical mixing of individual single
component precursors. Evidence of the improved mixing of the transition metals was provided by
EDS, XRD, and electrochemical analysis. A simple diffusion limited reaction model suggested
that the diffusion of Li+ was not limiting the conversion of solution mixed or physically mixed
precursor materials to the resulting desired final material, and that the conversion was largely

limited by the diffusion of transition metal species. The better local mixing of transition metal
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ions after coprecipitation reaction renders the synthesis process less energy consuming for

conversion to final active material.
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4: In-Situ Analysis of Nucleation and Growth of Transition Metal
Oxalate Battery Precursor Particles via Time Evolution of Solution

Composition and Particle Size Distribution

4.1. Overview

Precise control over particle composition and morphology is essential for the optimization
of electroactive, multi-component transition metal oxides used as lithium-ion battery cathode
materials. These transition metal oxides particles are often synthesized using precursors produced
via coprecipitation reactions, in part due to the advantages provided by coprecipitation including
scalability and homogeneous mixing of different transition metal ions. Understanding the Kinetics
of the nucleation and particle growth for each individual transition metal within a multicomponent
blend solution is critical for rational and explicit control of particle composition, as well as to
dictate the particle morphology. In this study, in-situ particle size distribution was measured during
coprecipitation reactions using focused beam reflection. The transition metal concentrations were
also in-situ tracked during the process which, in combination with the particle size information,
provided detailed information on the reaction rate, reaction order, and mechanisms of particle
nucleation and growth. This work is the first demonstration of application of such techniques to
battery precursor particle synthesis, and provided insights into important observations during the
coprecipitation process such as the change in the rate of coprecipitation of different transition
metals when reacted in isolation or in a blend with other components. The techniques and analysis
demonstrated in this paper could find application across other multicomponent transition metal

coprecipitation systems important to many applications, including energy storage materials.
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The element of this chapter has been published in the following journal:

Dong, H., Wang, A., Smart, G., Johnson, D., & Koenig Jr, G. M. (2018). In-situ analysis of
nucleation and growth of transition metal oxalate battery precursor particles via time evolution of
solution composition and particle size distribution. Colloids and Surfaces A: Physicochemical

and Engineering Aspects, 558, 8-15.

4.2. Introduction

Lithium-ion (Li-ion) batteries have become a successful energy storage technology due to
their high energy density and capability to meet a variety of power and energy requirements for a
wide diversity of applications [1, 2]. The flexibility of Li-ion battery functionality results from the
variety of battery active material options, and for the cathode particles comprised of
multicomponent transition metal (TM) oxides are currently the most commonly used [3, 4]. To
successfully design or choose a particular multicomponent TM oxide cathode material, careful
control is needed over the chemical composition of the material because the material structure and
electrochemical properties are highly sensitive to the TM composition, and even slight deviations
in stoichiometry can significantly influence battery performance [5-9]. Coprecipitation is a
popular route to synthesize the precursors used for TM oxide battery particles due to the
homogeneous mixing of different TMs at the atomic level that is achieved with this method [5, 10,
11-19]. The obtained precursor materials are then converted to the final battery active materials
via high temperature calcination processes. However, although achieving the appropriate TM
composition and distribution during the initial coprecipitation synthesis process is critical for
rational control over electrochemical properties of battery materials, little has been reported on the

details of the coprecipitation solution chemistry using multiple TM cations. While often the TM
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composition of the precursor particles is assumed to reflect the stoichiometry of the dissolved TM
feed to the process, under some solution conditions this assumption is not appropriate and can
result in measurable deviations of the expected properties of the battery active material after
calcination [5].

The technique was described in chapter 2 to track the TM composition as a function of
time during the coprecipitation process, and the method was applied for pure precipitates
containing one TM and multicomponent precipitates where each individual TM was tracked
independently [5]. This technique used inductively coupled plasma optical emission spectroscopy
(ICP-OES) to analyze the compositions of the solid and solution phase separately at multiple
collection times during batch reactor coprecipitation. While this technique gives important insights
into precipitate composition as a function of time, it cannot determine the normalized (by solid
phase surface area) rate of TM precipitation onto the solid phase and cannot differentiate between
particle nucleation and particle growth during the process because there was not information
simultaneously collected on the particle size distribution (PSD). To obtain insights into these
processes, the PSD must be collected in-situ during the coprecipitation process and combined with
the compositional information. PSD measurements via image analysis (including both optical and
electron microscopies) have been used in many crystallization phenomena studies [20-23]. While
these methods have been successfully applied to many systems, it is challenging to image the
particles directly in the batch reactor in-situ, and ex-situ observation has a lag time in transferring
and/or preparing samples that will modify the solution chemistry relative to the simultaneously
collected compositional information. Thus, a technique was needed to provide in-situ information
during the coprecipitation process of the PSD with temporal resolution equal to or better than the

compositional information. For the study described herein, the technique that was employed to
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obtain the in-situ PSD information was Focused Beam Reflectance Measurement (FBRM) [24—
29]. FBRM operates using a probe that is directly inserted into the reaction solution. The probe
has a laser which is focused in a focal plane beyond a sapphire window at the end of the cylindrical
probe. The laser rotates at a high fixed speed and as the beam crosses over particles within the
focal plane the focused laser beam intersects the edge of the particle and the laser light is
backscattered. The backscattered light is transmitted back up the probe to the detector, and the
backscattered signal continues until the beam has gone beyond the other side of the particle surface.
Thus, the backscattered light is transmitted as it traverses the particle from edge to edge, and
because the laser is scanned with a fixed speed, the edge-to-edge time scale is converted to a length
scale which is known as chord length. The laser passes over many particles as it sweeps, and thus
a chord length distribution (CLD) is obtained from the FBRM analysis. The PSD rather than the
CLD is desired for the analysis in this study, and the CLD can be converted to a PSD using methods
previously reported which will be discussed in further detail in the Experimental section [30]. The
FBRM technique is fast and can produce large statistics on the particle populations as long as the
number of particles in the suspension is sufficient.

In this study, we tracked the in-situ PSD of TM oxalate precipitates using FBRM, and
combined this information with the precipitation rate of the TMs obtained from compositional
analysis of the reaction solution as a function of time. With these combined techniques, the rate of
precipitation normalized to the surface area of the precipitate was obtained. Such information is
necessary to rationally control the synthesis of multicomponent TM precipitates, and this is the
first report of applying such analysis to battery precursor particles. In addition, the in-situ tracking
of the PSD during precipitation provided insights into the nucleation and growth processes these

precipitate materials. The model system chosen was oxalate precipitation with pure and mixed
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solutions of manganese and nickel, an important system towards precursor synthesis for multiple
battery active materials, such as LiMn1.5Nio 504, LiMn1osNios02, and LiNiysMny3C01302 [5, 31,
32]. In particular, a 3:1 Mn:Ni feed ratio was chosen because this precipitate stoichiometry is
necessary for precursors used to form high purity LiMnisNiosOs, Which is a promising high
voltage cathode material [33, 34]. Oxalate precipitation was chosen because both nickel and
manganese (and other TM of interest to battery precursors including cobalt) form stable oxalate
dihydrate particles, whereas other popular battery precursor particle precipitate systems such as
hydroxides or carbonates have the additional complexity of the simultaneous formation of multiple

types of precipitates or the oxidation of the precipitate while still in solution [35, 36].

4.3. Experimental
4.3.1. Coprecipitation Synthesis

The coprecipitation synthesis was adapted from previous work, as detailed described in
chapter 2 [5]. In brief, the TM solution and oxalate solution were prepared separately by dissolving
laboratory grade MnSQO4-H20 and NiSO4-6H20 for the TM solution and Na>C204 for the oxalate
solution in deionized water (DI) heated to 60 °C (all reagents from Fisher). The two solutions were
mixed by pouring the TM solution all at once into the oxalate solution. The concentrations of total
TM ions, and oxalate, in the mixed solution were predetermined and were set at 20 mM at the
initiation of all precipitation experiments. In the manganese and nickel blend coprecipitation, the
TM solution contained manganese and nickel with 3:1 ratio, while the total TM concentration was
still the same as oxalate. The fast pouring, as well as a magnetic stir bar spinning at 300 rpm,
provided mixing to ensure a homogeneous solution. In addition to pre-heating to 60°C before

mixing, during the reaction the temperature was kept at 60°C and the stir bar was maintained at
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300 rpm. Syringes were used with syringe filters to collect the solute during periodic time intervals
over the course of the reaction for compositional analysis. For solution compositional analysis, a
sample (~2 mL) was withdrawn from the 1 L beaker reaction vessel using a 3 mL syringe. For the
withdrawn sample, the aqueous phase was quickly separated from the solid precipitate particles by
forcing the solution through a 33 mm diameter syringe filter with 0.22 mm pore size (Fisherbrand).
The aqueous phase was further digested using aqua regia and diluted with DI water into a proper

concentration for ICP-OES analysis (PerkinElmer Optima 8000), which was 0.1 to 10 ppm.

4.3.2. Characterization of Particle Size and Shape

During the coprecipitation reaction, a ParticleTrack G400 (Mettler Toledo) with FBRM
capability was used for in-situ determination of the PSD throughout the coprecipitation reaction
by immersing the FBRM probe directly into the reaction environment. The probe was inserted into
the solution such that the laser window was located roughly at the center of the beaker reactor. The
CLD averaged over a 10 second interval was collected throughout an experiment until negligible
changes in either particle counts or CLD was observed. At the conclusion of one hour of the
coprecipitation reaction proceeding, the particle shapes and sizes were also characterized using a
scanning electron microscope (SEM, FEI Quanta 650) after filtering and complete drying. Thermal
gravimetric analysis (TGA, TA Q50) was performed to determine the water stoichiometry of the
precipitates. TGA analysis for all the precipitate particles synthesized for this study confirmed two

structural water for each transition metal oxalate unit (e.g., dihydrates).
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4.3.3. Conversion from CLD to PSD and Normalization of Reaction Rates

In the conversion from the directly measured CLD with the FBRM to a PSD, an essential
assumption was made that the number of particles analyzed was large enough that the probability
of measuring a chord within a particular size range was equated to the fraction of the total number
of particles which would be measured as having the chord length within this size range. It is
expected that the number of particles recorded by the FBRM was high enough that this assumption
was valid [30]. The conversion from CLD to PSD was completed using the method described by
Pandit at al. [30]. First, an initial guess was made for the mean and the variance of a normal
distribution function that expressed a PSD. The number of independent normal distributions used
in the fitting were dependent on the number of independent peaks in the CLD that were observed
for each scan (e.g.; 1 normal distribution was fit for a single peak while 3 normal distributions
were used for 3 peaks). Next, the discrete PSD was formed using the guessed normal distribution
and converted to a discrete CLD with bin sizes the same as those of the CLD data. The two
parameters for each normal distribution were adjusted using the least squares method to minimize
the difference between the CLD from the FBRM experimental measurements and the calculated
CLD using the fitted PSDs. The R2 values for the calculated compared to the measured CLDs

were no less than 0.97, indicating good fits of the measured CLDs using the PSD parameters.

4.4. Results and Discussion

Measuring the concentrations of the TM remaining in solution at different time points
during the coprecipitation was necessary to determine the reaction rates associated with the
formation of the particle precipitates. The TM concentrations remaining in solution was

determined during the precipitation with initial TM feeds of pure nickel, pure manganese, and a
127



“blend” system (with the TM feed ratio being 3:1 Mn:Ni). The results for the three systems are in

shown in Fig.1. The pure manganese oxalate (MnC204-2H:0, referred to as MnOx) coprecipitation

proceeds quickly over the first ten minutes and plateaus after roughly 20 minutes. On the contrary,

the pure nickel oxalate (NiC204-2H-0, referred to as NiOx) coprecipitation consumes the TM ion

at a lower initial rate, and the residual Ni solution concentration does not reach a plateau until after

an hour. In the blend system (Mn:Ni feed ratio 3:1, with the precipitate concentration slightly

changing with reaction time and reaching Mno.72 Nio.2sC204-2H-0 at the one hour collection time,

referred to as MnsNi1Ox), the reaction proceeds in a manner qualitatively more similar to the pure

manganese reaction, and this system will be discussed in further detail later.
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Figure 1. Residual soluble (a) Mn (triangles) and (b) Ni (diamonds) in solution during

coprecipitation of pure manganese oxalate and pure nickel oxalate. (c) Residual soluble Mn (blue

circles) and Ni (red circles) during coprecipitation of feed with 3:1 Mn:Ni ratio. The total
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concentrations of TM and oxalate at the beginning of the coprecipitation for all solutions were 20

mM. (d) Fraction of Mn and Ni ions in precipitate phase. Dashed lines added to guide the eye.

Fig. 2 shows the total chord counts from the FBRM probe as a function of the time after
initiating the coprecipitation for the NiOx, MnOx, and the Mn3Ni1Ox reaction systems. A linear
relationship has previously been reported between the particle density and FBRM particle count
for suspensions that contain particles of similar and larger sizes than the particles in this study [27].
This linear relationship has been reported to hold until the FBRM particle count reaches as high
as 10,000. The inset in Fig. 2 is the enlarged view of the first 10 minutes of the reaction. From this
enlarged view it can be found that particles begin to form after around 1 minute for the pure
manganese system, 4.5 minutes for the pure nickel system, and 1.5 minutes for the blend system.
Note that the limit of detection for the FBRM is 0.5 um, thus this onset is the point where particles
of at least this size were measured in the solution. These onset times were consistent with rough
observations of the induction times, with the induction time being the time for the initial clear
solutions to become cloudy to the naked eye. From the dissolved TM concentration vs. time plots
(Fig. 1) it was observed that NiOx coprecipitation had a relatively slower transition period for Ni
going to the particle phase after the solutions were mixed. The time lag observed for detecting
particles with the FBRM, slower detected loss of Ni from the solution phase, and longer induction
times observed implied that NiOx crystallization from the solution has a slower nucleation rate.
After the increase in FBRM particle counts at ~4.5 minutes for the NiOy system the particle counts
continuously increased out to even 50 minutes after the solutions were mixed. Even though the
particle counts passed the 10000 upper limits to meet the linear relationship between the count and

particle density after 10 minutes, the increase in particle counts still reflected the continuous
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particle growth in the solution. In contrast, MnOx and MnsNi1Ox systems have their FBRM counts
plateau much more quickly, after 3 minutes and 10 minutes respectively. Continuous particle
formation rather than particle growth by solute depositing on existing particles may explain the
lower rate of loss of the soluble Ni species in the NiOx reaction even after the induction period.
The pure Mn precipitation; however, had relatively rapid particle formation (marked by the short
period of increase in FBRM counts and stable plateau in Fig. 1) followed closely by particle
growth. Particle growth has previously been reported to be a lower energy barrier relative to
nucleation [37], and thus this interpretation was consistent with the faster consumption of soluble
Mn during MnOx precipitation. For the MnsNi1Ox coprecipitation system, there was relatively fast
particle formation and a plateau in the FBRM counts similar to the observations for MnOx system,
although the timescale for a plateau in the counts was longer than for MnOx system. We suspect
the longer time to reach a plateau in particle counts for the MnzNi1Ox system was due to the
continuous formation of NiOx crystals, as supported by the FBRM data (Fig. 2). In our earlier work
[5], we also observed an increased reaction rate of nickel ions to the precipitate phase in the blend
system. It was speculated that the fast crystallization of the MnOx particles provided seeds for the
nickel ions to deposit onto and thus to grow faster. Previous literature on nucleation and particle
growth has reported the precipitation rate to be a linear function of the suspension density for
several inorganic salts [29]. While suspension density and particle seeding heavily influence
precipitation rate during the early nucleation stage, other factors including surface roughness have
a great effect on precipitation rate during the later particle growth stage. The potential influence of

surface roughness will be described in further detail for the oxalate particles later in the discussion.
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Figure 2. FBRM total counts as a function of reaction time for pure nickel oxalate (NiOyx, blue),
pure manganese oxalate (MnOx, red), and manganese nickel blend oxalate (MnzNiiOx, black)

coprecipitation. Inset is an expanded view of the first 10 minutes.

The 10-second averaged CLD as a function of reaction time for all three systems were
obtained using the FBRM probe and converted to PSDs using the method described in the
Experimental section. It is noted that the CLD was not square weighted such that information could
be extracted at earlier times when only smaller particles were formed. The resulting PSDs from
the FBRM measurements at 5, 10, and 30 minutes after the start of the coprecipitation reactions
for each of the three systems are shown in Fig. 3. For the two faster precipitating systems, MnOx
and Mn3Ni10x, a distribution before 5 minutes is also shown to highlight the initial formation of
small particles (due to the slower coprecipitation of the pure NiOyx, a PSD before 5 minutes was
not collectable). The earliest PSD times were chosen as the earliest time where the CLD plot had
clear peaks. From the PSD plots at different time points it is clear that following the initial

131



formation of crystals, which was indicated by the very sharp peaks in the size range smaller than
10 um, the nucleated particles continued to grow. Especially for the MnOx and Mn3Ni;Ox particles,
significant shifting of the peak positions was observed until 30 minutes after the coprecipitation
was initiated. After 30 minutes the CLDs, and correspondingly the calculated PSDs, changed very
little. Fig. 4 shows the SEM images of the particles collected from the three different
coprecipitation systems after an hour of mixing, which was after the TM solution concentrations
and FBRM counts had stabilized for all three systems (Fig. 1 and 2). The pure manganese particles
and the blend particles both had a platelet morphology (Fig. 4a, ¢). We speculate that the two
lengths associated with the plate morphology — the short plate thickness and larger plate
length/width associated with the larger flat surface, resulted in the two peaks in the PSDs observed
for these systems. The pure Ni system did not produce plate shape particles but also had two peaks
in the PSD, however, in this case the second larger PSD peak was attributed to particle aggregates
in the NiOx system. The NiOx particles were observed to have highly aggregated clumps in the
SEM (Fig. 4b), and even though SEM sample preparation may have influenced the aggregation
process the size of these aggregates were consistent with the PSD observations. From the SEM
images, surface roughness can be clearly observed on the pure manganese and the blend precipitate
particles whereas the surface of the NiOy particles were relatively smooth. This observation of the
smooth NiOy particles provides one possibility to explain the preference of the nickel solute to
continue nucleating rather than depositing on the crystal surface. In the NiOy precipitate system
the energy barrier of two-dimensional crystal growth on a perfect surface would be much larger
than that from a defect or higher surface area substrate, and additional nucleation of NiOy particles
may instead be preferred. The conclusion of the nucleation stage in the blend system likely reflects

the reduced driving force towards nucleation due to the decreasing Ni2+ concentration, combined
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with the surface roughness of the blend particles promoting precipitation through particle growth.
The particle surface roughness, which favors particle growth over nucleation, decreased the
distance between sites of growth on the particles, analogous to the critical distance between
dislocation sites in 2-D particle nucleation and growth studies needing to be greater than the critical

particle size to facilitate the nucleation over growth [38].
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Figure 3. Particle size distributions at 5, 10, and 30 minutes after the start of the precipitation in

a) pure manganese oxalate (MnOy), b) pure nickel oxalate (NiOx), and ¢) manganese nickel blend

oxalate (Mn3Ni1Oy). For a) and c), an earlier distribution is shown to highlight the initial formation

of smaller particles in these faster precipitating systems. Solid lines added to guide the eye.
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Figure 4. SEM images of a) MnOy particles, b) NiOx particles, and ¢) MnzNi1Ox particles (from

the 3:1 Mn:Ni blend feed coprecipitation reaction) collected after an hour of precipitating.
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The nucleation and particle growth mechanisms can also be deduced by studying the
evolution of PSDs, as described by Eberl et al. [27]. In many crystallization processes, the
crystallite PSD has been observed to follow a lognormal distribution, which can be explained by
the Law of Proportionate Effect (LPE): X;,; = X; + €;X;, stating that a particle’s growth rate is
determined by its size (X) plus the proportionality constant (¢) [207]. X; is the particle size in an
early time point and X;.; is the particle size after an defined interval of particle growth. The
proportionality constant is dependent on many system parameters, such as temperature and
concentration. The lognormal distribution cannot fit well to the PSDs in the systems in this study
due to either the particle size difference in different orientations (the platelet MnOx and Mn3Ni1Ox
particles) or the segregation of tiny particles (NiOx particles). Thus, a fit with 2 log-normal
distributions was used representing each of the PSD peaks. The obtained CLD data was also
analyzed using the lognormal mean (a = ¥, In(x) f(x)) and variance (82 = Y[In(x) — a]?f(x)),
and the results were compatible with applying the approach of Eberl at al. In that study, it was
proposed that in addition to considering the entire shape of the PSD, growth mechanisms can be
extracted from the evolution of 82 with respect to « for a series of sample sets. In Fig. 5, p? are
plotted on the y-axis with respect to a on the x-axis. Since a scaled with particle size, smaller a
values correspond to earlier time points in the precipitation and increasing « values correlate with
later times for all the precipitation systems. As shown in Fig. 5, at smaller values of « (earlier
times in the reaction) 2 had a linear dependence on « for the pure manganese which indicated a
surface-controlled growth, whereas for the pure nickel precipitation 52 had an exponential
dependence on « indicating a continuous nucleation and growth mechanism [27]. The slope of

the curve for NiOy in early stages of the coprecipitation was very gentle, indicating that the new
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particle nucleation occurred simultaneously during the growth of existing particles, but at a slow
rate. The B2 value dropped sharply after 30 minutes in NiOx coprecipitation, which could be due
to Ostwald ripening where the smaller particles dissolved while the larger particles grow larger
[27]. In contrast, the variance for the MnOx precipitates remained almost constant in the later
stages (after 30 minutes) of the reaction, which followed well the pattern of a supply-controlled
growth mechanism [39]. The variance of the PSD in Mn3NilOx reaction also increased linearly
with the lognormal mean and the slope was identical with that of the pure manganese precipitation.
The intercepts of the lines, however, were different, which was due to the different initial PSDs
before the growth phase was initiated. The nucleation reaction in MnOx coprecipitation ceased
after the very short induction period and rendered the initial particles within a narrow size range,
while in the blend precipitation the continuous nucleation of particles induced an asymptotic initial
distribution to start with. It can be seen from Fig. 5 that the initial starting point of the blend
system was between measured values of the pure MnOy and NiOy precipitations. Other than the
initial PSDs, the blend precipitation exhibited the same pattern and thus followed the same surface-
controlled growth mechanism as the MnOx. This behavior was also consistent with the similar
consumed ion fractions and rates (Fig. 1, d) for the MnOyx and Mn3Ni1Ox systems. We speculate
that the rough crystal surface lowered the energy barrier of nickel ions to deposit and grow on the
crystal surface during the MnsNi1Ox coprecipitations and thus facilitated the precipitation of nickel
ions in the blend system. At later times, the blend precipitation had a reduction in the rate of
increase of p2, which may have been due to both the ripening and supply-controlled growth

mechanisms playing a role.
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Figure 5. The lognormal variation 52 vs. lognormal mean a of the experimentally measured chord
length distributions for the pure manganese precipitate (MnOxy, triangles), pure nickel precipitate
(NiOx, diamonds), and the blend precipitate (Mn3sNi1Ox, circles). Dashed lines added to guide the

eye.

Using the measured concentrations of the TMs for the three systems (Fig. 1), the rate of
the coprecipitation reaction was determined for each TM by numerically calculating the change in
concentration divided by the change in time at each time point. The rate of the coprecipitation
reaction was also normalized by the total surface area of particles that was available at that time
for the TMs to deposit onto, and the particle surface was determined from the PSDs extracted from
the FBRM measurements with the assumption that the particle sizes in the PSDs corresponded to
spherical particles. Fig. 5 displays the logarithm of the TM coprecipitation rate plotted against the
total TM concentration (or equivalently total oxalate, since the feed had the same concentration of
both and the TM and oxalate precipitated at a 1:1 ratio). Starting with a rate expression of the form:

r = k[M]%[0x]®, because the total TM and oxalate concentration were always equal in all three
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systems, the formula was simplified to » = k[M]", of which the logarithm of both sides resulted
inlogr = logk + ylog[M]. A plot of log r as a function of log [M] thus had a slope which
corresponded to the reaction order, and this plot for the three coprecipitation systems can be found
in Fig. 6. As proposed by Doremus et al., there are two mechanisms of surface-controlled particle
growth from ionic solute, either the ions form a molecule which is then adsorbed by the kinks of
the particle surface (“molecule” mechanism) or the ions get adsorbed to the correct sites on the
surface directly from the solution (“direct adsorption” mechanism) [40]. For the one-to-one
electrolyte as was the case for the TM oxalate coprecipitation in this study, the reaction rate would
exhibit an order of three for the molecule mechanism and two for the direct adsorption mechanism.
From linear fitting of the data from Fig. 6, the MnOx had a reaction order of 2.0, which fit well
with the direct adsorption model. The NiOx precipitation, however, has a reaction order of 1.6.
This deviation of reaction order below 2.0 may have been due to the simultaneous occurrence of
both nucleation and particle growth during the NiOx reaction, which consumed the solute in a
relatively slower rate. The TM ion precipitation rate in the Mn3Ni1Ox system aligned well with
the MnOx in the high concentration regime and with the NiOy in the low concentration regime.
This result implies that the blend coprecipitation followed the same surface-controlled particle
growth mechanism as in the MnOx in the early reaction period when the solute was adequate, and
that it switched to the kinetics of NiOx precipitation as the reaction proceeded and less solute was
residual in the solution. The two points that are getting closer to the pure nickel precipitation
mechanism corresponded to the reaction after 12 minutes of mixing after the Mn?* consumption
almost plateaued and Ni?* nickel was still significantly participating in the reaction. The decrease
of critical particle size under the low supersaturation condition made the particle growth even on

the rough particle surface more difficult and some of the precipitating Ni?* may have switched
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back to the continuous nucleation mechanism [40]. This hypothesis of new particles nucleating in
the Mn3NilOx precipitation at later reaction times was supported by the slight increase of the
small particle fraction in the PSDs (Fig. 2).

The growth mechanisms during precipitation of TM ions from pure and blend TM solutions
provides fundamental knowledge necessary for rational battery material design and control, in the
case where precipitate precursors are used for the production of battery active materials. Ideally,
multicomponent precipitates would have controllable composition and particle size throughout a
precipitation reaction process. Such control is important because of the sensitivity of the final
materials processed using the TM precipitates with regards to composition and particle size on
final material and electrochemical properties [5, 41]. This study’s main focus was the nucleation
and particle growth processes for TM precipitates, and in particular it was found that properties
such as crystal size and surface roughness interacted with the precipitation rate. The detailed
nucleation and growth processes also influence final material composition in multicomponent
systems, including both the total composition and the distribution of TMs within the particles. A
systematic study on the external factors that influence the nucleation and particle growth process,
such as feed concentration and solution temperature will be needed to provide a more complete

understanding of the nucleation and growth processes of the particles [18].
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Figure 6. Logarithms of the reaction rates as a function of the logarithms of the residual TM
concentrations. Concentrations were for total TM, which was equivalent to oxalate concentrations

in all experiments. Dashed lines represent from linear fits.

4.5. Conclusion

In this work, in-situ FBRM measurements converted to PSDs were combined with ICP-
OES measurements of solution compositional changes in-situ to track the reaction process as a
function of time. Such information is necessary to understand the detailed nucleation and growth
processes occurring in the solution, as well as to normalize the reaction rates for the
coprecipitation. The FBRM provided insights into the timescales of particle nucleation and growth
for variations in transition metal composition during oxalate coprecipitation. By comparison of the
observations for pure nickel and manganese coprecipitation in comparison with coprecipitation of
a blend of these transition metals, insights were gained into the mechanism by which nickel was

consumed in a higher rate in a precipitation with a blend of Mn as opposed to precipitation in the
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absence of manganese ions. The experimental results demonstrated that the pure manganese and
pure nickel precipitations followed different nucleation and particle growth paths. In the pure
manganese oxalate precipitation, the nucleation ceases when the particle growth starts, which
resulted in the solute being consumed at a faster rate. However, in the pure nickel oxalate
precipitation, particle nucleation continues concurrent with the slower particle growth process,
which resulted in a relatively slower observed reaction rate. In the blend system of manganese and
nickel, the rough surface helped to facilitate fast deposition of both transition metal ions on the
surface; furthermore, manganese and nickel ions both followed an efficient surface-controlled
direct adsorbing mechanism of precipitation. These observations explained why in the blend
system both transition metal ions were consumed quickly and in a similar ratio, which resulted in
a homogeneous blend precipitate, which would be desirable from a battery precursor synthesis
standpoint. This study demonstrates the importance of understanding the nucleation and growth
processes of precipitate particles when being used as precursors for multicomponent transition
metal functional materials such as metal oxides. The different nucleation and growth mechanisms
influence the composition of the final precipitates, the size and size distribution of the collected
particles, and the timescale of the precipitation process. All of these outcomes are very important
to resulting material properties and for rational predictive design of particulate reactors for making

these materials.
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5: Apparent Activation Energy of Multicomponent Transition Metal Oxalates

to Probe Synthesis of Battery Precursor Materials

5.1. Overview

In this study the apparent activation energy of pure and multicomponent transition metal
oxalate coprecipitation reactions were experimentally measured via time dependent extinction of
light passing through the reaction solution. These measurements provide a quantitative descriptor
of the influence of the relative transition metal composition on the nucleation and growth processes
of these precipitates. The resulting crystal structures of the synthesized precursors were also
determined and put into the context of the measured coprecipitation apparent activation energies,
revealing that the apparent activation energy may indicate impurity or secondary phase formation
before it is detectable with x-ray diffraction. This paper is the first report of using apparent
activation energies to investigate battery precursor coprecipitation reactions, and these methods
should be extendable to chemistry for coprecipitation of many multicomponent transition metal

particles which have application in multiple fields including energy storage materials.

The element of this chapter has been submitted to Journal of Powder Technology.
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5.2. Introduction
Lithium-ion (Li-ion) batteries are a major technology for consumer electronics and one of the few
options for energy storage in transportation applications due to the high energy and power densities
that can be achieved [1,2]. While many components and physical properties have an important role
in the electrochemical charge and discharge processes, the intrinsic properties of the cathode active
materials are among the most important that define the limits of the performance metrics of the
battery which include electrochemical capacity, rate capability, cycling stability, and cost [3-5].
Extensive research has reported the optimization of cathode active materials through various
strategies including metal ion substitution, surface coating, and particle morphology control to
improve the electrochemical properties of the resulting batteries [6-12]. While there are many
routes to improve cathode material performance and there are many cathode materials to choose
from, high levels of control over the composition and phase of the final cathode material are needed
to produce high performance and reproducible battery active materials regardless of the cathode
chemistry.

Coprecipitation is a popular method reported in the literature to produce transition metal
(TM) precursors which are subsequently lithiated and calcined to produce Li-ion battery active
materials [13-20]. The method is straightforward to scale up to larger volume material production
and is amenable to both batch and continuous systems [14,21,22]. Even though precipitation
synthesis procedures are often straightforward, careful control over the solution chemistry can
result in complex compositions and morphologies such as compositional core-shell particles [23—
26], particles with gradients from core to surface in their concentration [27-29], and a diversity of
shapes including spheres, rods, plates, and dumbbells [11,14,30-32]. While precipitation is a

robust and scalable route to synthesize battery active material precursors and complex
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compositions and morphologies are possible, methods are needed to characterize the precipitation
process to improve rational and predictive control of these materials. For example, previous work
has demonstrated that in some cases the TM precursors (and subsequently the TM oxide final
active materials) had compositions that significantly deviated from feed stoichiometry to the
synthesis process, resulting in deleterious effects on the electrochemical performance of the final
active material [14,33]. In-situ tracking of the concentrations of the TMs in the solid and liquid
phase in the reactor was demonstrated as one method to characterize the precipitation process and
understand the origins of compositional deviations [14]. Subsequent follow up reports
demonstrated that combining the in-situ concentration information during synthesis with in-situ
tracking of the evolution of the particle size distribution yields further insights into the rate of
precipitation of the precursors and the different nucleation and growth regimes the particles can
experience as a function of TM composition in the feed [34]. These previous reports were focused
on compositional deviations of the TM precursors, but producing pure and/or controllable crystal
phases of the precursor is also important to synthesizing high performance electrode materials. In
particular, phase pure particles are often needed to rationally guide particle morphology [11], and
if the particles are not phase-pure the appropriate amount of lithium salt to add before calcination
can be challenging to determine [29].

In this chapter, a method will be demonstrated to probe the apparent activation energy
during the coprecipitation of TM battery precursors. It is noted here that the activation energies
calculated from the experimental method in this study result from a combination of physical and
chemical processes including mass transfer, chemical reaction, nucleation formation and initial
growth and thus the energies are referred to as apparent activation energies. To our knowledge,

this method has never been applied to investigate battery precursor particles, nor to the TM
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oxalates that will be the focus of this study. The method was based on similar analysis applied to
the formation of vanadium oxide precipitates — although in contrast to the present report the
vanadium precipitates contained a single TM and were presumably all of the same composition
and crystal structure [35]. The precipitation of metal oxalate was chosen as the exemplar system
because TM oxalates have previously been reported as precursors for the synthesis of high-
performance battery materials [14,36,37]. In addition, oxalate forms phase pure dihydrate
precursors across a variety of TMs used for Li-ion battery cathodes, including Co, Mn, and Ni. In
this study, Mn oxalate, Ni oxalate, and blends of Mn and Ni oxalate of varying Mn:Ni ratios were
investigated. Such precursors can be lithiated and calcined to different final active materials
depending on their Mn:Ni ratio, for example LiMnosNios02 for Mn:Ni 1:1 LiMn15Nios04 for
Mn:Ni 3:1 [38,39]. This report will first present the apparent activation energies of Mn and Ni
oxalate coprecipitations at different Mn:Ni feed compositions. Then, the sensitivity of the crystal
structure of the produced precipitates, determined from refinement of powder X-ray diffraction
patterns, to the Mn:Ni composition will be reported in the context of the apparent activation energy
results. The results presented suggest that the apparent activation energy reflects the composition-
dependent structure of the precipitate particles that form in the reaction solution. It is expected that
this analysis would be valuable for any battery precursor system where multiple structural phases
are present, which is the case for not only TM oxalate precipitation but also for other TM precursor

systems such as TM carbonate and hydroxide [29].
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5.3. Experimental
5.3.1. Measurement of Coprecipitation Induction Time

Coprecipitation of TM oxalate particles was conducted by mixing solutions of dissolved
TM sulfate with dissolved sodium oxalate. Laboratory grade MnSQO4-H.0, NiSO4-6H20, and
Na2C»04 (all from Fisher) were used for the coprecipitation reaction. 50 mL of 15 mM TM solution
with varying Mn:Ni ratios and 50 mL of 15 mM oxalate solution were prepared separately by
dissolving TM salts and oxalate salt. The solutions were heated to the desired target temperature
(50, 55, 60, and 65 °C for each Mn:Ni concentration investigated) and then mixed together all at
once by pouring the TM solution into the oxalate solution. The mixed solution was homogeneous
mixed with a stir bar rotating at 300 rpm for 10 seconds and then a small portion of the solution
was poured into a 3 mL sample cuvette. The cuvette was then quickly put into an ultraviolet-visible
(UV-Vis) spectrometer (PerkinElmer Lambda 35) and the transmitted intensity of light at a
wavelength of 480 nm that reached the detector after passing through cuvette was collected every
10 seconds. The experiment was concluded when the measured extinction of transmitted light
decreased after reaching a plateau, which occurred after 500 to 1000 seconds depending on the
solution temperature and feed composition. The wavelength of 480 nm was chosen for analysis
because at this wavelength solutions of dissolved Ni and Mn salts both had negligible extinction.
It was thus assumed that any increases in extinction resulted from light being scattered by the
resulting solid particles that nucleate and grow during the coprecipitation process. Throughout the
UV-Vis measurements, the cuvette was in a temperature-controlled cuvette holder (PerkinElmer
PTP-1 Peltier System) which maintained the solution temperature at the target temperature for the

duration of each coprecipitation experiment.
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An example of the measured extinction as a function of reaction time is shown in Fig. la.
It can be seen that the extinction was low at the beginning of the reaction because the particles that
scatter the light have not yet had significant nucleation. As the time elapsed, the extinction slowly
increased and then transitioned to a region where it increased linearly with time. After this linear
increase the extinction would reach a maximum and then slowly start to decrease. The general
profile of the extinction as a function of time was the same for all TM ratios synthesized, and thus
the process was considered in the context of three different regions separated by dashed lines in
Fig. 1a. Region | was the inert period when the reactant species have mixed but particle nucleation
has not reached a significant extent and thus the curve was almost horizontal. Region Il was the
transition period when the nuclei have stabilized and started to grow. Region 111 was the period of
continuous and fast particle growth. Both region I and region Il of the curve were linear and were
fit using least squares methods, and dashed lines of best fit have been added in Fig. 1a. The
coprecipitation particle growth starting point, or induction time (v) was determined by the
intersection between the lines of best fit for the inert region (I) and the growth region (I11). This
method for measuring w was both a reliable and reproducible way to measure the induction period
as opposed to visual observation of the reaction solution [35]. Experiments measuring [1 were
conducted at multiple temperatures and multiple Mn:Ni ratios, and each specific temperature and
solution composition was repeated at a minimum in triplicate to determine average induction
times. As will be described below, these induction times were used to calculate apparent activation

energies.
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5.3.2. Calculation of Apparent Activation Energy

To determine the apparent activation energy, the induction time was assumed to follow
Arrhenius behavior. For each TM solution ratio, the average induction time was measured at four
different temperatures. Fig. 1b shows an example of how the induction time information was then
used, where plots were generated with In(v) on the y-axis and the inverse of the reaction
temperature (in °K) on the x-axis. Assuming Arrhenius behavior for the induction process, the

relationship between induction time and temperature would be of the form [208]:

In(r) = —In(4) + % (1)

where A is the pre-exponential constant, E is the apparent activation energy and k B is
Boltzmann’s constant. The slope of a linear fit of In(w) vs. 1/T thus yields E/kB and a value for E,
the apparent activation energy for those solution conditions. Thus, the slope of the line of best fit

in Fig. 1b is equal to E/kB and the apparent activation energy can be determined from this analysis.

5.3.3. Materials Characterization

For material characterization, larger scale synthesis was conducted for each Mn:Ni ratio and the
precursor particles were filtered, rinsed with distilled water, and put into an oven (Carbolite) at 80
°C in an air atmosphere overnight to dry the powder. More detailed description of the synthesis
process can be found in previous publications [14,41]. The process and reaction conditions were
all the same as used for the induction time measurements except that the total solution volume was
increased to 800 mL and the synthesis was conducted within a 1 L beaker. The crystal structures
of the resulting coprecipitated particles were analyzed by powder X-ray diffraction (XRD) with a

PANalytical X'pert ProMPD using a Cu-Ka radiation source. Fullprof was used to find the lattice
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parameters of each sample [42]. Thermal gravimetrical analysis (TGA, TA Q50) was conducted
to measure the temperatures of structural water loss and oxalate decomposition, which were each
determined by peaks in the plot of the differential mass change as a function of temperature. All

TGA measurements were performed in air with a heating rate of 10 °C min—1.
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Figure 1. a) Extinction at 480 nm measured using UV-Vis on the coprecipitation reaction solution
as a function of time. Regions I, I, and Il are discussed in the text and the general profile was

representative for all solution compositions investigated. b) Example of plot used to extract the
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apparent activation energy from the induction time measured as a function of temperature
assuming Arrhenius behavior. For both a) and b) all precipitations were conducted with 15 mM

total TM in the initial solution and a 3:1 Mn:Ni ratio. The temperature for a) was 50 °C.

5.4. Results and Discussion

It was postulated that apparent activation energy of the nucleation and growth of the
coprecipitated particles would provide a quantitative route to understand the impact of solution
composition on the phase of the resulting particles which form. This idea was based on previous
observations that at the solution conditions used in this study 1) pure Mn and Ni oxalate form
different phases, and 2) pure Mn and Ni oxalate precipitate at very different rates [14]. Thus, it
was expected that apparent activation energy would provide a quantitative descriptor that
differentiates Ni from Mn precipitation. Given that the pure Mn and Ni oxalates form different
phases, it was expected that they would have limits to the extent to which they could form a solid
solution, and thus the apparent activation energy might also provide insights into the solution
conditions where a second phase started to precipitate. It was expected that Arrhenius behavior for
the coprecipitation reaction would be appropriate, as it had been previously applied to other
crystallization processes [35,43]. Initial experiments such as those in Fig. 1b also revealed good
linear relationships when using the linearized form of the Arrhenius relationship with respect to
(Equation 1), and as will be described in further detail across all reaction conditions the fit was
very good.

The apparent activation energies determined for each solution composition are shown in

Fig.2. Error bars represent the standard deviation between the experimental data and the least
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squares fit to determine the activation energy, and some were quite wide. Large error bars may
have been due to a number of factors, including local temperature fluctuations during
coprecipitation, surface imperfections of the vial containers, or inhomogeneity in the local mixing
provided by the stirring [44-46]. Table 1 also provides the detailed numerical values associated
with these energies. The R2 values were almost all larger than 0.9, indicating a good linear fit of
Equation 1 across the range of Mn feed compositions explored. The smallest R2 value is 0.85 at

Mn feed content of 70% while values of other feed compositions were all above 0.9 (Table 1).
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Figure 2 Apparent activation energies of the coprecipitation reactions with differing feed Mn:Ni
ratios. Error bars represent the standard deviation between the experimental data and the least

squares fit to determine he activation energy.

To facilitate discussion of results, the nomenclature MnXXNiYY will be used, where the
“XX” and “YY” represent the feed solution to the reaction being XX mol% Mn and YY mol% Ni.

Mn100 and Ni100 represent the pure Mn and pure Ni coprecipitation. The activation energies of
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pure Mn and pure Ni oxalate coprecipitation were determined to be 37.8 + 13.2 kJ mol-1 and 21.4

+ 9.46 kJ mol-1, respectively. These quantitative results, with Mn oxalate having a lower apparent

activation energy for coprecipitation, were in agreement with observations that Mn oxalate

coprecipitates faster than Ni oxalate under otherwise identical reaction conditions.

Table 1. Apparent activation energy determined from Arrhenius fitting of the induction time as a

function of temperature for varying Mn concentrations in the feed to the coprecipitation.

Solution Mn content | Activation energy (kJ | Fitting Activation Energy
(mol %) mol?) R? Error (kJ mol™)
0 37.8 0.94 13.2

20 50.5 0.92 21.6

25 42.2 1.00 2.29

30 34.6 0.99 5.21

40 48.8 0.94 17.6

50 44.8 0.95 141

60 51.6 0.93 19.6

70 18.7 0.84 18.9

75 28.0 0.99 3.57

80 19.9 0.95 6.60

90 36.3 0.90 16.8

100 21.4 0.91 9.46
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Figure 3 Measured induction times of the coprecipitation reactions with different feed Mn:Ni
ratios at 50 °C (red circles), 55 °C (blue triangles), 60 °C (pink squares), and 65 °C (green

diamonds).

Comparing the activation energies of coprecipitations with Mn feed molar percentage
between 20% and 50% (Fig.2), there was a slight trend of increasing activation energy with
increasing Mn in the feed solution, though the size of the error bars makes concrete assignment of
this effect challenging. It is noted that within this range as the Mn feed content increased the
intercept of the Arrhenius fits decreased (data not shown). The decrease in the intercept reflected
a decrease in the pre-exponential term of the Arrhenius equation (Equation 1). The decrease of
the pre-exponential constant with increasing relative Mn in the coprecipitation solution reflected
a decrease in the absolute crystallization rates. This analysis was consistent with the decrease of
the induction times across all temperatures that the coprecipitation was performed (Fig.3). It can

be seen in Fig.3 that there was a significant drop of induction times from pure Ni coprecipitation
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to 20 mol% Mn blend coprecipitation and then a slow decrease of the induction time as the Mn
content was further increased until 70 mol% Mn was used. A slight local minimum in the induction
time measured at all temperatures at 20 mol% Mn may have been due to transformation of the
crystallization mechanism from homogeneous to heterogeneous crystallization [44], due to a
seeding effect that the initial and fast forming manganese oxalate nuclei acting as the seeds to
facilitate faster nickel precipitation [14]. This seeding effect and subsequent observation of
qualitative reduction in induction time was previously suggested and supported by experimental
evidence via pure Mn oxalate seed addition at the initiation of pure Ni oxalate coprecipitation in a
previous study [14,47]. The slight increase of the apparent activation energy with increasing Mn
content in the feeding solutions, while in contrast to the absolute induction time measurements,
may indicate the structure distortion of the precipitate particles as they start to grow due to the
different phases of the initial nuclei seeds and the later larger crystals that form (crystal structure
discussed in further detail below) [41]. The high Mn content seeds may result in a higher barrier
for Ni precipitation which would be reflected by the increasing activation energy, while the
apparent crystallization rates represented via induction time were decreased due to the
compensation by the increase of fast-forming Mn nuclei which provided more seed surface to

facilitate a higher overall precipitation rate.
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Inspection of Fig. 2 reveals a significant drop of apparent activation energy when the Mn
content increased to 70% of the feed solution. The activation energy at 70 mol% Mn was calculated
to be 18.7 = 18.9 kJ mol-1, significantly smaller compared to the 37.8 + 13.2 kJ mol-1, 42.2 + 2.29
kJ mol-1, and 44.8 + 14.1 kJ mol-1 of Ni100, Mn25Ni75 and Mn50Ni50 coprecipitations. It is
speculated that this decrease in the apparent activation energy may have reflected a phase transition
in the formed Mn Ni oxalate particles. As shown in the XRD patterns of the obtained Mn Ni oxalate
particles (Fig. 4a), the particles collected from feed solutions with 90 mol% or higher Mn content
in the feed solution exhibited the peaks of Mn oxalate, while the particles collected from feed
solutions with less than 90 mol% Mn had peaks consistent with the structure of Ni oxalate.
Previous literature has reported that the orthorhombic -MC204-2H,0 (where M stands for the d-
block TM) with space group P212121 was a thermodynamically preferred and more stable
structure compared to the a-MC204-2H20 with monoclinic space group C2/c [48-50]. In the
coprecipitation conditions in this paper, pure Ni oxalate formed the  phase and pure Mn oxalate
formed the o phase. The Ni oxalate B phase being the dominant structure across most of the
compositional range (until 90 mol% Mn) was consistent with the higher stability of the § phase
dictating the crystal structure of the resulting oxalate material powder. Also, the substitution of
Mn would be expected to distort the crystal structure, which may have resulted in a slight increase
in the apparent activation energy as a function of Mn mol% in the feed as the Mn was increased
from 0 to 60 mol% (although it is noted the standard deviation in the apparent activation energy
measurements was relatively high). The decrease of the activation energy at Mn70Ni30
composition may have been due to a phase transition of the bulk precipitates formed early in the
coprecipitation from orthorhombic B-phase to the monoclinic a-phase, which is the phase of Mn

concentrated seeds. The structural similarity between the early formed manganese oxalate seeds
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and the particles subsequently growing on these seeds would have reduced the apparent activation
barrier of the particle nucleation and growth [44]. Previous studies on the calcium carbonate
coprecipitation reactions have revealed that higher similarity between the precipitates and the
seeds resulted in a significant increase in reaction rates [51,52]. Although the apparent activation
energy measurements suggest that the precipitate particles formed may have been a-phase at a feed
of 70 mol% Mn, the phase was not observed in powder XRD until the Mn in the feed was 90
mol%. The higher Mn composition required to observe the a-phase in XRD may be due to the fact
that the phase transition only happened locally and on the early formed precipitates and that
gradually the more stable B phase was the dominant crystal structure that grew during the
coprecipitation. If the amount of a phase was relatively small relative to the total sample mass, as
well as buried within the cores of the precipitate particles, it would not be surprising that it would
not be detected with powder XRD. The calculated lattice parameters and lattice volumes of the
oxalate powders were obtained using Rietveld refinement and are summarized in Table 2. The
lattice volumes as a function of Mn content in the solution are also plotted in Fig. 4b. It can be
seen that the lattice volume increased as the Mn content increased, consistent with Mn?* having a
larger ionic radius than Ni?* [14].

As the manganese content was increased to 100% in the solution (pure Mn coprecipitation),
the activation energy was 21.42 + 9.46 kJ/mol, similar to that of the phase transition point. It can
be seen from the plot that in each of the two single-phase ranges of the precipitation reaction, there
appeared to be a peak of the activation energy in the middle of the composition range while the
activation energy was the lowest for the pure feed solution. This may reflect the distorted structure

of the precipitate due to the existence of multiple TM ions with different sizes in the structure.
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Figure 5. Peaks in differential mass loss from TGA on the powders collected from the different
reaction solutions corresponding to oxalate decomposition (black triangles) and structural water

loss (black circles).

TGA analysis was also conducted with the collected precipitate particles. All materials had
two distinct peaks in differential mass loss. The first reflected the loss of structural water, which
typically occurred at below 200°C and has previously been used to indicate the structural stability
of a material [41,53]. Higher structural water loss temperature implies a more stable structure
which holds the structural water more tightly. The differential mass loss peak associated with
structural water loss as a function of Mn mol% in the feed solution is shown in Fig. 5 with
numerical values provided in Table 2. It can be seen that the temperature of structural water loss
increased with increasing Ni content (or decreasing Mn content) in the solution, and concurrently
incorporated into the precipitate phase. This observation was in agreement with the higher stability
of the  phase which pure Ni oxalate formed [14]. As Mn content was increased in the feed solution

and in the precipitate structure, the formed precipitate underwent constantly increasing structural
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distortion in the single  phase as Mn content increased, reducing the structural stability of the
phase and decreasing the structural water loss temperature. When Mn content reached the
threshold of phase transition to the Mn oxalate phase which forms the less stable [J phase, the drop
of structural stability would be expected to accelerate the decrease in the structural water loss
temperature. This expectation was consistent with the significant decrease in the structural water
loss temperature when 70 mol% Mn was in the feed (Fig. 5). The increasing sensitivity to the Mn
content on the structural water loss occurs at the composition where apparent activation energy
had a dramatic change, indicating that the change in phase of the precipitates may impact the
structural stability of the material even as the bulk phase observed in XRD does not have a
detectable phase transition. The peak temperature in differential mass loss for oxalate
decomposition as a function of Mn content in the feed solution was also plotted in Fig. 5 (numerical
values in Table 2). The oxalate decomposition temperature also decreased as more Mn was added
to the particles, although the decrease appeared to have a similar gradual slope across the

compositional range.
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Table 2. Lattice parameters determined from Rietveld refinement of the XRD patterns for oxalate
precipitates formed with different Mn:Ni ratios in the feed. The differential mass loss peak
temperatures from TGA analysis associated with structural water loss and oxalate decomposition

is also listed for each feed condition.

Lattice
Mn in the Peak in Differential Mass Loss
Lattice Parameters Volume
Feed (°C)
Phase (A3

Solution

Structural Oxalate
(mol %) a b c B

Water Loss | Decomposition
0 B 11.81 | 5.33 | 15.70 494.1 193 316
25 B 1191 | 544 | 15.74 509.9 187 304
40 B 11.97 | 5.49 | 15.75 517.5 173 299
50 B 11.97 | 552 | 15.72 519.3 191 298
60 B 11.98 | 5.52 | 15.69 518.8 189 290
70 B 12.01 | 5.55 | 15.68 522.6 181 283
75 B 12.00 | 5.57 | 15.75 526.4 175 280
80 B 12.00 | 5.58 | 15.69 525.7 162 284
90 0 12.00 | 5.63 | 10.00 | 128.4 | 529.6 158 278
100 0 12.08 | 5.66 | 10.03 | 128.6 | 536.2 117 272

The results presented above, when combined, suggest that the apparent activation energies
for the precipitates with varying compositions of the blend of TMs provide insights into the

composition where precipitate particles of different phases start to form. While after full growth
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of the particles the new phase does not always have the necessary amount and/or crystallinity of
material to be detected in powder XRD analysis, the local minimum of the activation energy can
be used to determine the solution conditions where multiple phases of nuclei may form in the
solution. It should be noted that it is suspected that the local minimum in apparent activation energy
was resulted from the new phase facilitating the growth stage of the precipitation by seeding further
growth faster due to the similarity between seeds and further growing particles in phase. Thus,
other systems may behave quite differently depending on whether there are two polymorphs
dependent on the TM or cations used, and the relative stability and apparent activation energy of
the pure phase materials. Further study will also be needed to confirm the formation of both phases

during the nucleation phase of the precipitation speculated in this report.

5.5. Conclusions

This report probed the interactions within a multicomponent cation coprecipitation process
via apparent activation energy measurements for particles often used as precursors to synthesize
battery materials. Apparent activation energy was measured by analysis of induction times of the
crystallization reaction process as a function of temperature using UV-Vis spectroscopy. It was
found that a local minimum of the experimentally measured activation energy occurred near to the
composition where a new phase becomes preferred for the resulting precipitate particles. The
observed minimum in the apparent activation energy appears to be consistent with where the
precipitate particles of different phases form, although one of the phases was not detected in the
final particles using bulk XRD on the collected particles, suggesting they were not retained in
sufficient amount and/or crystallinity during the more substantive growth phase of the material.

The apparent activation energy analysis is expected to provide valuable insights to many
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coprecipitation processes with multicomponent cations where multiple phases may have been

observed depending on solution conditions.
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6: Preliminary Work on Electrode Alignment , Dissertation Summary and

Future Work

6.1. Overview

In this study we first used citric acid as the inhibitor in the coprecipitation reaction to
synthesize plate shape precursors and final active materials LiMn1.5Ni0.504 (LMNO). The
particles were successfully oriented normal to the current collector within the electrode slurry,
being responsive to the applied magnetic field after coating with Fe304 superparamagnetic
nanoparticles. The out-of-plane orientation of the particles is expected to form fast diffusion
channels along the direction of electrode thickness, while the nano-scale porous network within
the active particles forme during calcination allowed homogeneous and fast ion diffusion along
the particle diameter. The superiority in ion diffusion and rate capability of the obtained electrodes
would imply the possibility of this method in producing more high-energy electrode with other
materials chemistries and compositions.

Some preliminary positive results have been collected and are reported in this chapter. This
will guide us in the next step to get better electrochemical performances out of the obtained active
materials. Future works in a wider aspect will be discussed as well, tying to the overall goal of
synthesizing predictable precursors and final active materials for energy storage and other

applications.

The element of this chapter will be added into a future publication:
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Dong, H., Cai, C., Denecke, M. E., Remaly, G., Koenig, Jr., G. M. Low-tortuosity LiMn15Nio504

electrode by particle alignment under low magnetic field. In Preparation.

6.2. Introduction
6.2.1. Electrode tortuosity

The transition of traditional vehicles with internal combustion engines burning fossil fuels
into electrical vehicles (EV) using renewable energy sources demands the mass production of
secondary batteries with high energy and power density, long cycle life and great safety. Lithium
ion batteries have dominated the EV battery market due to the ubiquitous high energy density
which allows for long mileage, and the structural stability under high-power or high-current pulse
condition when propelling the car. Higher energy and power capacities, accessible under
aggressive conditions such as fast charging and discharging, high or low temperatures, for the
current Li-ion battery configuration through precise engineering design are still needed and are
predicted to more than double the current capacities. A normal way for battery manufacturers to
increase the energy density of batteries is calendaring the electrodes with high pressure, in order
to densify the electrode. This step, while produce higher volumetric energy density, has been found
to result in sacrificed cycle life and rate capability, due to the fact that calendaring generate a
tortuous microstructure within the electrode that hinders the lithium ion diffusion under high
current rates and also produces high polarizations [1]. Particle fracture under high strain, lithium
metal plating, and gas generation from electrolyte oxidation are all possible results of local high

polarization of electrodes.
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Tortuosity of an electrode, ©w, has been defined as the extent of which the electrode
microstructure influences or decreases the effective lithium ion diffusion along the electrode layer
thickness, as reflected in following equation:

D _eff=e¢/tD 0 [1]

where D_eff is the effective ionic diffusivity, € is the electrode porosity, and D_0 is the
bulk ionic diffusivity of the electrolyte. While in the ideal case the tortuosity should be equal to
one, meaning that the microstructure created by certain packing pattern of particles doesn’t affect
normal ion diffusion as in the electrolyte, the practical tortuosity values measured for commercial
electrode are in the range of 3-5, reflecting the fact that the complex and tortuous poring network
hinders the lithium diffusion. Both simulation and experimental results have confirmed the
importance of tortuosity of the electrodes on the accessible capacity from the batteries [2,3],
showing that with the tortuosity as high as 3-5 capacity starts to fall dramatically when the C-rate
increases above around 0.75C (charge or discharge within 1.3 hour), ion diffusion being the
limiting step. Yet-Ming Chiang and his group published a few works on aligning the active
particles normal to the current collector direction and have seen significant improvement in rate
capabilities of the aligned electrode compared to the isotropic control electrodes [3—6]. The
approaches they took to align the particles include co-extrusion [4], freeze-casting [3], and
magnetic field alignment [5,6]. Compared to co-extrusion and freeze-casting methods, which
requires the post-sintering process to control the channel size and density, magnetic field alignment
method is more amenable to the current electrode manufacturer process, and it also allows the use
of binder and carbon black to facilitate electrode integrity and electron transfer as in conventional
electrodes. The alignment of particle under magnetic field requires a large aspect ratio of particles,

such as rods and plates; it was also proved by simulation results that the out-of-plan orientation of
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high aspect ratio particles renders the electrode tortuosity much less than even the randomly
oriented spherical particles [2]. Chiang group also came up with the method of aligning the pores
into channel structure instead of aligning the particles, which seems applicable to any shapes of
particles [5,6]. This method, however, uses oil-based emulsion as the pore forming agent which
requires complete post-cleaning step, making the procedure complicated and sensitive to many

potential synthesis conditions and parameters thus hard to scale up.

6.2.2. Particle Morphology Tuning by Chemical Inhibitors

Coprecipitation is a common method to synthesize precursors for single and
multicomponent TM oxides materials both in labs and in manufacturing. Coprecipitation method
has the advantages that it is relatively easy to perform in the lab, scalable, allows tunable and
monodisperse particle morphologies [7-12], and provides homogeneous mixing of the multiple
TM components throughout the secondary particles [13-15]. The particle morphologies can be
adjusted by tuning the reaction conditions and the particle morphologies can be well retained after
the calcination process, which makes particle morphology control viable [16,17]. Particles of
different morphologies have been synthesized via coprecipitation method, including spheres, rods,
plates, cubes, and hollow spheres [11,17-20]. Most particle morphology tuning requires the use of
chemical agent. Ammonia is the most commonly used chelating agent in order to produce dense
spherical particles [21,28-31] due to the formation of ammonia complexes with transition metal
ions that slows down the precipitation rate [28], or the dissolution-recrystallization of the particles
by ammonia in the solution [32]. Several other chemical species have been used as ‘chelating

agent’ to synthesis battery active materials precursors, such as citric acid, ascorbic acid, glucose,
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etc. but most of these chemicals inhibit the growth of precipitate without a specific surface bonding

and thus only reduce the particle size without a control of particle shape [17,25-27].
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Figure 1. Different particle morphologies obtained after adding different chemical inhibitors in
calcium oxalate crystallization and the proposed mechanism of specific binding of chemical

inhibitor onto certain crystal facets. [7]

According to a report from Rimer group [7], the specific bonding of some organic or
inorganic chemicals with calcium oxalate crystal facets resulted in the particle morphology change
compared to the control experiment. Using citrate acid, one of the inhibitors in their study, as the
inhibitor in the growth of calcium oxalate particles, they obtained quasi-rectangular flat particles
as compared to the elongated hexagonal platelets of larger thickness obtained from the control

synthesis experiment with no inhibitor added. Since the calcium oxalate monohydrate particles
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produced in their study has been characterized to have the monoclinic structure, and the precursor
particles synthesized in our study exhibit a mixture of orthorhombic and monoclinic structure [8]
we expected that the chemical inhibitors used in the calcium oxalate precipitation have similar

behaviors and effects in tuning the particle morphologies in our system.

6.2.3. Composition Control for Coprecipitation with Inhibitor

The issue of composition deviation of the precipitated particles from the feed ratio can
become more complicated considering that the added inhibitor has preferential binding with one
TM than the other while making the precipitation reaction rates slower for both TM ions. Figure 2
shows our results of in-situ tracking of TM concentration in blend and pure reaction solutions,
with or without citric acid added. It can be seen from the plot that the addition of citrate ion in the
solution makes the difference in precipitation rate thus reaction extent more significant within a
certain reaction timeframe, and thus feed ratio needs to be adjusted in order to get the

stoichiometrically correct precipitate particles.
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Figure 2. Amount of TM precipitated as a function of reaction time in the pure or blend solutions

with or without citrate added.

6.3. Experimental
6.3.1. Oxalate Particles of Special Morphology

Laboratory grade MnSO4-H20, NiSO4-6H20, Na2C,04, and CsHgOy7 (all from Fisher) were
used for the coprecipitation synthesis. TM sulfate and oxalate reagents were dissolved separately
in deionized (DI) water to prepare TM solution and oxalate solution, and both solutions were
heated to 60 °C. The TM solution was then poured all at once into the oxalate solution to start the
coprecipitation reaction. The total volumes of the mixed solutions were 0.8 L (within a 1 L beaker)
for all syntheses, and the reagent masses were adjusted to desired solution concentration and TM
feed ratio in order to get 3:1 Mn:Ni composition in the precipitate and final oxide materials with a
certain concentration of inhibitor to tune particles morphology into platelet shape. To be specific

equivalent TM salt masses of 50mM TM in the final solution with Mn:Ni ratio of 4.475:1 was
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prepared, and citric acid mass of equivalent 5.1mM citric in the final solution was added into the
TM solution during preparation. The temperature was maintained during the reaction at 60 °C. The
coprecipitation solution was stirred at 300 rpm with a magnetic stirrer. The particles were collected
by vacuum filtration after 30 minutes, and then rinsed with ~2 L DI water before drying in the
oven (Carbolite) at 80 °C overnight. The precursor particles were mixed with 5% excess LiOH
with 1:2 Li:TM ratio using a mortar and pestle by hand for 5 minutes. This mixture was then fired
in the furnace (Carbolite CWF 1300 box furnace) in an air atmosphere at 850°C for 6 hours to
obtain the final active material (with the target composition generally being LiMn15Nio504). The
furnace temperature ramp rate was set at 1°C / minute, and during the firing process the
temperature was programmed for holds at 200 °C and 350 °C each for 2 hours to complete the

individual steps of the structural water loss and oxalate decomposition, respectively.

6.3.2. Electrode Alignment Setup

The process of electrode fabrication and battery cell assembly is almost the same as in the
previous description for the control set of experiment. There are two differences: 1) the active
materials were coated with Fe304 superparamagnetic nanoparticles by electrostatic force in
aqueous suspension; 2) 20% extra NMP solution was added into the slurry in order to increase the
electrode paste fluidity; 3) The gap of doctor blade for pasting the electrode slurry was chosen at
300 um to also increase the fluidity of the paste to facilitate the particle alignment. For the aligned
electrode, the same active materials and electrode ingredient were used except that the electrode
paste was put onto the electrode alignment equipment as described below and get aligned under
magnetic field during the drying process. The as-aligned electrode was put into an oven to dry at

80 °C overnight in air, followed by another 3 hours vacuum drying at 80 °C prior to punching into
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14 mm diameter electrode disks and fabricated into half cell batteries with a Li metal chip as the
anode.

The demonstration of particle alignment during electrode casting on a current collector is
shown in Fig. 2, with the randomly coated electrode at the top and the magnetic aligned at the
bottom [66]. The rotating magnetic field can be created by putting a magnet underneath the
electrode paste while the magnet is rotating motivated by a motor. The detailed alignment method
has also been reported, giving guide about the type and amount of magnetic Nano-particles needed

to coat the active materials, making the particles responsive to external magnetic field [9].

Figure 3. Demonstration of flakes alignment during electrode casting. Casting of the electrode
paste without any applied magnetic field (top) and when a rotating magnetic field (Hrot) is

applied during the drying step (bottom). [10]
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Inspired by the electrode alignment experimental set up by the use of magnetic field from
Billaud et al. [10] as shown in Figure 4a), we built up a similar setup as shown in Figure 4b)
developed to provide support for the drying electrodes while providing a revolving magnetic field.
Structurally, there were three main components, a base plate and two side plates. All three of these
components were machined from 0.75 in 6061-T6 aluminum plate from Mcmaster-Carr.
Machining was done with a Maximum waterjet and a YCM vertical machining center. The base
plate provided mounting for the side plates and motor, while the side plates supported a piece of
glass that the electrodes would dry on. One of the side plates also had mounting for the bearing, a
0.5 in pillow-block style bearing, Mcmaster-Carr product 5967K31. For fasteners, standard metric
M8 bolts were used. The magnet was a 1.0 in cube neodymium magnet, with 14,400 internal gauss
from amazon. This was held to a 0.5 in diameter stainless steel shaft with an aluminum coupler.
The coupler was made by water jetting two pieces of 0.5 in of aluminum and welding them together
with a Miller TIG welder. Two holes were then drilled and tapped for set screws. The motor was
a Hangar 9 PowerPro HD nitro engine starter, which was powered by a generic 300W power
supply. All components were modelled in Autodesk Fusion 360, and toolpaths for machined parts

were generated in Fusion 360 as well.

186



Figure 4. Electrode alignment experimental setup enabled by magnetic field spinning as applied

in literature a) [10] and in our work b).
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6.4. Preliminary Results and Discussion

ICP-OES results of the obtained particles showed a Mn:Ni ratio in the precipitate
precursors and also the final TM oxide materials to be 2.98:1, very close to 3:1 and were considered
to be stoichiometric spinel LiMn15NiosO4. The particle morphologies were characterized by SEM
and shown in Figure 5. And it can be clearly seen that the particles are hexagonal platelets
comprised of nano-scale primary particles. The coated FezO4 particles on the surface can also be

seen after electrostatic coating (Figure 5 b).

Figure 5. SEM images of platelet LMNO particles of stoichiometric composition synthesized from

inhibitor added coprecipitation before a) and after b) superparamagnetic nanoparticles coating.
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The difference in rate capability in the aligned electrode due to the reduced tortuosity was
not clearly seen from the comparison between the aligned and control electrodes (Figure 6). The
aligned electrode actually exhibited worse rate capability indicated by smaller specific capacities
at higher current rates (>= C/5, which means the current for discharging the cell within 5 hours
according to the theoretical LMNO capacity). It should also be noted that even the theoretical at
low discharge rate such as C/20 the obtained specific capacities were both much lower than the

theoretical value for LMNO (148 mAh/qg).
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Figure 6. Specific capacities of half cell batteries from the aligned and control cathode
electrodes. The cell were charged and discharged at C/20 for two cycles, and at C/10, C/5, C/2,

1C, 2C, 5C each for four cycles, and then at C/10 for four cycles at the end.
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SEM images of the aligned electrode showed particle aligned at all different directions and
no clear alignment pattern along the out-of-plan direction was observed (Figure 7), which was
similar to the not-aligned control electrode. A big fracture in the electrode load was also observed
from the figure. The poor rate capability of the aligned electrode may be attributed to the fractures
formed during the drying process of the slurry left by the evaporation of the higher volume of
NMP solution. The incomplete alignment of the platelet particles may also cause the higher void

fraction within the electrode pack, making the Li transportation path more tortuous.
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Figure 7. SEM images of the aligned electrode.

6.5. Conclusions
Even though we successfully synthesized the platelet particles by using citric acid as the
chemical inhibitor and also make the final stoichiometry correct in the active materials by tuning

the TM feed ratio during the coprecipitation reaction, we were not able to collect the expected
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results in terms of the progress in rate capability of the battery cells after electrode alignment
treatment. SEM images showed fractures within the electrode in the out-of-plane orientation which
might be one of the reasons why the electrodes showed lower capacities than the theoretical value
in all current rates applied. The incomplete alignment may be the reason why the aligned electrode
showed worse Li ion conductivity due to the higher void fraction compared to the not-aligned
control electrode in which particles naturally aligned in-plane under gravimetric force.

These results indicated that the platelet particles may not be the ideal particle morphologies
if the particle alignment is not efficient. This can also be supported by the observation that the
octahedron shaped LMNO particles synthesized from coprecipitations without chemical inhibitor
added showed significant superiority in rate capabilities. This reflected the necessities to explore
the alignment effect as a function of particle morphology including particle size and shape. A few
other experimental parameters that influence the alignment efficiency should also be
systematically studied and optimized, including the solvent fraction of electrode slurry, the
spinning rate of the magnet, the temperature during the alignment and drying.

We also need to develop a reliable technique to measure the tortuosity of electrodes, which
will not only quantitatively measure the alignment extent of the particles but confirm that the

advance in the rate capability is due to the decrease in electrode tortuosity.

6.6. Dissertation Summary and Future Work

This dissertation work looked into the solution chemistry of multicomponent
coprecipitation reactions, with the blend coprecipitation of Mn and Ni as an example, to gain
insights about the crystallization and particle process of the reaction and the interaction between

precipitation of different ions and its influence on the particle composition, morphology, and phase
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purity. Reliable techniques were applied and developed to be able to in-situ track the solution
concentration, and particle size distribution along the reaction; the method of detecting new phase
formation in the precipitate particles was also found by experimentally measuring apparent
activation energies of the reaction and observing local minimum. Particle tunability was achieved
by chemical inhibitor addition, while more systematic study is needed to take advantage the
particles of certain morphology and get better electrochemical performances from the battery cells.

Coprecipitation is a complicated process with many physical and chemical processes
occurring simultaneously, and many factors potentially influencing the mechanisms of
crystallization and particle growth. As more knowledge and insights are gained about the
relationship between reaction conditions and product particle properties, there is chance that a
computational model can be developed to guide the choice of reaction conditions in order to
synthesize product particles of desired properties. Such model will need to take a wide range of
reaction parameters for account, and to provide an accurate prediction of all the physical and
chemical processes along the coprecipitation reaction. A recently published paper by Argonne
National Lab reported their progress in predicting the precursor particles’ properties from
hydroxide coprecipitation. The computational outcomes were comparable to the experimental
results but with significant mismatch due to the over-simplicity of their model [11]. Further
advance in the development of such models, followed after the gain of deeper understanding of
the coprecipitation reaction is expected to predict the results of higher resolution and to guide the
control of reaction conditions and chemical selection.

Meanwhile the design space is expected to expand as the kinetics of the reaction become
better understood. So far only limited particle morphologies have been synthesized via

coprecipitation, especially compared to the particle products from hydrothermal synthesis.
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Hydrothermal synthesis approach, however, always requires the use of high temperature for a long
reaction time to obtain target particles. With the advantage of mild reaction condition,
coprecipitation is expected to achieve wider variety of controllable particle properties as the
fundamental knowledge of the reaction advances.

Advanced characterization methods are needed for the pursuit of fundamental knowledge
of coprecipitation reaction. More advanced tools to in-situ measure the solution concentrations and
particle morphologies, as well as characterization methods to investigate the cation and phase
distribution within the precipitated particles, are critical for gaining reliable information of the
reaction process and particles obtained, so that correlation between reaction process and particle
product can be achieved. So far, less interest has been put into the study of precursor particles
compared to the study of final active materials. However, more emphasis should be put into the
study of coprecipitation reaction and the precursors, as a controllable synthesis process of the
precursor particle determines not only the properties of the intermediate precursor particles but

most importantly the properties and performances of the final materials in real applications.
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Appendix

Figure S1. a) SEM image of MnC>04-2H.0 collected after 30 minutes of precipitation of 20 mM
Mn?* feed. b) SEM image of MnC.04-2H,O used as seeds for the seeded precipitation
experiments. The seeds were synthesized by collecting the precipitate after 5 minutes of
precipitation of 100 mM Mn?* feed. ¢) SEM image of NiC204-2H.0 particles collected after 30
minutes of precipitation of 20 mM Ni?* feed. The SEM in d) is a higher magnification image of
the same sample shown in c). In all precipitations for the particles shown in this figure, the C204*

feed concentration was the same as the transition metal feed concentration.
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Discussion of TGA Profiles for Oxalate Precipitates

In the case of NiC204-2H0, the dehydration was relatively gradual and peaked at 193 °C
and the oxalate decomposition had a sharp peak at 316 °C (Figure S2a). The mass loss of 59.00 %
was consistent with a theoretical expectation of 59.13 % for conversion to NiO. In the case of
MnC>04-2H-0, the dehydration peak was at 117 °C and the oxalate decomposition peak was at
272 °C (Figure S2b). The temperature for the dehydration and decomposition, as well as the further
mass loss of 1% with a peak at 441 °C, were in good accordance with previous reports.[174] The
final product of thermal treatment of manganese oxalate under high temperature in air is reported
to be Mn,0s3 [2-5], which was consistent with XRD patterns of our MnC>04-2H>0 material heated
above the minor mass loss temperature at 441 °C (data not shown). The minor mass loss has
previously been attributed to the phase transition from MnsOg to Mn>O3 accompanied by oxygen
loss and the desorption of water and carbon dioxide from the particle surface [1,2]. The total mass
loss of 55.98 % was also in agreement with the theoretical value for a final product of Mn,O3
(55.90 %). The blend oxalate (composition Mno.72Nio.28C204-2H20 from ICP and TGA analysis)
had a dehydration peak at 175 °C and an oxalate decomposition peak at 280 °C (Figure S2c). Both
peaks were between the values observed for the pure Mn and Ni oxalates. The blend oxalate had
a gradual peak for dehydration, similar to that observed for the pure NiC204-2H20. The high Mn
content of the blend oxalate likely also contributes to the formation of similar Mn species that
result in the small peak at higher temperatures also observed in MnC204-2H,0 samples (Figures

2b,c).
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Figure S3. SEM images of a) Mn-rich, b) stoichiometric, and c) Ni-rich oxalate precursors; and

the resulting d) Mn-rich, e) stoichiometric, and f) Ni-rich LMNO materials. g), h), and i) are the

same powders as d), €), and f) at higher magnification.
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Discussion of dQ/dV curves for LMNO cells

Figure S4 shows the dQ/dV for the second charge/discharge cycle at rate of C/20 for the
stoichiometric, Mn-rich, and Ni-rich materials. The voltage range for Figure S4a was chosen to
focus on the range associated with the Mn3*/Mn*" redox couple and the voltage range for Figure
S4b was chosen to focus on the range associated with the Ni?*/Ni**/Ni** redox couple(s). In the
low voltage range (Figure S4a), all samples had a broad Mn oxidation peak between 4.0-4.1 V that
corresponded to the low voltage capacity region during charge/discharge. The dQ/dV peak areas
of the Mn-rich and stoichiometric LMNO cells were close, and both were greater than that of the
Ni-rich LMNO, indicating that the Mn®" content in the Mn-rich and stoichiometric LMNO was
greater and consistent with other results reported in this manuscript. For the Ni redox couple peaks
observed above 4.6 V (Figure S4b), three different peak positions were exhibited during Ni
oxidation on charging. Kim et al. previously reported that Fd-3m disordered LMNO had two
separate peaks at 4.7 V and 4.76 V in dQ/dV charging curves, while the P4332 ordered LMNO
structure also had two peaks but they were closer in potential at 4.74 V and 4.76 V [6]. The lower
voltage peak shifted from 4.7 V to 4.74 V at the transition from the disordered to ordered LMNO
while the higher voltage peak maintained the same voltage. Duncan et al. reported similar results,
where the separation between the Ni oxidation peaks for dQ/dV was 20 — 30 mV for the ordered
LMNO and 60 — 65 mV for the disordered LMNO [7]. Thus from the Ni oxidation peak positions
of the three samples in Figure S4b, the results were consistent with the Ni-rich LMNO sample
dominated by the Fd-3m disordered phase and the Mn-rich and stoichiometric LMNO samples
exhibiting a blend of both the ordered and disordered spinel phases in the samples (thus both lower
voltage Ni oxidation peaks were observed for three peaks in total). The results in Figure S4 were

also consistent with a previous report from Zhong et al. that studied a series of different Mn:Ni
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compositions; they observed a larger separation of around 60 mV for the Mn:Ni 3:1 sample that
contained LixNi1xO rock salt impurity phase, and smaller separation for the Mn-rich LMNO [8].
We also observed XRD features consistent with the rock salt impurity phase for our Ni-rich
material, and thus having two observable Ni oxidation peaks for this sample with greater separation
was consistent with the rock salt impurity phase inducing electrochemical features consistent with
only the disordered phase in the spinel structure. We also note that high Mn3®" content in the
structure has also been reported to result in transition from ordered to disordered spinel phase

according to Duncan et al.’s report.
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Figure S6. a) Scanning electron micrographs of physically mixed samples (mix of MnC204-2H.0

and NiC04-2H20 powders) fired at a) 500°C and b) 700°C for 6 hours. Both scale bars 50 [Im.

Figure S7. a) Energy dispersive spectroscopy (EDS) elemental compositional maps for Mn and
Ni of physically mixed sample fired at 850°C for 6 hours (P-850-6 particles). b) Mn and c) Ni
individual EDS maps of the same region as a). d) EDS elemental compositional map of physically

mixed sample fired at 700°C for 48 hours (P-500-6 particles) with Mn and Ni. €) Mn and f) Ni
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individual EDS maps of the same region as d). For all images, magenta corresponds to Mn and

blue corresponds to Ni. All scale bars correspond to 10 pm.
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Figure S8. Sample powder XRD patterns and the relevant reference patterns from the literature.
Sample patterns correspond to physically mixed sample fired at 500 °C for 6 hours with no lithium
salt added (P-500-6 without Li, red) and solution mixed sample fired at 500°C for 6 hours with no
lithium salt added (S-500-6 without Li, blue). The peak positions of the reference pattern of the
potential transition metal oxide species of MnNiOs, Mn20Os, and NiO are shown with their

corresponding PDF card numbers.
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Figure S10. Scanning electron micrographs of solution mixed samples fired at a) 700°C for 6

hours (S-700-6), b) 850°C for 6 hours (S-850-6), and c) 700°C for 48 hours (S-700-48). All scale

bars correspond to 5 pm.
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Calculation of the rate constant in the diffusion-controlled solid reaction equation
As discussed in the manuscript, the relationship between reaction fraction and time can be

described by the Equation 1:

(1 -1~ a)1/3)2 =kt, (1)

where k' = kl/ro2 = ZD:”Z‘C‘) [9, 10]. D is the diffusion coefficient of the penetrating or diffusing

species B, Vm is the volume of product formed from per mole of B, and Cg is the concentration of
B species outside the spherical particle. Assuming that the unreacted inner sphere has no
penetrating species, Co is therefore the driving force for the diffusion process due to concentration
difference.

Taking the diffusion of lithium ions from LiOH into the Mn and Ni oxide particles to form the
final product LiMn15NiosO4 (LMNO) as an example, the initial concentration of the diffusing

species (Li*) outside the particle is calculated as below:

[1 mol]

cm3] W

mol

Co = dyion X —— [1 46 = 0.0610 77 = 6.10 * 10* =3

dion 1S the density of molten LiOH, n is the number of moles of lithium ions per mole of LiOH,
and M is the molecular weight of LiOH.
And the volume of the product LMNO is calculated using the following equation:

LM 1x182.69-2
Uy = N0 _ X126 4115——411*10-

drMNoO 4, 44? l

where n is the number of moles of lithium ions in one mole of LMNO, d and M are the density

and molecular weight of LMNO respectively.
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Substituting these two values as well as the diffusion coefficient D under the designated
temperature calculated using Arrhenius equation and the initial particle size ro, the rate constant k’

can be obtained.

Calculation of the LMNO amount in physically mixed samples from the reaction fraction
As stated in the manuscript, for the physically mixed samples the conditions were

simplified such that the manganese oxide was treated as a fixed component which was fully

lithiated before the diffusion process initiated, and that nickel ions were treated as the penetrating

species from NiO into LiMn20O4 (LMO) to form the final product LMNO.

Sample P-700-6 is shown here as an example to show the calculation process. The calculated

reaction fraction after applying Equation S1 was 0.013 for sample P-700-6, which means that 0.013

moles of each one mole of initial LMO had reacted with NiO to form LMNO. For one mole of
LMO, % mole of NiO is needed to form LMNO, therefore if 0.013 of one mole of LMO is being

converted in the reaction the mass of each unreacted reagent and the formed product at end of the

reaction per mole of LMO will be as below:

g

Mimo = Myppyo X (1 —a) = 180.82ﬁ

x (1-0.013) = 17847 9/

g

2 2
Myio :§XMNL‘0 Xx(1-a) :§X 74-69@

x (1-0.013) =49.159/

g _ g
7 *0.013 =237 [ mol

Mimyno = MrynNo X a=182.69

Thus the LMNO mass fraction at end of the calcination process for this example sample is:

MLMNO _ 2.37g/mol =0.0103 g/g

mipmo+tmpyiotmMLMNO - (178.47+49.15+2.37)g/mol
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Table S1. The resulting Mn:Ni ratios precipitates formed from 3:1 Mn:Ni feed stoichiometry as a
function of total initial concentration of transition metal in the feed. Values are tabulated for

equilibrium calculations, ICP measurements, and the deviation between calculations and

measurements.

Feed  Concentration|Equilibrium Deviation from
Measured using ICP

(mol/L) Calculation Equilibrium (%0)

0.10 2.88 2.97 3.13

0.05 2.76 2.86 3.62

0.02 2.38 2.71 13.9

0.01 1.72 2.33 35.5

Note: The stoichiometries measured of the precursors collected after 30 minutes were slightly
different from those based on in-situ TM concentration measurements. This likely resulted from
the processing time and washing and filtering stages completed on the final full volume of

precursor solution.
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Table S2. The Mn:Ni ratio in the initial feed, calculated for the resulting precipitate at equilibrium,

and measured in the resulting precipitate using ICP for the Ni-rich, stoichiometric, and Mn-rich

materials.
Feed Ratio Mn:Ni Ratio in Precipitate Deviation Chemical Formula of
Equilibrium Measured using | from LNMOs Measured
Calculation ICP Equilibrium | by ICP
(%)
3.00 2.38 2.71 13.9 Lio.904Mn1.46Nio5404
3.52 2.85 3.02 5.85 Lio.97Mn1.50Ni0.5004
3.82 3.11 3.33 7.18 Lio.9sMn1.54Ni0.4604

Note: The resulting stoichiometry of the active material after calcination is in the final column.

Li, Mn, and Ni for the final material were determined via ICP ratios, while the O was assumed to

be 4.
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